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Abstract: [PtCl2{Te(CH2)6}2] (1) was synthesized from the cyclic telluroether Te(CH2)6 and cis-
[PtCl2(NCPh)2] in dichloromethane at room temperature under the exclusion of light. The crystal
structure determination showed that in the solid state, 1 crystallizes as yellow plate-like crystals of the
cis-isomer 1cis and the orange-red interwoven needles of 1trans. The crystals could be separated under
the microscope. NMR experiments showed that upon dissolution of the crystals of 1cis in CDCl3, it
isomerizes and forms a dynamic equilibrium with the trans-isomer 1trans that becomes the predom-
inant species. Small amounts of cis-trans-[Pt3Cl6{Te(CH2)6}4] (2) and cis-trans-[Pt4Cl8{Te(CH2)6}4]
(3) were also formed and structurally characterized. Both compounds show rare bridging telluroether
ligands and two different platinum coordination environments, one exhibiting a cis-Cl/cis-Te(CH2)6

arrangement and the other a trans-Cl/trans-Te(CH2)6 arrangement. Complex 2 has an open structure
with two terminal and two bridging telluroether ligands, whereas complex 3 has a cyclic structure
with four Te(CH2)6 bridging ligands. The bonding and formation of the complexes have been dis-
cussed through the use of DFT calculations combined with QTAIM analysis. The recrystallization of
the mixture of the 1:1 reaction from d6-DMSO afforded [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4) that could
also be characterized both structurally and spectroscopically.

Keywords: density functional calculations; NMR spectroscopy; platinum; tellurium; X-ray diffraction

1. Introduction

The advent of the versatile chemistry of crown-ethers and their complexes in the
1980s [1,2] has generated interest in the related macrocycles of heavier chalcogen elements
(for some recent reviews, see refs. [3–18]). The information on the syntheses, structures, and
coordination chemistry of thioethers is particularly extensive, but the related seleno- and
telluroethers have also shown growing research activity in recent decades. The study of
macrocyclic chalcogen heterocycles helps to gain insight into the chalcogen bonding and its
applications in supramolecular chemistry and crystal engineering [19–25]. The chalcogen
bonding interactions are most significant in the case of tellurium.

The information on cyclic saturated telluroethers is sparse compared to related thioethers
and selenoethers. While the preparation of cyclic Te(CH2)4 [26], Te(CH2)5 [27], and 1,5,9-
Te3(CH2)9 [28] has been known for a long time, it is only recently that the crystal structures
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and bonding in some [Te(CH2)m]n (n = 1–4, m = 3–7) [29] have been discussed. The coordi-
nation chemistry of the cyclic telluroethers is also little studied with only [MCl2{Te(CH2)4}2]
(M = Pd, Pt) [30], [PtCl2{Te(CH2)4O}2] [31], [MCl2{Te2O4(CH2)12}] (M = Pd. Pt) [32], [Rh2(η5-
C5H5)2(CO)(µ-η1: η1- CF3C2CF3){Te(CH2)4}] [33], and [Ag{TeS2(CH2)8}]n[BF4]n [34] being
either structurally or spectroscopically characterized.

The current contribution is the continuation of our systematic investigation of the
synthesis of the series of telluroether heterocycles [Te(CH2)m]n (n = 1–4; m = 3–7) [29] and
the coordination complexes of telluroethers (see refs. [35–39] for some recent publications).
Monotelluroethers Te(CH2)m are liquid in ambient conditions, but species with higher Te
contents are solid. The molecular structures and the packing of seven macrocyclic aliphatic
telluroethers have been explored [29]. Te(CH2)6 was one of the monotelluroethers that
was synthesized and characterized through NMR spectroscopy, but since it is a liquid at
room temperature with a low melting point, its crystal structure determination could not
be carried out. It was thought that the reaction with [PtCl2(NCPh)2] should enable it to
coordinate with the platinum center, and the resulting complex would be crystalline. Its
crystal structure determination would establish the molecular structure of Te(CH2)6. The
monodentate also ligand avoids the formation of coordination polymers. It turned out that
the reaction produced not only the expected cis- and trans-[PtCl2{Te(CH2)6}2] (1cis and 1trans,
respectively), but small amounts of cis-trans-[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2) (2·11/4CH2Cl2)
and, depending on the molar ratio of the reagents, also cis-trans-[Pt4Cl8{Te(CH2)6}4]·4CDCl3
(3·4CDCl3). The attempts to produce the polynuclear complexes in better yields involved
the use of d6-dimethyl sulfoxide as the crystallization solvent, in which case crystals of the
mononuclear [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4) were obtained. The crystal structures of
1cis and2-4, the isomerization of 1cis to 1trans, and the bonding features and formation of
2 and 3 are discussed in this paper.

2. Results and Discussion
2.1. General

The reaction of two equivalents of Te(CH2)6 with one equivalent of cis-[PtCl2(NCPh)2]
in dichloromethane produces cis- and trans-[PtCl2{Te(CH2)6}2] (1cis and 1trans) (see Scheme 1).
The 1H, 125Te{1H}, and 195Pt{1H} NMR spectra recorded in CDCl3 indicate that the trans-
isomer is the main isomer in CDCl3, as discussed in Section 2.2. Small amounts of insoluble,
likely polymeric products were also formed.
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The syntheses of platinum and palladium complexes using related telluracyclopentane
Te(CH2)4 have been reported to give [MX2{Te(CH2)4}2] (M = Pt, Pd; X = Cl, Br, I) [30]. The
[PtCl2{Te(CH2)4}2] was deduced to be the cis isomer in the solid state on the basis of
IR spectroscopy, but the complex was reported to exist as a mixture of cis- and trans-
isomers in solution in the respective concentration ratio of, ca. 1:2. The palladium complex
[PdCl2{Te(CH2)4}2] exists only as a trans isomer [30].

The crystallization of the product of the reaction of Te(CH2)6 and cis-[PtCl2(NCPh)2]
from dichloromethane/pentane gave a mixture of yellow plates and orange-red needles.
The yellow plate-shaped crystals were suitable for the determination of the crystal structure,
which showed them to be cis-[PtCl2{Te(CH2)6}2] (1cis) (see Section 2.3). The orange-red
needles were intergrown and proved to be unsuitable for X-ray structure analysis. However,
the NMR and mass spectroscopic information indicated them to be trans-[PtCl2{Te(CH2)6}2]
(1trans).

Small amounts of both yellow and orange-red crystals were manually separated under
the microscope. They were dissolved in CDCl3 for the recording of the NMR spectra
(see Section 2.2). An additional small crop of red plate-shaped crystals was identified
under the microscope and could be manually isolated based on their different crystal
habits. The crystal structure was determined as cis-trans-[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2
(2·11/4CH2Cl2) (see Section 2.3). Because of the very small amount of 2, no bulk analysis
could be carried out.

The synthesis was repeated by using equimolar amounts of cis-[PtCl2(NCPh)2] and
Te(CH2)6. Thin-layer chromatography indicated mostly the formation of cis- and trans-
[PtCl2{Te(CH2)6}2] (1cis and 1trans) together with the presence of the starting materi-
als. After recording the NMR spectra in CDCl3, red well-shaped crystals grew in the
NMR tube. The crystal structure determination showed these crystals to be cis-trans-
[Pt4Cl8{Te(CH2)6}4]·4CDCl3 (3·4CDCl3) (see Section 2.3).

During the attempts to crystallize 3 in larger amounts, the recrystallization in dimethyl
sulfoxide was attempted. It yielded almost colorless crystals of [PtCl2{S(O)(CD3)2}{Te(CH2)6}]
(4) (see Section 2.3).

2.2. NMR Spectroscopy

The crystals of cis-[PtCl2{Te(CH2)6}2] were dissolved in deuterochloroform for record-
ing the 125Te{1H} NMR and 195Pt{1H} NMR spectra (see Figure 1). All spectra can be
interpreted in terms of a mixture of 1cis and 1trans. The NMR spectroscopic information of
1cis and 1trans is compared with those of related species in Table 1.
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Table 1. NMR spectroscopic information of some telluroether complexes of platinum a.

Compound δ(125Te), ppm 1JPtTe, Hz δ(195Pt), ppm Ref.

cis trans cis trans cis trans

[PtCl2{Te(CH2)6}2] 352 399 979 506 −4240 −3682 This work
[PtCl2{Te(CH2)4}2] 457 459 665 321 −4251 −3715 [30]

[PtCl2(TeMe2)2] 224 234 824 489 −4351 −3765 [40]
[PtCl2{Te(CH2SiMe3)2}2] 266 292 804 469 −4236 −3707 [41]

[PtCl2{S(O)(CD3)2}{Te(CH2)6}] 490 1052 −3830 This work
a The cis-designation refers to the relative positions of the two chloride ligands.

