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Notes

Synthesis and X-ray Crystal Structure of The synthetic method used here to produce BbTibe direct
K4PbTes2(en) reduction of an alloy with potassium in ethylenediamine (en),
is perhaps not as common as other methods used to prepare
polytellurides. High-temperature fusion of the elements, solvent
extraction of alloy phases, electrochemical methods, and sol-
ventothermal techniques are often used. However, the reduction
Department of Chemistry, Cornell University, technique is the oldest technique used to prepare Zintl anions

Ithaca, New York 14853, and NEC Research Institute, @nd was in use over 100 years ago, in liquid ammonia solutions,

4 Independence Way, Princeton, New Jersey 08540 0 synthesize the first sodium lead compounds with homopoly-
atomic lead Zintl anions! More recently, this method has been

Receied July 18, 1997 used in ammonia with the addition of an encapsulating ligfa¥d
’ and in room temperatu¥eand refluxing* ethylenediamine to
synthesize crystals with binary main-group telluride anions.
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Introduction

The chemistry of polytelluride anions is an active area of Experimental Section

research and, for the most part, the binary main-group telluride  General. Al reactions and manipulations were performed with the
anions have been well explorédFor example, the following careful exclusion of air and water in a high purity helium atmosphere
discrete tin telluride anions have been structurally characterized (unless otherwise noted). Starting materials included: potassium metal
by single-crystal X-ray diffraction: [SnT#&],% [SnpTe ]2 (Cerac, 99.95%), lead shot (Cerac, 99.999%), tellurium -20 mesh
[SrpTes* 1,4 [SmTes? ],® [HOSNTe? ].6 The SnTe* anion powder (Cerac, 99.5%), and ethylenediamine (Aldrich, 99.5%). The
has also been observed by solution NMR, but it has never beenethylenediamine was dried over CaHdistilled, reacted with kS,
isolated in the solid stafe. There are also more complex one- and distilled again to ensure purity. This procedure has been described

dimensional chain anions in the tin tellurium system such as Previously:® _ ”
[SnTe2]” in CsSnTa and [SnT& |8 in K,SnTe. In the Synthesis. An alloy, of nominal composition PbFewas prepared
above Zintl anions the tin can be found in b.oth thet from the direct fusion of stoichiometric amounts of lead and tellurium

f d @2 (SnTel- onl idati Movi in a silica tube under a high-purity argon atmosphere. This alloy was
(preferred) andt2 (SpTes*” only) oxidation states. Moving  powdered, using an agate mortar and pestle, and 0.75 g (1.6 mmole)
down group 14, one finds that the lead telluride system is not was added to 9.0 g (approximately 10 mL) of ethylenediamine. While
as structurally rich with only the discrete [Fes?"]%° anion this solution was stirred with a Teflon-coated stir bar, 0.13 g (3.3
being known from single-crystal X-ray diffraction. ThePb?~ mmole) of freshly cut potassium was added. This mixture was stirred
anion has a flattened trigonal bipyramidal structure with the for 24 h, after which the brown solution was filtered to remove any
lead atoms in the axial positions. This anion has also been remaining solid. Approximately 1.5 mL of this solution was then
observed in NMR with various substitutions: PbSgTe allowed to sit in a capped vial for several weeks. After this time, several
PhSe?, PhSeTe, PhhSeTe?, and PhSSeTé& 5 Since small silver columnar crystals had formed on the vial walls. Selected
lead prefers the-2 oxidation state in these conditions instead C'YStals were analyzed with standardless energy-dispersive X-ray

. . . analysis (Hitachi S-2700 SEM wittMIX'¢ software) to give atomic
of the +4 state, one might expect different anions to be stable ratios of 4:1:3.7 for K:Pb:Te (averaged over 10 runs with 100 s of

in comparison to tin. Indeed, we now report the new lead cgjiection time per run). This ratio is in good agreement with the

telluride anion PbTg~ structurally similar to the Pies*” stoichiometry observed from the crystallography considering the
anion, but with one of the lead atoms absent. analysis was standardless and performed on crystals not specifically
prepared for electron microprobe analysis due to their air-sensitive

T Cornell University. nature. This reaction was reproducible, and crystals with similar color,
#NEC Research Institute. habit, and composition (by electron microprobe) were also found in

$ Present address: Symyx Technologies, 3100 Central Expressway, Santaq \nfiltered reaction mixture. Slow solvent evaporation by only
Clara, CA 95051. '
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Table 1. Crystallographic Data for lPbTe-2(en) ® Pb OK b
empirical formula KPbTe-2(CHsN2) .
fw 866.59 g/mole © Te CN ;
unit cell parameters a=9.044(2) A C
b=9.325(3) A
c=13.986(5) A
o =71.21(2)
B =82.77(2y
y = 65.69(2)
unit cell volume V=1017.6(6) B
space group P1 (No. 2)
formula units per unit cell Z=2
calculated density 2.83 g/ém
temperature 22C
radiation Mo Ko (A = 0.710 69 A)
absorption coefficient u=13.33 mnT!
R(Fo),? Ry(Fo)® 0.038, 0.043

AR(Fo) = YIIFol — IFcl/YIFol. ®Ru(Fo) = {IW(IFol — [Fcl)?
SWFA Y2 w = 1/6%(Fo).

