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Heterometallic chalcogenolate compounds containing both lanthanide (Ln) and group 12 metals (M) represent an
extremely broad molecular class, having the general formula LaM(EPh),(L),, where L is a neutral donor ligand.
In this paper we show how M, L, and the ratio Ln:M can be varied to give bi-, tetra-, penta-, and hexametallic
chalcogenolates. The compounds [(py)sEu(u2-SePh)s(u3-SePh)Hg(SePh)], (1), (THF)4Eu(u,-SePh);ZnSePh (2),
[Sm(THF)7][Zns(u>-SePh)e(SePh)a] (3), and [Yb(THF)s][Hgs(#2-SePh)s(SePh)s]-2THF (4) have been prepared,
and their structures have been established by low temperature single crystal X-ray diffraction. The synthesis and
structural characterization of the heterometallic chalcogenolate [(py)Sm(SePh)(u-SePh);Na(py):]: (5) is also
described in order to compare the relative effects of the alkali and group 12 metals on heterometallic structure
and electronic properties. From the crystal structures it is clear that the group 12 ion polarizes Se electron density
away from the Ln ion, weakening the Ln—Se bond, and increasing the Ln—Se bond length. UV—visible data
support the structural interpretations, with Ln(II) metal-to-pyridine charge transfer and lanthanide(III) selenolate
to metal charge transfer absorption energies, both indicating that the group 12 metal withdraws electron density
from the lanthanide ion. Unambiguous assignment of heterometallic solution structure is impossible, because the
molecules are fluctional, and the solution structure is solvent dependent. However, from spectroscopic
measurements, and from the isolation of 1 in 90% yield, it is clear that the compounds do maintain some form
of heterometallic structure in donor solvents as basic as pyridine. Crystal data (1—3 and 5, Mo Ka; 4, Cu Ka;
—80 to —100 °C): 1, space group P1, a = 12.374(4) A, b = 13.381(3) A, ¢ = 14.222(4) A, a = 62.36(3)°,
= 70.96(3)°, ¥ = 70.14(2)°, V = 1921A, Z = 2; 2, space group P,, a = 10.991(4) A, b = 20.051(3) A, ¢ =
19.522(4) A, B = 99.75(3)°, V = 4240 A, Z = 4; 3, triclinic space group P1, a = 14.268(6) A, b = 19.220(10)
A, ¢ =19.5394) A, a = 92.64(3), 8 = 104.20(3)°; y = 109.32(4)°, V = 4854 A, Z = 2; 4, monoclinic space
group P2i/c, a = 14.239(3) A, b = 48.846(6) A, c = 17.282(4) A, B = 113.79(2)°, V = 10999 A, Z = 4; 5,
monoclinic space group C2/c, a = 23.822(5) A, b = 16.902(2) A, ¢ = 21.388(3) A, B = 93.35(2)°, V = 8597 A,

Z=28.

Introduction

The coordination chemistry of lanthanide (Ln) ions bound
to anionic thiolate, selenolate, or tellurolate (chalcogenolate)
ligands is a rapidly developing area of research that addresses
questions related to the fundamental nature of the lanthanide
chalcogen bond. While bonding in solid state lanthanide
chalcogenide compounds has long been discussed in terms of
covalent bonding character,' in molecular systems the interaction
between these hard, ionic Lewis acids and the soft, covalent
chalcogenolate anions has not been fully examined, and little
is known about the relative factors that contribute to the stability
of molecular Ln—chalcogen bonds. Sterically demanding,
highly electronegative pentamethylcyclopentadienyl? (Cp*) and
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heteroallylic® ligands were used to facilitate the first isolation
and structural characterization of lanthanide complexes contain-
ing direct bonds to the less electronegative chalcogens Se and
Te (as well as numerous Ln—S bonds), at a time when
homoleptic chalcogenolates were thought to be insoluble
materials.* Unfortunately, the interpretations of bond geometries
in the Cp* and heteroallylic complexes were complicated by
significant ligand—ligand repulsive interactions. In the past few
years a number of research groups have found that large,
electronegative ancillary ligands are not a prerequisite for
isolating stable complexes with Ln—chalcogen bonds, and there
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are now a number of reports describing the synthesis and
characterization of lanthanide complexes with chalcogenolates
as the only anions.> In addition to the fundamental importance
of these compounds, Ln chalcogenolates have a number of
potential applications as Ln doping sources in S-, Se-, or Te-
based semiconductor® and fiber optic technologies.’

Recently, the syntheses and structural characterization of the
first heterometallic Ln—group 12 metal chalcogenolates were
reported. Both Eu(SePh); and Sm(SePh); were shown to react
with Hg(SePh), to form the tetrametallic selenolate clusters
[(THF);Eu(SePh);Hg(SePh),], and {(THF);Sm(SePh),Hg-
(SePh);]>.2 These heterometallic compounds are simple, readily
prepared, and sterically uncongested derivatives of lanthanide
chalcogenolates, and, as such, can serve to enhance our
understanding of Ln—chalcogen bonding and lanthanide chal-
cogenolate reactivity. In this paper the broad scope of hetero-
metallic chalcogenolate chemistry is established with examples
of how neutral donor, group 12 metal, and Ln:group 12 metal
ratios can be systematically varied to give bi-, tetra-, penta-,
and hexametallic benzeneselenolate compounds. The effects
of these synthetic manipulations on the structural and electronic
properties of the heterometallic complexes are described, and
the variety of structures are rationalized in terms of the bonding
character of the component metal ions. Solvent effects are
shown to play a significant role in determining heterometallic
structure.

Experimental Section

General Data. All syntheses were carried out under ultrapure
nitrogen (JWS), using conventional drybox or Schlenk tech-
niques. Solvents (Fisher) were refluxed over molten alkali
metals (diethyl ether, THF, pyridine) or P,Os (CH3CN), and
collected immediately prior to use. PhSeSePh was purchased
from either Aldrich or Strem, and recrystallized from hexane.
Eu, Sm, Yb, Zn, and Hg were purchased from Strem. Melting
points were taken in sealed capillaries and are uncorrected. IR
spectra were taken on a Mattus Cygnus 100 FTIR spectrometer
and recorded from 4000—450 cm™!, as a Nujol mull. Electronic
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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 preformed by Quantitative
Technologies, Inc. (Salem, NJ). NMR spectra were obtained
on either a Varian Gemini 200 MHz or Varian 400 MHz NMR
spectrometer and are reported in J (ppm).

