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Figure 2. Cyclic voltammogram of biphenyl diiron complex 3 
in CH2C12/0.1 M BulNPFB at Pt electrode. Conditions: ambient 
temperature; scan rate = 200 mV/s; concentration = 1.0 mM. Full 
scale on the y axis is 13 FA. 

feasible, substitution of a cyclopentadienyl ligand by a 
carboranyl ligand should be considered when stabilization 
of a Fe(II1) or Ru(II1) complex is desired. 

The reduction of dinuclear iron(I1) arene complexes, 
linked either through the arenes13 or through cyclo- 
pentadienyl units,14 or in cyclophane complexes,15 has 
received attention owing to  questions concerning mixed 
valency and electronic delocalization in the formal Fe- 
(II)/Fe(I) species. However, lack of a suitable oxidation 
process has precluded studies of mixed valency for Fe- 
(II)/Fe(III) systems with arene  linkage^.^ The use of the 
carborane capping ligand in place of Cp- allows oxidation 
of dinuclear iron complexes to be observed. Therefore, the 
biphenyl complex 3 undergoes two reversible one-electron 
oxidations (Figure 2) a t  E" = +0.55 and +0.84 V vs 
CpzFeo/+. The separation of the successive Eo values (290 
mV) is slightly less than those reported for the successive 
oxidations of biferrocene (330-350 mV).16J7 A study of 
mixed valency in the cations derived from 3 and other 
diiron systems is underway. 
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(12) Comparison may be made with shifta of +0.32 V for substitution 
of H by CFs in a cyclopentadienyl group [Gassman, P. G.; Winter, C. H. 
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Summary: Ce(OCMe3)2(N03)2(THF)z reacts with 2 equiv 
of NaC,H, to form (C5H5),Ce(OCMe3), in 90% yield. The 
reaction of Ce(OCMe,)(NO,),(THF), with NaC,H, forms a 
mixture of (C5H5),Ce(OCMe,), and (C5H,),Ce(OCMe,). 
The latter product can be isolated by recrystallization from 
hexane at -34 OC. I t  crystallizes in space group Pnma 
with unit cell parameters at 183 K of a = 14.8351 (17) 

(3) a? and DCelcd = 1.53 g cm-, for Z = 4. Least- 
squares refinement of the model based on 1661 reflec- 
tions converged to a final RF of 5.1 %. The three C,H, 
ring centroids and the alkoxide oxygen atom form a dis- 
torted tetrahedron'around the Ce(1V) center with a 2.76 
(2) a average Ce-C distance and a 2.045 (6) a Ce-0 
length. 

a, b = 13.3467 (14) a, = 8.9677 (9) a, v = 1775.6 

A fundamental question that has persisted for many 
years in the organolanthanide area is whether or not or- 
ganometallic complexes of tetravalent cerium can exist.'-4 
There is good reason to question the existence of organo- 
metallic Ce(1V) complexes, since Ce(1V) is strongly oxi- 
dizing and the anionic ligands typically found in organo- 
lanthanide complexes (e.g., C5H5-, C8H?-, and R-) are 
strongly reducing. Skepticism increased when some early 
syntheses612 of organometallic cerium(1V) complexes were 
found to be irreproducible or to form cerium(II1) com- 
ple~es.'~-" In 1985, the synthesis of Ce(C8Hs)215 was 

(1) Marks, T. J.; Emst, R. D. In Comprehensive Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon 
Press: Oxford, 1982; Chapter 21. 

(2) Forsberg, J. H.; Moeller, T. In Gmelin Handbook of Inorganic 
Chemistry, 8th ed.; Moeller, T., Kruerke, U., Schleitzer-Rust, E., Eds.; 
Springer-Verlag: Berlin, 1983; Part D6, pp 137-282. 

