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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).

0020-1669/90/1329-4360$02.50/0 © 1990 American Chemical Society
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Figure 2. Variable-temperature '"H NMR spectra of 4. (* marks the
protio impurity of the solvent. There is a small amount of ethanol
impurity present at ~1.0 and ~3.4 ppm.)

pound in solution could not be established.

A solid-state X-ray structural analysis of crystalline 3% con-
firmed its identity and showed that each [(COD)Rh]* cation is
coordinated to two ethoxide ligands to produce a molecule with
approximate C, molecular symmetry. An ORTEP plot of 3 is shown
in Figure 1, together with the relevant bond lengths and angles.
Of the six ethoxide ligands coordinated to tin, two cis pairs are
coordinated to Rh(1) and Rh(2), resulting in a distortion of the
octahedral coordination environment for tin (O(3)-Sn-O(4) =
73.4 (2)° and O(1)-Sn-0(2) = 73.7 (1)°) and distortion of the
square-planar coordination environment of Rh (O(3)-Rh(2)-O(4)
=74.6 (2)° and O(1)-Rh(1)-O(2) = 74.4 (1)°). The tin—oxygen
and rhodium-oxygen distances are in the range expected.<® The
bridging alkoxide oxygen atoms are approximately planar, and
the sums of their angles are close to 360°.!° The angle between

(8) Crystal data for 3: irregular crystals (0.27 X 0.30 X 0.33 mm) grown
from n-pentane at —30 °C; C,H,O4Rh,Sn, monoclinic, P2,/n, a =
10.8895 (15) A, b = 18.3805 (27) A, ¢ = 17.0229 (2) A, 8 = 105.501
(10)°, V = 3283.2 (7) A%, Z = 4, D(calc) = 1.641 gcm™, (Mo Ka)
=175cm™, T =294 K. Of 7637 data that were collected on a Nicolet
R; instrument, using Mo Ko radiation (A = 0.71073 A) and employing
a graphite monochromator, and that were corrected for absorption (4°
< 26 = 54°) (SHELXTL), 7161 were independent, and 4906 with F, 2
5o0(F,) were observed. At convergence, with all non-hydrogen atoms
anisotropic and all hydrogen atoms idealized, R = 4.00%, R.r = 4.34%,
GOF = 1.145, A(p) = 0.73 e A=, and N,/N, = 14.7,

(9) Tanaka, L.; Jin-No, N.; Kushida, T.; Tsutsii, N.; Ashidn, T.; Suzuki,
H.; Sakurai, H.; Moro-oka, Y.; Ikawa, T. Bull. Chem. Soc. Jpn. 1983,
56, 657.

(10) The sums of the angles are as follows: O(4) = 360.0°, O(3) = 358.3°,
0O(2) = 356.5°, O(1) = 359.7°.
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Figure 3. 3C NMR spectrum of [((O*C),Rh),Sn(OEt)s] (where *C =
99% '3C enriched) recorded at 293 K. !'9Sn satellites are marked #, and
* indicates the resonances due the '*0'C isotopomer present.

the cis terminal ethoxide ligands is 90.4°, and the Sn—-0O(5)-C(9)
and Sn-O(6)~C(11) angles of 125.4 and 125.6° are as expected
for terminal tin alkoxide ligands.* Other structural features of
this molecule are unremarkable.

To gain further insight into the solution dynamic process, the
COPD ligands of 3 were replaced by carbonyl ligands according
toeq 3."" In solution, 4 exhibits only one type of ethoxide ligand

excess CO

[((COD)Rh),Sn(OEt)]
[((OC)ZRh‘)‘ZSn(OEt)d +2COD (3)

at room temperature, as determined by '"H NMR spectroscopy.
Upon cooling, the '"H NMR resonances broaden, and the low-
temperature limiting spectrum can be obtained, as shown in Figure
2. At -80 °C, three types of alkoxide ligands of equal intensity
were observed consistent with a structure analogous to that adopted
by 3 in the solid state. In the -60 °C 3C NMR spectrum, one
of the methylenic ethoxide carbon resonances exhibits a 2/isg, o 13¢
coupling constant of 40 Hz, consistent with a terminal ethoxide
ligand, while the other two exhibit couplings of <30 Hz in the
range expected for doubly bridging ethoxide ligands.!?  Fur-
thermore, when 99% '*C-enriched CO is used to prepare 4, the

