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ABSTRACT: The synthesis, characterization, and computa-
tional analysis of Tl(I) complexes bearing the bis(imino)-
pyridine scaffold, [{ArNCPh}2(NC5H3)]Tl

+(OTf)− (Ar =
2,6-Et2C6H3 3, 2,5-

tBu2C6H3, 4), are reported. The cations of
these species showed long Tl−N and Tl−OTf distances
indicating only weak or no ligand coordination. Computational
analysis of the interactions between the Tl cation and the
ligands (orbital populations, bond order, and energy
decomposition analysis) point to only minimal covalent
interactions of the cation with the ligands. The weak ligand-
to-metal donation allows for additional interactions between the Tl cation and arene rings that are either intramolecular, in the
case of 3, or intermolecular. From benzene or toluene, 4 crystallizes with inverted sandwich structures having two
[{(2,5-tBu2C6H3)NCPh}2(NC5H3)]Tl

+ cations bridged by either benzene or toluene. A density functional computational
description of these Tl-arene contacts required exchange-correlation functionals with long-range exchange corrections (e.g.,
CAM-B3LYP or LC-PBE) and show that Tl-arene contacts are stabilized by noncovalent interactions.

■ INTRODUCTION

Designing and assembling molecular architectures that promote
an unusually low degree of covalency between a cation and an
associated Lewis base, significantly impacts the Lewis acidity of
the cation and provides insight into often overlooked
noncovalent interactions. Although considered weak among
structural influences, noncovalent interactions can coopera-
tively play a key role in fields as diverse as supramolecular/
crystal engineering, molecular biology, polymer science, and
broad aspects of molecular science. Inter- and intramolecular
interactions involving aromatic rings are widely encountered
throughout chemistry and biology and understanding the
structural and energetic parameters of individual recognition
modes involving these species is an active research area.1 Metal
cation-π ligand interactions involving Na+, K+, Mg2+, and Ca2+

are a decidedly relevant subset of this type of interaction that
are essential for the function of enzymes and ion channels.2

Cation-π interactions are prominent across a spectrum of
systems and are an important and fundamental noncovalent
binding force.3

Recent challenges to conventional Lewis acid/base bonding
description of metal−ligand interactions are provided by
reports of unusual non/weakly covalent bonding in Ge(II)
and In(I) complexes.4,5 The isolation of these species and
characterization, particularly by single crystal structural analysis,
led to puzzling bonding issues that were addressed through
computational investigations which confirmed these species
exhibited only nominal classic coordination interactions. These

fundamental bonding questions have, in turn, inspired the
synthesis of increasingly challenging target complexes.
Thallium with a stable monovalent state, Tl(I), and

possessing filled 5d and 6s orbitals is an excellent candidate
for pursuing the synthesis and analysis of noncovalently bonded
compounds. The first structurally characterized Tl(I)/arene
complex was reported in 1985 and thallium has since received
attention for weak arene interactions.6,3 We aimed to prepare
Tl(I) compounds of the neutral pincer ligand bis(imino)-
pyridine with weakly coordinating triflate anions. The planar
and orthogonal disposition of the donor orbitals for this ligand
should further favor unconventional noncovalent bonding with
the Tl center.7 The isolation and characterization of these
species now provides unique opportunities to scrutinize weak
coordination of metal centers.8−10 The characteristic feature of
such systems is that metal−ligand contacts are significantly
(∼0.5 Å) longer than the sum of the corresponding atomic
covalent radii.

■ RESULTS AND DISCUSSION

Reaction of soluble Tl(O3SCF3) with the bis(imino)pyridine
scaffold, shown in Scheme 1, led to the first Tl complexes of
these ligands as bright yellow species 3 (84%) and 4 (71%).
Microanalyses and NMR spectroscopy confirmed the formation
of the captured thallium cations as Tl-ligand complexes,
[{ArNCPh}2(NC5H3)]Tl

+ (Ar = 2 ,6 -Et 2C6H3 ,
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2,5-tBu2C6H3). Compound 3 presented particular challenges
with NMR characterization. In fact, only in d8-toluene was the
compound stable enough to obtain 1H and 13C NMR
measurements, and both of these spectra indicate the presence
of two conformers. These observations likely arise from
asymmetric coordination of the (O3SCF3)

− anion to the Tl+

cation or lability of the bis(imino)pyridine ligand in the cation.
Evidence for the latter proposition is provided by the fact that
crystallization of 3 from diethyl ether produced a mixture of
compound 3 and free ligand. Compound 4 displayed
broadened NMR signals suggestive of weak association of the
OTf− anion and some ligand lability. Fortunately X-ray quality
crystals of both 3 and 4 could be reproducibly obtained and
used to confirm the proposed identity and structural features
for both of these compounds. The results of these analyses for
compounds 3 and 4 are shown in Figures 1 and 2, respectively.

