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The 2,2,2-crypt salts of the Tl,Seg~ and [Tl,Se;2"]%, anions have been obtained by extraction of the ternary alloy
NaTlpsSe in ethylenediamine (en) in the presence of 2,2,2-crypt and 18-crown-6 followed by vapor-phase diffusion
of THF into the en extract. The [2,2,2-crypt-Nals[TlsSeg]-en crystallizes in the monoclinic space group P2:/n, with
Z=2and a=14.768(3) A, b = 16.635(3) A, ¢ = 21.254(4) A, B = 94.17(3)° at =123 °C, and the [2,2,2-
crypt-Na],[Tl,Se4]% -en crystallizes in the monoclinic space group P2i/c, with Z = 4 and a = 14.246(2) A, b =
14.360(3) A, ¢ = 26.673(8) A, 5 = 99.87(3)° at —123 °C. The TI" anions, Tl,Ses®~ and Tl;Se;>~, and the mixed
oxidation state TIYTI" anion, TlsSes®~, have been obtained by extraction of NaTlysSe and NaTISe in en, in the
presence of 2,2,2-crypt and/or in liquid NHs, and have been characterized in solution by low-temperature 7’Se,
203T| and 25T| NMR spectroscopy. The 1J(2%25T|-77Se) and 2J(?%3205T|-208.205T|) couplings of the three anions
have been used to arrive at their solution structures by detailed analyses and simulations of all spin multiplets that
comprise the 25203T| NMR subspectra arising from natural abundance 2°>2%T| and "’Se isotopomer distributions.
The structure of Tl,Seg®~ is based on a Tl,Se; ring in which each thallium is bonded to two exo-selenium atoms
so that these thalliums are four-coordinate and possess a formal oxidation state of +3. The Tl;Seg*~ anion is
formally derived from the TI,Ses®~ anion by coordination of each pair of terminal Se atoms to the TI" atom of a
TISe* cation. The structure of the [T,Ses2"]%, anion is comprised of edge-sharing distorted TISe; tetrahedra that
form infinite, one-dimensional [Tl,Se,2~]%, chains. The structures of TlsSes5~ and Tl:Se;>~ are derived from Tl,Se,-
cubes in which one thallium atom has been removed and two and three exo-selenium atoms are bonded to thallium
atoms, respectively, so that each is four-coordinate and possesses a formal oxidation state of +3 with the remaining
three-coordinate thallium atom in the +1 oxidation state. Quantum mechanical calculations at the MP2 level of
theory show that the Tl,Ses®~, TlsSes>~, Tl;Se,>~, and Tl,Seg*™ anions exhibit true minima and display geometries
that are in agreement with their experimental structures. Natural bond orbital and electron localization function
analyses were utilized in describing the bonding in the present and previously published TI/Se anions, and showed
that the TI,Ses®~, TlsSes®~, Tl:Se;>~, and Tl,Seg*™ anions are electron-precise rings and cages.

Introduction elements as summarized in ref 1 which should be consulted
. . . . . for an overview of the subject. In that paper we reported a
The number of thallium chalcogenide anions is small in |\ series of thallium selenide polyanions, i.e,SE
comparison to the chalcogenide anions of other group 13 Tl.Se, and TkSe3, which were obtained by extraction

of KTISe in ethylenediamine (en) or liquid NHn the
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2,2,2-crypt Salts of TSe* and ThLSe?~

Table 1. Summary of Crystal Data and Refinement Results for [2,2,2-crypifNaBes]-en and [2,2,2-crypt-Na[Tl.Sej] -er?

[2,2,2-crypt-Na][Tl,Se]-en [2,2,2-crypt-Naf Tl Se]. -en
formula GraH152N 10024 NasT14Ses C3gHgoO12NeNaxSer Tl
mol. wt. 3107.18 1583.64
space group (no.) P2;/n (15) P2,/c (15)

a A 14.768(3) 14.246(2)
b, A 16.635(3) 14.360(3)
c, A 21.254(4) 26.673(8)
p, deg 94.17(3) 99.87(3)
v, A3 5207.6(18) 5375.8(25)
z 2 4

T,°C —123 —123

Peale @ CNT3 1.982 1.95%

u, et 9.051 8.77

Ry, F2 > 20F2 0.0331 0.0447
WR,, F? 0.0446 0.1133

aRy = Y||Fol — |Fell/S|Fol for I > 20(l). PWR, = [S[W(Fe2 — FAA/Iw(FA3Y2 for | > 20(1). P The experimental density i31.92 as determined by
flotation in perfluorodecaline.

anions could be characterized by single-crystal X-ray struc- spectra. Consequently, the ensuing discussion of the NMR

ture determination, the TIS€,23 Tl,Se?",23 T1,Se*",* and parameters refers to spectra recorded for the NSE
Tl,Se*" ! anions were characterized in solution 43§29 extracts in liquid NH at —70 °C (see NMR Spectroscopy).
and 7Se NMR spectroscopy. The ;8Be*", Tl,Se*", and Attempts to obtain suitable single crystals by the vapor-
TlsSe®~ anions are the first mixed oxidation state/TI" phase diffusion of THF into en extracts of NaTlSe or

and cubanoid tetrathallium selenide cages to have beenNaTlysSe containing a molar excess or deficit of 2,2,2-crypt
reported, and represent rare examples of group 13 chalcowith respect to Na failed to yield crystalline material over
genide cages, among which are ;68 ,* GaSed’ ,° an 8-12 month period. Crystals suitable for X-ray structure
INsSi8,% InsSed,* and InTe .8 determinations were, however, obtained over a period of 8

This paper represents a significant extension of thallium months by vapor-phase diffusion of THF into en extracts of
selenide chemistry, reporting the detailed variable-temper- NaTlpsSe containing an equimolar mixture of 18-crown-6
ature solution multi-NMR spectroscopic characterization of and 2,2,2-crypt, where the total amount of 2,2,2-crypt and
the TM anions, TiSef~ and TkSe®~, the mixed oxidation 18-crown-6 was in stoichiometric excess of the availableé Na
state TYTI" anion, TkSe°", and the X-ray crystal struc- ion.

tures of the TITI" anion, TkSe*", and the TI' anion, X-ray Crystal Structures of [2,2,2-crypt-Na]4[Tl ,Sej]

[TI.Se? ] . en and [2,2,2-crypt-Na}[Tl,Se]L-en. A summary of the
crystal data and refinement results is given in Table 1. The

Results and Discussion most significant bond lengths, bond angles, and long contact

distances are given in Table 2. The structures of the 2,2,2-
crypt-Na" cations are similar to those previously reported
in [2,2,2-crypt-Naj[Te,]® and [2,2,2-crypt-Na[Cry(CO)y)°

Syntheses of the Polythallium Selenide Anionghe title
polyanions were synthesized from the ternary alloys NaTISe

gnd NaTsSe by fusion of the_ elements followed by extrag— with Na--N distances of 2.77(3)3.06(2) and 2.716(2)
tion of the powdered alloys in en and en/THF (1:1 v/v) in . .
the presence of an excess of 2,2,2-crypt (4,7,13,16,21 24_3.162(2) A, respectively. The solvent molecules in the
hexaoxa-1 lO—diazabicyclo—[8.S.é]r;exacosané), Wi1th r’esp;ect[ﬂZSQ‘}] _salt are positi(_)nally disordered with 69:40 S.ite
to Nat. Thé extractions were also carried out in, liquid NH occupancies corresponding to two en moleculg orlentgtlons.
in the absence of 2,2,2-crypThe293Tl, 295T|, and’’Se NMR (@) [2,2,2-crypt-NaL[TlsSe]-en. The most interesting
- o . ' ' . aspect of the structure is the geometry of th¢S&*~ anion
spectra indicated that solutions prepared by extraction of . . : .
NaTlSe and NaTlsSe contained the same polyanions; (~Ca pqlnt symmetry) n which the thaII_|um atoms are
however, extracts of the latter alloy with no 2,2,2-crypt added ];or:\';ri]ra(;”r?/n:r;r:rt]: tsvgﬁlﬁ;ﬁzarrf;?;i;:lgis;;y t:\i,\g/]%rfgleg;ir
generally contained higher concentrations of the polyanions coordination [TH] to three selenium atoms and the remaining

of interest and gave rise to sharper and better-resolved NMR . )
9 P two thallium atoms are tetrahedrally coordinated ]t four
selenium atoms (Figure 1a). The selenium atoms are in three

(2) Borrmann, H.; Campbell, J.; Dixon, D. A.; Mercier, H. P. A.; Pirani,

A. M.; Schrobilgen, G. Jinorg. Chem.1998 37, 1929. chemical environments: terminal Satoms, Sg atoms
3) Eﬁ“”s'f;gg'gfezvg{iux' L. A.; Granger, P.; Schrobilgen, Gadrg. bridging Tk and Tk atoms, and Seatoms bridging T
em. , . . L .
(4) Krebs, B.: Voelker, D.; Stiller, K. Olnorg. Chim. Actal982 65, atoms. Accordingly, four distinct HSe bond distances are
L101. observed which increase in the ordep¥5q [2.4653(8) A]

(5) Deiseroth, H. JZ. Kristallogr. 1984 166, 283. _ _

(6) Park, C.-W.; Salm, R. J.; Ibers, J. Angew. Chem., Int. Ed. Engl. < Tlp—Se [2.5965(9)-2.6167(9) A]< Tl—Sey [2.6341(9)
1995 34, 1879.

(7) The extractions were also carried out in liquid NH the presence of (8) Devereux, L. A.; Schrobilgen, G. J.; Sawyer, JA€ta Crystallogr.
molar excesses or deficits of 2,2,2-crypt or 18-crown-6, but gave rise 1985 C41, 1730.

to large amounts of colorless crystalline material at temperatures below (9) Borrmann, H.; Pirani, A. M.; Schrobilgen, G.Acta Crystallogr1997,
—20°C. C53 19.
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Table 2. Experimental and Calculated Geometries for theS&*~ and [ThSe?"]% Anions (Distances in Angstroms, and Angles in Degrees)

Tl4Se* in [2,2,2-crypt-Na)[Tl,Se]-er?

