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The thermal average gas phase molecular structures of bis(pentamethylcyclopentadienyl)-strontium, S T ( C ~ M ~ ~ ) ~ ,  
and -barium, Ba(C5Me5)2, are best described as bent sandwich structures where the mean Sr-C and Ba-C bond 
distances are 275.0(8) and 289.8(17) pm and the ring centroid-metal-ring centroid angles are 149(3)O and 148(6)" 
respectively. 

Bis( cyclopentadienyl) compounds of the group 2 metals have 
been known for several years.1 Be(C5H5), has a structure with 
one ring q 5  bonded and the other ring q1 or q 3  bonded to the 
Be atom in both the gas2 and crystalline3 phase. Mg(C5H5)2 
has a ferrocene-like structure with parallel rings 75 bonded to 
Mg in both the gas4 and crystalline5 phase. Ca(C5H5)2 is 
polymeric in the crystalline phase,6 and the compound is not 
volatile enough to be investigated by gas phase electron 
diffraction (g.e.d.). Introduction of methyl groups on the 
cyclopentadienyl ring has previously been used to prevent 
polymerisation and increase the vapour pressure of a com- 
pound.' The fully methylated compound, Ca(C5Me5)2, has 
been successfully investigated by g.e.d. recently.8 S T ( C ~ H ~ ) ~  
and Ba(C5H5)2 are, because of the high temperatures needed 
to sublime the two compounds (36-40 "C and 42-60 "C, 
respectively) and the similarity of their i.r. spectral with that 
of the calcium analogue, expected to be polymers in the 
crystalline phase. We have synthesized Sr(C5Me5), and 
Ba(C,Me,), from Sr12 or Ba12 and NaC5Me5 in diethyl ether 

(Sr) or tetrahydrofuran (thf) (Ba). The co-ordination com- 
plexes (Me5C5)2Sr(OEt2) and (Me5C5)2Ba(thf)2 were made 
base-free by the 'toluene-reflux method' as previously des- 
cribed.9 Both compounds give monomeric molecular ions in 
the mass spectrometer and He-I and He-I1 photoelectron 
spectroscopic studies show that no significant decomposition 
occurs in the gas phase.9 We present here the thermal average 
gas phase structures of Sr(C5Me5), (1) and Ba(C5Me5)2 (2) as 
determined by g.e.d. These are, as far as we know, the first 
structures of organometallic strontium and barium com- 
pounds (i.e. with direct Sr-C or Ba-C bonding). 

The g.e.d. data were recorded on Balzers Eldigraph KDG-2 
with nozzle and reservoir temperatures of approximately 
200°C and 270 "C for (1) and (2), respectively. The tempera- 
tures correspond to vapour pressures of about 1 torr, which is 
sufficient when a torus-shaped nozzlelo is used. We used the 

Table 1. The most important thermal average geometrical parameters and root mean square amplitudes of vibration (/-values) for Ca(C5- 
Me5)2, S T ( C ~ M ~ ~ ) ~ ,  and Ba(C5Me5)2. The uncertainties listed are the least-square standard deviations multiplied by a factor of 
three to compensate for systematic errors and errors introduced by the assumptions. 

Distances 
db 
M-C 

Mean 
Range 

C(l)-C(2) 
C( 1)-C( 11) 
C-H 
Angles 

0 
(Y 

L C 5  ,GC 

23 1.2(6) 

260.9(6) 
255-267 
142.7( 3) 
150.6(4) 
110.7(4) 

154(3)' 
- 1.4(9)" 

20(2)" 

- 246.9( 6) - 

9.9( 11) 275.0( 8) 10.5 (7) 
- 269.6280.4 - 

5.7(5) 150.6( 4) 5.2d 
8.3(5) 110.1( 5) 8.4(6) 

5.2(5) 142.8( 3) 4.7d 

- 149(3)" - 
- - 2.9( 15)' - 
- 25(3)" - 

263.1(6) - 

289.8(17) 14.8( 16) 
284 .O-295 .O - 

151.1(5) 5.2d 
1 10.5( 6) 8.5(7) 

142.9( 4) 4.7d 

148(6)" - 
-3(3)" - 
26(6)" - 

a Values taken from ref. 8. The metal-ring centroid distance. c The angle between the ring planes. Fixed values. 
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Figure 1. (a) Definitions of the bend angle, a, and the tilt angle, 8.8 as 
shown is defined as positive. (b) The thermal average molecular 
structure of Sr(C5Me,), in the gas phase. Most of the hydrogen atoms 
are omitted for clarity. 