Based on the trends in the 125Te and 195Pt chemical shifts that have been reported
previously [30,40,41], the tellurium resonance at 352 ppm has been assigned to the cis
isomer 1cis and that at 399 ppm to the trans isomer 1trans. It can also be seen in Table 1
that the magnitudes of the 1JTePt coupling constants in the cis-isomers are almost double
compared to those of the corresponding trans-isomers. These relative values, as well as the
trends in both the 125Te and 195Pt chemical shifts, reflect the stronger trans-influence of the
tellurium donors compared to that of the chlorido ligand and support the assignments.

The cis -> trans isomerization of [PtCl2{Te(CH2)6}2] was monitored using 1H NMR
spectroscopy (see Figure S1 in Supplementary Materials). The crop of crystals of 1cis from
which the crystal structure determination was carried out (Section 2.3) was dissolved in
CDCl3, and the spectra were recorded at room temperature for 30 s after the dissolution and
again after 1.2 h. In solution, the trans-isomer 1trans quickly became the dominant species.
Already in the first spectrum (Figure S1a) recorded almost immediately after the dissolution
of the crystals, the trans-isomer can be observed, and in the second spectrum (Figure S1b),
it is clearly the predominant species. The assignment of the 1H chemical shifts was verified
by recording the 1H NMR spectrum of the redissolved orange needles. Immediately after
the dissolution, the resonances marked as trans in Figure S1 were the major signals in the
spectrum and remained so throughout prolonged monitoring of the solution.

After 1.2 h, the cis:trans ratio was estimated from the integrated intensities of the
resonances to be 1:1.8, which is very close to the ratio of 1:2 that Kemmitt et al. [30]
estimated for the related [PtCl2{Te(CH2)4}2] in dichloromethane. The intensity distribution
in the 125Te{1H} and 195Pt{1H} NMR spectra (see Figure 1) bears semiquantitative agreement
with the inferences from the 1H spectrum in Figure S1b.

The 125Te{1H} NMR spectrum of the solidified and redissolved reaction mixture prior
to separation of the products is shown in Figure S3 of Supplementary Materials. In addition
to the resonances of 1cis and 1trans, two weak signals at 489 ppm and 598 ppm were
observed. The qualitative comparison of their relative signal intensities and the chemical
shifts might indicate the presence of the trinuclear complex cis-trans-[Pt3Cl6{Te(CH2)6}4]
(2), but this assignment remains tentative at best. The former resonance could be due to the
terminal Te(CH2)6 ligand, and the latter due to the bridging ligand (see Section 2.3).

2.3. Crystal and Molecular Structures

Upon slow recrystallization from CH2Cl2/pentane (1:1) solution, intense yellow plate-
shaped crystals and orange needles were obtained in addition to small crops of other
products. The yellow plate-shaped crystals were suitable for the determination of the
crystal structure and were shown to be cis-[PtCl2{Te(CH2)6}2] (1cis). The details of the
data collection and structure determination are presented in Table S1 in Supplementary
Materials. The molecular structure and the numbering of the atoms in 1cis together with
some selected bond parameters are shown in Figure 2.
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Figure 2. The molecular structure of cis-[PtCl2{Te(CH2)6}2] (1cis) indicating the numbering of the
atoms. The thermal ellipsoids have been drawn at the 50% probability level. Hydrogen atoms have
been omitted for clarity. Selected bond lengths (Å) and angles (◦): Pt1-Te1 2.5145(7), Pt1-Te2 2.5266(6),
Pt1-Cl1 2.340(2), Pt1-Cl2 2.359(2), Te1-C1 2.164(10), Te1-C6 2.129(9), Te2-C7 2.166(9), Te2-C12 2.138(8);
Cl1-Pt1-Cl2 90.98(9), Cl1-Pt1-Te1 92.67(7), Cl1-Pt1-Te2 172.18(6), Cl2-Pt1-Te1 174.75(6), Cl2-Pt1-Te2
172.18(6), Te1-Pt1-Te2 94.01(2).

The platinum atom exhibits a slightly distorted square planar coordination geometry
with all bond parameters showing their expected values (c.f., Pt-Te 2.4971(14)–2.541(14)
Å; Pt-Cl 2.311(6)–2.356(6) Å [31,41–43]). Some trans-[PtCl2(TeR2)2] show longer Pt-Te
bond lengths but slightly shorter Pt-Cl bond distances (Pt-Te 2.5589(12)–2.5945(3) Å; Pt-Cl
2.275(5)–2.320(5) Å [31,41,43–45]). This is due to the relative strengths of the trans-influence
of the telluroether and chlorido ligands.

In addition to 1cis and 1trans, a few red, plate-shaped crystals of the trinuclear cis-
trans-[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2 (2·11/4CH2Cl2) could be manually separated from the
reaction mixture after the crystallization from CH2Cl2/pentane. The crystals of tetranuclear
cis-trans-[Pt4Cl8{Te(CH2)6}4]·4CDCl3 (3·4CDCl3) could be obtained upon recrystallization
from CDCl3 in the NMR tube after the recording of the NMR spectra of the equimolar reac-
tion of the reagents. The molecular structures of 2·11/4CH2Cl2 and 3·4CDCl3 are shown in
Figure 3 (for details of the structure determination and the list of selected bond parameters,
see Tables S1 and S2 in Supplementary Materials).
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Figure 3. (a) Molecular structure of cis-trans-[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2 (2·11/4CH2Cl2) and (b) cis-
trans-[Pt4Cl8{Te(CH2)6}4]·4CDCl3 (3·4CDCl3) indicating the numbering of the atoms. The thermal
ellipsoids have been drawn at the 50% probability level. Some Te(CH2)6 rings and the solvent molecules
in 2·11/4CH2Cl2 and 3·4CDCl3 are disordered. For clarity, only one disordered ligand-component is
shown in the figure. The hydrogen atoms have also been omitted from both complexes for clarity.
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The asymmetric unit of 2·11/4CH2Cl2 contains two independent complexes (denoted
A and B) with virtually the same conformations and bond parameters. There are also
21/2 solvent molecules in the asymmetric unit. Some Te(CH2)6 ligands exhibit orientational
disorder. Since the structures of both discrete complexes in the asymmetric unit are closely
similar, only complex A is shown in Figure 3a. In the case of 3·4CDCl3, the asymmetric
unit contains only half of the tetranuclear complex, with the other half being completed
through symmetry. The geometry of 3 is closely related to that of 2, as shown in Figure 3b.

Both complexes 2 and 3 show the simultaneous occurrence of very slightly distorted
square-planar cis- and trans-PtCl2Te2 coordination environments. In the cis-moieties, the
Pt-Te bonds range from 2.5045(7) to 2.5226(6) Å and the Pt-Cl bonds range from 2.309(3)
to 2.331(5) Å. In the trans-PtTe2Cl2 moieties, the Pt-Te and Pt-Cl range from 2.5546(6) to
2.5774(15) Å and from 2.302(2) to 2.326(6) Å, respectively. The relative magnitudes of these
metrical values demonstrate the stronger trans-influence of tellurium compared to chlorine.

The molecular structure of [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4) is shown in Figure 4
together with the labeling of atoms and selected bond parameters.
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Figure 4. The molecular structure of [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4) indicating the numbering
of the atoms. The thermal ellipsoids have been drawn at the 50% probability level. Hydrogen and
deuterium atoms have been omitted for clarity. Selected bond lengths (Å) and angles (◦): Pt1-Te1
2.5436(3), Pt1-S1 2.2049(7), Pt1-Cl1 2.3564(7), Pt1-Cl2 2.3203(7), S1-O1 1.479(2), Te1-C1 2.146(3), Te1-
C6 2.176(3), Te1-Pt1-Cl1 176.33(2), Te1-Pt1-Cl2 92.32(2), Te1-Pt1-S1 87.68(2), Cl1-Pt1-Cl2 89.78(2),
Cl1-Pt1-S1 90.27(3), Cl2-Pt1-S1 179.11(3).

The Pt-Te bond length of 2.5436(3) Å in 4 is in agreement with that of 1cis and is
consistent with the weak trans-influence of the chlorido ligand. The two Pt-Cl bond
lengths are 2.3564(7) Å (trans to Te) and 2.3203(7) Å (trans to S) and reflect also the relative
trans-influences of tellurium and sulfur. The Pt-S bond length is 2.2049(7) Å. The closest
complex related to [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4) is [PtCl2{S(O)(CH3)2}{S(CH3)2}] [46]
that shows a Pt-S(O)(CH3)2 distance of 2.211(4) Å. The Pt-Cl bond lengths are 2.299(3) and
2.320(4) Å, and the Pt-S(CH3)2 distance is 2.294(3) Å. In the Cambridge database, there
are nine crystal structure determinations for [PtCl2{S(O){CH3}2}2] containing the trans-
Cl-Pt-S(O)CH3 arrangement [47]. The Pt-S bonds span a range of 2.2302(18)–2.2537(12)
Å (average 2.242(10) Å), and the Pt-Cl bonds vary in the range of 2.3068(8)–2.3251(5) Å
(average 2.317(5) Å).

