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[Tl(OCH2Me)]4 (1) was reacted with excess HOR to prepare a series of [Tl(OR)]n, where OR) OCHMe2 (2, n
) 4), OCMe3 (3, n ) 4), OCH2CMe3 (4, n ) 4), OC6H3(Me)2-2,6 (5, n ) ∞), and OC6H3(CHMe2)2-2,6 (6, n )
∞). Single-crystal X-ray diffraction experiments revealed that in the solid state the alkoxide-ligated compound4
adopts a cubane structure, whereas the aryloxide derivatives,5 and6, formed polymeric chains. Compounds1-6
were also characterized by203,205Tl solution and205Tl solid-state NMR spectroscopy. In solution it was determined
that 1-4 retained the [Tl-O]4 cube structure, whereas the polymeric species5 and6 appeared to be fluxional.
Variations in the solution and solid-state structures for the [Tl(OR)]4 cubes and polymeric [Tl(OAr)]∞ are influenced
by the steric hindrance of the ligand. The acidity of the parent alcohol influences the degree of covalency at the
Tl metal center, which is reflected in the203,205Tl chemical shifts for1-6.

Introduction

Metal alkoxides have been found to be excellent precursors
for the production of ceramic oxide materials.1-5 “Single-source”
precursors (heterometallic alkoxides) are of interest for the
production of complex ceramics because they may reduce the
processing time and crystallization temperature of the final
materials and increase control over the final cation stoichiom-
etry. Many synthetic routes have been utilized in an attempt to
generate heteronuclear metal alkoxides with varied levels of
success. For instance, simple mixing of metal alkoxides often
results in a homogeneous solution but does not always yield
heteronuclear precursors upon crystallization.6-8 Alternatively,
metathesis reactions, which refers to the introduction of a metal
cation that can be easily exchanged for another metal, can also

be used for the production of mixed-metal species.1-5 However,
this approach often yields products that include spurious atoms.
For example, alkali metal alkoxides (AOR) LiOR, NaOR,
KOR) have been shown to be acceptable for the first steps
introduction of a metathsizable cation.1-4,9,10 In the titanium
system, the parent alkoxide (Ti(OR)4) reacts with AOR to easily
generate (eq 1) the heterometallic species [ATi(OR)5]n (n ) 2
or ∞, depending upon the OR ligand).9-12 But when these double

alkoxides are then used to produce more complex species (eq
2),9-12 the “Ti(OR)5-” anion does not always cleanly transfer,
resulting in halide or alkali metal retention.9,10 To understand
this phenomenon, we investigated the solid-state structures of
the [ATi(OR)5]n and found that the arrangement of the cations
limits the accessibility of the alkali metal cation.9,10
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In an effort to circumvent some of the problems associated
with the generation of multimetal alkoxide compounds using
AOR, we chose to investigate an alternative cation for meta-
thesis. Thallium alkoxides ([Tl(OR)]n) were selected because
Tl-containing species in other systems have been shown to
readily undergo metathesis reactions.13,14Since [Tl(OR)]n have
been known since the early 1800s (first prepared by Lamy15),
it is surprising that only a few reports exist in the literature that
utilize these compounds to generate heteronuclear alkoxide
compounds.14,16,17Along with the often reported high toxicity
of this metal,13 the lack of structural information concerning
these species may have prevented further development of [Tl-
(OR)]n in this type of methodology.

From spectroscopic methods and a partial crystal structure
of the OMe derivative, preliminary structural information
suggests that [Tl(OR)]4 (OR ) OMe, OCH2Me, OCHMe2, and
OCMe3) compounds adopt cubic geometries;18,19however, none
of these alkoxides could be fully characterized by single-crystal
X-ray crystallographic methods.14 It is important to note that
an abundance (>50) of Tl(I)-containing species have been
crystallographically characterized,20 including a number of
cyclopentadienyl derivatives ([Tl(Cp)]∞).21-29 From the Tl(I)
family of crystallographically characterized compounds, only
two aryloxide derivatives have been structurally identified, [Tl-
{µ-O(C6H4)(C6H4OH)}]2

30 and [Tl(OC6H2-2,4,6-(CF3)3)]2.31

Since it is important to know the structure of [Tl(OR)]n in order
to exploit them synthetically, we initiated a study of these
compounds, including OR) OCH2Me (1, n ) 4),18,19OCHMe2

(2, n ) 4),18,19 OCMe3 (3, n ) 4),18,19 OCH2CMe3 (4, n ) 4),
OC6H3(Me)2-2,6 (DMP, 5, n ) ∞), and OC6H3(CHMe2)2-2,6
(DIP, 6, n ) ∞), using1H, 13C, and203,205Tl NMR spectroscopy,
and X-ray crystallography when possible. Details of the
synthesis and characterization of these compounds are discussed
below.

Experimental Section

All compounds described below were handled with rigorous exclu-
sion of air and water using standard Schlenk line and glovebox
techniques. FT-IR data was obtained on a Bruker Vector 22 using KBr

pellets under an atmosphere of flowing nitrogen. TGA/DTA experi-
ments were performed on a Polymer Laboratories STA 1500 instrument
under an atmosphere of flowing oxygen up to 650°C at a ramp rate of
5 °C/min. Elemental analyses were performed on a Perkin-Elmer 2400
CHN-S/O elemental analyzer.

