
Organometallics 1994,13, 2773-2786 2773 

Encapsulated Alkaline-Earth Metallocenes. 5.' Kinetic 
Stabilization of 

Mono[ tetraisopropylcyclopentadienyl]calcium Complexes 
David J. Burkey, Erik K. Alexander, and Timothy P. Hanusa' 

Department of Chemistry, Vanderbilt University, Nashville, Tennessee 37235 

Received April 21, 1994' 

In the solid state, 1,2,3,4-tetraisopropylcyclopentadiene (HCp3  forms stacked parallel rings 
in which the isopropyl groups display the same semigeared orientation as is found for the [Cpril- 
anion in its metal complexes. The [tetraisopropylcyclopentadienyl] calcium halide (Cp4i)CaI- 
(THF)2 (1) is isolated in high yield (>go% ) from the 1:l reaction of KCp41 and CaIz in THF or 
by the conproportionation of and CaI2 in THF. One THF ligand in (Cpa)CaI(THF)2 
is easily removed by recrystallization from toluene to generate the monosolvated derivative 
(Cp4WaI(THF) (2); allowing KCpri and CaI2 (1:l) to react in a toluene/THF solvent mixture 
produces (CP'~)C~I(THF) directly. ( C P ~ ~ ) C ~ I ( T H F )  crystallizes from toluene as an iodide- 
bridged dimer, [(Cp4i)Ca(rc-I)(THF)l~*C,H8, with a pentahapto [Cp4'1- ligand and a terminal 
THF on each calcium atom. The Ca-I and Ca-I' distances are nearly equal a t  3.101(4) A and 
3.110(4) A. No disproportionation of (Cp4i)CaI(THF)(~,2) into ( C P ~ ~ ) ~ C ~  and C&(THF)n is 
observed in either THF or aromatic solvents a t  room temperature. This stability arises from 
the inability of THF to dissociate completely from the oxophilic calcium center in the mono- 
(cyclopentadienyl) complexes, which consequently blocks the formation of the necessarily base- 
free (CP(~),C~. Refluxing a toluene solution of (CpQi)CaI(THF)(1,2) for 4 h, however, does lead 
to its near quantitative (93 % conversion into and C&(THF),. Disproportionation 
is also observed after adding 1,Cdioxane to a THF solution of (Cp4i)CaI(THF)(1,2). Heating 
(Cp4i)CaI(THF)(~,2) a t  110 "C and 1O-e Torr for 4 h removes all coordinated THF without causing 
disproportionation, leaving unsolvated [ (Cp')CaI]n (3). In aromatic solution, [ ( C P ~ ~ ) C ~ I ] ~  slowly 
disproportionates into (Cpa)2Ca and CaIz; this underscores the importance of coordinated THF 
to the stability of (Cp4i)CaI(THF)(1,2). Heating solid [(C~l'~)Ca1], at 215-220 "C and 1O-e Torr 
produces (Cpa)zCaas a white sublimate in good yield (ca. 65 5% 1. Attempts to synthesize complexes 
analogous to (Cp4i)CaI(THF)(13, using pyridine, diethyl ether, or 1,2-dimethoxyethane were not 
as successful; only (Cp4i)CaI(DME) (4) could be obtained in a mixture with CaIz(DME),. (Cp49- 
CaI(THF)(1,2) can be derivatized by metathetical reactions with K[N(SiMe&l and K[BHT] 
(HBHT = HOC6H&Bu2-2,6-Me-4) to yield (Cp4i)Ca[N(SiMe3)21(THF) (5) and (Cpa)Ca[BHT]- 
(THF) (6), respectively, in high yield. (Cp4i)Ca[BHTl(THF) also can be cleanly prepared by 
the reaction of (Cp4i)Ca[N(SiMes)zI (THF) with HBHT in toluene. Unlike the reaction that 
occurs between ( C P ~ ~ ) ~ C ~  and CaI2, (Cp4')2Ca and CaCN(SiMe3)zlz do not conproportionate in 
THF to form a mono(ring) complex. (Cpqi)Ca[N(SiMe&l(THF) sublimes readily a t  120 "C 
and lP Torr in ca. 5 0 4 0 %  yield to give a waxy material containing (Cp4i)Ca[N(SiMe3)2] (THF), 
(Cp4')2Ca, and Ca[N(SiMe3)212(THF),. In the solid state, (Cp4i)Ca[N(SiMe3)21 (THF) is 
monomeric with a pseudotrigonal planar arrangement of the ligands around the calcium. Two 
crystallographically independent enantiomers are present in the asymmetric unit, with Ca-N 
bond distances of 2.29(1) and 2.30(1) A. Both molecules of (Cp4i)Ca[N(SiMe3)21(THF) possess 
structural features that suggest an agostic interaction exists between the calcium and one of 
the trimethylsilyl groups of the amido ligand, with Ca.-C(Me) contacts at 2.99(2) and 2.95(2) 
A. These results illustrate the high level of kinetic control possible over the reactions of 
organocalcium species containing encapsulating ligands. 

Introduction 
In the absence of metal valence electrons, the bonding 

between alkaline-earth metals and their ligands must rely 
primarily on electrostatic or Lewis acid/base interactions.2 
Exertion of kinetic control over complexes of these 
elements is consequently difficult, and the tendency for 
ligand rearrangement and decomposition is high.2 The 
ability to establish such control, however, is crucial to the 
rational design of synthetic reagents that incorporate these 
metals. 

*Abstract published in Advance ACS Abstracts, June 1,1994. 
( 1 )  Part 4 Tanner, P. S.; Hanuea, T .  P. Polyhedron, in press. 
(2) Hanusa, T. P. Chem. Rev. 1993,93, 1023-1036. 

0276-7333/94/2313-2773$04.50/0 

The kinetic lability associated with Group 2 organo- 
metallic complexes is exemplified in the dynamic solution 
behavior of Grignard reagents. Their conventional for- 
mulation as "RMgX" obscures the fact that in solution 
they exist as mixtures of heteroleptic and homoleptic 
species, neutral, charged, and radical, that are related by 
complex equilibria.3~4 The simplest representation of the 
dynamic nature of Grignard reagents in solution is the 
Schlenk equilibrium (eq l), which corresponds to the 
disproportionation of a heteroleptic "RMgX" species into 
its homoleptic c~unterpar ts .~*~ 

(3) Kaim, W. Angew. Chem., Znt. Ed. Engl. 1982,21,140-141. 
(4) Ducom, J. J. Bull. SOC. Chim. Fr. 1971,3518-3623. 
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IR spectrometer. KBr pellets for IR spectroscopy were prepared 
as previously described.10 Elemental analyses were performed 
by Oneida Research Services, Whitesboro, NY. 

Materials. Anhydrous calcium iodide (Strem Chemicals or 
Cerac, 95%) was heated under vacuum (150 OC, 1o-B Torr) to 
remove residual amounts of free iodine. Potassium hydride was 
obtained from Aldrich as a dispersion in oil and was washed with 
hexane and dried before use. K[N(SiMes)zl was purchased from 
Aldrich and used as received. HCp' (1,2,3,4-tetraisopropyl- 
cyclopentadiene),'O (Cpri)&a,lo Cp*CaI(THF)z,7 Ca[N(SiMea)~l,~ 
and KBHT13 (HBHT = 2,6-di-tert-butyl-4-methylphenol) were 
prepared using literature procedures. Anhydrous pyridine, 1,2- 
dimethoxyethane (DME), 1,4-dioxane, and diethyl ether (EbO) 
were purchased from Aldrich and were dried over 4A molecular 
sieves prior to use. Other solventa for reactions were distilled 
under nitrogen from sodium or potassium benzophenone ketyl. 
NMR solvents were vacuum distilled from Na/K (22/78) alloy 
and stored over 4A molecular sieves. 

Synthesis of KCpu from HCpu and K[N(SiMe,)r]. In a 
typical preparation, HCpri (1.337 g, 5.70mmol) and KIN(SiMe3)gl 
(1.141 g, 5.72 mmol) were added to 25 mL of toluene in a 125-mL 
flask. The reaction was stirred overnight, during which time a 
white precipitate formed. The precipitate was collected by 
filtration of the reaction mixture through a glass frit and dried 
under vacuum to give 1.49 g of KCp& (96% yield) as a snow white 
powder, identified from its 1H NMR spectrum (THF-d8).l0 

Reaction of KCpu and CaI, (2:l) in THF. KCpri (4.00 g, 
14.68 "01) and CaIz (2.16 g, 7.35 mmol) were suspended in 75 
mL of THF in an Erlenmeyer flask. The mixture was stirred for 
72 h and then filtered through a glass frit to remove precipitated 
KI. The pale yellow THF filtrate was evaporated to dryness to 
give 4.51 g of an off-white powder. An lH NMR (Cas)  spectrum 
of the product indicated the presence of (Cp4i)~Ca10 and (Cp&)- 
CaI(THF)z (see below) in a ratio of 1:2. The yield for the reaction 
(based on the mixture consisting of a 1:22 ratio of (Cpu)2Ca, 
(Cpu)CaI(THF)2 and unreacted KCp4*) was 86%. 

Synthesis of (Cpu)CaI(THF)r (1). Method a. KCp' (0.84 
g, 3.08 mmol) and CaIz (0.90 g, 3.06 mmol) were added to 20 mL 
of THF in an Erlenmeyer flask. The resulting gray slurry was 
stirred overnight. The reaction mixture was filtered through a 
glass frit to remove precipitated KI. The solvent was then 
removed from the filtrate under vacuum, leaving 1.53 g of a cream- 
colored powder, identified spectroscopically as 1 (92% yield). 
Anal. Calcd for C&&aIOz: C, 55.14; H, 8.33; I, 23.30. Found 
C, 55.16; H, 8.35; I, 23.38. lH NMR (CsDe): 6 5.93 (a, 1 H, ring- 
0; 3.61 (t, J = 6.5 Hz, 8 H, a-CJI,O); 3.39 (septet, J = 7.2 Hz, 
2 H, CHMez); 3.28 (septet, J = 6.8 Hz, 2 H, CHMe2); 1.60 (d, J 
= 7.2 Hz, 6 H, CH3); 1.54 (d, J = 7.2 Hz, 6 H, CH3); 1.45 (d, J 
= 6.8 Hz, 6 H, CH3); 1.35 (t, J 6.5 Hz, 8 H, b-CJlaO); 1.32 (d, 
J = 6.7 Hz, 6 H, CH3). lH NMR (THF-de): 6 5.67 (8, 1 H, ring- 
CH); 3.61 (m, 8 H, a-CJla); 3.21 (septet, J =  7.2 Hz, 2 H, CHMez); 
3.12 (septet, J = 6.8 Hz, 2 H, CHMe2); 1.77 (m, 8 H, j3-CJleO); 

1.07 (d, J = 6.7 Hz, 6 H, CH3). Colorless crystals of 1 can be 
grown by slow evaporation of a saturated THF solution; the 
crystals quickly turn opaque and disintegrate upon removal from 
a THF-saturated atmosphere, frustrating efforts to obtain an 
X-ray crystal structure. 

Method b. An Erlenmeyer flask was charged with CaI2 (0.80 
g, 2.71 mmol) and freshly sublimed (Cpri)zCa (1.38 g, 2.71 mmol). 
THF (30 mL) was added to the flask, and the resulting clear 
solution was stirred overnight. Removal of the THF under 
vacuum gave 2.56 g of 1 (quantitative) as a white microcrystallime 
solid. 

Synthesis of (Cp")CaI(T€IF) (2). Method a. (Cpu)CaI- 
(THF), (1.58 g, 2.90 "01) was dissolved in 40 mL of toluene, 
and the resulting clear solution was stirred for 2 h. Subsequent 
removal of the toluene under vacuum gave 1.35 g (quantitative) 
of 2 as a cream-colored powder (mp 175-180 OC). Anal. Calcd 
for C21H&aIO C, 53.38; H, 7.89; Ca, 8.48. Found C, 53.45; H, 

1.39 (d, J = 7.2 Hz, 6 H, CH3); 1.34 (d, J = 7.0 Hz, 12 H, CHs); 

K 
2RMgX t R,Mg + MgX, (1) 

In synthetic organic chemistry, the operation of Schlenk 
equilibria in Grignard reagents is rarely of any conse- 
quence. In our studies of the related mono(cyc1openta- 
dienyl) complexes of the heavy alkaline-earth metals 
(Cp'AeZ; Ae = Ca, Sr, Ba; Z = R, NR2, OR), however, 
disproportionation equilibria have presented a challenge 
to both synthesis and subsequent studies of reactivity (eq 
2).'18 The position of the equilibrium in these complexes 

K 
2Cp'AeZ =i Cp',Ae + AeZ, (2) 

is highly solvent dependent, and even a small value for the 
equilibrium constant does not insure that a compound 
can be easily mani~ulated.~ 

We have recently used sterically bulky ligands such as 
[cpli1-, [CpII- (Cpni = (i-Pr),$6H~-,,), and [Ph&H]- to 
form Uencapsulated" Group 2 metallocenes with enhanced 
volatility and oxidative stability.lJO-12 In an initial attempt 
to synthesize the calcium metallocene (Cp4)&a, we allowed 
KCpri and CaIz to react (2:l) in THF. Unexpectedly, we 
isolated from this reaction a 1:2 mixture of the desired 
metallocene and another complex, tentatively identified 
as the mono(ring) calcium iodide complex, (Cp4')CaI- 
(THF),. (A similar mixture was observed in the reaction 
of KCpai and CaI2.I1) The equation for this reaction 
appears to be the following (eq 3): 

6KCp4' + 3Ca1, - (Cp4'),Ca + 2(Cp4')CaI(THF), + THF 

2KCp4' + 4KIl (3) 

The persistence of the mono(ring) species in solution, even 
in the presence of unreacted KCpri, suggested that (Cpri)- 
CaI(THF)Z must enjoy a reasonable amount of kinetic 
stability. We therefore attempted to synthesize the (CpQ)- 
CaI(THF)2 complex and its derivatives directly, with the 
goal of generating a class of mono(cyclopentadieny1) 
complexes that would help elucidate the factors that lead 
to kinetic stability in organoalkaline-earth compounds. 