TI(1)—Se(1) 2.4653(8) TI(BSe(2) 2.5965(9) TI(BSe(3) 2.6167(9)

TI(2)-Se(2) 2.6748(9) TI(2)Se(3) 2.6632(9) TI(2) Se(4) 2.6341(9)

TI2)--TI2) 3.5538(6)

Se(1)-TI(1)-Se(2) 133.44(3) Se3)TI(1)-Se(2) 93.62(2) Se(4)TI(1)—Se(3A) 117.75(2)

Se(3)-TI(1)-Se(3) 96.58(2) TI(B Se(2)-TIR3) 84.61(2) Se(#yTI(1)—Se(2A) 115.91(3)

Se(4)-TI(1)—Se(3) 118.71(3) Se(d)TI(1)—Se(3) 129.90(3) TI(BSe2)-TI(2) 84.77(2)

Se(4)-TI(1)-Se(2) 116.50(3) Se(4)TI(1)—Se(4A) 96.10(3) TI(2) Se(2)-TI(2A) 83.90(3)

TI,Se#~ at the MP2/Stutt RLC ECP (2d) Level
MP2 (C) MP2 (Da2r) MP2 (C) MP2 (D)
TI(L)—Se(1) 2.556 2.556 TIBSe2) 2.656 2.656
TI(L)—Se(3) 2.656 2.656 TI(2)Se(2) 2.787 2.787
TI(2)—Se(3) 2.788 2.787 TI(2)Se(4) 2.715 2.716
TI(2)—Se(5) 2.715 2.716 TI(3)Se(4) 2.715 2.716
TI(3)-Se(5) 2.715 2.716 TI(3)Se(6) 2.788 2.787
TI(3)—Se(7) 2.787 2.787 TI(4)Se(6) 2.656 2.656
TI(4)—Se(7) 2.656 2.656 TI(4)Se(8) 2.556 2.556
TI(L)-+TI(2) 3.708 3.708 TI(2)...TI(3) 3.673 3.674
TI(3)-+TI(4) 3.708 3.708
Se(1)-TI(1)-Se(2) 131.4 131.4 Se(Yl(1)—Se(3) 131.4 131.4
Se(2)-TI(1)—Se(3) 97.1 97.1 Se(2)T1(2)—Se(3) 91.2 91.2
Se(2)-TI(2)—Se(4) 1183 1183 Se@@Y1(2)—Se(4) 118.3 1183
Se(3)-TI(2)—Se(5) 118.2 1183 Se@Y1(2)—Se(5) 118.2 1183
Se(4)-TI(2)—Se(5) 94.9 94.9 TIBSe)-TI2) 85.8 85.8
TI(1)—Se@);-TI(2) 85.8 85.8 TI(2)-Se(4)-TI(3) 85.1 85.1
Se(6)-TI(4)—Se(8) 131.4 131.4 Se(@I(4)—Se(8) 131.4 131.4
Se(6)-TI(4)—Se(7) 97.1 97.1 Se(4JTI(3)—Se(6) 118.2 118.3
Se(4)-TI(3)—Se(7) 118.2 118.3 Se(4Y(3)—Se(5) 94.9 94.9
Se(6)-TI(3)—Se(7) 91.2 91.2 Se(6)TI(3)—Se(5) 118.3 118.3
Se(7)-TI(3)—Se(5) 118.3 118.3 TI(®)Se(6)-TI(3) 85.8 85.8
TI(4)—Se(7)-TI(3) 85.8 85.8 TI(2)-Se(5)-TI(3) 85.1 85.1
T1,Se? ™ in [2,2,2-crypt-Naj[ Tl Sej]-erf

TI(1)—Se(2) 2.6513(10) TI(B)Se(2) 2.6766(10) TI(B)Se(3) 2.6520(9)

TI(1)—Se(4) 2.6638(9) TI(2)ySe(1A) 2.6693(10) TI(2)ySe(2A) 2.6368(10)

TI(2)—Se(3) 2.6513(9) TI(2ySe(4) 2.6608(9)

TI(1)---TI(2) 3.5983(8)

Se(1)-TI(1)—Se(3) 117.94(3) TI(2)ySe(4)-TI(1) 85.03(3) Se(4)TI(1)—Se(2) 117.76(3)

Se(3)-TI(1)-Se(4) 94.59(3) TI(L) Se(2)-TI(2A) 85.02(3) Se(3)TI(2)—Se(1B) 115.22(3)

Se(3)-TI(1)—Se(2) 117.53(4) Se(4)TI(1)—Se(4) 116.44(4) TI(2)ySe3)-TI(L) 85.45(3)

Se(3)-TI(2)—Se(4) 94.67(3) Se(HTI(1)—Se(2) 94.48(3) TI(L Se(1)-TI(2A) 84.88(3)

Se(4)-TI(2)—Se(1B) 117.84(3)

aThe atom numbering scheme refers to that used in Figubdie atom numbering scheme refers to that used in Figure 6c.

Figure 1. Views of (a) the TiSg*" anion in [2,2,2-crypt-Na] Tl ,Se]-en
and (b) the [T4Se2 1% anion in [2,2,2-crypt-Na[Tl,Se]’-en. Displace-
ment ellipsoids are drawn at the 90% probability level.

A] < Tl—Seg, [2.6632(9)}-2.6748(9) A]. The T+Se bond
length correlation with thallium and selenium coordination
numbers is consistent with the total bond valence cont®ept.
The trend, T+Se < TI—Se/TI—Sey, is consistent with the
calculated higher relative bond orders of the-$lg bonds

terminal tin-chalcogen bonds in $8h¢*~,** SnTe*~, 2 and
SnChy¢*~ (Ch = Sé® or Te¥). Similar Th—Se distances
have been reported for the structures oSBE(Se)s3~
[2.64(3) A]15 TI,Sest [2.66(3) A]6 TI(Se)2 [2.639(2)
Al,Y7 and TkSe®™ [2.65(6) A]L The TI---TI" distance in
TI,Se# is 3.5538(6) A and is considerably shorter than the
average T'---TI"' distances observed in ;8e(Se):®"
[3.76(9) A5 and TLSee* [3.71(13) A]X8which is consistent
with the two modes of coordination observed for the thallium
atoms in the present anion structure (trigonal planar and
tetrahedral) when compared with the single coordination

(10) O’Keeffe, M. Struct. Bondingl989 71, 162.

(11) Campbell, J.; Devereux, L. A.; Gerken, M.; Mercier, H. P. A.; Pirani,
A. M.; Schrobilgen, G. Jinorg. Chem.1996 35, 2945.

(12) Brinkmann, C.; Eisenmann, B.; Stég H. Mater. Res. Bull1985
20, 299.

(13) Campbell, J.; DiCiommo, D. P.; Mercier, H. P. A.; Pirani, A. M;
Schrobilgen, G. J.; Willuhn, Mlnorg. Chem.1995 34, 6265.

(14) Pirani, A. M.; Mercier, H. P. A,; Dixon, D. A.; Borrmann, H;
Schrobilgen, G. Jinorg. Chem 2001, 40, 4823.

(15) Dhingra, S.; Kanatzidis, M. Gnorg. Chem.1993 32, 1350.

(16) Dhingra, S.; Liu, F.; Kanatzidis, M. Gnorg. Chim. Actal993 210,
237.

(see Computational Results) and has been observed for17) Dhingra, S.; Kanatzidis, M. GSciencel992 258 1769.
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<

environment (tetrahedral) observed in the previously char- (a) Zz_ Y
acterized anion structuréhe TI"---TI"" bond distance was X N jA000Hz |
not reported for the TI(SR?~ anion!”

The average Se€Tlt—Se bond angle in T8e*

[109.8(48]] is close to the ideal tetrahedral angle and is |
similar to those observed in ;Be(Se):®~ [109.3(12)],*°

Tl,Sed™ [108.8(22)],'6 TI(Ses)>~ [110.0(14Y],*" and TkSe®~

[108.1(63)]* whereas the average S&l—Se bond angle, X x
119.9(12j, is close to the ideal trigonal planar angle. The I

average ™Se—TI bond angle [84.4(27] is similar to that
in TlsSe® [85.8(447]* but is significantly less than those
in Tl3Se(Se):® [93.9(16F]*° and in TkSeg* [89.2(935].16
The TI-Se-Tl and Se-TI—Se bond angles for TI(gp?"
are not availablé’

(b) [2,2,2-crypt-Nal[Tl Se],-en. The anion is com-
prised of edge-sharing, distorted TlSetrahedra forming
an infinite, one-dimensional chain running parallel to the

b-axis of the unit cell (Figures 1b and S1) and is isostructural
and isovalent with IsTe,>~.28 The anion chains are isolated
from one another by 2,2,2-crypt-Naations and disordered

en molecules and are noncommensurate with respect to the
cations and solvent molecules. ThgTla?~ anion also occurs

as an infinite chain within channels defined by the cations
in the crystal structure of [EC4Hg)4N]2[In2Tey].2® The only
other infinite chain TI/Se structure reported prior to this work (b) Zz, vy
is the alloy phase, TIS€.In the latter case, the infinite chains O 4000 Hz
are comprised of alternating "Tland Tl atoms which are I

not isolated from each other, but have additional contacts X )

between adjacent chains. Thé'HSe [2.6358(11)2.6753(11) g
Al and TIM.--TI" [3.5985(9) A] distances in the title y
compound are considerably shorter and longer, respectively,

than those reported in TISe [T4Se, 2.670(2) and Tk--TI", .

1950 1900 1850 1800
62,,51.' (ppm from 0.1 M aqg. TINO,)

3.486(1) A], but are similar to the T+Seg; and Th--TI
distances in T/Se* and in the previously reported Tl/Se
anion structures (vide supra). The average—He-Se

[109.6(38)] bond angle is typical for Tl * and is similar to L . ! .

those of TiSe*~. The THSe—Tl bond angle [85.1(12] is 1950 1900 1850 1800

in good agreement with those of,Ble*~ and TkSe> (vide Sy (PP from 0.1 M ag. TINO,)

supra). Figure 2. Thallium NMR spectra (liquid N —70 °C) of the TI"
Solution Characterization of the Tl,Sg®", Tl;Se®°", and environment of (X) TSe®", (Y) TlsSe®", and (Z) TkSe”" anions obtained

TI,Ses Anions by NMR Spectroscopy. The TLSes by extraction of NaTdsSe into liquid NH: (a) experimental (upper trace)

k - A and calculated (lower trac&¥Tl (115.444 MHz) and (b) experiment&PT]
Tl;Se®, and TESe® anions were identified in en, en/THF  (114.319 MHz) spectra. For clarity, only the subspectra associated with

(1:1 v/v), and/or liquid NH solutions by direct observation the central lines of the multiplets areﬂ!‘:’:\beled. Peaﬁmlabels are aTslﬁigned as
of the spin¥/, nuclides2sTl, 203T|, and 7’Se at their natural fO”OWj TLSe®” (X = S:ZXTIT SPdru; x = Sidse ; le:_I_IMS/ldSq);
abundance levels. Key experimental and simulasdl, TlsSe>™ (Y = Diy = DPdnu; y1 = Dlids ; ¥2 = Dlidsg,; Vs =

) . . TI - e o T, I, _ TI _
203T| and ’Se NMR spectra are depicted in Figures2 Diidse ); TlaSe®” (Z = S; 2= Shdnu; 2 = SPinu; 21 = Sldgq; 2 =