For the solid-state NMR investigations, each sample was prepared
from dried crystalline material that was handled and stored under an
argon atmosphere. A standard single-pulse Bloch decay, 64-128 scan
averages, 2 s recycle delay, and a 2µs pulse were used for all
experiments. The205Tl spectra were referenced to solid Tl(NO3) (δ )
0.0 ppm).

For solution spectra, each dried crystalline sample was redissolved
in an appropriate deuterated solvent at saturated solution concentrations
and sealed under vacuum. All solution spectra were obtained on a
DMX400 spectrometer at 399.9 and 100.5 MHz for1H and 13C{1H}
experiments, respectively. A 5 mm bb probe was used for all
experiments.1H NMR spectra were obtained using a direct single-pulse
excitation with a 10 s recycle delay.13C{1H} NMR spectra were
obtained using composite pulse1H decoupling with a 5 srecycle delay
and aπ/4 pulse excitation. High-resolution solution203,205Tl NMR spectra
were obtained on a Bruker DMX400 at 231.0 and 228.9 MHz for205Tl
and203Tl, respectively. All spectra were obtained on a specially tuned
5 mm Tl{1H} probe, using single-pulse excitation and a 1 srecycle
delay. Both the203Tl and205Tl spectra were referenced to 0.001 M Tl-
(NO3) in D2O (δ ) 0.0 ppm). Simulations of the multiplet patterns in
the203,205Tl high-resolution spectra were obtained using the simulation
component in the NMR Utility Transform Software (NUTS) program
(Acorn NMR, Fremont, CA). The simulation program was modified
to include both the205Tl and203Tl spin 1/2 nuclei along with the relative
natural abundance of these two nuclei, 70.5% and 29.5%, respectively.

Isopropanol (HOCHMe2) and all solvents were freshly distilled from
the appropriate drying agent32 and stored over molecular sieves.
3-Butanol (HOCMe3) was dissolved in hexanes (1.7 M solution) and
stored over molecular sieves for a minimum of 24 h prior to use. The
following compounds were stored under argon upon receipt (Aldrich)
and used without further purification: neopentanol (HOCH2CMe3), 2,6-
dimethylphenol (H-DMP), 2,6-diisopropylphenol (H-DIP), and [Tl-
(OCH2Me)]4, 1. Since2-6 were all prepared in a similar manner, a
general synthetic route is described below with any variations noted in
the individual sections.

General Synthesis. Compound1 was added to a solution consisting
of a large excess of the appropriate alcohol (HOR) dissolved in toluene.
The resulting mixture was stirred overnight at room temperature,
followed by warming in a water bath (∼50 °C) for 2 h. The solvent
was then removed in vacuo, with heating, to facilitate the removal of
any remaining volatile material. The resulting solid was redissolved in
hexanes (2-4), toluene (5), or THF (6). Any insoluble material was
removed by centrifugation, and the final product was isolated by
removal of the solvent in vacuo. Crystalline products were isolated by
either slow evaporation of solvent or slow cooling of a hot saturated
solution.

[Tl(OCHMe 2)]4 (2). HOCHMe2 (10 mL, 130 mmol) in toluene (10
mL) and1 (1.0 mL, 3.5 mmol) in toluene (5 mL) were used. Isolated
yield: 2.9 g (78%). FT-IR (KBr, cm-1): 2947(s), 2913(m), 2852(w),
2803(w), 2779(w), 2765(w), 2750(w), 2598(w), 2588(w), 1450(m),
1368(m), 1355(m), 1327(m), 1156(w), 1114(s), 948(s), 810(m), 511-
(m), 466(m).1H NMR (399.9 MHz, C6D6, 20 °C): δ 5.16 (1H, sept,
OCH(CH3)2, 3JH-H ) 6 Hz), 1.33 (6H, d, OCH(CH3)2, 3JH-H ) 6 Hz.
13C{1H} NMR (100.1 MHz, toluene-d8): δ 66.2 (OCH(CH3)2), 29.1
(OCH(CH3)2). 205Tl NMR (231.0 MHz, toluene-d8): δ 3067 (sept,
2J205-203 ) 2.57 kHz).203Tl NMR (228.9 MHz, toluene-d8): δ 3067
(sept,2J205-203 ) 2.57 kHz). TGA (oxygen) (total wt loss (%) found
(calcd for Tl2O3)): 11.5 (10.0). DTA: exotherm at 210°C. Anal. Calcd
for C3H7OTl: C, 13.68; H, 2.68. Found: C, 12.98; H, 2.53.

[Tl(OCMe 3)]4 (3). HOCMe3 (10 mL, 105 mmol) in toluene (5 mL)
and1 (0.58 mL, 2.1 mmol) in toluene (5 mL) were used. Yield: 2.02
g (89%). FT-IR (KBr, cm-1): 2948(s), 2916(m), 2886(m), 2853(m),
1456(m), 1376(s), 1353(s), 1215(m), 1173(s), 915(s) 745(m), 499(s),
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440(w). 1H NMR (399.9 MHz, toluene-d8): 1.41 ppm (s, OC(CH3)3).
13C{1H} NMR (100.1 MHz, toluene-d8): δ 71.7 (OC(CH3)3), 33.6
(OC(CH3)3). 205Tl NMR (231.0 MHz, toluene-d8): δ 3285 (sept,2J205-203

) 2.25 kHz). 203Tl NMR (228.9 MHz, toluene-d8): δ 3285 (sept,
2J205-203 ) 2.25 kHz). TGA (oxygen) (total wt loss (%) found (calcd
for Tl2O3)): 16.3 (17.7). DTA: small exotherms at 241 and 272°C.
Anal. Calcd for C4H11OTl: C, 17.19; H, 3.97. Found: C, 16.31; H,
2.92.

