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+ 2 MU s7and (kygien)s = 22 & 2 571].

The mechanism of catalytic sulfur dioxide autoxidation must
accommodate several factors: (1) the products of both the
stoichiometric and catalytic reactions are sulfate; (2) a bifurcation
exists between stoichiometric and catalytic reactions at the point
of dioxygen entry; (3) both stoichiometric and catalytic reactions
display essentially identical rate equations. Equations 3, 5, and
6 or egs 3, 5, 7, and 8 both represent plausible pathways, with
the generation of the sulfite radical (eq 3) as the rate-limiting step.
This contrasts the previous mechanisms for S(IV) autoxidation
implicating sulfite radicals as the chain carriers.”® In the present
study, a “well-behaved” [Nilll{(cyclam)] chain carrier mechanism
is a more tenable explanation of the concordant catalytic and
stoichiometric rate equations and respective rate constants.22 The
catalygiss of these reactions by chloride and bromide is now under
study.
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Organotelluride Chemistry: An Unusual Free
Organotelluride Anion and the Metal Complex
[Ag4(TeR)4* (R = Thienyl)

The complexation chemistry of organothiolate ligands is under
intense investigation,' not only because of their relevence to bi-
ological and catalytic applications but also because of their ex-
traordinarily rich structural diversity.2 The molecules not only
extend our knowledge of new structural types but also provide
precursors to extended polymeric compounds® and new sulfide
clusters.* [In contrast, the chemistry of the organoselenides and
organotellurides is much less developed In fact, to our
knowledge, only one other homoleptic metal organotelluride has
been structurally characterized.5 This is surprising because
organothiolate complexes form an almost limitless variety of
structures deriving from only subtle changes in electronic and steric
factors of the organic group.’

(1) (a) Dance, I. G. Polyhedron 1986, 5, 1037. (b) Blower, P. G.; Dilworth,
J. R. Coord. Chem. Rev. 1987, 76, 121.

(2) (a) Lee, G. S. H.; Craig, D. C.; Ma, L.; Scudder, M. L.; Bailey, T. D;
Dance, 1. G. J. Am. Chem. Soc. 1988, 110, 4863. (b) Pulla Rao, C;;
Dorfman, J. R.; Holm, R. H. Inorg. Chem. 1986, 25, 428. (c) Christou,
G.; Hagen, K.; Holm, R. H. J. Am. Chem. Soc. 1982, /104, 1744. (d)
Money, J. K.; Huffman, J. C; Christou, G. norg. Chem. 1988, 27, 507.

(3) Dance, I. G.; Garbutt, R. G.; Craig, D. C.; Scudder, M. L. Inorg. Chem.
1987, 26, 4057 and references therein.

(4) Coucouvanis, D.; Patil, P. R.; Kanatzidis, M. G.; Detering, B.; Baen-
zinger, N. C. Inorg. Chem. 1985, 24, 24.

(5) Gysling, H. J. In The Chemistry of Organic Selenium and Tellurium
Compounds; Patai, S., Rappoport, Z., Eds.; John Wiley and Sons: New
York, 1986; Vol. 1, p 697.

(6) Behrens, U.; Hoffmann, G.; Klar, G. Chem. Ber. 1977, 110, 3672.
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Figure 1. Thermal ellipsoid plot of the unit cell of [(C¢H;s)4P][CH;STe]
showing the isolated anion I. The inset shows the tellurothiophene anion
in detail. Some significant distances for molecule I (A): Te(1)~C(1) =
2.06 (2), S(1)-C(1) = 1.67 (2), S(1)~C(4) = 1.66 (3), C(1)-C(2) = 1.55
(2), C(2)-C(3) = 1.54 (3), C(3)-C(4) = 1.35 (4). Some significant bond
angles (deg): C(1)-S(1)-C(4) = 100 (1), Te(1)-C(1)-S(1) = 122 (1),
Te(1)-C(1)-C(2) = 129 (1), S(1)-C(1)-C(2) = 108 (1), C(1)-C(2)-
C(3) = 105 (2), C(2)~C(3)-C(4) = 115 (2), S(1)-C(4)-C(3) = 111 (2).

In this paper, we report the preparation and structural char-
acterization of a free organotelluride and its use in preparation
of a tetranuclear silver cluster. This represents the first member
of a potentially huge class of new metal organochalcogenide
complexes.

