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Two thallium aryloxide compounds TIOCgFs (TIOArF) and his-3,5-TIOCeH3(CF3), (TIOAr') have been recrystallized
from THF and crystallographically characterized in different isomeric forms. The latter compound forms a solvated
tetrameric cubane, { TIOAr'} 4,-THF, 1. The TIOArF compound crystallized with a similar stoichiometry, { TIOArF} 4+2
THF, 2, but contains a { Tl(u,-OArF)s} unit that includes a thallophilic interaction at a distance of 3.5943(15) A.
Solution 2%5T| and 2°°TI NMR studies of 1 and 2 support the retention of a cubane structure for 1 in solution and
suggest a similar structure for 2 with coupled thallium centers down to —90 °C. Fluorescence spectroscopy data
for both compounds 1 and 2 in THF are consistent with LMCT. DFT calculations of 1, 2, and three models of the
{Tly(uo-OAr™),} unit show a bonding overlap of the bridged thallium atoms in 2 and are also used to describe the
bonding in 1. The structures of two heterobimetallic compounds, Tl,Cu(OAr"),, 4, and TI,Cu(OAr'),, 5, with the
{ Tlo(uo-OArF),} structural motif and thallophilic contacts of 3.86(6) and 3.564(1) A, respectively, are described. The
crystal structures of the unsolvated of TIOAr", 2b, solvated heterobimetallic derivative Tl,Cu(OAr')4-2THF, 5b, and
the monomeric (18-crown-6)TIOAr, 3, and 25TI NMR spectra of TIOC¢Hs, 6, are also reported for comparison
purposes.
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Thallophilic Interactions in (TIOAr), and [TI,Cu(OAr)4]

Experimental demonstrations of metallophilic interactions

Bonding between thallium atoms in compounds with

are primarily structural ones. If two metals are closer than oxygen atom donor ligands has been much less frequently

the sum of two van der Waals radii (3.92 A for Flg

metallophilic interaction is inferred. Fluorescence spectros-

observed and only recently review&dlhallium compounds
with oxygen donors and T+TI contacts of less than 4 A

copy studies in the solid state and solution demonstrate have been observed in TI(Ill) systed¥$? carboxylates;4°

ligand-to-metal charge transfer (LMCT) population of metal-
based orbitafs® via significant Stokes shifts. Raman data
have also demonstrated metahetal interactions with thal-
lium® and lead?

Thallium—thallium interactions (considered here as less

acetylacetonates}! a few aryloxide systenfg;*3and a small
group of other ligand$**° We have discovered a new
structural motif for thallium aryloxides with a prominent
thallophilic interaction and herein report its structural and
spectroscopic characterization in three new compounds and

than 4.0 A contact between thallium atoms) have been a theoretical description of the electronic structure.

observed previously in a variety of systéfand structurally
characterized in many cas&sThe shortest Ft-Tl contacts
(ca. 2.9 A) occur between two covalently bonded TI(Il)
center$® 15 or between TI(Il) centers in mixed-valent TI(I)-
TI(Il) systems!®17Bonding between thallium atoms has also
been observed in thallium(l) amide compouftiSpyrazolyl
borate derivatives} 2> and several in thallium(l) organo-
metallic specied®2° There is also a handful of examples
with bonding in bimetallié! or cluster compound®,as well
as with sulfuf®3*or phosphorus donor ator#sThallophillic
interactions (as distinct from thallophilic organisifshave
been explicitly named only recently.
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Experimental Section

The syntheses and some spectroscopic characterization of
TIOArF, TIOAr, [TI,Cu(OAr),], and [TLCu(OAr), have been
previously reported by u¥. Elemental analyses1-THF Anal.
Calcd. for GeH200sF24Tl4: C, 23.94; H, 1.12; F, 25.24. Found:

C, 24.08; H, 1.10; F 25.172 Anal. Calcd. for G4O4FTls: C,
18.60; F, 24.52. Found: C, 18.56; F, 25.32. NMR spectra were
obtained on a Bruker DRX400 instrument at 230.9 and 228.8 MHz
for 295T| and 293T1, respectively. All spectra were obtained using a
7i/4 pulse of 4.5us usirg a 1 srecycle delay on a specially tuned
TI{H} 5 mm probe using WALTZ16'"H decoupling. Nol°%F
decoupling was employed. Spectra were externally referenced to
0.001 M TI(NG;) in DO (6 = 0.0 ppm) at 25°C. Spectra
simulations were obtained using the software program DMIFIT.
Fluorescence spectra were collected on an SPEX Industries,
Fluorolog-2 spectrometer with Datamax V.2.01 software with 0.1
mM solutions ofl and2 in THF.

A summary of crystal data collection and refinement parameters
is presented in Table 1. Data were collected either on a Bruker
P4/CCD or Bruker SMART APEX CCD diffractometer using
graphite-monochromated Mookradiation ¢ = 0.71073 A) at room
(3), and low temperature (213,(2b), 200 @), 218 @, 5b), and
100 K (5)). All data sets were corrected for absorption using
SADABS multiscan metho# Space groups were determined on
the basis of systematic absencgss( 5b), intensities statistic2p,
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Table 1. Summary of X-ray Crystallographic Parameters

1 2 2b 3 4 5 5b
formula GeH20F2405Tls  CieHgF1003Tl2  CeFsOTI CigH24Fs07Tly  CisoHaoCUsF100022Tl10  CaaH14CUR2404.50Tl2 CooH14CUo sF1203TI
fw 1806.01 836.6 387.43 651.74 6479.24 1422.73 766.45
cryst syst monoclinic monoclinic triclinic monoclinic _triclinic orthorhombic orthorhombic
space group C2/c C2/m PL P2:/n P1 Pbcn Pbcn
a, 22.3790(16) 14.288(5) 4.1823(7)  11.0323(10) 14.8580(8) 15.3095(8) 15.627(3)
b, A 20.8008(15) 19.253(7) 9.2088(15) 8.5110(10) 20.1452(11) 30.0215(17) 18.813(3)
c, A 9.7563(7) 7.439(3) 9.7104(16) 23.6162(10) 28.5113(16) 16.7395(9) 15.799(3)
o, deg - - 107.052(3) -- 96.734(1) - -

[, deg 92.8680(10) 114.124(4) 101.884(3) 100.102(10) 94.611(1) - -

y, deg - - 90.844(3) — 93.648(1) - -

v, A3 4535.9(6) 1867.8(12) 348.75(10) 2183.1(3) 8424.6(8) 7693.7(7) 4644.7(13)
Z,7 4,05 4,0.5 2,1 4,1 2,1 8,1 8,1

p(calcd), gcm?3  2.645 3.012 3.689 1.983 2.554 2.457 2.192

u(Mo Ka), mmt  14.306 17.347 23.202 7.477 10.317 9.063 7.517

T,K 213(2) 200(2) 213(2) 293 218(2) 100(2) 218(2)

R(F), %* 4.56 3.42 3.10 3.25 6.58 4.64 5.68
R(WF?),9%° 11.50 7.88 7.89 3.90 14.86 9.67 12.47

aR = Y ||Fo| — IFll/ YIFql- PR@F?) = {J[w(Fe? — FAA Y [w(FAA}I Y% o = 1[0¥FP) + (@P)? + bP], P = [2FZ + max(F,,0)]/3.