[Tl(OCH 2CMe3)]4 (4). HOCH2CMe3 (2.6 g, 29 mmol) in toluene
(10 mL) and1 (0.5 mL, 1.8 mmol) were used. Isolated yield: 1.9 g
(92%). X-ray quality crystals could be obtained by slow evaporation
(room-temperature) of a saturated hexanes or toluene solution. FT-IR
(KBr, cm-1): 2947(s), 2893(m), 2858(m), 2793(m), 2771(m), 2737(w),
2684(m), 1473(m), 1393(m), 1357(m), 1250(w), 1210(w), 1044(s),
1010(s), 930(w), 892(w), 544(m), 415(w).1H NMR (399.9 MHz,
toluene-d8): δ 3.61 (2H, s, OCH2CMe3), 1.00 (9H, s, OCH2CMe3).
13C{1H} NMR (100.1 MHz, toluene-d8): δ 76.9 (OCH2CMe3), 33.8
(OCH2CMe3), 27.3 (OCH2CMe3). 205Tl NMR (231.0 MHz, toluene-
d8): δ 2561 (sept,2J205-203 ) 2.58 kHz). 203Tl NMR (228.9 MHz,
toluene-d8): δ 2562 (sept,2J205-203 ) 2.58 kHz). TGA (oxygen) (total
wt loss (%) found (calcd for Tl2O3)): 21.0 (21.7). DTA: large exotherm
at 205°C. Anal. Calcd for C20H44O4Tl4: C, 20.60; H, 3.80. Found: C,
20.52; H, 3.63.

[Tl(DMP)] ∞ (5). H-DMP (1.24 g, 10.6 mmol) in toluene (12 mL)
and1 (0.70 mL, 2.7 mmol) were used. Crystalline yield: 2.88 g (89%).
X-ray quality crystals were obtained upon the cooling of saturated hot
toluene or THF solutions. FT-IR (KBr, cm-1): 2998(w), 2961(m),
2922(m), 2906(m), 2840(w), 1581(s), 1457(s), 1410(s), 1367(m),
1318(w), 1262(s), 1231(s), 1158(w), 1086(s), 978(w), 946(w), 910(w),
838(s), 761(s), 681(m), 501(m).1H NMR (399.9 MHz, toluene-d8): δ
7.16 (2H, d, OC6H3(CH3)2, 3JH-H ) 7.2 Hz), 6.63 (1H, t, OC6H3(CH3)2,
3JH-H ) 7.2 Hz), 2.48 (6H, s, OC6H3(CH3)2). 13C{1H} NMR (100.1
MHz, toluene-d8): δ 128.8, 128.3, 127.9, 125.0 (OC6H3(CH3)2), 16.9
(OC6H3(CH3)2. 205Tl NMR (231.0 MHz, toluene-d8): δ 1989 (s).203Tl
NMR (228.9 MHz, toluene-d8): δ 1989 (s). TGA (oxygen) (total wt
loss (%) found (calcd for Tl2O3)): 29.9 (32.5). DTA: large exotherm
at 391°C. Anal. Calcd for C8H9OTl: C, 29.52; H, 2.79. Found: C,
30.03; H, 3.06.

[Tl(DIP)] ∞ (6). H-DIP (3.00 g, 16.8 mmol) in THF (100 mL) and1
(0.95 mL, 3.4 mmol) were used. Crystalline yield: 3.66 g (71%). X-ray
quality crystals were obtained by the slow cooling of hot, saturated
THF or pyridine solutions. FT-IR (KBr, cm-1): 2952(s), 2919(m),
2863(m), 1581(m), 1457(m), 1418(s), 1356(m), 1324(s), 1253(s),
1200(m), 1156(m), 1096(m), 1037(w), 883(w), 833(s), 797(w), 762(s),
676(m), 524(m), 446(w), 421(w).1H NMR (399.9 MHz, THF-d8): δ
6.94 (2H, d, OC6H3(CH(Me)2)2, 3JH-H ) 7.6 MHz), 6.42 (1H, t, OC6H3-
(CH(Me)2)2, 3JH-H ) 7.6 MHz), 3.87 (2H, sept, OC6H3(CH(CH3)2)2,
3JH-H ) 6.8 MHz), 1.04 (12H, d, OC6H3(CH(CH3)2)2, 3JH-H ) 6.8
MHz). 13C{1H} NMR (100.1 MHz, THF-d8): δ 159.1, 138.3, 123.1,
116.8 (OC6H3(CH(CH3)2)2), 27.4 (OC6H3(CH(CH3)2)2), 26.1 (OC6H3-
(CH(CH3)2)2). 205Tl NMR (231.0 MHz, THF-d8): δ 1840 (s).203Tl NMR
(228.9 MHz,d8-THF): δ 1840 ppm (s). TGA (oxygen) (total wt loss
(%) found (calcd for Tl2O3)): 43.7 (40.2). DTA: large exotherm at
412 °C (recoalescence peak). Anal. Calcd for C24H34OTl: C, 37.77;
H, 4.49. Found: C, 37.83; H, 4.48.