We have recently been investigating the chemistry of transi-
tion-metal selenide and telluride complexes.®* We hope to extend
this chemistry by using metal organotelluride and -selenide com-
plexes as starting materials for the preparation of binary com-
pounds, a technique that has worked very well for metal sulfide
synthesis.* In fact, a recent report describes the preparation of
a tellurocubane cluster of iron using [(PhTe),Fe]?" as a starting
material.’ In addition, the use of metal organochalcogenides to
generate new solids has recently been reported.'® Thus it was
felt that exploration of metal organotelluride chemistry would yield
novel coordination compounds as well as suitable precursors for
new metal telluride clusters.

The reported difficulties in isolating crystalline phenyltelluride
complexes'! led us to consider other organotellurides. We were
attracted to the report by Engman and Cava'? of the stability of
the di-2-thienyl ditelluride, as well as the high nucleophilicity of
its corresponding anion, 2-tellurothiophene. Surprisingly, we found
that the parent anion could be readily isolated in good yield, in
straightforward fashion by using tetraphenylphosphonium as a
counterion. Deprotonation of thiophene with butyllithium results
exclusively in 2-lithiothiophene. Reaction of this anion with
elemental tellurium generates the 2-tellurothiophene anion, as
described by Cava. If, instead of oxidation, (C¢H;),PBr is added,
large orange crystals of the salt can be isolated in good yield upon
slow addition of diethyl ether. The salt [(C¢Hs)4P][C,H;STe]
was characterized by IR spectroscopy, elemental analysis'? and

(7) Tang, K.; Aslam, M.; Block, E.; Nicholson, T.; Zubieta, J. Inorg. Chem.
1987, 26, 1488.

(8) (a) O’Neal, S. C.; Kolis, J. W. J. Am. Chem. Soc. 1988, 110, 1971. (b)
Flomer, W. A.; Kolis, J. W. J. Am. Chem. Soc. 1988, 110, 3682. (¢)
Flomer, W. A,; O'Neal, S. C.; Pennington, W. T,; Jeter, D.; Cordes, A.
W.; Kolis, J. W. Angew. Chem., Int. Ed. Engl. 1988, 27, 1702.

(9) Simon, W.; Wilk, A.; Krebs, B.; Henkel, G. Angew. Chem., Int. Ed.
Engl. 1987, 26, 1009.

(10) Brennan, J. G.; Siegrist, T.; Carroll, P. J.; Stuczynski, S. M.; Brus, L.
E.; Steigerwald, M. L. J. Am. Chem. Soc. 1989, 111, 4141,

(11) Dean, P. A. W.; Manivannan, V.; Vityal, J. J. Inorg. Chem. 1989, 28,
2360.

(12) Engman, L.; Cava, M. P. Organometallics 1982, /, 470.
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Figure 2. Thermal ellipsoid plot (50% thermal ellipsoids for cluster
atoms; thiophene groups represented as spheres) of [Ag,(TeR)]*” where
R = tellurothiophene. The average Ag-Te bond distance is 2.754 (5)
A, ranging from 2.735 (5) to 2.802 (5) A. The average direct Ag-Ag
distance is 3.13 (9) A, ranging from 3.013 (5) to 3.230 (5) A. The Ag-S
distances are all greater than 3.7 A and are clearly noninteracting. The
Te-C distances average 2.17 (8), ranging from 2.07 (4) to 2.28 (4) A.

single-crystal X-ray diffraction.'¢

The X-ray diffraction analysis reveals that the organotelluride
anion is well separated from the corresponding tetraphenyl-
phosphonium cation in the unit cell. (See Figure 1.) The closest
interaction involving non-hydrogen atoms between the two ions
is 4.01 (1) A (Tel1-~C36). In addition, there does not appear to
be any solvent molecules or lithium cations in the unit cell to
stabilize the anion. The C-Te bond distance is 2.06 (2) A, which
is relatively short. The sum of covalent radii is 2.14 A,!% and most
characterized Te~C bonds are approximately that length. (E.g.,
Te-C is 2.13 A in Tez(p'CH3C6H4)2.l6)