(3) Schumann, H. Angew. Chem., In t .  Ed .  Engl. 1984, 23, 474-493. 
(4) Evans, W. J. In T h e  Chemistry of t he  Metal-Carbon Bond;  

Hartley, F. R., Patai, S., Eds.; Wiley: New York, 1982; Chapter 12. 
(5) Kalsotra, B. L.; Anand, S. P.; Multani, R. K.; Jain, B. D. J. Orga- 

nomet. Chem. 1971,28, 87-89. 
(6) Kalsotra, B. L.; Multani, R. K.; Jain, B. D. Isr. J. Chem. 1971, 9, 

(7) Kalsotra, B. L.; Multani, R. K.; Jain, B. D. J. Inorg. Nucl. Chem. 

(8) Kapur, S.; Multani, R. K. J. Organomet. Chem. 1973,63,301-303. 
(9) Kapur, S.; Kalsotra, B. L.; Multani, R. K.; Jain, B. D. J. Inorg. 

(10) Kalsotra, B. L.; Multani, R. K.; Jain, B. D. J. Inorg. Nucl. Chem. 

(11) Kalsotra, B. L.; Multani, R. K.; Jain, B. D. J. Organomet. Chem. 

(12) Kalsotra, B. L.; Multani, R. K.; Jain, B. D. Chem. Ind.  (London)  

(13) Deacon, G. B.; Tuong, T. D.; Vince, D. G. Polyhedron 1983, 2, 

(14) Schumann, H. In Organometallics of t he  f-Elements; Marks, T. 

(15) Greco, A.; Cesca, S.; Bertolini, G. J .  Organomet. Chem. 1976,113, 

(16) Streitwieser, A., Jr.; Kinsley, S. A.; Rigsbee, J. T. J. Am. Chem. 

569-572. 

1973, 35, 311-313. 

Nucl. Chem. 1973,35, 1689-1691. 

1972, 34, 2679-2680. 

1971, 31, 67-69. 

1972, 339-340. 
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Figure 1. ORTEP plot of (C5H,),Ce(0CMe3) with thermal ellip- 
soids at 30% probability level and disordered atoms of the CMe3 
group omitted for clarity. 

reproduced and the physical properties of this complex 
were carefully examined.16 Recently, an improved syn- 
thesis of (C5H5)3Ce(O-i-Pr)15 has been reported and its 
physical properties established.ls Despite these recent 
advances in organocerium(1V) chemistry, X-ray crystal- 
lographic data on a Ce(1V) organometallic complex have 
proven e l ~ i v e . ' ~  We report here the first complete X-ray 
crystal strucure study of such a complex as well as con- 
venient syntheses of (C5H5),Ce(OCMe3)2 and (C5H5),Ce- 
(OCMe,) which are based on the readily available pre- 
cursor, ceric ammonium nitrate. 

The recent synthesisls of Cp,Ce(O-i-Pr) from Ce(O-i-Pr)4 
and Me,SnCp in 69% yield (24 h, 65 "C) is a great im- 
provement over the 4% yield of the initial synthe~is . '~  
However, although the preparation of the Me,SnCp 
starting material from MeaSnCl and CpLi20 was straight- 
forward, the preparation of Ce(O-i-Pr)4 involved the te- 
dious21 synthesis of (C5H6N)2CeC&.22 We have found that 
mixed-ligand Ce(1V) tert-butoxide nitrate complexes Ce- 
(OCMe3)2(N03)2(THF)2 (lI2, and Ce(OCMe,)(NO,),- 
(THF)2 (2),, are good precursors to Ce(1V) cyclo- 
pentadienide complexes. 1 and 2 can be prepared in 
50-80% yield by a 2-h reaction of commercially available 
ceric ammonium nitrate with NaOCMe, in THF.23 1 and 
2 react rapidly with NaC5H5 in THF at room temperature 
to form Ce(1V) cyclopentadienyl tert-butoxide complexes 
as shown in reactions 1 and 2 (R = CMe,). Complex 3 
Ce(OR)2(N03)2(THF)2 + 2NaCp - 

3 

1 
C P ~ C ~ ( O R ) ~  + 2NaN0, (1) 

2Ce(OR)(N03),(THF), + 6NaCp - C P ~ C ~ ( O R ) ~  + 
2 3 
Cp,Ce(OR) + 6 NaN0, + other products (2) 

is isolated from reaction 1 in 90% yield as a dark brown 
powder.24 Its diamagnetic NMR spectra are similar to 

4 

(17) Jacob, K.; Glanz, M.; Tittes, K.; Thiele, K. H. Z. Anorg. Allg. 
Chem. 1988,556, 170-178. 