Structure Determinations. For each sample, a suitable crystal was
mounted from a pool of Fluorolube HO-125 onto a thin glass fiber
and then immediately placed under a liquid N2 stream on a Bruker
AXS diffractometer. Data collection parameters for all compounds are
given in Table 1. The radiation used was graphite monochromatized
Mo KR radiation (λ ) 0.710 73 Å). Lattice determination and data
collection were carried out using SMART, version 5.054, software.33

Data reduction was performed using SAINT+, version 5.02, software.33

Absorption correction using SADABS33 in SHELXTL, version 5.1,33

was carried out for all compounds. Structure solution, graphics, and
preparation of publication materials were performed using SHELXTL.33

After all non-hydrogen atoms were identified, the hydrogen atoms were

fixed in positions of ideal geometry and the entire structure refined
within the XSHELL software.33 These idealized hydrogen atoms had
their isotropic temperature factors fixed at 1.2 or 1.5 times the equivalent
isotropic U of the C atoms to which they were bonded. Individual
differences in data collection, structure solution, and refinement are
reported below.

The systematic absences observed for4 were consistent with both
the centric space groupPM3hn and the acentric space groupP4h3n.
Attempts to solve the structure in the centric space group were
unsuccessful. LePage’s symmetry-checking program, run on aP4h3n
structure did not show any additional symmetry. Therefore, the structure
of 4 was solved in space groupP4h3n using direct methods and
difference Fourier techniques. The initial solution revealed the Tl and
O atom positions. There were two independent molecules per unit cell
with one molecule on a site of 23 symmetry and the other on a site of
-4 symmetry. In the former molecule, the OCH2CMe3 group was
disordered on a site of 3-fold rotation symmetry. The OCH2CMe3 group
of the molecule occupying the-4 symmetry element was also severely
disordered. Both of these OCH2CMe3 groups were modeled as rigid
bodies. The modeling of the OCH2CMe3 groups in this fashion resulted
in a drop of about 3% in R1. While there were still several large
temperature factors on some carbon atoms, additional attempts to model
the disorder were not successful. The temperature factors are outside
the normal range; however, these molecules are occupying sites ofVery
high symmetry (T andS4). The molecules themselves do not possess
this high symmetry and are therefore disordered to achieve the apparent
crystallographic symmetry. The large temperature factors are an artifact
of this disorder. Because of the disorder of the OCH2CMe3 groups,
hydrogen atom positions were not considered in the model. The final
refinement converged to R1) 0.0682 and wR2) 0.2015, with isotropic
temperature factors on all atoms except thallium. Structure solutions
and refinements of5 and6 were straightforward. Additional details of
data collection and structure refinement are listed in Table 1.

Results and Discussion

Synthesis.The [Tl(OR)]n investigated in this report were
synthesized through an alcohol (HOR) exchange reaction
between1 and the appropriate HOR (eq 3). The complete

exchange of OCH2Me by OR was ensured through the addition
of an excess of HOR and heating of the reaction mixture.

The evolved HOCH2Me and any excess HOR were removed
in vacuo, assisted with mild heating or by filtration, yielding
an off-white solid. For2 and3, a small amount of decomposition
(formation of a black powder thought to be Tl0) was noted upon

(33) The listed versions of SAINT, SMART, XSHELL, and SADABS
Software from Bruker Analytical X-Ray Systems, Inc., 6300 Enterprise
Lane, Madison, WI 53719 were used in analysis.

Table 1. Data Collection Parameters for4-6

4 5 6

chemical formula C20H44O4Tl4 C8H9OTl C12H17OTl
fw 1166.03 325.52 381.648
temp (K) 168 168 168
space group cubic hexagonal monoclinic
cryst syst P4h3n R3c P21/c
a (Å) 18.139(1) 25.269(2) 9.510(2)
b (Å) 25.269(2) 6.600(1)
c (Å) 6.632(1) 20.268(4)
â (deg) 102.591(2)
V (Å3) 5968.2 3667.1 1241.5
Z 8 18 4
Dcalcd (mg/m3) 2.595 2.653
µ (mm-1) 21.55 19.80 25.952
R1a (%) 6.82 2.21 6.84
wR2b (%) [I > 2 σ(I)] 20.15 5.14 18.88
R1a (%, all data) 10.49 2.35 8.08
wR2b (%, all data) 22.15 5.20 20.15

a R1) ∑||Fo| - |Fc||/∑|Fo|. b wR2) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]]1/2.

[Tl(OCH2Me)]4 + (xs) HORf [Tl(OR)]n + 4HOCH2Me
(3)

Thallium Alkoxides Inorganic Chemistry, Vol. 40, No. 9, 20012179



warming. This decomposition was also observed by Sidgwick
and Sutton for [Tl(OR)]4 (OR ) OMe, OCH2Me).34 In each
case, the stability of these complexes was greatly enhanced when
stored in the parent alcohol.34 Compounds4-6 demonstrated
increased stability in comparison to the smaller alkoxides, and
no black precipitate was observed during the synthesis or drying
of these compounds. The IR stretches associated with the
individual ligands were present in each sample with the expected
loss of the O-H stretch (typically observed as a broad resonance
at greater than 3000 cm-1). The asymmetric Tl-(µ3-O) stretches
of 2-4 were observed in the FT-IR at frequencies ofe500
cm-1. The Tl-(µ-O) stretch of5 and6 were identified at 501
and 524 cm-1, respectively.