In the solid state, all complexes 1cis, 2, and 3 show short Te· · ·Cl and Pt· · ·Pt con-
tacts. These secondary bonding interactions comprise chalcogen bonds (Te· · ·Cl) and
metallophilic interactions (Pt· · ·Pt) that, in the case of 1cis, link the mononuclear cis-
[PtCl2{Te(CH2)6}2] complexes into dimers exhibiting respective contacts of 3.659(3)–3.676(2) Å
and 3.5747(5) Å. While the chalcogen bonds and metallophilic interactions in 2 and 3 are
structurally similar to those in 1cis (see Table S2), in the case of the latter polynuclear
complexes, they are intra-molecular (see Figure 5). Similar linking of the square-planar
MX2E2 (M = Pt, Pd; E = Se, Te) coordination spheres into dimers has also been observed
in other chalcogenoether complexes provided that the steric bulk of the organic group
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bonded to the chalcogen atom does not prevent the dimer formation. Typical examples
are cis-[PdCl2{SeMe(C4H3S)}2] [48], trans-[PtI2(TeMePh)2] [49], cis-[PdCl2{(Te(C6H4)OMe-
1,4)2CH2}] [50], and cis-[PdBr2{(TePh)2(CH2)3}] [51]. The QTAIM analysis of these weak
secondary bonding interactions is discussed in Section 2.4.4.
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Figure 5. Chalcogen bonds and metallophilic interactions in 1cis, 2, and 3.

Interestingly, [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4) does not show Pt· · ·Pt close contacts
(the closest distance is 4.5696(3) Å). The Te· · ·Cl contacts of 3.7214(8)–3.8645(8) Å, on the
other hand, link the complexes into quasi-single-strand polymers (see Figure 6).
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2.4. Density Functional Theory (DFT) Computations
2.4.1. General

We carried out PBE0-D3/def2-TZVP calculations to study the bonding, secondary
bonding interactions, as well as energetics of the cis-trans isomerization of [PtCl2{Te(CH2)6}2]
and the formation of tri- and tetranuclear complexes.

2.4.2. Optimized Geometries

The PBE0-D3/def2-TZVP optimized geometries of [PtCl2{Te(CH2)6}2] (1cis and 1trans),
cis-trans-[Pt3Cl6{Te(CH2)6}4] (2), and cis-trans-[Pt4Cl8{Te(CH2)6}4] (3) agree well with the
experimental information despite the fact that the experimental information is from the
crystalline state and the computational data are calculated in vacuum. The PBE0-D3/def2-
TZVP-optimized coordinates are shown in Table S3 and the computed geometries are
shown in Table S4 in Supplementary Materials. The total energies in vacuum are presented
in Table S5 and those in dichloromethane in Table S6.
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2.4.3. Cis-trans Isomerization

In vacuum at the PBE0-D3/def2-TZVP level of theory, trans-[PtCl2{Te(CH2)6}2] (1trans) is
33 kJ mol−1 more stable than the cis-isomer 1cis (see Table S5). By contrast, in dichloromethane,
the cis-isomer is 2 kJ mol−1 more stable than the trans-isomer (see Table S6). An earlier
MP4(SDQ)//MP2 comparison of the Gibbs energies in vacuum and dichloromethane
involving cis- and trans-[PtCl(SnCl3)(PH3)2] (∆G298(cis-trans) = −32 and 9 kJ mol−1, respec-
tively) [52] exhibited the same trend. The computed equilibrium constant for the cis ->
trans isomerization of [PtCl2{Te(CH2)6}2] in dichloromethane utilizing the Gibbs energy
change is 0.4. This is consistent with the variable-temperature 1H NMR spectroscopic
study of the cis -> trans isomerization of [PdCl2(PMePh2)2] that has been concluded to
show a value of 0.30 [53] in 1,2-dichloroethane. In chloroform, trans-[PtCl2{Te(CH2)6}2] is
interestingly 6 kJ mol−1 (equilibrium constant 11.2) more stable than the cis-form. Since all
NMR spectra were recorded in deuterochloroform, this finding explains the observed cis
-> trans isomerization of [PtCl2{Te(CH2)6}2] by NMR spectroscopy (see Section 2.2). The
route for the cis -> trans isomerization is generally considered to involve the formation
of a five-coordinate intermediate. This intermediate can undergo Berry pseudorotation
resulting in the isomerization. Other mechanisms have also been suggested (for early
discussion of the possible isomerization mechanisms, see ref. [54]).

2.4.4. Chalcogen Bonding and Metallophilic Interactions

The QTAIM analysis of the secondary bonding Te···Cl and Pt···Pt interactions are
shown in Table 2. The Pt-Te bond lengths and experimental close contacts in the crystals
have been included for comparison. The use of QTAIM in the characterization of metal–
metal bonding has recently been reviewed [55]. In addition to the classical descriptors of
electron density (ρ) and the Laplacian (∇2ρ) at the bond critical point that are expected
to be large and negative, respectively, for covalent bonds, the relative magnitudes of
the kinetic Gb and the potential Vb energy densities have been used to classify bonds.
The relative magnitudes have been examined either via the electronic energy density
(Hb = Gb + Vb) [56,57] or the |Vb|/Gb ratio [58]. The Laplacian for the bonds between
heavy atoms tends to give positive values regardless of the bond type [59]. Therefore, the
energy densities have been good additional descriptors for defining metal bonding. The
negative Hb values have been taken as a sign of covalent bonding and the positive values
as indicators of closed-shell interactions [60]. The |Vb|/Gb ratio further distinguishes the
regions of shared-shell interactions with |Vb|/Gb > 2, intermediate regions corresponding
to 1 < |Vb|/Gb < 2, and closed-shell interactions with |Vb|/Gb < 1 [55]. The intermediate
region includes metal–metal and donor–acceptor interactions [59].

In the case of complexes 1cis, 2, and 3, the calculated∇2ρ for Pt···Pt, Pt–Te, and Te···Cl
are all positive, as can be expected for interactions between the heavy atoms. For the
Pt-Te bonds, the values of Hb are negative and |Vb|/Gb ratios are in the intermediate
region between 1.64 and 1.75, consistent with the donor–acceptor bonds. The electron
densities at bond critical points (ρ) and the delocalization indices (DIs) that are close to the
single bond values [61] corroborate this classification of the coordinative bonds. Because
of the trans-influence, the Pt-Te bonds are slightly longer than single bonds and cause the
delocalization indices of the Pt-Te(trans) bonds to be smaller than those of the Pt-Te(cis)
bonds. By comparison, Hb of the Pt···Pt interactions are still negative but |Vb|/Gb ratios
that fall between 1.06 and 1.15 (see Table 2) are much closer to the limit of closed-shell
interactions. The low level of electron sharing in the Pt···Pt interactions is reflected by
the ρ values 0.122, 0.172, and 0.202 e Å−3 and the DI values 0.18, 0.26, and 0.30 for 1cis,
2, and 3, respectively. By comparison, the QTAIM analysis in a recent study on platinum
complexes of phenylpyridine, triazolyl-phenylpyridine, and imidazolyl-phenylpyridine
that form head-to-tail dimers via the Pt···Pt interactions in the solid state show the ρ values
of 0.132–0.150 e Å–3 that are between those of 1cis and 2 [62]. The |Vb|/Gb ratios of Pt···Pt
interactions of 1.08–1.10 are also very similar to those found in this contribution. In both
cases, the metallophilic Pt···Pt interactions show weak covalence.
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Table 2. QTAIM analysis results (electron density at bond critical point, ρ; delocalization index, DI;
Laplacian of electron density, ∇2ρ; kinetic energy density, Gb; and potential energy density, Vb) of
the Pt· · ·Pt and Te· · ·Cl secondary bonding interactions in cis-[PtCl2{Te(CH2)6}2] (1cis), cis-trans-
[Pt3Cl6{Te(CH2)6}4] (2), and cis-trans-[Pt4Cl8{Te(CH2)6}4] (3).