[(py)sEu(u2-SePh):(u3-SePh)Hg(SePh)]: (1). Hg (3.1 g,
15.4 mmol), Eu (0.6 g, 3.9 mmol), and diphenyl diselenide (2.5
g, 7.9 mmol) were added to pyridine (20 mL) while the mixture
was stirred, and an orange solution developed within hours. After
2 days, the bright orange solution was filtered and layered with
diethyl ether (50 mL) to give yellow crystals of 1 (3.28 g, 90%;
mp 150 °C dec (turned green 227—230 °C)). The molecule
crystallized with a pyridine solvent molecule, but this pyridine
appeared to diffuse from the lattice within an hour of isolation.
Anal. Calcd for EuHgC39H3sN3Seq: C, 38.6; H: 2.91; N, 3.46.
Found: C, 38.1; H, 2.91; N, 3.34. IR: 2900 (s), 2724 (w),
2671 (w), 1592 (w), 1569 (w), 1461 (s), 1377 (s), 1303 (w),
1152 (w), 1062 (w), 998 (w), 727 (m), 701 (w), 614 (w), 464
(w) cm~!. The "H NMR (CD3CN) spectrum contained broad
peaks at 8.2 (1H), 7.8(2H), and 6.6(2H) due to the pyridine
ligands, and significantly sharper resonances at 7.56(2 H), 7.06-
(3 H) due to the benzeneselenolate ligands. Amax: 380 nm (in
pyridine).

(THF)4Eu(u,-SePh);ZnSePh (2). [(THF);Eu(u-SePh);Hg-
{SePh)]> (0.6 g, 0.5 mmol) was dissolved in THF (30 mL), and
Zn (33 mg, 0.50 mmol) was added to the solution. After 5
days, the yellow solution was filtered to remove mercury, and
the filtrate was concentrated to 25 mL. When the filtrate was
allowed to stand at room temperature, pale yellow crystals (0.45
g, 80%) precipitated from solution. These crystals turned
opaque above 100 °C, dark yellow above 170 °C, and dark red
by 330 °C, but they did not appear to melt. Once isolated, the
compound desolvated within an hour to a stoichiometry of 3:1
THF:Eu. Anal. Calcd for EuZnCigHuO3Ses: C, 40.9; H, 4.20.
Found: C, 40.7; H, 4.35. IR: 2900 (s), 2724 (w), 2671 (w),
1571 (w), 1461 (s), 1377 (s), 1305 (w), 1262 (w), 1154 (w),
1068 (w), 1021 (w), 871 (w), 732 (m), 691 (w), 664 (w), 463
(w) cm™!. The 'H NMR spectrum (CD3;CN) contained very
broad peaks at 8.45 (w12 = 170 Hz), 7.60 (w1, = 50 Hz), 7.10
(w12 = 50 Hz), and 6.31 (w12 = 230 Hz)ppm, and THF
resonances at 3.64 (w2 = 60 Hz) and 1.75 (wi;p = 20 Hz)
ppm, that were too broad for accurate integration. Amax: 352
nm (in pyridine).

[Sm(THF);][Zn4(u2-SePh)s(SePh)4] (3). Method a. A
mixture of Sm (0.28 g, 1.5 mmol), diphenyl diselenide (2.34 g,
7.5 mmol), Zn metal (0.39 g, 6.0 mmol), and Hg (84 mg, 0.42
mmol) in THF (100 mL) was refluxed for 18 h. The green
solution was filtered and cooled to room temperature, and a
purple oil formed immediately. After 1 day, purple crystals of
3 (2.3 g, 62%; mp 56—60 °C) were isolated. Anal. Calcd for
SmZnsCesHi0607Se10: C, 42.7; H, 4.32. Found: C, 42.2; H,
4.26. IR: 2900 (s), 2671 (w), 2724 (w), 1570 (w), 1461 (s},
1377 (s), 1295 (w), 1264 (w), 1173 (w), 1066 (m), 1015 (m),
914 (w), 857 (m), 730 (m), 914 (m), 688 (m), 664 (m), 464
(m) cm™'. The 'H NMR spectrum (CD3CN) contained broad
overlapping multiplets at 7.48, 6.95, and 6.82 ppm (50 H) and
THF resonances at 3.57 (m, 28 H, w, = 15 Hz), 1.71 (m, 28
H, wip = 15 Hz). Amex: 567 nm (THF). Ama 610 nm (1:10
PEt;:THF). Amax: 676 nm (CH;CN).

Method b. [(THF),Sm(SePh);Hg(SePh)},® (3.0 g, 2.35
mmol) and Zn metal (0.40 g, 6.1 mmol) were added to THF
(100 mL), and the solution was stirred continuously. After 3
days at room temperature the solution was refluxed for 30 min,
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Table 1. Summary of Crystallographic Details for 1—5
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1 2 3 4 5
space group Pl P, Pl P2y/c Ce
a(A) 12.374(4) 10.991(4) 14.268(6) 14.239(3) 23.822(5)
b(A) 13.381(3) 20.051(3) 19.220(10) 48.486(6) 16.902(2)
c(A) 14.222(4) 19.522(4) 19.539(4) 17.282(4) 21.388(3)
o (deg) 62.36(3) 90 92.64(3) 90 90
B (deg) 70.96(3) 99.75(3) 104.20(3) 113.79(2) 93.35(2)
y (deg) 70.14(2) 90 109.32(4) 90 90
V(A3 1921.4(9) 4240(2) 4854(3) 10999(4) 8597(2)
z 2 4 2 4 8
Feale (Mg/m™3) 2.098 1.770 1.744 2.189 1.721
no. of nique reflns [/ > 2 o(1)] 5320 5351 5136 7509 3780
R(F) 0.042 0.054 0.077 0.150 0.055
Ru(F?) 0.094 0.107 0.177 0.387 0.128

“ Definitions: R(F,) = Zl{Fo| — |F|l/Z|Fol; Ru(Fod) = {Z[w(F? — FANZ[w(F,2)?}"2, Additional crystallographic details are given in the

Supporting Information.

filtered, and cooled to room temperature. The oil which
deposited on cooling slowly formed 3 (1.5 g, 70%) as purple
crystals.