Experimental Section 
General Experimental Considerations. All manipulations 

were performed with the rigid exclusion of air and moisture using 
high vacuum, Schlenk, or drybox techniques. Proton and carbon 
(1%) NMR spectra were obtained on a Bruker NR-300 spec- 
trometer at 300 and 76.5 MHz, respectively, and were referenced 
to the residual proton and 13C resonances of C a s  (6 7.15 and 
128.0) or THF-dE (6 3.58 and 67.4). Assignments in the 13C NMR 
spectra were made with the help of DEPT pulse experiments. 
Infrared data were obtained on a Perkin-Elmer 1600 Series FT- 

(5) Benn, R.; hhmkuhl, H.; Mehler, K.; Rufinska, A. Angew. Chem., 

(6) Allen, P. E. M.; Hagias, S.; Mair, C.; Williams, E. H. Ber. Bensen- 

(7) McCormick, M. J.; Sockwell, S. C.; Davies, C. E. H.; Hanusa, T. P.; 

(8) Sockwell, S. C.; Hanusa, T. P.; Huffman, J. C. J. Am. Chem. SOC. 

(9) Cp*CaCH(SiMe&(THF')a only slightly diseociates in C&eolution 
(K = 4.2 X 10% for example, but washing the Bolid with hexane induces 
significant disproportionation (see ref 8). 

(10) Williams, R. A.; Tesh, K. F.; Hanusa, T. P. J. Am. Chem. SOC. 

(11) Burkey, D. J.; Williams, R. A.; Hanusa, T. P. Organometallics 

(12) Burkey, D. J.; Hanusa, T. P.; Huffman, J. C. Adu. Mater. Opt. 

Int. Ed. Engl. 1984,23,534-535. 

Gee. Phys. Chem. 1984,88,623-626. 

Huffman, J. C. Organometallics 1989,8, 2044-2049. 

1992,114,3393-3399. 

1991,113,4843-4851. 

1993,12,1331-1337. 

Electron. 1994, 4 ,  1-8. 
(13) Geerts, R. L.; Huffman, J. C.; Caulton, K. G. Znorg. Chem. 1986, 

25,1803-1805. 
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Encapsulated Alkaline-Earth Metallocenes. 5 

7.80; Ca, 8.57. 'H NMR (Cas): 6 5.98 (8, 1 H, ring-CH); 3.72 (t, 
J=6.5Hz,4H,a-CJI80);3.39(septet, J=7.2Hz,2H,CHMe2); 
3.29 (septet, J = 6.8 Hz, 2 H, CHMea); 1.59 (d, J = 7.2 Hz, 6 H, 
CHs); 1.53 (d, J = 7.1 Hz, 6 H, CHs); 1.47 (d, J z 6.8 Hz, 6 H, 
CHs); 1.32 (d, J = 6.6 Hz, 6 H, CHs); 1.29 (t, J = 6.5 Hz, 4 HI 
@-CJleO). 1H NMR (THF-de): 6 5.67 (e, 1 H, ring-CH); 3.61 (m, 
4 H, a-CJieO); 3.21 (septet, J =  7.2 Hz, 2 H, CHMe); 3.12 (septet, 
J = 6.8 Hz, 2 H, CHMe2); 1.77 (m, 4 H, @-CJleO); 1.40 (d, J = 

6.6 Hz, 6 H, CHs). NMR (Cae) 6 128.9 (ring-CCHMea); 
125.5 (ring-CCHMe2); 100.1 (ring-CHI; 69.0 (a-C&O); 27.5 
(CHMe2); 27.2 (CHMe2); 26.9 (CHS); 25.6 (CHS); 25.4 (@-C&O 
and CHS); 25.2 (CHS). Principal IR bands (KBr, cm-3: 2923 (8,  

vbr), 1460 (e), 1377 (a), 1363 (a), 1330 (w), 1310 (m), 1278 (w), 
1248 (w), 1178 (m), l l 4 6  (m), 1107 (m), 1022 (s), 988 (m), 956 (w), 
920 (m), 873 (81,762 (m), 690 (m), 508 (8). X-ray quality crystals 
of 2sC7H~ were grown by cooling a saturated toluene solution of 

Method b. An Erlenmeyer flask was charged with KCpG (0.73 
g, 2.68 mmol) and CaI2 (0.77 g, 2.62 mmol); to this were added 
30 mL of toluene and 15 mL of THF, and the resulting gray 
slurry was stirred overnight. The precipitated KI was removed 
by filtration through a glasa frit; the solvent mixture was removed 
under reduced pressure to leave 1.070 g of a cream-colored powder, 
identified as 2 by 'H NMR ( C a d  (86% yield). 

Preparation of [(CpU)CaI], (3). A sample of 1 (0.50g, 0.916 
"01) was placed in a sublimation apparatus, which was then 
evacuated to 1 X 10-6 Torr. The solid was heated at 110 OC for 
3 h, leaving 0.30 g of 3 as a grayish-white solid (82% yield). Anal. 
Calcd for C17H?pCaL C, 51.00; H, 7.30; Ca, 10.01; I, 31.69. 
Found C, 47.37; H, 6.85; Ca, 9.97; I, 31.70. There have been 
several examples of organoalkaline-earth complexes that have 
reproducibily low C, H analyses.a14 'H NMR (Cas): 6 6.11 (8, 
1 H, ring-CH); 3.30 (septet, J =  7.2 Hz, 2 H, CHMed; 3.19 (septet, 
J = 6.8 Hz, 2 H, CHMe2); 1.55 (d, J = 6.8 Hz, 6 H, CHs); 1.51 

7.2 Hz, 6 H, CHs); 1.34 (d, J = 7.0 Hz, 12 H, CHs); 1.07 (d, J 

1 to -40 OC. 

(d, J 
(d, J 

7.2 Hz, 6 H, CHs); 1.47 (d, J = 7.2 Hz, 6 H, CHs); 1.23 
6.6 Hz, 6 H, CHs). 'H NMR (THF-de): 6 5.67 (8, 1 H, 

ring-CH); 3.21 (septet, J = 7.2 Hz, 2 H, CHMe2); 3.12 (septet, J 
= 6.8 Hz, 2 H, CHMe2); 1.40 (d, J = 7.2 Hz, 6 H, CHS); 1.34 (d, 
J = 7.0 Hz, 12 H, CHS); 1.08 (d, J = 6.6 Hz, 6 H, CHS). Principal 
IR bands (KBr, cm-I): 2922 (8,  vbr), 1459 (81, 1377 (a), 1362 (s), 
1310 (m), 1277 (w), 1178 (e), 1105 (e), 1061 (w), 1038 (w), 986 (m), 
777 (s), 690 (m), 512 (s), 500 (8).  [(Cp')CaI]n partially melts at  
215 OC; the remaining solid does not melt below 300 "C. Solid 
samples of 3 reproducibly turn blue-green on long standing (ca. 
2 weeks). A toluene solution of the blue-green solid is colorless, 
however, and there is no change in the NMR spectrum of the 
compound. 

Preparation of [Cp*CaI],. A sample of Cp*CaI(THF)2 (0.96 
g, 2.2 mmol) was placed in a sublimation apparatus, which was 
then evacuated to 1 X 10-6 Torr. The solid was heated at 125 OC 
for 3 h, leaving 0.52 g of [Cp*CaIl, (80% yield) as a nonvolatile 
white powder. Anal. Calcd for C&l&ak C, 39.67; H, 4.99, Ca, 
13.08; I, 42.37. Found C, 39.74; H, 5.00; Ca, 13.26; I, 41.99. 'H 

of Cp*,Ca(C&O)2); the two peaks have approximatelythe same 
intensity. Principal IR bands (KBr, cm-I); 2855 (8, vb), 1437 (a), 
1389 (m), 1340 (w), 1262 (w), 1095 (m), 1020 (m), 800 (w), 670 
(w), 592 (w), 458 (w). Attempts to obtain an 'H NMR spectrum 
of [Cp*CaI]. in C& were not successful, owing to its lack of 
solubility in aromatic solvents. No sublimate was produced on 
heating [Cp*CaI], at  temperatures up to 240 OC at 10-6 Torr. 

Synthesis of (Cprt)&a from (Cp")CaI(THF)n. Method a. 
1,4-Dioxane (25 mL) was added to a stirring solution of 1 (2.28 
g, 4.19 mmol) in 20 mL of THF. Over the course of 10 h, a white 
precipitate separated from solution. The reaction mixture was 
then fiitered to remove precipitated CaI2.(dioxane). (identified 
by the presence of only free l,(-dioxane in its 'H NMR spectrum 
(THF-da)). The solvents were removed by rotary evaporation 
under vacuum to leave 1.00 g of (Cpu),Ca (94% yield). The 

(14) Williams, €2. A.; Hanusa, T. P.; Huffman, J. C. J. Orgonomet. 

NMR (THF-de): 6 2.00 (8, CHs of Cp*CaI(C&O)2); 1.87 (8, CHs 

Chem. 1992,429, 143-152. 
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identity of the product was conf i ied  by 'H NMR (C&) 
spectroscopy. 1 also could be dissolved in 1,6dioxane alone to 
give (CpWa and CaIp(dioxane),. 

Method b. A sublimation vessel was charged with 1 (0.M) g, 
0.92 "01) and evacuated to 1 X 1W Torr. A white solid began 
subliming on the cold f i i e r  as the temperature was raised to 210 
"C. The flask was heated at 215-20 OC for 4 h, which resulted 
in the production of 0.15 g of a sublimate. Subsequent 
spectroscopic investigation (1H NMR, C&) determined that 
the sublimed solid was (Cpu)2Ca (65% yield). 

Method c. A solution of 1 (0.39 g, 0.72 mmol) in 30 mL of 
toluene was heated to reflux for 4 h, during which time a gray 
solid slowly precipitated. The solution was allowed to cool, and 
the precipitate was removed by centrifugation. Removal of the 
toluene from the fiitrate under vacuum left 0.18 g of a cream- 
colored powder; this was identified bylH NMR as (Cpu)&a (93% 
yield). 

Synthesis of (CpQ)CaI(DME) (4). Method a. KCpu (0.62 
g, 2.28 mmol) and CaI2 (0.69 g, 2.35 mmol) were combined in an 
Erlenmeyer flask; DME (30 mL) was added and the resulting 
cloudy, yellowish suspension was stirred for 24 h. The reaction 
mixture was then filtered through a glasa frit. The solvent was 
removed by rotary evaporation to leave 0.80 g of a cream-colored 
solid. Subsequent analysis of this solid ('H NMR, C a s )  revealed 
the presence of two componente: (Cp32Ca and a new compound 
identified as 4 on the basis of the similarity of ita proton NMR 
resonances to that of 1. 4 and (Cpu)2Ca were present in an 
approximate ratio of 4 1 .  The (CpU)2Ca could be removed from 
the mixture by toluene extraction with only a slight loss of 4, 
since the latter is only sparingly soluble in aromatics. However, 
it  was not possible to remove the corresponding CaIa(DME), 
impurity that was also present, so elemental analysis on 4 was 
not obtained. Spectroscopic data for 4. 'H NMR (C&: 6 5.94 
(8, 1 H, ring-CH); 3.46 (septet, J = 7.2 Hz, 2 H, CHMea); 3.31 
(septet, J = 6.8 Hz, 2 H, CHMe2); 3.11 (br s , 6  H, CHs of DME); 
2.95 (8,4 H, - C H r  of DME); 1.65 (d, J =  7.2 Hz, 6 H, CHs); 1.57 
(d, J 6.8 Hz, 6 H, CHs); 1.37 7.1 Hz, 6 H, CHs); 1.48 (d, J 
(d, J = 6.7 Hz, 6 H, CHs). Principal IR bands (KBr, cm-1): 2952 
(8,  vbr), 1458 (e), 1372 (m), 1359 (m), 1282 (w), 1247 (m), 1174 
(m), 1048 (a), 990 (m), 866 (e), 834 (w), 757 (m), 683 (w), 566 (w), 
530 (w), 500 (w). When 4 is dissolved in THF, it quantitatively 
converts to 1 and free DME. 

Method b. To a flask charged with (Cp')2Ca (0.50 g, 0.99 
mmol) and CaI2 (0.29 g, 0.99 "01) was added 25 mL of DME. 
The clear solution was stirred for 12 h, and then the DME was 
removed under vacuum. The ratio of 4 and (Cp')2Ca in the off- 
white solid that remained (0.95 g) was ca. 41 ,  as determined by 

Method c. A 0.22-g sample of 3 was dissolved in 15 mL of 
DME. The clear solution that formed was stirred for 30 min; 
then the DME was removed by rotary evaporation under vacuum 
to leave a cream-colored solid. The ratio of 4 and (Cpu)&a in 
the solid was ca. 41 ,  as determined by 'H NMR (Cae). 

