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An Iridium-Stabilized, Formally Uncharged Te,, Molecule with

3-Center—4-Electron Bonding**

Anja Giinther, Martin Heise, Frank R. Wagner,* and Michael Ruck*

In contrast to the lighter homologues sulfur and selenium,
molecular allotropes of tellurium are not known. Yet, the
crown-shaped Teg rings in Cs;Teq(Teg),!"! and Cs,Tey(Teg)?
provided first evidence that uncharged tellurium rings can be
stabilized in the solid state. Further homonuclear species were
reported, such as Te, in [Te,{Cr(CO)s},]* or Teq in ResTe,,Cle-
(Teo)™ and (Agl)y(Teq).”! Recently, a new binding mode,
where formally uncharged tellurium molecules act as elec-
tron-pair donors for transition metals, was reported for the
coordination polymers [Ru(Te,)](InCly),, [Ru(Teg)]Cl,, and
[Rh(Teg)]CL." A much broader structural chemistry of
tellurium is observed in its polyanionic” and polycationic!®
forms demonstrating also the ability of Te atoms to feature 3-
center—4-electron (3c—4e) bonding. Such “hypervalent” atoms
are found, for example, in polyanions Tes*"* ! [Tei"] 7" and
(TePh);~ ! in the polycation ! [TeZ"],' or in extended
uncharged structures, such as p-TeL' and (Te,),I,["!
(Figure 1).
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Figure 1. Examples for Te species with 3c—4e bonds (distances in pm).
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With Ir,Te,Cl,; (1) we now isolated a tellurium-rich
compound that contains for the first time an uncharged Te
molecule with 3c—4e bonding. Compound 1 was obtained in
high yield by the reaction of Ir, Te, and TeCl, at 250°C. X-ray
diffraction on a single crystal revealed a triclinic packing of
Ci-symmetric (Te,o)[Ir(TeCl,)(TeCly)], clusters (Figure 2 and
Supporting Information Figure S1). The central Te,, molecule
coordinates two Ir'™! cations, each of which also binds to two
terminal chlorido tellurate(II) ligands.

©Cl

Figure 2. The X-ray structure of the (Te,o)[Ir(TeCl,) (TeCl;)], complex
(thermal ellipsoids set at 90%) probability.

The biconvex tricyclo[5.1.1.1*°] unit consists of two Te,
rings (Tel to Te4), which are linked through two linear Te
bridges (Te5). The Te-Te distances within the folded Te, rings
(277.88(6)-281.92(6) pm) are slightly longer than the corre-
sponding bonds in the biconcave polycation Teg*', tricy-
clo[3.1.1.1**]octatellurium(4+), which does not have the
bridging atoms between the rings (Te-Te average
277.4 pm).10

In the asymmetric virtually linear fragment Te2-Te5-Te3'’
the distances are much longer [Te2-Te5 293.73(5), Te5-Te3’
307.17(5) pm; bond angle 172.78(1)°]. This roughly corre-
sponds to a 3c—4e bonding as discussed for I,~.*) A simple
bond-length bond-strength consideration for the linear Te;
fragment results in bond valences of 0.62 and 0.43.] This type
of bonding is described qualitatively by a molecular orbital
(MO) model, which results in half a bond between each
terminal and the central atom and attributes the negative
charge to the terminal atoms[' or alternatively by the
superposition of basically two asymmetrical mesomeric forms
(Figure 3, top).

Taking the 3c—4e bonds into account (Figure 3, bottom),
the formal charge assignment according to the 8—N rule
yields that the linearly two-coordinated Te5 are (2x'4)-
bonded Te™, the three-coordinate Te2 and Te3 are (2+!)-
bonded Te’*, while the two-coordinate Tel and Te4 are 2-
bonded Te’. In sum, (Te®"),(Te’),(Te”), represents the
formally uncharged molecule Te,;,. An uncharged Te;, mol-
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Figure 3. 3c—4e bonds: top: MO scheme and valence bond representa-
tion, charges for trihalogenide X;~ anions, the corresponding tritellur-
ide is Te,"” with X=Te™; bottom: two resonating 3c—4e bonds in 1;
black spheres: Te of Te; units, white spheres: Ir.

ecule is also obtained by applying an alternative way of formal
electron counting,'” in which the linearly coordinated Te5
atoms would have been identified as 2-bonded Te*~ atoms and
the Te2 and Te3 atoms as 3-bonded Te", giving (Te™),(Te’),-
(Te?"),. This implies a Te’~ atom, isoelectronic with Xe,
forming two bonds, that is, corresponding to a formal I~
species for the middle atom in I3, not a realistic descrip-
tion.'") Note, as an effect of the additional homoatomic
bonding of the “terminal” Te atoms they become less charged
than the middle one, which means a reversal with respect to
I, or Te;*~.I!