Table 2. Atomic Coordinates and Thermal Parameters for the
Heavy Atoms

atom X y z B (A2)

Pb(1) 0.788 10(5) 0.321 89(6) 0.765 31(4) 3.70(1)

Te(1)  0.590 14(8) 0.21620(9) ~ 0.93936(6)  3.68(2)  Fjgure 1. Unit cell of KsPbTe-2(en) shown down tha axis (some
$ggg (1)8;3 %8; _0%3343??1(85 007-357587(%()6) 3392(22()2) atoms, including the some of the split nitrogen atoms on the ethylene-
K(D) 0 0 0 1.79(6) diamine molecules, have been removed for clarity).

K(2) 0.734 9(3) 0.402 8(3) 1.084 8(2) 4.91(7) g . . . "

K(3) 0.3333(3) 0.115 7(3) 0.8154 (2) 5.02(7) Information!® No hlghe_r lattice symmetry or missed additional
K(4) 0.7627(3) —0.179 6(3) 0.896 0(2) 4.47(7) symmetry was found using tHeLATON?® software package.

K(5) 0 0 0.5 12.7(3)

Results and Discussion
a Beq = 8/37'[2(U11(aa*)2 + U22(bb*)2 + U33(CC*) 24 2U1aa* bb* cos

y + 2Ugzaa*cc* cos B + 2Uqbb*ccr cos o). The details from the crystallographic study ofRoTe:

2(en) are summarized in Tabl , while Table 2 gives the final
glass capillary. X-ray intensity data were collected at room temperature atomic coordinates and equivalent isotropic thermal parameters
on a Rigaku AFC7R automatic four-circle diffractometer with graphite  for all the heavy atoms. The unit cell packing down ghaxis
monochromated Mo K radiation and a rotating anode generator (50 s shown in Figure 1 and illustrates the division between the
kv a_nd 250 mA). Cell constan_ts ar_1d an orientation matrix were inorganic and organic components of the compound. The
gbtalnelcli from 19 centergdfreﬂectlonfs in the range 1‘?].:933}19)' The trigonal pyramidal PbT#~ anions and four of the five crys-
ata collection consisted of scans of (1#2.35 tanf)® in the range tallographically distinct K atoms form a “layer” in thee-b plane

5 < 26 < 50° which were made using the—26 scan technique at a the t i . d v h b th -
speed of 16.9min (in w). Of the 3223 reflections collected, 2983 (the term “layer” is used loosely here because there is no

were unique R = 0.023) and three standard reflections were measured covalent bonding holding these discrete units together). These
every 150 reflections. The standards decreased by 8.7% over the coursédyers are bridged by the K(5) atoms and the ethylenediamine

of the data collection and a linear correction factor was applied to the molecules.
data. Corrections were made for Lorentz and polarization effects, and Of the potassium atoms in the layer, the K(1) atom has a

an empirical absorption correction based prscan data was also
applied.

The structure was solved by direct methods and refinedr doy
full-matrix least-squares using theXsand’ crystallographic software

package. All the Pb, Te, and K atoms were refined with anisotropic
thermal parameters. The ethylenediamine molecules, although easily

located, were quite disordered, and thus theGCand C-N bond

lengths were restrained to 1.54 and 1.45 A, respectively. One of the
ethylenediamine molecules was refined with split nitrogen positions fange

relatively small equivalent isotropic thermal parameter. The
maximum electron density on the final difference Fourier map
(1.23 €/A3) is also only 0.569 A from this K(1) position. This
might be best explained by looking at the high coordination
around K(1). As shown in Figure 2, K(1) lies in the capping
position of two trigonal pyramidal PbE& anions and is thus
coordinated to six tellurium atoms. The K{Je distances
from 3.473(1) to 3.638(1) A and are a little shorter (on

with occupancy ratios set to achieve reasonable isotropic thermal average) than the reported values observedTeq3.535 A]2°
parameters. No suitable disorder model could be obtained for the KAuTe [3.623(1) A]2! and KsInsTes-4(en) [range 3.523(3)
second ethylenediamine, and thus while the C and N positional 3.966(3) A]22 The K(1)-Pb distance is 3.7361(8) A. The K(1)
parameters were refined, their isotropic thermal parameters were fixed gtom is also surrounded by six other potassium atoms [K(2),
(to vaIue; S|.m|Iar to tho;g of the C and N atoms of the other K(3), K(4)] that have close contact to only four [K(3)] or five
ethylenediamine). The positions of the hydrogen atoms were calculated[K(Z)’ K(4)] tellurium atoms with distances that range from

at the end of the refinement (but not included in the refinement). The
final least-squares refinement was based on 2089 observed reflection

[I' > 3.00(1)] and 112 variable parameters and converged R{R,)
= 0.038(0.043) and GOE 2.82. The maximum and minimum peaks
on the final difference Fourier map corresponded to 1.23-aBd’7

e /A3, respectively. The CIF has been deposited as Supporting

(17) TeXsan Single-Crystal Analysis Software Packaggsion 1.71;

Molecular Structure Corporation: The Woodlands, TX 77381, 1995.