[Yb(THF)e}[Hgs(z2-SePh)s(SePh)4]-2THF (4). Yb (0.52 g,
3.0 mmol), diphenyl diselenide (4.7 g, 15 mmol), and Hg (9.8
g, 49 mmol) were suspended in THF (30 mL), and the mixture
was stirred continuously. After a day the resultant yellow
solution was filtered and layered with diethyl ether (70 mL).
An orange oil formed within 24 h. After a week the mixture
was brought to dryness, redissolved in THF (10 mL), and cooled
to 0 °C, upon which a large amount of yellow solid formed.
THF (30 mL) was added, and the solid was redissolved by
heating the solution to 60 °C. Cooling to room temperature
gave large yellow blocks—a second crop of crystals was
obtained by decanting the filtrate, reducing the volume by 50%,
and cooling to 0 °C. Total yield: 8.0 g, 92%; mp 60 —64 °C.
The compound crystallized with two THF molecules which were
detected by NMR when the sample was prepared within a few
seconds of compound isolation. The compound was extremely
prone to THF desolvation—the yellow crystals became opaque
within minutes of isolation. Elemental analysis indicated that
THF loss was complete within an hour. Anal. Caled for
YbHgsC7:HeoSe12: C, 27.8; H, 2.44. Found: C, 28.3; H, 1.99.
IR: 2900 (s), 2734 (w), 2671 (w), 1570 (w), 1461 (s), 1377
(s), 1295 (w), 1264 (w), 1173 (w), 1066 (m), 1015 (m), 914
(w), 856 (w), 730 (m), 688 (w), 664 (w), 464 (m) cm~'. 'H
NMR (CDiCN, 20 °C): 7.48 (d, 15H), 7.03 (m, 30 H), 3.77
(m, 24H), 1.85 (m, 24H). Amax: 372 nm (THF). The compound
was unstable in acetonitrile; attempts to obtain a '*C NMR
spectrum in CD3;CN led to the precipitation of crystalline Hg-
(SePh); (6). In an attempt to quantify the amount of precipitat-
ing 6, 4 (1.3 g, 0.39 mmol) was dissolved in acetonitrile (15
mL) and the solution was layered with diethyl ether (30 mL).
Within a few hours yellow plates began to crystallize. After 2
days the solution was decanted to give air stable yellow crystals
(0.10 g, 10%) that were identified as Hg(SePh), by melting
point, '"H NMR spectroscopy, and single crystal X-ray diffrac-
tion. The compound reacted with pyridine to form a trivalent
ytterbium complex—addition of pyridine (5 mL) to 4 (1.3 g)
resulted in the precipitation of elemental Hg which was
identified visually. 'H NMR (NC;sDs, 20 °C): broad peaks (w2
ca. 100 Hz) at 8.55, 7.41, and 7.03 (due to rapidly exchanging
free and coordinated pyridine), 7.67 (15 H, wi, = 90 Hz) and
7.04 (30 H, w1, = 97 Hz) (benzeneselenolate) ppm, and 3.58
(m, 24H, w1, = 13 Hz) and 1.58 (24 H, w; = 13 Hz) (THF)
ppm. The optical spectrum was concentration dependent in
pyridine. Amax: 414 nm (1.9 x 1073 M). Amax: 388, 440 nm
(7.5 x 1072 M).

[(py)2Sm(SePh)(u-SePh)sNa(py):]: (5). Diphenyl diselenide
(0.47 g, 1.5 mmol) was dissolved in diethyl ether (30 mL), and
Na[HBEt;] (3.0 mL of a 1.0 M solution in THF, 3.0 mmol)
was added via syringe. The solution was stirred for 20 min,
and the solvent was removed under vacuum, to give a white
solid. Diphenyl diselenide (1.4 g, 4.5 mmol), Hg (0.1 g, 0.5
mmol), Sm (0.45g, 3.0 mmol), and THF (60 mL) were added
to the NaSePh, and the mixture was stirred for 24 h. The deep
orange solution was filtered, concentrated (25—30 mL), and
layered with diethyl ether (70 mL). After 1 week a small
amount of white solid had formed. The Schlenk tube was
agitated to completely mix the THF and ether, and the solution
was filtered and cooled (=20 °C). The resultant orange oil
crystallized over a period of 2 months. The solution was
decanted to yield crystals of 5§ (1.5 g, 45%; the compound did
not melt but lost pyridine above 70 °C and turned deep red by
130 °C). Anal. Calcd for SmNaCy4HsoNsSes: C, 47.4; H, 3.63;
N, 5.03. Found: C,46.4; H, 3.42; N, 4.86. IR: 2926 (s), 2855
(s), 1598 (w), 1572 (w), 1465 (s), 1378 (m), 1260 (w), 1218
(w), 1146 (w), 1068 (w), 1020 (w), 801 (w), 732 (m), 690 (m),
624 (w), 467 (w) cm~!. 'H NMR (CsD;sN, 20 °C) 8.56 (2H,
m), 7.72 (1H, t), 7.29 (4H, m), 6.72 (3H, m) ppm. Ama: 305,
314 nm (pyridine).

X-ray Structure Determination of 1—5. Data for 1—5 were
collected on a CAD4 diffractometer with graphite monochro-
matized Mo Ka radiation, A = 0.710 73 A (except for 4, where
Cu Ka, A = 1.5418A was used) at low temperatures (—80 to
—120 °C). In all structures, three check reflections were
measured every hour 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 and direct methods (SHELXS86)." All non-
hydrogen atoms were refined (SHELXL193)!! based upon Fps2.
All hydrogen atom coordinates were calculated with idealized
geometries (SHELXL93). Crystallographic data and final R
indices are given in Table 1. Complete crystallographic details
are given in the Supporting Information. The following
restraints were used in the refinements (SHEX1.93).

(1) All C and N atoms were restrained with esd 0.01 so that
their Uj; components approximated isotropic behavior; all C or
N atoms closer than 1.7 A to each other were restrained with
esd of 0.02 to have the same U; components.

(9) Sheldrick, G. M. SHELX?76, Program for Crystal Structure Determi-
nation. Univ. of Cambridge, England, 1976.
(10) Sheldrick, G. M. SHELXS86, Program for the Solution of Crystal
Structures. University of Gottingen, Germany, 1986.
(11) Sheldrick, G. M. SHELXL.93, Program for Crystal Structure Refine-
ment. University of Gottingen, Germany, 1993,
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Table 2. Significant Bond Lengths (A) and Angles (deg) for 17

Hg—Se(3) 2.545(1) Hg—Se(2) 2.665(1)
Hg—Se(4) 2.688(1) Hg—Se(1) 2.787(1)
Eu—N@3) 2.659(7) Eu—N(1) 2.671(7)
Eu—N(2) 2.688(7) Eu—Se(1) 3.131(1)
Eu—Se(2) 3.146(1) Eu—Se(4)’ 3.153(1)
Eu—Se(1) 3.184(1) Se(1)—C(1) 1.920(8)
Se(2)—C(7) 1.919(8) Se(3)—-C(13) 1.911(7)
Se(4)—C(19) 1.929(8)
Se(3)—Hg—Se(2)  122.72(4) Se(3)—Hg—Se(4)  124.89(4)
Se(2)—Hg—Se(d)  98.59(4) Se(3)—Hg—Se(l)  108.90(4)
Se(2)-Hg—Se(1)  96.16(4) Se(d)—Hg—Se(l)  100.01(4)
NG3)—Eu—N(1)  1492(2) N@)—Eu—N(2) 72.6(2)
N(1)—Eu—N(2) 77.8(2)  N()—Eu—Se(1y  135.4(1)
N(1)—-Eu—Se(ly  754(2) N(2)—Eu—Se(ly  150.0(2)
N(3)—Eu—Se(2)  102.5(2)  N(1)—Eu—Se(2) 87.5(2)
N(2)—Eu—Se(2) 94.02)  Se(ly—Eu—Se(2)  71.78(4)
N(3)—Eu—Se(4)  884(2) N(I)—Eu—Sed)  952(2)
N()—Eu—Se(4)  112.0(2)  Se(ly~Eu—Se(d)  83.75(4)
Se(2)-Eu—Se(4)  153.88(3) N(3)—Eu—Se(1) 74.51(14)
N(1)—Eu—Se(l)  1362(2) N(2)—Eu—Se(l)  144.2(2)
Se(1y—Eu—Se(l)  60.84(3) Se(2)~Eu—Se(l)  79.73(4)
Se(4y—Eu—Se(l)  80.454) C()-Se(l)-Hg  114.5(2)
C(1)-Se()-Ev  115.42)  Hg—Se(1)—Eu’ 87.23(4)
C(1)-Se(l)—-Eu  121.02)  Hg—Se(1)—Eu 89.12(4)
Eu’'—Se(1)—Eu 119.15(3) C(7)~Se(2)-Hg  108.4(2)
C(7)—Se(2)—~Eu  113.02)  Hg—Se(2)—Eu 92.14(4)
C(13)-Se(3)-Hg 101.4(2)  C(19)—Se(4)-Hg  108.1(3)
C(19)-Se(d)—Ew’ 110.6(2)  Hg—Se(d)—Euv’ 88.51(4)

@ Symmetry transformations used to generate equivalent atoms: (')
—x, =y, =z + L.

