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Abstract: The reaction of bismuth triiodide with iodine and benzo-15-crown-5 in
ethanol/dichloromethane yielded red single crystals of (b15¢5)Bils(I;) (monoclinic, P2,/c
(no. 14), a = 1376.9(1), b = 1172.7(1), ¢ = 1700.2(2) pm, S = 115.197(6),
V = 2484.1(4)-10° pm3 , Z = 4). Neutral pseudo-octahedral complexes (b15c5)Bil; are
connected by secondary bonding interactions via iodine molecules to chains. Electronic
structure calculations of the neutral complex (b15c5)Bil; reveal that the compound can
indeed be described as b15c5 interacting with a molecular Bil; unit. However, bonding has
to be mainly electrostatic as the interactions of the bismuth 6s lone pair with the 2p orbitals
of the oxygen atoms of the crown ether are clearly antibonding.
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1. Introduction

Transition metals form numerous iodido-complexes which are normally anionic, as for example in
(NH.4)7[Hgls].[Hgol71(H2O) [1] or (BusN)>[Hgaljo] [2]. In iodine-rich systems, such anions may be
bridged by iodine molecules as in [MesS]2[Hgxle(I2)s] [3]. Neutral complexes such as [Cd(NH3)41,] are
also known to be incorporated in chains by bridging iodine molecules as in [Cd(NH3)4I»(I)] [4]. For
further examples see [5].
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In an attempt to include Pd(II) into crown-ether ligands, we have recently found another example of
the first kind of iodine-molecule bridging in [HsO,(db24c8)],[Pdyle(I2)] [6]. In the anionic chains,
I'—I-I—TI distances are 332.4(2) and 276.5(2) pm, respectively. Thus, the iodine molecule is only
slightly elongated when compared with the I-I distance in solid iodine, 271.5(6) pm at 110 K [7,8].
The crown ether dibenzo-24-crown-8 even includes an iodine molecule, in (db24c8)I, [9], with an I-1
distance of only 268.39(7) pm, even closer to gaseous iodine, 267 pm at 360 K [10].

Although not with palladium, crown ethers have been found to be excellent ligands for a large
number of mono- to trivalent metal ions, functioning as large templating cations for polyiodide
architectures [11,12]. Post-transition metal iodides such as bismuth(IIl) iodide, Bils;, have also been
tested, and one of these reactions yielded red crystalline (b15¢5)Bils(I5).

2. Results and Discussion
2.1. Crystal Structure of (b15¢5)Bil3(15)

In the crystal structure of (b15c5)Bils(I,), a bismuth(Ill) iodide molecule of \|/3—octahedral structure
is attached to a benzo-15-crown-5 ligand to form a neutral (b15¢5)Bil; complex. Bi**~I" distances are
287.9(1) (to I1), 296.4(6) (I2) and 287.3(1) pm (I3), see Figure 1. These distances with an average of
290.5 pm correspond very well to the Bi—I(terminal) distances of 292.0(2) pm in Cs3Bixlg [13], which
contains confacial bioctahedra [B1219]3_. The distance from the central Bi** to the bridging I in this
compound is 324.4(2) pm; for one [Bilg] octahedron they average 308.2 pm, a distance that matches
very well the 309.0 pm average of the individual Bi—I distances of 305.41(3) and 312.53(3) pm (three
times each) in solid Bil; [14]. In (b15c5)Bils(I;), I-Bi-I angles are 88.62(2) (I1-Bi-I2), 92.90(2)
(I1-Bi-I3), and 91.45(2) pm (I2-Bi-I3), hence there is a meridional configuration with respect to an
octahedron. The five oxygen atoms of benzo-15-crown-5 are situated opposite to the I1-12-13 triangle
with Bi—O distances ranging from 282.4(7) to 291.1(5) pm, with an average of 286.7 pm.

Isostructural complexes (b15¢5)BiX3; with X = Cl, Br have already been characterized [15]. In these
complexes the Bi—O distances are 283 (X = CI) and 285 (Br) pm; hence the Bi—O distances are very
similar, as expected, although there seems to be a slight trend from chloride to iodide. The Bi—X
distances follow, with averages of 253 (X = Cl), 268 (Br) and 291 (I) pm, the increase of ionic radii
from CI” via Br to I'. When these (167, 182, and 206 pm) [16] are subtracted from the mentioned
averaged Bi-X distances, a reasonable ionic radius for Bi** of 85-86 pm is obtained.