(11) [((CO),Rh),Sn(OEt)s]: 'H NMR (C¢Dy, 20 °C, 250 MHz) 4.10 (q,
7 Hz, *Jusg, 1y = 44 Hz, 12 H, -OCH,CH,), 1.35 ppm (t, 18 H,
-OCH,CH,); 3C{'H} NMR (C¢Ds, 20 °C, 62.9 MHz) 185.6 (d,
Uosgy-13¢c = 73 Hz, 3nsg,_13¢ = 4.1 Hz, -C0), 65.04 (s, br), 57.94 (s,
~OCH,CHjy), 18.55 ppm (s, -OCH,CH;). [(('*C'®0),Rh),Sn(OEt)]:
183.79 ppm (d, 'Jiosg-13c = 74 Hz, -3C'*0). [((CO),Rh),Sn(OEt)]:
BC{'H} NMR (toluene-dy, -80 °C, 62.9 MHz) 184.4 (d, "Jiosg,_iac =
73 Hz, 3vsg,_13¢c = 4.1 Hz, -C0O), 67.37 (s), 66.94 (s), 60.10 ppm (s,
2J119g,-13¢ = 40 Hz, “OCH,CH,), -OCH,CHj obscured by -CD; peak
of toluene-ds. [((!*CO),Rh),Sn(OEt)¢]: IR (C¢Ds solution, KBr win-
dows) 3235.0 (m), 2966.5 (s), 2859.1 (m), 2388.8 (m), 2271.6 (s),
2073.8 (s), 1999.1 (s), 1618.2 (s), 1453.1 (m), 1380.7 (s), 1330.6 (s),
1161.9 (m), 1092.4 (s), 1057.0 (s), 889.1 (s), 810.2 (s), 665.0 (w), 505.9
cm™ (s). [((CO);Rh),Sn(OEt)s]: IR (C¢Ds solution, KBr windows)
3235.0 (m), 2966.9 (s), 2858.5 (m), 2388.8 (m), 2273.1 (s), 2075.3 (s),
2005.0 (s), 1617.8 (s), 1453.2 (s), 1381.4 (m), 1330.3 (s), 1162.3 (m),
1091.1 (s), 1057.0 (s), 888.8 (m), 814.0 (s), 667 (9) cm™ (w).

(12) Hampden-Smith, M. J; Wark, T. A.; Rheingold, A. L.; Huffman, J.
C. Can. J. Chem., in press.
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room-temperature *C NMR spectrum, at the fast-exchange limit,
exhibits 3Jouc_pp_o_115sa (s¢€ Figure 3), consistent with an intra-
molecular dynamic rearrangement process. Studies to distinguish
between an associative (five-coordinate rhodium) or dissociative
(three-coordinate rhodium) intramolecular exchange mechanism
are in progress.