Reaction of KCpU and CaIt (1:l) in EttO. An Erlenmeyer 
flask was charged with KCpu (0.45 g, 1.65 mmol) and CaI2 (0.49 
g, 1.67 mmol). Diethyl ether (20 mL) was added to the flask, and 
the resulting yellow slurry was stirred overnight. The precipitated 
KI was removed from the flask by filtration through a glasa frit. 
Removal of the EhO under vacuum left 0.342 g of a yellowish 
solid that contained an approximately 3 2  mixture of 3 and (Cp4)r 
Ca, as determined by 'H NMR (C&. 

Synthesis of (Cp")Ca[N(SiMe&](THF) (5). An Erlen- 
meyer flask was charged with 2 (0.94 g, 1.99 "01) and 
K[N(SiMe&J (0.40 g, 2.00 mmol); 25 mL of toluene was added, 
and the resulting slurry was stirred overnight. After the reaction 
mixture was fiitered to remove precipitated KI, toluene was 
removed under vacuum to leave a waxy white solid. Recrystal- 
lization of this material from small amounts of hexane afforded 
0.67 g of 5 (67 % yield) as a spectmcopically pure, white crystalline 
solid. The compound also could be synthesized from 1 (1.04 g, 
1.91 mmol) andK[N(SiMe&] (0.39g, 1.96mmol) usingthe above 
procedure; 6 was isolated from this reaction in 76% yield (0.73 
g) (mp 160-165 OC). Anal. Calcd for CwHssCaNOSi2: C, 64.09, 

'H NMR (C&). 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 2

9,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

99
4 

| d
oi

: 1
0.

10
21

/o
m

00
01

9a
03

8



2776 Organometallics, Vol. 13, No. 7, 1994 

H, 10.96; Ca, 7.92; N, 2.77; Si, 11.10. Found C, 64.93; H, 11.32; 
Ca, 8.00; N, 2.49; Si, 11.29. 1H NMR (cas ) :  6 5.78 (8,  1 H, 
ring-CH); 3.53 (t, J = 6.5 Hz, 4 H, a-CJlsO); 3.32 (septet, J = 
7.2 Hz, 2 H, CHMe2); 3.11 (septet, J = 6.8 Hz, 2 H, CHMe2); 1.52 
(d, J = 7.2 Hz, 12 H, CHs); 1.29 (d, J = 7.2 Hz, 6 H, CHs); 1.27 
(d, J 6.5 Hz, 4 H, fl-CSleO); 0.20 7.0 Hz, 6 H, CHs); 1.14 (t, J 
(e, 18 H, Si(CHs)s). 1H NMR (THF-d8): 6 5.73 (8,  1 H, ring-CH); 
3.61 (m, 4 H, a-CJlsO); 3.22 (septet, J = 7.2 Hz, 2 H, CHMe2); 
3.09 (septet, J = 6.7 Hz, 2 H, CHMe2); 1.77 (m, 4 H, fl-CJlaO); 
1.41 (d, J = 7.2 Hz, 6 H, CHs); 1.33 (d, J = 6.8 Hz, 6 H, CH.3); 
1.325 (d, J = 7.2 Hz, 6 H, CH3); 1.06 (d, J = 6.6 Hz, 6 H, CHs); 
-0.085 (a, 18 H, Si(CH3)s). lsC NMR (cas ) :  6 124.9 (ring- 
CCHMe2); 100.2 (ring-CH); 70.6 (a-C&O); 27.3 (CHMe2 and 
CH3); 27.1 (CHMez); 25.5 (CHa);  25.0 (two CHs peaks); 24.8 (8- 
C4HaO); 5.5 (Si(CH3)S). Principal IR bands (KBr, cm-l): 2948 
(s, vbr), 1460 (m), 1377 (m), 1362 (m), 1325 (w), 1308 (w), 1237 
(8, br), 1186 (m), 1176 (m), 1143 (w), 1105 (m), 1031 (8, br), 988 
(m), 918 (w), 879 (8,  br), 823 (8 ,  br), 763 (s), 690 (m), 663 (m), 593 
(a), 505 (m). Crystals for X-ray structural analysis were grown 
by slow evaporation of a saturated hexane solution of 5 at room 
temperature. (Cpa)Ca[N(SiMe&l (THF) can be sublimed at  120 
OC and 10-8 Torr to give a glassy or waxy white sublimate in ca. 
5 0 4 0 %  yield. lH NMR analysis (C& and THF-dd revealed 
that the sublimed material is a mixture of (Cp")Ca- 
[ N(SiMe&] (THF), (Cpri)&a, and Ca[N(SiMes)zI 2(THF),, in an 
approximate 3:3:1 ratio. 

Reaction of (Cp')&a and Ca[N(SiMe~)z]r in THF. (Cp4%- 
Ca (0.50 g, 1.38 mmol) and Ca[N(SiMea)zlz (0.50 g, 1.39 mmol) 
were dissolved into 30 mL of THF in an Erlenmeyer flask. After 
the clear solution was stirred for 24 h, the THF was removed 
under vacuum. 1H NMR analysis ( c a s )  of the resulting solid 
revealed that it contained ca. 10% of 5; the remaining solid was 
a mixture of (Cpri)zCa and Ca[N(SiMe3)212(THF)2.l6 There was 
no observable reaction on stirring equimolar amounts of (CP")~- 
Ca and Ca[N(SiMe3)2]2 in hexane; the starting materials were 
isolated unchanged upon removal of the solvent. 

Synthesisof (CpU)Ca[BHT](THF) (6). Methoda. HBHT 
(0.124 g, 0.56 mmol) and 5 (0.294 g, 0.58 mmol) were added to 
20 mL of toluene in an Erlenmeyer flask; the resulting clear 
solution was stirred overnight. The toluene was then removed 
by rotaryevaporation at  reduced pressure to give a white powder. 
Subsequent recrystallization of the crude product from hexane 
at room temperature giave 0.26 g of 6 (82% yield) as a white, 
microcrystalline solid. Anal. Calcd for C&CaOz: C, 76.54; 
H, 10.70. Found: C, 76.71; H, 10.36. 'H NMR (Cas): 6 7.16 (8,  
2 H, Ar-CH); 5.94 (8, 1 H, ring-CH); 3.33 (septet, J = 7.2 Hz, 2 
H, CHMe2); 3.27 (t, J = 6.5 Hz, 4 H, a-CJleO); 3.19 (septet, J 
= 6.8 Hz, 2 H, CHMe2); 2.39 (e, 3 H, Ar-CH3); 1.52 (8,  18 H, 
Ar-C(CH&); 1.49 (d, J = 7.0 Hz, 12 H, CH3); 1.34 (d, J = 6.9 Hz, 
6 H, CHS); 1.30 (d, J = 6.8 Hz, 6 H, CHd, 0.97 (m, 4 H, BCJleO). 
1H NMR (THF-d~): 6 6.68 (a, 2 H, Ar-CH); 5.79 (s, 1 H, ring-CH); 
3.61 (t, J = 6.5 Hz, 4 H, a-CJlsO); 3.19 (septet, J = 7.0 Hz, 2 H, 
CHMe2); 3.12 (septet, J = 6.5 Hz, 2 H, CHMe2); 2.07 (8,  3 H, 
Ar-CHs); 1.77 (t, J = 6.5 Hz, 4 H, fl-CJlaO); 1.39 (d, J = 7.1 Hz, 
6 H, CH3); 1.35 (8, 18 H, Ar-C(CH3)3); 1.30 (d, J = 6.9 Hz, 6 H, 
CH3); 1.22 (d, J 7.0 Hz, 6 H, CHs); 1.05 (d, J = 6.6 Hz, 6 H, 
CH3). lSC NMR (cas ) :  6 162.2 (Ar-CO); 136.2 (Ar-C(CH3)); 
125.6 (Ar-CH); 124.6 (ring-CCHMe); 120.7 (Ar-CH,); 100.8 (ring- 
CH); 70.0 (a-C&O); 35.0 (Ar-C(CH3)s); 31.4 (Ar-C(CH&); 27.3 
(CHMez); 27.1 (CHMe2); 26.6 (CH,); 25.2 ( C H 3 ) ;  25.1 ( C H 3 ) ;  24.9 
(fl-CdHsO and C H s ) ;  21.6 (Ar-CHa). Principal IR bands (KBr, 
cm-1): 2940 (9, vbr), 1458 (s), 1420 (m), 1383 (m), 1374 (a), 1357 
(a), 1324 (w), 1307 (w), 1266 (8,  br), 1250 (w), 1178 (w), 1101 (m), 
1032 (8 ,  br), 991 (m), 956 (w), 920 (m), 885 (8, br), 807 (m), 800 
(w), 761 (m), 690 (w), 508 (8 ) .  

Method b. Following the same procedure used for synthesizing 
5, 2 (0.34 g, 0.72 mmol) and K[BHT] (0.19 g, 0.73 mmol) were 
allowed to react to give 0.25 g of 6 as a cream-colored powder 
(61 % yield). The identity of the product as 6 was confirmed by 

Details of Decomposition Study of 3. A solution of 3 was 
made by suspending 10 mg of 3 in approximately 1 mL of Ca6. 

(16) Westerhausen, M. Znorg. Chem. 1991,30,96-101. 

1H NMR (Cae). 

Burkey et al. 

0 10 20 30 40 50 60 70 80 

Time (h) 
Figure 1. Disproportionation of 3 in toluene into (Cp4")&a 
and CaI,; the sample in trial no. 1 is approximately twice as 
concentrated as in trial no. 2. 

The supernatant liquid was then decanted from the undissolved 
solid. Approximately 0.5 mL of the solution (<25 mM) was used 
directly as trial no. 1; the remaining 0.5 mL was diluted with an 
additional 0.5 mL of CJl8 for trial no. 2. For both trials, the time 
of the initial addition of 

Proton NMR spectra were used to measure the relative 
concentration of [(Cp")CaI], and (Cp')2Ca in the two solutions. 
Dividing the integrated intensity of the peak at  6.11 ppm by l/2 
the integrated intensity of the peak at 5.83 ppm gave the number 
of molecules of [(Cp4i)CaI], per molecule of (CpU)sCa in solution 
( x ) .  Since 2 equiv of (Cp4i)CaI must decompose to produce 1 
equiv of (Cp4')2Ca, the percentage of the initial amount of [(Cp4*)- 
CaI], remaining in solution is given by the expressing x / ( x  + 2) 
X 100; a plot of this amount vs time is given in Figure 1. 
Decomposition of [(Cp4i)CaI], by routes other than dispropor- 
tionation into (CpU)&aand CaI2 were not considered. Monitoring 
of the solutions was stopped after 74 h, at  which point the amount 
of cyclopentadiene (HCp") impurity in the spectra (approxi- 
mately 5 % of the total amount of Cpri resonances) became too 
large to ignore in calculating the amount of [(Cp')CaIl. left in 
solution. 

General Procedures for X-ray Crystallography. A suitable 
crystal of each compound was located and sealed in a quartz 
capillary tube. All measurements were performed on a Rigaku 
AFC6S diffractometer at Vanderbilt University with either 
graphite-monochromated Mo Ka (A = 0.71069 A) or Cu Ka 
radiation (A = 1.54178 A). Relevant crystal and data collection 
parameters for the present study are given in Table 1. 

Cell constants and orientation matrices for data collection were 
obtained from a systematic search of a limited hemisphere of 
reciprocal space; seta of diffraction maxima were located whose 
setting angles were refined by least squares. The space groups 
were determined from consideration of unit cell parameters, 
statistical analyses of intensity distribution, and, where a p  
propriate, systematic absences. Subsequent solution and refine- 
ment of the structures confirmed the choice in each case. 

