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The remarkable finding of kinetic and thermodynamic 
structures for the copolymers between olefins and carbon 
mon~xide '~J~ wil l  surely awake new interest and stimulate 
research in the apparently neglected subject17J8 of cationic 
carbene complexes of platinum and palladium. 
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Characterized Alkaline-Earth-Metal Fluorenyl Complex. Are BaX, 

Summary: Reaction of 2 equiv of fluorene with barium 
in liquid ammonia provides the orange air- and moisture- 
sensitive (C,3Hg)2Ba(NH3)4 (1) in 87% yield. The X-ray 
structure of crystalline 1 reveals two different monomeric 
conformers exhibiting bent-sandwich structures with an 
average Ba-C distance of 2.94 A to the five-membered 
rings of the fluorenyl anion moieties and ring centroid- 
Ba-ring centroM angles of 1 12.3 and 116.4'. Four am- 
monia molecules complete the coordination sphere of 
barium. This supports the general preference of BaX,-L, 
compounds (X = anionic ligand, L = neutral ligand) for 
bent rather than linear arrangements of the X-Ba2+X- 
moieties. 

Alkaline-earth-metal compounds are dominated by their 
highly ionic character. Due to their involatility and in- 
solubility in common organic solvents, only a few deriva- 
tives of "true" calcium, strontium, and barium organo- 
metallics have been investigated.l Ba(Me5C5)2, the first 
structurally characterized organobarium complex,2 has a 
"quasipolymeric" structure with bent metallocenes (the 
ring centroid-metal-ring centroid angle is 1 3 1 O ) .  A similar 
structure was obtained for [(C3H7)4C5H]zBa.3 Here, two 
crystallographically independent but nearly identical 
molecules are present in the asymmetric unit. The ring 
centroid-metal-ring centroid angle of 154.3" is significantly 
larger than that in Ba(Me,C,),. 

We now report on the X-ray structure of bis(fluore- 
ny1)barium-tetrakis(ammonia) (l), the first X-ray struc- 
ture of an alkaline-earth-metal fluorene complex. In so- 
lution, Ba(F1)2 (F1 = fluorene) has been studied by elec- 
tronic, spectroscopic, and conductometric  method^.^ 
Absorption and emission spectra were interpreted to 
suggest the existence of triple ion pain with mutually tilted 
fluorenyl units. This feature would allow additional ex- 
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Figure 1. Ortep plot for bis(fluoreny1)barium-tetrakis(a"onia) 
(l), giving the  numbering scheme used in Table I. 

Table I. Selected Bond Lengths (A) and Angles (deg) for 
1A and 1B 

1A 1B 
Bond Lengths 

Ba-C9 3.151 3.107 
Ba-C10 3.180 3.099 
Ba-C11 3.189 3.098 
Ba-C12 3.171 3.120 
Ba-C13 3.160 3.141 
Ba-C22 3.071 3.100 
Ba-C23 3.223 3.048 
Ba-C24 3.249 3.300 
Ba-C25 3.226 3.570 
Ba-C26 3.077 3.441 
Ba-N1 2.887 2.873 
Ba-N2 2.882 2.924 
Ba-N3 2.839 2.854 
Ba-N4 2.942 2.864 
Ba-X1A 2.936 2.870 
Ba-X1B 2.940 3.069 

Bond Angles 
X 1A-Ba-X 1 B 112.3 116.4 

ternal coordination of Ba2+ by solvent m01ecules.~~~~ The 
X-ray structure presented here agrees with this analysis. 

First obtained as an orange-yellow microcrystalline 
powder from the reaction of barium and fluorene in liquid 
ammonia at -80 OCF6 1 was dissolved in THF, from which 
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yellow needles suitable for single-crystal X-ray crystal- 
lography could be i~ola ted .~  The very air- and mois- 

Communications 

Ba2+ and C22/C23/C24 (3.05, 3.10, 3.30 A). We attribute 
the fact that two different bonding modes--11, vs q5-are 
observed to a very shallow potential energy surface for the 
interaction of the metal cation with the fluorenyl moiety. 
This is also indicated by MNDO studies on (fluoreny1)- 
lithium with various donor ligands which predict energy 
differences of less than 6 kJ/mol for these different 
bonding modes.gb The average Ba-C(ring) distance of 2.94 
A is comparable with that in [ (C3H7)4C5H]J3a (2.94 A) and 
somewhat shorter than that in Ba(Me5C5), (2.99 A). The 
four ammonia molecules, which complete the coordination 
sphere of the metal center, have Ba-N distances of 
2.84-2.94 A for conformer A and 2.85-2.92 A for conformer 
B. It should be noted that 1 coordinates exclusively to 
NH,, although it was crystallized from a THF solution. 
This testifies to a strong Ba-ON interaction and might also 
reflect the fact that the interaction of the metal with the 
NH, ligands is sterically more favorable than it would be 
with THF. 