The preparation of isolated organoelement anions of the type
R,E- has been under active investigation. Some elegant recent
work has provided several examples of salts where anions of
oxygen, nitrogen, phosphorus, arsenic, and antimony have been
isolated.!” These usually involve the use of crown ethers to
encapsulate an alkali-metal cation or electron-withdrawing groups
on the R group'® to stabilize the anion. The heavier cogeniers

(13) All reactions were performed under purified argon by using standard
Schlenk techniques and solvents dried by standard methods. A solution
of 0.30 mL (3.8 mmol) of thiophene in 10 mL of THF was cooled to
-78 °C, and 2.8 mL (6.4 mmo!) of n-BuLi was added via syringe. The
mixture was stirred for 15 min and warmed to room temperature,
followed by addition of 0.50 g (3.9 mmol) of powdered tellurium. The
mixture was stirred for 30 min and filtered and 10 mL of an acetonitrile
solution containing 0.7 g of (C4Hs),PBr was added. The dark red
solution was filtered and layered with 10 mL of hexane and stored at
4 °C overnight, generating 0.64 g (70% yield) of red-orange crystals of
the product. Anal. Caled for CH,3PSTe: C, 61.20; H, 4.04. Found:
C, 60.11; H, 4.10.

(14) An orange crystal was sealed in epoxy and mounted on a Nicolet
R3/mV diffractometer. A unit cell was obtained from 36 well-centered
reflections. Crystal data: monoclinic space group, P2,/n, a = 10.752
(5)A,b=13.745(8) A, c = 17.358 (8) A, 8 = 108.06 (4), V = 2439
(2) A3, Z = 4. Data were collected in the range 3.5° < 26 < 45° and
an absorption correction was performed using the y-scan technique. The
structure was solved by direct methods, and least-squares refinement
of all non-hydrogen atoms performed anisotropically, with fixed hy-
drogen atoms on the phenyl groups, using 1268 observed reflections of
I > 30([l), resulted in an agreement of R = 0.0545 and R, = 0.0643.

(15) Pauling, L. The Nature of the Chemical Bond, 2nd ed.; Cornell Univ-
ersity Press: Ithaca, NY, 1945,

(16) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Oxford University
Press: Oxford, England, 1984; p 728.

(17) (a) Power, P. P. Acc. Chem. Res. 1988, 2/, 147.and references contained
therein. (b) Jones, R. A.; Koschmieder, S. U.; Nunn, C. M. Inorg.
Chem. 1987, 26, 3610.

(18) Farnham, W. B.; Smart, B. E.; Middleton, W. J.; Calabrese, J. C,;
Dixon, D. A. J. Am. Chem. Soc. 19858, 107, 4565.
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of group 16 have not been as extensively investigated. Several
lithium thiolates have been reported, but they contain substantial
amounts of ion pairing between Li* and the thiolate anion.”® The
origin of the unusual stabilization of molecule I is not clear but
probably is caused by the electronegative heteroatom in the
aromatic ring. This would withdraw electron density into the
aromatic framework more efficiently than a simple phenyl ring.
This idea is supported by the short Te~C bond, which suggests
a small amount of multiple bonding.

The increased stability of the organotelluride augurs well for
its use as a ligand with metals. Indeed, it reacts cleanly with a
solution of silver nitrate dissolved in DMF to yield the new cluster
[Ag«(TeR)¢]>. The molecule can be isolated in reasonable yield
by using tetraphenylphosphonium as a counterion. The salt
[(C4Hs)4P],[Agy(TeC H;S)4] was characterized by elemental
analysis, IR spectroscopy,?® and single-crystal X-ray diffraction.?!

The crystal structure reveals two well-separated cations and
the tetrameric silver cluster dianion. The heavy atom framework
is analogous to the structures of [Cu,(SMe)s]>?? and [Cu,-
(SPh)¢]#,2223 which consist of tetrahedra of metal atoms edge
bridged by organochalcogen ligands. This creates an octahedron
of tellurium atoms inscribed by a tetrahedron of silver atoms (see
Figure 2). The Ag-Te distances range from 2.727 (5) to 2.807
(5) A. The Ag-Ag distances average 3.13 (9) A, which is long
compared to the distance in elemental silver (2.88 A).2 The
overall coordination environment around each silver atom is
trigonal planar, and the Ag-Te-Ag angles are acute (69 (2)°
average) (see Figure 3 in supplementary material).

