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Heterometallic chalcogenolate compounds containing both lanthanide (Ln) and group 14 metals<NsnM

Pb) form a variety of structures that can be understood in the context of relative-tleéédogen bond strengths.

The compounds (THEEU(2-SePhgPly (1), [Yb(THF)g][Sn(SePhyl. (2), and [(py}Eu(2-S-NGH4),Sn(2-S-
NCsHa)2]n (3) have been prepared, and their structures have been established by low-temperature single-crystal
X-ray diffraction. Ln—S bonds are found to be relatively insensitive to the presence of a group 14 metal thiolate,
whereas Lr-Se bonds are readily distorted upon coordination to Pb(Se&h) cleaved by the addition of the
stronger Lewis acid Sn(SeRBh)The stereochemically active lone pair of electrons on the group 14 metal influences
structure, as does the identity of the chalcogenolate. All three compounds show no interaction between the Ln
ion and the group 14 metal lone pair. Crystal ddta¥ Mo Ka; —80 to —100°C): 1, triclinic space grougrl,
a=10.582(3) Ab=12.114(2) Ac = 18.946(6) Ao = 89.57(2}, 8 = 86.11(4}, y = 75.87(2), V = 2350(1) &,

Z = 2; 2, monoclinic space group2i/c, a = 12.961(2) A\b = 22.768(4) A.c = 22.560(4) A8 = 95.04(2},

V = 6632(2) &, Z = 4; 3, monoclinic space grou@c, a = 20.737(6) A,b = 9.801(3) A,c = 18.849(5) A3

= 125.34(2), V= 3125(2) B, Z = 4.

Introduction exist. In this paper, we extend lanthanitleain group chal-
) ) ) ) cogenolate chemistry in two directions. First, the interactions
Heterometallic compounds that contain lanthanide (Ln) ions penyeen lanthanide benzeneselenolates and group 14 benzene-
have been targeted synthetically for both fundamental and gejenglates were studied in order to assess how the presence of
applied reasons.® Fundamentally, the nature of krthalcogen 5 gtereochemically active lone pair on the group 14 metal would
bonding in Ln(ER) (E =S, Se, Te; R= organic) complexesis  jyfyence the structure of heterometallic compouhdSecond,
relatively unexplored,_and heterom_etalllc coqrdlnatlon COM- the phenyl substituent was replaced by a 2-pyridinechalcogeno-
plexes represent relatively uncomplicated derivatives that can|ate in order to determine whether this sterically undemanding
contribute to our understanding of £ bonding and LrE bifunctional ligand would lead to a more extensive network of

bond reactivity. From a more applied perspective, these yiqging interactions. The results of each synthetic modification
molecules serve as models for understanding the photophysical, ¢ presented.

properties of Ln-doped semiconductor materfalddetero-
metallic Ln/M compounds are also potentially useful in up-
conversion, the absorption of low-energy radiation, and the
subsequent emission of a higher energy photon in a radiative
f—f transition®

Heterometallic chalcogenolate compounds containing Ln and
group 12 metals have recently been repotte@from the
descriptions of bi- and tetrametallic compounds and the numer-
ous ionic structures, an understanding of how the covalent metals
influence Ln—chalcogen bonds has been emerging. The more
covalent metals appear to effectively polarize chalcogenolate
electron density away from the lanthanide ion, to the extent
that in some compounds the tchalcogen bonds no longer
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Table 1. Summary of Crystallographic Details far-3

1 2 3
empirical formula GaHacEUOP:Se; CeoH7806SeSpYb CaoH26EUNsSSN
fw 1646.91 1779.40 869.46
space group P1 P2,/c Cc
a(h) 10.582(3) 12.961(2) 20.737(6)
b (A) 12.114(2) 22.768(4) 9.801(3)
c(A) 18.946(6) 22.560(4) 18.849(5)
o (deg) 89.57(2) 90.00(2) 90.00(2)
S (deg) 86.11(4) 95.04(2) 125.34(2)
y (deg) 75.87(2) 90.00(2) 90.00(2)
V (A3 2350(1) 6632(2) 3125(2)

z 2 4 4

dearc (9/cn3) 2.328 1.782 1.848
T(°C) —120(5) —80(5) —120(5)
AR 0.71073 0.717 03 0.71073
abs coeff (cm?) 1315 54.8 30.9
obsd reflns [ > 20(1)] 4653 3369 2317
R(F) [I > 20(1)] 0.041 0.050 0.033
wR(F?) [I > 20(1)] 0.101 0.104 0.072

aDefinitions: R(F) = Y||Fo| — |Fcl/3|Fol; WR(F?) = {3 [W(Fs? — FAY/3[W(FA? Y2 Additional crystallographic details are given in the
Supporting Information.