Compound 3 displayed the expected ligand array of coplanar
N atoms and with the Tl(I) residing only about 0.8 Å out of the
mean plane defined by N1, N2, and N3. The metal atom is
symmetrically positioned in the ligand cleft with all of the Tl−
N distances longer than 2.73 Å, a value greater than the sum of
the covalent radii for Tl (1.45 Å) and N (0.71 Å).11 The
shortest contact to the thallium atom is to an O atom of the
triflate counterion, Tl−O1 = 2.613(2)Å.
The effects of variation on the steric load of the N−Ar′

moieties of the ligand were revealed by the distortions observed
in the structure of 4 relative to compound 3. The two Nimine
centers (N1, N3) are twisted in the same direction and out of
planarity with the Npy (N2) center. The triflate anion is
considerably further away from the Tl center, and the shortest
Tl−O distance is increased by >0.3 Å. The Tl center in 4, while
still positioned symmetrically with respect to the ligand, is
slightly closer to the Npy at 2.646(6)Å.

The recently reported compound, I, features a monodentate
bis(mesityl)pyridine coordinated Tl(I) cation complex, [Tl-
(Mes2py)(C6H5F)2]

+ having a crystallographically characterized
Tl−N distance at 2.639(6) Å which is a unique and excellent
comparison for the Tl−Npy distances of 3 and 4.10 Other direct
comparisons for the Tl(I)-nitrogen distances in 3 and 4 are
with anionic polydentate tris(pyrazolyl)borate species and
bulky anionic diaryltriazenides. These compounds display
shorter mean Tl−N distances of 2.63 Å and 2.59 Å,
respectively.12,13 Thallium-amido distances show, as expected,
considerably shorter bond distances. For example, monomeric
methyl(aryl)amido, [TlN(Me)Ar] (Ar = (2,6-Mes2C6H3) had a
Tl−N distance of 2.364(3) Å14 and the Tl−N distance in
TlN(Ar*)(SiMe3) (Ar* = 2,6-{C(H)Ph2}2C6H2Me was
2.356(13) Å.15 The gas-phase monomer TlN(SiMe3)2 dis-
played a Tl−N distance of 2.15(1) Å16 and the mononuclear
thallium(I) 1,5-diaryl-1,3,5-triazapentadienides possessed aver-
age Tl−N distances of 2.67 Å.17

Electronic structure calculations can be used to interrogate
the nature of metal−ligand interactions. Density functional
theory (DFT) calculations with the B3LYP exchange-
correlation (XC) functional18,19 and the TZVP20 basis set
(the LANL2DZ basis set and effective core potential for Tl21)
were undertaken to obtain a thorough understanding of the
electronic structure of the Tl[bis(imino)pyridine]+ cations in
compound 3 using the X-ray structure with the optimized C−H
bond distances. Within the [{ArNCPh}2(NC5H3)]Tl

+ cation
of 3, the electronic energy of the Tl−N ligand interaction was
found to be −65.6 kcal/mol (−59.3 kcal/mol when the basis
set superposition error (BSSE) correction22 is applied). Only a
very small component of this interaction energy is due to
metal−ligand bond covalency as shown by the natural
population analysis (NPA)-derived charge23 of +0.916 au on
the metal atom and the Mayer bond orders24 of 0.12−0.14 for
Tl−N interactions. The net metal−ligand bond order is 0.42,

Scheme 1

Figure 1. Structural representation of the cation in compound 3 with
selected metal−ligand distances. Hydrogen atoms and the triflate
counterion are omitted for clarity. Thermal ellipsoids of the ligand
carbon atoms are omitted for clarity. Full structural information
including a figure with thermal ellipsoids can be found in the
Supporting Information.