Table 2. Structural trends of the alkaline earth bis(pentamethy1- 
cyclopentadieny1)-, di-iodo-, and difluoro-compounds. Numbers are 
thermal average bend angles in degrees from gas phase electron 
diffraction studies, while letters in parentheses are results from gas 
phase molecular beam electron deflection studies; lin. = linear. 

M M(C5Med2 MI2 MF2 
Mg 1808 (lin. )d (lin.)d 

(bent)f Ca 154(3)b 148e (lin.)f 
Sr 149(3)c 144e (lin . ) f (bent)' 
Ba 148(6)c 137.6(9)g (bent)f (bent)f 

a Fixed value from ref. 8. 

were corrected for. 

Ref. 8. c This study. d Ref. 16. Ref. 12. 
Ref. 17. g Ref. 13; the angle was 148.0(9)O when shrinkage effects 

data from s = 15 to 260 nm-1 for both compounds. The data 
were processed by standard procedures.11 

The molecular model is shown in Figure 1. It was assumed 
that the C5Me5 ligands have C5" symmetry, and that the C-Me 
fragments have C3" symmetry with the hydrogen atoms fixed 
in positions with two pointed towards and one pointed away 
from the metal atom as shown in Figure 1. The best fit was 
obtained when the rings had a staggered conformation. The 
molecules then have C, symmetry, where the mirror plane is 
defined by the metal atom and the C(l)-C(ll) bond. With 
these assumptions the molecular geometry is described by 
eight independent geometrical parameters; the bond distances 
C-C(in ring), C-C(Me), C-H, the angle between the C5 ring 
plane and the C-C(Me) bond, the valence angle CCH, the 
bend angle a, the tilt angle 0, and the metal-ring centroid 
distance d (see Figure 1). In addition to these eight geo- 
metrical parameters, 12 (Sr) and 11 (Ba) root mean square 
amplitudes of vibrations (Z-values) were refined by least 
squares fit of a theoretical intensity curve to the experimental 
curves. 

The most important geometrical parameters and Z-values 
for (I), (2), and for comparison Ca(C5Me5)z, are listed in 
Table 1. The estimated standard deviations noted in par- 
entheses are the least squares standard deviations multipled 
by a factor of three to compensate for the errors introduced by 
the assumptions and systematic errors, The tilt angles, 8, of 
-2.9(15)" and -3(3)" show that in both compounds the rings 
are near to q 5  bonded to the metal. A distortion from q5 
bonded rings towards 7 3  or 71 bonds correspond to tilt angles 
with absolute values of approximately 18" and 228" respec- 
tively. Such models can therefore be ruled out. It must be 
emphasized that the structures are thermal average structures 
that have not been corrected for shrinkage effects. Such 
corrections are expected to make the bend angles larger, and 

the equilibrium structures may be regular sandwich structures 
(i.e. a = 180" and 8 = 0"). In the latter case the molecules must 
undergo large amplitude motion, and the energy needed to 
bend the molecule 20" must be less than 2 kJ mol-1.8 