Experimental Section After 1 day, the brown red solution was filtered and layered with hexane

. (50 mL) to give yellow red crystals & (0.86 g, 50%; mp> 400°C)
General Methods. All syntheses were carried out under ultrapure that desolvate within hours of isolation. Anal. Calcd fose

nitrogen (JWS), using conventional drybox or Schlenk techniques. EuSnNS;: C, 41.4: H: 3.48: N, 9.66. Found: C, 41.6; H, 3.69: N
Solvents (Fisher) were refluxed over molten alkali metals (diethyl ether, 157 " |R- 3049 (.s)’ 3025 (sj 1515 (r.n) 1396 (s)7 1313 (sl) 1232 (,'5)

THF, pyridine) or BOs (CH3sCN) and collected immediately prior to 1169 (s), 1104 (s), 1042 (s), 990 (s), 875 (s), 744 (s), 633 (s), 489 (s)
use. PhSeSePh and dipyridyl disulfide (PySSPy) were purchased from s) om® 1H NMR 20 n']g in 0.50 mL of (’CB)ZSO)’ contained a

either Aldrich or Strem and recrystallized prior to use. Eu, Yb, Sn, broad set of overlapping resonances centered at 8.57 (4 H), 7.73 (2
and Pb were purchased from Strem. Melting points were taken in sealedH) 7.37 (4 H), and 7.18 (1 H) ppm. UVimax (ca. 1 mg/mL of ’py)
capillaries and are uncorrected. IR spectra were taken on a Mattus_ 418 nm ' ' ' e A

Cygnus 100 FTIR spectrometer and recorded from 4000 to 450,cm
as a Nujol mull. Electronic spectra were recorded on a Varian DMS
100S spectrometer with the samples in a 0.10 mm quartz cell attached
to a Teflon stopcock. Elemental analyses were performed by Quantita-
tive Technologies, Inc. (Salem, NJ). NMR spectra were obtained on
either a Varian Gemini 200 MHz or Varian 400 MHz NMR spectrom-
eter and are reported th (ppm).

(THF) 2Eu(u2-SeGHs)sPb, (1). Pb (0.83 g, 4 mmol), Eu (0.30 g,
2.0 mmol), Hg (55 mg, 0.27 mmol), and diphenyl diselenide (1.9 g, 6
mmol) were added to THF (20 mL) while the mixture was stirred, and
a light yellow solution color developed within hours. After days, the
bright orange solution was filtered and layered with hexane (50 mL)
to give yellow crystals ofl (2.1 g, 64%; mp 6580 °C (dec, turns
dark brown) that become amorphous within minutes of isolation. Anal.
Calcd for G4H4sEUPBO,Se; (calcd for THF-free product in parenthe-

ses): C,32.1(28.8); H,2.82(2.01). Found: C,30.8;H, 1.90IR: 2922 40 rometallic compounds containing lanthanide ions and the
(br), 2724 (s), 2672 (s), 2361 (s), 1947 (s), 1872 (s), 1811 (s), 1745 b 9

group 14 metals can be prepared in a single step by the direct
s), 1568 (m), 1461 (s), 1377 (s), 1297 (s), 1260 (s), 1175 (s), 1018 ; ;
ES;‘ 1064 ((S)?915 (S)(’ %66 (s), (8:),,9 (s), 88?2 ), 735 %m)’ 688( ()s), 662 reduction of chalcogenchalcogen bonds with Ln(0) and M(0)

X-ray Structure Determination of 1—3. Data for 1-3 were
collected on a CAD4 diffractometer with graphite-monochromatized
Mo Ka radiation,A = 0.710 73 A, at low temperatures (15393 K).

In all structures, 3 check reflections were measuredye@eh and
showed no significant intensity variation. The data were corrected for
Lorenz effects and polarization. The absorption corrections were based
on a Gaussian grid method (SHELX76)The structures were solved

by Patterson methods (SHELXS86)All non-hydrogen atoms were
refined (SHELXL93Y based upoif,2. All hydrogen atom coordinates
were calculated with idealized geometries (SHELXL93). Crystal-
lographic data and finaR indices are given in Table 1. Complete
crystallographic details are given in the Supporting Information.

