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The two new indium hydrides K(H[In(CH2CMeJ,l2) and 
K[HIn(CH2CMe3),] are inert to decomposition reactions 
in benzene solution over long periods of time. Neopentane 
(CMed was not observed to be present in benzene solutions 
of the compounds, even after 3 months of standing at room 
temperature. In contrast, the closely related compound 
K[HIn(CH2SiMe3)3]3 was observed to decompose in 
benzene solution to form indium metal, SiMe4, biphenyl, 
and varying amounts of He. All CHzSiMe3 groups were 
converted to SiMe4 within 2 months at room temperature? 
These decomposition reactions of K[HIn(CH2SiMe3)3] 
were proposed to be related to the formation of 
KCH2SiMe3 by the dissociation of CH2SiMe3-. Thus, the 
stability of the neopentyl derivatives suggests increased 
inertness to dissociative reactions, a property which might 
be related to the Lewis acidity of trine~pentylindium.~ It 
is noteworthy that the reagents, 1 mmol of InMe, and 
excess KH, formed 0.159 mmol of CHI and indium metal 
in 12 h at  25 OC.15 
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2,2’,5,5’-Tetrakis(timethylsilyl)-3,3’,4,4‘-tetr~ethyl-1,l’-distibaferrocene (2) as been obtained from the 
reaction of l-phenyl-2,5-bis(trimethyl~ilyl)-3,4-dimethylstibole with lithium followed by FeCl,. In a similar 
manner 2,2’,5,5’-tetrakis(trimethylsilyl)-3,3’,4,4’-tetramethy1-1,l’-dibismaferrocene (3) was obtained from 
l-phenyl-2,5-bis(trimethylsilyl)-3 4-dimethylbismole. Dark red crystals of 2 form in the PI (No. 2) space 
group with 2 = 2, a = 9.243 (2) A, b = 11.310 (2) A, c = 17.345 (3) A, a = 76.51 (1)O, (3 = 79.23 ( 2 ) O ,  and 
y = 73.18 ( 1 ) O .  A full structure has been determined and shows a ferrocene-like arrangement in which 
the trimethylsilyl groups are arranged in a staggered fashion. In solution a barrier to ring rotation for 
both 2 and 3 of AG’ = 13 kcal/mol can be estimated from variable-temperature ‘H-NMR spectroscopy. 

We recently reported the crystal structure of 2,2‘,5,5‘- 
tetramethyl-1,l’-distibaferrocene (11, which adopts a totally 

1 2 3 

eclipsed ferrocene-like conformation with a short separa- 
tion between the Sb atoms in each ring.’ The inter-ring 
Sb-Sb contact (3.68 A) is 0.72 A shorter than the van der 
Waals radius separation (4.4 A), which seems indicative 

(1) Aahe, A. J., 111; Diephouse, T. R.; Kampf, J. W.; Al-Taweel, S. M. 
Organometallics 1991, 10, 2068. 

of secondary bonding between the Sb atoms. Formally 
similar secondary bonding has been found for a number 
of compounds of antimony and other heavy main group 
 element^.^^^ In order to examine this phenomenon further, 
we have prepared the highly substituted distibaferrocene 
and the analogous dibismaferrocene 3. We report here on 
the X-ray structure of 2 and dynamic behavior of 2 and 
3 in solution. 

Results and Discussion 
Synthesis. Distibaferrocene 2 was prepared by a route 

similar to that which we have recently reported for bis- 
maferrocenes.4 See Scheme I. 1-(Trimethylsily1)-1- 
propyne (4) reacts with zirconocene dichloride and mag- 
nesium amalgam to give l,l-bis(~5-cyclopentadienyl)zir- 
conacyclopentadiene (5).4 The direct exchange of 5 with 

(2) Ashe, A. J., 111. Adu. Organomet. Chem. 1990, 30, 77. 
(3) Alcock, N. W. Adu. Inorg. Chem. Radiochem. 1972, I5, 1. 
(4) Ashe, A. J., III; Kampf, J. W.; Al-Taweel, S. M. J. Am. Chem. SOC. 

1992, 114,372. 
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Scheme I. Preparation of 
2J’,5,S’-Tetrakis(t~methylsilyl)-3,3’,4,4’-tetramethyl-l,1’- 

distibaferrocene (2) and 
2f,5,6’-Tetrakir(trimethylsilyl)-3,3’,4,4’-tetramethyl- 1,l’-di- 

bismaferrocene (3) 

Ashe et al. 
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phenylantimony dichloride using the Fagan-Nugent pro- 
cedure gives stibole 7 and zirconocene di~hloride.~ How- 
ever, an indirect approach affords the product in higher 
yield and better purity. Thus, iodonolysis of 5 gives 86% 
of the easily purified crystalline diiodide 6.4 Lithiation of 
6 with butyllithium followed by treatment with phenyl- 
antimony dichloride gives an 82% yield of the desired 
stibole. Stibole 7 reacta with lithium metal in THF to give 
a deep blue solution of the corresponding stibolyl anion 

(5) Fagan, P. J.; Nugent, W. A. J. Am. Chem. SOC. 1988, 110, 2310. 
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Figure 1. ORTEP drawing of the solid-state structure of 
2,2’,5,5’-tetrakis( trimethylsilyl)-3,3’,4,4’-tetramethyl-l,l’-disti- 
baferrocene (Z), with thermal ellipsoids at the 50% probability 
level. 