S

3.471(5) t0 3.815(5) A. These potassium atoms sit in a chairlike
conformation around K(1) with K(HK distances that range

(18) See Supporting Information paragraph at end of text.

(19) Spek, A. L.Acta Crystallogr.1990 A46 (Suppl.), C34.

(20) Klemm, W.; Sodomann, H.; Langmesser,Z?.Anorg. Allg. Chem.
1939 241, 281.

(21) Bronger, W.; Kathage, H. U. Less-Common Me199Q 160, 181.

(22) Wang, C.; Haushalter, R. @org. Chem.1997, 36, 3806.
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Figure 2. Two PbTe* units are shown within the coordination
environment of the K(1) atom (the P e bonds are emphasized). The
K(2), K(3), and K(4) atoms are shown connected to the Te atoms
[distances range from 3.471(5) to 3.815(5) A], but the K(I§ contacts
have been removed for clarity. The thermal ellipsoids are drawn at the
50% probability level.

from 3.852(4) to 4.000(4) A. The distorted octahedra of closely
coordinated tellurium atoms around K(1) and the proximity of
the other cations (both Pb and K) may help explain why the
K(1) site has a lower equivalent isotropic thermal parameter.
In contrast to K(1), K(5) has a relatively large equivalent
isotropic thermal parameter. Since K(5) is bridging the
inorganic layers, it has close contact with only two Te(3) atoms
[3.539(1) A]. The rest of its coordination comes from the
ethylenediamine molecules with KGN distances of 2.85(2)
and 3.2(1) A, which are reasonable for these types of Zintl
compound@223 The disorder in the nitrogen positions, and the
low number of coordinated tellurium atoms, probably leads to
the large equivalent isotropic thermal parameter for the K(5)
atom. In fact, the anisotropic thermal parameter for K(5) in
the direction of the tellurium atoms (along tbexis) is roughly
equal to those of K(2), K(3), and K(4), but the other two
parameters (in the direction of the nitrogen atoms) aré #dmes
larger!® A model with a split K(5) atom (two sites off the
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Table 3. Selected Bond Distances and Angles for the RbTe
Anion

bond distances (A)

bond angles (deg)

Pb(1)-Te(l) 2985(2) Te(BPb(l)>Te(2) 98.11(4)
Pb(1-Te(2) 2.957(1) Te(BPb(l}-Te(d)  101.74(4)
Pb(1)-Te(3) 2.972(2) Te(2Pb(1)}-Te(3)  100.36(4)

this is the first time this unit has been isolated in the solid state
for the Pb@* (Q = S, Se, Te) anion series. However, this
geometry has been observed for lead(ll) before in such anions
as [Pb(SePh)].2> As mentioned, the Ries?~ anion does
contain the “PbT¢ moiety but adopts a trigonal bipyramidal
structure?10

The significant bond lengths and bond angles in the BbTe
anion are given in Table 3. The Pe bond distances compare
well with reported values for the two different 2,2,2-crypt
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexa-
cosane) compounds that contain theRg?~ anion: (2,2,2-
crypt-K):PkyTes [2.943(2) AP and (2,2,2-crypt-KPhyTes:
CHsCN [2.954(2)-3.015(1) A]2° These Pb-Te distances also
agree reasonably well with the sum of the 2-coordinate covalent
radius for tellurium (1.42 AP and the metallic radius of lead
(1.50 A)27 As expected the FePb—Te bond angles in PbFe
are significantly larger than those for fles?~ [92.46(4) ° and
92.21(4)-94.33(4% 19, due to the removal of the other bonding
Pb atom. The larger FePb—Te angles in PbT#™ result in
Te—Te distances that range from 4.49 to 4.62 A, much larger
than the values in Bies?™, i.e., 4.28 and 4.31-4.34 A1° These
values are also much larger than the-Tle van der Waals
distance of 4.12 &8

In summary, the PbE& anion is a simple, but new, Zintl
telluride. The alloy reduction synthesis in ethylenediamine is
a convenient room-temperature technique that might yield other
new and interesting Zintl anions from a variety of main-group
systems.
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inversion center) was unsuccessful (the two positions convergeddiscussions.

back to the inversion center). The possibility that the K(5) site

Supporting Information Available: The X-ray crystallographic

should be refined at reduced occupancy was ruled out both fromfile, in CIF format, is available. Access information is given on any
charge balance arguments and because of the anisotropic natureurrent masthead page.

of the K(5) thermal parameter.

The unique PbT£~ anion is also emphasized in Figure 2.
This trigonal pyramidal geometry is what would be predicted
from a simple VSEPR model, but to the authors’ knowledge
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