Results

(m), 460 (m) cm. 'H NMR (20 mg in 0.50 mL of (CB),SO) and a trace amount of mercury which increases the rate of the
contained resonances at 7.5, 3.71, and 1.85 ppm which were too broad€action. Three compounds, (THEU(2-SePhjPb, (1),
(w1 = 188, 78, 156 Hz) for accurate integration. [Yb(THF)e][Sn(SePhyl2 (2), and [(py}Eu(2-S-NGH4)2Pb(2-

[Yb(THF) ][Sn(SeGHs)s)2 (2). Sn (0.35 g, 2.0 mmol), Yb (0.6 g,  S-NGHa)2]n (3), were isolated and characterized by NMR, IR,

3.9 mmol), Hg (55 mg, 0.27 mmol), and diphenyl diselenide (1.3 g, and UV—visible spectroscopies and by low-temperature single-
6.0 mmol) were added to THF (20 mL). The mixture was stirred, and crystal X-ray diffraction experiments.

an orange solution color developed within hours. After 3 days, the Reduction of PhSeSePh with a Eu/Pb mixture leads to the

bright orange solution was filtered and layered with hexane (50 mL) . - - )
to give yellow crystals oR (1.5 g, 42%; mp 90C, dec 110°C) that formation of yellow, trimetallic (THREU(2-SePh3Pb; (1).

become amorphous within a few minutes of isolation. Anal. Calcd
for CeoH7sYbSnSe0s (caled for THF-free product in parentheses): C,  (6) (a) Teff, D.; Huffman, J.; Caulton, Kinorg. Cheml99§ 35, 2981.

T . . . (b) Caulton, K.; Teff, D.; Huffman, Jnorg. Chem.1995 34, 2491.
40.5(32.1); H: 4.42 (2.24). Found: C,37.4, H, 2.64. IR: 2962 (br), (c) Papiernik, R.; Hubert-Pfalzgraf, L.; DaranJJChem. Soc., Chem.

2714 (s), 2591 (s), 2527 (s), 2527 (s), 2350 (s), 2250 (s), 1958 (m), Commun.199Q 695. (d) Seligson, A. L.; Arnold, . Am. Chem.
1870 (m), 1808 (m), 1735 (m), 1637 (s), 1571 (m), 1438 (s), 1366 (s), S0c.1993 115 8214. () Cheng, Y.; Emge, T. J.; Brennan, Jir®rg.
1293 (s), 1168 (s), 1022 (s), 730 (m), 667 (m), 615 (m), 577 (m), 468 Chem 1996 35, 342. (f) Hitchcock, P. B.; Lappert, M. F.; Samways,
(m), 405 (m) cm®. H NMR (20 mg in 0.50 mL of (CRQ);SO) B. J.; Weinberg, E. LJ. Chem. Soc., Chem. Commu§83 1492.
contained resonances at 7.46 (2 H), 7.05(3 H), 3.62 (4 H), 1.74 (4 H). (7) Sheldrick, G. M. SHELX76, Program for Crystal Structure Determi-
[(Py)2EU(u2-S-2-NCsH4)2Sn(u2-S-2-NCsH4)2] (3). Sn (0.48 g, 4.0 nation, Univ. of Cambridge, England, 1976.

A (8) Sheldrick, G. M. SHELXS86, Program for the Solution of Crystal
mmol), Eu (0.30 g, 2.0 mmol), Hg (55 mg, 0.27 mmol), and dipyridyl Structures, University of Gottingen, Germany, 1986.

disulfide (1.32 g, 6.0 mmol) were added to pyridine (20 mL) while the  (9) Sheldrick, G. M. SHELXL93, Program for Crystal Structure Refine-
mixture was stirred, and a red solution color developed within hours. ment, University of Gottingen, Germany, 1993.
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Figure 1. Molecular structure of (THREuUu-SePhjPk, (1).

Table 2. Significant Bond Lengths (A) and Angles (deg) ftir

Pb(1)-Se(1)
Pb(1)-Se(2)
Pb(2)-Se(5)
Eu(1)-0(2)

Eu(1)-Se(4)
Eu(1)}-Se(3)
Eu(1)-Se(6)
Se(1)-C(1)

Se(3)-C(13)
Se(5)-C(25)
Pb(2)-Eu(1)

Se(1)-Pb(1)-Se(3)
Se(3)-Pb(1)-Se(2)
Se(6)-Pb(2)-Se(4)
Se(6)-Pb(2)-Eu(1)
Se(4)-Pb(2)-Eu(1)
O(2)—Eu(1)-Se(4)

O(2)-Eu(1)y-Se(2)