4), or systematic absences and intensities statistj (Structures uents, solubility, and relative basicity of the phenoxides. Our
were solved using direct methods and refined with full-matrix least- research has made extensive use of two fluorinated aryloxide
squares methods based 6. Several structures display co-  compounds, TIOEs (TIOArf) and TIOGHs(CFs)y-
crystallized solvent molecules: one THF moleculd iand?2, two (TIOAr"),%061 that are similar in their electronic, solubility,
THF and four benzene molecules 4 0.5 THF molecules per 54 gieric (ortho positions) properties. Remarkably, these two
asymmetric unit irb, and one THF."Bb' ,The THF mglecgle IS compounds crystallize from the same solvent in different
is disordered over two positions (in a 1:1 ratio), giving rise to two . . . .
possible opposite orientations of the THF molecules and therefore structures, one of which '? a ne{WIOAr}4_motlf. Th's motif
two different positions of the THF molecules relative to the different NaS been observed also in two heterobimetallic compounds,
TI(1) atoms. The THF molecule it and some CEgroups in5 4 and 5, from our laboratory as described below. X-ray
and5b are disordered over two positions. All non-H atoms were Crystallographic data collection parameters for all compounds
refined with anisotropic thermal parameters except solvent benzeneare given in Table 1. Selected distances and angles for
molecules imd, which were refined with isotropic thermal param-  (TIOAr) compounds are given in Table 2 and those fop{T|
eters. All hydrogen atoms were treated as idealized contributions. Cu(OAr),] compounds in Table 3.

All structure factors and anomalous displacement parameters are The structure of, shown in Figure 1, is a slightly distorted

included in various versions of the SHELXTL program libré&fy. , .
DFT calculations used a QS8-2400C computer from Parallel .CUbane composed of four TIOAunits that form two

Quantum Solutions (PQS) with the Amsterdam Density Functional interpenetrating tetrahedra, one of thallium and one of.oxygelj
Package 2004.01%¢ on all electron, geometry optimized systems atoms. Such {strucotures also have been seen previously in
with TZ2P basis sets, the Vosko, Wilk, and Nu&&iocal density thallium alkoxides?® One molecule of THF irl is bonded

approximation, and scalar relativistic corrections. Calculations were t0 TI(2) with a TI(2)--O(1S) distance of 2.5569 A. The

carried out on eight speciest, cubane (TIOAD,2THF (1b), 2, carbon positions of the THF molecule are disordered over
and the hypothetical dimers (TIOAg, 1, and (TIOAF),, II. two positions. The angles at each oxygen corner are
Calculations carried out on models §{>-0),%", 2a, [Tla(uz- noticeably obtuse (FFO—Tlag = 101(4Y) and those at

OH)JJ?", 2b, and [Th(u>-OAr)4]*", 2¢, used frozen 1s (large) cores  thallium necessarily acute (T —Oag = 77(2)) compared
on oxygen atoms, frozen 5s, 5p, 5d, and 4f (large) cores on thallium o 5 perfect cube, consistent with other thallium cubane
atoms, single-point systems with DZP basis sets, the VVosko, Wilk, structure€26062The thallium-thallium distances of FHTlavg

; : o e
and Ngsaﬁ local density approximation, and no relativistic _ 4.02(11) A in1 are too long for strong bonding
corrections. . .

interactions.
Results and Discussion Thallium is a large, soft metal whose atoms tend to have
high coordination numbef8, and several compounds re-

Structural Characterization. Previously observed struc- : . . .
ported in this paper have close intra- and intermolecular

tural motifs in thallium aryloxides include the cubaiiea
dimer285° and infinite chain$® Factors determining the (58) Roesky, H. W. Scholz, V.- Nor V. —

H H : . 0esKky, H. ., ©cholz, M.; Noltemeyer, M.; elmann, Flnbrg.
aryloxide structures include steric bulk of the ortho substit- Chem.1089 28 3829-30.
(59) El-Hadad, A. A.; Kickham, J. E.; Loeb, S. J.; Taricani, L.; Tuck, D.

(53) Sheldrick, G. MSHELXTL: Program Library for Structure Solution G. Inorg. Chem.1995 34, 120-3.
and Molecular Graphics5.10; Bruker AXS: Madison, WI, 2000. (60) Zechmann, C. A.; Boyle, T. J.; Pedrotty, D. M.; Alam, T. M.; Lang,
(54) Guerra, C. F.; Snijders, J. G.; Te Velde, G.; Baerends, Ehdor. D. P.; Scott, B. L.Inorg. Chem.2001, 40, 2177-2184.
Chem. Acc1998 99, 391-403. (61) Kim, M.; Zakharov, L. N.; Rheingold, A. L.; Doerrer, L. Rolyhedron
(55) Te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra, 2005 24, 1803-1812.
C.; Van Gisbergen, S. J. A.; Snijders, J. G.; ZieglerJTComput. (62) Dahl, L. F.; Davis, G. L.; Wampler, D. L.; West, R. Inorg. Nucl.
Chem.2001, 22, 931-967. Chem.1962 24, 357—63.
(56) ADF2004.01, SCM, Theoretical Chemistirije Universiteit: Am- (63) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
sterdam, 2004. Inorganic Chemistry6th ed.; John Wiley and Sons: New York, 1999;
(57) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-11. p 1355.
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Table 2. Selected Interatomic Distances, Bond Lengths, and Angles in  pound with six neopentoxide ligands (four bridging) and a

TIoAr Compound3 W=W triple bond®* A related motif has been observed with
distances ) angles (deg) chelating ligands in [M(uz,n?-acac)] compounds with
1 silver’>86and thallium’ The former have a noticeably short
E(i)—g(;) g-gég(g) 8(17?:(1)—%(22) 2 gg-gg(llg) Ag---Ag distances of 2.9226(1%)and 3.0134(3} A con-
Tlglg—ogz)_zy 2.'572((5)) 0((2;T|E1;—0((2 ¥ 74:60517; sistent with arge.ntophilicity, and the latter have thallophilic
TI(2)—-0(1) 2.557(5) O(1)}TI(2)—0(1_1y 73.86(17) contacts averaging 3.701(4)A.
TI2)-O(1_2p  2.562(5) O(1yTI(2)—0(2) 76.64(15) A third possible description d? is that of two (TIOAr)
TI(2)—0(2) 2.624(5) O(1) TI(2)—0(2_2y 80.30(15) dimers ioining th h two TIotianal d forming f
TID)-0(1)-TI(2) 103.07(16) j g through two TI@triangles and forming four
TI(1)—O(1)-TI(2_2p 96.24(17) TI—0 bonds, as shown below on the right of Scheme 1. The
Eg;:gg;j:g)_?)b igi-ggg% TI(1)—O(1) bonds (in A) show a slight asymmetry between
TW-0R)-TL 1p 1051617y  TI(1)—O(1) and TI(1)-O(1_2) of 2.656(4) versus 2.844(4),
TI(1)-O@2)-TI2_ 2P  95.63(16) respectively, resulting in 2-fold, not 4-fold, symmetry along
2 the Tk--Tl vector (see Figure 2). The length of the TK1)
1:8;:88) 2 22-8622((2)) 8((11;38:88_3 g%-gé()lg) TI(1_2) bond holding the dimers together along the axis of
TI(1)-0(2) 3.196(8) O(1y TI(2)-0(2) 79.65(18) the pseudo-octahedron is 3.5943(15) A and well within the
TI(2)-0(1) 2.443(4) O(1) TI(1)—TI(1) 51.51(10) range of 31 structurally characterized THI)I(l) bonds
TI(2)—-0(2) 2.684(8) TI(2y-0(1)-TI(2) 102.18(16) (3.146-3.887 Aj2and is one of the shortest-TTI contacts

TI-TIL_2P 3.5943(15) in TI(l) systems with oxygen donor atoms. The TH1JI(2)