8 and phenyllithium.’P6 Following a procedure used by 
Mathey to prepare phosphaferrocenes,’ the phenyllithium 
is first converted to triphenylaluminum by treatment with 
AlC13. Subsequent reaction with FeC1, gave distiba- 
ferrocene 2 in 20% yield. A modification of this procedure 
allows preparation of the monostibaferrocene 9. Thus, 
treating 8 with 1 equiv of LiCp prior to reaction with FeC1, 
gives a mixture of ferrocene and 9. After sublimation of 
the ferrocene from the less volatile product, 9 may be 
obtained in 30% yield. Interestingly very little 2 is found 
in the product mixture. Apparently, the formation of the 
less hindered 9 must be faster. 

An analogous route has been used to prepare dibisma- 
ferrocene 3 and bismaferrocene 12. Thus, dilithiation of 
6 with butyllithium in ether followed by treatment with 
a suspension of phenylbismuth diiodide gave a nearly 
quantitative yield of l-phenyl-2,5-bis(trimethylsilyl)-3,4- 
dimethylbismole (10). Because of its lability, the bismole 
was used directly without extensive purification. Reaction 
of 10 with lithium metal in THF at 0 “C for 3 h gave a deep 
red solution of bismolyl anion 11 and phenyllithium. 
Addition of equiv of AlCl,, followed by treatment with 
FeCl,, afforded the dibismaferrocene 3 in 17% yield. 
Alternatively, addition of LiCp to 11 prior to reaction with 
FeC1, gave bismaferrocene 12 in 2 5 %  yield. 

Structure. The molecular structure of 2 illustrated in 
Figure 1 shows a ferrocene-like arrangement in which the 
iron atom is sandwiched between two q5-stibolyl rings. 
This structure is very similar to that shown by 1 except 
that the Sb atoms are not eclipsed. Each ring is rotated 
relative to the other so that ita Sb atom eclipses the carbon 
adjacent to the Sb atom of the second ring. This allows 
the four bulky Me3Si groups to interlock in a gearlike 
manner. In this respect the structure resembles that of 
1,1’,3,3’-tetrakis (trimethylsilyl) ferrocene ( 13) .g 

The overall geometry of the stibolyl ligands conforms 
closely to the pattern observed for 1. The four carbon 

(6) Ashe, A. J., 111; Diephouse, T. R. J. Organomet. Chem. 1980,202, 

(7) Mathey, F.; delauzon, G. Organomet. Synth. 1986, 3, 259. 
(8) See: Ashe, A. J., 111; Drone, F. J. Organometallics 1984, 3, 495. 
(9) Okuda, J.; Herdtweck, E. J.  Organomet. Chem. 1989, 373, 99. 

c95. 



Conformations of Heteroferrocenes 

atoms of each stibolyl ring lie in parallel planes 3.27 A 
apart. As had previously been found for 1' and from other 
group 15 heterometallocenes,"'OJ' the heteroatoms are 
displaced out of the carbon planes away from iron. The 
average displacement is slightly larger (0.23 (1) A) for 2 
than had been found for 1 (0.18 (2) A).12 Otherwise there 
are no significant differences between the intra-ring bond 
angles and lengths and the Fe-ring distances of distiba- 
ferrocenes 1 and 2. These structural parameters have 
previously been discussed in detail for 1.' They indicate 
the stibolyl groups of both 1 and 2 are r-complexed het- 
eroaromatic rings. 

The inter-annular separation of the Sb a tom of 2 is 4.29 
A. This value is comparable with the van der Waals radius 
separation (4.4 A) and is similar to the closest intermole- 
cular approach found in normal antimony compounds, e.g. 
4.28 A for Ph4Sbpg There can be no inter-annular Sb-Sb 
bonding. Clearly a closer approach is prevented by the 
bulky Me3Si groups. Thus, a relative rotation of the sti- 
bolyl ligands to bring the Sb atoms into a fully eclipsed 
arrangement would also bring two pairs of the Me3Si 
groups into an eclipsed arrangement. On this h i s ,  we can 
conclude that the MesSi steric repulsion must exceed the 
inter-annular Sb--Sb bond energy. 

'E-NMR Studies. In order to investigate further the 
conformational properties of 2 we have examined its tem- 
perature dependent H-NMR spectrum in CDC13 and 
CD2C12 sol~tion. '~ Energy barriers for several ferrocenes 
carrying bulky substituents have been evaluated from 
NMR coalescence studie~.~J"'~ There is no prior exper- 
imental report of the rotational barrier of a hetero- 
ferrocene,m although calculations on phosphaferrocenes 
have been published.21 

At 30 OC the H-NMR spectrum (300 M H Z )  of 2 consists 
of a single Me3Si resonance (6 = 0.233) and a single ring 
methyl reaonance (6 = 2.061) indicating rapid ring rotation 
on the NMR time scale. On cooling to -40 OC two distinct 
Me@ signals are observed at 6 = 0.180 and 6 = 0.265 and 
two ring methyl signals at 6 = 2.103 and 6 = 1.986. Taking 
the coalesence temperature at -5 "C, the AG* for ring 
rotation is 13.3 f 0.5 kcal/mo1.22 