(18) Gulino, A.; Casarin, M.; Conticello, V. P.; Gaudiello, J. G.; 
Mauermann, H.; Fragala, I.; Marks, T. J. Organometallics 1988, 7, 
2360-2364. 

(19) The only data in the literature is a sentence in ref 15 which states 
that preliminary X-ray studies show that Ce(C,H& is isomorphous with 
(CaHa),U and (CaHa),Th reported in Avdeef, A.; Raymond, K. N.; 
Hodgson, K. 0.; Zalkin, A. Inorg. Chem. 1972, 11, 1083-1088. 

Chem. 1985,24, 1110-1111. 

1956, 2260-2265. 

(20) Davison, A.; Rakita, P. E. Inorg. Chem. 1970, 9, 289-293. 
(21) Gradeff, P. S.; Schreiber, F. G.; Brooks, K. C.; Sievers, R. E. Inorg. 

(22) Bradley, D. C.; Chatterjee, A. K.; Wardlaw, W. J. Chem. SOC. 

those of crystallographically characterized 425 (see below) 
and those of (C5H5),Ce(O-i-Pr).15 Reaction 2 is more 
complicated and gives a mixture of 3 and 4 as well as other 
cerium-containing byproducts. Complex 4 can be sepa- 
rated from 3 by crystallization and can be isolated in 50% 
yield as a black microcrystalline powder.25 Recrystalliza- 
tion from hexane a t  -34 "C gave X-ray quality crystals26 
whose structure is shown in Figure 1. 

Since reaction 2 forms a mixture of 3 and 4 within a very 
short reaction time, rapid ligand redistribution reactions 
must be occurring in this system. Since 3 and 4 do not 
readily undergo ligand redistribution, the ligand mixing 
must involve intermediates in the reaction. For example, 
NaCp may replace a nitrate ligand in 2 to form CpCe- 
(OR) (NO,), which disproportionates to CpCe(NO,), and 
CpCe(OR),(NO,). The latter compound could react with 
NaCp to form 3.27 Without the stabilizing influence of 
the alkoxide ligand,% CpCe(N03), may decompose to dark 
insoluble Ce(II1) products as observed in the reactions of 
NaCp with (NH4)zCe(N03)6.29 Several other ligand re- 
distribution reactions of this type can be envisioned. 

The overall structure of Cp,Ce(OCMe,) is similar to that 
of Cp,UZ complexes (Z = halide, hydrocarbyl)',*% in that 
the three Cp ring centroids (Cn) and the alkoxide oxygen 

(23) Evans, W. J.; Deming, T. J.; Olofson, J. M.; Ziller, J. W., sub- 
mitted for publication in Inorg. Chem. and reported in part at  the 196th 
National Meeting of the American Chemical Society, Los Angeles, CA, 
Sept 1988; INOR 221. A typical synthesis is described in the supple- 
mentary material. 