TI()-0(1) 2.613(5) 01 TI(1)-0(1) 81.23(17 contact is 3.9696(15) A long and outside definitive bonding
TI(1)-0(1) 2.672(5) O(1}TI(1)—0(1) 74.50(16) range. Figure 2 also shows the parallel arrangement of the
TI(1)—-0(1) 2.708(5) O(1)TI(1)—0(1) 102.05(17) aryloxide ligands in which the inter-ring-€C and G--F
O-c@) 1.315(8) TT('ngggj:gg 182'?98%) contacts are on the edge of the van der Waals distances and

C(1)-O(1)-TI(1) 116.4(4) consistent withz-stacking. The closest inter-ring separations

C(1)-O(1)-TI(1) 124.2(4) are C(1)--C(6_2) at 3.362(15) A and C(5)F(1_2) at

C(1)-0@)-TI(L) 107.8(4) 3.324(15) A and would be difficult to achieve with the OAr

3 ligands and their meta GFgroups. In 2, the closest
I:&g:gg} g:g?g% 88?:8;:88 Sf;gg) intramolecular Ti--F distance is 3.252(8) A between TI(1)
TI(1)—O(3) 2.906(6) O(1) TI(1)—0(4) 90.9(2) and F(1) and the closest intermolecular interaction is 3.237(8)
TI(1)—0(4) 2.903(7) 02y TI(1)—0(3) 59.74(19) i i ;

02 TI(1)—O) 119.302) A between TI(2) and F(3) (Supporting Information, Figure

0(3)-TI(1)-0(4) 59.6(2) S2).

. . - _— When TIOAF is recrystallized from ChkCl,, no solvent
aNumbers in parentheses are estimated deviations of the last significant. . o L
figure. ® Symmetry equivalent of the corresponding atom. is incorporated and an infinite ladder chain is observed,
{TIOAr"} ., 2b, as shown in Figure 3 with distance and angle
contacts between thallium and adjacent atoms, most ofteninformation summarized in Table 2. This infinite ladder
with fluorine atoms. The sum of thallium (1.96 A) and pattern has, to our knowledge, not been seen before with
fluorine (1.47 A) van der Waals raélis 3.43 A. The shortest ~ any metal phenolate, although the® quadrangle present
intermolecular contacts (in A) ih are between the thallium  in the{ TIOArf}, units is seen in numerous dimer and cubane
atoms and fluorine atoms on the £groups: TI(1}-F(12) stuctures. Each thallium center is coordinated to three
3.363(6), TI(2-F(2_6) 3.275(6), TI(2F(2_5), and TI(2) aryloxide ligands, and each aryloxide group bridges three
F(8_7) 3.375(7) (Supporting Information, Figure S1). thallium atoms with crystallographically unique distances of
Compound? exhibits an entirely new motif i§ TIOAr} 4 TI(1)—O(1) and TI(1)-O(1_2) equal to 2.613(5) and 2.672(5)

chemistry. As shown in Figure 2, two thallium atoms and A respectively, with contacts to F(1) and F(6) of 3.053(4)
four oxygen atoms form the vertexes of a pseudo-octahedron.and 3.020(4) A as well (Supporting Information, Figure S3).
The equatorial oxygen atoms form a rectangle whose-O(1) The interior O(1)-Tl(1)—O(1_2) and TI(1}-O(1)-TI(1_2)
+-O(1_6) sides are 2.728(8) and O¢1P(1_2)= 3.151(8) angles are 81.23(17)and 98.77(17) respectively. The
A in length. The remaining two thallium atoms fhbind TI(1)---TI(1) distance between every other “rung” on the
two bridging aryloxide ligands with TI(2YO(1) bonds of ladder is 4.182 A, and between adjacent ladder chains in
2.443(4) A on opposite &-O edges of the pseudo- the unit cell, the closest contacts are that of TI(1) to F(1),
octahedron and one THF molecule with a TKZ)(2) bond ~ F(2), and F(4) at 3.277(4), 3.424(5), and 3.268(4) A,
of 2.684(8) A. Each THF also exhibits a very long interaction respectively (Supporting Information, Figure S3).
with a thallium atom at the apex of the square bipyramid.  In the presence of 18-crown-6, all intermolecular contacts
The TI(L)y--O(THF) distance of 3.196(8) A is on the edge between TIOAF units are broken and a simple mononuclear
of reported Ti--OR; contact¥’ (see compound below). The i - ]
unit could also be described as two thallium atoms bridged ©4 Sﬁ‘e’tgﬁ'ﬁ;ﬁéa?g‘;‘g‘fgg’d 252'2}3’}&'{‘2;2“5'; - Huffman, Jaggew.
by four uo-OArF ligands. Such [M(u2-OR)y] units have been  (65) Doppelt, P.; Baum, T. H.; Ricard, Inorg. Chem 1996 35, 1286~
rarely seen, and we are aware of only one other crystallo- (66) %15”, 3. A: Poliakoff, M.; Blake, A. J.: Li, W.-Snorg. Chem1998
graphically characterized example, a ditungsten(lll) com- 37, 5491-5496.
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Table 3. Selected Interatomic Distances and Angles isCT(OAr), Compound®

Childress et al.