Data collection was performed using continuous 0-28 scans (w 
scans for 5) with stationary backgrounds (peak/bkgd counting 
time = 2:l). Data were reduced to a unique set of intensities and 
associated u values in the usual manner. The structures were 
solved by direct methods (SHELXS-BB, DIRDIF) and Fourier 
techniques. Except as noted below, all  non-hydrogen atoms were 
refined anisotropically. To improve the refinement of the non- 
hydrogen atoms, hydrogen atoms were inserted in calculated 
positions based on packing considerations and d(C-H) = 0.96 A. 
The positions were fixed for the final cycles of refinement. Final 
difference maps were featureless. Fractional coordinates and 
isotropic thermal parameters for the non-hydrogen atoms are 
listed in Tables 2-4; selected bond distances and angles are listed 
in Tables 5-7. Special considerations given to the structure 
determinations of 2 and 5 are noted below. 

to solid 3 was taken as t = 0. 
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Table 1. Crystal Data and Summary of X-ray Data Collection 
compound (C3H7)rCsHz 2 5 
formula C17H30 C Z I H ~ ~ C ~ I O . ~ I ~ ( C ~ H S I )  Cz.rH&aNOSiz 
fw 234.43 518.58 505.99 
color of crystal colorless colorless colorless 
cryst dimens, mm 0.1 5 X 0.20 X 0.40 0.25 X 0.25 X 0.30 0.25 X 0.45 X 0.47 
space. group 
temp (OC) 
a, A 
b, A 
c, A 
a, deg 
B, deg 
7,  deg v. A3 
z 
D(calcd), g/cm3 
radiation type 
a b  coeff, cm-1 
transmission factors 
scan speed, deglmin 
scan width, deg 
limits of data collection 
total reflections 
unique reflections 
no. with F > 3.0u(F) 
R(F) 
RdF) 
goodncss of fit 
max A / u  in final cycle 
maxlmin peak (final diff map) (e-/A') 

Pi 
20 
9.330( 10) 
11.874(12) 
8.406(4) 
109.57(5) 
90.66(7) 
110.89(7) 
811(3) 
2 
0.960 
Mo Ka 
0.49 
no correction 
4.0 
1.73 + 0.30 tan 8 
6O I 28 I45O 
2274 
2143 
893 
0.063 
0.075 
2.30 
0.01 
0.2214.19 

Table 2. Atomic F r a c t i o ~ l  Coordinates and Isotropic 
Thermal Parameters for the Non-Hydrogen Atom in 

(Cd7)lcd 'h  

m / c  
20 
8.569(5) 
1 7.564( 6) 
18.561(5) 

102.67(3) 

2725(2) 
2 (dimers) 
1.264 
Cu Ka 
110.4 
0.53-1.60 
2.0 
1 .OO + 0.30 tan 8 
6' I 28 I l2Oo 
4514 
4198 
1666 
0.063 
0.078 
2.31 
0.14 
0.761454 

Pbcn 
20 
18.401(6) 
19.384(9) 
36.725( 12) 

13 099( 15) 
16 
1.026 
Mo Ka 
2.7 
no correction 
4.0 
0.80 + 0.30 tan 8 
6O I 2 8  I45O 
8273 
8273 
1863 
0.058 
0.061 
1.56 
0.04 
0.28/4.26 

Table 3. Atomic Fractional Coordinates and Isotropic 
Thermal Parameters for the Non-Hydrogen Atoms in 

I(Cp4)Ca(rc-I)(THF)b (2) 
atom xla v l b  z l c  Bi, (A2) atom xla v l b  z lc  Bi, (A') 

0.9434(7) 
0.8375(7) 
0.9 14 1 (7) 
1.0757(7) 
1.091 3 7 )  
0.6710(8) 
0.6541 (9) 
0.5720(8) 
0.8479(8) 
0.9216(8) 
0.83 lO(9) 
1.1986(8) 
1.3373(8) 
1.244(1) 
1.2287(7) 
1.2874(8) 
1.1929(9) 

0.7262(6) 
0.6563(6) 
0.6900(6) 
0.7852(6) 
0.8062(6) 
0.5678(7) 
0.4732(7) 
0.6452( 8) 
0.6407(7) 
0.5582(7) 
0.7437(8) 
0.8443(7) 
0.8077( 8) 
0.9885(8) 
0.8910(6) 
0.8 135(8) 
0.99 1 O(8) 

0.3069(8) 
0.4047(8) 
0.5607(8) 
0.5745(8) 
0.4255(8) 
0.332(1) 
0.152(1) 
0.331( 1) 
0.6961(8) 
0.740( 1) 
0.848(1) 
0.7305(9) 
0.699( 1) 
0.818(1) 
0.3719(8) 
0.225(1) 
0.324( 1) 

4.1(3) 
3.7(3) 
3 3 3 )  
3.4(2) 
3.6(3) 
4.9(3) 
6.9(4) 
8.3(4) 
4.4(3) 
5.8(3) 
6.2(3) 
5.0(3) 
6.9(4) 
7.3(4) 
4.2(3) 
7.1(4) 
7.2(4) 

X-ray Crystallography of [ (Cpu)Ca(cc-I)(THF)]&Hs (2). 
Crystals of 2 grown from toluene were so weakly diffracting that 
data were collected using a copper X-ray tube to take advantage 
of its higher radiation flux. Even so, data had to be collected at 
a slow scan speed of 2.0°/min; the resulting long exposure time 
(203 h) produced a linear 13% decline in the intensities of three 
representative reflections measured after every 150 reflections. 
A correction was applied to the data to account for the decay. 
The use of Cu Kcr radiation also complicated the absorption 
problem; a semiempirical absorption correction was applied using 
the program DIFABS. The asymmetric unit was found to contain 
half a dimeric complex; the other half was related through an 
inversion center. A molecule of toluene was found associated 
with each dimer; it was disordered across an inversion center, 
and the methyl group was not identified. The atoms of the Ce 
ring were refined isotropically. 

X-ray Crystallography of (Cpu)Ca[N(8iMe&](THF) (5). 
A total of 7 crystals of 5 were examined on the diffractometer; 
all were weakly diffracting. Data seta were collected on two of 
them using w scam because of the long c axis; both data sets 
suffered from a lack of strong high-angle reflections. The results 
reported here are based on the crystal with the better quality 
(w1/2 = 0 . 3 5 O ;  discrepancy between equivalent reflections = 2.3 % ; 
96 % of observed reflections were below 28 = 38O). A slight (3 % ) 

I(1) 0.2241(2) 
Ca(1) 0.0270(4) 
0(1)  0.162(2) 
C(l) -0.160(2) 
C(2) 4.019(2) 
C(3) 0.102(2) 
C(4) 0.039(2) 
C(5) 4.125(2) 
C(6) -0.012(2) 
C(7) 4.140(3) 
C(9) 0.270(2) 
C(10) 0.398(2) 
C(11) 0.320(3) 
C(12) 0.133(2) 
C(13) 0.133(3) 
C(14) 0.074(3) 
C(15) 4.245(2) 
C(l6) 4.287(3) 
C(17) 4.397(3) 
C( 18) O.OSO( 3) 
C(19) 0.211(3) 
C(20) 0.357(4) 
C(21) 0.329(3) 
C(22) 0.653(3) 
C(23) 0.401(4) 
C(24) 0.577(5) 

0.05057(9) 
0.0338(2) 

-0.0765(7) 
0.144(1) 
0.180(1) 
0.164( 1) 
0.1 14( 1) 
0.104(1) 
0.234(1) 
0.218( 1) 
0.193( 1) 
0.133( 1) 
0.249( 1) 
0.094( 1) 
O.O07( 1) 
0.140(1) 
0.062( 1) 

-0).018(1) 
0.106(1) 

-0.145( 1) 
4.197(2) 
4.162(2) 
4.089(2) 
4.010(2) 
-0.070(2) 
4.090(2) 

0.04655(7) 
4 1  146(2) 
4.1380(7) 
4.1773(9) 
-O.140( 1) 
-O.176( 1) 
4.2382(9) 
4).239(1) 
4.074( 1) 
4 .03  1 (1) 
4 . 1 5  1 (1) 
4 . 1  26( 1) 
4) .208(  1) 
4.296( 1) 
4.314(1) 
4) .368(  1) 
4.2948 (9) 
4.264(1) 
4.320(1) 
4.173( 1) 
4,.176(2) 
-0.154(2) 
4.114(2) 

0.505(2) 
0.518(2) 
0.523(2) 

linear decline was observed in the intensities of three representa- 
tive reflections measured after every 150 reflections; a correction 
was applied to the data to account for the decay. Two 
independent molecules were found in the unit cell. The large 
number of atoms combined with the lack of reflections meant 
that not all atoms could be refiied anisotropically; the carbon 
atoms of both CpU rings were left with isotropic thermal 
parameters in the least-squares refinement. 

Rssults 

Alternate Synthesis of KCpri. The  reaction of 
K[N(SiMe&l and HCp4' in toluene produces the potas- 
sium salt KCp4' in near quantitative (>96%) yields; 
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Table 4. Atomic Fractional Coordinates and Isotropic 
Thermal Parameters for the Non-Hydrogen Atoms in 

atom x l a  y l b  z l c  B h  (A2) 
(Cp4I)CP[N(SiMe3)2I(TF) (5). 

Burkey et al. 

Synthesis of (Cp4')CaI(THF)2 and [ (Cp4*)CaI- 
(THF)]a. [Tetraisopropylcyclopentadienyllcalcium io- 
dide compound (Cp4')CaI(THF)2 (1) is isolated from the 
1:l reaction of KCplri and CaI2 in THF (eq 5). The same 
complex is also produced from the conproportionation of 
(Cp4')2Ca and CaI2 in THF (eq 6): 

THF 
KCp4' + CaI, - (Cp4')CaI(THF), + KII (5) 

(Cp4'),Ca + CaI, - 2(Cp4')CaI(THF), (6) 

The yield of 1 from KCpri and CaI2 is routinely greater 
than 90 5% ; the yield from (CpG)2Ca and CaI2 is quantitative. 
Both reactions are remarkably clean; (Cp4'')2Ca is not 
present as an observable impurity, as would be expected 
if disproportionation of 1 were occurring in solution. The 
product was characterized by 'H NMR (c& and THF- 
ds) and displays a characteristic peak at 5.93 ppm for the 
[Cp4'1- ring hydrogen in its CgDg spectrum; this is shifted 
downfield compared to the analogous peak at 5.83 ppm 
for (Cp4i)2Ca.16 Confirmation of the identity of 1 as 
(Cp4')CaI(THF)2 was obtained by elemental analysis and 
IR spectroscopy, both of which were consistent with the 
proposed formulation. 

The freedom of 1 from disproportionation in either 
THF or aromatics is striking; a C& solution of 1 remained 
free from decomposition products for up to 12 days. After 
2 weeks, however, decomposition of 1 by protonation of 
the cyclopentadienyl ligand became significant (as evi- 
denced by the gradual appearance of resonances cor- 
responding to HCp4' lo); only after this did peaks corre- 
sponding to (Cp4')2Ca begin to appear in the spectrum. 

The unprecedented stability of 1 evidently stems from 
the impossibility of forming a THF-solvate of the corre- 
spondig metallocene, ( C P ~ ~ ) ~ C ~ . ~ O  Because of this, the THF 
must be completely removed from the oxophilic calcium 
in order for another [CpGl-ringto bind to the metal center; 
this process is unfavorable enough in aromatic and/or THF 
solutions at room temperature that disproportionation is 
prevented (eq 7). 

2(Cp4')CaI(THF), + (Cp4'),Ca + CaI,(THF), (7) 

One THF ligand in 1 is highly labile and can be removed 
in a variety of ways to give (Cp4')CaI(THF) (2): (a) 
recrystallizing of 1 from toluene either a t  -40 "C or room 
temperature (eq 8); (b) washing solid 1 with hexane; (c) 
allowing solid 1 to stand in an inert atmosphere for long 
periods of time ( 1 2  mo); or (d) heating solid 1 to 50 "C 
under vacuum (1P2 Torr) for 3 h. Allowing KCp4' and 
CaI2 (1:l) to react in a toluene/THF solvent mixture 
produces 2 directly (eq 9). 

THF 

0.2319(2) 
-0.2447(2) 
0.3189(3) 
0.1723(3) 

-0.41 62(3) 
-0.3801(3) 

0.1625(6) 
-0).2767(6) 

0.2459(7) 
-O.3607( 6) 
0.2178(8) 
0.1980( 8) 
0.2618(8) 
0.3186(7) 
0.2942(8) 
0.1245(8) 
0.119( 1) 
0.063(1) 
0.2636(8) 
0.303( 1) 
0.2947(9) 
0.3991(8) 
0.441 (1) 
0.438( 1) 
0.3350(8) 
0.327( 1) 
0.3 16( 1) 
0.297( 1) 
0.367(1) 
0.387( 1) 
0.192( 1) 
0.1 13( 1) 
0.113(1) 
0.175(1) 
0.116(1) 
0.087( 1) 
0.108(1) 

-0.1051(8) 
-0.1073(7) 
-0.1257(8) 
-0.1328(7) 
-0.1204(7) 
-0.0882(8) 
-0.008(1) 
-0.099( 1) 
-0.1305(9) 
-0.068( 1) 
-0.2025(9) 
4.1422(9) 
-0).0787(9) 
-0.2130(9) 
-0.1232(8) 
-O.054( 1) 
-O.187( 1) 
-0.5 144( 9) 
-O.409( 1) 
-0.396(1) 
-0.2966(9) 
-0.454( 1) 
-O.404( 1) 
-0.239(1) 
4.283( 1) 
-0.354( 1) 
-O.346( 1) 

0.5592( 1) 
0.7242( 1) 
0.5 134(3) 
0.4570(3) 
0.7564(3) 
0.8111(3) 
0.6528(5) 
0.6298(5) 
0.5053(6) 
0.7656(6) 
0.5984(7) 
0.5289(7) 
0.4889(7) 
0.5356(7) 
0.6030(8) 
0.5001 (8) 
0.4756(8) 
0.5531(9) 
0.41 O S ( 8 )  
0.38 1 (1) 
0.3815(8) 
0.51 31(7) 
0.5321(9) 
0.541 8(8) 
0.6708(8) 
0.71 l(1) 
0.7 167(9) 
0.517(1) 
0.597( 1) 
0.443(1) 
0.363( 1) 
0.461 7(9) 
0.487( 1) 
0.678(1) 
0.723(1) 
0.748(1) 
0.694( 1) 
0.6906(7) 
0.7586(7) 
0.7983(7) 
0.7525(7) 
0.6850(8) 
0.7886(7) 
0.8130(8) 
0.7359(9) 
0.8773(8) 

0.9057(8) 
0.7759(8) 
0.7575(8) 
0.7477(9) 
0.6188(8) 
0.57 53( 9) 
0.573( 1) 
0.75 1 (1) 
0.830( 1) 
0.673( 1) 
0.8129(8) 
0.774( 1) 
0.904( 1) 
0.592( 1) 
0.531(1) 
0.546( 1) 
0.597(1) 

0.9106(9) 