Se(4>-Eu(1)-Se(2)
O(1)—Eu(1)y-Se(3)

Se(2>-Eu(1)-Se(3)
O(1)—Eu(1)-Se(5)

Se(2-Eu(1)-Se(5)
O(2)—Eu(1)-Se(6)

Se(4>-Eu(1)-Se(6)
Se(3)-Eu(1)-Se(6)
O(2)—-Eu(1)-Se(1)

Se(4)y-Eu(1)-Se(1)
Se(3>-Eu(1)-Se(1)
Se(6)-Eu(1)-Se(1)
O(1)—Eu(1)-Pb(2)

Se(2y-Eu(1)-Pb(2)
Se(5)-Eu(1)-Pb(2)
Se(1)-Eu(1)-Pb(2)
C(1)-Se(1)-Eu(1)

C(7)—Se(2)-Pb(1)

Pb(1)-Se(2)-Eu(1)
C(13)-Se(3)-Eu(1)
C(19)-Se(4)-Pb(2)
Pb(2)-Se(4)-Eu(1)
C(25)-Se(5)-Eu(1)
C(31)-Se(6)-Pb(2)
Pb(2)-Se(6)-Eu(1)

Figure 1 shows an ORTEP diagram fgrand Table 2 gives a
listing of selected bond lengths and anglesiforThe compound

2.741(1)
2.800(2)
2.773(2)
2.561(7)
3.191(2)
3.267(2)
3.328(2)
1.946(12)
1.915(11)
1.912(11)
4.084(2)

88.08(4)
95.13(5)
86.98(4)
54.11(3)
51.15(4)
81.5(2)
138.1(2)
126.23(4)
139.3(2)
78.35(4)
71.2(2)
81.52(4)
76.6(2)
72.00(4)
144.11(4)
77.42)
149.48(4)
71.05(4)
122.95(4)
95.8(2)
120.67(4)
42.44(3)
163.45(3)
125.3(3)
99.7(4)
84.71(4)
119.9(3)
94.6(4)
85.35(4)
124.2(4)
99.2(3)
83.89(4)

Pb(1H)Se(3)
Pb(2)Se(6)
Pb(2)Se(4)
Eu(%)y0(1)

Eu(hSe(2)
Eu(1)Se(5)
Eu(hSe(1)
Se()C(7)

Se(4)C(19)
Se(6)C(31)

Se(H)Pb(1)y-Se(2)
Se(6)Pb(2)-Se(5)
Se(5)Pb(2)-Se(4)
Se(5)Pb(2)-Eu(1)
O(2yEu(1)-0(1)
O(HEu(1)-Se(4)
O(HEu(1)y-Se(2)
O(HEu(1)y-Se(3)
Se(4Eu(1)-Se(3)
O(2Eu(1)-Se(5)
Se(4)Eu(1)-Se(5)
Se(3)Eu(1)-Se(5)
O(HEu(1)-Se(6)
Se(2Eu(1)-Se(6)
Se(5)Eu(1)-Se(6)
O(HyEu(1)-Se(1)
Se(2Eu(1)y-Se(1)
Se(5Eu(1)-Se(1)
O(DEu(1)-Pb(2)
Se(4)Eu(1)y-Pb(2)
Se(3)Eu(1)-Pb(2)
Se(6)Eu(1)-Pb(2)
C(})Se(1)-Pb(1)
Pb(1)Se(1)}-Eu(1)
C(7Se(2y-Eu(1)
C(13)Se(3)-Pb(1)
Pb(1)Se(3)-Eu(1)
C(19)Se(4)-Eu(1)
C(25)ySe(5)-Pb(2)
Pb(2)Se(5)-Eu(1)
C(31ySe(6)-Eu(1)

2.791(2)
2.749(1)
2.821(2)
2.621(8)
3.265(2)
3.320(2)
3.351(2)
1.923(11)
1.921(11)
1.929(11)

77.89(4)
78.32(4)
95.36(5)
53.89(4)
102.4(2)
138.1(2)
77.9(2)
75.1(2)
82.40(4)
139.0(2)
78.85(4)
136.18(4)
68.6(2)
137.25(4)
63.27(4)
68.8(2)
63.53(4)
131.04(4)
101.1(2)
43.50(3)
124.85(4)
42.00(3)
98.4(3)
83.99(4)
121.2(4)
98.5(4)
84.83(4)
116.5(4)
101.4(4)
83.67(4)
123.0(3)
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Figure 2. Molecular structure of the pyramidal anions in [Yb(THF)
[Sn(SePhy2 (2).

