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Chalcogenido (E; E = S, Se) cluster chemistty? of the
lanthanide (Ln) elements is developing at an extraordinarytréte.
This contribution presents a surprising new dimension in Ln
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Figure 1. Molecular structure of (THEY bal 2(u-n?1? S)a(usS). Thermal
ellipsoids are shown at the 50% probability level. Selected bond length

cluster chemistry, one that leads to a completely new approachranges (A), with average values in [ ]: I8, 2.676(7)-2.748(7)

to the low-temperature synthesis of LnBolids: sterically

undemanding halides are useful supporting ligands in the synthesis
of stable, soluble, chalcogen-rich lanthanide clusters, and thes

clusters decompose to give LpBolid-state materials.

Initially we looked at the oxidation of Yblwith 1 equiv of
elemental S. From the large quantity of colorlessz{THF), that
precipitated from the deep red solution, it was clear that ligan
redistribution had occurred. Low-temperature X-ray analysis of
the fractionally crystallized red proddttdentified the compound
as (THF}Yb4|2(/A'1’]2-7]2 82)4(/44-5) (1).11

10 Ybl, + 10 S—
(THF)6Yb,l y(u-1"1" S,),(4,S) + 6 Ybl; + S (1)

Clusterl contains a square array of seven coordinate Yb(lll) ions
connected to adjacent metals pyy?-n? (S—S) ligands, with a
single $~ ligand capping the Ybplane (Figure 1). Two iodide
ligands coordinate on the same side of the plane to opposite
Yb ions, and THF ligands fill the available surface of the Yb
coordination sphere. Thé'Satom resides 0.87 A above the other
side of the Yk plane, with Yl-S—Ybgpposieyangles of 142and
143.
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[2.714]; Yb-S,, 2.648(7)-2.722(10) [2.676]; Yb-I, 2.977(2), 2.972(3);
Yb—0, 2.26(2)-2.36(2) [2.31]; S-S, 2.08(1)— 2.12(1) [2.10]; Yb-
Yb, 3.610(2)— 3.654(2) [3.637].

Because separation df from the Ybk major product was
problematic, alternative synthetic approaches vzere explored.

d Direct combination of the elements results only in passivation of

the Ln surface upon addition of S, and metathesis reactions of
N&S/NaS, with Ybl; do not yield significant quantities of Nal.

A superior route to this molecule capitalizes on the recent Ln
cluster syntheses in which elemental chalcogen displaces
chalcogenolates:” clusterl was prepared in-40% isolated yield

by the reaction of 2.25 S with either “YbI(SPh)” or “YbI(SBh)
(reaction 2). The yield does not appear to improve dramatically
when a 2:1 Yb:l ratio is employed.

“ ” THF, RT
4°YbI(SPh)" + 9 S— -~
THF, RT
(THF)6Yb4| 2(”_172_772 82)4(”45) —4 PhSSPh

4*YDI(SPh)” +9'S (2)

In the structure ol, the S-S bond lengths in the disulfide ligand
are consistent with a sulfaisulfur single bond? and the Yb-S
bond lengths are within the range of ¥ bond lengths found

(12) Synthesis of from “YbI(SPh)": Using standard Schlenk techniques,
Yb (0.380 g, 2.20 mmol), PhSSPh (0.479 g, 2.19 mmol), an@®.279 g,
1.10 mmol) were combined in THF (20 mL). The solution was stirred until
all of the metal was consumed. To the resultant deep red solution, S (0.159
g, 4.96 mmol) was added. Withil h the mixture turned cloudy brown. After
a day the mixture was filtered to remove a small amount of brown precipitate;
the red filtrate was reduced in volume-(LO mL) and layered with hexane to
give red crystals (0.372 g, 39%) that appear to lose THF at@)@arken at
175°C, and eliminate a yellow oil at 228C. Anal. Calcd for GgHs¢O7l,So-

Ybs: C, 19.3; H, 3.25. Found: C, 19.7; H, 3.31. IR (KBr, Nujol): 2955 (s),
2855 (s), 2726 (w), 2672 (w), 1457 (s), 1377 (s), 1261 (m), 1094 (m), 1019
(m), 915 (w), 873 (w), 801 (m), 752 (w), 722 (w), 668 (w) thhUV—vis
(THF): Amax = 402 nm € = 420 L mol* cm™), 457 nm € = 410 L mol?
cm™?). Thermolysis: 1 was sealed in a quartz tube under vacuum, and the
temperature was raised to 730 over a period of 4 h, while a portion of the

was consumed to give a pale orange solution with a large amount of orange-tube was kept submersed in liquid nitrogen. At 1@ a small amount of

brown precipitate. To this mixture, elemental S (0.064 g, 2.0 mmol) was added.

colorless liquid condensed; at 200 yellow solid condensed; a brown solid

After 1 week of stirring, the solution was red, and a large amount of precipitate condensed at 350C. The nonvolatile black product was analyzed by X-ray

had deposited. Filtration and concentratiorZ0 mL), followed by layering
the filtrate with hexane, gave20 mg of red crystals that were separated by
hand from additional lightly colored precipitate. The compound was identified
by UV—visible spectroscop mp}? and unit cell determinatiott.