In (b15c5)Bil5(I,), the discrete complexes (b15c¢c5)Bil; are connected via iodine molecules to
zig-zag chains, as Figure 1 shows. The I-I distance in the I, molecule is, with 273.9(3) pm, only
slightly longer than in solid iodine, 271.5(6) pm at 110 K [7,8]. The distances I'-I (from (b15c5)
(I')zBi3+—I_ to the I-I molecule) are 335.0(5) (I2-I5) and 353.7(2) pm (I3-14), respectively. Both
distances are close to the sum of the ionic radius of iodide (206 pm) and the atomic radius of iodine
(140 pm) [17], 346 pm. The latter distance, 354 pm, is close to I-I distances between neighboring
iodine molecules in solid iodine (350 pm). Both distances are considerably shorter than twice the van
der Waals radius [18] of iodine, 2 x 198 = 396 pm. In summary, iodide—iodine interactions that form
the zig-zag chains, qualify as “secondary bonding” [19].
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Topologically, the zig-zag chains are arranged in layers, as Figure 2 shows, and the layers are
stacked parallel to [100], as Figure 3 exhibits.

Figure 1. Part of the zig-zag chain of (b15c5)Bil; complexes bridged by iodine molecules
in the crystal structure of (b15¢5)Bils(Iy).

Figure 2. The arrangement of the zig-zag chains in (b15¢5)Bil;3(I,) to “layers” without (left)
and with crown ether molecules (right) shown.
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Figure 3. Layers of zig-zag chains of (b15c5)Bil;(I,) stacked parallel to [100].

Trivalent bismuth has an electronic configuration of [Xe]6s25d104f14, hence filled 4f and 5d
subshells and a lone 6s* electron pair. One could, therefore, believe that the special architecture of the
(b15c5)Bil; complex were due to the 6s” pair being stereochemically active, as was suggested
previously for (b15¢5)BiX3 (X = Cl, Br) [15]. If this were the case, a wl—tetrahedral (with I-Bi-I angles
around 109°) rather than a y’-octahedral structure (with I-Bi-I angles around 90°) would be expected.
Indeed, it has been shown recently that lone-pair ions such as Tl(I)—isoelectronic with Bi(Ill)—suffer
from 6s*-lone-pair—oxygen-2p orbital antibonding interactions leading to structural distortions [20].

2.2. Electronic Structure of (b15¢5)Bil;

As the interactions between the molecular complex (b15c5)Bil; and the iodine molecules in
(b15¢5)Bils(I,) qualify as “secondary bonding”, calculations of the electronic structure have only been
carried out for the (b15¢5)Bils complex. This subunit can be structurally described as a Bil; molecule
interacting with the crown ether b15c5. Albeit Bil; itself forms an extended structure [14], it appears
that the interaction with the crown ether favors the formation of a molecular unit.

Ab initio calculations were carried out with the aid of density functional theory (DFT); for technical
details see Experimental Section and Supporting Information. Figure 4 shows the optimized ground
state geometry of (b15c5)Bil; in comparison with the corresponding structural motif as observed in the
crystal structure of (b15c5)Bil;(I;). No geometric or symmetry restraints were applied during the
optimization process.

The theoretically calculated gas phase ground state geometry compares quite well with the
experimentally observed structure of the complex. With 288 pm, the calculated interatomic Bi-I
distances of the complex (b15c5)Bil; are slightly shorter than the average of the experimentally
observed distances, 291 pm. However, as the calculations are done for 7 = 0 K and, furthermore, two
of the iodide ions are connected to iodine molecules in (b15¢c5)Bil5(I,), these small deviations are no
surprise. The mean interatomic Bi—O distances for the calculated (b15c5)Bil; unit are somewhat larger



Crystals 2011, 1 224

(324 pm) than experimentally observed distances, 291 pm, which is perhaps the result of packing
effects in solid (b15c5)Bils(1,).

Figure 4. Optimized gas phase ground state geometry of (b15c5)Bil; (left) and
corresponding cut-out of the crystal structure of (b15c5)Bil3(I;) (right). Relevant
interatomic distances are labeled in pm.