Figure 2. Structural representation of the cation in compound 4 with
selected metal−ligand distances. Hydrogen atoms and the triflate
counterion are omitted for clarity. Thermal ellipsoids of the ligand
carbon atoms are omitted for clarity. Full structural information
including a figure with thermal ellipsoids can be found in the
Supporting Information.
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which is considerably less than a single classical covalent bond
with a bond order of 1, and distributed over three Tl−N
interactions. The occupied 6s orbital of the Tl(I) does not
participate in bonding to the ligand although it is mixed with
many occupied ligand-based orbitals resulting in several
canonical molecular orbitals with the significant Tl 6s
contribution, HOMO-8 being the orbital with the largest Tl
6s contribution (Figure 3). The metal-N ligand covalent

bonding in 3 is less than half of that reported for the indium
analogues, [{ArNCPh}2(NC5H3)]In

+.5 A higher degree of
Tl−N covalency for the diaryltriazenide complexes Tl(N3Ar2)
is reflected by the smaller value of the NPA-derived charge of
+0.698 au on the Tl atom in these complexes.13

Examination of the packing in the crystal structure of 3
exposed intermolecular interactions involving a Tl(I) cation-
arene interaction between two of the [bis(imino)pyridine]Tl+

cations (Figure 4). These intermolecular interactions place the
Tl+ of one species at a 3.4 Å distance positioned over the N−Ar

group of a neighboring cation with the shortest Tl−CAr contact
at 3.54 Å. For comparison, the intramolecular Tl-arene
interactions in monomeric methyl(aryl)amido, [TlN(Me)(2,6-
Mes2C6H3)], involved a pendant aryl moiety with a Tl-centroid
distance of 3.026 Å as shown in II.14a Similar Tl(I)-arene
features were observed in mononuclear thallium(I) 1,5-diaryl-
1,3,5-triazapentadienides (TlN[C(C3F7)NAr]2; Ar = mesityl,
2,6-diisopropylphenyl) (III), which exhibited very similar Tl-
centroid distances.17 The flanking aryl groups in the triazenide
complexes Tl(N3Ar2) displayed intramolecular interactions
with an average Tl-arene(centroid) distance of 3.15 Å. These
interactions have small NPA-derived Wiberg Tl−C bond orders
in the range 0.009−0.018.13

Likely because of the more bulky Ar groups, analogous
intermolecular Tl-arene interactions were not observed in the
X-ray structure of 4. However, in an effort to probe the
capability and nature of these cation-arene interactions,
compound 4 was crystallized from benzene and toluene. Both
experiments yielded unique, crystallographically characterized,
inverted sandwich structures with [{(2,5-tBu2C6H3)N
CPh}2(NC5H3)]Tl

+ cations bridged by either benzene or
toluene (Scheme 2).

The X-ray structure for compound 5 is shown in Figure 5.
The positions of the Tl and bis(imino)pyridine ligand and the
Tl−N distances are similar to that observed in the parent
species 4. The shortest Tl−O(triflate) distance in 5 is 2.87 Å.
Most interesting is the symmetrically bonded benzene that
resides between two Tl(I) centers. The long Tl-arene centroid
distance of 3.33 Å indicates a weak interaction between the
metal cation and the arene. Figure 6 provides the single crystal
structure for the analogous toluene complex, 6 and emphasizes
the similarity to compound 5. Consistent with the proposition
that the long Tl-centroid distance in 5 is a weak interaction, an
attempt to reproduce this structure by geometry optimization
using the B3LYP functional without long-range corrections
resulted in separation of the structure into three fragments
(benzene and two Tl-bis(imino)pyridine complexes) with a
large Tl−Tl separation (see Table 1). A full structure
optimization of compound 5 using the B3LYP functional also
gave the Tl−N, Tl−C, and Tl−Tl interatomic distances that
were significantly overestimated relative to the X-ray bond
distances as shown in Table 1.

Figure 3. Isosurface plot (isovalue of 0.04 electrons Bohr−3) of
HOMO-8, the canonical molecular orbital of [{ArN
CPh}2(NC5H3)]Tl

+ cation of 3 with the largest metal 6s contribution
(30%).

Figure 4. Structural representation of the dimer association of the
cations formed through Tl-arene contacts in compound 3. Hydrogen
atoms and triflate counterions are omitted for clarity. Thermal
ellipsoids of the ligand backbone carbon atoms are omitted for clarity.
Full structural information including thermal parameters can be found
in the Supporting Information.