(2) All C and O atoms were restrained with esd 0.01 so that
their U;; components approximated isotropic behavior; all C or
O atoms closer than 1.7 A to each other were restrained with
esd of 0.02 to have the same Uj; components; all atom—atom
distances in the THF groups containing O(6) and O(7) were
restrained to idealized values (Cambridge Structural Database).

(3) All C and O atoms were restrained with esd 0.02 so that
their U; components approximated isotropic behavior; all C,
Zn, or Se atoms closer than 1.7 A to each other were restrained
with an esd of 0.02 to have the same Uj; components; all atom—
atom distances in the THF groups were restrained to idealized
values; all phenyl rings were constrained to idealized hexagons.

(4) All Yb, Hg, and Se atoms were restrained with esd 0.02
so that their U; components approximated isotropic behavior;
all atom—atom distances in all THF groups and the 1—2 and
1-3 Yb—THF and Se—phenyl distances were restrained to
idealized values; all phenyl rings were constrained to idealized
hexagons; all C atoms had fixed isotropic displacement param-
eters.

(5) All C and N atoms were restrained with esd 0.02 so that
their U; components approximated isotropic behavior.

Results and Discussion

This paper illustrates how neutral donor, group 12 metal, and
Ln/group 12 ratios can be systematically varied to give heterobi-,
tetra-, penta-, and hexametallic benzeneselenolate compounds.
The synthesis, structure, and UV —visible spectroscopic proper-
ties of the compounds are described, and the variety of structures
are discussed in terms of the bonding character of the component
metal ions.

Synthesis and Structure. Neutral Donor Ligand as a Vari-
able: [(py)sEu(u:-SePh)(u3-SePh)Hg(SePh)], (1). Hetero-
metallic selenolates can be isolated from donor solvents as basic
as pyridine. In the first report describing lanthanide—group 12
metal selenolates, the visible spectrum of [(THF);EuHg(SePh)s],
did not show the Eu(Il) to pyridine charge transfer absorption
characteristic of Eu(SePh),, and this was an indication that some
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Figure 1. Molecular structure of [(pyridine);Eu(u,-SePh),(us-SePh)-
HgSePh], (1). The tetrametallic cluster contains seven-coordinate Eu-
(II) ions and tetrahedral Hg(II) ions connected through doubly and triply
bridging selenolate ligands. From the Eu—pyridine charge transfer
absorption energy, it is clear that the group 12 metal is withdrawing
selenolate electron density away from the Eu ion and weakening the
Eu—Se bond. Significant bond lengths (A): Eu—uy—Se(2), 3.146(1);
Eu—u;—Se(4), 3.153(1); Eu—~us—Se(1), 3.184(1); Hg—Se(3)(terminal),
2.545(1); Hg—ua—Se(2), 2.665(1); Hg—u2—Se(4), 2.688(1); Hg—us—
Se(1), 2.787(1); Eu—N (average), 2.67(1).

form of heterometallic structure was maintained in pyridine.®
Since the persistence of heterometallic structure in a donor
solvent as basic as pyridine would be an indication of the
strength of the bimetallic stabilization, we sought to establish
whether heterometallic complexes could be isolated as pyridine
adducts. The room temperature reduction of Ph,Se; with Euw/
Hg gives [(pyridine);Eu(u;-SePh),(u3-SePh)HgSePh]; (1) in
90% vyield. Low temperature single crystal X-ray diffraction
showed that 1 is a tetrametallic cluster 1 containing pairs of
seven-coordinate Eu(Il) and tetrahedral Hg(IT) ions connected
by two u3 and four 4, benzeneselenolate ligands (Figure 1).
The Eu coordination sphere is saturated with three neutral
pyridine donors, and the Hg is bound to a terminal benzenese-
lenolate ligand. This cluster framework is identical to the
recently reported THF derivative, and is structurally related to
a number of tetrametallic mercury thiolates.!> Table 2 gives a
listing of significant bond geometries for 1.

A comparison of Ln—Se bond lengths can be used to establish
the effect of the group 12 metal on the Ln—Se bond. In both
1 and [(THF),SmHg(SePh)s],, the Hg—Se bonds to the u3-Se
are longer than those to the doubly bridging Se, while in
[(THF);EuHg(SePh)s]s, there is little difference between Hg—
u3-Se and Hg—us-Se bond lengths. Similarly, if we look at
the Ln—Se bonds, the difference between Ln—u»-Se and Ln—
#3-Se bond lengths are 0.03 A in 1, 0.08 A in [(THF),SmHg-
(SePh)s]z, and 0.13 A in [(THF);EuHg(SePh)s],. In all com-
plexes, the soft, polarizable Hg—Se bonds are considerably more
sensitive to local environments than the Ln—Se bonds. Com-
parison of the Eu—u;-Se bond lengths in the heterometallic
compounds with the related Eu—Se bonds in the 1D coordina-
tion polymers® of Eu(SePh), (3.14A in [(THF);Eu(u,-SePh);],
and 3.10 A in [(py)2Eu(uz-SePh),], shows virtually no effect
in the THF complexes, while in the pyridine complexes, the
Eu—N bonds in seven-coordinate 1 are, on average, 0.02 A
shorter than the Eu—N bonds in [(py):Eu(uz-SePh);],, while

(12) (a) Fawcett, T. G.; Ou, C.-C.; Potenza, J. A.; Schugar, H. J. J. Am.
Chem. Soc. 1978, 100, 2058—62. (b) Canty, A. J.; Raston, C. L.; White,
A. H. Aust. J. Chem. 1978, 31, 677. (c) Hu, W. J.; Barton, D.; Lippard,
S. 1. J. Am. Chem. Soc. 1973, 95, 1170—-73.
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Figure 2. Molecular structure of the (THF)sEu(us-SePh);Zn(SePh) (2).
The more electronegative zinc(Il) ion strongly polarizes chalcogen
electron density away from the Eu(Il) ion and so the resultant
heterometallic structure contains only three Ln—Se bonds, rather than
the four Ln—Se bonds found in 1. There are two bimetallic molecules
in the unit cell with nearly identical bond geometries. Significant bond
lengths (A): Eu(1)—Se(3), 3.162(2); Eu(1)—Se(4), 3.176(2); Eu(1)—
Se(1), 3.282(2); Zn(1)—Se(2), 2.372(4); Zn(1)—Se(3), 2.514(3); Zn-
(1)—Se(1), 2.514(3); Zn(1)~Se(4), 2.519(3); Zn—Se(2), 2.372(4);
Eu—O (average), 2.54(1).

the Eu—Se bonds are 0.05 A longer. In the pyridine complexes,
these changes are interpreted in terms of the Hg?* ion polarizing
chalcogen electron density away from the lanthanide, thus
slightly weakening the Eu—Se bonds and increasing the
electrostatic attraction between the metal and the nitrogen donor.