The low-temperature NMR spectrum indicates the 
population of a conformation of C2 symmetry in which the 
two Me3Si groups as well as the two vicinal Me groups on 
the same ring are nonequivalent. This is consistent with 
crystallographic conformation A (and its enantiomer A'). 
The ring rotations which interconvert A and A' thereby 
making the Megi and Me groups equivalent are illustrated 
in Figure 2. This may be accomplished by either a 
clockwise rotation via conformation B or counterclockwise 
rotation via conformations C and C'. Experimental data 
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(10) Chiche, L.; Galy, J.; Thiollet, G.; Mathey, F. Acta Ctytallogr. 
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(17) Okuda, J.; Herdtweck, E. Chem. Ber. 1988,121, 1899. 
(18) Okuda, J. Chem. Ber. 1989 122, 1075. 
(19) Sitzmann, H. J. Organomet. Chem. 1988,354, 203. 
(20) However, there is an unpubliihed report of a study of 2,2',5,5'- 

tetra-tert-butyl-1,l'-diazaferrocene: Kuhn, N.; Jendral, K.; Boese, R.; 
Blber, D. Chem. Ber. 1991, 124,89. 

(21) KostiE, N. M.; Fenske, R. F. Organometallics 1983,2, 1008. 
(22) Coalescence of the Me and MeaSi Singlets occurred at the same 

temperature. 
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Figure 2. Schematic representations of the five eclipsed (A, A', 
B, C, C') conformations of 2, showing interconversion pathways 
resulting from relative ring rotation. The shaded atoms represent 
the stationary upper ring, while the lighter atoms belong to the 
rotating lower ring. Methyl groups have been omitted for clarity. 

do not allow a distinction to be made. 
The rotational barrier of 2 can be compared with that 

measured for 1,1',3,3'-tetrakis(trimethylsily1)ferrocene 
(13).3J0 An X-ray crystal structure of 13 showed that it 
adopted a C2 conformation, which is almost identical to 
that of 2, while analysis of the temperature-dependent 
H-NMR spectrum in toluene-d8 solution gave a value of 
11.0 kcal/mol as the barrier to ring rotation. This barrier 
is likely to involve a rotation through conformations 
analogous to C and C' in which two Me3Si groups pass each 
other in the transition states.23 The alternative roation 
through conformation analogous to B would involve the 
two pairs of Me3Si groups simultaneously passing each 
other. On the simplistic but plausible assumption that the 
Me3Si interactions are additive, we might assign this 
barrier height as 22 kcal/mol. 

Since both ring geometries and substitution patterns of 
2 and 13 are different, comparison of their rotational 
barriers can be only approximate. However, in the case 
of various tetra-tert-butylmetallocenes a clear inverse re- 
lationship has been found between the inter-ring distance 
and the rotational barriers.15 The inter-ring distances of 
3.32 A for 13 and 3.27 A for 2 are rather close, while the 
rotational barriers are similar. This suggests that the 
barrier in 2, like that of 13, is dominated by the passing 
of two Me3Si groups. Therefore, we assign conformation 
C(C') as the transition state for interconversion of A and 
A'. Again assuming an additivity of repulsive effects, 
conformation B would be destabilized by 22-26 kcal/mol. 
However, conformation B will be lowered from this max- 
imum value by the bonding energy of the Sb--Sb inter- 
action. On the other hand, the energy of B cannot be lower 
than the observed barrier height of 13.0 kcal/mol. On this 
basis, it can be argued that the maximum value for the 
inter-ring Sb-Sb bonding is approximately 13 kcal/mol. 

For comparison we have also examined the tempera- 
ture-dependent H-NMR spectrum of 3 and find that is 
completely analogous to that of 2. At room temperature 
the 'H-NMR spectrum of 3 consists of two sharp singlets 
in the ratio of 3:l assignable to the Me3Si- and ring-Me 
groups, respectively. On cooling, both singlets separate 
into two well-separated singlets. The coalescence tem- 

(23) However, the transition state may be the symmetrical staggered 
conformation between C and C'. See refs 9 and 15. 
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perature of -7 O C  was not noticeably different from either 
set of singlets. This allows the AG* for the dynamic 
process to be estimated at 13.1 f 0.5 kcal/mol. 

The low-temperature H-NMR spectrum of 3 requires 
the population of a conformation with C2 symmetry. 
Although no solid-state structure of 3 has been determined, 
the structure reported for 12 indicates that the bismolyl 
ligand of 12 is very similar to the corresponding stibolyl 
ligand of 2. Thus, 3 probably adopts conformation A (A'). 
Interconversion of A and A' is likely to  occur via C and 
C' for both 2 and 3. The identity of the AG* values for 
the rotational barriers for 2 and 3 argues strongly against 
conformation B as the observed transition state. Thus, 
the relative energy of B for 2 and 3 should be the sum of 
similar steric interactions and  (presumably) different 
Sb-Sb and Bi-SBi interactions. 

Ashe et  al. 

Experimental Section 
General Remarks. All reactions were carried out under an 

atmosphere of argon. Solvents were dried by using standard 
procedures. The mass spectra were determined by using a VG- 
704  spectrometer, while the NMR spectra were obtained by using 
either a Brucker WH-360 or AM-300 spectrometer, on solutions 
in CDC1, or C6DB. The 'H-NMR and 13C-NMR spectra were 
calibrated by using signah from the solvents referenced to Me4Si. 
The combustion analyses were determined by Galbraith Labo- 
ratories, Knoxville, TN. 