3c—4e bonds are also present in the square-planar
[Te™Cl,]>~ and the T-shaped [Te'™Cl;]~ groups (Te-Cl
233.8(2)-275.9(2) pm). The Cl atoms that are involved in
the longer Te"—Cl bonds interact also with atoms of the Tey,
molecule (TeCly+Te: 292.4(1)-332.0(2) pm). Such chlorido
tellurate(IT) ligands are established parts of rhenium clusters,
for example, [(RegTeg)(Teg)(TeCls),] .1

In 1, each Ir atom is coordinated by four Te atoms of the
Te,, unit and two of the chlorido tellurate groups; the slightly
distorted coordination octahedra are edge-sharing. The Ir—Te
distances (263.6(8)-269.1(8) pm) are similar to those in
Ir'"'Te, (coordination number (c.n.) = 6; 265 pm)."”! Since all
coordinating Te atoms act as electron-pair donors, the 18-
electron-rule for Ir'™ is fulfilled and 1 may be formulated as
(Te,o) ™ [Ir (Te 'CLy)(Te "'CLy) .

In line with these considerations, 1 is a diamagnetic
semiconductor with a very small band gap of about 0.1 eV
(Supporting Information, Figure S3). The magnetic suscept-
ibility shows almost no dependence on the field strength
(0.1 T<uyH <7T) in the range from 50 to 400 K (Supporting
Information, Figure S4).

Upon heating in an argon stream, 1 decomposes at about
540 K (Supporting Information, Figure S5) according to
Equation (1).

I, Te,Cliysy — IrTesCly) + IrClyg) + 4 TeClyg) + 2 Tey sy 1)

[Ir(Teq)]Cl; is a one-dimensional coordination polymer
isostructural to [Rh(Teq)]CL,.[! At higher temperature two
further decomposition steps follow that finally yield IrTe,
[Eq. (2) and Supporting Information, Figure S6].
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IrTesCly) + IrClyy — 2IrTey) 4+ TeClyy) + TeCly, (2)

Quantum chemical DFT/B3PW91?" calculations on an
isolated molecule of 1 (experimental structure) have been
carried out to investigate the chemical bonding. The bonding
analysis was performed in position space applying the
topological analysis of the electron density, which yields the
QTAIM (Quantum Theory of Atoms in Molecules®!) atomic
basins, as well as of the electron localizability indicator (ELI-
D),”?! which yields bond and lone-pair basins. For the present
case of a monodeterminantal non-spin-polarized wavefunc-
tion ELI-D displays identical locations and types of critical
points (e.g. local maxima)® as the well known electron
localization function ELF.”?! For the analysis of homoatomic
Te bonding the delocalization index between the QTAIM
atoms has been employed.?! It represents the position space
analogue to the bond order definition of the Wiberg and the
Mayer bond index.!

Six local ELI-D maxima (attractors) in the valence region
between the Ir and its six coordinating Te atoms confirm
covalent Ir—Te bonds (Figure 4). The location of the ELI-D
attractors inside the QTAIM Te atoms indicate that the bond
is of the polar dative type Te —Ir. For the QTAIM-guided ELI
based oxidation number (ELIBON)®! of Tr only the elec-
tronic population of the inner shells are to be counted, while
the electronic populations of the donated Te lone pairs are
completely assigned to the corresponding Te atom.

With 15.0 electrons found in the fifth atomic shell of Ir, an
ELIBON of +2.0 is obtained. Taking into account the
ELIBON of +1.6 calculated for [Ir'"'Cls*~ (O, symmetry,
d(Ir—Cl) =249 pm, low spin, optimized using DFT/B3PW91
and the same basis sets as for the title compound), which
clearly indicates a strong tendency of incomplete charge
transfer from the penultimate shell region, an ELIBON of 2.0
lies within the range expected for an Ir atom in oxidation state
+ 111

The fractions of the basin populations of the donated Te
lone pairs inside the QTAIM Ir atom (from the ELI-D/
QTAIM intersection procedure®®”) are 20 to 23 %, which

indicates a rather polar bond.”” The total amount of charge
111

donated from the Te lone pairs to the Ir" cation amounts to

2.4 electrons.