The available X-ray structures of bis(cyclopentadieny1) 
compounds of the heavier group 2 metals (Ca, Sr, Ba) all 
disclose bent arrangements of the Cp rings around the 
metal.lb MX, compounds of barium generally tend to be 
nonlinear, more so than CaX2 or SrX, species. Theoretical 
studieslOJ1 have shown this to be due to d-orbital partic- 
ipation in small covalent bonding contributions and to the 
polarization of the metal cation by the anions.lon-c 
Moreover, ligand-ligand repulsion is much smaller in 
barium compounds than, for example, in corresponding 
CaX, or SrX, species due to the larger distances in- 
volved.lob The recent X-ray structure of a barium carba- 
zole complex also features a bent arrangement of the an- 
ionic ligands, in contrast to the corresponding calcium and 
strontium systems.12 While a recent theoretical investi- 
gation of MCp, shows the degree of bending to be much 
smaller with these a-ligands, BaCp, exhibits a shallow 
minimum with a ring centroid-M-ring centroid angle 
of ca. 150O." Hence, the bending effects in barium coor- 
dination chemistry might be a general "inherent" phe- 
nomenon, although structure-determining factors induced 
by the solvating NH, ligands cannot be excluded. The 
bending observed in the solid-state structure of 1 wil l  result 
from a combination of two effects: d-orbital participation 
and polarization effects as well as the stereochemical in- 
fluence of the NH, ligands. 
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1 
ture-sensitive 1 crystallizes with two crystallographically 
independent but essentially identical molecules in the unit 
cell. The X-ray structure reveals monomers with bent- 
metallocene geometries. Figure 1 shows one of the two 
independent conformers of 1 (A). Selected bond lengths 
and bond angles of the two conformers are summarized 
in Table I. 

Both fluorenyl anions coordinate in a q5 fashion to the 
Ba2+ dication. The major difference between the two 
conformers-denoted A and B-is the manner in which 
the five-membered rings of the fluorene moieties are joined 
to the metal center. In conformer A, Ba2+ exhibits nearly 
symmetric interactions with both five-membered rings of 
the two fluorenyl moieties. The Ba-C(ring) distances range 
from 3.151 to 3.189 A in one fluorenyl group and 
3.071-3.295 A in the other. A comparable q5 coordination 
was also observed in Na(fluorenide).PMDTA (PMDTA = 
Me2N(CH2)2N(Me)(CH2)2NMe2)8 but not in Li(fluoren- 
ide)(NC,HI3),, which is closer to a q3 co~rdination.~" In 
confomer B the metal center is coordinated symmetrically 
to the five-membered ring of one fluorenyl moiety, with 
Ba-C(ring) distances between 3.908 (8) and 3.141 (9) A, 
but unsymmetrically to the five-membered ring of the 
second fluorenyl moiety. 

The distances between Ba2+ and C25/C26 are 3.44 and 
3.57 A, respectively, somwhat longer than those between 

(5) All manipulations were carried out under an argon atmosphere by 
using Schlenk techniques. THF was freshly distilled from potassium 
under an argon atmosphere. Barium waa used as dendritic pieces received 
from Strem Chemicals. Barium (0.48 g, 3.5 mmol) was dissolved in 100 
mL of liquid ammonia at  -80 "C, and fluorene (1.16 g, 7.0 mmol) was 
added to the dark blue solution while stirring the mixture. When it was 
warmed to -70 "C, the mixture changed color to orange-brown. A 30-mL 
portion of THF waa added. After evaporation of the ammonia an orange 
suspension formed, which was filtered. The clear orange filtrate was 
carefully covered with a layer of hexane. After 3 days at  room temper- 
ature orange-yellow needles of X-ray quality were obtained. 

(6) Spectroscopic data for 1: 'H NMR (400 MHz, THF-d8, 28 "C) 6 

C2,7), 7.39 (d, 4 H, C1,8), 7.91 (d, 4 H, C4,5); I3C NMR (100.6 MHz, 
4 .27 ( 8 ,  12 H, NH3), 5.96 (8 ,  2 H, C9), 6.73 (t, 4 H, C3,6), 7.03 (t, 4 H, 

THF-dP. 28 "C) 6 85.42 (C9). 112.82 (C2.7). 118.81 (C4.5). 121.04 (C1,8), 
122.30 iC3,6), 127.42 (C4a,5a), 136.01 (C8a,9a). 

(7) The data set was collected at 200 K on a yellow crystal of mono- 
clinic space group R , / n  with the following unit cell parameters: u = 
10.155 (3) A, b = 18.000 (9) A, c = 27.364 (6) A, p = 94.45 (2)', V = 4987 
(2) A3, Z = 8, and Ddcd = 1.428 g/cm3. Full-matrix least-squares re- 
finements of 1 converged at R = 0.0540 and R ,  = 0.0416 for observed ( F  
> 4.OdF)) reflections. The structure was solved by direct methods im- 
plemented in the program package SHELXTL-PLUS (Sheldrick, G. M. 
Structure Determination Software Programs; Siemens Analytical X-ray 
Instruments, Inc.). 
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v. R. J. Am. Chem. SOC. 1992,114,491. 
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SOC., in press. 
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