S2, and S3. The chemical shifts and spapin coupling S/ldg';'). The multiplicity labels are defined in Table 5, footnate
constants), are summarized in Table 3 (NaTISe) and Table

4 (NaTbsSe). The number of observed environments, the C.,, andCs, point symmetries, respectively. The geometries

multiplet patterns arising frofd(2%3GT|—2053)T1) and 1)(7’Se~ deduced from NMR solution studies are supported by
2053)7]), the satellite spacings correspondingdgsTI—203T]) computational studies (see Computational Results).
andlJ(2%5@T|—77Se), and the satellite-to-central peak intensity  In addition to the known TIS&" anion (triplet, 2942 ppm),
ratios are consistent with the;Bef~ (structure 1), TiSe®~ the205T| and2°°TI NMR spectra {-70°C) of the red-orange
(structure 1), and TSe® (structure 1) anions havin®zn, liquid NH3 extract of NaTISe revealed four new resonances

that were assigned toBe® (singlet, 1895 ppm), EBe°"

(18) \S/V?gesnt, :3 éh ?Tqigg‘rta,llsz gioHaushalter, R. C.; Bocarsly, AL.B.  (doublet, 1836 and triplet, 5284 ppm), andS&°~ (singlet,
olid State Che . : :
(19) Ketelaar, J. A. A,; t'Hart, W. H.; Moerel, M.; Polder, B. Kristallogr. 1857 ppm). The CorrESpondmg resonances in tige

1939 A101. spectrum 74 °C) were assigned to TI$Ee (singlet, 78

Inorganic Chemistry, Vol. 44, No. 24, 2005 8773
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ppm), ThSe® (very strong doublet;-101 and triplet, 209
ppm), and T{Se> (doublets, 63 and 32 ppm).

The 2°5TI NMR spectrum (0°C) of the en extract of
NaTISe in the presence of 2,2,2-crypt revealed four signals
that could be assigned tos8Be° (a doublet, 1825 ppm and
a triplet, 5300 ppm), TBe&*~ (very broad triplet, 5180 ppm),
and TISe* (triplet, 2875 ppm) (Figure S2). Only Be
(—432 ppm) and TISE™ (134 ppm) were observed in the
""Se spectrum (OC).

The 2%5Tl and 2°°TI NMR spectra 15 °C) of the orange
en/THF extract of NaTISe obtained in the presence of 2,2,2-
crypt revealed two overlapping signals that were assigned
to Tl,Se® (broadened singlet, 1877 ppm) andsJe>-
(doublet, 1849 ppm) (Figure S3).

The 20Tl and 2°°TI NMR spectra 70 °C, Figures 2 and
3) of the deep-red Nkextract of NaT§sSe revealed the
presence of TB&® (singlet, 1895 ppm), EB&> (doublet,
1833 ppm and triplet, 5276 ppm), andF&> (singlet, 1855
ppm). The correspondingSe spectrum-68 °C) confirmed
the same three anions: ;Ble® (triplet, 210 ppm and
doublet,—103 ppm), TiSe>" (doublet, 63 ppm and doublet
of doublets, 31 ppm), and FIe® (triplet, 274 ppm and
doublet, 113 ppm) (Figure 4).

Determination of the Solution Structures of the ThSe®,
TlsSe®, and Tl3Se® Anions. The solution structures of
the title anions were deduced by use of the spectral
simulation program ISOTOPOMER as described in a
previous paper dealing with the solution characterizations
of the related cubanoid ¥e* and TLSe* anions by
203.205T| and 7’Se NMR spectroscopyThe spectral simula-
tions for ThSe®, Tl;Se®, and TkSe>~ (Figures 2 and 3)
are in excellent agreement with the experimeff&d°T1 and

Pirani et al.

3000 Hz
F—
Y
Y
Y
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Figure 3. 295T] (liquid NH3, —70°C) NMR spectrum (115.444 MHz) of

the TI environment of the §Be&°~ anion obtained by extraction of NaESe

into liquid NHs: experimental (upper trace) and calculated (lower trace)
spectra. For clarity, only the subspectra associated with the central lines of
the multiplets are labeled. Peak labels are assigned as follows:TYy;

= T/3d£g; y2 = Tlldg';dl; ys = T/ldg';cm. The multiplicity labels are defined

in Table 5, footnote.
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Figure 4. 77Se (liquid NH;, —68 °C) NMR spectrum (95.383 MHz) of

the (X) TkSe®, (Y) TlsSe®", and (Z) TkSe®~ anions obtained by
extraction of NaTd sSe into liquid NH.

of the most important contributing isotopomers and their
most prominent spectral features (indicated in Figures 2 and
3) are discussed below. Symbols used in the following
discussion are defined in footnote c of Table 5 and are
consistent with those used in ref 1.

(@) TI,Seb". The 2%5TI NMR spectrum of the TiSe’"
anion consists of a singlet in the'TIregion flanked by
doublet satellites. The " singlet (S) (1895 ppm, Figure 2)
is assigned to thé®sTl," °Se, isotopomeric subspectrum,

"'Se spectra and account for all of their features. Descriptionsand the associated satellite doublets arise % satellite

(20) Santry, D. P.; Mercier, H. P. A.; Schrobilgen, GISOTOPOMER,
A Multi-NMR Simulation Programpersion 3.02NTE Snowbird
Software, Inc.: Hamilton, ON, 2000.
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subspectra (Sdﬂ::) of the 205T|'!' 203T| 0S¢ jsotopomer,
which, in turn, arise from the intraenvironmental coupling,
2J(?95T|I"M —203T|) = 455 Hz (Table 5). TheJl. ratios
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Table 3. Chemical Shifts and SpinSpin Coupling Constants for the TIge, TI,Sef~, TlsSe®", and TESe®~ Anions Obtained by the Extraction of
NaTISeé

chemical shifts (ppm) coupling constanigHz)
203,205” _775@,(:
anion 205(203)7| 7Se 205T] —203T]b TI—-Se TI-Se solvent/ligand T (°C)
Se- -432 en/222 [0]
TISe®~ 2875 (TI), br 134, br 7413 [7190] en/222 [0]
2942 (TI), br 78 [7208] NH —70[-74]
Tl Se’ 1877 s, vbr en/THF/222 —-15
1886 (1885) (T'), vbr 6120 NH -30
1891 (1890) (T1") —106 (S 309 (326) 6312 (6256) [6304] NH —50 [-52]
212 (Se) 3237 (3125) [3168]
1895 (1895) (") —101 (Se 412 (421) 6349 (6279) [6343] NH —70[-74]
209 (Se) 3216 (3187) [3210]
1897 (TIM) 445 6365 NH —76
3220
TI3Ses~ 1825 (1824) (T1"), br 3890 (3885) en/222 0
5300 (TI), br 1321 (1385)
1849 (TIM), br 3979 en/THF/222 -15
1428
1836 (1835) (TI"), br 4329 (4312) NH —-30
738 (736)
1836 (1835) (") 4517 (4480) 3178 NE -50
829 (835)
1836 (1835) (T1") 63 (S¢ 4664 (4638) [7782] Nkl —70[-74]
5284 (Tl) 32 (Se) 899 (909) 3153 [5127] 462 [453]
1836 (TIM) 4721 3154 453 Nkl —76
5283 (TI) 923
TlsSeP 1853 (1852) (T1") 801 NH; —50
1857 (TIM) 771 NH; -70
Tl4Se* ~5180 (TI), vbr en/222 0

aThe symbols B, b/, b, and t denote the bridging and terminal selenium environments as defined in structures I, Il, andllies in parentheses were
obtained from theé?3T| spectrum.* Values in square brackets were obtained from & spectrad Temperature in square brackets refers to tge
spectra; otherwise the entry refers to both #f&1 and the295T| spectra.

Table 4. Chemical Shifts and SpinSpin Coupling Constants for the ;8B&®~, TIsSe®", and TkSe >~ Anions Obtained by the Extraction of NaESe

chemical shift (ppm) coupling constadt(Hz)
203,205T| —77ggh.c
anion 205(203]77 7Se 205T] —203T]b TIM—-Se TI-Se solvent T(°C)
TI,Seb~ 1895 (1895) (T') —103 (Se 455 (470) 6357 (6299) [6419] (Se NH3 —70,—68
210 (Se) 3221 (3192) [3248] (S
TIsSe®™ 1833 (1832) (T'l") 63 (Se) 4689 (4685) 7665 (7683) [7897] (e 124 (Se 2J) NH3 —70,—68
5276 (TI) 31 (Ser) 918 (928) 5340 (5222) [5213] (§¢ 451 [443] (Se)
n.o. (Se-) 3145 (3146) (Sge) 611 (Se~)
n.o. (Se) ~1400 (Se)
TIsSe 1855 (1854) (T") 113 (Se 759 (754) 9266 (9247) [9125] (9e NH3 —70,—68
274 (Se) 4179 (4124) [4146] (S
n.o. (Sg) ~2000 (Se)
aThe symbols i, b", I, b, and t denote the bridging and terminal selenium environments as defined in structures I, Il, analles in parentheses

were obtained from th&’3T| spectrum ¢ Values in square brackets were obtained from7$e spectra.

indicate that each Tl nucleus is spin-coupled to one other 293205} couplings observed in théSe spectrum with those
TI" nucleus. Satellite doublet subspectra symmetrically observed in th&%>(93T| spectra.

disposed about each component of the single%d£$/ The multiplet patterns anty/I. ratios are consistent with
and SKdI"', result from1J(25T|"—77Sg) = 3221 Hz and & ThS&® anion containing two T atoms in which each
(2087 —9‘7753) = 6357 Hz of the isotopomef&sTl, 77Sg, TI" is bonded to two terminal (9eand to two bridging (Sg
0Sg, and?2%5Tl,!' 77Sq °Se,. Theldl, ratios are consistent with ~ selenium atoms. The Tl and bridging Se atoms form,8é1
two Seg and two Seatoms bonded to each Tl atom (structure ring with the TI" atom bonded to two unique exo+$¢oms
1. (structure ).