It is possible for the thiophene ring to be involved in inter- or
intramolecular interaction with the silver atoms by analogy with
a reported silver pyridinethiolate complex.2> However, we were
surprised to find that the sulfur atom does not appear to be
involved in any interaction with silver atoms. It should be noted
that the sulfur atoms are disordered over the two possible sites
in several of the thiophene rings and the rings are somewhat
disordered themselves. This contributes to a somewhat high R
factor but does not appear to have any effect on the overall
structure.

(19) (a) Aslam, M.; Bartlett, R. A.; Block, E.; Olmstead, M. M.; Power, P.
P; Sigel, G. E. J. Chem. Soc., Chem. Commun. 1985, 1674. (b) Sigel,
G. A.; Power, P. P. Inorg. Chem. 1987, 26, 2819.

(20) A solution of 0.15 mL (1.9 mmol) thiophene in 10 mL of THF was
cooled to -78 °C and 1.3 nL (3 mmol) of n-BuLi was added via syringe.
The mixture was stirred for 15 min and allowed to warm to room
temperature. Tellurium powder (0.25 g, 2.0 mmol) was added with
stirring. The mixture was filtered after 20 min, producing a clear yellow
solution. A solution of 0.17 g (1.00 mmol) of AgNO; in 10 mL of
CH,CN was added via syringe. After the mixture was stirred overnight,
a 10-mL acetonitrile solution of 0.37 g of (C4H;),PBr was added via
syringe. The yellow solution was filtered through Celite and the volume
reduced by half under vacuum. The solution was layered with 5 mL
of diethyl ether and stored overnight at 4 °C, generating yellow crystals,
which were washed with fresh ether and dried, yielding 0.418 g (yield
61%) of pure product. Anal. Caled for C;,HssAgsP,S¢Tes: C, 36.40;
H, 2.47. Found: C, 37.07: H, 2.74.

(21) A yellow crystal was prepared as described above and treated as in ref
14. Crystal data: orthorhombic space group, P2,2,2,, a = 13.768 (4)
A, b=24276 (1) A, c=25.183(6) A, ¥ =8417 (3) A%, Z=4. The
data were corrected for absorption by using the Y-scan technique. The
structure was solved by direct methods and refined by using least-
squares programs from the standard Nicolet package. The heavy atoms
Te, Ag, and P were refined anisotropically, while the atoms of the
thiophene rings were refined isotropically and the carbon atoms of the
counterions were refined as rigid groups (see ref 26). The refinement
of 3256 observed reflections (/ > 3o(I)) with 281 parameters converged
at R = 0.0689 and R, = 0.0745. An identical refinement with the
coordinates of the model inverted converged with R = 0.0698 and R,,
= 0.0987.

(22) (a) Dance, I. G.; Calabrese, J. C. Inorg. Chim. Acta 1976, 19, L41. (b)
Dance, I. G.; Bowmaker, G. A.; Clark, G. R.; Seadon, J. K. Polyhedron
1983, 2, 1031.

(23) Coucouvanis, D.; Murphy, C. N.; Kanodia, S. K. Inorg. Chem. 1980,
19, 2993.

(24) Reference 16, p 1281.

(25) Block, E.; Gernon, M.; Kang, H.; Zubieta, J. Angew. Chem., Int. Ed.
Engl. 1988, 27, 1342.

(26) See supplementary material for a complete description of the disorder
problem in molecule IT and attempts to resolve it.
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In conclusion, we report the isolation of the unusual RTe—anion
where R is thienyl, which may be the first member of a large class
of stable anions. This can be used to prepare a new silver telluride
cluster [Ag,(TeR),]¥", which is only the second homoleptic metal
organotelluride structurally characterized.
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Synthesis and Characterization of the Mixed-Metal
Alkoxides [((L,)Rh),Sn(OEt)¢], Where L, =
1,5-Cyclooctadiene (COD) (3) and (CO), (4), and the
Conversion of 3 to Rh and SnO, under Mild Conditions