0.37549(8) 
0.36957(8) 
0.4575( 1) 
0.4385( 1) 
0.4135( 1) 
0.3397(1) 
0.3966(3) 
0.3328(3) 
0.4305(3) 
0.3776(3) 
0.3069(4) 
0.3067(4) 
0.3 137(3) 
0.3175(3) 
0.3135(4) 
0.2983(4) 
0.2579(5) 
0.3041(5) 
0.3149(4) 
0.2816(5) 
0.3498(4) 
0.3217(4) 
0.2869( 5 )  
0.3551(4) 
0.3146(4) 
0.2791(5) 
0.3457(5) 
0.507 1 ( 5 )  
0.4480(5) 
0.4530(5) 
0.4456(5) 
0.3964(4) 
0.4771(4) 
0.4323(6) 
0.4415(5) 
0.4065(5) 
0.3790(5) 
0.3631(4) 
0.3523(4) 
0.3832(4) 
0.41 3 l(4) 
0.4004(3) 
0.3136(4) 
0.3 139(5) 
0.2839(4) 
0.3840(4) 
0.4044(4) 
0.3956(4) 
0.4528(4) 
0.4768(4) 
0.4687(4) 
0.4219(4) 
0.4167(4) 
0.41 15(4) 
0.4019(5) 
0.4473(5) 
0.4390(5) 
0.3097(4) 
0.3102(5) 
0.3479(5) 
0.3055(5) 
0.2961(5) 
0.31 14(6) 
0.3386(6) 

3.9(2) 
4.2(2) 
5.6(3) 
6.3(3) 
5.4(3) 
5.4(3) 
6.1(7) 
6.5(7) 
4.1(6) 
4.2(7) 
3.7(4) 
3.6(4) 
3.3(3) 
2.9(3) 
4.0(4) 
4.8(4) 
7.6(5) 
7.7(5) 
5.1(4) 
8.0(5) 
6.9(5) 
4.9(4) 
7.7(5) 
7.2(5) 
5.2(4) 
9.2(6) 
7.0(5) 

11(2) 
W 1 )  
9(1) 

lO(1) 
7 0 )  

11(1) 
10.3(7) 
8.5(5)  
7.1(5) 
6.4(5) 
3.8(4) 
3.4(3) 
3.6(4) 
2.5(3) 
3.2(3) 
4.8(4) 
7.4(5) 
7.2(5) 
5.2(4) 
7 .O( 5 )  
6.1(5) 

6.5(4) 
7.2(5) 

7.2(5) 

5.3(4) 

4.5(4) 

7.3(5) 
8(1) 
9 0 )  
9(1) 
7(1) 
9(1) 
9 ~ )  
7.0(5) 
9.6(6) 

11.4(7) 
10.8(7) 

a Bq (8*2/3)~t~,jU,,a.pj. 

precipitation of KCp4i helps drive the reaction to comple- 
tion (eq 4). The reaction is much more rapid (8-12 h) than 

K[N(SiMe,),l + HCp4' - KCp4'J + HN(SiMe,), 
(4) 

our previously reported synthesis using KH (3 days),10 
although both methods produce comparable yields. 

toluene 

toluene 
(Cp")CaI(THF), - (Cp4')CaI(THF) + THF (8) 

toluena/THF 
KCp4' + CaI, - (Cp4')CaI(THF) + KII 

(Cp4i)CaI(THF) was characterized by NMR (IH, W), IR 

(16) Although the ring proton resonance for 1 fortuitously coincides 
with t h e d o g o u s  peakfor (CpU),CainTHF-da, theremainiire~nancea 
for 1 are ehiftad significantly d o d i e l d  from those in (Cp")&a. The 
previously unreported 'I'HF.de proton NMR spectrum for (Cp")&a is as 
follows: 6 6.67 (e,2 H, ring-CH); 3.09 (septet, J = 7.2 Hz, 4 H, CHMe2); 
2.98 (septet, J = 6.8 Hz, 4 H, CHMe2); 1.37 (d, J = 6.8 Hz, 12 H, CH3); 
1.29 (d, J 
J = 6.8 Hz, 12 H, CH3). 

7.2 Hz, 12 H, CH,); 1.26 (d, J 7.2 Hz, 12 H, CH3); 0.97 (d, 
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spectroscopy, elemental analysis, and a single-crystal X-ray 
structural study (see below). It is easily distinguished from 
1 by the downfield shift observed in lH NMR (Cas)  
spectra for the [Cp4'1- ring proton resonance, which now 
occurs at  5.98 ppm. Like 1, 2 is stable with respect to 
disproportionation in aromatics and THF solution at  room 
temperature. 

Preparation of [(CpU)CaI], (3). Heating 1 or 2 at 
110 OC and 10-8 Torr for up to 4 h leaves a residue with 
an 'H NMR (Cas)  spectrum that displays resonances for 
the [Cpri1- ion that do not match either (Cp4i)zCa, 1 or 2. 
The greatest change occurs for the [Cpri1- ring proton 
resonance, which now appears at  6.11 ppm. There are no 
resonances corresponding to THF in the spectrum. The 
compound is modestly soluble in toluene, but on isolation 
from toluene solution, the compound was found to have 
been partially converted into (Cp492Ca (see below). On 
the basis of these results, the new compound was identified 
as the unsolvated mono(ring1 species [ (Cp4')CaI]n (3). The 
proton NMR spectrum of 3 in THF-ds is identical with 
those of 1 and 2, supporting its identification as [(Cp49- 
CaI],. The IR spectrum of 3 is nearly identical with the 
spectrum of 2, except for the absence of peaks assignable 
to coordinated THF at 1022,988, and 872 cm-l. 

The extent of oligomerization in 3 is not known, although 
its toluene solubility argues against a highly polymeric 
structure. An attempt to determine the degree of oligo- 
merization of 3 by MS-FAB was not successful. 

In a parallel experiment, heating Cp*CaI(THF)2 to 125 
OC at a pressure of 10-8 Torr led to complete desolvation 
to form the corresponding unsolvated mono(ring) complex 
[Cp*CaIl, (see Experimental Section). In contrast to 3, 
[Cp*CaI], is completely insoluble in toluene (even at  
reflux) and is most likely extensively polymerized. 

Although 3 will dissolve in aromatics, the solutions are 
unstable, and the complex slowly disproportionates into 
(Cp4Wa and CaI2 (eq 10). The decomposition is ir- 
reversible, as CaI2 precipitates from solution. 

toluene 
~ [ ( c ~ ~ ' ) c ~ I I ,  - ( ~ p " ) , ~ a  + c~I,.I. (10) 

The slow disproportionation of 3 was monitored in C a s  
solution over the course of several days (see Figure 1). 
l b o  different concentrations of 3 were used in the study; 
the sample in trial no. 1 was roughly twice as concentrated 
as in trial no. 2. The two samples decomposed at  dearly 
the same rate for the first 8 h, but the rates diverged 
substantially after this; in trial no. 1, about 67% of the 
mono(ring) was still present in solution after 74 h, whereas 
only 50% of the initial mono(ring) remained after 74 h in 
trial no. 2. An accelerated rate of disproportionation in 
aromatics accompanying high dilution was previously 
observed for CP*C~I(THF)~.~  Unfortunately, owing to 
the low initial concentration of 3 in the samples, the relative 
concentration of other decomposition products (mostly 
HCpri) increased to the point that the disproportionation 
could not be accurately followed by NMR after 3 days. 

Conversion of (Cpri)CaI(THF), into (Cpu)&a. Al- 
though dissociation of THF from the calcium in l or 2 in 
aromatic solution does not occur enough to allow dispro- 
portionation at  room temperature, heating the solution 
provides the energy required for dissociation of THF and 
faster subsequent disproportionation. Thus, refluxing a 
toluene solution of 1 or 2 leads to its near quantitative 
(93%) conversion into (Cp4')2Ca aqd CaI2(THF), in only 

4 h, in contrast to the slow (>3 d) decomposition of 3 at  
room temperature. 

Addition of 1P-dio-e to a THF solution of 1 or 2 
generates a precipitate over several hours. Subsequent 
workup of the reaction reveals that the starting complex 
has completely decomposed, as only (Cpri)&a is isolated 
(in up to 94% yield) from solution. The precipitate was 
identified as the THF-insoluble CaIz*(dioxane), adduct 
(eq 11). Addition of dioxane to solutions of Grignard 

di0Xalle 
(Cp4')CaI(THF), - (Cp4'),Ca + Ca12*(dioxane),l 

(11) 

reagents also leads to their complete disproportionation 
to homoleptic materials and was used as an early test for 
the existence of Schlenk equilibria.17 Therefore, although 
no spectroscopically observable formation of (Cp492Ca or 
CaMTHF), occurs in THF solutions of 1 and 2, some 
CaI2 must be present from disproportionation to allow 
precipitation of CaIr(dioxane),, with a consequently 
irreversible shift of the equilibrium to the bis(1igand) 
products.l8 

Heating 1 or 2 at 215-220 OC and 10-8 Torr leads to the 
slow production of a white sublimate, the reaction proceeds 
at  a rate of about 30-40 mg of solid sublimed per hour. 
Subsequent analysis (c&& 'H NMR) of the sublimed solid 
revealed that it was not 3 but the corresponding metal- 
locene (Cp4')2Ca (conversion yield is 65 % ). Apparently, 
solid 3 is thermally unstable with respect to dispropor- 
tionation at  thii temperature and pressure and is converted 
into (Cp4')2Ca and CaI2; the metallocene subsequently 
sublimes onto the cold finger.lg Interestingly, 3 partially 
melts at 215 OC at atmospheric pressure; it is possible that 
thermally induced disproportionation into and 
CaI2 is occurring here as well, the metallocene (mp 196- 
200 OC) subsequently melting. In contrast, [Cp*CaIl, 
displays no evidence of volatility or decomposition at  
temperatures up to 240 OC under high vacuum. 

Reactions Involving Bases Other Than THF. At- 
tempts to synthesize [tetraisopropylcyclopentadienyll- 
calcium iodide in donor solvents other than THF were not 
as successful. No reaction occurred between KCpri and 
CaI2 when pyridine was used as the solvent; only u n r e a d  
KCp4 could be identified in the solid isolated from solution 
('H NMR, THF-da) (eq 12). Remarkably, the same result 

pyridine 
KCp4' + Ca12 - no reaction (12) 

was obtained when the reaction was c o n d u d  in pyridine/ 
THF solvent mixtures with THFpyridine ratios as high 
as 51. Insolubility of CaI2 in pyridine was not responsible 
for the lack of reactivity; separate control experiments 
found that more than 100 mg of CaI2 would dissolve in the 
amounts of pyridine or pyridine/THF used in these 
reactions (25-30 mL). 

Reaction of KCp4' and CaI2 (1:l) in diethyl ether did 
not lead to the formation of (Cp4')CaI(EhO), but instead 
produced a mixture of [(Cp4')CaI1, and (Cp4')2Ca in a 

(17) Schlenk, W.; Schlenk, W. Chem. Ber. 1929,62,920-924. 
(18) B a d  on a detection limit of 0.6% for the metsllocene in the 

NMR spectra of 2 in THF, the equilibrium constant K for 2 calculated 
according to eq 14 must be at least 4.0 X lW. 

(19) It is possible that 3 is volatiziing at 215-220 OC and 1V Torr and 
then &proportionating completely in the gas p h .  However, this 
process would require 3 to have a sublimation temperature only 26-30 
OC higher than (Cfl)&a (190 OC, 1o-S Torr), which given the two tima 
higher maas of 3 is not likely. 
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roughly 32 ratio (eq 13); spectroscopically undetectable 
CaIz(EtzO), was presumably also present. 

Burkey et al. 

Et20 vacuum 
KCp4' + CaIz - "(CpU)CaI(EtzO)," + K U  - [(Cp")Car], 

t l  
t 

(Cp4'),Ca + CaIz(Et&), 

Apparently, (Cp4')Ca1(EtzO), is not stable with respect 
to disproportionation into (Cp4')2 and Ca12, unlike the 
THF-solvated complexes 1 and 2. Although no direct 
evidence exists for the formation of (Cp4i)CaI(Et20)n, its 
presence is indicated by the isolation of 3 from the reaction. 
The ease with which the Et20 is displaced from (Cp4')- 
CaI(EtzO), upon removal of solvent indicates that the Ca- 
OEtz bond is highly labile. 

If the amount of isolated 3 is equal to the amount of 
(Cp4i)CaI(Et~0), present in solution at  equilibrium, K for 
the disproportionation of (Cp4i)CaI(Et~O)n in ether as 
calculated according to eq 14 is -2. The fact that this 

value is less than that for complete ligand scrambling in 
solution (K = 4)' indicates that the equilibrium in ether 
is shifted slightly in favor of the metallocene and calcium 
iodide, and not the mono(ring) complex. 