The"’Se NMR spectrum (Figure 4) of the;Be® anion (b) TIsSe® . The 2°5TI NMR spectrum of the TSe°"
consists of two resonances in a ca. 1:2 intensity ratio, in anion consists of a doublet and a triplet in thd! Eind TI
agreement with the numbers of ;Send Se atoms. The regions, respectively. The most intense feature in the TI
resonance at 210 ppm is a tripl&}([{’Se—2°3207|") = 3248 region is a doublet (D) (1833 ppm; Figure 2) arising from a
Hz] assigned to Seand the resonance at103 ppm is a coupling between one 'fl and one Tl nucleus of the
doublet [J(""Se—203207|") = 6419 Hz] assigned to $&oth isotopomersOST,!!t 205T| ! 203T], ! 0Sg (y = 0—1) (Table
resonances were assigned by comparison ofLifféSe— 6), where 2J(205T|" —20503T]"y = 4689 Hz. Each of
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;akl;le 5.tThg Most_ Ab”?,gé"#f Naéuzg:- IANb'l\,I/II’]RdaSnce tlsotofpt(r:me_é; an 2037 17y| 71Sq, 9Seg (Dlldé'e',:,), 205 M 205-|-|y| 203-|-|17y|
upspectra Comprisin an ectra o e -
Anionp prising p & 71Sgyn E)IS% (Dlld-srg:m), and205T| Il 205T|,| 203T|,_ | 77Sq 0Sg
U A . . .
multiplicity observed for the (I;)/ldsq) (y = 0-1). The IJ/l; ratios are conssteqt with
205711 2037151 components of the subspectra single selenium atoms in §eSe, Se-, and Seenviron-
'Se °S¢_,* isotopomer in the TH" regiorf ments (structure 11). Th&J(?°3T|" 205203y = 4685 Hz
Tse fractional coupling associated with tH83TI,!!! 205T], ! 203T|,_ ! 0Sg; (y
Xz environments abundance 2051 2091 = 0—1) isotopomer was determined by recording #&|
2 0 03097 S - NMR spectrum (Figure 2b) and was confirmed by 3B@%-
10 02592  gpq" 2" TI—205@IT1)/23(203TI —295C)T[) = 1.001 ratio {(°5Tl)/y(?%%
" " Tl) = 1.010)2
00 0.0542 - S -+ :
The most intense feature in the' Tegion of the20T|
21 (S 0.1016 o - ) ; . e
f 9 gldjﬁl . R spectrum is a triplet (T) (5276 ppm; Figure 3) arising from
1 00425 sPdnu/Sids,  SPdnulds, coupling between one Tand two TI' atoms (vide supra),
11 0.0425  gPdfl/sPdy,  SPdm/idl, 2(205T|!—205(203T|1Il) = 4689 Hz, of the isotopomer&STI, !
01 0.0178 — [SEe I 203T,_, 11 2051, 0Sg (x = 0—2). Satellite doublet subspectra,
S 1, 'lgllx 1, T|2I %( uk ) H H P
2 1 (Se) 0.0508  gigl" - Ti'dgg , Tidgg . and Ti‘dSq symmetrically disposed about
11 0.0425 g d?ﬁ?. g g™ g each component of the triplet, were also observed which
: Tim Se, TIn S, result fromlJ(205T||_77S%”) == 451 HZ 1\](205T||_77SQ)”’) =
01 0.0089 — e ' .
Sds,, 611 Hz, andJ(2°STI'-77Sq) = 124 Hz of the respective
2 2 (Se,Se) 0.0167 Slld;';' /1d£'€'£ — isotopomers?OSTIX”' 2037 oM 205 J 77Saqy OS% (T/ldgé)”),
12 0.0070 gZdH:::/ld;';”/ldgl‘;' S,zdg:;:,ld;g/adgg“ 20T Il 203T|,,_ Il 205T|,} 77Sq,. 0Sg (Tlldg'%,,), and 205T], 1
12 0.0070 g2,/ dg, Pdy,  SPdmu/*dg, /'dd BT, 25Tl 77Sq °Se; (T/3dT'é; x=0-2). ThelJI. ratios
02 0.0029 — gign" jigm” are consistent with one Seand two Sg atoms (structure
Sg S,
2 2 (289 0.0083  gtdly'/dl, - 1. o . o
5 5 00042 gy 3 The TkSe®  anion is a minor species in tHéSe NMR
' S spectrum (Figure 4) and is expected to give rise to four
12 0.0070 Szdﬂ:::/ldé"ﬁ PP, S’Zdﬂ:::’l%m » resonances in a 2(t):1(b):2(b1(b") ratio, in agreement with
12 0.0017  s2dq,/itg, S2dry/tdg, g, the relative numbers of $eSe, Se: and Sg- atoms;
02 0.0015 — S'dg, Pl however, the weaker resonances associated withriseSeg-
02 0.0007 — gltgq‘” were not observed. The Sesonance at 63 ppm is a doublet
i 19(77 2052031111y —
22 (259 00021 g B arising f(rjom J("'Se 721) 789; Hz. The refsogangle
L, 00017 e A assigned to $e_a_ppears at 31 ppm and consists of a doublet-
' S/ sq, S/ Mg, of-doublets arising frontJ(7’Sa, —205203T|) = 5213 Hz
0z - 0.0004 - SEUS (doublet) andJ("7Say,—20503|'") = 443 Hz (doublet). The

a0Se denotes spinless selenium atofi¥atural abundances of the spin-  fésonances were assigned by comparison of JfitSe—

Y, nuclides used to calculate isotopomer fractional abundances were taken?95203)T) couplings observed in th€Se spectrum with those
- T7 - 20 - 20! .

from ref 21: 7'Se, 7.58%:;7 ST, 29.5%; ° ST, 70.5%. Although all observed in th&%5:207T| spectra.

isotopomers were included in the simulations, only isotopomer fractional . )

abundances 0.0001 are listed in the tableS denotes a singlet. Lowercase The"’Se anc??520%T| multiplet patterns antl!. ratios are

letters d (doublet) and t (triplet) denote satellite couplings arising from cgnsistent with a EBe’ anion that contains two 'flatoms
J(295T1—203T]) or J(205C)TI—-7"Se). The left-hand superscript denotes the order h bonded inal inal d th bridai ’
of the J coupling; the right-hand superscript and subscript denote the two eac onded to a smge_ termina ()Sen three bridging
nuclei that are spin coupled. For example, in 98Tl spectrum, the (Se, S, and Sg-) selenium atoms, and one' Btom that
description S7,/1dl denotes a SINGLET flanked by doublet satellites  is bonded to one $e and two Sg atoms. The Tl and
originating from?J(20°TI" —29%T111) and™J(2°TI! ~7"Se). Each multiplicity ridging Se atoms form mido-Tl;Se cage that is formally
description refers to a single set of selenium environments and its associatedb . 3 . 4 .
isotopomers. derived from the unknown cubanoioso TI,Se* anion
the doublet components is flanked by doubRoTI by removal of ‘1”?1 Tl vertex an(_jnby bonding of the ﬁXQ_}ie
satellite subspectra (Edﬂ'") assigned to20ST|"! 20T atoms to two of the remaining Ti atoms (structgre ). The
205T| | 2037], | 0G _m . . additional splittings on the high-frequency transitions of the

g 1y °S8 (y = 0-1), which arise from the TI(III) environment and on the low-frequency branch of the
intraenvironmental coupling,J(?°5TI" —208T|'") = 918 Hz. . . )

pling, X ) TI(1) environment in the?*STI NMR spectrum of TiSe°"

TheldI, ratios indicate that each "Tnucleus is spin-coupled ) o .
0 one TI' nucleus. Satellite doublet subs ectraldﬁzj' arise from second-order splittings, which are also reproduced
' P ' ' by the spectral simulation.

1 T 1 T T . -
gl:/)c?j?’ ”éagr/l (::sgjfﬁpc?:éjntDcff(j iEﬁe jgtrﬂz)rr;?t\r/:/(;?gyalgIospoobsseedrved (C) TlsSe” . The °TI NMR spectrum of the BSe’
and result fromJ(o5TI—7Sg) ~ 1400 Hz, JEOSTIN — anion in liquid NH; at —70 °C consists of a singlet (S) in

1l i 1o
71Sey) — 5340 Hz, (STIN—7'Se,) — 3145 Hz, and the TI" region that results frorfP5Tl3" °Se, (Table 7). The

1‘3(205—”'" _7783) = 7665 Hz of their res.ﬁ,?Ctive isotopomers, (21) Mason, J. I'Multinuclear NMR Mason, J., Ed.; Plenum Press: New
205T| I 2057} 203T],_| 7S¢, 0Se (DI, ), 205TI," 2057, York, 1987; Appendix, pp 623629.
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Table 6. The Most Abundant Natural Abundance Isotopomers and Subspectra Comprisit#Tthend 2°5TI NMR Spectra of the BHSe>~ Anion
[For footnotesa—c, refer to Table 5. Capital letters D (doublet) and T (triplet) denote couplings arising Jg&8a 1" —203T1") or J(295TI" —205T|") which
cannot be distinguished because of the small difference in absolute frequency betw&&nl tiied 203T| nuclides.]

multiplicity observed multiplicity observed
" " | | for the components " " | | for the components
2057\ 2097l 2087, 2087} of the subspectrainthe 20Tl 209TI50 205T| 20371, of the subspectra in the
71Sg 0S¢, 2 TI" regiort 715g 95¢",2 TI' regiorf
isotopomer isotopomer
Se fractional 7Se fractional
z  environments abundance 205T] 2031] X y z envionments abundance 205T] 203T1]
2 1 0 0.2184 D - 2 1 0 0.2184 T -
2 0 0 0.0914 1 1 0 0.1827
1 0 0.0382
1 1 0 01827  prgl) Dr2dT! 2 0 0 0.0914 — T
1 0 0 0.0765 1 0 0 0.0765
0 1 o0 0.0382 - D
0 0 0 0.0160
2 1 1 Se 00179 pyll - 2 1 1 Se 0.0179 T/l -
2 0 1 " 0.0075 1 1 1 " 0.0150
1 1 " 0.0031
1 1 Se 0.0150 D/de: /1d;';: D/de: /1d;';: 2 0 1 Se 0.0075  — T/Sd;gb
1 0 1 " 0.0063 1 0 1 " 0.0063
0 0 1 " 0.0013
0o 1 1 Se 0.0031 — DAl
0 0 1 " 0.0013
2 1 1 Sg- 00179 pyll - 2 1 1 Sg- 00179  ppqll -
2 0 1 " 0.0075 1 1 1 " 0.0150
" 0.0031
1 1 S 0.0150 D/de: /1d;'e‘:” D/de: lld;';!” 2 0 1 Sg- 0.0075  — T/Sdgiﬁ,,
1 0 " 0.0063 1 0 1 " 0.0063
0 0 1 " 0.0013
0o 1 1 Sg- 0.0031 — DALl
0 0 1 " 0.0013
2 1 1 Se- 0.0358  pyill - 2 1 1 Se 0.0358  T/gll -
2 0 1 " 0.0150 1 1 1 " 0.0300
0 1 1 " 0.0031
1 1 1 Se 0.0150  pygll, /1d;'e‘;‘” D2l /1d;g 2 0 1 Sg- 0.0150 — Tlldg';]”
1 0 " 0.0063 1 0 1 " 0.0126
0 0 1 " 0.0026
1 1 1 Se- 0.0150 D/zdﬁl::ﬁd;'e‘:, D/de:/:"d;g
1 0 1 " 0.0063
0o 1 1 Se 0.0063 DA
0 0 1 " 0.0026 -