distance (A) angle (deg)
4
TI(1)—0(1) 2.757(7) Cu(ry0(4) 1.929(7)  O(I¥TI(1)—O(19) 103.5(2) 0(8yCu(2-0(7) 83.0(3)
TI(1)—0(19) 2.767(10) cu(®0(5) 1.927(7)  O(3}TI(3)—0(6) 101.4(2) O(9) Cu(3)-0(10) 83.2(3)
TI(2)-0(2) 2.710(7) Cu(2y0(6) 1.937(8)  O(5)TI(4)—0(2) 110.9(4) 0(9)Cu(3)-0(11) 99.6(3)
TI(2)-0(21) 2.955 Cu(2y0(7) 1.943(7)  O(10yTI(5)-O(7) 98.8(2) 0(9)-Cu(3)-0(12) 168.7(4)
TI(3)-0(3) 2.660(7) cu(2y0(8) 1.931(7)  O(9)¥TI(6)-0O(8) 100.3(2) O(10yCu(3)-0(12) 97.4(3)
TI(3)—0(6) 2.702(8) Cu(3y0(9) 1912(7)  O(BTI(7)—0(14) 103.3(3) O(1BCu(3)-0(10) 168.6(4)
TI(4)-0(5) 2725(8)  Cu(3yO(10)  1.924(7)  O(12)TI(8)-O(13) 97.4(2) O(11Cu(3)-0(12) 82.1(3)
TI(4)—0(22) 2.738(12)  Cu(3)0(11) 1.919(7)  O(15)TI(9)—O(18) 102.8(2) O(13}Cu(4)-0(14) 81.6(3)
TI(5)—0(10) 2.664(8) cu(3y0(12) 1.928(7)  O(B}Cu(1-0(2) 84.8(3) O(13} Cu(4)y-0(15) 98.8(3)
TI(5)—0(7) 2.716(7) Cu(4y0(13) 1.918(6)  O(HrCu(1)-0(3) 99.3(3) 0(13)-Cu(4)-0(16) 166.8(3)
TI(6)—0(9) 2735(8)  Cu(4yO(14)  1.946(8)  O(LyCu(l}-O(4) 164.04)  O(15)Cu(4)-O(14)  167.2(4)
TI(6)—0(8) 2.763(7) Cu(4y0(15) 1.927(7)  O(2}Cu(1)-0(3) 163.3(3) O(16}Cu(4)-0(14) 100.0(3)
TI(7)-0(11) 2.709(8) Cu(4y0(16) 1.922(6)  O(4}Cu(1)-0(2) 97.6(3) O(16)Cu(4)-0(15) 82.5(3)
TI(7)—0(14) 2755(8)  Cu(5)0(17)  1.915(7)  O(4)Cu(1)-O(3) 83.0(3) O(17) Cu(5)-0(18) 82.3(3)
TI(8)—0(12) 2.716(8) Cu(5)0(18) 1.935(7)  O(5)Cu(2)-O(6) 83.5(3) O(17Cu(5)-0(19) 100.1(3)
TI(8)—0(13) 2.749(8) Cu(5)0(19) 1.916(7)  O(5}Cu(2-0(7) 98.8(3) O(17Cu(5)-0(20) 167.3(4)
TI(9)—O(15) 2.629(8) Cu(550(20) 1.916(7)  O(5)Cu(2-0(8) 163.8(4)  O(19¥Cu(5)-0(18) 167.6(4)
TI(9)—0(18) 2.654(7) TICLY-TI2) 3.936(1)  O(6)-Cu(2)-0(7) 167.6(4)  O(19)Cu(5)-0(20) 83.1(3)
TI(10)—0(17) 2.746(8) TI(3)-TI(4) 3.851(1)  O(8}-Cu(2)-O(6) 98.2(3) 0(20)Cu(5)-0(18) 97.3(3)
TI(10)-O(16) 2.862 TI(5)TI(6) 3.914(1)
Cu(1-0(1) 1.907(7) TI(73-TI(8) 3.786(1)
Cu(1)-0(2) 1.934(7)  TI9F-TI(10)  3.893(1)
Cu(1)-0(3) 1.953(8)
5
TI(1)-0(1) 2514(5)  TI2YO4. 3F  2.643(4)  O(TI(L)—O(1)- 61.27(15) O(13Cu(1)-0(3) 99.20(19)
TI(L)-O(1Sp  2.641(14)  TI2»TI2)  3.5643(5)  O(2)TI(1)—O(1SP 79.2(3) 0(2}-Cu(1)-0(4) 98.27(19)
TI(1)-0(2) 2.512(4) Cu(bro(1) 1.914(4)  O(L}TI(1)—O(1Sp 79.5(3) O(1}-Cu(1)-0(4) 166.8(2)
TI(2)-0(3) 2.648(5) cu(b-o() 1.914(5)  O(4}TI(2)—0(3) 101.72(14) O(3}Cu(1)-0(4) 81.70(19)
TI(2)-0(4) 2.857(4) Cu(0(3) 1.938(4)  O(4)TI(2)-0(3) 56.40(13) Cu(B0(1)-TI(1) 106.5(2)
TI2)-O(3_3F  2.730(4) Cu(130(4) 1.9454)  O(3)TI(2)—0() 73.99(16) Cu(BO@)-TI(1)  106.57(19)
0@A)-TI(2)-TI(2) 52.28(10) Cu(lyo@)»-TI(2)  102.02(18)
0R)-TI2)-TI(2) 49.49(9) Cu(1ro(3)-TI(2) 96.85(16)
0@R)-TI(2)-TI(2) 47.51(10) TI2)-0(3)-TI(2) 83.00(12)
0(2)-Cu(1)-0(1) 84.0(2) Cu(y0(4)-TI(2) 99.56(17)
0(2)-Cu(1)-0(3) 166.3(2)
5b
TI(1)-0(1) 2.519(5) Cu(1yo(1) 1.899(5)  O(2)yTI(1)-O(1) 61.17(17) Cu(ByO(1)-TI(1) 107.3(2)
TI()-0(2) 2.506(5) Cu(1r0(2) 1915(5)  O(2}TI(1)—-0(3) 93.6(3) Cu(130(2)-TI(1) 107.3(2)
TI(1)—0(3) 2.774(10) OB TI(1)—0(3) 97.9(3) C(LXO1)-TI(1) 122.6(5)
O(1)-Cu(L-O(L_3} 98.7(3) C(9y-0(2)-TI(1) 125.1(5)
O(1)-Cu(1}-0(2 3f  165.2(3) C(1)-0(1)-Cu(1) 128.8(5)
O(1)-Cu(1)-0(2) 84.2(2) C(9-0(2)-Cu(1) 125.4(5)
0(2)-Cu(1)-0(2_3¥ 96.7(3)

aNumbers in parentheses are estimated deviations of the last significant B(ES) is the O atom of the solvent THF molecti@ymmetrical equivalent

of the corresponding atom.

speciesg, results in which the thallium atom is heptacoor-

coordinate to the O(19) and O(20) atoms in the next unit

dinated to oxygen atoms: six from the crown ether and one cell. All aryloxide oxygen atoms in the helix chain arg

from the aryloxide. As shown in Figure 4, the thallium center
is slightly displaced out of the plane of the six ether oxygen
atoms but the average FO distance, 2.97(11) A, is
otherwise unexceptional. The TI¢(1)(12) distance is
3.109(6) A.

bridges between copper and thallium atoms such that adjacent
Cu(uo-OArF), units are joined by two thallium atoms. Thus,
four oxygen and two thallium atoms form a distorted
octahedron with oxygen atoms in equatorial and thallium
atoms in apical positions. The coordination geometry features

Previously, our group reported the syntheses and spectrofor each of the five copper atoms in the asymmetric unit are

scopic characterizatiéh of TI,Cu(OAr),, 4, and ThCu-

similar; therefore, only the first will be discussed in detalil,

(OAr)s, 5, whose structures are now described. To our and the analogous parameters for the other four centers may
knowledge, there is only one other example of a structurally pe found in Table 3. The distorted square-planar center Cu(1)

characterized thallium aryloxide bimetallic (thallium and
titanium) compound? When recrystallized from §Dg/dg-
THF, compound reveals a unique helical chain, as shown
in Figure 5. The asymmetric unit has the stoichiometry
[TI.Cu(OAF)4]s:2THF4CsDs, but the helix has an infinite
extent through the crystal such that TI(1) and TI(2) also

(67) Boyle, T. J.; Zechmann, C. A.; Alam, T. M.; Rodriguez, M. A.; Hijar,
C. A.; Scott, B. L.Inorg. Chem.2002 41, 946-957.
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is bound to four aryloxide groups via O(1), O(2), O(3), and
O(4), as shown in Figure 6, and every aryloxide group is
also a bridging ligand to a thallium atom. The average
Cu(1>-0 distance is 1.931(19) A, and the other copper
centers have highly similar coordination environments (Table
3). The {Tly(u-OAr)4} pseudo-octahedron unit made of
TI(3), TI(4), O(3), O(4), O(5), and O(6) bridges the Cu(1)
and Cu(2) centers. The dihedral angle at Cu(1) defined by
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) ] ) Figure 3. ORTEP of2b with ellipsoids at the 50% level. Selected bond
Flggre 1. O_RTE_P of1 with hydrogen and fluorine atoms removed for  |engths (A) and angles (deg): TIGP(1) 2.613(5), TI(1>O(1_2) 2.672(5),
clarity and ellipsoids at the 50% level. Selected bond lengths (A) and angles O(1)-TI(1)—O(1_2) 81.23(17), TI(H-O(1)~TI(1_2) 98.77(17).