Group 12 Metal as a Variable: (THF)4Eu(y;-SePh);ZnSePh
(2). Substitution of Zn for Hg illustrates how heterometallic
chalcogenolate chemistry is general for the group 12 metals,
and is important because heterometallic Ln—Zn complexes are
interesting models for Ln ions doped into a ZnE matrix.%~! The
transmetalation reaction of [(THF);EuHg(SePh),], with elemen-
tal Zn in THF proceeds rapidly at room temperature, depositing
elemental Hg that can be identified visually. Crystallization
from THF gives 80% yields of a heterometallic benzenesele-
nolate complex, and low temperature single crystal X-ray
diffraction indicated showed that (THF)sEu(u;-SePh);ZnSePh
(2) had been isolated. Figure 2 shows an ORTEP diagram of
2, and Table 3 gives a listing of significant bond geometries
for 2.

Complex 2 is the first example of a bimetallic Ln—M
chalcogenolate complex. In the structure, the tetrahedral Zn is
bound to one terminal benzeneselenolate ligand, and the
remaining three selenolates bridge the Eu and Zn ions. The
Eu coordination sphere is saturated with four THF ligands. The
structure of bimetallic 2, rather than a tetrametallic cluster, can
be rationalized in terms of significantly weakened Eu—Se bonds.
In 2, the Eu—Se bond lengths are 0.11A longer than the Eu—
Se distances found in the Eu(SePh); coordination polymers. This
lengthening is significantly greater than that found in the Hg
derivatives because Zn forms stronger bonds to the chalcogen,
thus competing more effectively for Se electron density. In 2,
this bond weakening is so strong that the final molecular
structure contains three Eu—Se bonds, rather than the four Ln—
Se bonds in the tetrametallic clusters.

Lanthanide—Group 2 Metal Ratio as a Variable: [Sm-
(THF)7}[Zn4(p2-SePh)s(SePh)4] (3) and [Yb(THF)s}[Hgs(u:-
SePh)s(SePh);]-:2THF (4). Lanthanide benzeneselenolate bonds
are cleaved in the presence of more than 1 equiv of M(SePh)s.
In an attempt to substitute Zn for Hg in the Sm(III) complex
{(py)SmHg(SePh)s]; using an excess of Zn, substitution of Hg
was followed by reduction of the Sm(III) ion and the formation
of /2 equiv of Zn(SePh),. Eventually, purple needles precipi-

Inorganic Chemistry, Vol. 34, No. 21, 1995 5331

Table 3. Significant Bond Lengths (A) and Angles (deg) for 2

Eu(1)—-0(2) 2.507(12) Eu(1)—0(1) 2.537(12)
Eu(1)—0(4) 2.554(11) Eu(1)—0(3) 2.559(12)
Eu(1)—Se(3) 3.162(2) Eu(1)~Se(4) 3.176(2)
Eu(1)—Se(1) 3.282(2) Eu(1)—Zn(1) 3.547(3)
Zn(1)—Se(2) 2.372(4) Zn(1)—Se(3) 2.514(3)
Zn(1)—Se(1) 2.514(3) Zn(1)—Se(4) 2.519(3)
Se(1)—C(1) 1.95(2) Se(2)—C(7) 1.93(2)
Se(3)—C(13) 1.88(2) Se(4)—C(19) 1.91(2)
O(2)—Eu(1)-0(1)  105.8(4) O(2)—Eu(1)—0(4) 74.4(4)
O(1)—Eu(1)—0(4) 79.3(4) 0(2)—Eu(1)—0(3) 73.6(4)
O(1)—Eu(1)—-0(3) 78.9(4) O(4)—Eu(1)—0(3) 134.2(5)
O(2)—Eu(1)—Se(3)  82.8(3) O(1)—Eu(1)—Se(3) 170.8(3)
O(4)—Eu(1)-Se(3) 100.3(3)  O(3)—Eu(1)—Se(3) 107.2(3)
O(2)—Eu(1)—Se(4) 136.2(3)  O(1)-Eu(l)—Se(4) 100.0(3)
O(4)—Eu(1)—Se(4) 146.13) O(3)—Eu(l)—Se(4)  77.5(3)
Se(3)—Eu(1)-Se(4) 75.13(6) O(2)—Eu(l)—Se(l) 140.4(3)
O(1)—Eu(1)—Se(1)  96.03)  O(4)—Eu(l)—-Se(l)  77.9(3)
O(3)—Eu(1)—Se(1) 144.2(3) Se(3)—Eu(1)—Se(l)  74.99(6)
Se(4)—Eu(1)—Se(l) 68.42(6) O2)—Eu(l)-Zn(1) 126.3(3)

O()-Eu()=-Zn(l) 127.93)  O(4)—Eu(1)-Zn(l) 110.8(3)
0(3)—Eu(1)=-Zn(1) 1144(3)  Se(3)—Eu(1)~Zn(l) 43.53(5)
Se(4)—Eu(1)-Zn(1) 43.57(5) Se(1)=Eu(1)-2Zn(1) 42.97(5)
Se(2)-Zn(1)-Se(3) 118.71(11) Se(2)—Zn(1)—Se(1) 113.08(11)
Se(3)-Zn(1)—Se(1) 102.62(10) Se(2)—Zn(1)—Se(4) 124.87(12)
Se(3)—-Zn(1)—Se(4) 100.32(10) Se(1)—Zn(1)—Sefd)  92.39(10)
Se(2)—Zn(1)—Eu(1) 174.27(10) Se(3)—Zn(1)—Eu(l)  60.05(7)
Se(1)-Zn(1)~Eu(1) 62.88(7) Se@)—Zn(1)-Eu(l) 60.35(7)