Scheme 2
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DFT optimization of the structure for compound 5 using the
CAM-B3LYP25 and LC-PBE26,27 functionals with long-range
exchange corrections converged to a structure that is similar to
the X-ray structure (Table 1). An electronic interaction energy
of −7.3 kcal/mol (−4.5 kcal/mol with the BSSE correction)
between the benzene fragment and the two [{(2,5-tBu2C6H3)-
NCPh}2(NC5H3)]Tl

+(OTf)− complexes was obtained with
the LC-PBE functional. The fragment molecular orbital
analysis28 of metal-arene interactions in complex 5 indicates
that the occupied orbitals of the arene do not change their
population upon the complex formation. Thus, this rules out a
possibility of donation from the arene π orbital to the empty Tl
6p orbital. The very small Mayer bond order of 0.02 between
the benzene and two Tl(L)(OTf) fragments, and a charge
donation of only 0.02 e− from the two metal fragments to the
arene points to a very small contribution of covalent
interactions to the stability of the inverted sandwich structure.
Thus, contrary to the first-glance Lewis acid/base-derived
covalency in such structures, the bonding between the arene
and the metal fragments is dominated by noncovalent
interactions.
The occurrence of structures 3, 5, and 6 is consistent with

the propensity of Tl+ to form weak noncovalent interactions
with arenes. The recently reported [Tl(PhMe)3]

+ cation is a
good example of this behavior. In this structure, the metal ion
shows no close contacts with anions and only Tl-arene
interactions are present (average of the three Tl-arene centroid
distances was 2.97 Å). DFT calculations for the [Tl(PhMe)3]

+

cation gave a high atomic charge on the Tl atom (0.90 au),
indicating very small metal-arene covalency, and the electronic
interaction energy between Tl+ and three toluene ligands was
determined to be −17.6 kcal/mol per arene.29 Interestingly, the
bulky pyridine coordinated Tl(I) cation in I crystallizes
associated to aromatic groups at similar interaction distances
but with the aromatic moiety possessing an electron with-
drawing F substituent.10

The B3LYP functional does not provide a balanced
description for the interatomic interactions in compounds 3,
5, and 6 likely because of the issues with balanced treatment of
long-range exchange interactions.25,30 XC functionals with long-
range exchange corrections, such as CAM-B3LYP and LC-PBE,
provide a more balanced description as seen in Table 1. These
functionals give bound ground states for the Tl(L)(OTf)-arene
species. The calculation of electronic interaction energies
between the thallium fragments and the arene is useful to
investigate the magnitude of the interaction and how strongly
its value depends on the XC functional employed (Table 2).
Typically, three contributions are considered to be the
electronic interaction energies: the electrostatic contribution,
Pauli exchange, and the orbital (charge transfer) contribu-
tions.31 The small values for the bond order between the metal
fragment and the arene (for example, Mayer bond order of 0.02
for Tl-arene interactions in 5) point to a minimal contribution
of charge transfer (metal−ligand covalent) interactions to the
electronic interaction energy. The calculations using the three
different XC functionals (B3LYP, CAM-B3LYP, and LC-PBE)
provide very similar electrostatic interaction energies32,33

regardless of the functional employed (the second column in
Table 2). This shows that all three XC functionals give a very
similar charge/electronic density distribution for these
complexes. However, the difference is the electronic interaction
energies, Eint, between these functionals (the third column in
Table 2) highlights the fact that the repulsive Pauli exchange

Figure 5. Structural representation of compound 5. Hydrogen atoms
and triflate anions omitted for clarity. Thermal ellipsoids of the ligand
backbone carbon atoms are omitted for clarity. Full structural
information including thermal parameters can be found in the
Supporting Information.

Figure 6. Structural representation of compound 6. Hydrogen atoms
and triflate anions are omitted for clarity. Thermal ellipsoids of the
ligand backbone carbon atoms are omitted for clarity. Full structural
information including thermal parameters can be found in the
Supporting Information.

Table 1. Comparison of Selected Internuclear Distances (Å)
between the Experimental (X-ray) and DFT Optimized
Geometries of Compounds 3 and 5

X-ray LC-PBE CAM-B3LYP B3LYP

Compound 3
Tl−Nimine 2.755(2) 2.75 2.83 2.87

2.795(2) 2.78 2.84 2.88
Tl−Npyridine 2.739(2) 2.75 2.82 2.84
Tl--CAr

a 3.54 3.59 3.91 4.07
Tl--Tl 5.00 4.88 5.67 6.08

Compound 5
Tl−Nimine 2.809(4) 2.78 3.00 3.00

2.827(4) 2.83 3.03 3.02
Tl−Npyridine 2.654(3) 2.68 2.83 2.83
Tl--CAr

a 3.49 3.59 3.81 3.91
Tl--Tl 6.65 6.84 7.83 7.83

aThe shortest distance between the Tl atom and the carbon atom of
the aryl group from the neighboring complex cation.
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contribution to Eint is significantly higher (by 9.8 kcal/mol) for
B3LYP than for LC-PBE. This higher Pauli exchange
contribution to Eint leads to positive values of the electronic
interaction energy (repulsive potential) for a calculation with
the B3LYP functional which explains the “underbound”
calculated structures with the Tl−Tl distances that are longer
than the X-ray values by 1.1−1.2 Å (Table 1).
The small electronic energies for the thallium-arene