The structural feature of general chemical interest in the 
alkaline earth permethylmetallocenes in the gas phase is the 
change in thermal average structure from magnesium to 
barium; Mg(C5Me5)2 has DSd or D5h idealized symmetry8 and 
the Ca,8 Sr, and Ba analogues have idealized C2" symmetry. 
These structural features parallel the average structures found 
for the alkaline earth dihalides, assuming that the centroid of 
the C5Me5-ring occupies one co-ordination site. Ca12, Sr12, 
and Ba12 have been investigated by g.e.d. 
(110&1300 "C),12J3 see Table 2. The average metal-iodine 
bond distances are 286(2) (Ca), 300(2) (Sr), and 314.3(4) pm 
(Ba). No g.e.d. data are available for MgI2. The reasons for 
the structural trends are presumably related. Two different 
models have been proposed to account for the geometry of the 
alkaline earth dihalides: a molecular orbital model based upon 
the inclusion of d-orbitals into a Walsh correlation diagram,14 
and a polarized-ion model which analyses the attractive and 
repulsive forces on the basis of Coulomb's law as if the bonds 
were purely ionic.15 

We thank Professor Arne Haaland for helpful discussions, 
the Norwegian Research Council for Science and Humanities 
for financial support, and the Fannie and John Hertz 
Foundation for a fellowship to C. J. B. 

Received, 15th December 1986;f- Com. 1773 

References 
1 E. 0. Fischer and G. Stolzle, Chem. Ber., 1961, 94, 2187. 
2 A. Almenningen, A. Haaland, and J. Lusztyk, J. Organomet. 

3 K. W. Nugent, J .  K. Beattie, T. W. Hambley, and M. R. Snow, 

4 A. Haaland, J.  Lusztyk, J. Brunvoll, and K. B. Starowieyski, 

5 W. Biinder and E. Weiss, J. Organomet. Chem., 1975, 92, 1 .  
6 R. Zerger and G. Stucky, J. Organomet. Chem., 1974, 80,7.  
7 R. Blom, J. Boersma, P. H. M. Budzelaar, B. Fisher, A. Haaland, 

H.  V. Volden, and J. Weidlein, Acta Chem. Scand., 1986, A40, 
113; T. D.  Tilley, R. A. Andersen, B. Spencer, H. Ruben, A. 
Zalkin, and D. H. Templeton, Znorg. Chem., 1980,19,2999; T. D. 
Tilley, R. A. Andersen, B. Spencer, and A. Zalkin, ibid., 1982, 
21, 2647. 

8 R. A. Anderson, J. M. Boncella, C. J. Burns, R. Blom, A. 
Haaland and H. V. Volden, J .  Organomet. Chem., 1986,312, C49; 
R. A.  Anderson, R. Blom, J. M. Boncella, C. J.  Burns, and H. V. 
Volden, Acta Chem. Scand., 1987, A41, in the press. 

9 C. J .  Burns and R.  A. Andersen, J. Organomet. Chem., 1987, in 
the press; J. C. Green, personal communication. 

10 E. C. Ashby, L. Fernholt, A. Haaland, R. Seip, and 
R. Scott Smith, Acta Chem. Scand., 1980, A34 213. 

11 B. Andersen, H. M. Seip, T. G. Strand, and R. Stdevik, Acta 
Chem. Scand., 1969, 23, 3224. 

12 V. V. Kasparov, Yu. S.  Ezhov, and N. G. Rambidid, J. Struct. 
Chem., 1979, 20, 285. 

13 V. P. Spiridonov, A. G. Gershikov, A. B. Altmen, G.  V. 
Romanov, and A. A. Ivanov, Chem. Phys. Lett., 1981, 77, 41. 

14 J. L. Gole, A.  K. Q. Siu, and E. F. Hayes, J. Chem. Phys., 1973, 
58, 857; C. A. Coulson, Israel. J. Chem., 1973, 11, 683. 

15 M. Guido and G. Gigli, J. Chem. Phys., 1976, 65, 1397. 
16 A. Biichler, J .  L. Stauffer, and W. Klemperer,J. Am.  Chem. SOC., 

17 L. Wharton, R. A. Berg, and W. Klemperer, J. Chem. Phys., 

Chem., 1979, 170, 271. 

Aust. J. Chem., 1984, 37, 1601. 

J. Organomet. Chem., 1975, 85, 279. 

1964, 86, 4544. 

1963, 39, 2023. 

t Received in revised form 25th February 1987. 