Parameter Expl. PBE0-D3/def2-
TZVP

QTAIM

ρ (e Å–3) DI ∇2ρ (e Å–5)
Gb (kJ mol−1

bohr–3) a
Vb (kJ mol−1

bohr–3) a
Eint (kJ mol−1

bohr–3) a, b

1cis
Pt-Te(cis) 2.5145(7)–2.5266(6) 2.537–2.548 0.619/0.628 0.98/1.03 1.15/1.18 130/133 −228/−234 −114/−117
Pt· · ·Pt 3.5747(5) 3.403 0.122 0.18 1.0 29 −31 −16
Te· · ·Cl 3.659(3)–3.676(2) 3.516–3.531 0.074–0.068 0.10 0.74–0.67 14 −13–(−14) −7
2
Pt-Te(cis) 2.5140(15)–2.5219(16) 2.515–2.515 0.630–0.634 0.94 1.83–1.85 152–153 −254–(−256) −127–(−128)
Pt-Te(trans) 2.5560(15)–2.5774(15) 2.572–2.581 0.578–0.588 0.81–0.92 1.13–1.77 118–132 −206–(−217) −103–(−109)
Pt· · ·Pt 3.1170(11)–3.1499(13) 3.167 0.172 0.26 1.42 44 −50 −25
Te· · ·Cl 3.481(7)–3.964(6) 3.508–3.628 0.074–0.061 0.10–0.07 0.71–0.59 13–17 −11–(−14) −6–(−7)
3
Pt-Te(cis) 2.5043(6)–2.5226(6) 2.510 0.638 0.95 1.88 155 −259 −130
Pt-Te(trans) 2.5547(6)–2.5577(6) 2.561 0.595 0.84 1.55 132 −222 −111
Pt· · ·Pt 3.0764(6) 3.075 0.202 0.30 1.71 54 −62 −31
Te· · ·Cl 3.527(2)–3.556(2) 3.613 0.061 0.06 0.61 14 −11 −6

a 1 bohr = 0.52918 Å. b Eint is defined as Vb/2 [63].

The weak Te···Cl contacts are classified as closed-shell interactions by the positive
Hb values of 0–3, as shown in Table 2. This is also reflected by the small values of ρ

(0.061–0.074 e Å−3) and DI (0.06–0.10). They can be compared to the intermolecular Te···Te
chalcogen bonds in solid macrocyclic telluroethers and are of the same order of magni-
tude [29]. The relative strengths of the Pt···Pt and Te···Cl interactions can be qualitatively
estimated using Eint calculated from Vb [63], although some caution should be exercised
when drawing conclusions, as the reliability of the relationship has been questioned [64].
Comparison of the Eint values shows that in all complexes 1cis, 2, and 3, the metallophilic
Pt···Pt interactions (Eint = −16–(−31) kJ mol–1 bohr–3) are stronger than single Te···Cl
interactions (Eint = −6–(−7) kJ mol–1 bohr–3). The stronger attraction between the Pt cen-
ters compared to that between Te and Cl could explain the observation that in all three
complexes, the square-planar coordination plane is slightly concave with Pt···Pt showing
the closest distance between these distorted planes (see Figure S4). However, there are
four Te···Cl interactions in each complex structure compared to one Pt···Pt interaction,
suggesting that the total stabilization of the complexes due to Te···Cl interactions is on par
with the Pt···Pt interaction.

2.4.5. Formation of cis-trans-[Pt3Cl6{Te(CH2)6}4] and cis-trans-[Pt4Cl8{Te(CH2)6}4]

The reaction of cis-[PtCl2(NCPh)2] and Te(CH2)6 afforded small amounts of cis-trans-
[Pt3Cl6{Te(CH2)6}4] (2) and cis-trans-[Pt4Cl8{Te(CH2)6}4] (3) that could be identified and
structurally characterized through X-ray diffraction. The total PBE0-D3/def2-TZVP ener-
gies of all species in dichloromethane (see Table S6) can be used to calculate Gibbs energy
changes in the formation of complexes 1cis, 2, and 3 from cis-[PtCl2(NCPh)2] and Te(CH2)6
that are shown in Table S7. One possible route for the formation of the polynuclear com-
plexes is shown in Scheme 2 together with the Gibbs energy changes in the individual
reaction steps. The relative Gibbs energies of the reaction products and intermediates with
respect to cis-[PtCl2(NCPh)2] are also shown in Scheme 2.

Whereas the energetics in Scheme 2 is favorable for the formation of 2 and 3 (see
also Table S6), it seems that only small amounts of these complexes are formed during the
syntheses. Though the solid starting material is cis-[PtCl2(NCPh)2], trans-[PtCl2(NCPh)2]
is 7 kJ mol−1 more stable and therefore, in dichloromethane solution, virtually all cis-
[PtCl2(NCPh)2] is converted into the trans-isomer. Because, in dichloromethane, cis-
[PtCl2{Te(CH2)6}2] is 2 kJ mol−1 more stable than the trans-isomer (Table S6), the isomeric
composition in equilibrium is, ca., 70% cis-[PtCl2{Te(CH2)6}2] and 30% trans-[PtCl2{Te(CH2)6}2].
The trans-isomer is therefore the limiting reactant in the formation of 2 and 3. In fact, the
formation of 3 was only observed in the 1:1 reaction of cis-[PtCl2(NCPh)2] and Te(CH2)6.
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While we have not observed the formation of cis-trans-[Pt2Cl4{Te(CH2)6}3] in this
reaction, we have previously reported the formation of small amounts of the structurally
related cis-trans-[Pt2Cl4{Te(CH2SiMe3)2}3] [40].

3. Materials and Methods
3.1. General Procedures

All manipulations involving air- and moisture-sensitive materials were conducted
under a nitrogen atmosphere using Schlenk techniques. Dichloromethane and chloroform
were distilled over CaH2 and hexane over Na/benzophenone under a nitrogen atmosphere
prior to use. Ethanol was degassed by bubbling nitrogen through the solvent for at least
15 min. Semiconductor-grade tellurium was freshly ground. All other reagents were used
as purchased without further purification. The preparation of Te(CH2)6 has been reported
earlier [29].

3.2. Spectroscopy
3.2.1. NMR Spectroscopy

1H, 13C{1H}, 125Te{1H}, and 195Pt{1H} NMR spectra of 1cis and 1trans were recorded
in CDCl3, and those of 4 in d6-DMSO were recorded on a Bruker Avance III 400 spec-
trometer operating at 400.13, 100.61, 126.24, and 86.02 MHz, respectively. The respective
pulse widths were 13.0, 9.70, 6.0, and 10.0 µs, and the corresponding relaxation delay
was 2.0 s for each nucleus. The deuterated solvent was used as the 2H lock. All reso-
nances were indirectly referenced by using the deuterium signal of the solvent for the
lock to the frequency that relates to the resonance frequency of the TMS protons at ex-
actly 400.130000 MHz. Chemical shifts for the 125Te resonances are given relative to
dimethyl telluride through indirect referencing (the tellurium resonance ν0(Te) was cal-
culated by using the ratio Ξ = ν0,H(Te)/ν0(TMS) = 31.549769% [61]). Chemical shifts for
195Pt are given relative to Na2[PtCl6] (1.2 M in D2O) also through indirect referencing
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(Ξ = ν0,H(Pt)/v0(TMS) = 21.96784%) [65]. The 1H and 13C are reported relative to tetram-
ethyl silane TMS [66].

3.2.2. Mass Spectrometry

Electron ionization mass spectra were recorded on Finnigan MAT SSQ 710 and Finni-
gan MAZ95XL spectrometers. The energy of the electrons was 70 eV.

3.3. X-ray Diffraction

The crystals of 1–4 were coated with Paratone oil and mounted in a nylon CryoLoop,
and the intensity data were collected on a Bruker Nonius Kappa CCD diffractometer at
133 K using graphite monochromated Mo Kα radiation (λ = 0.71073 A; 55 kV, 25 mA) [67,68].
Crystal data and the details of structure determinations are given in Table S1. The data
were corrected for Lorenz and polarization effects, after which semi-empirical absorption
correction was applied to net intensities using SADABS [69]. The structures were solved
through direct methods using SHELXT [70] and refined using SHELXL-2018 [71]. After the
full-matrix least-squares refinement of the non-hydrogen atoms with anisotropic thermal
parameters, the hydrogen atoms were placed in calculated positions in the CH2 groups
(C-H = 0.99 A). In the final refinement, the hydrogen atoms were riding with the carbon
atoms they were bonded to. The isotropic thermal parameters of the hydrogen atoms were
fixed at 1.5 times that of the corresponding carbon atoms. The scattering factors for the
neutral atoms were those incorporated with the program.

Some Te(CH2)6 ligands and solvent molecules in 2·11/4CH2Cl2 and 3·4CDCl3 were
disordered. The disorder was resolved through appropriate restraining of the anisotropic
displacement parameters and some bond lengths. Some parts of the disorder model were
introduced by utilizing the program DSR [72].

3.4. Computational Details

All calculations were performed using the Gaussian 16 program [73] by employing
the PBE0 hybrid functional [74–76] together with the def2-TZVP basis sets [77,78]. The
combination of the PBE0 functional and the def2-TZVP basis set has been shown to be
suitable for computational characterization of compounds of heavy p-block elements
(see the discussion in ref. [79]). Implicit C-PCM solvent model was applied to treat the
solvation effects [80,81], and dispersion forces were treated by using the D3BJ version
of Grimme’s empirical correction with Becke–Johnson damping parameterized for the
PBE0 functional [82–84]. Full structure optimization was carried out for each species
considered in this work and the frequencies were calculated for the optimum geometries to
ascertain the nature of the stationary points. The quantum theory of atoms in molecules
(QTAIM) was used to study inter-molecular interactions in the [PtCl2{Te(CH2)6}] (1cis,
1trans), as well as intra-molecular interactions in the cis-trans-[Pt3Cl6{Te(CH2)6}4] (2) and
cis-trans-[Pt4Cl8{Te(CH2)6}4] (3) structures [85]. AIMAll software was used for the QTAIM
calculations [86].