(deg): TI(1)-O(1) 2.610(5), TI(1}-O(2) 2.583(5), TI(1}-O(2_2) 2.572(5), - -

TI(2)—0(1) 2.557(5), TI(2Y-O(1_2) 2.562(5), TI(2yO(2) 2.624(5), O(Ly
TI(1)—0O(2) 76.44(16), O(1)TI(1)—O(2_2) 80.38(16), O(2)TI(1)—0O(2_2)
74.60(17), O(1)> TI(2)—O(1_1) 73.86(17), O(BTI(2)—O(2) 76.64(15),
O(1)-TI(2)—0O(2_2) 80.30(15), TI(XyO(1)-TI(2) 103.07(16), TI(1)
O(1)-TI(2_2) 96.24(17), TI(2}O(1)-TI(2_2) 105.80(17), TI(1)O(2)—
TI(2) 101.95(17), TI(1}O(2)—-TI(1_1) 105.16(17), TI(1}O(2)-TI(2_2)
95.63(16).

Figure 4. ORTEP of3 with hydrogen atoms removed for clarity and
ellipsoids at the 50% level. Selected bond lengths (A) and angles (deg):
TI(1)—0O(1) 2.564(6), TI(1}-O(2). 2.819(6), TI(1)-O(3) 2.906(6), TI(1)

0O(4) 2.903(7), O(1yTI(1)—0O(2) 83.5(2), O(1)yTI(1)—O(3) 81.3(2), O(1y
TI(1)—0(4) 90.9(2), O(2r TI(1)—0O(3) 59.74(19), O(2 TI(1)—0O(4) 119.3(2),
O(3)-TI(1)—0(4) 59.6(2).

dihedral angle between the planes defined by O(3)Cu(1)O-
(4) and O(5)Cu(2)0(6) is 17¢6and the other three such
Figure 2. ORTEP of2 with hydrogen and fluorine atoms removed for angles are 19°513.T, 15.4', and 20.5 is the angle between

clarity and ellipsoids at the 50% level. A mirror plane relates O(1) and the planes defined by O(Z)Cu(1)-0(2) and O(19)-Cu(5)—-

0O(1_6) and a 2-fold axis relates O(1) and O(1_5). Selected bond lengths O(20) in adjacent asymmetric units. The angle between the
(A) and angles (deg): TI(BHO(1) 2.656(4), TI(1} O(1_2) 2.844(4), TI(L)

0(2) 3.196(8), TI(2)-O(1) 2.443(4), TI(2)-O(2) 2.684(8), TI(L}TI(L_2) Tl-+-Tl vector and a normal to the average plane of fhe (
3.5943(15), O(1) TI(1)—O(1_2) 61.82(19), O(H)TI(2)—O(1_6) 67.9(2), 0), fragment in eacH Cu(u,-O)4Tl2}, unit is in the range
%(1)—;()'(22)1;%2) 79.65(18), O(1yTI(1)—TI(1) 51.51(10), TI(2)-O(1)— 2.2-2.9. The Tk--Tl contacts in eack Tlx(u2-O4)} unit in

(1) 102.18(16). 4 average 3.86(6) A and are thus longer than the analogous
Scheme 1 contact in2 and that in5 (vide infra) but less than the van

der Waals radii sum.

The central{ Cu(u,-O)4Tl2}, core in the chain is sur-
rounded by @Fs groups and coordinatedsOs and THF
solvent molecules (Figure 5) such that several thallium atoms
in 4 are bonded also to benzene or THF molecules. The two
THF molecules are*-coordinated to TI(2) and TI(4), and
the atoms TI(1), TI(6), TI(8), and TI(10) are coordinated in

the O(1)Cu(1)O(2) and O(3)Cu(1)O(4) planes is 24dnd an n®fashion to benzene molecules with average-Cl
the analogous dihedral angles at Cu(2),Cu(3), Cu(4) anddistances of 3.42(5), 3.53(6), 3.42(6), and 3.42(6) A,
Cu(b) are 21.8 17.7°, 19.8, and 18.9, respectively. The  respectively. Arene coordination to M(I) Group 13 metals

Inorganic Chemistry, Vol. 45, No. 10, 2006 3869
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Figure 5. ORTEP of4 with hydrogen and fluorine atoms removed for clarity and ellipsoids drawn at the 35% probability level. Selected bond lengths (A)
and angles (deg): TI(HTI(2) 3.936(1), TI(3»-TI(4) 3.851(1), TI(5)-TI(6) 3.914(1), O(3)TI(3)—O(6) 101.4(2), O(5)TI(4)—0O(2) 110.9(4), O(106}
TI(5)—0O(7) 98.8(2), O(9)-TI(6)—0O(8) 100.3(2).

in 4 with hydrogen and fluorine atoms and solvent molecules removed for
clarity. Ellipsoids drawn at the 50% probability level. Selected bond lengths
(A) and angles (deg): Cu(®)0(1) 1.907(7), Cu(B-0(2) 1.934(7), Cu(ty

0O(3) 1.953(8), Cu(y0O(4) 1.929(7), O(L)Cu(1)}-0O(2) 84.8(3), O(1y
Cu(1)-0(3) 99.3(3), O(1)Cu(1)-0O(4) 164.0(4), O(2yCu(1)-0(3)
163.3(3), O(4)Cu(1)-0(2) 97.6(3), O(4)Cu(1)-0(3), 83.0(3).

including thallium is well precedenté@The remaining four
thallium atoms are coordinated, in addition to the bridging
aryloxide groups, intramolecularly to fluorine atoms at
distances less than 3.5 A as follows. TI(3) to F(15) and F(26);
TI(5) to F(25), F(35), F(46), and F(56); TI(7) to F(55) and
F(66); and TI(9) to F(75) and F(86). There are also
intermolecular T+F contacts less than 3.5 A between TI(5)
and F(23); TI(7) and F(13); and TI(9) and F(98) (Supporting
Information, Figure S4).

The crystal structure of [FCu(OAr)4], 5, also displays a
bridging { Tlx(u2-OAr)4} unit, as shown in Figure 7, but in
this case, the H-Tl contact is significantly shorter at
3.564(1) A than those in compoudd This close contact is
particularly interesting in comparison to the structure2of
because it demonstrates that the bulkier Qigands do not
prevent a bridging Tlx(u2-O)4} unit from forming inl. The
bridging aryloxide T+O distances average 2.72(10) A and
are slightly asymmetric as viewed down the T#2)1(2_3)

vector, as can be seen in Figure 7 and Table 3. The terminal

Childress et al.

Figure 7. ORTEP of5 with hydrogen and fluorine atoms removed for
clarity and ellipsoids drawn at the 50% probability level. Selected bond
lengths (A) and angles (deg): TIGD(1) 2.514(5), TI(1}O(1S) 2.641(14),
TI(1)—0O(2) 2.512(4), TI(2)-O(3) 2.730(4), TI(2)-O(4) 2.643(4), Cu(y
O(1) 1.914(4), Cu(2yO(2) 1.914(5), Cu(:yO(3) 1.938(4), Cu(:yO(4)
1.945(4).

the Tk--Tl line and a normal to the average plane of the
(u2-O)4 fragment in the Cul-O)4Tl, unitin 5is 1.8. Each
THF solvate molecule is noticeably oriented away from the
TI(2)---TI(1_3) vector, suggesting a sterically active thallium
lone pair on each terminal thallium, similar to that indicated
for 1 by DFT calculations as shown in Figure S8, vide infra.
The only Tt-+F contacts shorter than 3.5 A are intermolecular
ones to TI(1) by F(12) and F(13) at 3.456 and 3.483 A,
respectively, and between TI(2) and F(5), F(20), and F(21)
at an average distance of 3.44(8) A (Supporting Information,
Figure S5). It is noted that no helix structure like thatdof

is observed irb. This could be due irb to an absence of
aromatic ringm-stacking or the stabilizing influence of the
solvating benzene molecules. No crystal$Safere able to

be grown from aromatic solvents.