There has been growing interest in the marriage of classical
organometallic and inorganic chemistry for the synthesis of soluble
molecular species as models for late-transition-metal catalysts on
metal oxide supports.! In one approach, a variety of polyoxo-
anion-supported organometallic fragments have been prepared.?
However, less attention has been directed toward the design of
new chemical routes for the preparation of supported catalysts
themselves.* An example of the existing routes to these catalysts
is given as follows:®

. . 1. MeOH , +Ni?*
Ti(0-i-Pr); + NaOH ——— NaTi,0sH ———
2. H,0 -2Na*
reduction

Ni[Ti,O4H], Ni on TiO; (1)

As part of our strategy to prepare new mixed-metal alkoxide
compounds* containing a catalytically important transition metal,

(1) (a) Schwartz, T. Acc. Chem. Res. 1985, 18, 302. (b) Gates, B. C. In
Organometallic Chemistry: Basis for the Design of Supported Cata-
Iysts, Catalyst Design, Progress and Perspectives; Hegedus, L. L., Ed.;
John Wiley & Sons: New York, 1987.

(2) (a) Chae, H. K.; Klemperer, W. G.; Day, V. W. Inorg. Chem. 1989,
28,1423, (b) Day, V. W.; Klemperer, W. G. Science (Washington,
D.C.) 19858, 228, 533. (c) Hayashi, Y.; Toriumi, K.; Isobe, K. J. Am.
Chem. Soc. 1988, 110, 3666. (d) Domaille, P. J.; Knoth, W. H. Inorg.
Chem. 1983, 22, 818~822. (e) Finke, R. G.; Rapko, B.; Domaille, P.
J. Organometallics 1984, 5, 175. (f) Pope, M. T. Heteropoly and
Isopoly Oxometalates; Inorganic Chemistry Concepts No. 8; Spring-
er-Verlag: New York, 1983; p 118. (g) Besecker, C. J.; Day, V. W
Klemperer, W. G.; Thompson, M. R. J. Am. Chem. Soc. 1984, 106,
4125. (h) Day, V. W.; Klemperer, W. G.; Maltbie, D. J. Organo-
metallics 1985, 4, 104. (i) Besecker, C. J.; Day, V. W.; Klemperer, W.
G.: Thompson, M. R. Inorg. Chem. 1985, 24, 44 (j) Day, V. W
Earley, C. W.; Klemperer, W. G.; Maltbie, D. J. J. Am. Chem. Soc.
1988, 107, 820. (k) Yagasaki, A. Chem. Lett. 1989, 2041.

(3) (a) Stephens, H. P.; Dosch, R. G.; Stohl, F. V. Ind. Eng. Chem. Prod.
Res. Dev. 1988, 24, 15. (b) Tauster, S. J.; Fung, S. C.; Baker, T. K.;
Horseley, J. A. Science 1981, 211, 4487. (c) Tauster, S. J. Acc. Chem.
Res. 1987, 20, 389. (d) Campbell, 1. M. Catalysis at Surfaces;
Chapman Hall: London, 1988; Chapter 3. (e) Beli, A. T. Supports and
Metal-Support Interactions in Catalyst Design, Catalyst Design,
Progress and Perspectives; Hegedus, L. L., Ed.; John Wiley and Sons:
New York, 1987,

Figure 1. ORTEP plot of [((COD)Rh),Sn(OEt)¢], showing the atom-
numbering scheme. Relevant bond distances (A): Rh(1)-O(1) = 2.05%
(4), Rh(1)-0(2) = 2.082 (4), Rh(2)-0O(3) = 2.063 (5), Rh(2)-0(4) =
2.065 (4), Sn—O(1) = 2.098 (3), Sn—0(2) = 2.075, Sn—O(3) = 2.082 (4),
Sn-0(4) = 2.103 (4), Sn~O(5) = 1.979 (5), Sn-O(6) = 1.980 (4),
Rh(1)-C = 2.080 (6) (average), Rh(2)-C = 2.078 (average). Relevant
bond angles (deg): O(1)-Rh-0(2) = 74.4 (1), O(3)-Rh(2)-0(4) = 74.6
(2), O(1)-Sn-0(2) = 73.7 (1), O(3)-Sn-0(4) = 73.4 (2), O(5)-Sn-O-
(6) = 90.4 (2).

we report here the synthesis and characterization of the new
rhodium-tin alkoxide compounds [(L,(Rh)),Sn(OEt)¢], where
L, = 1,5-cyclooctadiene (3) and (CO), (4), and the conversion
of 3 to Rh and SnO,.