Table 3. Significant Bond Lengths (A) and Angles (deg) &t

Yb(1)-0(2) 2.354(11) Yb(2)yO(4) 2.353(10)
Yb(1)-0(3) 2.363(10) Yb(2}0(5) 2.365(11)
Yb(1)-0(1) 2.402(11) Yb(2}-0(6) 2.385(12)
Sn(1)-Se(3) 2.630(2) Sn(2)Se(4) 2.651(2)

Sn(1)y-Se(2) 2.646(2) sn(2se(5) 2.686(3)

Sn(1)-Se(1) 2.668(3) sn(2)Se(6) 2.644(3)

Se(1)-C(25) 1.93(2) Se(4)yC(43) 1.90(2)

Se(2)-C(31) 1.92(2) Se(5)C(49) 1.89(2)

Se(3)-C(37) 1.92(2) Se(6YC(55) 1.94(2)

0()-Yb(1)-0O(@B)  92.9(4) O(2-Yb(1)-O(3)  87.1(4)
O(2-Yb(1)-O(3)  87.1(4) O(2)-Yb(1)-O(3)  92.9(4)
0(2-Yb(1)-O(1)  90.1(4) O(2)-Yb(1)-O(1)  89.9(4)
O(3)-Yb(1)-O(1)  90.3(4) O(3)-Yb(1)-O(1)  89.7(4)
0O(2)-Yb(1)-O(1y  89.9(4) O(2)-Yb(1)-O(1)  90.1(4)
O(3)-Yb(1)-O(1)  89.7(4) O(3)-Yb(1)-O(1y  90.3(4)
O(4)'—Yb(2)—O(5)' 87.0(4) O@4)yYb(2)—O()'  93.0(4)
O(4)'—Yb(2)-0(5) 93.0(4) O(4)Yb(2)—O(5) 87.0(4)
O(4)'—Yb(2)-0(6)' 88.6(4) O(5)Yb(2)—O(6) 90.9(4)
O(4)-Yb(2)—O(6)' 91.4(4) O(5)—Yb(2)—O(6)’  90.9(4)
O(5)-Yb(2)-O(6)' 89.1(4) O(4Y—Yb(2)—O(6)  91.4(4)
O(4)-Yb(2)-0(6)  88.6(4) O(5)—Yb(2)-0O(6)  89.1(4)
Se(3y-Sn(1-Se(2) 93.64(8) Se(3)Sn(1)-Se(l)  95.47(8)
Se(2-Sn(1)-Se(1) 92.03(7) C(25)Se(1)-Sn(l)  93.7(6)
C(31)-Se(2y-Sn(1) 97.2(5) C(37ASe(3y-Sn(l)  93.8(5)
Se(6)-Sn(2-Se(d)  92.24(8) Se(6)Sn(2)-Se(5)  101.08(8)
Se(4y-Sn(2-Se(5)  96.54(8) C(43)Se(4y-Sn(2)  89.9(5)
C(49)-Se(5)-Sn(2) 95.8(6) C(55)YSe(6)-Sn(2)  92.7(6)

a Symmetry transformations used to generate equivalent atoms:
DR T i Al M e 2

The analogous EuSn compound was prepared in a similar
fashion but the crystalline product becomes amorphous within
minutes of isolation, and so structural characterization was not
possible. Synthesis of the related Yb(ll) derivative was then
attempted, and again only a compound with a 1:2 Yb:Sn ratio
could be isolated, regardless of the starting Yb:Sn ratio. This
bright orange crystalline compound was also extremely sensitive
to desolvation but was stable enough to collect low-temperature
single-crystal X-ray diffraction data. The product was identified
as [Yb(THF)}][Sn(SePhj]. (2), a heterometallic cation anion

contains a ce_ntral Eu(ll) iqn coordingted to two neutral THF pair (see Figure 2). The Yb ion has a well-defined octahedral
donors and bridged to a pair of Pb(ll) ions through sets of three coordination sphere composed of oxygen atoms from the THF
doubly bridging benzeneselenolates. This compound is the onlyligands (see Table 3), and the Sn(SePaions adopt the

product isolated in a crystalline form when starting with either expected pyramidal geometry with a stereochemically active
a 1:1 or a 1:2 Eu:Pb ratio (eq 1).