(24) Typically, in a nitrogen-filled glovebox a solution of Ce- 
(OCMe3)2(N03)2(THF)2 (50 mg, 0.090 mmol) in 2.5 mL of THF was 
added to a suspension of NaC& (15.9 mg, 0.18 mmol) in 2.5 mL of THF 
resulting in the immediate formation of a dark red-brown mixture. After 
being stirred for 30 s, the mixture was centrifuged to remove a white 
precipitate (15 mg, 97% if NaN03). The THF solvent was removed by 
rotary evaporation, and the product was extracted with hexane. Subse- 
quent solvent removal left Cp2Ce(0CMe3), as a dark brown powder (38 
mg, 90%). 'H NMR ( C a d :  6 6.14 (s, 10 H, Cd-IH,), 1.26 (s, 18 H, OCMe,). 
"C NMR (CeDe): 6 120.22 (CSH,), 82.55 (OCMe3), 32.50 (OCMeJ. IR 
(KBr): 2970 m, 1360 8,1230 m, 1090 s, 1020 m, 980 s, 960 s, 770 s cm-'. 
Anal. Calcd: Ce, 33.6. Found: Ce, 33.7. 

(25) Using a procedure like that in footnote 24, Ce(OCMe3)(N03)3- 
(THF), (100 mg, 0.184 mmol) was reacted with NaC6H5 (48.6 mg, 0.552 
mmol) to form a tan-brown, THF-insoluble material (71 mg) and a black, 
hexane-soluble mixture of 3 and 4. The less soluble 4 was obtained as 
a black microcrystalline powder (42 mg, 50%) by recrystallization from 
a concentrated hexane solution cooled to -34 OC. Single crystals suitable 
for X-ray crystallography were grown from hexane at  -34 "C. IH NMR 

6 121.24 (C6H6), 84.31 (OCMe3), 33.12 (ocMe3). IR (KBr): 2970 m, 1440 
m, 1360 8,1230 m, 1180 s, 1060 m, 1010 8,960 8,770 s cm-'. Anal. Calcd: 
Ce, 33.0. Found: Ce, 32.9. 

(26) 4 crystallizes in the orthorhombic space group Pnma with unit cell 
arameters a t  183 K: a = 14.8351 (17), b = 13.3467 (14), c = 8.9677 (9) 1, V = 1775.6 (3) A3, and D d d  = 1.53 g cm-3 for Z = 4. Least-squares 

refinement of the model using those 1661 data with IFoI > 6.00(lFoI) 
converged to RF = 5.1% and R,F = 6.1%. Disorder in the tert-butyl 
group was modeled with a three-position approximation. 

(27) This type of ligand redistribution chemistry is also observed in 
the reactions of NaCp with Ce(OR)4(THF)2B and Ce(OR)3(N03)(THF)23 
which form 3 and other cerium(1V) alkoxide products. 

(28) A delicate balance of factors may be involved in stabilizing isol- 
able organometallic cerium(IV) complexes. Changing one ligand may lead 
to cerium(II1) products. For example, use of KC,Me5 in reactions 1 and 
2 can lead to cerium(II1) products. 

(29) Gradeff, P. S.; Yunlu, K.; Deming, T. J.; Olofson, J. M.; Ziller, J. 
W.; Evans, W. J. Inorg. Chem., in press. 

(30) Raymond, K. N.; Eigenbrot, C. W., Jr. Acc. Chem. Res. 1980,13, 

(31) Leong, J.; Hodgson, K. 0.; Raymond, K. N. Inorg. Chem. 1973, 

(32) Atwood, J. L.; Hains, C. F.; Tsutsui, M.; Gebala, A. E. J. Chem. 

(33) Perego, G.; Cesari, M.; Farina, F.; Lugli, G. Acta Crystallogr. 1976, 

(CeD6): 6 5.60 (9, 15 H, C6H6), 1.58 (8 ,  9 H, OCMe3). l3C NMR (C&): 

276-283. 

12, 1329-1335. 

SOC., Chem. Commun. 1973, 452-453. 

B32. 3034-3039. ---, - - - -  - - - -  
(34) Atwood, J. L.; Tsutsui, M.; Ely, N.; Gebala, A. E. J.  Coord. Chem. 

1976. 5. 209-21.5. . . . . , . , -. . - -. . 
(35) Halstead, G. W.; Baker, E. C.; Raymond, K. N. J.  Am. Chem. SOC. 

(36) Ryan, R. R.; Penneman, R. A.; Kanellakopulos, B. J. Am. Chem. 
1975, 97, 3049-3052. 

