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Reaction of [Ca{C5H3-1 ,3-(SiMe3)2}2] 1, in  toluene with oxygen yields the stable, rigid biradical 
[Ca{q-C5H3-1 ,3-(SiMe3)2} { ~ . - 0 C ~ H ~ - 2 , 4 - ( S i M e ~ ) ~ } ] ~  2, characterised by an X-ray structure determination 
[Ca-0 2.298(3), 2.21 O(3) A; Ca-centroid 2.374(-)"; Ca-0-Ca 105.4(1)"; 0-Ca-centroid 149.4(-), 125.8(-)"I and EPR 
spectroscopy (resonance at g = 9.01, 4.21, 3.87 result from a super-exchange interaction between two unpaired 
electrons in the biradical). 

Within the realm of Group 2 organometallic chemistry several 
metallocene compounds for the heavier elements have been 
prepared and structurally characterisedl-6 but little is known 
about their reactions .1 ,6  Herein we report the reaction of 
[Ca{CSH3-1,3-(SiMe3)2}2] 1 with oxygen in toluene yielding a 
novel, stable, main-group biradical [Ca{q-CSH3-1,3- 
(SiMe3)2} { p-OC5H2-2,4-(SiMe3)2}]2 3, which has been struc- 
turally characterized and studied using EPR spectroscopy. 

Colourless toluene solutions of 1 under an atmosphere of 

tion of half an equivalent of oxygen. The orange solutions are 
EPR-active and yield orange crystals of 2;1. the brown 
solutions yield intractable oils. Compound 1 is coordinatively 

unsaturated and readily binds with the oxygen-centred mol- 
ecules tetrahydrofuran (thf) and dimethoxyethane.' The 
primary process in the formation of 2 (Scheme 1) may involve 

SiMe, 7 Me,Si 
O2 toluene 

[Ca(C&3-1,34SiM%)dd - s ~ M ~ ,  
Ca oxygen rapidly turn orange then dark brown after consump- 1 

c,._' 0, / , '._Q/SiM'3 

"I" Me3Si 

M e 3 S i e s i M e 3  
t Repeated attempts to obtain an analytically pure sample of 2 were 
unsuccessful and the characterization rests on reproducible EPR data, 
and the crystal structure. 

2 

Scheme 1 
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Fig. 1 Projection of the crystallographically centrosymmetric molecules of [Ca{q-C5H3-1 ,3-(SiMe3),} (p-OC5H2-2,4- 
(SiMe3)2}I2 2, showing 20% thermal ellipsoids for the non-hydrogen atoms, and arbitrary radii of 0.1 8, for hydrogen atoms. Selected 
bond distances (A) and angIes ( O ) :  Ca-O(a5, as') 2.298(3), 2.210(3); Ca-C(b1,2,3,4,5) 2.651(5), 2.622(6), 2.670(5), 2.670(5), 2.670(5); 
Ca-Centroid 2.374(-) , Ca- . .Ca' 3.585(2) ; O( as). ..O( as') 2.734(5) ; C( a1)-C( a2) 1.502( 9) ; C( a2)-C( a3) 1.426( 8) ; C( a3)-C( a4) 1.393( 10) ; 
C( a4)-C( a5) 1.479(6); C( a1)-C( a5) 1.370( 8) ; O( a5)-C( a5) 1.334( 7); O( a5)-Ca-O( as') 74.6( 1) ; Ca-O( a5)-Ca' 105.4( 1) ; Ca, Car-O( a5)-C( a5) 
96.2(2), 156.9(3); O(a5)-Ca-Centroid 149.4(-); O(a5')-Ca-Centroid 125.8(-). 

complexation of dioxygen to two calcium centres, along the 
lines established for transition metal species. A reaction 
pathway involving complexation of dioxygen to one metal 
centre followed by migratory insertion yielding intermediate 
{ (Me3Si)2C5H3}00Ca{ C5H3(SiMe3)2} species, similar to 
those in organomagnesium-oxygen reactions,7 is unlikely 
since this would result in diamagnetic products. 

The molecular projection of 2 and selected structural 
parameters are given in Fig. l.$ The metal centres are 
three-coordinate, treating each of the symmetrically bound 
pentahapto ligands as occupying one coordination site. 
Metal-carbon distances, mean 2.657 A, are marginally shorter 
than in the thf adduct of 1, mean 2.6g2 A , S  and the only other 
monocyclopentadienyl structure available for comparison, 
[Ca(q-C5Me5)(p.-I)(thf)2]2, mean 2.67 Within the [Ca2- 
(p-02)] core there is some asymmetry with Ca-0 distances 
2.298(3) and 2.210(3) A. These are only 5 and 0.5% longer 
than the Ca-0 distance for the neutral oxygen donor in the thf 