We note that a similafTl,(u2-S)} motif was structurally
characterized in several chelating dithiocarbamate dimers
some years ago, [TIEEN(Pr))]2% [TI(S:CN(Me))].."°
[TI(S2CN("Bu)y)]2,"* and [TI(SCN(Et))]2"> 3 with intramo-

thallium atom has an average distance of 2.513(15) A to the(sg) Jennische, P.: Olin, A.: Hesse, A&tta Chem. Scand 972 26, 2799

aryloxide oxygen atoms and slightly longer distance of

2.641(14) A to the solvent oxygen atom. The angle between

(68) Schmidbaur, HAngew. Chem1985 97, 893-904.
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(70) Jennische, P.; Hesse, Rcta Chem. Scand.973 27, 3531-44.
(71) Elfwing, E.; Anacker-Eickhoff, H.; Jennische, P.; Hesséd&a Chem.
Scand.1976 A30, 335-9.
(72) Pritzkow, H.; Jennische, Acta Chem. Scand. 2975 A29, 60—70.
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Table 4. 205T| NMR Chemical Shift Data

din CD2C|2
0 in dg-acetone + 1 equiv
Arin TIOAr compound ¢ in CgDg (3 Hz) 18-crown-6
OAr' 1 + 1271 + 1120 + 150
+1180 (-90°C),
J=1125Hz
OArF 2 + 1046 + 950 + 675
OGsHs 6 +36.9
2,6-OGH3(CHs), ref 50 + 1999
2,6-OGH;(Pry,  ref50 + 1850

a Chemical shifts with respect to 0.001 M TI(NOn D20 (6 = 0.0) at
25 °C. b Recorded indg-toluene.® Recorded indg-THF.

o e

Figure 8. ORTEP of5b with hydrogen and fluorine atoms removed for 0°
clarity and ellipsoids drawn at the 50% probability level. Selected bond w
lengths (A) and angles (deg): TI@P(1) 2.519(5), TI(1}0O(2) 2.506(5),

TI(1)—O(3) 2.774(10), Cu(HO(1) 1.899(5), Cu(r0(2) 1.915(5), O(2y .
TI(1)—O(1) 61.17(17), O(BCu(1)-0O(1_3) 98.7(3), O(B-Cu(1)-0O(2_3) — T~ 50
165.2(3), O(1)Cu(1)-0(2) 84.2(2), O(2)Cu(1)-0O(2_3) 96.7(3).

lecular Tk--Tl contacts of 3.584(5), 3.847(6), 3.62(1), and /\ -75°C
3.661(6) A, respectively. These dimers were not discussed

in terms of thallophilic interactions, although the short

Tl---Tl distances were noted at the time and ldfeBuch -90°C

interactions were included in a review of strong-<’
interactions and described as “an interesting case” by Pyykkg
in a subsequent review article.

A different solvate of [TACu(OAr)4], a monomerdb, has  technique®®’” The chemical shifts observed at room tem-
also been characterized in which every thallium is coordi- perature are summarized in Table 4. For bb#nd2, there
nated by one molecule of THF, as shown in Figure 8, and are clear differences in the chemical shifts for samples with
no {TI:04} bridging unit, and therefore no thallophilic  and without the chelating crown ether. Both samples exhibit
interaction, is present. The pseudo-square planar Cu(ll) centelsignificantly larger chemical shifts in the absence of the
has a dihedral angle of 14.vith an average Cu(3)O crown ether, with the chemical shifts being larger for the
distance of 1908(11) A and both theTDAr distances and Compounds in dissolved ingDg thands-acetone. The&OosT|
the TI-O(THF) distance are unremarkable compared to those NMR chemical shift for2 is consistently smaller than that
of the terminal thallium atoms i. The most notable feature for 1 (for both benzene and acetone), re\/ea”ng an increase
of the compound is the orientation of the THF molecule with i the shielding for the thallium environment th
respect to the TI(}O(1)-O(2) plane such that there is again  The dynamic behavior of complekin acetone solution
suggestive evidence for a sterically active lone pair 6f 6s was studied using variable-temperature (VT) NMR between
electrons on thallium. The orientation of the THF molecule +25 and—90°C, as shown in Figure 9. At low temperatures,
could also be due to steric repulsion of other groups in the the J-coupling betweerf®TI| and 2°T| nuclei within the
unit cell. There are intermolecular contacts between TI(1) compound is clearly visible, supporting the argument for
and F(1), F(5), F(6), and F(12) at an average distance of retention of the (TIOA})4 cubane structure in solution. With
3.31(17) A (Supporting Information, Figure S6). increasing temperatures, thiscoupling fine structure is

205T| and 2°°TI NMR Spectroscopy. Solution-state thal-  averaged away, revealing a fluxional process that is on the
lium NMR spectroscopy was used to assess the stability of NMR time scale of~1/J (900us). Recall that only a single
the (TIOAr)4 units in solution. Spectra were also collected 205T| resonance is observed in the NMR spectrum such that
on solutions containing TIOAr1, or TIOAIF, 2, with more  J.coupling between differerfSTI nuclei within the cluster
than 1 equiv of 18-crown-6 per thallium. Bot¥TI and?°Tl is not present. Thé-coupling observed experimentally is
isotopes (29.5 and 70.5% abundant, respectively)l ae  petweer?®sT| and 2°3T| nuclei within the cluster. Although
1/2 nuclei and have excellent sensitivity compared@

(762 and 311 times greater, respectivé’W)ﬁ, Thallium (75) 1ggo, J. A.NMR Spectroscopy in Inorganic Chemistr@xford
University Press: New York, 1999; p 90.

alkoxide cubanes have been studied previously by this (76) Hinton, J. F.. Metz, K. R.: Briggs, R. Wrog. Nucl. Magn. Res.
Spec.1988 20, 423-513.
(73) Hong, S.-H.; Jennische, Rcta Chem. Scand.978 A32 313-18. (77) Burke, P. J.; Matthews, R. W.; Gillies, D. G. Chem. Soc., Dalton
(74) Janiak, C.; Hoffmann, Rl. Am. Chem. S0d.99Q 112 5924-46. Trans.198Q 1439-1442.
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Figure 9. Variable-temperaturé®>TI NMR spectra ofl in de-acetone.
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Figure 10. Deconvolution of%ST| (above) and®3Tl (below) spectra of. Elcgure 11. Spectra o in CD;Cl, **°TI (top) and*Tl (bottom) at—75

in acetone at-90 °C.
is not consistent with a simple cubic Tl cluster in comparison
to the TI NMR of 1 in Figure 10. For2, the ratio of the
central to first J-coupled resonance in th&5TI NMR
spectrum is~1.5 versus the 1.9 predicted for a perfect cubane
structure and~1.45 versus the predicted 1.1 for tAETI
NMR spectrum. In addition, thd-coupling is~1995 Hz,
slightly larger than that observed In The TI NMR spectra
in Figure 11 demonstrate the presence of multiple T
couplings within2, arguing for retention of a cluster structure.
The nontypical fine structure (ratios) would suggest that the
observed experimental spectra likely represents the overlap
of subspectra produced by multiple and different-TI
couplings within this compound. No unique deconvolution
of these different sub-spectra has been obtained.
Previous work established a relationship between e p
of an alcohol or phenol and ti€5TI chemical shift?® The
data forl and 2 (pK, values 8.26 and 8.42, respectivé)y
are consistent with this trend. Related data for thallium
aryloxides are reproduced in Table 4 for comparison. Notably
in previous?®STl and 2°3TI NMR spectra for nonfluorinated
aryloxides, no TI-Tl coupling was observed and a lower
limit of 2.5 kHz was established for any fluxional procé%s.
The nonfluorinated phenoxide TIQBEs, 6, was also
studied to understand further the electronic effect of the
aryloxide group. The solubility of TIOPh in eithersQs or
ds-acetone was insufficient to obtain any solution TI NMR
spectra. An NMR signal was observed in the presence of 1
equiv of 18-crown-6, as tabulated in Table 4. This chemical
shift is downfield of the signals for bothand2 complexed
with 18-crown-6, consistent with the trend (vide supra) in
205T] NMR signals for cubane structures as a function of