interactions align with the literature in identifying the weakness
of the Tl-arene bonding; however, they enhance our under-
standing of these interactions by identifying the key role of
electrostatic and dispersion forces for these interactions. It is
also possible that van der Waals/dispersion interactions,
typically neglected in the standard Kohn−Sham DFT
calculations34 also contribute to stability of these Tl-arene
structures. One of the approaches to account for the missing
dispersion forces is an application of the empirical dispersion
corrections35 for DFT treatment with the standard XC
functionals (the so-called DFT-D methods). The other
approach is to use XC functionals constructed to include
mid/long-range interactions or optimized in the presence of a
dispersion-correction term.36 The assessment of dispersion
interactions for metal-arene structures in these thallium
complexes has not been undertaken. However, since these are
noncovalent contributions to bonding, their presence in these
complexes will not affect the main conclusion of this work.
The features for the Tl-arene interactions are further

highlighted by the fact that similar arene complexes of
neighboring Au+ cation are rare.37 Monovalent gold displays
a similar covalent radius to Tl+, but this cation possesses an
empty 6s orbital and is a more polarizable, softer (in the hard
and soft acid and base (HSAB) theory sense38) cation, making
for a compelling comparison to thallium. In fact the first X-ray
structures of gold complexes with arenes as ligands [(R3P)Au-
(arene)]+SbF6

− (arene = toluene, p-xylene) were only recently
reported.39 These compounds were described as η1 or η2

coordinated arenes, and the shortest distances from Au+ to
the planar arene ligands are 2.20−2.24 Å. Such structural
features indicate a stronger, more directed bonding for these
cation-arene species. The only other reported analogue is a
related (aminocarbene)Au(toluene)+ cation with a B(C6F5)4

−

anion.40 The toluene moiety was characterized as η2-
coordinated to the gold center with little perturbation of the
aromatic ring, implying weak coordination.

■ CONCLUSION

The reproducible isolation and crystallographic characterization
of these [bis(imino)pyridine]Tl+ compounds provide chal-
lenges to the first impression of simple Lewis acid/base
interactions and covalency between N-centered lone pairs and
the metal center by presenting a unique system for examining
weakly bonded species and noncovalent interactions. Impor-
tantly, these metal−ligand interactions modulate the cation-
arene contacts. The structural features of these systems can be
reproduced at the DFT level of theory by using exchange-
correlation functionals with long-range exchange corrections.
Through computational analysis and relation with reported
literature complexes it becomes clear that these Tl-arene
contacts are stabilized by noncovalent interactions. It is quite
likely that such interactions play a key role across diverse fields
of chemistry, and we continue to seek out and illustrate the
importance of these noncovalent interactions.

■ EXPERIMENTAL SECTION
General Methods. Reactions were performed in a glovebox under

a nitrogen atmosphere, with the exception of ligand synthesis, which
was performed using standard Schlenk techniques under a flow of N2.
All solvents were sparged with nitrogen and then dried by passage
through a column of activated alumina using an apparatus purchased
from Anhydrous Engineering. Deuterated toluene was dried using
activated molecular sieves. Thallium triflate was purchased from Strem
Chemicals and used as received. All other chemicals were purchased
from Aldrich and used without further purification. Compounds 1 and
2 were synthesized according to literature procedures, the crystal
structure of 1 is also reported in the Supporting Information, Figure
S1.41 NMR spectra were run on a Bruker Avance 300 MHz
spectrometer with C7D8 as solvent and internal standard. Elemental
analyses for 3 and 4 were performed by Midwest Microlab LLC,
Indianapolis IN.

Caution! On working with Thallium compounds, because of the well-
established toxicity of thallium in the +1 oxidation state, care must be
taken to prevent introduction into the body by inhalation, accidental
ingestion through contaminated hands or gloves, or through the skin.42 All
thallium reagents and wastes, including contaminated solvents, were
handled using multiglove and secondary containment procedures; all wastes
were disposed of in accordance to government regulations.