3.5. Reaction of Te(CH2)6 with cis-[PtCl2(NCPh)2]

Te(CH2)6 (46.2 mg, 0.218 mmol) was dissolved in 50 mL CH2Cl2 and crystalline cis-
[PtCl2(NCPh)2] (50.0 mg, 0.106 mmol) was added. The mixture was stirred under exclusion
of light for 20 h. The solvent was removed under reduced pressure and the crude product
was extensively dried at 40 ◦C and 1 mbar to remove any benzonitrile, yielding 71.7 mg
(theoretical: 74.4 mg) of an odorless yellow solid with few orange crystals in it. TLC
analysis (silica, chloroform) showed two spots at Rf = 0.89 and 0.25 corresponding to
trans-[PtCl2{Te(CH2)6}2] (1trans) and cis-[PtCl2{Te(CH2)6}2] (1cis) beside a very faint spot at
Rf = 0.58 and few minor spots at Rf < 0.25. The substances corresponding to the latter were
mostly removed through column chromatography (silica, chloroform), yielding 54.5 mg of
substance. The product was dissolved in CH2Cl2/pentane and, upon slow evaporation,
both 1trans and 1cis crystallized, with the former giving orange to red, heavily intergrown
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needles and the latter giving intensely yellow plates suitable for XRD analysis. Most
of the substance crystallized in the cis form. Small quantities of both isomers could be
separated manually. The mixture obtained after the column chromatography still contained
a minor side product that could be observed by means of NMR spectroscopy. Therefore,
while it is not possible to give exact yields of 1trans and 1cis, the combined overall yield
of about 70% can be estimated based on NMR spectroscopy. Few crystals of cis-trans-
[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2 (2·11/4CH2Cl2) could also be isolated from the crystalline
product mixture due to their different crystal habit. The compound was identified using
X-ray diffraction.

cis-[PtCl2{Te(CH2)6}2] (1cis): yellow plates, Rf = 0.25, m.p.: beginning brown coloration
at ~140 ◦C, melting at ~180 ◦C accompanied by quick decomposition, MS: 690 u/e (M+),
EA: calcd. C 35.61% H 2.13% N 5.93% Cl 15.02% found C 35.88% H 2.13%, N 6.14% Cl
15.34%. NMR (CDCl3): δTe = 352 ppm, 1JTePt = 979 Hz; δPt = −4240 ppm.

trans-[PtCl2{Te(CH2)6}2] (1trans): orange to red interwoven needles, Rf = 0.89, m.p.:
decomposition at ~150 ◦C under black coloration, MS: 690 u/e (M+). NMR (CDCl3):
δTe = 399 ppm, 1JTePt = 506 Hz; δPt = −3682 ppm.

The reaction was also repeated by using 33.9 mg (0.160 mmol) of Te(CH2)6 and 75.5 mg
(0.160 mmol) of cis-[PtCl2(NCPh)2] in 20 mL of dichloromethane. The reaction progressed
in an analogous manner to a 2:1 reaction with 1cis and 1trans as main products. In addition,
the presence of starting materials was observed in the reaction mixture. A few well-shaped
red crystals were formed in the NMR tube. They were identified through single-crystal X-
ray diffraction as cis-trans-[Pt4Cl8{Te(CH2)6}4]·4CDCl3 (3·4CDCl3) (3). In order to increase
the solubility of the solid material, the recrystallization from dimethyl sulfoxide was
attempted. After the NMR measurement in d6-dimethyl sulfoxide, pale yellow, almost
colorless crystals were formed that, upon the crystal structure determination, proved to
be [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4). NMR (d6-DMSO): δTe = 490 ppm, 1JTePt = 1052 Hz;
δPt = −3830 ppm.

4. Conclusions

The coordination of Te(CH2)6 to the Pt(II) center was examined through the reaction
of Te(CH2)6 with [PtCl2(NCPh)2] (2:1) in dichloromethane. The initial objective was to
obtain information about the molecular structure of the Te(CH2)6 as a ligand in the complex,
because the free compound is a thermally unstable and light-sensitive liquid with a low
melting point. The main products in the reaction were cis- and trans-[PtCl2{Te(CH2)6}2].
In dichloromethane, the isomers exist as a mixture, but upon crystallization, the cis iso-
mer seems to be the dominant species in the solid state. It is likely that in non-polar
solvents, the more polar cis-isomer is less soluble than the trans-isomer. The molecu-
lar structures of cis-[PtCl2{Te(CH2)6}] and the trinuclear and tetranuclear by-products
cis-trans-[Pt3Cl6{Te(CH2)6}4] and cis-trans-[Pt4Cl8{Te(CH2)6}4] were determined using X-
ray diffraction. These polynuclear complexes show the simultaneous presence of both
cis-Cl and trans-Cl isomers. The secondary bonding interactions involving the Te· · ·Cl
chalcogen bonds and Pt· · ·Pt metallophilic interactions were explored through the use of
PBE0-D3/def2-TZVP calculations and discussed using the QTAIM analysis. It turned out
that in all complexes, the discrete Pt· · ·Pt interaction is stronger than any single Te· · ·Cl
contact. The total strength of the four Te· · ·Cl interactions in each solid lattice is, however,
comparable to that of the single Pt· · ·Pt interaction.

Cis-trans-[Pt3Cl6{Te(CH2)6}4] is formed in the 1:2 reaction of cis-[PtCl2(NCPh)2] with
Te(CH2)6, and cis-trans-[Pt4Cl8{Te(CH2)6}4] is obtained from the 1:1 reaction. While the
overall energetics is favorable to the formation of both complexes, only a few crystals of
2·11/4CH2Cl2 were obtained upon crystallization from dichloromethane/pentane. 3·4CDCl3
crystallized on the walls of the NMR tube after the recording of the spectra in both
cases. Since the equilibrium composition in dichloromethane contains, ca., 70% of cis-
[PtCl2{Te(CH2)6}2] and 30% of trans-[PtCl2{Te(CH2)6}2], the latter is the limiting reactant to
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the formation of tri- and tetranuclear complexes. A significantly larger excess of the cis-
[PtCl2(NCPh)2] reagent might improve their yields, but that is the subject for a future study.

In an attempt to improve the yields of cis-trans-[Pt3Cl6{Te(CH2)6}4] and cis-trans-
[Pt4Cl8{Te(CH2)6}4], crystallization experiments were performed using dimethyl sulfoxide.
This led to the formation of [PtCl2{S(O)(CD3)2}{Te(CH2)}] that could be characterized using
X-ray diffraction and NMR spectroscopy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28227551/s1, Figure S1. 1H NMR spectra of the mixture
of cis- and trans-[PtCl2{Te(CH2)6}2] (a) 30 s and (b) 1.2 h after the dissolution of the mixture of cis-
[PtCl2{Te(CH2)6}2]. Figure S2. Fluxionality of the Te(CH2)6 ligand in cis- and trans-[PtCl2{Te(CH2)6}2].
Figure S3. (a) The 125Te{1H} and (b) the 195Pt{1H} NMR spectra of the reaction mixture of cis-
[PtCl2(NCPh)2] and Te(CH2)6 after solidification but prior to manual separation of the crystals.
Figure S4. The Pt· · ·Pt interactions lead the square-planar coordination planes to become concave in
1cis, 2, and 3. Table S1. Crystal data and refinement details for the X-ray structure determinations
of cis-[PtCl2{Te(CH2)6}2] (1cis), cis-trans-[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2 (2·11/4CH2Cl2), cis-trans-
[Pt4Cl8{Te(CH2)6}4]·4CDCl3 (3·4CDCl3), and [PtCl2{S(O)(CD3)2}{Te(CH2)6}] (4). Table S2. Selected
bond lengths (Å) and angles (◦) of cis-trans-[Pt3Cl6{Te(CH2)6}4]·11/4CH2Cl2 (2·11/4CH2Cl2) and cis-
trans-[Pt4Cl8{Te(CH2)6}4]·4CDCl3 (3·4CDCl3). Table S3. Atomic coordinates (Å) of the PBE0-D3/def2-
TZVP optimized species discussed in this contribution. Table S4. PBE0-D3/def2-TZVP optimized
geometries of the [PtnCl2n{Te(CH2)6}m] (n = 1–4; m = 2–4). Table S5. Total energies of optimized
species at PBE0-D3/def2-TZVP level of theory in vacuum (Hartree). Table S6. Total energies of
optimized species at PBE0-D3/def2-TZVP level of theory in dichloromethane (Hartree). Table S7.
Gibbs PBE0-D3/def2-TZVP formation energies of 1cis, 1trans, 2, and 3 from cis-[PtCl2(NCPh)2] and
Te(CH2)6 in dichloromethane (kJ mol–1). CCDC Deposition Numbers 2298160–2298162 and 2301073
contain the supplementary crystallographic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access
Structure service www.ccdc.cam.ac.uk/structures.