Three separate reactions were employed in an attempt 
to synthesize (CpQi)CaI(DME) (4): (a) a metathetical 
reaction between KCp4' and CaIz using DME as the solvent; 
(b) a conproportionation reaction of (Cp4')2Ca and CaI2 in 
DME; and (c) the dissolution of 3 in DME. Analysis of 
the resulting products ('H NMR, CBDG) revealed the 
presence of (Cp4')2Ca and a new mono(ring) complex that 
was identified as the desired 4, on the basis of the similarity 
of its proton NMR spectrum to that of 1 (the ring-CH 
proton resonances for 4 and 1 differ by only 0.01 ppm). 
The ratio of 4 to (Cp4')2Ca in the product isolated from 
all three reactions wasapproximately41. Thus, like (Cp&)- 
CaI(EtzO), in EtzO, 4 is not stable with respect to 
disproportionation in DME, and an equilibrium mixture 
of 4, (Cp4')2Ca, and CaIz(DME), is obtained. The 
equilibrium constant K for the disproportionation of 4 in 
DME as calculated from eq 14 is 16.20 

Unlike (Cp4')CaI(THF),, 4 is only slightly soluble in 
aromatic solutions, and hence (Cp4')zCa can be separated 
from the product mixture described above by a simple 
toluene extraction with only minimal loss of 4. However, 
because of its low solubility in aromatics, it was not possible 
to separate 4 from the CaIz(DME), also present. Proton 
NMR spectra of the toluene-washed 4/CaIz(DME), mix- 
tures did not contain resonancesfor (Cp4')2Ca and provided 
no evidence for subsequent disproportionation on standing 
for short periods of time. Thus 4, like 1 and 2, is stable 
toward disproportionation into (Cp4')2Ca and CaI2 in 
aromatic solvents. 

Derivatization of (Cpai)CaI(THF)(13). (Cp4')CaI- 
(THF)(1,2, can be derivatized by metathetical reactions 
with potassium complexes in toluene (eq 15): 
~~ 

(20)Since it was determined that 4 does not undergo Schlenk 
equilibrium in aromatic solution (see below), the product mixtures seen 
in the C& NMR spectra should represent the equilibrium amounts of 
the compounds present in DME. 

toluene 
(Cp4')CaI(THF) + K[El - 

(Cp4')Ca[El(THF) + KII (15) 

[El = EN(SiMe,),I-, [BHTI- 

Two such derivatives have been synthesized (Cp4')Ca- 
[N(SiMe&l(THF) (5) and (Cp4')Ca[BHT1(THF) (6); the 
products are obtained in 75 and 60% yield, respectively. 
Like 1 or 2, both are stable with respect to dispropor- 
tionation in aromatic and THF solution. Both 6 and 6 
have been completely characterized by NMR (1H, 1%') 
and IR spectroscopy and elemental analysis, and all data 
are consistent with the proposed formulation of the 
compounds. Especially diagnostic are the proton NMR 
spectra, which contain only a single set of [ C ~ ~ ~ I - a n d  [El- 
ligand resonances that are shifted from the corresponding 
peaks for the bis(1igand) compounds. For example, the 
ring-CH peak, for 5 and 6 in c&3 appear at  5.77 and 5.94 
ppm, respectively, whereas for (Cpri)2Ca this peak occurs 
at  5.83 ppm. 

Interestingly, when the reaction of 2 and K[N(SiMe&] 
was attempted in THF instead of toluene, it did not 
proceed cleanly, and a mixture of 5, (Cp4')2Ca, and Ca- 
[N(SiMe3)212(THF)2 was obtained in a ratio of ca. 4l:l. 
It is not known why the reaction does not work in THF 
as well as it does in toluene, as both the starting material 
and the desired product are stable in either solvent. 

Several other methods used to synthesize 5 or its base- 
free analogue were not successful. No reaction was 
observed on mixing equimolar amounts of Ca[N(SiMe&l2 
and HCpri in THF, toluene, or hexane. As Ca[N(SiMe&Iz 
will deprotonate both HCp* and HCsMe4Et,21 a likely 
reason for its inability to deprotonate HCp4i is that the 
latter's steric bulk prohibits the reaction from occurring. 
In addition, products of the reaction of Ca[N(SiMes)& 
with HCpri would be soluble, removing precipitation of 
the product as a potential driving force, as occurs in the 
reaction of K[N(SiMe3)21 and HCpri (eq 4). 

In contrast to the facile synthesis of 1 by conpropor- 
tionation, the attempted synthesis of 5 by the reaction of 
(Cp4')2Ca and Ca[N(SiMe3)212 in THF yielded only ca. 
10 '% of the heteroleptic compound. Thus replacement of 
iodide with the larger, more basic [N(SiMe&I- anion 
significantly retards the conproportionation reaction with 
(Cp492Ca. In addition, (Cp4')2Ca and K[N(SiMe3)21 did 
not react in toluene to form base-free (Cp4i)Ca[N(SiMe3)21 
and a precipitate of KCp4', as had been anticipated (eq 
16).22 Apparently, the bis(trimethylsilylamid0) salts are 
especially inefficient in reacting with the highly encap- 
sulated calcium in (Cp4')2Ca. 

toluene 
(Cp4'),Ca + K[N(SiMe,),I ++ 

(Cp4')Ca[N(SiMe3),1 + KCp4'1 (16) 

(Cp49Ca[N(SiMe3)2I (THF) can be sublimed readily at  
120 OC and 1V Torr in ca. 60% yield to give a glassy or 
waxy material. This result was unexpected, as the 
corresponding bis(ligand) calcium complexes (Cp")zCaand 
Ca[N(SiMe&12 are not as volatile: (Cp4')2Ca sublimes at  

(21)Tanner, P. S.; Burkey, D. J.; Hanusa, T. P., submitted for 
publication. 

(22) Wehaveprevioualyusedasimilarreaction betweenCp*&a(THF), 
and various lithium salts in THF to prepare mono(ring) calcium complexea 
of the type Cp*Ca(E)(THF).; the precipitation of the LiCp* drives the 
reactions to completion (sep ref 8). 
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Encapsulated Alkaline-Earth Metallocenes. 5 

190 "C and 10-8 Torr,l0 and Ca[N(SiMe3)212(DME)2 has 
been reported to sublime with much decomposition at 150 
"C under high vacuum.16 

However, the stability of 5 with respect to dispropor- 
tionation is lost in the gas phase. Although a portion of 
the sublimed material is unchanged, significant amounts 
of (Cpri)zCa and Ca[N(SiMe3)2lz(THF), are also present. 
The ratio of 5, (Cpri)&a, and Ca[N(SiMe3)212(THF), in 
the sublimed material is consistently near 3:3:1 (by lH 
NMR in both C& and THF-de). The small proportion 
of the calcium amide likely reflects its known thermal 
instability.ls It is noteworthy that 5 sublimes with 
desolvation, in contrast to 1 or 2, which are completely 
desolvated to form 3 at nearly the same temperature and 
pressure. That 5 does not readily desolvate may be a 
consequence of its inability to form a corresponding 
oligomerized structure (see below). 

Preliminary studies on the reactivity of 5 indicate that 
it is possible to protonate the [N(SiMe&I- ligand selec- 
tively with acidic reagents. For example, 6 can be cleanly 
prepared by the reaction of 5 with HBHT in toluene (eq 
17). The yield from this protonolysis reaction (quantitative 

(Cp4')Ca[N(SiMe3),l(THF) + HBHT - toluene 

(Cp4')Ca[BHT1(THF) + H[N(SiMe3)21 (17) 

Organometallics, Vol. 13, No. 7, 1994 2781 
r 

by NMR, 82% isolated) is higher than that seen for the 
metathesis route to the same complex. No protonation of 
the [Cpril- ligand was observed in the 1:l reaction, but 
excess HBHT will protonate it. Not all acidic reagents 
selectively protonate the [N(SiMe3)2]- ligand in 5; indis- 
criminate protonation occurs with benzoic acid (pK, = 
4.2), for example, even when the ratio of PhCO2H to 5 is 
1:l (eq 18). 

2(Cp4')Ca[N(SiMe3),1 (THF) + 
toluene 

2PhC0,H - 2HCp4' + 2HN(SiMe,), + 
Ca(O,CPh),l + (Cp4')Ca[N(SiMe3),1(THF) (18) 

Solid State Structures 

(1,2,3,4-CJi,)&&H2. During this work, the single- 
crystal X-ray structure of 1,2,3,4-tetraisopropylcyclo- 
pentadiene (HCpri) was obtained; it is to our knowledge 
the f i t  solid-state structure of an alkylated cyclopen- 
tadiene.25 Crystals used for the study were grown from 
hexane by slow evaporation. A summary of bond distances 
and angles for HCpri is given in Table 5. 
As expected, the diene has a rigorously planar five- 

membered ring; the largest deviation from the plane is 
0.003 A (Figure 2). Interestingly, the C-C bonds to the 
sp3-hybridized carbon (C(l)-C(2,5), 1.494(8), 1.484(8) A) 
are the same, within error, as thevinylic C(3)-C(4) distance 
(1.502(8) A). In cyclopentadiene itselP4 and in its tetra- 
and pentaphenylated derivatives,%** the bond between 
the two sp2 carbons (C(3)-C(4)) is the shortest in the ring, 
_ _ _ _ ~  ~ ~ 

(23) The structure of pantakis(methoxycar~ny1)~clopan~diene is 
known; however, the compound ia a zwitterion in the solid state (i.e., 
H+[Cs(CO,Me)& with the protpn coordinated by two of the carbonyl 
oxygem. See: B N ~ ,  M. I.; White, A. H. Aut. J. Chem. 1990,43,949- 
996. 

(24) Liebling, G.; Marsh, Ft. E. Acta Crystallogr. 196S, 19, 202-206. 
(26) Evrard, P. G.; Piret, P.; Germain, G.; Van Meereeche, M. Acta 

Crystallogr., Sect. B Struct. Sci. 1971,27, 661-687. 
(26) Field, L. D.; Hambley, T. W.; Lindall, C. M.; Mastere, A. F. Znorg. 

Chem. 1992,21,2366-2370. 

Figure 2. ORTEP diagram of (C3H,)&&, giving the 
numbering scheme used in the text. Thermal ellipsoids are 
shown at the 35 ?4 level; the hydrogen atoms are represented 
by spheres of arbitrary size. 

Table 5. Selected Bond Distances (A) and Angles (deg) for 
(ca7)4Cd2 

atoms distance atoms angle 
1.494(8) C(2)-C( 1)-C(5) 105.1(5) 
1.484(8) C( I)-C(2)-C(3) 109.0(5) 
1.347(8) C(2)-C(3)-C(4) 108.5(5) 
1.502(8) C(3)-C(4)-C(5) 108.6(5) 

C(4)-C(5) 1.357(8) C(4)-C(S)-C( 1) l08.8(5) 
C(ring)-CH (av) 1.505(8) CH3-CH-CH3 (av) 111(1) 
CH-CHn (av) 1.5 1 1(9) 

planarity of ring within 0.003 
av displacement of 0.023 

C(1)-C(2) 
C(l)-C(5) 
C(2)-C(3) 
(331474) 

methine carbon from 
ring plane 

although the difference is usually only slightly above 
detectability. Only minor deviations from the Cg plane 
(0.026-0.057 A) were found for the methine carbons of the 
four isopropyl groups. 
All the isopropyl groups are rotated so that they are 

nearly perpendicular to the plane of the ring, with twist 
anglesn of 77.6-89.9" (average 86.0"); three of them are 
geared in the same direction and one points in the opposite 
direction toward the unsubstituted carbon atom in the 
ring. This semigeared orientation is the same orientation 
found for the [Cpril- ligand in (Cpri)2Ca, (Cpri)2Bal0, 2, 
and 5 (see below) and has previously been shown to be the 
most stable configuration of the anion.10 

The diene molecules stack in the lattice along the 
crystallographic b axis, with an interplanar separation of 
5.11 A (Figure 3). The stacking direction forms an angle 
of 31" with the crystallographic axis. It is notable that a 
qualitatively similar packing arrangement was recently 
discovered for the Cg(i-Pr)g* radical, although the inter- 
planar distance was substantially larger (5.82 A) and the 
stacking angle was narrower (23°).28 Since in both 
structures the rings stack in a nearly parallel fashion, there 
should be no significant additional steric encumbrance 
between individual rings due to the extra isopropyl group 
in Cg(i-Pr)g'. Thus, factors other than steric interactions 
must be responsible for the greater interplanar spacing in 
the radical. 

[(Cpri)CaI(THF)&He. A crystal of 2 grown from 
toluene was used to determine its structure by X-ray 
~~ ~~~ ~~~ ~ 

(27) The twist angle of an i-Pr group ia found by calculating the angle 
between the ring plane and the plane formed by the two methyl carbom 
of an i-Pr group and ita adjacent ring carbon. 

(28) Sitzmann,H.;Bock,H.;Boese,R.;Dezember,T.;Havlas,Z;Kaim, 
W.; Moecherosch, M.; Zanathy, L. J. Am. Chem. SOC. 1993,115,12003- 
12009. 
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Figure 3. Stacking of HCp4i rings along the crystallographic b axis. The interplanar ring space is 5.11 A; the angle of stacking 
is inclined by 31’ relative to the cell axis. 

Table 6. Selected Bond Distances (A) and Angles (deg) for 
I(Cp4)Ca(~-1)(THF)12 (2) 

~ 

atoms distance atoms angle 
Ca-I 3.10 l(4) Ca-I-Ca’ 93.9(1) 
Ca-I’ 3.1 lO(4) I-Ca-I’ 86.1(1) 
Ca-O 2.34(1) 1-Ca-O 94.1(3) 
Ca-C(l) 2.62(2) I’4a-O 96.1(4) 
Ca-C(2) 2.62(2) I-Ca-ring centroid 123.9 
Ca-C( 3) 2.69(2) I’-Ca-ring centroid 121.2 
Ca-C(4) 2.72(2) 
Ca-C(5) 2.69(2) 
Cam-Ca’ 4.538(7) 
I...I’ 4.241 (3) 
C-C(ring) (av) 1.42(2) CHa-CH-CH, (av) 109(2) 
C(ring)-CH (av) 1.51(2) 
CH-CH3 (av) 1.54(3) 
planarity of the ring within 0.009 A 
Ca-ring centroid 2.376 A 
crystallography. A disordered molecule of toluene was 
located in the asymmetric unit; its closest approach to the 
dimer (3.72 A) is at  the isopropyl carbon C(17), and it does 
not display any interaction with the complex. A summary 
of bond distances and angles for 2 is given in Table 6. 