During the course of this investigation, it was observed that
as the steric bulk of the ligand increased, the solubility of the
corresponding [Tl(OR)]n decreased (solubility of1 > 2 > 3 ∼
4 > 5 > 6). Compounds1-4 were found to be soluble in
hexanes, approaching approximate molarities of miscible, 3.0,
0.30, and 0.30, respectively. Compound5 was only slightly
soluble in toluene, whereas6 was found to be insoluble in
toluene and only slightly soluble in THF. Although steric factors
often play a role in determining the solubility of M(OR)x, the
trend is generally the reverse of what was observed for this series
of compounds (i.e., typically, the more sterically demanding
ligands yield smaller, more soluble compounds). In a previous
study, Lee reported that a small decrease in the pKa of the aryl
alcohol resulted in an increase in the ionic character of the
corresponding [Tl(OAr)]n.35 Since an increase in ionic character
typically results in a decrease in solubility in nonpolar solvents,
this explanation was invoked to explain the solubility trend
observed for1-6. Crystal structure determinations and solution
data were collected on1-6 to explore this phenomenon.

Solid-State Structures.Table 1 summarizes the collection
parameters for4-6. Table 2 lists selected bond distances and
angles for 4-6. Because of the similarities of the two
independent [Tl(OCH2CMe3)]4 molecules in the unit cell of4,
only one set of metrical data is presented in Table 2. Full
structural details are available in Supporting Information.

Several attempts to structurally characterize2 and 3 were
attempted; however, disorder in the crystals did not allow for
the connectivity of the final complex to be unambiguously
identified. X-ray quality crystals of4-6 were isolated by slow
evaporation or cooling of a hot, saturated solution. Figures 1-3
show the thermal ellipsoid or ball-and-stick plots for4-6,
respectively. Elemental analyses of the bulk powders of4-6
were consistent with the calculated values; however, the data
obtained for2 and3 were not acceptable. The deviations are
most likely a reflection of the thermal sensitivity of these
compounds [noted in the preparation of these compounds (vide
infra)],34 which prohibits meaningful thermal elemental analyses.

Several [Tl(OR)]n have been characterized by a host of
analytical methods as tetrameric cubane compounds.14 However,
only a partial structure of the methoxide derivative, [Tl(OMe)]4,
has been crystallographically determined.36 Because of technical
limitations, only the Tl atom positions were refined in this study
and the sole metrical data reported for [Tl(OMe)]4 were Tl‚‚‚
Tl distances. Therefore, the structure of4 is the first fully refined
[Tl-O]4 cubane cage. Two independent molecules were identi-
fied in the unit cell with significant disorder noted for the

(34) Sidgwick, N. W.; Sutton, L. E.J. Chem. Soc. A1930, 1461.
(35) Lee, A. G.J. Chem. Soc. A1971, 2007.
(36) Dahl, L. F.; Davis, G. L.; Wampler, D. L.; West, R.J. Inorg. Nucl.

Chem.1962, 24, 357.

Table 2. Selected Distances and Angles for4-6

4 5 6

Distances (Å)
Tl‚‚‚Tl

Tl(1A)‚‚‚Tl(1B) 3.766(3) Tl(1A)‚‚‚Tl(1B) 4.516(3) Tl(1A)‚‚‚Tl(1B) 4.513(5)
Tl(1A)‚‚‚Tl(1C) 3.750(2)
Tl(1A)‚‚‚Tl(1D) 3.750(2)

Tl-µ-O
Tl(1A)-O(1A) 2.463(15) Tl(1A)-O(1A) 2.589(4) Tl(1A)-O(1A) 2.588(7)
Tl(1A)-O(1AA) 2.464(17) Tl(1A)-O(1AA) 2.372(4) Tl(1A)-O(1AA) 2.429(7)
Tl(1A)-O(1BA) 2.475(17)

Angles (deg)
Tl-O-Tl

Tl(1A)-O(1A)-Tl(1B) 99.7(6) Tl(1A)-O(1)-Tl(1B) 131.09(18) Tl(1A)-O(1AA)-Tl(1B) 128.1(3)
Tl(1A)-O(1A)-Tl(1D) 98.8(6)
Tl(1B)-O(1A)-Tl(1D) 98.8(6)

O-Tl-O
O(1A)-Tl(1A)-O(1AA) 79.7(6) O(1A)-Tl(1A)-O(1AA) 92.16(8) O(1A)-Tl(1A)-O(1AA) 92.83(13)
O(1A)-Tl(1A)-O(1BA) 80.3(6)
O(1AA)-Tl(1A)-O(1BA) 80.3(6)

Tl-O-C
Tl(1A)-O(1)-C(1) 103.5(15) Tl(1A)-O(1A)-C(1A) 103.8(4) Tl(1B)-O(1AA)-C(1AA) 106.6(5)
Tl(1B)-O(1)-C(1) 150.5(9) Tl(1A)-O(1AA)-C(1AA) 125.0(4) Tl(1A)-O(1AA)-C(1AA) 124.6(6)
Tl(1D)-O(1)-C(1) 95.5(13)