Author Contributions: Conceptualization, R.S.L., R.O. and W.W.; synthesis and spectroscopic char-
acterization, M.R.; quantum chemical calculations, J.M.R.; X-ray structural determination, H.G.;
writing—original draft preparation, R.O. and R.S.L.; writing—review, all authors. All authors have
read and agreed to the published version of the manuscript.

Funding: The research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in the article.

Acknowledgments: Provision of computational resources by Heikki Tuononen (University of Jyväskylä)
(J.M.R.) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pedersen, C.J. Cyclic polyethers and their complexes with metal salts. J. Am. Chem. Soc. 1967, 89, 7017–7036. [CrossRef]
2. Gokel, G.W.; Negin, S.; Catwell, R. Crown Ethers. In Comprehensive Supramolecular Chemistry II; Atwood, J.L., Gokel, G.W.,

Barbour, L.J., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; Volume 3, pp. 3–48.
3. Levason, W.; Orchard, S.D.; Reid, G. Recent developments in the chemistry of selenoethers and telluroethers. Coord. Chem. Rev.

2002, 225, 159–199. [CrossRef]
4. Segi, M. Acyclic dialkyl tellurides. Sci. Synth. 2007, 39, 1069–1082.
5. Barton, A.J.; Genge, A.R.J.; Hill, N.J.; Levason, W.; Orchard, S.D.; Patel, B.; Reid, G.; Ward, A.J. Recent developments in thio-,

seleno-, and telluroether ligand chemistry. Heteroat. Chem. 2002, 13, 550–560. [CrossRef]
6. Panda, A. Chemistry of selena macrocycles. Coord. Chem. Rev. 2009, 253, 1056–1098. [CrossRef]
7. Levason, W.; Reid, G. Recent developments in the chemistry of thio-, seleno-, and telluroethers. In Handbook of Chalcogen Chemistry;

Devillanova, F.A., Ed.; RSC Publishing: Cambridge, UK, 2007; pp. 81–106.
8. Levason, W.; Reid, G. Macrocyclic thio-, seleno- and telluroether ligands. In Comprehensive Coordination Chemistry II; McCleverty,

J.A., Meyer, T.J., Eds.; Elsevier: Amsterdam, The Netherlands, 2004; Volume 1, pp. 399–410.

https://www.mdpi.com/article/10.3390/molecules28227551/s1
https://www.mdpi.com/article/10.3390/molecules28227551/s1
www.ccdc.cam.ac.uk/structures
https://doi.org/10.1021/ja01002a035
https://doi.org/10.1016/S0010-8545(01)00412-X
https://doi.org/10.1002/hc.10100
https://doi.org/10.1016/j.ccr.2008.07.006


Molecules 2023, 28, 7551 14 of 16

9. Sommen, G.L. Rings containing selenium and tellurium. In Comprehensive Heterocyclic Chemistry III; Katritzky, A.R.,
Ramsdenm, C.A., Scriven, E.F.V., Taylor, R.J.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; Volume 14, pp. 863–900.

10. Levason, W.; Reid, G.; Zhang, W.-J. The chemistry of the p-block elements with thioether, selenoether and telluroether ligands.
Dalton Trans. 2011, 40, 8491–8506. [CrossRef]

11. Moorefield, C.N.; Newcombe, G.R. Eight-membered and larger rings. Progr. Heterocycl. Chem. 2020, 31, 649–669.
12. Singh, A.K.; Sharma, S. Recent developments in the ligand chemistry of tellurium. Coord. Chem. Rev. 2000, 209, 49–98. [CrossRef]
13. Levason, W.; Reid, G. Macrocyclic and polydentate thio- and seleno-ether ligand complexes of the p-block elements. J. Chem. Soc.

Dalton Trans. 2001, 2953–2960. [CrossRef]
14. Levason, W.; Reid, G. Early transition metal complexes of polydentate and macrocyclic thio- and seleno-ethers. J. Chem. Res.

Synop. 2002, 467–472, 1001–1022. [CrossRef]
15. Jain, V.K.; Chauhan, R.S. New vistas in the chemistry of platinum group metals with tellurium ligands. Coord. Chem. Rev. 2016,

306, 270–301. [CrossRef]
16. Gahan, L.R. Cyclononanes: The extensive chemistry of fundamentally simple ligands. Coord. Chem. Rev. 2016, 311, 168–223.

[CrossRef]
17. Oilunkaniemi, R.; Laitinen, R.S. Synthesis and molecular structures of cyclic selenoethers and their derivatives. In Comprehensive

Inorganic Chemistry III; Reedijk, J., Poeppelmeier, K.R., Laitinen, R.S., Eds.; Elsevier: Amsterdam, The Netherlands, 2023; Volume
1, pp. 527–555.

18. Laitinen, R.S.; Oilunkaniemi, R.; Weigand, W. Structure, bonding, and ligand chemistry of macrocyclic seleno- and telluroethers.
In Chalcogen Chemistry: Fundamentals and Applications; Lippolis, V., Santi, C., Lenardão, E.J., Braga, A.L., Eds.; Royal Society of
Chemistery: Cambridge, UK, 2023; pp. 530–566.

19. Boyle, P.D.; Godfrey, S.M. The reactions of sulfur and selenium donor molecules with dihalogens and interhalogens. Coord. Chem.
Rev. 2001, 223, 265–299. [CrossRef]

20. Cozzolino, A.F.; Elder, P.J.W.; Vargas-Baca, I. A survey of tellurium-centered secondary-bonding supramolecular synthons.
Coord. Chem. Rev. 2011, 255, 1426–1438. [CrossRef]

21. du Mont, W.-W.; Hrib, C.G. Halogen-chalcogen X-E (X = F, Cl, Br, I.; E = S, Se, Te) chemistry. In Handbook of Chalcogen Chemistry:
New Perspectives in Sulfur, Selenium and Tellurium, 2nd ed.; Devillanova, F.A., du Month, W.-W., Eds.; RSC Publishing: Cambridge,
UK, 2013; Volume 2, pp. 273–316.

22. Chivers, T.; Laitinen, R.S. Tellurium: A maverick among the chalcogens. Chem. Soc. Rev. 2015, 44, 1725–1739. [CrossRef] [PubMed]
23. Gleiter, R.; Haberhauer, G.; Werz, D.B.; Rominger, F.; Bleiholder, C. From noncovalent chalcogen-chalcogen interactions to

supramolecular aggregates: Experiments and calculations. Chem. Rev. 2018, 118, 2010–2041. [CrossRef]
24. Kolb, S.; Oliver, G.A.; Werz, D.B. Chemistry evolves, terms evolve, but phenomena do not evolve: From chalcogen-chalcogen

interactions to chalcogen bonding. Angew. Chem. Int. Ed. 2020, 59, 22306–22310. [CrossRef]
25. Kolb, S.; Oliver, G.A.; Werz, D.B. Chalcogen bonding in supramolecular structures, anion recognition, and catalysis. In Compre-

hensive Inorganic Chemistry III; Reedijk, J., Poeppelmeier, K.R., Laitinen, R.S., Eds.; Elsevier: Amsterdam, The Netherlands, 2023;
Volume 1, pp. 602–650.