Bi—I bonding interactions as represented by the HOMOs -11, -12 and -13 (Figure 5) are found at
comparatively low energies. They are formed by interaction of iodine 6p orbitals with bismuth 6p
orbitals. These molecular orbitals show only small contributions from the crown ether. The empty
LUMOs (LUMO, LUMO+1 and LUMO+2) correspond to the anti-bonding set of the bismuth 6p and
1odine 6p interactions. Again, only a small contribution of the crown ether moiety to these orbitals is
observed. Thus, it is indeed justified to speak of a molecular Bils unit interacting with the crown ether
b15c5. However, the attractive Bil;—crown-ether interactions have to be mainly electrostatic as
HOMO-4, which is basically Bi—I nonbonding, shows a clearly antibonding interaction of the 6s
orbital of bismuth with the 2p orbitals of the oxygen atoms of the crown ether. This is a similar
situation as found for the interaction of isolated TI" cations with organic macrocycles [20]. In this case
the combination of the occupied 6s orbital of TI" with the oxygen 2p orbitals of the macrocycle lead to
fully occupied bonding and anti-bonding levels, and a subtle counterplay between repulsive covalent
interactions and attractive electrostatic forces is observed. In the case of (b15c¢5)Bil; where Bils
interacts with the organic macrocycle b15¢5 a similar bonding scenario is found. However, here it is
not an isolated cation but a molecular Bils unit which interacts. Thus, the anti-bonding interaction
forms by a Bi-I group orbital with strong Bi-6s contribution.

A simplified, schematic energy diagram describing the interaction between bismuth and iodine to
form Bilz and then between the Bil; fragment and the crown ether yielding (b15¢5)Bil; is depicted in
Figure 6.
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Figure 5. Selected graphical representations of frontier orbitals of (b15c5)Bil;.
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Figure 6. Schematic energy diagram describing the interaction between Bi** and I' in Bils
(left) and the relevant frontier orbitals of Bil; and the crown ether orbitals in

(B15c5)Bil;3 (right).
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3. Experimental Section

Anhydrous bismuth triiodide, Bils (Alfa Aesar, 99.999%, 0.059 g, 0.1 mmol), benzo-15-crown-5,
b15c5 (Alfa Aesar, 98%, 0.025 g, 0.1 mmol) and iodine, I, (Merck, 0.888 g, 3.5 mmol) were dissolved
in 40 mL of a 1:1 mixture of ethanol and dichloromethane. Slow evaporation of the solvent yielded red
polyhedral single crystals of (b15c5)Bil5(L,).

Single crystals were selected under a microscope and mounted in thin-walled glass capillaries. Their
quality was checked on a single-crystal X-ray diffractometer (Stoe Image Plate Diffraction System,
IPDS II) and a complete intensity data set was collected at ambient temperature using graphite-
monochromated Mo-K,, radiation. The data were corrected for Lorentz and polarization effects. A
numerical absorption correction based on crystal-shape optimization was applied for all data; the
programs used in this work are Stoe’s X-Area, including X-RED and X-SHAPE for data reduction and
absorption correction [21,22]. The WinGX suite of programs [23], including SIR-92 [24] and the
SHELX programs [25-27] were used for structure solution and refinement. Hydrogen atoms were
placed in idealized positions and constrained to ride on their respective parent atom. The last
refinement cycles included atomic positions for all atoms, anisotropic thermal parameters for all non-
hydrogen atoms and isotropic thermal parameters for all hydrogen atoms. Crystallographic data for the
structure have been deposited with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-838985. Copies of the data can be obtained, free of charge, on application to
CHGC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336033 or e-mail:
deposit@ccdc.cam.ac.uk).

Crystal data for (b15c5)Bil3(Ip). Ci4H20OsIsBi, 1111.78 ¢ mol . Monoclinic, P2;/c (no. 14),
a = 1376.9(1), b = 1172.7(1), ¢ = 1700.2(2) pm, f = 115.197(6)°, V = 2484.1(4)-10° pm°’, Z = 4.
Diffractometer IPDS-II, Stoe Darmstadt; Mo-K, (graphite monochromator, 4 = 71.073 pm);
T =293(2) K; 4.36° < 20max < 54.62°,0° < <180° ¢ =0° 0°<w <88°% ¢ =90° ; Aw = 2°; 134
images; —17 <h <15, -15<k <15, 21 <1<21; peae =2.973 g cm_3; 17644 reflections measured of
which 5371 were symmetrically independent; R;,. = 0.0470; F(000) = 1968; u = 13.330 mm™'. 229
refined parameters; R values: Ri/WR; for 4389 reflections with [Io> 2a(Ip)]: 0.0290/0.0637, for all data:
0.0395/0.0713; Sy = 1.047; Ap(min/max): —1.236x 107 pm™ / +1.515% 107 pm™.

For the calculations of the electronic structure of (b15¢5)Bil3, the BP86 hybrid functional [28] was
used to describe exchange and correlation in combination with a doubled polarized triple-(-valence
basis set (def2-TZVPP) [29,30] within the framework of the RI-approximation [31,32]. This method is
well known for obtaining accurate results concerning geometries and vibrational spectra especially for
metal complexes [33]. The quantum chemistry program package TURBOMOLE (V. 6.1) [34] was
used for all calculations.
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