Table 4, Significant Bond Lengths (A) and Angles (deg) for the
Cation in 3

Sm—0(3) 2.51(2) Sm—0(1) 2.56(1)
Sm—0(5) 2.55(2) Sm—0(4) 2.55Q)
Sm—0(2) 2.56(2) Sm—0(7) 2.58(2)
Sm—0(6) 2.55(2)
0(3)-Sm-0(6)  90.4(7)  OB3)-Sm—-0(4)  84.7(8)
0(6)-Sm—0(4)  72.5(6)  O(3)-Sm—0(5)  81.0(7)
0(6)-Sm—0(5)  149.06) ~ O@#)~Sm—0(5)  77.0(6)
0(3)-Sm-0(1)  1153(6)  O(6)—Sm—O(1)  134.7(6)
O@-Sm—0(1)  1420(7)  O(5)—-Sm—O(1)  75.0(6)
0(3)-Sm—0(7)  166.6(7)  O(6)~-Sm—0(7)  76.7(8)
O#)-Sm-0(7) 8799  O(5)—Sm—0(7)  108.2(8)
o(D-Sm-0(7)  77.2(7)  O(3)-Sm-0(2)  77.9(7)
0(6)-Sm—0(2)  756(6)  O(@)—Sm—0(2)  143.4(7)
0(5~Sm—0(2)  1303(6)  O(1)-Sm—0(2)  74.5(6)
O(7)-Sm—-0(2)  102.0(8)

tated from the reaction in 70% yield, and these needles were
characterized by low temperature single crystal X-ray diffraction
and shown to be [Sm(THF)7]{Zn4(u2-SePh)s(SePh),] (3). Table
4 gives a listing of significant bond geometries for 3, and Figure
3 gives an ORTEP diagram of the Sm(THF); dication, a rare
example of a Ln ion coordinated only to weak neutral donors. '’
The adamantanoid dianion cluster Zns(SePh);o has considerable
structural precedence in Group 2 metal chalcogenolate chem-
istry.!316 The Sm—O bond lengths (range: 2.51 to 2.58 A)
are consistent with a Sm(II) oxidation state.

Compound 3 represents an extreme example of how group
12 metals weaken lanthanide chalcogen bonds, as discussed for
the structures of 1 and 2. Reduction of Sm(III) by excess Zn

(13) Hagen, K. S.; Stephan, D. W.; Holm, R. H. Inorg. Chem. 1982, 21,
3928-36.

(14) Inorg. Chem., in press.

(15) White, J. P,; Deng, H.; Boyd, E. P.; Gallucci, J.; Shore, S. G. Inorg.
Chem. 1994, 33, 1685—94.

(16) (a) Calabrese, J.; Dance, L. J. Chem. Soc., Chem. Commun. 1975, 762—
3. (b) Dance, I. G. J. Am. Chem. Soc. 1979, 101, 6264—73. (c) Dance,
I. G. Inorg. Chem. 1981, 20, 2155—60. (d) Hencher, J. L.; Khan, M.;
Said, F. F.; Tuck, D. G. Inorg. Nucl. Chem. Lett. 1981, 17, 287—90.
(e) Coucouvanis, D.; Kanatzidas, M.; Simhon, E.; Baenziger, N. C. J.
Am. Chem. Soc. 1982, 104, 1874—82. (f) Hagen, K. S.; Holm, R. H.
Inorg. Chem. 1983, 22, 3171—4. (g) Hagen, K. S.; Holm, R. H. [norg.
Chem. 1984, 23, 418-27.
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Figure 3. Molecular structure of cation in [Sm(THF);]**[Zns(u»-
SePh)s(SePh)s]>~ (3). The reaction of [(THF),SmHg(SePh)s]> with
excess Zn leads to substitution of the Hg, reduction of the Sm(Ill) to
Sm(II), and eventual precipitation of this purple cation/anion pair. The
compound, which is a rare example of a lanthanide ion coordinated
only to weak donor ligands, represents the extreme example of how
group 12 metal chalcogenolates influence lanthanide—chalcogenolate
bonds. The tetrametallic adamantanoid dianion structure has precedent
in the literature. Average bond lengths (A): Zn—gu,-Se, 2.49(2); terminal
Zn—Se, 2.41(1); Sm—0, 2.55(1).

Sel0

Figure 4. Molecular structure of the pentametallic dianion in 4.
Compound 4 is unstable in donor solvents other than THF. When 4 is
dissolved in CH3CN, Hg(SePh); precipitates, and when 4 is dissolved
in pyridine, elemental Hg precipitates and a paramagnetic Yb(III)
compound forms. Significant bond lengths A): Hg(1)—Se(6), 2.636-
(7); Hg(1)—Se(2), 2.641(6); Hg(1)—Se(5), 2.644(7); Hg(1)—Se(1),
2.674(7); Hg(2)—Se(9), 2.564(9); Hg(2)—Se(1), 2.696(7); Hg(2)—Se-
(@), 2.703(6) ; Hg(2)—Se(3), 2.715(6); Hg(3)—Se(10), 2.495(7); Hg-
(3)—Se(4), 2.707(6); Hg(3)—Se(3), 2.719(6); Hg(3)—Se(2), 2.726(7);
Hg(4)—Se(11), 2.50(2); Hg(4)—Se(8), 2.688(10); Hg(4)—Se(5), 2.726-
(6); Hg(4)—Se(7), 2.765(7); Hg(5)—Se(12), 2.546(11); Hg(5)—Se(7),
2.637(8); Hg(5)—Se(6), 2.675(8); Hg(5)—Se(8), 2.867(11).

gives /> equiv of Zn(SePh); in solution, and in the presence of
this excess group 12 metal chalcogenolate, a more stable anion
configuration, with selenolate anionic charge delocalized through-
out the four Zn ions, can be constructed. The reduction of Sm-
(IIT) by Zn indicates how poorly chalcogenolate ligands stabilize
trivalent lanthanides: in aqueous solution, Zn (E° = —0.76 V)
reduces Eu(Il) (E° = —0.43 eV), but not Sm(III) (E° = —1.55
eV).

In order to probe the solution structures of these 1:4 Ln:M
heterometallics using 'H NMR spectroscopy, we began working
with Yb(II), which has a diamagnetic (f'4) ground state. The
reaction of Yb metal with 5 equiv of PhSeSePh, in the presence
of excess mercury (in theory, to form [Yb(THF)s}[Hg4(SePh):0])
gave excellent yields of a yellow crystalline solid. Examination
of the product by '"H NMR spectroscopy suggested that the
product contained an 8:12 THF:SePh ratio. Elemental analysis
was uninformative because the compound was extremely
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Table 5. Significant Bond Lengths (A) and Angles (deg) for the
Anion in 4