SOC. 1975, 97,4258-4260. 
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Tab le  I. Selected Bond Distances (A) and Angles  (deg) for 
(CdW&e(OCMed (4)’ 

Ce(l)-O(l) 2.045 (6) Ce(l)-C(l) 2.790 (9) 
Ce(l)-C(2) 2.752 (11) Ce(l)-C(3) 2.741 (10) 
Ce(l)-C(4) 2.777 (14) Ce(1)-C(5) 2.783 (12) 
Ce(l)-C(9) 2.749 (10) Ce(l)-C(lO) 2.757 (12) 
Ce(l)-C(ll)  2.746 (15) Ce(1)-Cn(1) 2.518 
Ce(l)-Cn(P) 2.505 0(1)-C(6) 1.441 (13) 

o( l ) -ce( l ) -Cn( l )  103.5 O(l)-Ce(l)-Cn(B) 101.7 
Cn(l)-Ce(l)-Cn(2) 116.9 Cn(1)-Ce(1)-Cn(1’) 111.8 
Ce(l)-O(l)-C(G) 176.3 (6) 

OCn(1) is the centroid of the  C(1), C(2), C(3), C(4), C(5) ring. 
Cn(2) is the  centroid of the  C(9), C(lO), C(11), C(lO’), C(9’) ring. 

atom roughly define a tetrahedron. Cp3Ce(OCMe3) and 
the Cp3UZ complexes differ, however, in the nature of their 
distortion from pure tetrahedral symmetry. Cp3UZ com- 
plexes typically have near C3” symmetry at  uranium with 
Cn-U-Cn angles near 100’ and Cn-U-Z angles near 
117°.1*30-36 In contrast, the solid-state structure of 
Cp3Ce(OCMe3) has (a) a mirror plane through Ce, C(11), 
O(l) ,  C(6), and C(8), (b) Cn-Ce-Cn angles of 116.9’ and 
111.8’, and (c) Cn-Ce-0 angles of 103.5’ and 101.7’ (Table 
I). 

The average Ce-Wing) distance, 2.76 (2) A, can be 
compared to U-C(ring) averages of 2.68-2.74 8, in Cp3UZ 
c ~ m p l e x e s . ’ ~ ~ ~ ~ ~  The relationship of the cerium(1V) dis- 
tance to the uranium(1V) distances in these tetravalent 
complexes parallels the relationship of the cerium(II1) and 
uranium(II1) distances in the six trivalent complexes 
(MeC6H4)3ML where M = U and Ce and L = PMe3,37,38 
P(OCH2)3CEt,39 and q u i n ~ c l i d i n e . ~ ~  In all of these cases, 
the cerium distances are longer than expected on the basis 
of Shannon’s radii for halide and chalcogenide complexesa 
which show cerium to be slightly smaller than uranium. 
However, the crystallographic differences are small and 
statistically insignificant. The Ce-C(ring) distance in 4 
can also be compared to the 2.81 (4) A average Ce-C 

Stults, S. D.; Zalkin, A. Acta Crystallogr. 1987, C43, 43C-432. 
Brennan, J.; Zalkin, A. Acta Crystallogr. 1985, C41, 1038-1040. 
Brennan, J. G.; Stults, S. D.; Andersen, R. A.; Zalkin, A. Or- 

(40) Shannon, R. D. Acta Crystallogr., Sect. A :  Cryst. Phys., Diffr. 

(41) Evans, W. J.; Deming, T. J.; Olofson, J. M.; Ziller, J. W., unpub- 

ganometallics 1988, 7, 1329-1334. 

Theor. Gen. Crystallogr. 1976, A32, 751-767. 

lished results. 