[Tl-2,6-Bis{1-[(2,6-diethylphenyl)imino]-benzyl}pyridine]-
[OSO2CF3] (3). TlOSO2CF3 powder (63 mg, 0.178 mmol) was added
to a clear yellow solution of 1 (100 mg, 0.182 mmol) in 5 mL of
hexanes. The reaction mixture was sealed and allowed to stir for 18 h.
The solution remained opaque yellow throughout the reaction. The
solution was then held at −30 °C for 24 h, and a bright yellow
precipitate formed. This solution was filtered, and the precipitate was
washed with 5 × 2 mL of hexanes, and allowed to dry under vacuum,
resulting in the isolation of a bright yellow powder of 3 in 84% yield.
Bright yellow rod-like crystals suitable for X-ray analysis were grown
by evaporation from cold ether at −30 °C for several days.
Crystallization yields a near 50:50 mix of bright yellow crystals
corresponding to 3, as well as pale yellow needles corresponding to
free ligand 1 as a result of product decomposition. NMR experiments
were conducted in C7D8 as the complex appears to be stable in toluene
over the time period required to obtain adequate spectra. However,
two distinct conformers (i and ii) of 3 are observed, with conformer i
being predominant, the respective peaks are tentatively assigned: 1H
NMR (C7D8, 23 °C): δ 8.35(br s, 1H, Ar−H, Conformer ii), 8.25(br s,
1H, Ar−H, Conformer i), 7.98(br s, 4H, Ar−H, Conformer i), 7.73−
7.10(br m, 11Hi, 15Hii, Ar−H, Conformers i and ii), 6.98−6.79 (br m,
6H, Ar−H, Conformers i and ii), 3.04(br m, 4H, −CH2, Conformer i),
2.91(br m, 4H, −CH2, Conformer ii), 2.69(br m, 4H, −CH2, Conformer
i), 2.45(br m, 4H, −CH2, Conformer ii), 1.49(br m, 12H, −CH3,
Conformer i), 1.25(br m, 12H, −CH3, Conformer ii).

13C NMR (C7D8,
23 °C) Conformer i: δ 167.9 (CN imine), 156.4(py, m-CH),

Table 2. Computed Electrostatic and Electronic Interaction
Energies for the Two Tl(L)(OTf) Fragments in 3 Using
Three Different XC Functionals

XC functional Ees
a (kcal/mol) Eint

b (kcal/mol)

B3LYPc −15.0 +3.0 (+0.9)
CAM-B3LYPc,d −15.3 0.0 (−3.1)
LC-PBEc,d −16.7 −5.6 (−8.9)
LC-PBEd,e −17.5 −5.5 (−8.6)

aElectrostatic interaction energy between the fragments evaluated
from NPA-derived atomic charges. bElectronic interaction energy
between the fragments with and without the BSSE correction (the
uncorrected energy values are shown in parentheses). cUsing the X-ray
structure of the compound with all C−H bond distances optimized.
dCAM-B3LYP and LC-PBE are the functionals with long-range
exchange corrections. eUsing the fully optimized structure of the
compound.
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148.8(py, o-CN), 139.1(py, p-CH), 135.9(Ar−CH), 132.9(Ar−
CH), 131.3(Ar−CH), (Ar−CH and Ar-i-C are obscured by C7D8 peaks
at 127−129, and 125−126 ppm), 126.6(Ar−CH), 124.8(Ar-i-C),
124.3(Ar-i-C), 26.0(−CH2), 14.9(−CH3). Conformer ii: δ 165.4 (C
N imine), 155.8(py, m-CH), 146.2(py, o-CN), 138.9(py, p-CH),
135.7(Ar−CH), 132.2(Ar−CH), 129.9(Ar−CH), (Ar−CH and Ar-i-C
are obscured by C7D8 peaks at 127−129, and 125−126 ppm),
126.1(Ar−CH), 123.9(Ar-i-C), 122.1(Ar-i-C), 25.5(−CH2), 13.9-
(−CH3). Elemental analysis for C40H39F3TlN3O3S Calculated: C,
53.19; H, 4.35; N, 4.65 Found: C, 52.79; H, 4.63; N, 4.36.
Tl-2,6-Bis{1-[(2,5-ditertbutylphenyl)imino]-benzyl}pyridine]-