1,l-Bis( ~5-cyclopentadienyl)-2,5-bis(trimethylsilyl)-3,4- 
dimethyl-l-zircona-2,4-cyclopentadiene (5). Magnesium 
turnings (3.2 g, 133 m o l )  and mercuric chloride (3.6 g, 13.3 mmol) 
were stirred for 20 min in 100 mL of THF, after which a solution 
of zirconocene dichloride (7.2 g, 25 mmol) and l-trimethylsilyl- 
1-propyne (4.4 g, 40 mmol) in 50 mL of THF was added dropwise 
over 7 min. After being stirred at  25 "C for 24 h, the mixture 
had become yellow in color. The solution was then decanted from 
the exma magnesium, and the solvent was removed under reduced 
pressure. The dark green residue was extracted with 150 mL of 
pentane. After filtration the solvent was removed in vacuo, 
affording 8.5 g (96%) of a yellow solid, mp 167 "C dec. Anal. 
Calcd for CZ2HaSi2Zr: C, 59.26; H, 7.69. Found: C, 58.94; H, 

(CCH,), 2.6 (SiCH3). 
( 1 Z,3Z)-1,4-Bis(trimethylsilyl)-1,4-diiodo-2,3-dimethyl- 

1,j-butadiene (6). Iodine (2.3 g, 9 mmol) was added portionwise 
to a solution of l,l-bis(~5-cyclopentadieny1)-2,5-bis(trimethyl- 
silyl)-3,4-dimethyl-l-zircona-2,4-cyclopentadiene (2.0 g, 4.5 mmol) 
in 100 mL of THF at -78 "C with stirring. Stirring was continued 
for 30 min at -78 "C, after which the solution was allowed to warm 
to 25 "C. Solvent was removed under reduced pressure leaving 
a dark brown residue, which was extracted with 3 X 100 mL of 
pentane. The combined extracts were washed successively with 
a saturated aqueous solution of NazSz03 (3 X 30 mL), and water 
(3 X 50 mL) and then dried over anhydrous Na2S04. Removal 
of the solvent under reduced pressure left a creamy-white solid, 
which was recrystallized from methanol to give 1.85 g (86%) of 
product as shiny white crystals, mp 48 "C. Anal. Calcd for 
Cl2HuI2SiZ: C, 30.13; H, 5.06. Found C, 30.24; H, 4.98. H-NMR 

(CCH,), 103 (CI), 19.5 (CCH,), 1.50 (SiCH,). 
l-Phenyl-2,5-bis(trimethylsilyl)-3,4-dimethylstibole (7). 

A solution of 2.5 N butyllithium in hexane (3.35 mL, 8.4 mmol) 
was added slowly to a solution of (12,3Z)-1,4-bis(trimethyl- 
silyl)-l,4-diiodo-2,3-dimethyl-1,3-butadiene (2.0 g, 4.2 "01) in 
70 mL of ether at -78 "C with stirring. Stirring was continued 
at -78 "C for 2 h, after which the solution was allowed to warm 
to 25 "C for 5 min. After being recooled to -78 "C, this solution 
was added to a solution of phenyldichlorostilbine (1.2 g, 4.2 m o l )  
in 30 mL of ether at -78 "C. The reaction mixture was stirred 
for 20 min at -78 "C and then allowed to warm to 25 "C. After 
the solvent was removed under reduced pressure, the residue was 
extracted with 2 X 50 mL of pentane. Removal of the pentane 
under reduced pressure gave a yellow semisolid mass which could 
be recrystallized from pentane at -78 "C to give 2.15 g (82%) of 

7.57. H-NMR (CeDe): 6 6.00 (9, 10 H), 1.83 (9, 6 H), 0.15 (8, 18 
H). C-NMR (C&3): 6 202 (Czr), 146.6 (CCH,), 111.0 (Cp), 25.9 

(CDC13): 6 1.95 (8, 6 H), 0.3 (8, 18 H). C-NMR (CDC13): 6 162 

yellow crystals, mp 65 "C. Anal. Calcd for ClsH&3bSiz: C, 51.07; 

18 H), 2.17 (s, 6 H), 7.23 (m, 3 H), 7.42 (m, 2 H). MS (EI) [mfe  
(intensity)]: 424 (13, M+ for C18H,'23SbSiz), 422 (15) 336 (21), 
334 (26), 73 (100). 

Lithium 2,5-Bis( trimet hylsilyl)-3,4-dimet hyl- 1 -stibacy- 
clopentadienide (8). An excess of lithium wire cut into pieces 
approximately 2 mm in diameter was added with stirring at  25 
"C to a solution of l-phenyl-2,5-bis(trimethylsilyl)-3,4-di- 
methylstibole (1.75 g, 4.1 mmol) in 40 mL of THF. The initial 
color of yellow changed to red-violet within 30 min, and stirring 
was continued for 3 h at 25 "C. The reaction mixture was cooled 
to -78 "C, decanted from the excess lithium, and added to AlCl, 
(0.18 g, 1.4 mmol) with stirring and allowed to warm to 0 "C for 
5 min. 