Figure 1. Ball and stick plot of4.
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hydrocarbon groups of the OCH2CMe3 ligands. The average
Tl-O distance recorded for4 were 2.47 Å. Because of the high
symmetry of this molecule, the thermal factors are outside the
normal range typically observed; however, the data collected
are sufficiently reliable to be able to discuss the central core
metrical data. In agreement with literature reports, the Tl atoms
in 4 are formally three-coordinate, adopting a pyramidal
geometry. The lone pair of electrons on each Tl metal center
points outward, placing the Tl atoms in a distorted Td arrange-
ment. The distortion of the cube observed in4 was described
by Dahl and co-workers as a cube containing superimposed Tl
and O tetrahedra, with the oxygen tetrahedron being slightly
smaller.36 This distortion gives rise to Tl-O-Tl angles and
O-Tl-O angles that are slightly greater and smaller than 90°,
respectively. The Tl‚‚‚Tl distance of the OMe36 (3.84 Å)
derivative is slightly longer than4 (3.76 Å).

Figures 2 and 3 are the thermal ellipsoid plots of5 and 6,
respectively. Both compounds, in contrast to the structurally
identified [Tl(OR)]4 cubes, are one-dimensional polymers that
possess a [Tl-O-]∞ backbone (each backbone oxygen origi-
nating from an OAr ligand). For each compound, the Tl metal
centers are two-coordinate, formally adopting a bent geometry;
however, because of the presence of the lone pair on each metal
center, metrical data consistent with a trigonal planar geometry
were recorded. The Tl-O distances of5 (av 2.48 Å) and6 (av
2.51 Å) are statistically equivalent; however, there is one short
(2.37 Å, 5; 2.43 Å, 6) and one long Tl-O distance (2.59,5;
2.59 Å,6) recorded. The shorter metal-oxygen distance in each
of the two species is concurrent with a larger Tl-O-C angle
(5, 125.0° vs 103.8°; 6, 124.6° vs 106.6°). Coupled with the

alternating short and long Tl-O distances, the chain incorporates
alternating small and large angles (for5, O-Tl-O ) 92.2°,
Tl-O-Tl ) 131.1°; for 6, O-Tl-O ) 92.8°, Tl-O-Tl )
128.1°). There are no discernible interactions between the
polymeric strands of either5 or 6.

The bent polymeric chain structures observed for5 and 6
are consistent with literature reports on other polymeric Tl
species, such as the family of cyclopentadienyl (Cp) thallium
ligated compounds, which includes [Tl(Cp)]∞

28 and [Tl(Cp*)]∞.29

The structure of the [Tl(Cp)]∞ complex was described as a
“zigzag of equidistant metal atoms” (Tl‚‚‚Tl‚‚‚Tl ) 100°). [Tl-
(Cp*)]∞ also forms a polymeric zigzag chain structure (Tl‚‚‚
Tl‚‚‚Tl ) 146.4° av) but with shorter Tl‚‚‚Tl distances (av 5.42
Å) representing a higher degree of covalent bonding.29 In
comparison, the Tl‚‚‚Tl distances of5 (av 4.52 Å) and6 (4.51
Å) are statistically equivalent, as are the Tl‚‚‚Tl‚‚‚Tl angles (5,
94.5°; 6, 94.0°). The bent nature of these chains is often
associated with the stereochemically active lone pair of electrons
present on each of the Tl atoms.14,37-40 An alternative explana-
tion of the bent chains observed for5 and6 may involve the
lack of s and p orbital mixing. This leads to M-L bonding that
involves mainly the p orbitals with the lone pair of electrons
residing in the s orbital. This argument, often referred to as the

(37) Ferguson, G.; Jennings, M. C.; Lalor, F. J.; Shanahan, C.Acta
Crystallogr.1991, C47, 2079.

(38) Cowley, A. H.; Geerts, R. L.; Nunn, C. M.; Trofimenko, S.J.
Organomet. Chem.1989, 365, 19.

(39) Mann, K. L. V.; Jeffery, J. C.; McCleverty, J. A.; Ward, M. D.
Polyhedron1999, 18, 721.

(40) Bardwell, D. A.; Jeffery, J. C.; McCleverty, J. A.; Ward, M. D.Inorg.
Chim. Acta1998, 267, 323.

Figure 2. Thermal ellipsoid plot of5. Ellipsoids are drawn at 30% level.

Figure 3. Thermal ellipsoid plot of6. Ellipsoids are drawn at 30% level.
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“inert pair effect”, has been used to describe the bonding in a
number of heavy metal main group complexes.41-44 Because
of the rarity of nonstereochemically induced geometries ob-
served for Tl(I) compounds,14,39,40we reason that the lone pair
of electrons on each Tl plays a significant role in determining
the geometry of5 and6; however, the degree of bending for
the polymer chain will also be affected by the steric bulk of the
OAr ligand.14

In contrast to5 and6, the two previously reported [Tl(OAr)]2

complexes, [Tl{µ-O(C6H4)(C6H4OH)}]2
30 and [Tl(OC6H2-2,4,6-

(CF3)3)]2,31 were found to be dinuclear. The Tl metal centers in
the dimers are supported by very different aromatic alcohols
but inhabit nearly identical coordination environments. For each,
the Tl atoms are bound to two bridging OAr ligands, thereby
rendering the bonding analogous to that observed in5 and6;
hence, it is not readily apparent why5 and 6 would prefer
polymeric structures over discrete molecules.