the295TI NMR spectra are typically collected because of the
higher natural abundance, we also have collected®ié
NMR spectra at—90 °C because we have found that
J-coupling fine structure is more discernible because of the
higher natural abundance of the coupled nuclei (in this case
205T1), as shown in Figure 10. For example, in 88&1 NMR
spectra, the ratio of the central and the fidstoupled
resonance is-1.9, consistent with the predicted ratio for a
tetramer cluster of 1.9; for th&3TI NMR spectra, the ratio
between the central and firdtcoupled resonance is predicted
to be 1.1, whereas a ratio of 1.1 was observed experimentally.
Here it is assumed that the differefeT1—2°°T| couplings
present within the structure are all equivalent. It is possible
that for 1 that there are differend-couplings due to the
distorted cubane arrangement. The experimental TI NMR
does not reveal different-couplings. A small distribution
in J-couplings would produce a slight broadening of the
observed multiplet structure due to the overlap of the
different subspectra. The measudecbupling forlis ~1120
Hz, smaller than the 2352580 Hz J-couplings of the
thallium alkoxide cubanes previously reporféddeconvo-
lution of both low-temperature spectra are shown in Figure
10 with the different sub-spectra that arise from the different
isotope combinations within the cubane structure.
Similar2°5TI NMR spectra were collected f&in acetone,
but no fine structure or HTI coupling could be resolved
over the temperature range investigated (Supporting Informa-
tion, Figure S7). When crystals @& with the coordinated
THF molecules were dissolved in GOl,, the 2°5TI NMR
spectra revealed very broad signatsl{y 000 Hz) at room
temperature, but thé-coupling fine structure could be
observed at-75 °C, shown in Figure 11, demonstrating the (78) Abraham, M. H.: Duce, P. P.; Morris, J. J.: Taylor, PJJChem.
retention of a thallium cluster in solution. The fine structure Soc., Faraday Trans. 1987, 83, 2867-81.
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Figure 12. Molecular orbital representations (energies in eV) from DFT calculatiotbof(a) HOMO 214b {-6.3063), (b) LUMO 215a+3.0688), (c)
unoccupied Tl 6pbonding orbital LUMGH8 218b (-2.1543), and (d) occupied Tl 6s HOM@ 212b (-6.6409). All orbitals are shown at the 0.03/A3

level.

Scheme 2

(TIOAR), —»

/ -—

1 OAr = OCgHy(CF3),

Scheme 3

phenolic K, (pK(HOPh) = 9.78%). No crystallographic
information is available for TI(OgHs) systems except the
TI(111) compound [TI(OPh)(CH),].” Extremely thin needles
of TIOPh were grown by recrystallization but were too small
for X-ray diffraction with a Mo Ko source.

(79) Burke, P. J.; Gray, L. A;; Hayward, P. J. C.; Matthews, R. W.;
McPartlin, M.; Gillies, D. G.J. Organomet. Chenl977, 136, C7—
C10.

DFT Calculations. We have used electronic structure
calculations to understand the orbital basis for the unusual
structure in thg TI(OAr)} 4 unit of 2. In both1 and a2 each
aryloxide bridges three thallium atoms, but there is a distinct
thallium—thallium interaction in2, as demonstrated experi-
mentally, vide supra, and no thalliuathallium bonding
interaction inl (Scheme 2).

Unquestionably, the covalent bonding between thallium
and the bridging aryloxides is the primary force holding each
tetramer together. Metallophilicity may also play a role,
however, as suggested previously: “...ligatigand interac-
tions or packing effects provide for the general structural
arrangement..., but..MM' bonding can be responsible
for...a shift in equilibrium geometry”* Compound? exhibits
two unusual features for which we wanted to understand the
orbital basis: the short 7Tl distance and the cant of the
plane of the aryloxide rings away from the-*Irl vector
(the plane of each phenyl ring makes an angle of 73
the best @ plane). Atomic positions from the crystal
structures were used for all-electron, geometry-optimized
calculations oflb (1 with two THF molecules to increase
the symmetry) an®. Three model compounds @& were
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Figure 13. Molecular orbital diagram of modéla, [TI,(u2-O)s)®~. The obital representations are shown at the 0:08%level.

also studied:{ Tlx(u2-0)4} 5, 2a, {Tlo(u-OH)4} 2, 2b, and based, and the lower unoccupied MOs are also ligand based
{Tly(u-OAIR) 4} 2, 2¢, as shown in Scheme 3. within 0.7 eV of the LUMO.

The geometry-optimized structure of the calculated cubane The calculation of [Ti(u2-O)4]?~, 2a, exhibits the primary
1b with two coordinated THF molecule€{ symmetry) is bonding features of th€Tl(uz-OArF),}2~ unit and allows
in excellent agreement with the crystallographically deter- them to be visualized more readily in the absence of
mined structure. For example, the-sFT| contacts (A) and substituents on the oxygen atoms. These features are
the O-TI—-0O angles (deg) in the crystal average 4.02(11) observed also in the two more detailed models and the full
and 77(2) versus 3.93(10) and 75.5 (1.8) in the computed calculation of2. The MO diagram oRais shown in Figure
structure. Figure 12a and b show the ligand-based HOMO 13, in which it can be seen that the O 2s orbitals are too low
(214b) and LUMO (215a), respectively. No strong-1Tl in energy to interact significantly with the Tl 6s orbitals.
overlaps are evident in the bonding orbitals. A full electron- The latter overlap best with two of the three O 2p orbitals,
volt above the LUMO there are in-phase Tl overlaps of as illustrated on the nuclear framework in Figure 13 with
empty 6p orbitals, as shown in Figure 12c. The thallium each oxygen 2p orbital shown on a different atom for clarity.
corners have localized, occupied 6s orbitals (lone pairs) thatThe O 2p orbitals along the ©C bonds have the wrong
point away from the cube and force the THF solvent symmetry and are too distant to interact with the TI 6s
molecules to bind away from the -HHO cube body diagonal, orbitals. The in-phase Tl 6s combination overlaps with the
as shown in Figure 12d. A DFT calculation énthe same oxygen p orbitals (2p) approximately perpendicular (see
compound but with only one THF bound as observed in the sketch in Figure 13) to the F}FTI vector in the gtype
crystal structure, shows essentially the same results as therbitals (2g, 4a,, 7a), and the out-of-phase Tl 6s combina-
more symmetric system. The higher occupied MOs are ligandtion overlaps with the oxygen p orbitals @parallel to the
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Figure 14. Comparison of orbitals in mode®a, 2b, and2c with compound2. Orbital representations f@&a and2b are at the 0.05 A3 level and those
for 2c and2 at the 0.03 /A3 level.

Scheme 4

TI---Tl vector in the R-type orbitals (2l 6h,). Thus, only
the g and Iy orbitals and not the jgor by combinations
overlap with the Tl 6s orbitals. The orbitals of symmetry
are most relevant to the ‘HTl interaction.