[OSO2CF3] (4). TlOSO2CF3 powder (51 mg, 0.145 mmol) was added
to a clear yellow solution of 2 (100 mg, 0.151 mmol) in 5 mL of
hexanes. The reaction mixture was sealed and allowed to stir for 18 h.
The solution remained opaque yellow throughout the reaction. The
solution was then held at −30 °C for 24 h, and a bright yellow
precipitate formed. This solution was filtered, and the precipitate was
washed with 5 × 2 mL of hexanes, and allowed to dry under vacuum,
resulting in the isolation of a bright yellow powder of 4 in 71% yield.
Bright yellow rod-like crystals suitable for X-ray analysis were grown
by evaporation from cold ether at −30 °C for several days.
Furthermore, no evidence of decomposition of 4 is observed. 1H
NMR (C6D6, 23 °C): δ 8.26−6.73(br m, 19 H, aromatic), 1.53(br s,
18H, tBu), 1.15(br s, 18H, tBu). 13C NMR (C6D6, 23 °C). δ
167.8(CN imine), 157.7(py, o-CN), 150.2(py, m-CH), 147.9(py,
p-CH), 139.6(Ar-tBu, i-C), 138.7(Ph, o-CH), 136.2(Ar-tBu, o-CH),
131.1(Ph, i-C), 130.3(Ar-tBu, p-CH), [(Ph, p-CH) and (Ar-tBu, m-C)
are obscured by C6D6 peak 128−130 ppm], 126.7(Ar-tBu, m-CH),
122.7(Ph, m-CH), 120.4(Ar-tBu, o-C), 35.8(Ar-tBu, CH3), 34.9(Ar-

tBu,
CH3), 31.7(Ar-

tBu, CH3), 31.2(Ar-
tBu, CH3). Elemental analysis for

C48H55F3TlN3O3S Calculated: C, 56.78; H, 5.46; N, 4.14 Found: C,
55.93; H, 5.33; N, 3.93.
Preparation of Compounds 5 and 6. Single crystals of 5 and 6

suitable for X-ray crystallographic study were prepared by dissolution
of 4 in the appropriate dry aromatic hydrocarbon, benzene for 5 and
toluene for 6, followed by filtration through Celite. The solution was
put into a small vial which was placed within a larger vial containing
dry hexanes. The concentric vials were capped tightly and cooled in a
freezer at −30 °C. Crystals of 5 and 6 grew in the smaller vial during
several days.
X-ray Crystallography. Data collection results for compounds 1

and 3−6 represent the best data sets obtained in several trials for each
sample. The crystals were mounted on thin glass fibers using paraffin
oil. Prior to data collection crystals were cooled to 200.15 K. Data were
collected on a Bruker AXS SMART single crystal diffractometer
equipped with a sealed Mo tube source (wavelength 0.71073 Å) APEX
II CCD detector. Raw data collection and processing were performed
with APEX II software package from BRUKER AXS.43 Diffraction data
for 1, 5, and 6 were collected with a sequence of 0.5° ω scans at 0, 120,
and 240° in φ. Because of lower unit cell symmetry and to ensure
adequate data redundancy, diffraction data for 3 and 4 were collected
with a sequence of 0.5° ω scans at 0, 90, 180, and 270° in φ. Initial
unit cell parameters were determined from 60 data frames with 0.3° ω
scan each collected at the different sections of the Ewald sphere.
Semiempirical absorption corrections based on equivalent reflections
were applied.44 Systematic absences in the diffraction data set and unit-
cell parameters were consistent with triclinic P1 ̅ (No. 2) for
compounds 3 and 4, monoclinic C2/c (No. 15) for compounds 5
and 6, orthorhombic Pbca (No. 61) for compound 1. Solutions in the
centrosymmetric space groups for all compounds yielded chemically
reasonable and computationally stable results of refinement. The
structures were solved by direct methods, completed with difference
Fourier synthesis, and refined with full-matrix least-squares procedures
based on F2.
Refinement results for the compound 4 suggested the presence of

two nonmerohedrally twinned domains. Two independent orientation
matrices were found using the CELL_NOW software.45 The data set
was reintegrated with two independent orientation matrices, and
consecutive model refinement was performed using the HKLF5
reflection data file. Twinning domain ratio coefficient (BASF) was

refined to 0.3039. On the final refinement stage thermal motion
parameters for the t-Bu fragments based at C(30) and C(44)
suggested a rotational disorder not related to the symmetry elements.
Disorder was successfully modeled; however, the set of geometrical
(SADI) and thermal motion (SIMU, DELU) restraints were applied to
achieve acceptable fragment geometries and thermal motion values.
Disordered fragment occupancies were refined with satisfactory results
at 50%: 50% for both t-Bu fragments.