Addit ions and 

distance in C P ~ C ~ ( T H F ) . ~ ~ ~ ~ ~  According to Shannon,40 
ten-coordinate Ce(IV) is 0.18 A smaller than ten-coordinate 
Ce(II1). On this basis, the expected Ce-C average length 
in 4 would be 2.63 A. The 2.045 (6) A Ce-0 distance is 
more difficult to assess since there are no structurally 
characterized Ce(1V) alkoxide complexes of comparable 
coordination n ~ m b e r . ~ ” ~ ~  The 176.3 (6)’ Ce-O( 1)-C(6) 
angle is typical of lanthanide, actinide, and early-transi- 
tion-metal alkoxide complexes which contain short met- 
al-oxygen distances.44 

The synthetic results described here demonstrate that 
ceric ammonium nitrate derived alkoxide nitrate complexes 
are useful precursors to cerium(1V) organometallic com- 
pounds. The structural results establish that complete 
crystallographic data can be obtained on isolable organo- 
metallic complexes of Ce(1V). When more structural data 
on Ce(1V) organometallics are obtained, it should be 
possible to determine if Ce(1V) bond distance parameters 
can be assessed in the same way as other f-element or- 
ganometallic complexes. 

Acknowledgment. We thank the Division of Chemical 
Sciences of the Office of Basic Energy Sciences of the 
Department of Energy for support of this research and the 
University of California, Irvine, for a President’s Under- 
graduate Fellowship (to T.J.D.). Funds for the purchase 
of the Nicolet R3m/V diffractometer system were made 
available from the National Science Foundation under 
Grant CHE-85-14495. 

S u p p l e m e n t a r y  Material Avai lab le :  Synthetic and struc- 
tural  details, tables of crystal data, positional parameters,  bond 
distances and angles, and thermal parameters,  and  a disordered 
ORTEP plot (11 pages); a listing of structure factor amplitudes (8 
pages). Ordering information is given on  any  cur ren t  masthead 
page. 

(42) The same argument can be made with the 2.82 (4) A average 
La-C distance in isostructural Cp,La(THF) (Rogers, R. D.; Atwood, J. 
L.; Emad, A.; Sikora, D. J.; Rausch, M. D. J. Organomet. Chem. 1981,216, 
383-392) and with the 2.80 (2) A average Pr-C distance in Cp,Pr(THF) 
(Fan, Y.; Lu, P.; Jin, Z.; Chen, W. Sci. Sin. 1984, 27B, 993-1001). 

(43) Stecher, H. A.; Sen, A.; Rheingold, A. L. Inorg. Chem. 1988,27, 

(44) Evans, W. J.; Hanusa, T. P.; Levan, K. R. Inorg. Chim Acta 1985, 
1132-1133. 

110, 191-195 and references therein. 

Corrections 
Crystal Structure of 
( t5-C5Me5)Ru( pH)@( q5-C5Me5): Corrigendum‘ 

Richard E. Marsh 

Arthur Amos Noyes Laboratory of Chemical Physics 
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Received January 4, 1989 

Summary: The crystal structure of this compound, ori- 
ginally described in the noncentrosymmetric space group 
P a ,  is correctly described as centrosymmetric, space 
group P 2 / a .  Refinement in space group P 2 / c ,  the 
standard setting of P 2 / a ,  has led to much more reason- 

0276-7333/89/230~-1583$01.50/0 0 

able geometry than reported for the Pa refinement: the 
bridging H atoms form a square rather than a rectangle, 
and the bond lengths and angles in the permethylcyclo- 
pentadienyl ring are now normal. 

The crystal structure of this interesting compound, 
which contains a Ru-Ru triple bond as well as four H 
atoms bridging between the Ru atoms, has recently been 
reported.2 A surprising feature of the structure was the 
arrangement of the bridging H atoms, which appeared to 
form a rectangle with two short H--H distances (0.84 and 

(1) Contribution No. 7614 from the Arthur Noyes Laboratory of 

(2) Suzuki, H.; Omori, H.; Lee, D. H.; Yoshida, Y.; Moro-oka, Y. Or- 
Chemical Physics. 

ganometallics 1988, 2243-2245. 

1989 American Chemica l  Society 
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