singlet is flanked by &°3T| satellite doublet subspectrum Hz] and a doublet'P(77Sq—20503|") = 9125 Hz], which
(SPdIl) assigned t@OSTI,! 203T|! 0Se, which arises from  are assigned to $and Sg respectively, by comparison with
the intra-environmental coupling(2°T|! —203T|1) = 759  the J("’Se—20%2%3T]) couplings observed in thé®so3T]
Hz. The third dominant feature is a triplet {&},) in which spectra.
the central transition overlaps with the main singlet arising ~ The multiplet patterns ant/l. ratios are consistent with
from the 205T|l 203T|, Il 0Sge, jsotopomer. Weak, satellite @ TkSe® anion containing three Tlatoms in which each
doublet subspectra, 8l , SAdg, , and Stdl,, were ob-  TI" atomis bonded to one terminal (Béwo bridging (Se)
served, which were symmetricaﬁ]y disposed about the singletselenium atoms, and one bridging {Fselenium atom. The
as well as about each component of the triplet, corresponding@nion structure is also based onido-TlzSe, cage in which
to LJ(2°5TI —77Sq) = 4179 Hz,J(%TI" —77Sg,) ~ 2000 the TI" atom is bonded to an unique exor&®m (structure
Hz, and1J(%T|"—77Sq) = 9266 Hz. Theldl. ratios are ).
consistent with one $@nd two Sg atoms (structure Il1). Chemical Shifts and Coupling Constants.The 20520%T]
The”’Se NMR spectrum (Figure 4) of thesBe®™ anion, chemical shifts for the 38&f, TlsSe°, and TkSe® anions
which is also a minor species, is expected to give rise to exhibit the same trends as those of the relat¥d(TIChs;®),%2
three resonances in an approximate 3:3:1 ratio, correspondingrl' (TI,.Ch,?") (Ch= Se, Te)2and mixed TI'/TI' cubanoid
to Seg, Se, and Se. The least Sgintense resonance of the anions (TiSe*™ and TLSe*"),! with the thallium resonances
Tl;Se anion was not observed. The resonances at 274 andof the TI" anions being considerably more shielded than
113 ppm consist of a triplet:J("’Sg—20503T ) = 4146 those of the Tlanions (Figure 5 and Table 4). Figure 5 also
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Table 7. The Most Abundant Natural Abundance Isotopomers and suggesting that more of the anion charge is localized on the
Su_bspectra Comprising tH€5TI and 29°TI NMR Spectra of the BSe>~ terminal Se Iigands in the case of,'TBgf .
Anion [For footnotesa—c, refer to Table 5.] . o .
— The 2J(TI'=TI") coupling for TkSe® (4689 Hz) is
20571l 2087l multiplicity observed for the intermediate with respect to those ofF&* (6272 Hz) and
Tl 20Tl components of the subspectra 4 . . L
775 05" . in the TI" regiort Tl,Se* (3682 Hz} and is in accord with their similar
TSe '?ggtﬁ’ggfr geometries. Interestingly, th&)(TI"'—TI"") couplings in
X z environments abundance 205T] 2037] TI,Se®" (455 Hz), TkSe®~ (759 Hz), and TiSe®> (918 Hz)
3 0 02018 S ~ are all considerably smaller than in,$k* (1495 Hz).
' W " In the case of TSe*, the trendd(TI'-TI") > J(TI"—
20 0.3209  gzdT 2T
1o 0'1060 gz‘j;";lu S/;TT"I'.\. TI'"") is observed,and follows the valence s orbital popula-
' S, Sy, tions on the coupled centers, in qualitative agreement with
00 00148 - S the formalism for the Fermi contact contribution to the
31 Se 0.0166  gidll’ - J-coupling®?*The Fermi contact term is proportional to the
2 1 0.0208  g2dM" gl " gl product of the s electron densities at the nuclei of the coupled
11 00087 AT dﬂf? oo df;’{.. centers and is expected to make a major, if not dominant,
o1 00012  — T’ "% Slldl::;: S contribution to the coupling. As previously noted for the
' Sey Tl,Se* and TLSe*™ anions, the TTI couplings vary only
31 Se 0.0497 gldg';' - slightly with temperature and the nature of the solvent (Table
21 " 0.0416  gzql)' All Sl Ll 3)! _
11 0.0208 gz Ll e Al ThelJ(?%5TI—-""Se) couplings are larger than tA&(>°5T|—
0 1 00036 — s/ldg'”: Sg, y ) couplings and are consistent with higher bond
G
orders and shorter bond lengths for thé FiSq bond when
81 Se 0.0497  gidg, - compared with those of the HSey - and TI"'—Sa, 1 -
21 v 0.0207 P/l SLUWEIIN bonds.
2 1 0.0415 gzdg:::/ld;g/sd;g S/Zﬂ::::/ld;'e': Computational Results.There are a considerable number
11 0.0086 gzl /qll ] Al of group 13 analogues of the ;8&® anion, namely,
11 00173 gall"ndl! el el Al2Se® 2528 AlaTes® 22° GaSP %% GaSe® %
01 00036 — n GaTed %4 In,Se%,%5 In,Tes®, %8 and ThOg® 3738 Only one

1 T|I\I
Flse example other than theido-cubanoid anion, E5e°, has

been characterized, namehjido-In;Te>.

(a) Geometry Optimizations. All optimized geometries
for gas-phase anions are depicted in Figure 6, geometric
parameters for 55, [T1.Se® ][4Na’], Tl;Se®", and
TI;Se are listed in Table 8, and those for,$k* are
listed in Table 2 together with their experimental values. The
calculated vibrational frequencies and their symmetries are
given in Table S1.

(i) TI,Sef and [M,Che®7][4Na*] (M = Ga, In, Tl; Ch
= S, Se, Te)Optimization using>2, symmetry resulted in
a stationary point with all vibrational frequencies real. Both
Tl atoms are bonded to two terminal;%&d two bridging
Seg, atoms, with T+Se and THSe, bond lengths of 2.923
) and 2.901 A, respectively (Figure 6a). Although the gas-
phase geometry of 7$&° was fully optimized at the MP2

clearly shows, for each oxidation state, that one can also
differentiate between the coordination numbers of tHé TI
(4 or 3) and Tl (3 or 2) atoms, allowing unambiguous
assignments of the local geometries of' Tdnd TI (tetra-
hedral or trigonal planar) to be made. The @ahd TI"
shieldings increase with increasing coordination number as
observed for other main-group speciéh the present study,
it is clear that Tlin TIsSe®", which is more shielded than
TI"in TI,Se* and TLSe*", has a tetrahedral environment.
The similarity of the Tl chemical shift of TiSe® to those
of TI,Se* and TLSe* is in accord with their related
cubanoid geometries. The similar"Tichemical shifts of
TI,Sef, Tl:Se°, and ThSe®~ are consistent with structures
having comparable tetrahedral environments. Thallium(lll
in Tl,Se* is the most shielded lenvironment among the
anion series. The increased shielding may be attributed to

(23) Jameson, J. INultinuclear NMR Mason, J., Ed.; Plenum Press: New

the three Tlatoms which withdraw less electron density from York, 1987; Chapter 4, p 89.
the Se atoms that also bridge the single'Ttenter. ggg E_ople, JA; BSarllﬂtr)]{, D. FMZIZ PKhys.1“964 ?'9 é.l 167 141
. P 5— Isenmann, b.; Hotmann, . Krista ogr. f .
. AS. e.XpeCted' the .$ehem|cal shift in TiSe>" (63 ppm) (26) Eisenmann, B.; Hofmann, A&. Kristallogr. 1991, 197, 173.
is similar to that in TiSe® (113 ppm) because the (27) Eisenmann, B.; Hofmann, &. Kristallogr. 1991, 197, 139.
; ; ; ; (28) Eisenmann, B.; Hofmann, A. Kristallogr. 1991, 197, 157.
|mqu|ate, dlreCtly bc_)nded environment IOf the sem(s) (29) Eisenmann, B.; Hofmann, A. Kristallogr. 1991, 197, 253.
remains unchanged, i.e., one tetrahedrdl atom and the  (30) Eisenmann, B.; Hofmann, &. Kristallogr. 1991, 197, 143.
same net anion charge. This correlation has also been note(g%g E!Senmaﬂny g-; :Oima“ny g- EV!S:a::ng- iggi ig; ig;
. . 4— 4— Isenmann, b.; Hotmann, . Kristallogr. f .
for_ the Se Chem'ca_l shifts Of the -EB%I and_ TkSe; (33) Eisenmann, B.; Hofmann, &. Kristallogr. 1991, 197, 153.
anionst These terminal selenium chemical shifts are more (34) Eisenmann, B.; Hofmann, A. Kristallogr. 1991, 197, 145.
(35) Eisenmann, B.; Hofmann, A. Kristallogr. 1991, 197, 151.

deshielded than those of the,TB&°™ anion (103 ppm), (35 Wang. C.: Haushalter. R. org. Chem.1997 36, 3806,

(37) Hoppe, R.; Wagner, G.; Glaum, H. Znorg. Allg. Chem1987, 547,
(22) Mason, J. I'Multinuclear NMR Mason, J., Ed.; Plenum Press: New 188.
York, 1987; Chapter 3, pp 6667. (38) Wagner, G.; Hoppe, RNaturwissenschafteh987 74, 97.
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Figure 5. Shielding trends among Tand TI" chemical shifts in the TISé", TI,Se?, TI,Seb", TlsSe®", TlsSe ", Tl,Se*~, and ThkSe*~ anions.

level of theory to give a local minimum structure having lengths and bond angles are reproduced, e.g-3& < Tlp—

D2, symmetry, the bond length order T8 < TI—Se, Sg < Tlt—Sey < Tlt—Sa.

implied from theJ(?%5/20%T|-77Se) couplings and observed (iii) Tl 3Se°> and Tl;Se® . Optimization was started from
in the crystal structures of the isovalent@®h® anion§30-3% the previously MP2-optimize@,, structure of T)Se* ! by
was not reproduced. To investigate the effect of the anion removal of one Tt cation from itsclosecubanoid structure.
environments in the solid state for the series ofQ¥f~ The optimization resulted in aido-structure for TiSe>"
anions, the ion pairing was modeled using a simplified having Cs symmetry, which is a stationary point with all
approach in which four Naions were placed on th€,- frequencies real (Figure 6d). ForsBk°", a starting structure
symmetry axes of the anion close to the Se atoms, thuswas derived from the T6&*~ anion by exchanging one Tl
retaining theDzy, point symmetry for the ion-pair models for a TI" atom bonded to a terminal Se atom, thus forming
[M,Che-][4Na*]. This starting model is similar to, but of @ cubanoictloso Tl;,Se* anion from which, after optimiza-
higher symmetry than the anion and cation arrangements intion usingCs, symmetry, the Tlatom was removed. Final
their crystal structures. Calculated and experimental (whenfull optimization of nido-TlsSe*" under Cs, symmetry
available) bond lengths, bond angles, and energies for theresulted in a local minimum with all frequencies real (Figure
fully MP2-optimized structures are given in Table S2. The 6e). ]

ion-pair model, [TiSef][4Nat], is depicted in Figure 6b. (b) Natural Bond_ Orbital (NBO) Analyses. The NBO .
Inspection of Table S2 reveals that the optimized ion-pair analyses were carried oyt for the optimized structures using
models consistently reproduce the experimental bond lengthth® MP2 electron density. Natural charges, Mayer NAO
order for the bond lengths over the entire anion series andValencies (total atomic bond ordef8);** overlap-weighted

provide geometries that are in good agreement with the solid-NAO bond orders, and a summary of natural Lewis structures
state structures of the alkali metal salts. are given in Table S3. Data for previously reported Tl/Se