During the final refinement of the structure of 3 the thermal
parameters of the carbon atom C(29) for the Et moiety suggested
positional disorder not related to symmetry elements. Position of
C(29) was split in two occupational factors and were successfully
refined to 70%: 30% ratio. Initial solution suggested the presence of
one cocrystallized diethyl ether solvent molecule, partially occupied
and disordered over two symmetry related position by an inversion
center. Without introducing an excessive amount of constraints all
attempts to achieve satisfactory solvent molecules geometry and
thermal parameters values were unsuccessful. To conserve acceptable
data to parameters ratio, the original reflection file for 3 was treated
with the SQUEEZE routine of PLATON46 with a refined void space
per cell equal to 235.7 Å3 and an electron count per cell equal to 22
electrons. These results were consistent with the presence of one-half
diethyl ether molecule per cell. Final model refinement were
performed against SQUEEZE alternated reflection file, nevertheless
the elemental cell composition was altered to account for the presence
of omitted solvent molecules.

Close examination of the thermal parameters for the coordinated
toluene molecules in the structure of 6 suggested rotational disorder of
the molecule with two positions related by an inversion center.
Occupational factors were successfully refined to 50%: 50% ratio and
set of geometry restraints (AFIX 66) and thermal parameters
constraints (SIMU, DELU) were used to achieve satisfactory
refinement results. Initial solution suggested the presence of two
cocrystallized partially occupied toluene solvent molecules. Both
solvent molecules were disordered over two symmetry related
positions by an inversion center. Without introducing an excessive
amount of constraints all attempts to achieve satisfactory molecular
geometry and atomic thermal parameters values were unsuccessful. To
conserve acceptable data to parameters ratio original reflection file for
6 was treated with the SQUEEZE routine of PLATON42 with a
refined void space per cell equal to 3624.4 Å3 and an electron count
per cell equal to 402 electrons. These results were consistent with the
presence of eight toluene molecules per cell. Final model refinements
were performed against SQUEEZE alternated reflection file; never-
theless the elemental cell composition was altered to account for the
presence of omitted solvent molecules.

On the final refinement stages for the structure of 5 it was noticed
that the thermal parameters for several structural fragments suggest the
presence of disorder. Rotational disorder not related to symmetry
elements was introduced for the t-Bu moiety based at C(30).
Occupational factors for this fragment were successfully refined to
50%: 50%. A set of geometry constraints (SADI) was introduced to
ensure acceptable molecular geometry for this fragment. From the
thermal motion parameters it was established that both coordinated
and noncoordinated benzene molecules are disordered by an inversion
center. Occupational factors for coordinated benzene molecule were
successfully refined to 50%: 50% ratio, and a set of geometry restraints
(AFIX 66) was used to achieve satisfactory molecular geometry.
Noncoordinated benzene molecule appeared to be only partially
occupied, therefore occupational factors for this fragment were refined
only to 25%: 25% value. Similarly to the former case, a set of geometry
restraints (AFIX 66) together with a set of thermal parameters
restraints were used to achieve adequate refinement results.

For all the compounds all hydrogen atoms’ positions were
calculated based on the geometry of the related non-hydrogen
atoms. All hydrogen atoms were treated as idealized contributions
during the refinement. All scattering factors are contained in several
versions of the SHELXTL program library, with the latest version used
being v.6.1247
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■ COMPUTATIONAL DETAILS
DFT calculations have been performed using the Gaussian 09
package.48 The structures of all species were optimized using the
B3LYP,18,19 CAM-B3LYP,25and LC30-PBEPBE26,27 exchange-correla-
tion functionals with the mixed basis set (the LANL2DZ basis set and
effective-core potential for Tl21 and the all-electron TZVP basis set20

for all other elements) unless indicated otherwise. Tight SCF
convergence criteria (10−8 a.u.) were used for all calculations. Wave
function stability calculations were performed to confirm that the
calculated wave functions corresponded to the electronic ground state.
Harmonic frequency calculations with the analytic evaluation of force
gradients were used to determine the nature of the stationary points.
The analysis of the molecular orbital (MO) compositions in terms

of occupied and unoccupied orbitals of the fragment species (HOFOs
and LUFOs, respectively) was performed, and Mayer bond orders24

were calculated using the AOMix program.49,50 Atomic charges were
evaluated by using the natural population analysis (NPA).23

The basis set superposition errors (BSSE) for the electronic
interaction energies were evaluated using the counterpoise method.22

The electrostatic interaction energies between fragments were
evaluation using the point-charge approximation:32,33

∑ ∑=
∈ ∈

E
q q

r
(in atomic units)

a b

a b

ab
es

fragm.1 fragm.2

NPA NPA

where qNPA are NPA-derived atomic charges and rab are the
corresponding internuclear distances in the complex.
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