a. 2f,5,5'-Tetrakis(trimethylsilyl)-3,3',4,4'-tetramethyl- 
1,l'dstibaferrocene (2). The solution of 8 prepared above was 
recooled to -78 "C and added to FeCl, (0.53 g, 2.1 mmol) in 15 
mL of THF. After warming to 25 "C, stirring was continued for 
24 h. Removal of the solvent under reduced pressure left a dark 
residue which was extracted with pentane (3 X 50 mL). Dark red 
crystals (0.3 g, 20%) were obtained on cooling to -78 "C. 'H-NMR 
(CDCl,) (at 30 "C): 6 0.233 (s,36 H), 2.061 (8, 12 H). 'H-NMR 
(at -40 O C ) :  6 0.180 (s, 18 H), 0.265 (8, 18 H), 1.986 (s,6 H), 2.103 
(s,6 H). T, = -5 * 5 "C. Anal. Calcd for CMHaFeSbzSi,: C, 
38.52; H, 6.47. Found: C, 38.27; H, 6.57. MS (EI) exact mass: 
calcd for Cz4HaFeSbzSi4, m / e  748.0263; found; m / e  748.0249. 

b. 2,5-Bis(trimethylsilyl)-3,4-dimethyl-l-stibaferrocene 
(9). Lithium cyclopentadienide (4.1 mmol) in 20 mL of THF was 
added to the solution of 8 prepared above. The combined solution 
was cooled to -78 "C and then added to a solution of FeC1, (0.52 
g, 4.1 mmol) in 30 mL of THF at  -78 "C with stirring. The 
reaction mixture was allowed to warm to 25 "C and was stirred 
for 12 h. The solvent was removed under reduced pressure, and 
the residue was extracted with pentane (3 x 75 mL). After 
removal of the solvent under reduced pressure the residue was 
subject to sublimation (0.05 Torr, 60 "C) to remove the ferrocene. 
The residue was then extracted with pentane. The extracts were 
filtered and cooled to -78 "C affording 0.5 g (30%) of dark red 
crystals of 9, mp 132 "C. 'H NMR (CDCl,): 6 4.20 (s,5 H), 2.25 
(s,6 H), 0.18 (s,18 H). Anal. Calcd for Cl7HdeSbSiz: C, 43.71; 
H, 6.26. Found: C, 43.61; H, 6.12. MS (EI) exact mass: calcd 
for Cl7H,FeSbSi2, m / e  466.0195; found, m / e  466.0193. UV 

222 (31000). 
1 -P hen y l-2,5- bis (trimet hylsilyl)-3,4-dimet hylbismole ( 10). 

To a solution of (1Z,3Z)-1,4-bis(trimethylsilyl)-1,4-diiodo-2,3- 
dimethyl-1,3-butadiene (1.0 g, 2.1 mmol) in 40 mL of ether at -78 
"C was added 1.7 mL of 2.5 M butyllithium (4.2 mmol) in hexane 
with st irri i .  Stirring was continued at -78 "C for 2 h, after which 
the solution was allowed to warm to 0 "C for 5 min. After recooling 
to -78 "C, this solution was added to a stirred suspension of 
phenyldiiodobismuthine (1.12 g, 2.1 mmol) in 30 mL of ether. The 
reaction mixture was allowed to warm to 0 "C and was stirred 
at this temperature for 10 min. Removal of solvent at 0 "C under 
reduced pressure left a yellow residue, which was extracted with 
2 X 50 mL of pentane at 0 "C. Removal of pentane under reduced 
pressure left 1.05 g (100%) of a yellow solid. The bismole was 
not subject to further purification because of its lability. 'H-NMR 
(CDCl,): 6 8.00 (m, 2 H), 7.35 (m, 3 H), 2.04 (s, 6 H), 0.20 (s, 18 

(CJ, 130,127 (Cm, C ), 29.7 (CCH,), 2.7 (SiCHJ. MS (EI) exact 
mass: calcd for Cl8d&iSiZ, m / e  510.1611; found, m / e  510.1596. 
Anal. Calcd for C18H&iSiz: C, 42.34; H, 5.73. Found: C, 41.83, 
H, 5.80. 

L i t h i u m  2,5-Bis(trimethylsilyl)-3,4-dimethyl- 
bismacyclopentadienide (1 1). A solution of l-phenyl-2,5-bis- 
(trimethylsilyl)-3,4-dimethylbismole (2.14 g, 4.2 mmol) in 40 mL 
of THF was added at 0 "C to an exceea of lithium wire which had 
been cut into pieces approximately 2 mm in diameter. The color 
changed from yellow to red-violet within 30 min. Stirring was 
continued at 0 "C for 3 h. The solution was decanted from the 
excess lithium, cooled to -78 "C, added to anhydrous AlCl, (0.18 
g, 1.4 mmol), and allowed to stir for 5 min at 0 "C. 

a. 2,5-Bis(trimethylsilyl)-3,4-dimethyl-l-bismaferrocene 
(12). A solution of lithium cyclopentadienide (4.2 mmol) in 15 

H, 6.90. Found: C, 50.89; H, 6.74. H-NMR (CDCl,): 6 0.08 (8, 

(C6HiZ) [Lm (e)]: 520 (240), 452 (425), 362 (16000), 314 (a), 

H). C-NMR (CDC13): 6 170 (C, Sb), 167 (CCH,), 137.4 (CJ, 137.5 
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Table 1. Structure Determination Summary' 
Crystal Data 

compd 2 
emp:lrical formula Cz4HaSi4FelSbz 
fw 748.33s 
cryst color and habit 
cryst dimens, mm 
cryst system triclinic 