Solution State.To determine if the solid-state structures of
4-6 were retained in solution,1H and 13C solution NMR
experiments were undertaken. For each compound, both spectra
revealed only a single set of resonances for each ligand set.
Because of the high molecular symmetry of the solid-state
structures of4-6, only a single set of peaks is expected for the
intact species; however, dynamic solution behavior may also
yield a similar spectrum. Fortunately, because of the natural
occurrence of two spin-active Tl isotopes (203Tl and 205Tl) and
their high sensitivity, Tl‚‚‚Tl splitting could be used to elucidate
solution structure where1H and 13C NMR spectroscopy
investigations fail.205Tl was one of the first nuclides investigated
by NMR techniques because it is the third most receptiveI )
1/2 nuclide.45,46 In principle, fine structure produced by Tl‚‚‚Tl
coupling can be very complex because both205Tl and203Tl are
spin I ) 1/2 nuclei with a natural abundance of 70.5% and
29.5%, respectively. Previous solution studies on [Tl(OR)]4

concluded that the alkoxide species were tetrameric on the basis
of the observed intensity ratios from Tl‚‚‚Tl coupling in 205Tl
NMR, even though only three of the expected seven lines were
observed.18

Shown in Figure 4 are the observed spectra for the solution
203Tl NMR of 1-4. The analogous spectra for the205Tl NMR
are shown in Figure 5. Figure 6 contains the simulated spectra
and intensity ratios for203Tl and 205Tl NMR of [Tl(OR)]4 in
which the splitting is the result of Tl‚‚‚Tl scalar coupling in a
species containing two, three, or four equivalent metal centers.
Table 3 lists the observed and expected intensity ratios for the
203Tl NMR of compounds1-4. The observation of seven-line
patterns verifies that the tetranuclear species isolated in the solid
state (vide infra) must also be present in solution. This seven-
line pattern is actually the superposition of a singlet (all one
isotopesthe resonating nuclide), doublet (one nonresonating
nuclide), triplet (two nonresonating nuclides), and quartet (three
nonresonating nuclides). Furthermore, since the observed in-
tensity ratios are in good agreement with those expected for a
tetranuclear species, it must be the major aggregate in solution.
The observation of Tl‚‚‚Tl coupling in1-4 establishes an upper
limit for fluxional processes that may be occurring (,2J203-205

≈ 2.5 kHz). In contrast, the203,205Tl NMR spectra of5 and6
reveal a singlet for each compound. The single203,205Tl

resonance is consistent with either the formation of a mono-
metallic complex in solution or the presence of a fluxional
process involving a dissociation/association equilibrium. In
contrast to1-4, the lack of Tl‚‚‚Tl coupling establishes a lower
limit to possible fluxional processes (.2J203-205 ≈ 2.5 kHz) in
5 and6.

As discussed previously, Lee indicated that a decrease in the
pKa of the parent alcohol results in an increase in the ionic
character of the final “Tl(OAr)”.35 The above observation was
made for a series of aryl alcohols that had only covered a small

(41) ShimoniLivny, L.; Glusker, J. P.; Bock, C. W.Inorg. Chem.1998,
37, 1853.

(42) Pyykko, P.Chem. ReV. 1988, 88, 563.
(43) Power, P. P.Chem. ReV. 1999, 99, 3463.
(44) Kaupp, M.; Schleyer, P. V.J. Am. Chem. Soc.1993, 115, 1061.
(45) Hinton, J. F.Magn. Reson. Chem.1987, 25, 659.
(46) Bloembergen, N.; Rowland, T. J.Acta Metall.1953, 1, 731.

Figure 4. 203Tl solution NMR spectra (toluene-d8) for (A) 1, (B) 2,
(C) 3, (D) 4.

Figure 5. 205Tl solution NMR spectra (toluene-d8) for (A) 1, (B) 2,
(C) 3, (D) 4.
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pKa range. For1-6, the pKa of the parent alcohol significantly
decreases as the ligand is changed from an alkoxide to an
aryloxide. If the trend described by Lee is more general,35 an
increase in the ionic character will be observed going from1
to 6, which should result in a decrease in solubility in nonpolar
solvents. As mentioned previously, the [Tl(OAr)]n (5 and 6)
are significantly less soluble in nonpolar solvents in comparison
to 1-4. Furthermore, an upfield shift of the corresponding
203,205Tl resonances of [Tl(OAr)]∞ in comparison to the [Tl-
(OR)]4 is observed and is expected for an increase in ionic
character. Therefore, the [Tl(OAr)]∞ complexes are more ionic
than their [Tl(OR)]n counterparts, and this difference can be
observed in the203,205Tl chemical shift and predicted from the
pKa of the parent alcohol.

This general chemical shift trend was also observed in the
solid-state205Tl NMR of 2-6. Table 4 contains the solution
and solid-state205Tl chemical shift values of1-6 and the
pKa’s47-49 of their corresponding alcohols. These data are
presented graphically in Figure 7, and while there are minor

deviations, the general trend exists wherein an increase in ionic
character results in an upfield chemical shift. This was observed
for both the solid-state and solution-state203,205Tl NMR data.
Chemical shift values for5 are not included in Figure 7 because
they were ambiguous, and experiments to clarify these results
are underway. There was one predominant resonance observed
in the spectrum of5 with several minor resonances also noted.
The minor resonances of5 in the solid-state NMR spectrum
may be a reflection of intramolecular Tl‚‚‚Tl packing interactions
or minor impurities. The minor impurities are unlikely because
the elemental analysis and the solution-state203,205Tl NMR data
indicate the presence of one only compound. The minor Tl
resonances are not observed for the solid-state NMR spectrum
of 6.