(11) 1 crystallizes in the monoclinic space groGg/c, with a = 19.380-
(7) A, b =12.901(5) A.c = 38.777(11) Ao = 90.00(4}, = 91.24(5y,
y = 90.00(4), V = 9639(6) &, Z= 8, pcac = 2.384 gcn®, (Mo Ko radiation
at —120°C.; the crystals are amorphous within an hour of isolation at room

powder diffractior?* From “YbI(SPh)": As above, Yb (0.343 g, 1.98 mmol),
PhSSPh (0.216 g, 0.989 mmo},(0.251 g, 0.99 mmol) and S (0.143 g, 4.46
mmol) gave a similar yield oflL that was identified by mp. and visible
spectroscopy. From Yp§SPh)s As above, Yb (0.310 g, 1.79 mmol),
PhSSPh (0.586 g, 2.69 mmol},(D.114 g, 0.45 mmol), THF (30 mL) and S
(0.129 g, 4.03 mmol) gives (0.30 g, 38%).
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restraints with 6651 unique observatiois ¥ 2 o(F)] gave RE) = 0.082,
WR(F?) = 0.213. Complete crystallographic details are given in the Supporting
Information.
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in octahedral Yb(lIl) chalcogenolate compleXesnd the “double”
cubane cluster (py)YbsSs(SPh).° Parallel experiments with redox
inactive Ln gave crystalline (THBEDN4l2(u-1%-1? Sp)a(us-S)

(Ln = Tm (2), Er (3)).1° These products are useful both for
demonstrating that the chemistry applies equally to the redox
inactive Ln, and for understanding the absorption spectrufin of

Communications to the Editor

a yellow-red oil is extruded. An X-ray powder diffraction profile

of the resultant solid-state product identifiess®bas the only
crystalline product of the reaction (reaction?3)X-ray fluores-
cence measurements on the final solid state product indicate that
most of the iodine is lost in the thermolysis process. Presumably
the iodine is removed as Y§lbut volatile YRSl clusters are

Because there is minimal vibrational broadening, these compoundsalso possible thermolysis products.

have unusually sharp visible spectra, and the Yb compound
dissolved in THF exhibits two absorption maxima at 404 and
460 nm. These bands are absent in the specttasfd 3, and
thus the absorptions in the spectruniafre assignéd®*®as (S-

Sy~ and S to Yb(lll) CT excitations.

Disulfido compounds of the lanthanides are unprecedented, and

related dichalcogenide compounds of the entire f-block metals
are limited to solid-state ®J(Se)4,” molecular UQ(S;)(Rx-
NCOS)?*,*8 [(CsMes)2Ln]x(Tey) (Ln = Sm, Yb)!* and the (G-
Mes)sSmsSe; cluster? The present compounds are, in many ways,
unique: derivatives are readily accessed by either halide or Ln
substitution, the chemistry is not restricted to redox active metals,
and the compounds are stable in solution.

The clusters reported here are also the first molecular “precur-
sors” to LnE, solid-state materials that do not require thermal or
photochemical elimination of organic groups bound t&&:1°
As such, they are particularly attractive sources for doping Ln
into sulfide-based semiconductors or optical filk8i&/hen heated
in a sealed tube, clustdrdecomposes in a stepwise fashion. At
100°C a colorless liquid (THF) is eliminated, and above 300
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Y.; Nakamura, AJ. Chem. Soc., Chem. Commu®n94 2523.

(15) Synthesis of: Cluster2 is prepared identically td. Tm (0.340 g,
2.01 mmol), PhSSPh (0.549 g, 2.51 mmoj)(0.127 g, 0.50 mmol), and Hg
(0.030 g, 0.15 mmol) were mixed in THF (30 mL). To the resultant pale
green solution, S (0.165 g, 5.03 mmol) was added. Filtration and saturation
gave colorless crystals (0.179 g, 21%) that begin to turn red at@0&ere
dark brown by 230°C, and showed no further change up to 380 Anal.
Calcd for GgHse0471,STmy: C, 19.5; H, 3.28. Found: C, 18.7; H, 2.76. The
IR spectrum is identical td. Unit cell (Mo Ko, —120°C): monoclinic space
groupC2/c, a = 19.392(9) Ab = 12.921(5) A,c = 38.80(2) A, = 91.16-
(5)°, V = 9720(9) A. Cluster3: In an identical fashion, the Er clust&r
gives light pink crystals in similar yield. This compound has spectroscopic
and melting properties that are indistinguishable from the Tm compound, with
the exception of the principal Ln(lll)-f electronic absorptions. Unit cell
(Mo Ko, —120°C): monoclinic,C2/c, a = 19.325(8) Ab = 12.960(4) A,

c = 38.741(15) A8 = 91.20(3}, V = 9700(6) A.
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(THR) YD, (u-n1 $),(1,S) = Yb,S,  (3)

These halogenated clusters present a number of interesting
synthetic possibilities. First, halide ligands might be derivatized
metathetically with LiR or NaR reagents (R CR,, NR;, OR,

SR, naphthalide, ...) to systematically tailor the chemical or
physical properties of cluster compounds. Second, because the
(S—Sy ligands are potentially reducible to>Sligands (i.e.
reaction with elemental Hg gives a product with only a single
UV —visible absorption at 460 nm) this class of compound is an
attractive entry to the systematic preparation of Ln or heterome-
tallic cluster compounds of higher nuclearity. Finally, the solution-
phase stability of this compound suggests that soluble, halide-
free LnS, clusters will be viable synthetic targets, that is, a
preliminary reaction of Yb(SePhyvith 3 S gives an organosoluble
product. These avenues are currently under investigation.
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