The station oints for the simolified ion-pair model aniong are also provided for comparison. Details of the NBO
stationary points - simpiified lon-pal €IS analyses for the calculated species are given in Table S4. In
underD2, symmetry have four imaginary low frequencies,

each case, the bonding is well described by two center-two
6— +
as sh_own for [HSe .][4Na ] (Table S1). Whep the lowest electron-bonded natural Lewis structures having less than
imaginary frequencies are followed, two Néons move

| he bridai h h . ‘ 1% non-Lewis electrons (Table S3).
closer to the bridging Ch atoms, as shown in Figure S4 for (i) TISes®. The high natural charge (0.997) on Tl is in

[M2Che®"][4Na], but the MChe®" skeletons do not change accord with the T oxidation state of TISE~ (Figure 6f).

significantly. Thus, the geometry, though a transition state, tha anion serves as a model for three-coordinate bonding

gives a more realistic representation of theSE®~ anion to TI" with one 7 and threes bonds. Thex bond is

in NH; solution than the structure of the gas-phasSaP™ comprised of four p orbitals, one from each atom of the

anion at 0 K. anion, with the three Se p orbitals that are parallel to the
(i) TI.Se* . Experimental and calculated MP2 bond three-fold axis of the anion, providing 96% of the electron

parameters are given in Table 2. Optimization was started occupancy (1.95 e) for the orbital. The Se atoms contribute

using the crystallographic coordinates. The experimefital ~ 77% of the NBOu bond population (1.84 e). The NAO FI

structure is slightly twisted and its optimization®K leads Se bond order (0.76) is higher than for a single bond

to the more symmetriy, structure (Figure 6¢), whichisa (typically <0.6, see Table S3).

local minimum, with all frequencies real and 9.2 kcal miol

lower in energy than that calculated for th@& anion Sgg mg:: :(T:E:g: Em’nﬁ ;itt%fgggaagé 237105'.

symmetry in the crystal. All observed trends among bond (41) Mayer, I.int. J. Quantum Chent.98§ 29, 73.
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Figure 6. Calculated geometries at the MP2/Stutt RCL ECP (2d) level and electron localization function (ELF) lobes (HF level for MP2 geometries) for
(a) TkSeb, (b) [TI.Sef [4Naf], (c) Tl.Se*, (d) TlsSe°, (e) ThSe, (f) TISes®, (g) TLSe?, (h) TlhSes—, (i) TlaSe*, (j) Tl4Se*~, and (k) TkSe;*~.
The symbol Tl denotes 'l and TI denotes Tl Monosynaptic (lone pair) ELF lobes are in blue and bisynaptic (bond pair) ELF lobes are in green.

(i) Tl ,.Se?". The thallium charge of 0.303 in this butterfly-  bond. It is interesting to note that the NBO analysis gives a
shaped anion (Figure 6g) is much lower than in FtSand bonding interaction between the Tl atoms+(1TI, 2.890 A)
a lone pair with a population of 1.95 e is assigned to the Tl with a bond order (0.13) that is mainly of s character. This
atom. Much of this lone pair (92%) comes from the valence interaction, together with the repulsion between the lone pairs
6s orbital of Tl. This indicates that the 6s atomic orbital is on each Tl and Se, gives rise to a butterfly-shaped, rather
almost fully occupied in accord with the Tdxidation state. than to a planar, 38&?~ anion. This bonding description is
The NAO TI-Se bond order (0.45) is normal for a single  similar to that proposed in a previous study using LDFT and
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Table 8. Calculated Geometriggor the TbSe’~ (D2n), [TI2Se?~][4Nat] (Dan), TlsSe®~ (Cy), TlsSe®~ (Cs,), TISe®~ (Dsp), and ThSe? (D2n) Anions

Tl,Sef~ [T1.Sef][4Na'] TlsSe> Tl3Se
Bond Lengths (A)
TI(1)—Se(1) 2.901 2.799 TI(BSe(1) 2.916 2.910
TI(1)—Se(2) 2.901 2.799 TI(BSe(2) 2.801 2.770
TI(1)—Se(3) 2.923 2.673 TI(DSe(3) 2.756 2.698
TI(1)—Se(4) 2.923 2.673 TI(DSe(4) 2.769 2.770
TI(2)—Se(1) 2.901 2.799 TI(DSe(1) 2.916 2.910
TI(2)—Se(2) 2.901 2.799 TI(2)Se(2) 2.801 2.770
TI(2)—Se(5) 2.923 2.673 TI(2)Se(5) 2.756 2.698
TI(2)—Se(6) 2.923 2.673 TI(2)Se(6) 2.769 2.770
TI(3)—Se(1) 3.031 2.910
TI(3)—Se(4) 3.078 2.770
TI(3)—Se(6) 3.078 2.770
TI(3)—Se(7) 2.698
TI(L)...TI(2) 4.291 4.292 TI(1)...TI(2) 4.053 3.934
TI(L)...TI(3) 4.093 3.934
TI(2)...TI(3) 4.093 3.934
Bond Angles (deg)
Se(1)-TI(1)—Se(2) 84.6 79.9 Se(dTI(1)—Se(2) 88.4 90.4
Se(1)-TI(1)—Se(3) 117.4 116.0 Se(@)I(1)—Se(3) 123.3 126.1
Se(1)-TI(1)—Se(4) 117.4 116.0 Se(@Jl(1)—Se(4) 94.6 90.4
Se(1)-TI(2)—Se(2) 84.6 79.9 Se(2)TI(1)—Se(3) 116.8 116.1
Se(1)-TI(2)—Se(5) 117.4 116.0 Se(2)1(1)—Se(4) 113.6 113.3
Se(1)-TI(2)—Se(6) 117.4 116.0 Se(3)1(1)—Se(4) 115.8 116.1
Se(2)-TI(1)-Se(3) 117.4 116.0 Se(@Y1(2)—Se(2) 88.4 90.4
Se(2)-TI(1)—Se(4) 117.4 116.0 Se(Jl(2)—Se(5) 123.3 126.1
Se(2)-TI(2)-Se(5) 117.4 116.0 Se(®J1(2)—Se(6) 94.6 90.4
Se(2)-TI(2)—Se(6) 117.4 116.0 Se@2)1(2)—Se(5) 116.8 116.1
Se(3)-TI(1)—Se(4) 102.9 110.3 Se(2)1(2)—Se(6) 113.6 113.3
Se(5)-TI(2)—Se(6) 102.9 110.3 Se(5)1(2)—Se(6) 115.8 116.1
TI(1)—Se(1)-TI(2) 95.4 100.1 Se(BTI(3)—Se(4) 86.3 90.4
TI(1)—Se(2)-TI(2) 95.4 100.1 Se(HTI(3)—Se(6) 86.3 90.4
Se(1)y-TI(3)—Se(7) 126.1
Se(4)-TI(3)—Se(6) 114.3 113.3
Se(4)-TI(3)—Se(7) 116.1
Se(6)-TI(3)—Se(7) 116.1
TI(1)=Se(1)-TI(2) 88.0 85.0
TI(1)—Se(1)-TI(3) 86.9 85.0
TI(2)—Se(1)-TI(3) 86.9 85.0
TI(1)—Se(4)-TI(3) 88.7 90.5
TI(1)—Se(2)-TI(2) 92.7 90.5
TI(2)—Se(6)-TI(3) 88.7 90.5
TISel~ TI,Se?”
Bond Lengths (A)
TI-Se 2.673 2.890
Bond Angles (deg)
Se-TI-Se 120 96.2
TI—Se-TI 81.3

a Geometries were calculated at the MP2 level using the Stutt RLC ECP (2d) basis sets.

NLDFT methods which gave a comparable-1Tl bond and 1.79 (terminal bonds). The greatest contribution to
order (0.13-0.16)2 bonding orbitals comes from the Se orbitals (&7%).
(iii) TI ;Se’". Gas-Phase T4Se® . The natural charge for lon Pair Model, [Tl ;Sef ][4Na*]. The positive charges

the TI" atoms is 1.02, leaving each terminal Se atom with on the TI" atoms increase from 1.02 to 1.14, and the negative
a charge of-1.47 and the bridging Se atoms with a charge charges on the Se atoms decrease frein47 to —1.31

of —1.09. The high valencies (2.25) of the'Thatoms are (terminal) and increase from1.09 to—1.29 (bridging) when
consistent with four single polar-covalent bonds having bond compared with the values for the isolated gas-phase anion.
orders of 0.52 for the bridging Se atoms and 0.57 for the Thus, addition of positive ions renders the overall bonding
terminal Se atoms. There are small repulsive interactions of TI,Se®f slightly more ionic. The NBO natural charges
among the Se atoms, with bond orders-€3.08 between  on both “terminal” Na ions (0.86) and “bridging” Naions

the two bridging Se atoms;-0.08 between the pair of  (0.90) are significantly less than unit charges as a result of
terminal Se atoms attached to the same TI, aid04 for charge transfer from the terminal Se atoms to thé ddions.

all the other Se-Se interactions. Although the "Tlatoms The valencies of Tl (2.51) are higher in this model than
are 4.291 A apart, the interaction between them is slightly in the gas-phase anion (2.25). Four polat$k single bonds
bonding, with a bond order of 0.07. All eight bonding orbitals have bond orders of 0.47 for the bridging Se atoms and 0.73
have high electron populations, i.e., 1.82 (bridging bonds) for the terminal Se atoms. The interaction between Tl atoms,
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now 4.292 A apart, is decreased from a bond order of 0.07 higher than those of the bridging (0.95) and terminal (0.63)
to 0.03. Repulsive interactions between Se atoms are reducedelenium atoms.