Z 2 
unit cell dimens from 25 

dark red, irregular, platelike 
0.28 X 0.34 X 0.16 

space group pi (NO. 2) 

reflcns (4.1' 5 20 5 
25.9') 

a, A 
b, A 
c ,  8, 
a, deg 
19, deg 
7, deg v, A3 

D(calcd), g cm-3 
F(000), e 
linear abs coeff (p), cm-' 

diffractometer 
radiation type (A, A) 

temp, 'C 
scan type 
20 scan range, deg 
octanta used 
scan rate, deg min-' 
scan width 
bkgd/scan ratio 
std reflcns 

no. of data collcd 
no. of unique reflcns 
abs corr 
R merge before/after corr 
max/min transm 

9.243 (2) 
11.310 (2) 
17.345 (3) 
76.51 (1) 
79.23 (2) 
73.18 (1) 
1674.0 (5) 

536 
21.89 

1.48, 

Data Collection 
Siemens R3m/v 
Mo Ka (0.71073) (Lp corr, graphite 

23 

5-50 

monochromator) 

0/2e scan 

+h,*k,*:l (h, O/ll, k, a/14,1, E/2l) 
5-8, variable 
0.8' below K a ,  to 0.8' above K a z  
0.5 
3 measd every 97 reflcns, linear decay 

6719 

empirical, fi  cans 
0.0820/0.0227 
0.711/0.406 

-45% 

5920 (Rint = 0.0472) 

Solution and Refinement 

3500 
system used 

solution Patterson 
refinement method full-matrix least squares 

H atoms 

no. of refined reflcns with 

no. of params refined 282 
dataharam ratio 18.1 

Siemens SHELXTL PLUS VAXStation 

function minimized Zw(lF0 - F d 2  
riding model, dC-H = 0.96 A, common 

5105 
isotropic U(H) refined to 0.150 (8) A* 

F, 2 0.6a(FJ 

GOF 1.47 
mean shift/error <0.001 
max shift/error 0.001 
secondary extinction 1.3 (2) X plus 6 reflcns excluded 
resid electron density, e/A3 

Anisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter, U(eq), defined aa 1/3~,Z,U,,u,*a,*a,.a,. 

mL of THF was added to the solution of 11. The combined 
mixture was cooled to -78 "C and added to FeCl, (0.55 g, 4.2 
mmol) in 15 mL of THF. The reaction mixture was warmed to 
25 "C and allowed to stir for 24 h. The solvent was removed under 
reduced pressure, and the residue was extracted with 3 X 100 mL 
of pentane. Removal of the pentane under reduced pressure gave 
a dark residue which was subject to sublimation (50-60 "C/0.05 
Torr) to remove ferrocene. The residue was taken up in pentane, 
which on cooling to -78 "C gave 0.6 g (25%) of dark red crystals, 
mp 190 "C. Anal. Calcd for Cl7H&iFeSi2: C, 36.83; H, 5.27. 

(s,6 H), 0.18 (s,18 H). C-NMR (CDC13): 6 129 (CBi), 119 (CCH3), 
71.6 (Cp), 30.7 (CCH&, 3.72 (SiCH,). MS (EI) exact mass: calcd 
for C,,H&iFeSi2, m / e  554.0961; found, m / e  554.0957. UV 
(cyclohexane) [A, nm (41: 538 (324), 401 (1220), 319 (3150), 277 

+1.41/-1.30 near Sb 

Found: C, 36.82; H, 5.10. 'H-NMR (CDClS): 6 4.18 ( ~ , 5  H), 2.03 

Table 11. Positional Parameters and Isotropic Equivalent 
Thermal Parameters (Aa) of 2 

atom x Y z U(ed 
0.03777 (8) 
0.52423 (8) 
0.2837 (2) 

-0.0626 (3) 
0.1888 (4) 
0.3757 (4) 
0.6373 (4) 
0.058 (1) 
0.123 (1) 
0.175 (1) 
0.162 (1) 
0.131 (1) 
0.239 (1) 

-0.126 (1) 
-0.236 (1) 
0.022 (1) 
0.190 (2) 
0.017 (2) 
0.367 (2) 
0.511 (1) 
0.451 (1) 
0.395 (1) 
0.403 (1) 
0.337 (1) 
0.449 (1) 
0.360 (2) 
0.208 (1) 
0.554 (1) 
0.683 (2) 
0.570 (1) 
0.818 (1) 

0.25977 (6) 
0.11885 (5) 
0.2591 (1) 
0.5361 (2) 

-0.0498 (3) 
0.3310 (3) 
0.1367 (3) 
0.3716 (8) 
0.2965 (8) 
0.1637 (8) 
0.1163 (8) 
0.354 (1) 
0.0758 (9) 
0.5918 (9) 
0.531 (1) 
0.6570 (9) 

-0.057 (1) 
-0.099 (1) 
-0.167 (1) 
0.2150 (7) 
0.3485 (7) 
0.3916 (7) 
0.3004 (7) 
0.5299 (7) 
0.4374 (8) 
0.188 (1) 
0.459 (1) 
0.369 (1) 

-0.038 (1) 
0.176 (1) 
0.184 (1) 

0.33813 (4) 
0.30105 (4) 
0.24079 (6) 
0.2060 (2) 
0.3267 (3) 
0.4252 (2) 
0.1006 (2) 
0.2222 (5) 
0.1612 (5) 
0.1885 (5) 
0.2729 (6) 
0.0751 (5) 
0.1312 (7) 
0.3035 (6) 
0.1687 (7) 
0.1318 (7) 
0.4358 (9) 
0.313 (1) 
0.293 (1) 
0.1811 (5) 
0.1763 (5) 
0.2493 (5) 
0.3225 (5) 
0.2515 (5) 
0.0970 (5) 
0.4994 (6) 
0.4518 (6) 
0.4348 (7) 
0.1320 (8) 