The dependence of the205Tl chemical shift on both solvent
and concentration has been reported for numerous Tl(I) com-
plexes.45,50,51This characteristic has even been exploited as a
means of establishing solvent donor numbers.52,53 The Tl
chemical shift dependence upon concentration is generally less
significant, as evidenced by an order of magnitude variation in
concentrations for both1 and5, which resulted in only slight
chemical shift differences (<20 ppm). For the cubane structure
of 4, the seven-line203Tl resonance was found to exist
independently of the solvent utilized for dissolution and was
observed at very similar frequencies (<20 ppm difference). This
indicates that the Tl cations of the cubane structures are almost
completely protected from outside influences (i.e., no coordina-
tion of solvent is possible for the cubane structure).

In the case of5, a chemical shift difference was observed
when the compound was dissolved in solvents of differing donor

(47) Reeve, W.; Erikson, C. M.; Aluotto, P. F.Can. J. Chem.1979, 57,
2747.

(48) Takahashi, S.; Cohen, L. A.; Miller, H. K.; Peake, E. G.J. Org. Chem.
1971, 36, 1205.

(49) Bordwell, F. G.; McCallum, R. J.; Olmstead, W. N.J. Org. Chem.
1984, 49, 1424.

(50) Srivanavit, C.; Zink, J. I.; Dechter, J. J.J. Am. Chem. Soc.1977, 99,
5876.

(51) Siddique, R. M.; Winfield, J. M.J. Fluorine Chem.1988, 40, 71.
(52) Briggs, R. W.; Hinton, J. F.J. Solution Chem.1977, 6, 827.
(53) Briggs, R. W.; Hinton, J. F.J. Solution Chem.1979, 8, 519.

Figure 6. Simulated205Tl and 203Tl NMR spectra for different sized
Tl metal clusters as a function of the Tl-Tl scalar coupling: (A) a
two Tl center cluster; (B) a three Tl center cluster; (C) a four Tl center
cluster. The relative intensity ratio for the different multiplets is shown.

Table 3. Calculated and Observed Intensity Ratios for205Tl and
203Tl NMR of Thallium Alkoxides

compound septet intensity ratio

Calculated
1 : 2.6 : 5.2 : 5.8 : 5.2 : 2.6 : 1

Observed
1 1 : 2.7 : 5.4 : 6.0 : 5.4 : 2.7 : 1
2 1 : 2.9 5.9 : 6.0 : 5.9 : 2.9 : 1
3 1 : 2.8 : 5.7 : 6.4 : 5.7 : 2.8 : 1
4 1 : 2.7 : 6.0 : 6.8 : 6.0 : 2.7 : 1

Figure 7. Graph of205Tl chemical shift vs pKa of the parent alcohol.

Table 4. Chemical Shift Values for205Tl NMR of 1-6 and pKa’s
of Corresponding Alcohols

δ (ppm)

compound
solution

(J203-205, kHz)
solid
state

pKa of parent
alcohol

1 2914 (2.54) 15.943

2 3067 (2.57) 3184 16.543

3 3287 (2.35) 4340 16.543

4 2561 (2.58) 3437 1644

5 1999 3150, 2120, 1880 10-1145

6 1850 1570 10-11 45
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ability, δ 1989 in toluene andδ 1916 in pyridine. Independent
of the counterion, the205Tl resonance for dilute Tl(NO3) in
pyridine appears at∼800 ppm.52 The upfield shift for the
pyridine sample of5 (toward 500 ppm) would be expected if
any solvent/metal interactions were present. The slight change
noted above indicates that the Tl+ in 5 can interact with strong
Lewis basic solvents, but this does not occur to a great extent.
Furthermore, exposure of5 and6 to strong Lewis basic solvents
during crystallization did not result in any metal/solvent
interactions observed in the solid-state structures. The larger
solvent dependence on chemical shift and increased solubility
in polar solvents also supports the view of [Tl(OAr)]n as
generally more ionic in comparison to their alkyl counterparts
(vide infra). The dissociation/association equilibria expected for
ionic species may also explain the absence of Tl‚‚‚Tl coupling
in the NMR spectra of5 and6.

Summary and Conclusion

We have successfully synthesized and characterized a series
of [Tl(OR)]n compounds. While the simple alkoxides adopt a
cubane structure (n ) 4; 1-4), the bulky aryloxides form novel
one-dimensional [Tl(OAr)]n polymers (n ) ∞; 5 and 6). The
205Tl MAS NMR spectra obtained on these compounds were
consistent with the solid-state structures except for5, which
displayed multiple minor resonances.203,205Tl solution NMR
of 1-4 confirmed that these samples maintained their cubane

structures in solution, consistent with literature reports, and were
unaffected by the choice of solvent. In contrast, the more ionic
species5 and likely6 display increased solvent dependence on
chemical shift. Chemical shift values from the203,205Tl solution
NMR of 1-6 follow a general trend wherein an increase in the
metal ionic character correlates to a upfield shift. The degree
of ionic character can be predicted, and increased covalency of
the [Tl(OR)]n complex can be imposed by utilizing stronger
electron-donating alkoxides (increased pKa of the parent alco-
hol).
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