3 Crystal structure determination ( T  = 295 K; CAD4 diffractometer, 
crystals mounted in capillaries) : C44H82Ca202Si8, M = 948.0, 
monoclinic, space group E1/c ,  a = 12.354(6), b = 20.51(1), c = 
13.97(1) A, fi = 123.28", U = 2958(6) A3, F(OO0) = 1028; 2 = 2, D, = 
1.06 g cm-3, p(Mo-Ka) = 3.4 cm-l, no absorption correction, 
specimen 0.52 x 0.40 x 0.35 mm, 3628 unique reflections, 2487 with 
I > 3 4 4  used in the refinement, 20,,, = 45"; R = 0.042, R, = 0.034. 
Hydrogen atoms were refined in x ,  y ,  z ,  Uiso. Atomic coordinates, 
bond lengths and angles, and thermal parameters have been deposited 
at the Cambridge Crystallographic Data Centre. See Notice to 
Authors, Issue No. 1. 

adduct of 1. Noteworthy features of the 0-centred ligand 
include the C-0 distance and the variation of the C-C 
distance within the ring. The C-0 distance, 1.334(7) A, and 
adjacent C-C distance for the carbon bearing a trimethylsilyl 
group, 1.370(8) A, com are with those in metal enolates, e.g. 
1.330(6) and 1.342(6) 1, in [ { L ~ O C ( B U ~ ) C H ~ ) ~ ] , ~  and it is 
tempting to assign this part as a metal enolate arguing that the 
slightly long C-C distance is a consequence of the polarizing 
influence of silicon. The connecting distances to the outer 
carbons, 1.503(9) and 1.479(6) A, are close to acceptable 
single bonds based on sp2 carbon centres and these outer 
carbons can therefore be considered as a separate delocalised 
system, possibly that of an allyl radical. Associated C-C 
distances, 1.426(8) and 1.383(10) A, mean 1.405 A, are only 
marginally longer than those in the allyl anions, viz. 1.38 8, in 
allyl-, and 1.385 8, in 1,3-diphenylallyl-.9 Unfortunately, the 
exchange-coupled EPR spectrum does not providc a distance 
between the unpaired electrons and consequently the tech- 
nique cannot distinguish between an allyl radical and an allyl 
anion. 

Two unpaired electrons, each situated on an oxygenated 
cyclopentadienyl ring, potentially interact through a super- 
exchange (antiferromagnetic or ferromagnetic) pathway 
involving the overlap of the n( 0-cyclopentadieny1)-p( 0)- 
p( 0)-n( 0-cyclopentadienyl) orbitals or through space 
(dipole-dipole interaction). The distance between the un- 
paired electrons is roughly 7.5 A indicating that at least the 
two unpaired electrons should be dipole-dipole coupled. EPR 
spectra of radical species containing a single unpaired electron 
can be readily distinguished from those of a biradical in which 
the electrons are exchange- or dipole-dipole-coupled. 10 
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Fig. 2 Variable temperature EPR spectra (a-e) of a toluene solution of 
Ca(C5H3-1,3-(SiMe&)z 1, after treatment with less than half an 
equivalent of oxygen, Y = 9.2592 GHz; (f> Computer simulation 
(program EXCHANGElO) of the g = 4.21 and 3.87 resonances 
assuming an axially symmetric exchange interaction. (g) Computer 
simulation (program EPR5OFITls) of the g ca. 2 resonances assuming 
a single unpaired electron is coupled to four magnetically equivalent 
protons ( I  = 2). 

Variable temperature (155-355 K) EPR spectra [Fig. 2(a-e)] 
of the foregoing orange solutions contain three components; 
the first consists of an orthorhombic signal with resonances 
with effective g values of 9.01, 4.21 and 3.87. These 
resonances cannot be attributed to adventitious high spin 
iron(rr1) species in an orthorhombic environment as at room 
temperature the g anisotropy would be averaged out yielding 
resonances at g ca. 4.3 and 3.5, which is clearly not observed. 
In addition, the extremely short spin-lattice relaxation time 
usually prohibits the observation of high-spin ferric EPR 
signals at temperatures above 100 K. A reasonable computer 
simulation (using the Fortran program EXCHANGEIO) of the 
g = 4.21 and 3.87 resonances can be obtained [Fig. 2 0 1  
assuming the unpaired electrons are exchange-coupled and 
the biradical exhibits axial symmetry ( D  = 0.479 cm-1, E = 
0.34 cm-1, 811 = 2.5. g, = 1.5). The lack of resonance at g = 
9.01 and the appearance of resonances around g ca. 1.5 is 
presumably a consequence of the lower (monoclinic) 
symmetry found in the molecule. Determination of the 
exchange coupling constant and whether the unpaired elec- 

trons are ferro- or antiferro-magnetically coupled would 
require variable temperature measurements between 4 and 
150 K. Spin quenching of the unpaired electrons in the 
biradical by intermolecular association is presumably blocked 
by the large steric hindrance associated with the trimethylsilyl 
groups, particularly those on the 4-positions of the oxygenated 
rings. Overall, the present findings further highlight the 
potential of bulky ligands, in the present case a cyclopenta- 
dienylll and an ‘enolate’ (see structural commentary), in 
imparting kinetic stability to unusual bonding configurations. 