-0.0005 (6) 
0.0879 (8) 

0.0616 (3) 
0.0563 (3) 
0.0432 (4) 
0.060 (1) 
0.092 (2) 
0.066 (1) 
0.066 (1) 
0.052 (3) 
0.055 (4) 
0.056 (4) 
0.061 (4) 
0.070 (4) 
0.082 (5) 
0.083 (5) 
0.093 (6) 
0.087 (5) 
0.135 (8) 
0.17 (1) 
0.134 (8) 
0.048 (3) 
0.049 (3) 
0.050 (3) 
0.049 (3) 
0.060 (4) 
0.058 (4) 
0.110 (7) 
0.100 (6) 
0.093 (6) 
0.100 (6) 
0.093 (6) 
0.101 (6) 

Table 111. Selected Bond Distances (A) for 2 
Sb(1)-Fe(1) 2.565 (2) Si(2)-C(ll) 1.89 (2) 
Sb(l)-C(l) 2.12 (1) Si(2)-C(12) 1.88 (2) 
Sb(l)-C(4) 2.13 (1) Si(3)4(16) 1.85 (1) 
Sb(P)-Fe(l) 2.570 (2) Si(3)-C(19) 1.84 (2) 
Sb(2)-C(13) 2.12 (1) Si(3)4(20) 1.86 (1) 
Sb(2)-C(16) 2.12 (1) Si(3)-C(21) 1.87 (1) 
Fe(l)-C(l) 2.15 (1) Si(4)-C(13) 1.86 (1) 
Fe(l)-C(2) 2.10 (1) Si(4)-C(22) 1.87 (1) 
Fe(l)-C(3) 2.10 (1) Si(4)-C(23) 1.88 (2) 
Fe(l)-C(4) 2.14 (1) Si(4)-C(24) 1.86 (1) 
Fe(l)-C(13) 2.131 (9) C(l)-C(2) 1.45 (2) 
Fe(l)-C(14) 2.10 (1) C(2)-C(3) 1.43 (2) 
Fe(l)-C(15) 2.09 (1) C(2)-C(5) 1.48 (2) 
Fe(l)-C(16) 2.15 (1) C(3)-C(4) 1.43 (2) 
Si(l)-C(l) 1.86 (1) C(3)-C(6) 1.49 (2) 
Si(l)-C(7) 1.87 (2) C(13)-C(14) 1.44 (1) 
Si(l)-C(8) 1.86 (1) C(14)-C(15) 1.42 (2) 
Si(l)-C(9) 1.89 (1) C(14)-C(18) 1.50 (2) 
Si(2)-C(4) 1.86 (1) C(15)-C(16) 1.44 (2) 
Si(B)-C(lO) 1.88 (2) C(15)-C(17) 1.51 (1) 

(57101, 274 (6040), 262 (7470), 228 (24700). 
b. 2f',5,5'-Tetrakis(trimethylsilyl)-3,3',4,4'-tetr~ethyl- 

1,l'-dibismaferrocene (3). The solution of 11 prepared above 
was recooled to -78 OC and added to FeCl, (0.29 g, 2.1 mmol) in 
30 mL of THF. After warming of the solution to 25 "C, stirring 
was continued for 24 h. Removal of solvent under reduced 
pressure left a dark residue, which was extracted with pentane 
(3 X 50 mL). Solvent was removed from the extracts, and the 
residue was recrystallized from CH2C12 at -78 OC to give 0.32 g 
(17%) of dark red crystals, mp -205 "C dec. 'H-NMR (CDC13) 

0.122 (8,  18 H), 0.227 (9, 18 H), 1.747 (9, 6 H), 1.881 (8,  6 H). T, 
= -7 * 5 "C. MS (EI) [m/e (intensity)]: 922 (34, M+, calcd for 
Cz4H4Bi2FeSi4), 73 (100). Anal. Calcd for Cz4H4BizFeSi4: C, 
31.24; H, 5.24. Found C, 30.99; H, 5.20. 

X-ray Structure  Determination. Crystallographic data are 
collected in Table I. Crystals of 2 suitable for X-ray diffraction 
were obtained by recrystallization from p e n e e .  Laue symmetry 
indicated that the space group was P1 or P1, and it was shown 

(30 OC): 6 0.21 (8,  36 H), 1.85 (E, 12 H). 'H-NMR (CDZClz) (30 
"C): 6 0.237 ( ~ , 3 6  H), 1.88 ( ~ , 1 2  H). 'H NMR (CDZCl2) (-38 "C): 
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Table IV. Selected Bond Anglee (ded for 2 _ _ . ~ ~  ~ ~ 

Sb(l)-C(l)-Si(l) 
Sb(l)-C(l)-C(2) 
Sb(l)-C(4)-Si(2) 
Sb(l)-C(4)-C(3) 
Sb(2)C(13)-Si(4) 
Sb(2)-C(H)-C(14) 
Sb(S)-C(lG)-Si( 13) 
Sb(2)4(16)-C(15) 
Si(l)-C(l)-C(2) 
Si(2)-C(4)-C(3) 
Si(3)-C(16)-C( 15) 
Si(4)-C(13)-C(14) 
C(l)-Sb(l)-C(4) 