Hg(1)-Se(6) 2.636(7) Hg(4)-Se(11) 2.50(2)
Hg(2)-S¢(9) 2.564(9) Hg(4)-Se(7) 2.765(7)
Hg(2)-Se(3) 2.715(6) Hg(5)-Se(6) 2.675(8)
Hg(3)-Se(2) 2.726(7) Hg(1)-Se(1) 2.674(7)
Hg(4)-Se(5) 2.726(6) Hg(2)-Se(4) 2.703(6)
Hg(5)-Se(7) 2.637(8) Hg(3)-Se(3) 2.719(6)
Hg(1)-Se(2) 2.641(6) Hg(4)-Se(8) 2.688(10)
Hg(2)-Se(1) 2.696(7) Hg(5)-Se(12) 2.546(11)
Hg(3)-Se(10) 2.495(7) Hg(5)-Se(8) 2.867(11)
Se(6)-Hg(1)-Se(5)  119.8(2)  Se(6)-Hg(1)»-Se(2)  102.6(2)
Se(2)-Hg(1)-Se(5)  101.5(2)  Se(6)-Hg(1)-Se(1)  104.2(2)
Se(2)-Hg(1)-Se(1)  118.3(2)  Se(5)-Hg(1)-Se(l)  111.0(2)
Se(9)-Hg(2)-Se(1)  116.7(2)  Se(9)-Hg(2)-Se(d)  120.0(3)
Se(1)-Hg(2)-Se(4)  103.0Q2)  Se(9)-Hg(2)-Se(3)  118.7(2)
Se(1)-Hg(2)-Se(3)  98.0(2)  Se(4)-Hg(2)-Se(3)  96.5(2)
Se(10)-Hg(3)-Se(d) 129.93)  Se(10)-Hg(3)-Se(3) 122.6(2)
Se(4)-Hg(3)-Se(3)  963(2)  Se(10)-Hg(3)-Se(2)  96.9(2)
Se(4)-Hg(3)-Se(2)  97.9(2)  Se(3)-Hg(3)-Se(2)  109.8(2)
Se(11)-Hg(4)-Se(8) 130.3(4)  Se(11)-Hg(4)-Se(5)  109.5(4)
Se(8)-Hg(4)-Se(5)  108.7(3)  Se(11)-Hg(4)-Se(7)  110.9(4)
Se(8)-Hg(4)-Se(7)  94.7(3)  Se(5)-Hg(4)-Se(7)  97.02)
Se(12)-Hg(5)-Se(7) 123.5(4)  Se(12)-Hg(5)-Se(6) 110.7(4)
Se(7)-Hg(5)-Se(6)  113.6(2)  Se(12)-Hg(5)-Se(8) 118.7(4)
Se(7)-Hg(5)-Se(8)  93.4(3)  Se(6)-Hg(5)-Se(8)  91.3(3)
C(11)-Se(1)-Hg(1)  101.7(13) C(11)-Se(1)-Hg(2)  96.8(8)
Hg(1)-Se(1)-Hg(2)  107.4(2)  C(21)-Se(2)-Hg(l)  102.1(5)
C(21)-Se(2)-Hg(3)  106.5(12) Hg(1)-Se(2)-Hg(3)  105.3(2)
C(31)-Se(3)-Hg(2)  102.3(5)  C(31)-Se(3)-Hg(3)  100.1(8)
Hg(2)-Se(3)-Hg(3)  82.3(2)  C(41)-Se(4)-Hg(2)  102.2(9)
C(41)-Se(4)-Hg(3)  99.8(6)  Hg(2)-Se(4)-Hg(3)  82.8(2)
C(51)-Se(5)-Hg(1)  102.8(12) C(51)-Se(5)-Hg(4)  94.8(5)
Hg(1)-Se(5)-Hg(d)  102.3(2)  C(61)-Se(6)-Hg(1)  101.5(6)
C(61)-Se(6)-Hg(5)  106.3(12) Hg(1)-Se(6)-Hg(5)  108.6(3)
C(71)-Se(7)-Hg(5)  107.3(10) C(71)-Se(7)-Hgd)  92.2(4)
Hg(5)-Se(7)-Hg(d)  85.7(2)  C(81)-Se(8)-Hg4)  99.9(9)
C(81)-Se(8)-Hg(5)  96.0(8)  Hg(4)-Se(8)-Hg(5)  82.8(2)

sensitive to desolvation, and so the compound was examined
by low temperature single crystal X-ray diffraction and shown
to be [Yb(THF)¢){Hgs(SePh);2]-2THF (4), a separated cation/
anion pair with a pentametallic dianion cluster. Table 5 gives
a listing of significant bond geometries for 4, and Figure 4 shows
an ORTEP diagram of the pentametallic dianion. The octahedral
lanthanide ion coordination sphere is composed entirely of
neutral donor atoms, as found for 3, with the difference in
lanthanide coordination numbers being attributed to the smaller
size of the Yb ion. The Yb—O bond length average (2.53(2)
A) is consistent with a divalent Ybion. The mercury geometries
are all distorted tetrahedra.

The Hgs(SePh);, dianion appears to have no precedence in
group 12 metal chalcogenolate chemistry, but experiments
suggest that the potential energy surface defining the stability
of this anion is shallow, and that alternative solution structures
are readily accessible. As found for 1 and 2, an NMR analysis
of 4 in THF shows that there is only one type of benzenesele-
nolate resonance, indicating that bridging and terminal seleno-
lates, if they are both present in THF, are exchanging rapidly
on an NMR time scale. Rapid chalcogenolate site exchange
processes have precedent in the literature.'?

The stability of 4 depends significantly on the identity of the
solvent. When 4 was dissolved in acetonitrile, crystalline Hg-
(SePh); slowly precipitated from solution. The precipitation is
not quantitative, and while the final heterometailic product has
not been identified, roughly 10% of the initial Hg(SePh); was
isolated after a period of days. This observation can be
explained by noting the nonstatic structure of these complexes
and the insolubility of Hg(SePh), in acetonitrile.

Not only is the ratio of M:Ln solvent dependent but in
addition the oxidation state of the lanthanide ion can be



Lanthanide—Group 12 Metal Chalcogenolates

Table 6. Significant Bond Lengths (A) and Angles (deg) for 5

Sm—N(1) 2.536(9) Se(3)~Na 2.856(5)
Sm—Se(3) 2.977(2) Na—Se(2) 2.835(5)
Sm—Se(4) 3.048(1) Sm—Se(1) 2.908(1)
Na-N(4) 2.50(1) Sm—Se(5) 2.990(1)
Sm—N(2) 2.551(8) Na—N(3) 2.46(1)
Sm—Se(2) 2.980(1)
N(I)-Sm—N@2)  1557(3) N()-Sm—Se(l)  82.7(2)
N@2)-Sm—Se(I) 7382  N(1)-Sm=Se(3)  95.7(2)
N(2)-Sm—Se(3)  92.6(2)  Se()-Sm—Se(3)  95.48(4)
N(1)-Sm—Se(2)  89.52) N(2)-Sm—Se(2)  86.3(2)
Se(I)-Sm—Se(2)  94.45(4) Se(3)-Sm=Se(2)  169.27(4)
N(1)-Sm—Se(5)  73.6(2) NQ2)—-Sm—Se(5)  130.7(2)
Se()-Sm—Se(5)  152.86(4) Se(3)-Sm—Se(5)  74.38(3)
Se()-Sm—Se(5)  9832(3) N()-Sm—Se(d)  127.3(2)
N(2)—Sm—Se(d)  74.6(2)  Se(1)-Sm—Se(d) 147.32(4)
Se(3)-Sm—Se(d)  93.99(3) Se(2)-Sm-—Se(d)  75.42(3)
Se(5)-Sm—Se(4)  59.67(4) Na’ —Se(2)—Sm  106.2(1)
Na—Se(3)~Sm 109.4(1)  N@3)-Na—N@) 12254
N(3)-Na—Se(2)  102.6(3)  N(4)-Na—Se2)  98.3(3)
N(3)-Na—Se(3) 98.5(3)  N(4)—Na—Se(3)  105.6(3)
Se(2) —Na—Se(3)  132.1(2)

@ Symmetry transformations used to generate equivalent atoms: (')
—x+1,y, —z+ %

influenced by solvent donor strength. When yellow 4 was
dissolved in pyridine, a deep red solution color developed
instantly, and within seconds elemental mercury precipitated
from the pyridine solution. From NMR spectroscopic analysis
we can conclude that the ytterbium containing reaction product
is paramagnetic, as judged by the 13—97 Hz line widths in the
'H NMR spectrum. Again, the selenolate ligands are exchang-
ing rapidly, and there is only one broadened set of benzenese-
lenolate resonances in the NMR spectrum. This redox behavior
is consistent with the hard Lewis acid character of the
lanthanides—addition of the stronger pyridine donor favors
oxidation of Yb(II) to Yb(III) and concomitant reduction of Hg-
(II) to elemental Hg(0).