to almost zero because of the presence of Mas. The (vi) TI,Se*: Crystal Symmetry, Ci. The four TI'" atoms
NAO analysis of this ion-pair model also assigns significant gain most of their electron density from the bridging Se
bond orders between adjacent'Nans and the bridging Se  atoms;, resulting in natural charges of 1.00. The terminal Se
atoms (0.24) and between adjacent Nans and the terminal  atoms have the most negative natural chargek 18) and

Se atoms (0.19), in accord with their reduced positive and ipe two central bridging Se atoms are less negativ@44).

negative chgrges. ) o ) ) The high valencies of the flatoms (2.81 for the central
“The bonding orbitals of the anion in the ion-pair have 1y atoms; 2.45 for the terminal Tl atoms) are consistent with
higher electron populations (1.93, bridging bonds and 1.90, foyr honds to each TI. Single bonds between the central Tl
terminal bonds) when compared with the free gas-phase g the bridging Se atoms (bond order, 6:6970) satisfy
anion values (1.82 and 1.79, respectively). The Se contribu-yis hond count, but for the terminal Tl atoms, at least one

tion to bonding orbitals is less pronounced for the terminal ¢, al double bond to a terminal Se atom (bond order, 0.92)
bonds (76%), but remains at the same level (87%) for the g 1o ired to achieve the four bond count. The double bond

bridging bonds in the ion pair. The a_ddition of Néao_ns is further supported by the high valencies (0.83) of the
fjrawhs ekl)ect:jon ((jjens%lty togvegr;j th%t%mlnsl Se at(?]msbmgr(_eas—terminal Se atoms and by the high bond orders (0.92)
Ing the bond order from 0.57to 0.73, whereas the bri 9IN9 hetween the terminal Se and Tl atoms. For this reason, a 16
bond order decreases from 0.52 to 0.47. Thus, the termlnaIBF,_16 LP natural Lewis structure with terminal T8e
Eonds become rlnore covalent while the bridging bonds double bonds was also considered. The description of the
e(_:ome mo:f polar. | formal bonding is only marginally different, with 0.74% of
(iv) TIsSe®". The natural charge for the two'Tlatoms o ewis type electrons (compared to 0.67% of non-Lewis

bonded to terminal Se atoms is 1.01, leaving each terminalyy e glecirons for the 14 BPLS LP natural Lewis structure).
Se atom with a charge 6f1.38. The unique Tlatom does T1,Se* Optimized Dy Symmetry. The four TI" atoms

not have a terminal Se atom bonded to it and has a .

. .. have natural charges of 1.00. The terminal Se atoms have
correspondingly lower natural charge (0.27), which is .

: . . , the most negative natural chargel(.18), whereas the two
consistent with Tl The Sg' atoms, which bridge the s :
and Tl atoms, both have charges ofl.21. The Sgatoms central brldglng_S_e a‘OT“S are the least negati@ $2). Al
bridging the two TI' atoms and the unigue three-coordinate four of the remaining bridge Se atoms have charges(bgs..
Se,- atom each have charges ofL.05. Although the natural charges are the same as those in the
crystal structure, the valencies on all atoms are lower. This

Wi:;]hfe h'rgh \1alrenc\|/es| ?tb;tgglaéomi (255%]) dar(? dcornsw;tgnSt? indicates that the covalent bonding is overall stronger in the
our pofar covaient bonds having bond orders ot v. calculated C; conformation (coordinates taken from the

and 0.60 to the bridging Se(2) and Se(4)/Se(6) atoms, . . .
: : experimental crystal structure) than in the gas-phase opti-
respectively. The T atoms bonded to two terminal Se atoms . .
mized D,, conformation.

possess bond orders of 0.71 and are the most covalent bonds .
in this anion. The Tlatom has a valency of 1.28, consistent e TI" atom valencies are lower (2.65 on the central Tl
with less bonding. The natural Lewis structure assigns one 2{0ms and 2.36 on the terminal Tl atoms) than in the crystal
lone pair to the Tlatom, so that only three bonds are formed Structure, but are still consistent with four bonds to each Tl
with Se(1) (bond order, 0.37) and with Se(4)/Se(6) (bond atom. The double bond is diminished and this is reflected in
order, 0.36). The Se(1) atom, with three bonds, one to eachthe slightly lower valencies (0.79) of the terminal Se atoms
Tl atom, has a higher valency (1.03) than the other Se atoms,and by the lower bond orders (0.87) between the terminal
i.e., 0.91 and 0.80 for bridging Se atoms having two bonds Se and Tl, leading to less double bond character.
and 0.58 for terminal Se atoms having three valence electron An alternative 16 BP-16 LP natural Lewis structure with
lone pairs and one bond. The lower bond order (0.37) terminal double bonds was also considered for this symmetry.
between the Se(1) and the @tom is reflected in its longer  The description of the formal bonding is only marginally
bond length (3.031 A) when compared with the higher bond better, with 0.76% electrons of the non-Lewis type (compared
orders (0.45) and shorter bond lengths (2.916 A) betweento 0.90% non-Lewis type electrons for 14 B8 LP Lewis
the Se(1) and the Tl atoms. structure). However, assignment of double bonds to the
(v) TIsSe® . The three TI' atoms of this anion have a terminal TI—Se bonds breaks the symmetry of thé T6&,
natural charge of 1.01 and each terminal Se atom has a chargéridge bonds, which may explain why the symmetry is
of —1.33. The three bridging Se atoms each have a chargelowered fromDz, to Ci in the solid state.
of —1.03 and the unique $e&bonded to all three Tl atoms (c) Electron Localization Function (ELF) Analyses.
has a natural charge 6f0.95. Electron localization function monosynaptic (lone-pair) and
The high valency of each 1 (2.61) is consistent with  bisynaptic (bond-pair) lobes for BeS~, [TI,Sef ][4Na'],
three polar single bonds with bond orders of 0.59 to the Tl.Se*", TlsSe®>, and TkSe® are depicted in Figure 6.
bridging Se atoms and 0.75 to the terminal Se atoms. TheDetails of the ELF analysis are given in Table S5. The
Se(1) atom is equivalently bonded to all thred' Htoms, previously described TISE 22 Tl,.Se?" 22 Tl,Set ! Tl,Se .
with bond orders of 0.46, and has a valency (1.09) that is TlsSe®",* and TLSe*" ! anions were also analyzed to provide
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a more complete overview of the topologies of the electron methods are complementary and show thdt-T5e bonds
pairs in these closely related systems and are also given inare more covalent than HSe bonds. When Tl is in the 1l
Figure 6. oxidation state, a lone pair assigned by NBO as an almost
No core basins are shown because Stuttgart pseudopotenpure 6s valence orbital is clearly seen as a large spherical
tial basis sets were used. In all species studied, theafdims basin lobe in ELF representations, whereas the lone pair is
are connected to Se atoms by V(TI,Se) bond basins whichabsent for TI'. Thus, assignment of the formal and+3
are delocalizedi( > 0.5) in accord with the single-bonded oOxidation states of the Tl atoms in Tl/Se anions based on
NBO Lewis structures discussed above. For @l mono- experimental findingg can be readily confirmed by use of
synaptic V(TI) basin having a population of 2:28.43 ELF or NBO calculations.
electrons and almost constant volume is shown to correspond _ _
to the occupied 6s orbital on TBridging selenium atoms  Experimental Section
tsrl:ovg mgngsypap'qc Ione—pdalr btaSItrf;; \|\1$38(§) that ove{'lap with Apparatus and Materials. All compounds employed were air
€ bon asoms In accord wi 3 compositions sensitive; consequently, all manipulations were performed under
where 86-90% of the electron population comes from Se  (jgorously anhydrous conditions and in the absence of oxygen on

(Table S3). a glass vacuum line and in a two-station nitrogen-atmosphere
In TISe;®", there is no lone-pair basin, as expected for a drybox as previously describéd.
TI"" atom. Strong polar, but rather covalent-Be bonding Sodium metal (BDH Chemicals, 99.8%) was cleaned as previ-

is shown as a bond basin with a rather large volume (85.3). ously described,and freshly cut samples were only handled in a
On the other hand, a large lone-pair basin volume (416) on drybox. Thallium rods (Alfa Inorganics, 99%), selenium shot (Alfa
TI' in TI,Se?~ and very small T+Se bonding basin (7.39) Inorganics, 99.9%), and 2,2,2-crypt (1,10-diaza-4,7,13,16,21,24-
clearly illustrate the more ionic bonding characteristics of hexaoxabicyclo[8.8.8]nexacosane; Merck, 99%) were dried in the
TI' when compared with . Thus, ELF basin lobe evacuated port of a drybox for a minimum of 45 min followed by_
presentations provide an easy way to confirm the oxidation exposure to the atmosphere of the drybox for at least 2 days prior

tat f Tl at in th TS - hich . to use. The oxide layer on the thallium rod was shaved off with a
states o .a oms n (_ese € anions, which are in scalpel inside a drybox prior to use. The ligand 18-crown-6
agreement with the experiment.

(1,4,7,10,13,16-hexaoxacyclooctadecane, Aldrich) was recrystallized
The TkSe® and [TLSe® ][4Na’] ELF basin lobe shapes  twice from freshly distilled acetonitrile (Fisher Scientific Co.) and

are very similar. The positive Nacations, however, attract  then vacuum distilled<0.1 Torr) at 115°C. The ligand was then

Se atom lone pairs so that they are drawn toward the cationsiransferred and stored inside a drybox.