The thermogravimetric analysis of 3 under nitrogen shows an
onset of weight loss at approximately 160 °C, which is complete
by approximately 200 °C and corresponds to a 55% loss in weight.
X-ray powder diffraction data taken after the residual black
powder is heated to 325 °C indicate the presence of crystailine
Rh together with material that either is amorphous or has a small
particle size. After the sample is heated to 1039 °C, the only
crystalline phases observed are Rh and SnO, (cassiterite) (see
supplementary material). The weight loss observed at 200 °C
corresponds to loss of the organic fragments, but we note that the
surface area of this powder is extremely low (4 m?/g, as deter-
mined by nitrogen adsorption).'* In comparison, thermogravi-
metric analysis of [Sn(OEt),], reveals that, although the onset
of weight loss is at approximately the same temperature as 3 (160
°C), weight loss is not complete until ~300 °C.'* When the
thermal decomposition (300 °C) of 3 was conducted on a larger
scale, ethanol, 1,3-cyclooctadiene, 1,5-cyclooctadiene, and cis-
cyclooctene were isolated as the major condensable volatile by-
products,’* together with minor products such as acetaldehyde.
Previously, the thermal decomposition of metal alkoxides has
generally resulted in the formation of alcohol and alkene.!®
Further studies to determine the mechanism of decomposition of
3 and its derivatives and the catalytic activity of 3 and 4 dispersed
on high surface area supports are in progress.'’
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(13) Tin—metal oxide systems have been studied in some detail. See e.g.:
Harrison, P. G.; Maunders, B. J. Chem. Soc., Faraday Trans. 1985, 81,
1329 and references therein.

(14) Hampden-Smith, M. J.; Wark, T. A. Unpublished results.

(15) Identified by comparison to authentic material: Sadtler Research
Laboratories '"H NMR spectra 6330M (cis-cyclooctene) and 9448M
(1,3-cyclooctadiene).
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L. Inorg. Chem. 1989, 28, 3282.
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Synthesis and Structure of Five-Coordinate Aryl-Imido
Derivatives of Zirconium(IV)

The last few years have seen a dramatic increase of interest
in the structure, bonding, and reactivity of terminal imido com-
pounds of the transition metals.'”® Particular attention has
recently been focused upon the chemistry of the group 4 metal-
imido bond.** The work of Bergman et al.® and Wolczanski et
al.” has shown that alkyl- or silylimido derivatives of zirconium
are very reactive, even being able to activate carbon—-hydrogen
bonds. We wish to communicate here our isolation and charac-
terization of five coordinate, terminal arylimido derivatives of
zirconium and to also comment upon the bonding in these mol-
ecules.

The tetrabenzyl compound Zr(CH,Ph), reacts with 2,6-diiso-
propylaniline (H,NC¢H,Pri,-2,6; =4 equiv) in benzene solution
to produce the yellow, homoleptic arylamido complex [Zr-
(NHC¢H,Pr,-2,6),] (1) in high yield.> Crystals of 1 can be
obtained from hexane solution. Upon addition of 4-pyrrolidino-
pyridine (py’; 22 equiv) to hydrocarbon solutions of 1, elimination
of 1 equiv of H,NC¢H,Pri,-2,6 takes place with formation of the
arylimido complex [Zr(NCgH,Pr;-2,6)(NHC¢H;Priy-2,6),(py");]
(2) (Scheme I).'® The '"H NMR spectrum of 2 in C¢D; shows
two sharp sets of isopropyi resonances in the ratio 2:1. Hence,
rapid proton transfer between amido and imido nitrogen atoms
is not taking place in solution.

A simple phenylimido derivative of zirconium can be obtained
by initial reaction of the compound [Zr{(OC¢H;Bu';-2,6),(CH;),]
with aniline followed by addition of 4-pyrrolidinopyridine (Scheme
D). The intermediate bis(phenylamido) complex [Zr-
(OC4H;Bu',-2,6),(NHPh),] (3)'' has also been isolated prior to
its conversion to the phenylimido complex [Zr(NPh)-
(OC¢H;3Bu'y-2,6),(py")] (4)."

Both of the arylimido compounds 2 and 4 have been structurally
characterized (Figures 1 and 2).!> The molecular structures of

(1) Nugent, W. A,; Mayer, J. M. Metal-Ligand Multiple Bonds; Wiley-
Interscience: New York, 1988.

(2) (a) Chisholm, M. H.; Rothwell, I. P. In Comprehensive Coordination
Chemistry; Wilkinson, G., Gillard, R. D., McLeverty, J. A, Eds.;
Pergamon Press: New York, 1987; Vol. 2, Chapter 13.4. (b) Nugent,
W. A.; Haymore, B. L. Coord. Chem. Rev. 1980, 3/, 123. (c) Chen,
D. M.-T.; Fultz, W. C; Nugent, W. A,; Roe, D. C.; Tulip, T. H. J. Am.
Chem. Soc. 1988, 107, 251.