Eu+ Pb+ 2PhSeSePh~

(THF),EuPk(SePh) — Eu+ 2Pb+ 3PhSeSePh (1)

lone pair on the Sn ion (eq 2)

Yb + Sn+ 2PhSeSePh-
[Yb(THF)J[Sn(SePh) ,— Yb + 2Sn+ 3PhSeSePh (2)
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Table 4. Significant Bond Lengths (&) and Angles (deg) &t

Eu—-N(2) 2.679(10) Ew-N(1) 2.728(10)
Eu—N(5) 2.739(10) Ew-N(4) 2.756(9)
Eu—N(6) 2.898(11) EurS(1) 3.080(4)
Eu-S(2) 3.110(4) EwS(3) 3.161(3)
Eu-S(4) 3.367(3) SaN(3Y 2.253(9)
Sn—S(4) 2.735(3) SrS(1) 2.795(4)
Sn-S(2) 2.814(4) SA-S(3) 2.930(3)
S(1)-C(1) 1.729(13) S(2)C(6) 1.793(12)
S(2)y-sn’ 2.814(4) S(3FC(11) 1.737(11)
S(3)-Sr’ 2.930(3) S(4¥-C(16) 1.752(13)
N(2)—Eu—N(1) 145.9(3) N(2Y-Eu—N(5) 77.7(3)
N(1)—Eu—N(5) 134.4(3) N(2Y-Eu—N(4) 80.2(3)
N(1)-Eu—N(4) 71.7(3) N(5»-Eu—-N(4)  124.2(3)
N(2)-Eu-N(6)  129.8(3) N(1}-Eu—N(6) 74.4(3)
N(5)—Eu—N(6) 82.9(3) N(4-Eu-N(6)  145.9(3)
N(2)—Eu-S(1) 143.1(2) N(LFEu—S(1) 53.7(2)
Figure 3. Molecular structure of the repeating unit in polymeric ~ N(5)—Eu—S(1) 83.4(2) N(4yEu—S(1) 84.8(2)
(U2 AP NG 0 NOECSD e NoTese) s
Substitution of the benzeneselenolate ligand with a 2-pyri- g‘((f;__gx__ss(%) 1421?1'8532(23) N((%Eﬂ:ggg Z}ig%
dinethiolate group yielded a heterometallic Ln/main group N(1)—Eu-S(3) 75:5(2) N(5Eu-S(3) 143'.6(2)
chalcogenolate polymer. Reduction of dipyridyl disulfide with  N(4)—Eu—S(3) 80.2(2) N(6)-Eu—S(3) 88.4(2)
Eu/Sn/Hg, followed by crystallization from pyridine, gives  S(1»-Eu—S(3) 129.12(9)  S(HEu-S(3) 73.99(9)
polymeric [(py}Eu(2-S-NGH4)>Sn(2-S-NGHJ)2]. (3) in high N(2)—Eu—S(4) 74.4(2) N(1)rEu—S(4) 100.6(2)
yield. The structure o3 contains an alternating series of Eu(ll) ~ N()—Eu=S(4) 74.3(2) N(4)yEu—S(4) 50.5(2)
and Sn(ll) ions bridged by pairs of sulfur atoms in a linear array, gég;__gﬁ__ss(%) igfi(sz(é) ggggﬂiggg 1;(7)'3(13((33
as in Figure 3. The Sn ions have a distorted octahedral N(3) —Sn—S(4) 87:3(2) N(3)—Sn-S(1) 79:7(2)
coordination sphere composed of four sulfur donors, one s(4)-Sn-S(1) 84.12(10) N(3)-Sn—S(2) 83.1(2)
nitrogen donor, and a stereochemically active lone pair of S(4)-Sn—S(2) 88.79(10)  S(1)ySn—S(2) 161.70(12)
electrons trans to the nitrogen (see Table 4). The Eu(ll) ions N(@3) —Sn-S(3)  59.7(2) S(4)Sn—-S(3)  146.51(9)
are nine coordinate, with two neutral pyridine donors, three g(itgnis(§‘7 %‘;'5265110) 2(21)758?35(3) 88%'%;25110)
pyridinethiolate nitrogen atoms, and four sulfur atoms compris- SEF)S(l()»)Eu : 103:4&)10) C((%ng);sﬁ, 112_'1((43
ing the primary coordination sphere. In the structure, the &u C(6)-S(2-Eu 82.1(5) SH —S(2)-Eu 100.74(11)
distances range from 3.080(3) to 3.365(3) A and are consistent C(11)-S(3)-Sn’ 75.0(4) C(11yS(3)y-Eu  104.7(4)
with the reported EuS distances in the divalent europium S’ —S(3)-Eu 97.04(9)  C(16yS(4)-Sn 83.4(4)
pyridinethiolates (bipyridine)(THREU(2-S-NGH.), and (py)- C(16)-S(4)-Eu  79.0(4)  SmS(4)-Eu 97.77(9)