Although the population analysis tends to assign some All solvents were thoroughly dried, transferred by vacuum

bonding character to Se lone-pair basins, no separate bondlistillation, and stored in round-bottom flasks equipped with glass/

basins are visible between Nand the Se ligands. Teflon stopcocks (J. Young). Ethylenediamine (Fisher Scientific
For TL:Se*", the terminal V(T1,S¢ basins show somewhat Co., 99%), ethylamine (Aldrich, 99%), and tetrahydrofuran (Aldrich,

larger volumes (101.8) and higher populations (1.63) than 99.9%) were initially dried over Catpowder (BDH Chemicals,

. o . 99.5%) and sodium (BDH Chemicals, 99.8%), respectively, for
the singly bonded bridging basins (66.77.1 and 1.44 several weeks and then vacuum distilled onto, and stored over the

1.54), suggesting a stronger terminal bond. A structure With game byt fresh, drying agent for at least an additional week prior
termmal dOUb!e .bon'ds was also ShOV_Vn to pe alp|au~°j'b|eto use. Anhydrous ammonia (Matheson, 99.99%) was condensed
bonding description in the NBO analysis of this anion (vide from a gas cylinder at-78 °C into a previously dried tube

supra). containing freshly cut sodium metal and was storee &8 °C for
at least one week prior to use. Dimethylformamide (BDH Chemi-
Conclusions cals, 99%) was dried over molecular sieves (3 A, Fisher Scientific)

_ which were activated by heating overnight under dynamic vacuum
The new TiSed, TIgSg;f’*, _and TI;_Se,5* anions were  at ca. 250°C.

unambiguously characterized in solution#f1, 2°Tl, and Preparation of NaTlSe and NaThsSe. The NaTISe and
""Se NMR spectroscopy at their natural-abundance levels and\aTl, sSe alloys were prepared as previously descAlbgdusion
their structures confirmed by full simulations and complete of the elements in the required molar ratios inside a thick-walled
assignments of their isotopomeri¢Se, 2°°Tl, and 2°5T| Pyrex tube. The following amounts were used. NaTISe: Na, 0.2470
subspectra. The 7$e* and [TLSe? |1 anions were iso- g, 10.744 mmol; T, 2.1059 g, 10.304 mmol; Se, 0.8164 g, 10.339
lated in the solid state as their [2,2,2-crypt-Najalts and ~ mmol. NaThsSe: Na, 0.3146 g, 13.684 mmol; Tl, 1.3392 g, 6.553
structurally characterized by X-ray crystallography. The _mmol_; Se, 1.0415 9, 1_3.190 mmol. The resulting alloys were ground
structures of the F5e5 and TkSes~ anions are formally Mo fine powders inside a drybox. _
derived from the nido, cube-shaped3#& cage and contain Preparation of the TI,;S&°", TlsS&°", and TlsSe°~ Solutions
two and three exocyclic seleniums, respectively, bonded to 1" NMR Spectroscopy. The anlon_solutlons were prepared by
TI" centers, while the TSef, Tl.Se4, and TkSe? anions extracting NaTISe in en or en/THF in the presence of an excess of

. . . ) 2,2,2-crypt with respect to Naand by extracting NaTISe and
are chains derived from Se-bridged.S& rings. The NaTlysSe in the absence of 2,2,2-crypt in liquid BiH he resulting

geometries of the $8&®", TlsSe®, TlsSe”, and ThSe* red—orange (NaTISe) and deep red (NaPBe) solutions were

anions have been shown to be energy minimized structureSsolated for NMR spectroscopy as previously described. The
in which the bonding is well described in terms of two center- following quantities of reagents were used to prepare the alloy
two electron bonds. Bonding analyses using NBO and ELF extracts: for extraction in en or en/THF, NaTISe: 0.1495 g, 0.488
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mmol; 2,2,2-crypt: 0.2004 g, 0.532 mmol; for extraction in )\H A bulk crystalline sample was recovered inside the glovebag and
NaTlSe [NaTysSe]: 0.5514 [0.3594] g, 1.800 [1.757] mmol. was deposited in a Petri dish containing perfluorodecaline. The Petri
NMR Spectroscopy. The 203TI and 295TI NMR spectra were dish was then removed from the glovebag and was placed under a
recorded on a Bruker AC-200 (4.698 T) pulse spectrometer by Stereo-zoom microscope located less than 60 cm away from the
inserting a 10-mm Bruker AC-300 broad-band probe (13-:968 diffractometer. Suitable single crystals were selected from the
121.497 MHz) into an AC-200 (4.698 T) cryomagnet. TH8e perfluorodecaline by using glass fibers which were coated at one
NMR spectra were recorded on a Bruker AC-200 (4.698 T) end with Apiezon H grease (Apiezon Products, Manchester,
(NaTISe: 0°C, en) and the AM-500 (11.744 T) (NaTlSe52 England) and which had already been attached at the other end to
and—74°C, NHs; NaTlpsSe: —68 °C, NHs) pulse spectrometers. the goniometer head of the diffractometer. Once the crystals were
Spectra were routinely obtained without locking (field drift0.1 attached to the glass fibers, they were immediately mounted on
Hz hrY) using 10-mm probes broad banded over the frequency the diffractometer within a stream of cold nitrogen gas-ai00
ranges 9-81 (4.698 T) and 23202 (11.744 T) MHz. The observed °C.
spectrometer frequencies were 95.38%¢), 114.320%3TI), and Collection and Reduction of X-ray Data. Crystal data were
115.447 {95Tl) MHz (4.698 T), and 95.383 MHz'(Se) (11.744 collected on a Stoe imaging plate diffractometer system equipped
T). Free-induction decays were typically accumulated in 16 or 32 With a single-circle goniometer and a graphite monochromator.
K memories. Spectral width settings of 2500 kHz were Molybdenum radiation( = 0.71073 A) was used.
employed, yielding resolutions of 3.6%.10 Hz/data point and Solution and Refinement of the Structures.All calculations
acquisition times of 0.3280.164 s, respectively. A relaxation delay ~were performed using the SHELXTL-Plus pack&ger structure
of 1.00 s was applied in the case’ébe. Typically, 10 006100 000 determination, refinement, and molecular graphics. The XPREP
transients were accumulated depending on the concentrations angbrogrant? was used to confirm the unit-cell dimensions and the
sensitivities of the nuclides under study. Pulse-width settings crystal lattices. A solution was obtained by using conventional direct
corresponding to a bulk magnetization tip angle-&0° were 10.0 methods which located the general and/or special positions of the
(295Tl), 10.0 ("Se, 11.744 T), and 20.6%TI) us. Line broadening ~ main-group and alkali-metal atoms. The full-matrix least-squares
parameters used in the exponential multiplication of the free refinement of the positions and isotropic thermal parameters of the
induction decays were 20 Hz for narrow lines and 100 Hz for ~ assigned atoms located the general and/or special positions of the
broad lines. To enhance the resolution of some satellite peaks inC, N, and O atoms of the 2,2,2-crypt-Neations. Ethylenediamine
the 205T| and 2°3T| NMR spectra and determine thkcouplings, solvent molecules were assigned after the atoms of the anions and
the corresponding free-induction decays were transformed with the cations were refined with anisotropic displacement parameters and
use of Gaussian line shapes rather than the conventional Lorentziargny disorder was satisfactorily modeled. The occupancy for the
line shapes. For the Gaussian line shapes, broadening factorglisordered solvent molecules was refined (60:40). Crystallographi-
between 0.1 and 0.5 and the negative of the line-broadening cally well-behaved and disordered solvent molecules could also
parameters used for Lorentzian line shapes were employed.be refined with anisotropic thermal parameters. Hydrogen-atom
Variable-temperature spectra were recorded using the variable-Positions were calculatedi(C—H) = 0.96 A,d(O—H) = 0.82 A,
temperature controllers of the spectrometers, and temperaturel(N—H) = 0.96 A), andU(H) was fixed to—1.2 x U(C), U(O),
(accurate tak1.0°C and stable to withir=0.10°C) were checked or U(N). During the final stages of the refinement, all reflections
by placing a copperconstantan thermocouple into the sample With F> < —20(F?) were suppressed and weighting factors

region of the probe. Samples were allowed to equilibrate for at recommended by the refinement program were introduced. The
least 5 min while spinning before spectral accumulations were Maximum electron densities in the final difference maps were

begun. located around the anions.
The 7Se. 293T| and 205T| chemical shifts were referenced Calculations. The ab initio molecular orbital calculations were

externally to neat samples of (GHSe and 0.1 M aqueous TINO performed at the MgllerPlesset perturbation correction for electron

at 24°C. According to the chemical shift convention used, a positive CO''elation to the second-order (MP2) level of theory as imple-
(negative) shift signified a chemical shift to high (low) frequency Mented in the Gaussian 98 prograhtuttgart semi-relativistic
of the reference sample. large core and effective core pseudopotential basis sets of the

Simulation of NMR Spectra. The293T| and2°5T| NMR spectra g_?usesIaglgﬁzgt?gga%ic(iagﬂl kﬁﬁgﬁ%}a\zz?:"ﬁledd f\(/)vrltt;”two
of the TbSe®~, Tl;Se®~, and TESe ™ anions were simulated as ype p y

described previously using the computer program ISOTOPORIER. calculated species. The geometries were fully optimized at the MP2

Crystal Growth of [2,2,2-c!’ypt-Na]4[T| sSej-en and [2,2,2- (42) Sheldrick, G. MSHELXTL-Plus, release 4.21/\Biemens Analytical
crypt-NaJ [Tl ,Sej]-en. Extraction of NaTdsSe (0.0540 g, 0.264 X-ray Instruments Inc.: Madison, WI, 1993.

mmol) in en in the presence of an equimolar mixture of 18-crown-6 (43) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

_ M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
(0.0388 g, 0.147 mmol) and 2,2,2-crypt (0.0524 g, 0.139 mmol) Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,

with respect to Nagave rise to a deep resrange solution. Vapor A. D.: Kudin, K. N.: Strain, M. C.; Farkas, O.: Tomasi, J.; Barone,
diffusion of THF into the en extract (1:3 v/v) over a period of V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
several days resulted in the formation of orange plates of [2,2,2-  Clifford, S.; Ochterski, J Petersson, G. A.; Ayala, P. Y.; Cui, Q.
1 Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
crypt-Nap[TlSe],-en (0.10x 0.15 x 0.22 mnf) and orange A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
cubes of [2,2,2-crypt-Na[Tl,Seg]-en (0.05x 0.05 x 0.05 mn3). V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

Crystal Isolation and Mounting. The crystals degraded rapidly Zﬁé‘?{;ﬁ“’{;‘ b AI\';. gg%pegsye';\,gﬂfggi(&r;; K (.»a%”‘;éoKrﬁgg’ -,I\-,I

under dynamic vacuum, indicating that solvent loss from the crystal Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
lattices had occurred, and consequently, were subsequently ma- Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A,
; [ ; ; Gaussian 98revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
n!pulated inside a_glovebag, located _near the imaging plate of the (44) Huzinaga, S.: Andzelm, J.: Klobukowski. M.; Radzio-Andzelm, E.:
diffractometer, which had been previously flushed for three days Sakai, Y.; Tatewaki, HGaussian Basis Sets for Molecular Calcula-

with dry argon and then filled with argon. tions Physical Science Data 16; Elsevier: Amsterdam, 1984.

=z
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level using analytical gradient methods. The natural bond orbital of a graduate scholarship to A.M.P. We gratefully acknowl-
(NBO) analysis was conducted using the program NBO, version edge Prof. Arndt Simon, Max-Planck-Institut, Stuttgart, for
3.1/ as implemented in the Gaussian 98 program packagbe making the Stoe imaging plate diffractometer system avail-

ilvi— irf+6,47 i i i i . . i
Silvi —Savirf®#"approach to chemical bonding, which is based on 5110 ‘The yse of computer facilities at the Finnish IT Center
a topological analysis of the gradient field of the electron localiza- . .
for Science is also gratefully acknowledged.

tion function (ELF) of Becke and EdgecomBfewas carried out
using the TopMod program packatfeFurther details of ELF

analysis have been given earif#! Supporting Information Available: Packing of [2,2,2-crypt-

Na],[Tl,Se]i-en along theb-axis (Figure S1).2°5T| and 203T]
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