Figure 4. Chemical bonding in 1. ELI-D attractors for Te-Ir (small blue
spheres) and Te—Te bonds (red, yellow). The QTAIM basin of Ir (blue,
transparent) does not contain Te-Ir ELI-D attractor. DI values for Te-Te
bonds are given for each unique Te-Te bond.
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Of the coordinating Te atoms, Te5 is the electron-richest
one (Q.4=+0.37), closely followed by Tel and Te4 (Q.=
+0.44 and +0.51), and finally Te7 and Te6 of the chlorido
tellurate groups (Q.;=++ 1.10 and + 1.11). This sequence is in
accord with the above assigned oxidations states. Te2 and Te3,
which do not coordinate Ir, are the least-charged Te atoms
(Qur=40.10 and + 0.19), which is not in contradiction to the
(8-N)-type counting, since that method neglects coordinative
E—M bonding.

The 2c—2e bonds within the Te, ring are clearly indicated
by ELI-D attractors, while the potential 3c—4e bonding in the
linear Te; fragment represents difficult terrain for the pure
ELI-D bonding analysis at the applied DFT level due to the
fractional bond order and substantial electrostatic contribu-
tions."® For the prototypical 3c—4e bond in the symmetric I;~
ion only a shallow ELI-D attractor (with very small negative
curvatures in transverse directions) close to the terminal atom
is found. Upon slight asymmetric distortions these attractors
may easily vanish, also depending on the DFT functional used
(see the Supporting Information). The functional B3PW91
selected for the present investigation displays an ELI-D
attractor only for the shorter Te2—Te5 bond.” Full geometry
optimization (DFT/BLYP) of molecule 1 results in a structure
of D,, symmetry (structure 1’, Supporting Information,
Figure S7) with a 45° rotation of the initial TeCl, unit
around the Ir—Te6 bond axis such that the CI2 atom becomes
symmetrically bridging between Te6 and Te7. This variant
may be disfavored in the solid by packing effects. For the
present discussion, the most important structural effect is the
symmetrization of the 3c—4e bond with d(Te—Te) =308 pm.
Even after relaxation of this structure with the B3PW91
functional (structure 1”), which shortens the 3c—4e bonds to
299 pm, the ELI-D still does not display the expected local
maxima for the 3c—4e bonds. This may be a correlation
deficiency at the decisive spatial region, where the ELI-D
maximum is expected to occur.

A topological alternative for the definition of an effective
covalent bond order is the delocalization index (DI) between
the QTAIM atoms.” The value of the DI is calculated from
integrals over macroscopic spatial regions (the QTAIM
atoms) and can be expected to suffer less from local
correlation defects. Indeed, it has been successfully applied
in a systematic position space study on 3c—4e bonding to the
symmetrical Cl;~ ion at DFT/B3LYP level of theory where a
DI of (Clygyu-Clynia) =0.79 has been obtained. For the Te;,
fragments in 1 slightly smaller values are found with o(Te2-
Te5)=0.70 and 6(Te5-Te3’)=0.56 (Figure 4), which resem-
ble the bond valences reported above. For the optimized
structure 1” the symmetrical 3c—4e bonds yield 6(Te2-Te5) =
0.65. The notion of a 3c—4e scenario is additionally corrobo-
rated by the comparably high DI §(Te2-Te3") =0.14 (0.15 for
1"). For the covalent 2c—2e bonds in the Te, rings DIs between
0.92 and 0.99 are found in 1 (0.93 in 1”). Therefore, the Te,,
molecule can definitely be identified as an entity inside
molecule 1.

Nonetheless, the Ir atoms play the decisive role of
stabilizing the Te,, unit. An optimization (DFT/B3PW91) of
the D,,-symmetric Te,, fragment taken from 1’ results in a
vibrationally unstable molecule of similar structure with
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virtually linear 3c—4e bonds and d(Te2-Te5) =291 pm (Sup-
porting Information, Figure S7). The effective charges are no
longer influenced by Ir coordination and follow the concep-
tual trend given in Figure 3 (bottom), namely Q.
(2.5b)Te®* > (2b)Te’ > (1b)Te~ with values of +0.09 >
—0.05> —0.08. The same optimization starting from the
experimental structure (C; symmetry) leads to the disruption
of the 3c—4e bonds leaving two identical neutral Tes molecules
that consist of a Te, ring with an exo Te-Te bond (Supporting
Information, Figure S7), that is, (Te);(Te™)(Te™). Thus, the Ir
atoms specifically enforce the geometry and the electronic
structure of the Te, ligand to give the observed 3c—4e
bonding.