The compound exists in the solid state as an iodide- 
bridged dimer, [(Cp4i)Ca(~-I)(THF)12, with a pentahapto 
[Cp4I1- ligand and a terminal THF on each calcium atom 
(Figure 4). Apparently, the calcium in a monomeric 
“(Cp4i)CaI(THF)” structure is coordinately unsaturated 
enough that dimerization of the compound occurs. In- 

Figure 4. ORTEP diagram of the non-hydrogen atoms of 2, 
illustrating the numbering scheme used in the text. Thermal 
ellipsoids are shown at the 30% level, and the lattice solvent 
has been omitted for clarity. 

terestingly, a space-filling model of 2 reveals that both 
calcium centers are almost completely encapsulated as a 
result of the dimerization (Figure 5). This suggests that 
1, with another THF bound to calcium, could not exist as 
an iodide-bridged dimer in the solid state and is almost 
certainly monomeric. 

The average Ca-C(ring) and the Ca-centroid bond 
lengths of 2.67(2) and 2.376 A in 2 are nearly the same as 
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Encapsulated Alkaline-Earth Metallocenes. 5 Organometallics, Vol. 13, No. 7, 1994 2783 

Figure 5. Space filling drawing of 2, illustrating the sterically 
encumbered coordination environment of the calcium atoms. 
The addition of a second THF ligand to each calcium, as 
exists in 1, would require the molecule to be monomeric. 

those in [Cp*CaI(THF)2]2 (2.67(1), 2.385 A), despite the 
higher coordination number of calcium in the latter. The 
[Ca-I]2 core in the dimer is almost perfectly symmetric, 
with Ca-I and Ca-I' distances of 3.101(4) and 3.110(4) A, 
and Ca-I-Ca' and I-Ca-I'angles of 93.9(1)O and 86.1(1)', 
respectively. The symmetry exhibited by the bridging 
Ca-I bonds in 2 is in sharp contrast to the corresponding 
bonds in the two conformers of [Cp*Ca(p-I) (THF)2] 2, 

which are markedly asymmetric (differences of 0.0624 and 
0.146 A, respectively). The wide variation seen in Ca-I 
distances in the two conformers of [Cp*CaI(THF)21 2 

indicates that little energy is required to change these 
distances significantly; hence the symmetry in the Ca-I 
bridging bonds in 2 must also be of little energetic 
importance. 

Remarkably, the bridging Ca-I lengths in 2 (coordina- 
tion number of 6 for Ca2+) are indistinguishable from the 
three crystallographically established terminal Ca-I dis- 
tances, i.e., those in Ca12(THF)4,29 C ~ I ~ ( H Z O ) ~ , ~ O  and 
ICa( OC(C,j&,)&H2C6H4C1-4) ( THF)429 (3.106( 2), 3.127( 7), 
and 3.108(3) A, respectively). Bridging ligand bonds are 
usually longer than analogous terminal ligand bonds in 
metal c~mplexes .~~ That no lengthening of the Ca-I 
bridging bond is seen in 2 relative to Ca-I terminal bonds 
underscores the large amount of bond length variation 
that is possible with the highly polarizable iodide ligand.29 

(Cp4*)Ca[N(SiMe&](THF). The complex is mono- 
meric in the solid state, with a pseudotrigonal planar 
coordination geometry of the ligands around the calcium. 
Two crystallographically independent monomeric units 
of 5 are present in the asymmetric unit; the bond 
parameters of each conformer are very similar. The two 
molecules present in the asymmetric unit are enantiomers; 
in each molecule the calcium is bound to opposite faces 
of the prochiral [CP~~]- ligand, which destroys the mirror 
plane in the ring. Selected bond distances and angles for 
5 are given in Table 7. A view of one conformer ("B") is 
presented in Figure 6. 

(29) Teah, K. F.; Burkey, D. J.; Hanusa, T. P. J. Am. Chem. SOC. 1994, 
116,2409-2417. 

(30) Thiele, G.; Putzas, D. 2. Anorg. AlZg. Chem. 1984. 
(31) A recent example inolving iodides is the complex [ZnI2(PEb)]p, 

in which the terminal Zn-I distance of 2.532(3) A is substantially shorter 
than the bridging distances of 2.687(3) and 2.690(3) A (Bricklebank, N.; 
Godfrey, S. M.; McAuliffe, C. A.; Mackie, A. G.; Pritehard, R. G. J. Chem. 
SOC., Chem. Commun. 1992,944-945). Similarly, the calcium bis(alkoxide) 
[C~(OC(C~H~~CH~C~HIC~-~)~(THF)]~ has a terminal Ca-0 distance of 
2.105 (2) A, significant1 shorter than the two bridging Ca-0 distances 
of 2.268(2) to 2.299(2) (ref 33). 

Figure 6. ORTEP diagram of the non-hydrogen atoms of 
one molecule of 5, illustrating the numbering scheme used in 
the text. Thermal ellipsoids are given at the 30% level. 

Table 7. Selected Bond Distances (A) and Angles (deg) for 

atoms distance atoms angle 
(Cp~)Ca[N(SiMe3)2I(THF) (5) 

Ca( 1)-N( 1) 2.29( 1) centroid( l)-Ca( 1)-0( 1) 
Ca( 2)-N( 2) 2.30( 1) centroid( I)-Ca( I)-N( 1) 
Ca(1 )-0(1) 2.35( 1) N( l)-Ca( 1)-0( 1) 
Ca(2)-0(2) 2.35( 1) centroid(2)-Ca(2)4(2) 
Ca(l)-C(1) 2.64( 1) centroid(2)-Ca(2)-N(2) 
CaU)-C(2) 2.67( 1) N(2)-Ca(2)-0(2) 
Ca(l)-C(3) 2.70( 1) Ca( 1)-N( 1 )S i (  1) 
Ca(l)-C(4) 2.70( 1) Ca( 1)-N( 1)Si(2) 
Ca(l)-C(5) 2.69( 1) Si( I)-N( 1)Si(2) 
Ca( l)-centroid( 1) 2.397 Ca( 2)-N( 2 )S i (  3) 
Ca(2)-C(28) 2.66( 1) Ca(2)-N(2)Si(4) 
Ca(2)-C(29) 2.69( 1) Si(3)-N(2)Si(4) 
Ca(2)-C(30) 2.67(1) N( I )S i (  1)-C(18) 
Ca(2)-C(31) 2.66(1) N(l)Si(l)-C(19) 
Ca(2)-C(32) 2.66( 1) N( 1 ) S i (  1)-C(20) 
Ca( 2)-centroid( 2) 2.3 87 N( I)Si(2)-C(21) 
Ca( 1)-C(22) 2.99(2) N( 1)Si(2)-C(22) 
Ca( 1 )-Si( 2) 3.236(6) N( l)Si(2)-C(23) 
Ca( 1)--C(48) 2.95(2) N(2)Si(3)-C(45) 
Ca( l)*-Si(4) 3.203(6) N(2)Si(3)-C(46) 
Si( 1)-N( 1) 1.68( 1) N(2)Si(3)-C(47) 
Si (2)-N ( 1 ) 1.67( 1) N(2)Si(4)-C(48) 
Si( 3)-N( 2) 1.68( 1) N(2)Si(4)-C(49) 
Si(4)-N(2) 1.69(1) N(2)Si(4)-C(SO) 
C-C(ring) (av) 1.41(2) 
Si-C(methy1) (av) 1.88(2) 

planarity of rings within 0.008 

Ca( 1)-N( 1)Si(2)-C(22) (torsion angle) 
Ca(2)-N(2)Si(4)-C(48) (torsion angle) 

118.9 
144.1 

116.0 
147.5 
96.5(4) 

1 24.7 (7) 
1 08.5 (6) 
126.8(6) 
128.9(6) 
105.9(6) 
125.1(7) 
114.0(7) 
110.6(8) 
114.7(7) 
114.3(8) 
107.3( 6) 
115.5(8) 
114.6(7) 
113.1(7) 
110.8(7) 
108.6(7) 
1 15.3(8) 
114.7(7) 

97.0(4) 

5.1(8) 
-4.1(8) 

The Ca-C(ring) distances in 5 span narrow ranges 
(2.64(1)-2.70(1) and 2.66(1)-2.69(1) A). The average Ca- 
C(ring) distances of 2.68( 1) and 2.67( 1) A are slightly longer 
than that found in (Cp4')2Ca (2.64(1) A), despite the higher 
formal coordination number in the metallocene.lo 

The Ca-N bond distances of 2.29(1) and 2.30(1) A in 5 
are similar to the analogous distances found in (Ca- 
[N(SiMe3)2]2)2 (2.282(6) and 2.267(7) A), Ca[N(SiMe3)212- 
(DME) (2.271(3) and ( O C ( C ~ H S ) ~ C H ~ C ~ H ~ C ~ - ~ ) C ~ -  
[N(SiMe&](THF)s (2.353(5) The two Ca-O(THF) 
distances of 2.35( 1) A are near the short end of the range 
of 2.33-2.46 A found in previously characterized THF- 

(32) Westerhausen, M.; Schwarz, W. 2. Anorg. AZZg. Chem. 1991,604, 
127-140. 
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Figure 7. Ball-and-stick diagram of the [N(SiMe,),]- ligand 
in 5, illustrating the structural distortions stemming from 
the CwSiMe3 agostic interaction. 

solvated calcium complexes.33 The calcium center in both 
conformers lies directly in the plane defined by the oxygen, 
nitrogen, and ring centroid; the sum of the angles around 
the calcium is 360'. However, steric repulsion between 
the bulky [Cp4']- and [N(SiMe3)2]- ligands widens the 
ring-centroid-Ca-N angles considerably from 120' (144.1' 
for centroid(1)-Ca(1)-N(l) and 147.5' for centroid(2)- 
Ca(2)-N(2)). Consequently, the O-Ca-N angles are much 
narrower than 120' (97.0' for O(1)-Ca(1)-N(1) and 96.5' 
for O( 2)-Ca( 2)-N( 2)). 

Both molecules of 5 possess structural features indicative 
of an Uagostic" interaction between the calcium and one 
the trimethylsilyl groups of the amido 1igand.s In 
conformer A, both the Ca( 1)-43(2) and Ca( 1)-C(22) 
distances of 3.236(6) and 2.99(1) A, respectively, are 
substantially shorter than those involving the other 
trimethylsilyl group (i.e., Ca(l)-=Si(l) is 3.525(6) A and 
Ca(l)--C(19) is 3.72(2) A). The differences in contact 
distances for conformer B are even greater: the Ca(2)--Si(4) 
distance is 3.203(6) A and the Ca(2)*4(48) distance is 
2.95(2) A, whereas Ca(2)*-Si(3) is 3.600(6) A and 
Ca(2)4(47) is 3.90(2) 8, (Figure 7). For comparison, the 
donor Ca-methyl contacts seen in [ Cp*2Ca(p-Me3Al- 
THF)]2 occur at  distances of 2.948(7) and 2.999(7) A.35 

The agostic interaction in 5 results in a significant 
narrowing of the Ca-N-Si angle for the trimethylsilyl group 
closer to the calcium: the Ca(1)-N(1)-Si(2) and Ca(2)- 
N(2)-Si(4) angles are 108.5(6)' and 105.9(6)', compared 
to the values of 124.7(7)' and 128.9(6)' for the Ca(1)- 
N(1)-Si(1) and Ca(2)-N(2)-Si(3) angles, respectively. The 
orientation of the amido ligands is such that the Ca-N- 
Si-C(Me) atoms that comprise the agostic interactions 
are nearly planar, with mean deviations of only 0.032 and 
0.026 A and torsion angles of only 5.1(8)' and -4.1(8)' for 
Ca( 1)-N( l)-Si(2)-C(22) and Ca(2)-N(2)-Si(4)4(48), re- 
spectively. For comparison, torsion angles of 8.2' and 
-9.5' for two La-C-Si-C(Me) units of the [CH(SiMe&]- 
ligands of Cp*La[CH(SiMe&]2 were cited as evidence 
for the presence of a significant agostic interaction between 
two trimethylsilyl groups and the La atom.36 Since the 
hydrogen atoms of (Cp4')Ca[N(SiMe3)2] (THF) were not 

(33) Tesh, K. F.; Hanusa, T. P.; Huffman, J. C.; Huffman, C. J. Inorg. 

(34) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983,250, 

(35) Tanner, P. S.; Williams, R. A.; Hanusa, T. P. Inorg. Chem. 1993, 

(36) Heijen, H. v. d.; Schaverien, C. J.; Orpen, A. G. Organometallics 

Chem. 1992,31,5572-5579. 

395-408. 

32,2234-2235. 

1989,8, 255-258. 

located in the crystal structure, it is not possible to say 
definitively that the deformations of the [N(SiMe3)2]- 
ligand are the result of interactions of the Ca atom with 
the C-H bonds of the trimethylsilyl group. I t  is possible 
that the agostic interaction in 5 is that of a Si-C bond with 
the calcium; this kind of interaction has been proposed to 
occur in some lanthanide complexes containing the 
[CH(SiMe3)2]- ligand.37 No lengthening of the Si-C bond 
closest to Ca occurs to support this possibility, however.38 

The ability of [N(SiMe3)2]- to participate in such agostic 
bonding interactions explains why it often stabilizes 
complexes of large, highly electropositive metals with low 
formal coordination numbers. Several reports of lan- 
thanide and alkaline-earth complexes with the [N(Si- 
Me&]- ligand have also described agostic interactions 
between the metal center and the ligand's trimethylsilyl 
groups. In these complexes, the metal center is always 
coordinately and electronically unsaturated, with struc- 
tural distortions in the [N(SiMe3)2]- ligand(s) similar to 
those found in 5 (Table 8). 