(3) (a) Glueck, D. S; Hollander, F. J.; Bergman, R. G. J. Am. Chem. Soc.
1989, 111, 2719 and references therein. (b) Esjornson, D.; Bakir, M.;
Fanwick, P. E.; Jones, K. S.; Walton, R. A. Inorg. Chem. 1990, 29,
2055. (c) Sharp, P.R.; Ge, Y.-W. J. Am. Chem. Soc. 1987, 109, 3796.
(d) Maatta, E. A; Kim, C. Inorg. Chem. 1989, 28, 624.

(4) (a) Anhaus, J. T.; Kee, K. P.; Schofield, M. H.; Schrock, R. R. J. Am.
Chem. Soc. 1990, /12, 1642 and references therein. (b) Burns, C. J.;
Smith, W, H,; Huffman, J. C.; Sattelberger, A. P. J. Am. Chem. Soc.
1990, /72, 3237 and references therein.

(5) (a) Harlan, E. W_; Holm, R. H. J. Am. Chem. Soc. 1990, 112, 186 and
references therein. (b) Chao, Y.-W.; Wexler, P. A.; Wigley, D. E.
Inorg. Chem. 1989, 28, 3860. (c) Johnson, L. K.; Virgil, S. C.; Grubbs,
R. H.; Ziller, J. W. J. Am. Chem. Soc. 1990, 112, 5384,

(6) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J. Am. Chem. Soc. 1988,
110, 8729.

(7) Cummins, C. C.; Baxter, S, M.; Wolczanski, P. T. J. Am. Chem. Soc.
1988, //0, 8731.

(8) (a) Roesky, H. W.; Voelker, H.; Witt, M.; Noltemeyer, M. Angew.
Chem., Int. Ed. Engl. 1990, 29. (b) Hill, J. E; Profilet, R. D.; Fanwick,
P. E.; Rothwell, 1. P. Angew. Chem., Int. Ed. Engl. 1990, 29, 664.

(9) Anal. Calcd for ZrN,CyHo, (1): C, 72.40; H, 9.11; N, 7.04. Found:
C, 72.07; H, 9.45; N, 7.40. 'H NMR (C¢Dq, 30 °C): 6 6.98 (s,
Zr-NH); 3.26 (septet, CHMe,), 1.18 (d, CHMe,).

(10) Anal. Caled for ZrCyHyN; (2): C, 70.85; H, 8.48; N, 10.71. Found:
C, 70.43; H, 8.58; N, 10.30. 'H NMR (C¢Dq, 30 °C): 5 6.90 (s,
Zr-NH); 3.92 (septet, imido CHMe,), 3.77 (septet, amido CHMe,),
1.29 (d, imido CHMe,), 1.43 (d, amido CHMe,), 8.87 (d, 2,6-H py’),
5.62 (d, 3,5-H py’), 2.32 (m, a-CHy-py’), 1.07 (m, 8-CHy-py’).

(11) Anal. Calcd for ZrN,0,CoHsy, (3): C, 70.02; H, 7.93; N, 4.08.
Found: C, 68.96; H, 8.40; N, 3.86. 'H NMR (C(D, 30 °C): §7.33
(s, Zr-NHPh), 1.44 (s, Bu'), 6.6-7.2 (m, aromatics).

(12) Anal. Calced for ZrNsO,Cs,H, (4): C, 70.22; H, 8.05; N, 7.87. Found:
C,70.26; H, 8.47; N, 7.48. 'H (C,Dq, 30 °C): 5 1.38 (s, Bu'), 8.33 (d,
2,6-H py’), 5.02 (d, 3.5-H py’), 1.80 (m, a-CHyp-py’), 0.65 (m, 8-
CH,-py’), 6.5-7.3 (m, aromatics).
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