Experimental Section

The starting materials were handled in an argon filled glove box (M.
Braun; ¢(O,) <1ppm, ¢(H,0) <1 ppm). Black crystals of 1 were
obtained in high yield by for the reaction of a mixture of Ir (99.9%,
Chempur), Te (99.999 %, Fluka), and TeCl, (99.9%, Strem, subli-
mated twice) in the molar ratio 1:5.6:2.6 in a fused evacuated quartz
glass ampoule (/=120 mm, d =15 mm). The ampoule was heated to
250°C within 12 h, left at this temperature for about seven days, and
finally cooled to room temperature within 12 h. The excess of TeCl,
was removed by washing with absolute ethanol. The compound is
stable in air and inert to water and alcoholic solvents.

The powder diffraction pattern (Supporting Information, Fig-
ure S2) was measured using a STOE STADI P powder diffractom-
eter, equipped with a position sensitive detector, and using Cug,
radiation (4 =154.056 pm). Intensity data were collected with a
Bruker AXS Kappa APEX II and Mok, radiation (1 =71.073 pm) at
293(2) K. Numerical absorption corrections® based on an optimized
crystal description were applied.”? Structure solution with direct
methods™! was followed by refinements against F? including
anisotropic displacement parameters for all atoms (Supporting
Information, Table S1). Structure graphics were generated with
Diamond."!

1: [Iry(Tey)|(TeCly),(TeCly),: triclinic, space group P1 (No. 2),a =
916.30(7), b=1002.16(7), ¢=1125.92(9) pm, a=69.34(0)°, =
66.94(1)°, y=66.86(1)°, V=85023(1)x10°pm*; Z=1; peyea=
521 gem™; u(MoK,) =20.7 mm™"; 20,,,,=71.98°; 27373 measured,
7954 unique reflections, R;,=0.066, R,=0.057; 137 parameters;
extinction parameter x=1.5(1)x107°; R,(5864 F,>40(F,))=0.036,
wR,(all F2)=0.054, GooF = 1.15; min./max. residual electron den-
sity: —2.68/2.54 e x 107 pm 2.

Further details on the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository number CSD-
422863.

The quantum chemical calculations have been performed on the
molecular entity [Ir,Te,4Cl,,] which comprises the unit cell and which
is not coordinated by atoms from neighboring unit cells. Full structure
optimization of the Ir,Te;,Cl;; molecule, starting from the experi-
mental structure, was performed with the ADF program®! at the
scalar relativistic ZORA approach®® employing the DFT/BLYP
functional®”! and the all-electron frozen-core (Ir: [Kr]4d', Te: [Kr],
Cl: [Ne]) basis sets of TZ2P quality. The wavefunction for the
experimental structure was obtained from a single-point DFT/
B3PW91?Y calculation with the Gaussian program®! employing
(quasi)relativistic small-core pseudopotentials and basis sets: Ir ECP-
60MWB with (8s7p6d2£)/[6s5p3d2f] basis set,*”) Te ECP-28MDF with
VTZ (12511p9d1f)/[5s4p3d1f] basis set,*”) and Cl ECP-MWB10 and
(4s5p)/[2s3p] basis set.*'!l DFT/B3PW91 optimizations® of a preop-
timized (DFT/BLYP, see above) structure of Ir,Te,4Cl;, as well as of
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the Te,, fragment taken from the experimental structure 1 were
performed with the same basis sets and pseudopotentials. Exploratory
DFT/B3PW1 and BLYP calculations on symmetric I~ (structure
optimization and single-point calculations of linear-distorted variants
with subsequent QTAIM, ELI-D and DI analysis, see Supporting
Information) were performed using the I ECP-28MDF with VTZ
(15s13p11d1£)/[Ss4p3d1f] basis set.*”) In a comparative study, the
selected functional B3PW91 has proven to be the most suitable for
the calculation of geometry and spectroscopic constants of I, and
I, ELI-D and electron density were calculated on an equidistant
grid with a mesh size of 0.05 Bohr using DGrid.*Y The topological
analysis of both scalar fields, the integration of the electron density in
the basins, the ELI-D/QTAIM basin intersection, and the calculation
of the DI have been performed with DGrid as well.
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