26. Morgan, G.T.; Burgess, H. XLIV. -cycloTelluropantane. J. Chem. Soc. 1928, 321–329. [CrossRef]
27. Morgan, G.T.; Burstall, F.H. XXIV.-cycloTellurobutane (Tetrahydrotellurophen). J. Chem. Soc. 1931, 180–184. [CrossRef]
28. Takaguchi, Y.; Horn, E.; Furukawa, N. Preparation and X-ray Structure Analysis of 1,1,5,5,9,9-Hexachloro-1,5,9-tritelluracyclododecane

(Cl6([12]aneTe3)) and Its Redox Behavior. Organometallics 1996, 15, 5112–5115. [CrossRef]
29. Rodewald, M.; Rautiainen, J.M.; Niksch, T.; Görls, H.; Oilunkaniemi, R.; Weigand, W.; Laitinen, R.S. Chalcogen-bonding

interactions in telluroether heterocycles [Te(CH2)m]n (n = 1-4; m = 3-7). Chem. Eur. J. 2020, 26, 13806–13818. [CrossRef]
30. Kemmitt, T.; Levason, W.; Oldroyd, R.D.; Webster, M. Palladium and platinum complexes of telluracyclopentane. Structure of

trans-[Pd{Te(CH2)4}2Cl2]. Polyhedron 1992, 11, 2165–2169.
31. Singh, A.K.; Kadarkaraisamy, M.; Husebye, S. The first metal complexes of 1,4-oxatellurane: Synthesis and crystal structure of its

platinum(II) complex. J. Chem. Res. 2000, 64–65. [CrossRef]
32. Hesford, M.J.; Levason, W.; Matthews, M.L.; Reid, G. Synthesis and complexation ofm the mixed tellurium-oxygen macrocycles

1-tellura-4,7,13,16-tetraoxacyclooctadecane, [18]aneO4Te2 and their selenium analogues. Dalton Trans. 2003, 2852–2858. [CrossRef]
33. Devery, M.P.; Dickson, R.S.; Skelton, B.W.; White, A.H. Coordination and rearrangement of organic chalcogenides on a rhodium-

rhodium bond: Reactions with strained-ring cyclic thioethers and with selenium and tellurium ligands. Organometallics 1999, 18,
5292–5298. [CrossRef]

34. Levason, W.; Orchard, S.D.; Reid, G. Synthesis and properties of the first series of mixed thioether/telluroether macrocycles.
Chem. Commun. 2001, 427–428. [CrossRef]

35. Vigo, L.; Poropudas, M.J.; Salin, P.; Oilunkaniemi, R.; Laitinen, R.S. Versatile coordination chemistry of rhodium complexes
containing the bis(trimethylsilylmethyl)tellane ligand. J. Organomet. Chem. 2009, 694, 2053–2060. [CrossRef]

36. Vigo, L.; Salin, P.; Oilunkaniemi, R.; Laitinen, R.S. Formation and structural characterization of mercury complexes from
Te{(R)(CH2SiMe3)} (R = Ph, CH2SiMe3) and HgCl2. J. Organomet. Chem. 2009, 694, 3134–3141. [CrossRef]

37. Poropudas, M.J.; Vigo, L.; Oilunkaniemi, R.; Laitinen, R.S. Versatile Solid-State Coordination Chemistry of Telluroether Complexes
of Silver(I) and Copper(I). Dalton Trans. 2013, 42, 16868–16877. [CrossRef]

https://doi.org/10.1039/c1dt10317b
https://doi.org/10.1016/S0010-8545(99)00236-2
https://doi.org/10.1039/b105973b
https://doi.org/10.3184/030823402103170501
https://doi.org/10.1016/j.ccr.2015.07.009
https://doi.org/10.1016/j.ccr.2015.11.011
https://doi.org/10.1016/S0010-8545(01)00386-1
https://doi.org/10.1016/j.ccr.2010.12.015
https://doi.org/10.1039/C4CS00434E
https://www.ncbi.nlm.nih.gov/pubmed/25692398
https://doi.org/10.1021/acs.chemrev.7b00449
https://doi.org/10.1002/anie.202007314
https://doi.org/10.1039/JR9280000321
https://doi.org/10.1039/JR9310000180
https://doi.org/10.1021/om960486l
https://doi.org/10.1002/chem.202002510
https://doi.org/10.3184/030823400103166571
https://doi.org/10.1039/B303365C
https://doi.org/10.1021/om990254x
https://doi.org/10.1039/b008370o
https://doi.org/10.1016/j.jorganchem.2009.02.001
https://doi.org/10.1016/j.jorganchem.2009.05.021
https://doi.org/10.1039/c3dt51840j


Molecules 2023, 28, 7551 15 of 16

38. Taimisto, M.; Bajorek, T.; Rautiainen, J.M.; Pakkanen, T.A.; Oilunkaniemi, R.; Laitinen, R.S. Experimental and computational
investigation on the formation pathway of [RuCl2(CO)2(ERR’)2] (E = S, Se, Te; R, R’ = Me, Ph) from [RuCl2(CO)3]2 and ERR’.
Dalton Trans. 2022, 51, 11747–11757. [CrossRef]

39. Taimisto, M.; Poropudas, M.J.; Rautiainen, J.M.; Oilunkaniemi, R.; Laitinen, R.S. Ruthenium-assisted tellurium abstraction in
bis(thiophen-2-yl) ditelluride. Eur. J. Inorg. Chem. 2023, 26, e202200772. [CrossRef]

40. Kemmitt, T.; Levason, W. Synthesis and multinuclear NMR studies of [M{o-C6H4(TeMe)2}X2] (M = Pd, Pt; X = Cl, Br, I). The
presence of a characteristic ring contribution to 125Te chemical shifts. Inorg. Chem. 1990, 29, 731–735. [CrossRef]

41. Vigo, L.; Oilunkaniemi, R.; Laitinen, R.S. Formation and characterization of platinum and palladium complexes of
bis(trimethylsilylmethyl) tellane. Eur. J. Inorg. Chem. 2008, 284–290. [CrossRef]

42. Knorr, M.; Guyon, F.; Jourdain, I.; Kneifel, S.; Frenzel, J.; Strohmann, C. (Phenylthiomethyl)silanes and (butyltelluromethyl)-
silanes as novel bifunctional ligands for the construction of dithioether-, ditelluroether- and transition metal-silicon complexes.
Inorg. Chim. Acta 2003, 350, 455–466. [CrossRef]

43. Prasad, R.R.; Singh, H.B.; Butcher, R.J. Synthesis, structure and reactivity of b-chalcocyclohexanals: Dichalcogenides and
chalcogenides. J. Organomet. Chem. 2016, 814, 42–56. [CrossRef]

44. Singh, A.K.; Kumar, J.S.; Butcher, R.J. N-{2-(4-methoxyphenyltelluro)ethyl}morpholine (L1) and its platinum(II) and ruthenium(II)
complexes. Synthesis and crystal structure of L1 and trans-[PtCl2(L1)2]. Inorg. Chim. Acta 2001, 312, 163–169.

45. Kolay, S.; Kumar, M.; Wadawale, A.; Das, D.; Jain, V.K. Role of anagostic interactions in cycloplatination of telluroethers: Synthesis
and structural characterization. J. Organomet. Chem. 2015, 794, 40–47. [CrossRef]

46. Kapoor, P.; Lövqvist, K.; Oskarsson, A. Cis/trans influences in platinum(II) complexes. X-ray crystal structures of cis-dichloro(dimethyl
sulfide)(dimethyl sulfoxide)platinum(II) and cis-dichloro(dimethyl sulfide)(dimethyl phenyl phosphine)platinum(II). J. Mol.
Struct. 1998, 470, 39–47. [CrossRef]

47. ConQuest; Version 2022.3.0; Cambridge Crystallographic Data Center: Cambridge, UK, 2022.
48. Oilunkaniemi, R.; Komulainen, J.; Laitinen, R.S.; Ahlgrén, M.; Pursiainen, J. Trends in the structure and bonding of

[MCl2{(C4H3S)ECH3}2] (M = Pd, Pt; E = Te, Se). J. Organomet. Chem. 1998, 571, 129–138. [CrossRef]
49. Levason, W.; Webster, M.; Mitchell, C.J. Structure of trans-diiodobis(methyl phenyl telluride)platinum(II). Acta Crystallogr. Sect. C

1992, 48, 1931–1933. [CrossRef]
50. Drake, J.E.; Yang, J.; Khalid, A.; Srivastava, V.; Singh, A.K. Palladium(II) and platinum(II) complexes of bis (4-methoxyphenyltelluro)

methane. Crystal structure of [{meso-(4-MeOC6H4Te)2CH2}(Ph2PCH2CH2PPh2)Pd(II)](ClO4)·H2O and [meso-(4-MeOC6H4Te)
2CH2]Pd(II)Cl2. Inorg. Chim. Acta 1997, 254, 57–62. [CrossRef]

51. Kemmitt, T.; Levason, W.; Webster, M. Chelating ditelluroether complexes of palladium and platinum: Synthesis and multinuclear
NMR Studies. Structure of dibromo(meso-l,3-bis(phenyltelluro)propane)palladium(II), [Pd{meso -PhTe(CH2)3TePh}Br2]. Inorg.
Chem. 1989, 28, 692–696. [CrossRef]

52. Rocha, R.W.; de Almeida, W.B. On the cis->trans isomerization of the square-planar [PtCl(SnCl3)(PH3)2] compound: Ab initio gas
phase reaction mechanism and solvent effects using continuum models. J. Braz. Chem. Soc. 2000, 11, 112–120. [CrossRef]

53. Redfield, D.A.; Nelson, J.H. Equilibrium energetics of cis-trans isomerization for two square-planar palladium(II)-Phosphine
Complexes. Inorg. Chem. 1973, 12, 15–19. [CrossRef]

54. Anderson, G.K.; Cross, R.J. Isomerisation mechanisms of square-planar complexes. J. Chem. Soc. Rev. 1980, 9, 185–215. [CrossRef]
55. Lepetit, C.; Fau, P.; Fajerwerg, K.; Kahn, M.L.; Silvi, B. Topological analysis of the metal-metal bond: A tutorial review. Coord. Chem.