Eu(2-S-NGH,)».1® The Sn-S distances in3 (2.735(3)-
2.930(3) A) are also within the range expected for a Sa@)
bond. In contrast to the synthesis bfand 2, polymer3 is
isolated as a crystalline product only when starting with a 1:2
Eu:Sn ratio. Attempts to increase the yield3dby using a 1:1
Eu:Sn starting ratio did not result in the precipitation of any
crystalline product (eq 3).

a Symmetry transformations used to generate equivalent atoms:
XA Yy =y Yo 2+ Yy X = Yo =y + Yoz = Yo

are stronger than Swarchalcogen bonds. There is no reason to
expect these trends to be any different in molecular chemistry.
Compound?2 crystallizes as a complex cation/anion pair
because the more covalent metal essentially polarizes electron
density away from the chalcogkto the extent that Laneutral
donor interactions are preferred. In related group 12 metal
chemistry, the same absence of-t8e bonds was noted in
[Yb(THF)g][Hgs(SePhy] and [Sm(THF)[Zn4(SePh)q.12 How-
ever, because the group 12 metals need to fill two additional
coordination sites, chalcogenolate cleavage tended to result only
The structures of—3 clearly illustrate how both the identity  when there was an excess of M(EPhdesent, so that complex
of the softer, more covalent metal ion and the identity of the M,(EPh},., dianions formed [M(ER)" complexes are knowh
chalcogenolate substituent can influence heterometallic structurebut are scarcer than anions with tetrahedral geometries]. In the
The differences in structures can be understood by consideringabsence of excess group 12 M(ERheutral molecules such
the relative metatchalcogen bond strengths, and we can use as (THF)Eu(u-SePhjZnSePh and (THREuUHg(SePh) were
diatomic metal chalcogen bond strengths (in kcal/mol: SmS isolated. With the group 14 metals, the formal SeRbstrac-
(93)! SmSe (79.1 3.5)12SnS (111.0+ 0.8)12 SnSe (95.9  tion from Ln by M(SePhyresults in the formation of electroni-
+ 1.4)14 PbS (82.7+ 0.4)!% and PbSe (72.4- 1.0)f°as a cally saturated M(SePh@nions that do not coordinate additional
guide for understanding the structures observed in this work. chalcogenolates.
From the diatomic bond strength measurements it is clear, first, Missing from the structure ofl is any direct interaction
that metat-sulfide bonds are stronger than the corresponding between the Yb(ll) ion and the stereochemically active lone
metal-selenide bonds and, second, that-8Shalcogen bonds  pair of electrons on the Sn(ll) ion. Compounds with directLn
Sn bonds are knowH, but the preparation of such a molecule
requires the absence of strong donor solvents that would
compete effectively for a Ln coordination site.

Eu+ Sn+ 2PySSPy»
[(py),Eu(SPy}Sn(SPy)], ~— Eu+ 2Sn+ 3PySSPy (3)
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Trimetallic 1 crystallizes as a neutral molecule because Pb The solution structure &8 does not necessarily resemble the
Se bonds are weaker than the-S8e bonds and so cleavage of solid-state structure, but a precise solution structure is unobtain-
the Ln—Se bond is thermodynamically less favorable. In the able because only a single set of averaged chalcogenolate
structure both Pb ions are linked to the Eu ion through a set of resonances are observed in thNMR spectrum. Still, some
three bridging selenolates, similar to the bridging in (T ki) form of heterometallic structure is maintained in pyridine
(SePh)znSePh2although the range in MSe bond lengths is  solution, since the U¥tvisible spectrum of3 is completely
not as large. The Pb lone pair ib replaces the terminal  different from the spectrum of Eu(SRy pyridinel© Itis also
selenolate of the Zn complex and is not oriented toward any important to note here that while bothand2 are fractionally
neighboring Eu(ll) ions. A similar triple bridge between hard crystallized with either a 1:1 or 1:2 Ln:M starting rat®can
and soft metals is found in heterometallic alkaline earth/Pb be isolated routinely only when a 1:2 Eu:Sn starting ratio is
alkoxides!® although in these compounds it is presumably the present. A 1:1 Eu/Sn reduction of PySSPy gives small amounts
harder metal ions that stabilize the alkoxides bound to the softerof light yellow powder as the only isolable product. In the
Pb(ll) ion, rather than the softer metal stabilizing the alkoxides successful synthesis & the second equivalent of Sn(SPy)
coordinated to the alkaline earth ions. presumably serves to solubilize a heterometallic product or form