Clearly, this bimetallic theme is extremely general. Donor
ligands, Ln oxidation state, group 12 metals, and ratios of Ln:M
are all possible variables, and other work in our laboratory
indicates that the chalcogen is yet another permutable compo-
nent.” The stability gained upon coordination of highly
unstable lanthanide-bound benzeneselenolates to the softer metal
ion is the driving force in the reaction. This is reflected in the
molecular structures of 1—4, which have terminal group 12
selenolate ligands but no terminal lanthanide selenolate ligands.
This coordination is entirely consistent with the well-docu-
mented stability of group 12 chalcogenolate complexes and the
extreme air sensitivity of the lanthanide chalcogenolates.

Heterometallic Lanthanide—Alkali Metal Chalcogeno-
lates: [(py):Sm(SePh)(z-SePh)sNa(py)2]2 (5). The structural
characterization of tetrametallic [(py).Sm(SePh)(x-SePh);Na-
(py)2]2 (8) afforded a unique opportunity to establish how
substitution of an ionic metal for the group 12 metal influences
tetrametallic cluster structure. Table 6 gives a listing of
significant bond geometries for 5, and Figure 5 gives an ORTEP
diagram of 5. This heterometallic chalcogenolate cluster, which
crystallizes from the salt elimination reaction of SmCl; with
NaSePh, contains two seven-coordinate Sm(III) ions and two
tetrahedral Na ions, all connected by u>-SePh ligands. The Sm
ion has a terminal benzeneselenolate ligand, and the Sm
coordination sphere is saturated with two pyridine donors. The
Na ions are also bound to two pyridine ligands. The electro-
positive nature of the component metals in 5 result in a structure
having fewer M—Se bonds and more bonds between metals and
neutral donor ligands, as found in 2, and in contrast to the
tetrametallic structures of 1, [(THF);:EuHg(SePh)s};, and
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Figure 5. Molecular structure of [(py).Sm(SePh)(u-SePh);Na(py)].
(5). The tetrametallic cluster framework is present in §, but replacement
of the group 12 metals by less chalcophilic Na ions results in a structure
with fewer bridging selenolate interactions and an increase in the
number of hard donor ligands coordinated to the cluster. Significant
bond lengths (A): Sm—Se(1), 2.908(1); Sm—Se(3), 2.977(2); Sm—
Se(2), 2.980(1); Sm—Se(5), 2.990(1); Sm—Se(4), 3.048(1); Se(3)—Na,
2.856(5); Na—Se(2), 2.835(5); Sm—N(average), 2.54(1); Na—N, 2.48-
(2).

[(THF);SmHg(SePh)s},.'* Examination of the Sm—Se bonds
in § with the Sm—Se bonds in [(THF),SmHg(SePh)s], indicates
that the soft Hg(II) ion does not significantly perturb the Sm-
(IIT)—Se bond length.

Characterization by UV—Visible Spectroscopy. UV—
visible spectroscopic characterization of these heterometallic
molecules indicates that the group 12 metal polarizes selenolate
electron density away from the lanthanide ion. This effect is
observed in both Ln(I) and Ln(Ill) compounds. The intense
(€, ca. 4 x 10° M~! cm™!) broad visible absorptions of Ln-
(EPh);(py): (Ln = Eu, Yb) complexes have been assigned as
metal-to-pyridine charge transfer excitations.” This assignment
is based on the absence of an absorption in the related THF
complexes and the fact that in isostructural Ln(TePh):(py)s, the
absorption of the Eu complex is ca. 0.9 eV greater than that of
the Yb compound. In pyridine, divalent 1 has a metal to
pyridine charge transfer absorption {Amax = 380 nm), which,
when compared with the corresponding absorption for Eu(SePh),
in pyridine (Ayax = 392 nm),*d indicates that it is more difficult
to oxidize the Eu(Il) ion in 1. Replacement of Hg by Zn in 2
further increases the MLCT energy, with the visible spectrum
of 2 in pyridine showing an absorption maximum at 352 nm.
The UV —visible data are consistent with longer Eu—Se bonds
in 2, as well as fewer Eu—Se bonds in 2 relative to 1 or the
Eu(SePh); coordination polymers. Both physical measurements
indicate that the group 12 metal polarizes Se electron density
away from the Ln ion.

The colors of the Sm(III) heterometallic chalcogenolates are
also consistent with the group 2 metal ion withdrawing electron
density from the lanthanide ion. The visible spectra of certain
Ln(I) chalcogenolates are dominated by intense chalcogen to
metal charge transfer absorptions that were assigned from a
comparison of the visible spectra of [(py):Ln(SePh):]; (Ln =
Ho, Tm, Yb).>® The Na—Sm complex 5 is light yellow in
solution and in crystalline form, and any Se-to-Sm charge
transfer excitation must be found in the UV spectrum. In
contrast, [(THF);SmHg(SePh)s), is deep red.® There is no
discrete absorption maximum in the visible spectrum of the Sm—
Hg complex, but the fact that the CT absorption has shifted
from UV to visible radiation suggests the Hg ion is polarizing
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Se electron density away from the Sm(III) ion and lowering
the energy required to reduce the Sm(III).

Conclusion

Heterometallic Ln—group 12 metal chalcogenolate complexes
are an extremely broad class of molecules in which neutral
donor, group 12 metal, Ln oxidation state, and the ratio of Ln:M
are all potential variables. Because the hard, ionic Ln ions are
stabilized only by soft, covalent benzeneselenolate and weak
neutral donor ligands, the resultant complexes are relatively
unstable, and the Ln—Se bond is readily distorted. The
weakness of the Ln—Se bond leads to a variety of molecular
heterometallic structures.

The tetrametallic LnoHg, benzeneselenolate cluster is a
recurring structural motif in which selenolate ligands bound to
Ln ions are stabilized by coordination to a soft Hg(Il) ion.
Substitution of Hg with Zn increases the Ln—Se bond lengths,
and results in the formation of a bimetallic structure containing
fewer Ln—chalcogen bonds. An extreme example of this bond
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lengthening results when excess M(SePh), (M = Hg, Zn) reacts
with Ln(SePh); to completely remove the SePh from the Ln
coordination sphere. Even the identity of the neutral donor
ligand can influence heterometallic structure: both the ratio of
Ln:M and the Ln oxidation state are potentially solvent
dependent.
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