In Figure 14, the @symmetry orbitals with significant
thallium contributions from Figure 13 are compared with
orbitals of similar symmetry and composition in the models  figyre 15. Contour maps of the orbitals with large T 6s contributions in
2b and2c and compoun@®. The bonding picture changes model2c (top row, left to right) and (bottom row, left to right). The 25
little between2a and 2b except for the participation of  curves are spaced linearly betweeniand 10° e /A%
oxygen in O-H bonding in, for example, the orbital ga  occupancies, and fractional contributions to theoebitals
With the introduction of the phenyl substituents, the reason with significant Tl 6s contributions i2c and2 are listed in
for their slanted orientation becomes clear. Rotation of the Table 5. The molecular orbitals &c show the same in-
CsFs plane such that it is not parallel to the-FITl vector phase overlap as iBa and2b of Tl 6s orbitals with O 2p
facilitates greater overlap of the oxygeny2md 2p with orbitals in 57g and a T+TIl nonbonding interaction in 6Qa
the Tl 6s orbitals, as shown in Scheme 4. Thg Bripital is (HOMO-—3) due to the inward-pointing lobes of the O,2p
unaffected by the angle of the phenyl ring to the--l orbitals. In 62g(LUMO+3), a THTI bonding combination
vector. The mode2c shows also that orbitals with thallium  with significant mixing of Tl 6s with TI 5p orbital is
contributions also have large ligand contributions, making observed.
the TO and Tt--Tl interactions harder to discern visually, The calculation of the comple&includes two additional
but nonetheless present. Contour maps of 2eeand 2 thallium atoms and one THF molecule on each end that were
orbitals from Figure 14 are shown in Figure 15. The energies, absent ir2c. The experimental distances (A) and computa-

Inorganic Chemistry, Vol. 45, No. 10, 2006 3875
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compound MO electrons energy (eV) Tl 6s Tk5p Tl 5py 0O 2p O 2p,

2c 53a 2 —5.2248 0.1209 —0.0064 0.0466 —0.1249 —0.1656
56g 2 —3.6575 —0.393 —0.0256 0.0385 0.2943 —0.2221
57 2 —2.9143 0.7709 —0.0042 —0.1123 0.1388 0.2199
594 2 —1.5706 0.2001 0.1286 —0.0357 0.2609 -0.0877
603y 2 —0.69 0.237 —0.0624 —0.1424 0.6061 —0.0706
61y 0 2.9406 —0.1105 0.0265 0.053 0.0257 —-0.1737
623 0 3.1431 0.0591 —0.1512 —0.4406 0.1462 —0.061

2 88y 2 —13.3012 —0.109 0.0171 —0.0058 0.0997 0.1748
903 2 —13.0485 —0.1485 —0.0087 -0.0127 0.0289 0.3371
91a 2 —12.794 0.1242 0.0072 0.0275 —0.1055 —0.3149
95g 2 —11.3553 0.1217 0.001 0.0129 —0.225 0.0521
96g 2 —11.22 0.1545 —0.0067 0.0123 —0.2455 0.0445
983 2 —10.7786 0.101 0.017 0.0286 —0.2678 0.0604
1053 2 —8.9149 0.4609 0 —0.0024 —0.0727 0.177
1063 2 —8.1144 0.448 0.1131 —0.0273 —0.0378 0.1968
1073 2 —7.8925 0.5851 —0.0696 —0.0685 0.1621 0.1854
1083 2 —7.1859 —0.3226 —0.0793 0.0489 —0.3399 0.0543
111 2 —5.8071 0.2719 —0.0399 —0.1543 0.5165 —0.0371
1123 0 —1.8806 0.1779 —0.3412 —0.4575 0.0094 —0.0127

aEntries corresponding to Figures 14 and 15 are shown in bold italics.

Figure 16. Molecular orbital representations (energies in eV) from DFT
calculation of 2: (a) HOMO k79 (—5.4174) and (b) LUMO @0
(—2.4935). All orbitals are shown at the 0.03/&3 level.

the related values for dimérare+0.6282 (Tl) and-0.7640
(O). (Supporting Information, Figure S8) These differences
are not significant enough to be the basis for the observed
isomeric differences. This result suggests that the combina-
tion of thallophilic attraction andz-stacking facilitate the
assembly of thé Tl,(u2-OArF)4} unit in 2, in contrast to the
cubane structure ifh. The steric bulk of the meta Glgroups
cannot prevent the assembly of such{@lx(u>-OAr)s}
octahedron as shown by the structurebof

Both compoundsl and 2 show Stokes shifts in THF
solution fluorescence spectra (Supporting Information, Figure
S10) that reinforce the bonding picture bhnd?2 from the
X-ray diffraction anc?®3Tl and2%5TI NMR data. Forl, with

tional ones (in parentheses) agree well with one anotherexcitation atli = 290 nm and emission at 315 nm, the shift

including the distances TI(1)..TI(1) 3.5943(15) (3.460),
TI(1)---TI(2) 3.9696(15) (3.977), TI(H)O(1) 2.656(4) (2.557),
and TI(1-O(1_2) 2.844(4) (2.703). The HOMO (79lof

2 is again a ligand-based-type orbital (Figure 16a), but
the LUMO (80a) (Figure 16b) is primarily localized on the
THF-bound thallium TI(2) (44%) and the solvent-free TI(1)
(36%). Shown in Figure 15 are threg symmetry orbitals

is smaller than that o2, which for excitation att = 294
nm, has an emission at 347 nm. The greater shift in the
spectrum of2 to lower energy is consistent with emission
from the lower-energy metal-based orbitals of the thallophilic
interaction, such as 8Qar 112g from the calculation of.
Another similar bridged thallophilic interaction has been
reported recentl§2 Two thallium atoms are 3.7562(6) A apart

with the same bonding patterns as in the three models. Orbitaland bridged by two DMSO molecules and the gold atom of

105g shows an in-phase FtTl overlap whose electron
density is observed between the thallium nuclei (Figure 15).
Figures 14 and 15 also show an occupied-Tl nonbonding
orbital (111g) and an unoccupied HTI bonding orbital
(112g) that, like 80@, may be populated in the exctited state
(vide infra).

DFT calculations were also performed on the hypothetical
dimers (TIOAf),, |, and (TIOAF),, Il , on the basis of the
atom positions from the X-ray diffraction structure of the
(TIOF™e9, dimer (Fes = 2,4,6-OGH,(CR;)3).58 The ThO,
rhombus is a common feature of TI(l) coordination chem-
istry3” and is present clearly in bothand?2. It was postulated
that the slight differences in ligand electronic structure might
result in sufficient differences in electron densities on
thallium and oxygen to account for different pairings of the
TI(2)O(2) rhombi in1 and2. Mulliken charge analyses for
Il show charges 0#0.6508 (TI) and—0.7602 (O) whereas
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a [Au(GsFs)2]~ anion. As in the case d, the close contact
observed in the solid state is retained in solution, as
demonstrated by room-temperature fluorescence.

Summary

Two different tetrameric isomers of thallium fluorinated
aryloxides have been structurally characterized. A cubane
is observed in (TIOA)4 and a new motif in thallium
aryloxides, a pseudo-octahedrfill (u-OArF),} unit is
observed with the OArigand. The{ Tl (u2-OArF),} moiety
contains a thallophilic contact at 3.5943(15) A whose
existence is supported by fluorescence spectroscopy. The
retention of the cluster units in solution has been demon-

(80) Fernandez, E. J.; Laguna, A.; Lopez-de-Luzuriaga, J. M.; Montiel,
M.; Olmos, M. E.; Perez, Jnorg. Chim. Acta2005 358 4293-
4300.
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