The 1:2 Ln:M ratios found irl and2 represent a significant  solution structures similar t8, and from these solutiorscan
deviation from earlier Ln/group 12 metal chalcogenolate be isolated by fractional crystallization.
chemistry, in which 1:1 Ln/M complexes invariably formed in
the absence of additional M(ERh)This change in Ln:M ratio
is due to the stereochemically active lone pair on the group 14
metal. In the Ln/group 12 metal complexes, there were two
vacant coordination sites available on the less electropositive
metals, and Ln(ER)essentially acted as a chelating ligand
toward the group 12 ion. With only a single two electron donor
needed to complete an octet at the group 14 metal center
heterometallic compounds with a 2:1 M:Ln ratio are produced
with each covalent metal stabilizing only one of the Ln
chalcogenolate ligands. Attempts to extend this chemistry to
include Ln(lll) ions with a 1:3 Ln:M ratio were unsuccessful
with metals as large as Sm. The only deviation from this general
1:2 Ln(l1):M formula was observed when the phenyl group was  Acknowledgment. This work was supported by the National
substituted by pyridinethiolate (SPy), a ligand system that tends Science Foundation under Grant No. DMR-9628834. We thank
to produce M(ER)compounds with unusually high coordination Professor Rufus Cone for valuable discussions.
numbers.

Compound3 is the first lanthanide/main group chalcogenolate
complex to crystallize as a polymer. In SPy coordination
chemistry, the combination of both strong hard and soft donors,
as well as the minimal steric requirements, generally leads to
the formation of M(SPy) complexes with large coordination
numbers. For example, in lanthanide chemistry, the eight-
coordinate Eu(SPypniort? has the highest coordination number (19) Strzelecki, A. R.; Timinski, P. A..; Hesel, B. A.; Bianconi, P. A.
of all reported lanthanide chalcogenolatésExamples in main ﬁm: gﬂgm: gggggé ﬁé gégg‘_%gg ((tég g‘é‘g’r ghmf@ﬂgff;
group chemistry include Cd(ERyXE = S Se), which Brennan, J. GJ. Chem. Soc., Chem. Commui993 1537-8. (d)
crystallize as distorted octahedral polymers, rather than adopt gsecrgrdzini(,e I;/IKhEar;?lg g.; \/BriggarJ]’-Jércg{lﬁeT' '\;:hgrr?1 io_(ll_g‘?ili értsr'\nan
the tetrahedral geometry so characterlstlc. of grggp 1.2 metal 3. G.J. Am. Chem. S00994 116 7120-33, &f) B'rewgn M. Khasnis,
chalcpgenolat_e StrUCtur_eS' Orﬁ}SgH?’NS'MQ”)G’ which D.; Buretea, M.; Berardini, M.; Emge, T. J.; Brennan, J.IGorg.
contains an eight-coordinate Pb(ll) ion. Chem.1994 33, 2743-7. (g) Carey, D. R.; Arnold, dnorg. Chem.

Polymer3 contains a nine-coordinate Eu(ll) ion (4S, 5N) and 1994 33, 1791. (h) Mashima, K.; Nakayama, Y.; Kanehisa, N.; Kai,
a square pyramidal Sn(ll) ion with four S atoms forming the Y. Nakamura, AJ. Chem. Soc., Chem. Commaass 1847 8. (i
base of the pyramid and a stereochemically active lone pair trans
to a single apical SPy nitrogen. The Sn geometry is related to

Conclusion

Lanthanide chalcogenolates react with group 14 metal chal-
cogenolates to form heterometallic molecules or polymers. In
both Sn and Pb chemistry, there is a stereochemically active
lone pair that does not coordinate to the Ln ion. Complex
structures depend significantly on the relative strength of the
'metat-chalcogen bonds, with L-nSe bond cleavage occurs in
' the reaction of Sn(SePhyith Yb(SePh). If Pb is substituted
for Sn, the weaker bonds between the main group element and
the chalcogen lead to the formation of a neutral molecular
Iproduct, rather than a solvated Ln(ll) ion.

Supporting Information Available: For1—3, tables listing detailed
crystallographic data, atomic positional parameters, and bond lengths
and angles and ORTEP diagrams (33 pages). Ordering information is
given on any current masthead page.
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