The addition of 1 equiv of (cyclooctadiene)rhodium(l) chloride
dimer® to [T1,Sn(OEt)¢]* in THF at room temperature results
in smooth precipitation of thallium(I) chloride, according to eq
2.5 After filtration, removal of the volatile components in vacuo,

[T1,Sn(OEt),] + [(COD%RhCl]Z —
1
[((COD)Rh3)ZSn(OEt)6] + 2TICI (2)

extraction, and crystallization from n-pentane at —30 °C, pale
yellow crystals that analyzed correctly as [((COD)Rh),Sn(OEt);]
(3) were isolated in 90.8% yield.” In toluene-dj solution at room
temperature, 3 exhibits only one type of ethoxide and cyclo-
octadiene ligand, as determined by 'H and '*C NMR spectroscopy.
Upon cooling, however, the "H NMR ethoxide ligand resonances
begin to broaden at 233 K, and the cyclooctadiene resonances
begin to broaden at 193 K. Unfortunately, temperatures low
enough to freeze out the exchange process could not be reached,
so the thermodynamically preferred conformation of this com-

(4) (a) Hampden-Smith, M. J.; Smith, D. E.; Duesler, E. N. Inorg. Chem.
1989, 28, 3399. (b) Hampden-Smith, M. J.; Williams, D. S; Rheingold,
A. Inorg. Chem., submitted for publication. (c) Hampden-Smith, M.
J.; Wark, T. A.; Rheingold, A.; Huffman, J. C. Inorg. Chem., submitted
for publication. (d) Wark, T. A.; Jones, L. C.; Gulliver, E.; Hamp-
den-Smith, M. J.; Duesler, E. N. Submitted for publication in Better
Ceramics Through Chemistry, IV, Spring MRS Meeting, April 16-20,
San Francisco, CA, 1990.

(5) Giordano, G.; Crabtree, R. H. Inorganic Syntheses; Wiley: New York,
1979; Vol. XIX, p 218.

(6) To a solution of 2.0 g (2.5 mmol) of [T1,Sn(OEt)s] in THF was added
a THF solution of 1.24 g (2.5 mmol) of [(COD)RKCI], with rapid
stirring. A white precipitate was immediately formed. After being
stirred for 2 h, the solution was filtered, and the volatile components
were removed in vacuo to give a yellow oil, which was taken up in
n-pentane. The resultant solution was filtered and evaporated to dryness
to give a pale yellow solid. Recrystallization from n-pentane at ~30 °C
gave crystals suitable for X-ray diffraction.

(7) [((COD)Rh),Sn(OEt)s]: mp 82-84 °C; 'H NMR (C¢Dq, 20 °C, 250
MHz) 3.97 (q, 7 Hz, 2Jisg,.14 = 52 Hz, 12 H, OCH,CHj), 3.69 (s, br,
4 H, -CH=CH-), 2.17 (m, 4 H, =CH—CH}—), 1.59 (t, 18 H,
OCH,CH,), 1.41 ppm (m, 4 H, =CH-CH,-); "*C{'H} NMR (C¢Ds,
20 °C, 62.9 MHz) 73.9 (d, 'Viesg,13¢ = 15 Hz, ~-CH=CH~-), 60.9 (s,
2Ji19gq13¢ = 27 Hz, OCH,CH,), 30.6 (s, =CH-CH,-), 20.8 ppm (s,
3 isgn i = 16 Hz): 119Sn NMR (C¢Ds, 20 °C, 93.3 MHz) -529.5 ppm
(s); IR (KBr disk) 2951.7 (s), 2878.0 (s), 1471.0 (m), 1435.0 (m),
1380.4 (s), 1299.0 (m), 1153.0 {m), 1089.5 (s), 1033.0 (s), 961.3 (m),
884.1 (s), 840.1 (s), 558.2 (s), 452.1 (s), 540.0 (s), 525.9 (s), 498.0 cm™
(s). Anal. Caled for CsHeyO¢Rh,Sn: C, 41.46; H, 6.71. Found: C,
41.76; H, 6.96 (monomeric in benzene solution).
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