118.2 (6) 
112.3 (8) 
117.5 (7) 
111.6 (8) 
117.9 (5) 
111.5 (8) 
118.7 (6) 
111.0 (8) 
125.8 (9) 
128 (1) 
127.2 (8) 
125.7 (8) 
80.8 (5) 

116 (1) 
122 (1) 
118 (1) 
121 (1) 
122 (1) 
120 (1) 

117 (1) 
121 (1) 
118.4 (9) 
121 (1) 
122.0 (9) 
120 (1) 

81.1 (4) 

to be the latter by structural solution and refinement. An ORTEP 
plot of the molecular structure of 2 that shows the numbering 
scheme used in the refinement is illustrated in Figure 1. Table 
I1 gives the positional values, while Tables I11 and IV give the 
more important distances and the bond angles for the non-hy- 

drogen atoms. Table VI, a list of observed and calculated structure 
factors, is available in the supplementary material. 
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The l,&dipolar cycloaddition of phenyl azide to the metal-coordinated isocyanide ligands in Tp'Rh(CNR), 
(Tp' = hydrotris(3,5-dimethylpyrazolyl)borate, R = neopentyl, methyl, 2,6-xylyl; la-c) or Cp*Rh(CN- 
ne~pentyl)~ (Cy* = q5-1,2,3,4,5-pentamethylcyclopentadienyk 3) in hexane produces the complexes 
Tp'Rh(CNR)(q -PhN=C=NR) (R = neopentyl, methyl, 2,6-xylyl; 2a-c) and Cp*Rh(CNR)(q2-PhN= 
C-N-neopentyl) (4), respectively, in high yield. The reaction is regiospecific with respect to coordination 
of the unsymmetrical carbodiimide ligand. Reaction of 2,4xylyl azide with Tp'Rh(CN-2-tolyl), (la) gives 
Tp'Rh(CN-2-tolyl)(q2-2,4-xylyl-N==C==N-2-tolyl) (2d), for which the solid-state structure has been obtained 
by X-ray diffraction. Complex 2d crystallizes from toluene in the triclinic space group Pl with a = 10.962 
6) A, b = 11.238 (4) A, c = 8.691 (14) A, a = 96.95 (5)O, /3 = 104.02 (5)O, y = 101.00 (4)O, V = 2159 (5) 

!43 , and 2 = 2. The structure of 2d confirms the bidentate bonding of the carbodiimide and shows that 
the nitrogen of the carbodiimide arising from the azide is coordinated to rhodium. Photolysis of 2a in 
benzene produces Tp'Rh(H)(Ph)(CN-neopentyl) (5) along with free PhN4-N-neopentyl with a quantum 
yield of 1.0 f 0.3, whereas complex 4 is photochemically unreactive in benzene solution. The conversion 
of 2a to 5 can also be effected thermally, although the rate is slow at 100 OC. Photolysis of 2a in the solid 
state results in an intramolecular reaction to give Tp'Rh(H)(2-(N=C==N-neopentyl)C6H4)(CN-neopentyl) 
(7). Addition of excess neopentyl isocyanide to 2a gives the azametallacyclobutane complex Tp'RhC(= 
N-neopentyl)N(Ph)C(=N-neopentyl)(CN-neopentyl) (8). 

Introduction 
The chemistry relating to the coordination of hetero- 

cumulenes to transition metals is extensive and can be 
viewed as having an important relationship to the acti- 
vation and reduction of carbon dioxide.' Many stable 
transition-metal complexes containing such ligands as 
allenes,, isocyanate~,~ ketenes: ketenimines? carbon di- 
sulfide? and carbon diselenide' as well as carbon dioxide1 

(1) Darensboure, D. J.; Kodamki, R. A. Adu. Orgaomet. Chem. 1983, 
22, 129. 
(2) Bowden, F. L.; Gilee, T. Coord. Chem. Reu. 1976, 20, 81. 
(3) (a) Braunetein, P.; Nobel, D. Chem. Reo. 1989,89, 1927. (b) Gra- 
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Antinolo, A.; Fajardo, M.; Mardomingo, C. L.; Otero, A. Organometallics 
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itself have been characterized. Stable complexes of car- 
bodiimides have also been reported.8 Isolation of com- 
plexes in which the carbodiimide is bound in an q2 mode 
are uncommon, however, and there exists only one crys- 
tallographically characterized example to date." As is 
typical of most cumulenes, carbodiimides only form stable 

(7) (a) Brothers, P. F.; Headford, C. E. L.; Roper, W. R. J. Organomet. 
Chem. 1980,196, C29. (b) Jeneen, K. A.; Huge-Jenwn, E. Acta Chem. 
Scand. 1973, 27, 3605. (c) Kawakami, K.; Ozaka, Y.; Tanaka, T. J.  
Organomet. Chem. 1974,69,151. (d) Clark, G. R.; Grudy, K. R.; Harris, 
R. 0.; James, S. M.; Roper, W. R. J.  Organomet. Chem. 1976,90, C37. 
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J.; Berg", R. G .  J.  Am. Chem. SOC. 1989,111,2719. (c) Hoberg, H.; 
Korff, J. J. Organomet. Chem. 1978,150, C20. (d) Okuda, J.; Herberich, 
G. E. J.  Organomet. Chem. 1987,320, C36. (e) Fehlhammer, W. P.; Mayr, 
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