Rev. 2017, 345, 150–181. [CrossRef]
56. Cremer, D.; Kraka, E. Chemical bonds without bonding electron density—Does the difference electron-density analysis suffice for

a description of the chemical bond? Angew. Chem. Int. Ed. Engl. 1984, 23, 627–628. [CrossRef]
57. Cremer, D.; Kraka, E. A description of the chemical bond in terms of local properties of electron density and energy. Croat. Chem.

Acta 1984, 57, 1259–1281.
58. Espinosa, E.; Alkorta, I.; Elguero, J.; Molins, E. From weak to strong interactions: A comprehensive analysis of the topological

and energetic properties of the electron density distribution involving X–H···F–Y systems. J. Chem. Phys. 2002, 117, 5529–5542.
[CrossRef]

59. Macchi, P.; Sironi, A. Chemical bonding in transition metal carbonyl clusters: Complementary analysis of theoretical and
experimental electron densities. Coord. Chem. Rev. 2003, 238–239, 383–412. [CrossRef]

60. Macchi, P.; Proserpio, D.M.; Sironi, A. Experimental Electron Density in a Transition Metal Dimer: Metal-Metal and Metal-Ligand
Bonds. J. Am. Chem. Soc. 1998, 120, 13429–13435. [CrossRef]

61. Firme, C.L.; Antunes, O.A.C.; Esteves, P.M. Relation between bond order and delocalization index of QTAIM. Chem. Phys. Lett.
2009, 468, 129–133. [CrossRef]

62. Sivchik, V.; Kochetov, A.; Eskelinen, T.; Kisel, K.S.; Solomatina, A.I.; Grachova, E.V.; Tunik, S.P.; Hirva, P.; Koshevoy, I.O.
Modulation of Metallophilic and π–π Interactions in Platinum Cyclometalated Luminophores with Halogen Bonding. Chem. Eur.
J. 2021, 27, 1787–1794. [CrossRef]

63. Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen bond strengths revealed by topological analyses of experimentally observed
electron densities. Chem. Phys. Lett. 1998, 285, 170–173. [CrossRef]

64. Spackman, M.A. How reliable are intermolecular interaction energies estimated from topological analysis of experimental electron
densities? Cryst. Growth. Des. 2015, 15, 5624–5628. [CrossRef]

https://doi.org/10.1039/D2DT02018A
https://doi.org/10.1002/ejic.202200772
https://doi.org/10.1021/ic00329a032
https://doi.org/10.1002/ejic.200700838
https://doi.org/10.1016/S0020-1693(02)01519-0
https://doi.org/10.1016/j.jorganchem.2016.04.019
https://doi.org/10.1016/j.jorganchem.2015.05.062
https://doi.org/10.1016/S0022-2860(98)00468-2
https://doi.org/10.1016/S0022-328X(98)00899-7
https://doi.org/10.1107/S0108270192003354
https://doi.org/10.1016/S0020-1693(96)05138-9
https://doi.org/10.1021/ic00303a017
https://doi.org/10.1590/S0103-50532000000200003
https://doi.org/10.1021/ic50119a005
https://doi.org/10.1039/cs9800900185
https://doi.org/10.1016/j.ccr.2017.04.009
https://doi.org/10.1002/anie.198406271
https://doi.org/10.1063/1.1501133
https://doi.org/10.1016/S0010-8545(02)00252-7
https://doi.org/10.1021/ja982903m
https://doi.org/10.1016/j.cplett.2008.12.004
https://doi.org/10.1002/chem.202003952
https://doi.org/10.1016/S0009-2614(98)00036-0
https://doi.org/10.1021/acs.cgd.5b01332


Molecules 2023, 28, 7551 16 of 16

65. Harris, R.K.; Becker, E.D.; Cabral de Menezes, S.M.; Goodfellow, R.; Granger, P. NMR nomenclature: Nuclear spin properties and
conventions for chemical shifts. IUPAC recommendations 2001. Magn. Reson. Chem. 2002, 40, 489–505. [CrossRef]

66. Fulmer, G.R.; Miller, A.J.M.; Sherden, N.H.; Gottlieb, H.E.; Nudelman, A.; Stoltz, B.M.; Bercaw, J.E.; Goldberg, K.I. NMR chemical
shifts of trace impurities: Common laboratory solvents, organics, and gases in deuterated solvents relevant to the organometallic
chemist. Organometallics 2010, 29, 2176–2179. [CrossRef]

67. Nonius, B.V. COLLECT; Data Collection Software; Nonius BV: Delft, The Netherlands, 1998.
68. Otwinowski, Z.; Minor, W. Macromolecular Crystallography, Part A, Methods in Enzymology; Carter, C.W., Sweet, R.M., Eds.;

Academic Press: Cambridge, UK, 1997; Volume 276, pp. 307–326.
69. Krause, L.; Herbst-Irmer, R.; Sheldrick, G.M.; Stalke, D. Comparison of silver and molybdenum microfocus X-ray sources for

single-crystal structure determination. J. Appl. Crystallogr. 2015, 48, 3–10. [CrossRef]
70. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Crystallogr. 2015, A71, 3–8. [CrossRef]
71. Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. 2008, A64, 112–122. [CrossRef]
72. Kratzert, D.; Krossing, I. Recent improvements in DSR. J. Appl. Cryst. 2018, 51, 928–934. [CrossRef]
73. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2019.
74. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868,

Erratum in Phys. Rev. Lett.1997, 78, 1396. [CrossRef]
75. Perdew, J.P.; Ernzerhof, M.; Burke, K. Rationale for mixing exact exchange with density functional approximations. J. Chem. Phys.

1996, 105, 9982–9985. [CrossRef]
76. Adamo, C.; Barone, V. Toward reliable density functional methods without adjustable parameters: The PBE0 model. J. Chem.

Phys. 1999, 110, 6158–6170. [CrossRef]
77. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn:

Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef]
78. Weigend, F.; Häser, M.; Patzelt, H.; Ahlrichs, R. RI-MP2: Optimized auxiliary basis sets and demonstration of efficiency. Chem. Phys.

Lett. 1998, 294, 143–152. [CrossRef]
79. Maaninen, T.; Tuononen, H.M.; Kosunen, K.; Oilunkaniemi, R.; Hiitola, J.; Laitinen, R.; Chivers, T. Formation, structural

characterization and calculated NMR chemical shifts of selenium-nitrogen compounds from SeCl4 and ArNHLi (Ar supermesityl,
mesityl). Z. Anorg. Allg-. Chem. 2004, 630, 1947–1954. [CrossRef]

80. Barone, V.; Cossi, M. Quantum calculation of molecular energies and energy gradients in solution by a conductor solvent model.
J. Phys. Chem. A 1998, 102, 1995–2001. [CrossRef]

81. Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies, structures, and electronic properties of molecules in solution with the
C-PCM solvation model. J. Comp. Chem. 2003, 24, 669–681. [CrossRef]

82. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104/1–154104/19. [CrossRef]

83. Burns, L.A.; Vazquez-Mayagoitia, A.; Sumpter, B.G.; Sherrill, C.D. Density-functional approaches to noncovalent interactions: A
comparison of dispersion corrections (DFT-D), exchange-hole dipole moment (XDM) theory, and specialized functions. J. Chem.
Phys. 2011, 134, 084107/1–084107/25. [CrossRef]

84. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comp.
Chem. 2011, 32, 1456–1465. [CrossRef]

85. Bader, R.F.W. Atoms in Molecules: A Quantum Theory; Oxford University Press: Oxford, UK, 1990.
86. Keith, T.A. TK Gristmill Software; Version 19.10.12; AIMAll: Overland Park, KS, USA, 2019; Available online: aim.tkgristmill.com

(accessed on 9 February 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/mrc.1042
https://doi.org/10.1021/om100106e
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S1600576718004508
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/S0009-2614(98)00862-8
https://doi.org/10.1002/zaac.200400286
https://doi.org/10.1021/jp9716997
https://doi.org/10.1002/jcc.10189
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3545971
https://doi.org/10.1002/jcc.21759
aim.tkgristmill.com

	Introduction 
	Results and Discussion 
	General 
	NMR Spectroscopy 
	Crystal and Molecular Structures 
	Density Functional Theory (DFT) Computations 
	General 
	Optimized Geometries 
	Cis-trans Isomerization 
	Chalcogen Bonding and Metallophilic Interactions 
	Formation of cis-trans-[Pt3Cl6{Te(CH2)6}4] and cis-trans-[Pt4Cl8{Te(CH2)6}4] 


	Materials and Methods 
	General Procedures 
	Spectroscopy 
	NMR Spectroscopy 
	Mass Spectrometry 

	X-ray Diffraction 
	Computational Details 
	Reaction of Te(CH2)6 with cis-[PtCl2(NCPh)2] 

	Conclusions 
	References