The second and third components consist of a singlet at g = 
2.004 and the weak resonances flanking the singlet [Fig. 2(a- 
e ) ] .  Attempts at simulating (using the Fortran program 
DISSIMlO) the latter signal, assuming the two unpaired 
electrons were dipole-dipole coupled and each electron was 
coupled to magnetically equivalent protons ( I  = l ) ,  were 
unsuccessful. In contrast, computer simulation (using the 
Fortran program EPR50FIT12) [Fig. 2(g)] based on the 
EPR-active species containing a single unpaired electron 
coupled to four magnetically equivalent protons yields the 
following parameters: 811 = 2.119. g, = 1.987, Ail = 188.3 X 
10-4cm-1, A ,  = 79.1 X 10-4cm-1). Thus the second and 
third components are most likely by-products of the reaction. 
Treatment of the analogous strontium compound, Sr{ CsH3- 
1,3-(SiMe3)2}2,5h in toluene with oxygen gave an orange 
solution containing paramagnetic species, but only singlet 
species, with g,, close to the free-electron value (2.0089). 

We thank the Australian Research Council for support of 
this work. 

Received, 31st December 1991; Com. 1/06525D 

References 
W. E. Lindsell, in Comprehensive Organometallic Chemistry, ed. 
G.  Wilkinson, F. G .  A. Stone and E. Abel, Pergamon, Oxford, 
1982, vol. 1, ch. 4. 
R. Zerger and G. Stucky, J. Organomet. Chem., 1974,80,7; K. A. 
Allan, B. G.  Gowenlock and W. E. Lindsell, J. Organornet. 
Chem., 1973,55, 229; R.  A. Anderson, R. Blom, J. M. Boncella, 
C. J. Burns and H. V. Volden, ’4cta Chem. Scand., Ser. A ,  1987, 
41,24; R. A. Anderson, R.  Blom, C. J. Burns and H. V. Volden, 
J. Chem. SOC., Chem. Commun., 1987,768; C .  J. Burns and R. A. 
Anderson, J. Organomet. Chem., 1987, 325, 31; A. Hammel, W. 
Schwarz and J. Weidlein, J. Organomet. Chem., 1989,378,347; R. 
Blom, K. Faegril and H.  V. Volden, Organometallics, 1990, 9, 
372; A. Williams and T. P. Hanusa, J. Am.  Chem. Soc., 1990,112, 
2454; R. A. Williams, T. P. Hanusa and J.  C. Huffman, 
Organometallics, 1990, 9, 1128; T. P. Hanusa, Polyhedron, 1990, 
9, 1345; R. A. Williams, K. F. Tresh and T. P. Hanusa, J. Am. 
Chem. SOC. ,  1991, 113,4843. 
M. J.  McCormick, S.  C. Sockwell, C. E. Davies, T. P. Hanusa and 
J.  C. Huffman, Organometallics, 1989, 8, 2044. 
M. G. Gardiner, C. L. Raston and C. H. Kennard, Organometal- 
lics, 1991, 10, 3680. 
(a)  P. Jutzi, W. Leffers, G .  Muller and B. Huber, Chem. Ber., 
1989,122,879; ( b )  L. M. Engelhardt, P. C. Junk, C. L. Raston and 
A. H. White, J. Chem. SOC., Chem. Commun., 1988, 1500. 
M. J. Blenac, A. H.  Cowley, R. A. Jones and A.  F. Tasch, Chem. 
Materials, 1989, 1, 289. 
B. J. Wakefield, in Comprehensive Organometallic Chemistry, ed. 
G. Wilkinson, F. G. A. Stone and E.  Abel, Pergamon, Oxford, 
1982, vol. 7, ch. 44. 
P. G. WillardandG. B. Carpenter,J. Am.  Chem. Soc., 1986,108, 
462. 
U. Schumann, E.  Weiss, H. Dietrich and W. Mahdi, J. Organo- 
met. Chem., 1987,322,299; V. G. Boche, H. Etzrodt, M. Marsch, 
W. Massa, G. Baum, H. Dietrich and W. Mahdi, Angew. Chem., 
Int. Ed. Engl., 1986, 98, 84. 

10 T. D. Smithand J. R. Pilbrow, Coord. Chem. Rev., 1974,13,173. 
11 E.g. M. F. Lappert. A. Singh, J. L. Atwood and W. E. Hunter, 

J. Chem. SOC., Chem. Commun., 1981,1190; C. L. Raston, B. W. 
Skelton, A. H. White, M. F. Lappert and G. Srivastava, 
J .  Organornet. Chem., 1987, 328, C1. 

12 H. G. Ang, W. L. Kwik, G.  R.  Hanson, J. A. Crowtler, M. 
McPartlin and N.  Choi, I .  Chem. SOC., Dalton Trans., 1991,3139. 