Discussion 

Kinetic Stability of (Cp4')Ca[E](THF),. The clean, 
high-yield preparation of 1 and 2 and the lack of observable 
Schlenk equilibrium in their C6D6 or THF-d8 solutions 
contrasts sharply with that of the previously characterized 
[Cp*Ca(p-I) (THF)212.7 The latter is only moderately 
stable toward disproportionation in aromatics and is 
completely scrambled in THF, giving a 1:2:1 mixture of 
Cp*2Ca(THF)2, Cp*CaI(THF)2, and CaI2. On the basis 
of the stability observed in 1 and 2, the instability of 
Cp*CaI(THF)2 can be traced to the ability of Cp*2Ca to 
form solvates with THF; thus Cp*CaI(THF)2 need not 
lose all its coordinated THF for disproportionation to 
occur. The fact that unsolvated 3 is not stable toward 
decomposition via disproportionation confirms the im- 
portance of a bound THF molecule(s) in maintaining the 
solution integrity of 1 and 2. In the absence of coordinated 
THF, rearrangement of the ligands in solution to give 
(Cp4')2Ca is no longer prohibited. 

Both 5 and 6 were isolated as mono-THF solvates; as 
with 1 and 2, the presence of THF stabilizes the complexes 
against disproportionation in solution by preventing the 
formation of (Cp4')2Ca. I t  should be noted that the reaction 
of (CsMelEt)CaI(THF) with various potassium reagents 

(e.g., K [ N S I M ~ ~ C H ~ C H ~ S ~ M ~ ~ I ,  K[BHTl , and K[OC&- 
(CH2NMe2)3-2,4,6]) led to the unsoluated mono(ring) 
complexes (CsMelEt)Ca[E] .8 An X-ray structural deter- 

m 

mination of ((C5Me4Et)Ca[NSiMe2CH2CH2biMe2])2 re- 
vealed that this compound is a sterically crowded dimer 
with bridging amido groups; the short bridging Ca-N bonds 
(compared to the longer bridging Ca-I bonds in Cp*CaI- 
(THF)2 and 2) force the calcium atoms to be close together 
(3.645(3) A). Such a congested dimer structure can form 
only on complete removal of the cclcium-bound THF. For 

(37) Jeske, G.; Schock, L. E.; Swepston, P. N.; Schumann, H.; Marks, 
T. J. J. Am. Chem. SOC. 1985,107,8103-8110. 

(38) Support for the involvement of the C-H bond in the agostic 
interaction was provided by 13C NMR, i.e., a slight reduction (to 115.4 
Hz) is seen for the ~JCH coupling constant in the trimethylsilyl groups as 
compared to that in the free amine HN(SiMe& (J = 118.0 Hz). A similar 
reduction was observed in Cp*zYN(SiMe& ( 1 + ~  = 116.0 Hz), which was 
used to support the identification of an agostic interaction between the 
yttrium and a C-H bond of the trimethylsilyl group. See ref 48. 
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Table 8. Structural Parameters for "Agostic" -[N(SiMej)2] Ligands in Alkaline-Earth and f-Block Complexes 
metal M.-C(Me) M-Si M-N-Si "bonding" M-N-Si "nonbonding" 

compound CNO radius (A)b (A) (A) angle (deg)e angle (d@ ref 

lCa[N(SiMe3zIzl2 5 0.93 2.855(9) 3.200 95.7(3) 130.8(4) 32 
2.834(12) 3.176 105.3(3) 133.0(4) 

0.97 

0.97 

1 .oo 
1.02 
1.02 

1.05 

1.07 

1 . 1 1  

1.12 

1.14 

1.18 
1.30 

2.827iioj 
3.068(9) 
2.785(4) 
2.820(4) 
2.823(4) 
2.888(4) 
2.86(2) 
2.89(2) 
2.99(2) 
2.95(2) 
3.04 
2.970(6) 
3.181 
3.147( 15) 
3.041 (1 3) 
2.972(9) 
2.952(9) 
3.042(8) 
3.093( 1) 
2.971 (7) 
3.132(7) 
3.00(2) 
3.09(2) 
3.09(4) 
3.12(2) 
3.18(2) 
3.06(4) 
3.067(2) 
3.039(2) 
3.16(1) 
3.169 
3.335 

3.219 
3.266 
3.161 
3.199 
3.236 
3.168 
3.218 
3.248 
3.236(6) 
3.203(6) 
3.268 
3.218 
3.331 
3.355 
3.287 
3.279 
3.268 
3.400 
3.426 
3.379 
3.445 
3.437 
3.460 
3.552 
3.471 
3.490 
3.450 
3.402 
3.401 

3.589 
3.684 

f 

98.4(2j 
1 10.1 (4) 
103.27( 13) 
94.06(12) 
98.57(12) 

104.02(14) 
100.4(6) 
101.3(6) 
108.5(6) 
105.9(6) 
108.5(6) 
107.1 (3) 
1 14.0(3) 
110.8(5) 
106.6(5) 
106.2(3) 
106.3(3) 
104.5(2) 
106.2(2) 
102.3(2) 
107.8(2) 
102.8(5) 
101.8(6) 
108.4(6) 
104.6(6) 
106.0(6) 
103.9(6) 
1O4.5( 1) 
102.0( 1) 
f 

103.0 
107.3 

i28.9(4j 
126.3(3) 
133.45( 16) 
132.60( 14) 
129.69(14) 
128.3 1 (1 6) 
1 3 1.1 (7) 
127.4(7) 
124.7(7) 
128.9(6) 
1 2 1 .O( 7) 
129.7(3) 
120.2(3) 
1 3 1.5( 5) 
133.6(6) 
131.4(4) 
130.0(4) 
127.4(3) 
127.8(3) 
130.4(3) 
127.2( 3) 
1 1  1.8(6) 
1 1  1.0(6) 

1 1  1.6(6) 
106.7(5) 

123.0( 1) 
126.9(1) 

e 

e 

f 
e 
e 

45 

46 

this 
work 
47 
48 

49 

50 

46 

51 

52 

53 
54 

Coordination number for these complexes count all close M-CH3 contacts as a full coordination site on the metal center. Shannon radii.53 Values 
for coordination numbers of five were extrapolated from the six-coordinatevalues using Pauling's formula." c Refem to the angle involving the trimethylsilyl 
group that exhibits close contacts to the metal center. Refers to the angle involving the trimcthylsilyl group that is not in close contact to the metal 
center. e Both trimethylsilyl groups of the amido ligand exhibit close contacts to the metal center, so there is no 'non-bonding" M-N-Si angle. /Not 
reported. 

the bulkier [Cpri1- mono(ring) complexes, the formation 
of analogous dimer structures (Le., { (Cp49Ca[N(SiMe3)z1Jz 
and {(Cpfi)Ca[BHTl)z) is moat likely not sterically feasible. 
Therefore, these compounds remain monomeric in the solid 
state and can retain a THF molecule. 

It is important to note that the disproportionation of 
3 in aromatics is not instantaneous (half-life of ca. 3 d), 
even though the formation of (Cp4')~Ca is no longer 
sterically prohibited. Furthermore, the rate of dispro- 
portionation decreases over time, substantially so for the 
more concentrated solution (e.g., for a saturated solution 
of 3, only 72% remains after 24 h, but 67% is left after 
74 h (see Figure 1). This behavior indicates that there is 
a nonnegligible energetic barrier to the disproportionation 
of the (Cpri)CaI moiety, even in the absence of coordinated 
THF. It should be noted that at the same concentrations, 
Cp*CaI(THF)2 exhibits decomposition behavior similar 
to that of 3;m thus some inherent stability of the cyclo- 
pentadienyl-calcium-halide unit is evident here as well. 
The barrier to decomposition of 3 at  room temperature 
can be readily surmounted at  higher temperatures; it 
completely decomposes to (Cp4i)zCa and C ~ I Z ( T H F ) ~  in 
only a few hours when it is formed in refluxing toluene 
from 1 or 2. The instability at higher temperatures is also 
observed in solid samples of 3, which undergo complete 
disproportionation above 215 "C, and in the gas phase for 

(39) Owing to the greater solubility of Cp*CaI(THF)p in aromatice, 
eubetantially higher concentrations are poaeible than for 3. Coneietent 
with this, the rate of decompoeition of Cp*CaI(THF)p at them higher 
concentratione ie much elower (>90% remaining after 2 weeks) than that 
Been for Baturated solutiom of 3. 

5, which partially disproportionates on sublimation at  120 
"C (1o-S TO IT).^ 

Improvements in the thermal stability of mono(ring) 
calcium complexes will require a barrier to dispropor- 
tionation that does not depend upon preserving the Ca- 
THF bond. Such a barrier could be provided by an anionic 
ligand bulky enough to sterically prohibit the formation 
of a bis(1igand) disproportionation product. An example 
of such a situation has been reported for magnesium 
pyrazoylborate complexes: the monosubstituted com- 
plexes {q3-HB(3-Butpz)3]MgX do not disproportionate, 
because the bulk of the pyrazoylborate anion prevents the 
formation of the bis(ligand) magnesium complex (qa-HB(3- 
B u ~ P z ) & M ~ . ~ ~  Unfortunately, there has been no report 
to date of a comparable ligand bulky enough to preclude 
the generation of bis(1igand) complexes of the larger 
alkaline-earth metals. 

Differential Strengths of Donor Bonds. The com- 
bination of THF's compact size, strong donor bonds, and 
an almost invariable tendency to serve as a terminal 
ligand42 makes it a uniquely suitable neutral ligand for 

(40) In a eeparate experiment, 5 WBB also found to undergo signiicant 
amounts of thermally induced dieproportionation in dut ion,  i.e., a C& 
solution of 5 heatad to 90 OC for 2 h gave an equal mixture of 5, (Cpa)&a, 
and Ca[N(SiMe&JpCI'HF)p. Unlike 1 and 2, the dieproportionation of 
5 ie not complete, most likely due to the lack of precipitation of any of 
the products. 

(41) Han, R.; Parkin, G. Organometallics 1991.10, 1010-1020. 
(42) A few caws are known in which THF functions ae a bridging 

ligand. See: Brooker, S.; Edelmann, F. T.; Kottke, T.; Roesky, H. W.; 
Sheldrick, G. M.; Stalke, D.; Whitmire, K. H. J. Chem. SOC., Chem. 
Commun. 1991, 114-148, and references therein. 
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complexes has until now remained largely unexplored, 
owing to the paucity of well-characterized, stable hetero- 
leptic complexes for these elements. This concept has 
important ramification in the search for suitable heavy 
alkaline-earth precursors to ceramics and metal oxides by 
CVD fabrication methods, which to date have focused 
exclusively on compounds with identical anionic ligands. 
It is apparent from the properties of 5 (e.g., increased 
volatility and gas phase stability) that heteroleptic com- 
plexes provide an additional degree of freedom in designing 
complexes with such desirable physical characteristics.44 

alkaline-earth complexes. This became evident in our 
inability to use donor ligands other than THF to prepare 
mono(ring) complexes whose stabilities approach those 
with THF. The lability of the Ca-OEtz donor bond 
prevents Et20 from functioning as a stabilizing donor 
ligand for the (Cp49CaI fragment. Such lability is 
understandable, considering its lower basicity and larger 
size relative to THF. 

The gradual loss of THF from solid 1 on long standing 
( 1 2  mo) at  room temperature initially suggested that it 
might be “sterically oversaturated” and thus expels a 
ligand to relieve crowding at  the metal center. However, 
assuming 1 is monomeric, the expelled THF is effectively 
replaced by a much larger ”(Cp4i)CaI(THF)” ligand upon 
formation of 2, which argues against relief from steric strain 
as a driving force for the dimerization of 1. Therefore, the 
facile loss of one THF from 1 indicates that the second 
dative Ca-O(THF) bond is not robust enough to prevent 
slow oligomerization to the dimeric 2. 

The inability to synthesize 4 free from disproportion- 
ation products also suggested that the formation of a 
second dative bond to (Cp4’)CaI(L) complexes is not as 
favorable as the formation of a dimeric structure. It was 
initially surprising to use that 4 was not entirely stable in 
DME solution, as we believed a chelating DME ligand 
could bind the Ca2+ center at  least as well as THF and 
thus prevent the formation of (Cp“)&a. However, it may 
be that DME is actually not able to function as a bidentate 
ligand in this system. Given the presumably monomeric 
structure of 1, the binding of both oxygen atoms of DME 
to the same calcium center would require 4 also to be 
monomeric. If at  any time in solution only one oxygen 
atom of the DME is bound to the calcium, oligomerization 
to a dimeric structure with monodentate DME ligands 
(Le., [(Cp4i)Ca(p-I)(~1-DME)12) couldoccur. If thedimeric 
structure cannot be broken up by the binding of the second 
oxygen of the DME, any entropic benefits gained from 
chelation would then be eliminated, and the DME would 
be equivalent to a monodentate open-chain ether (such as 
diethyl ether). Thus, as observed for the attempted 
formation of (Cp4i)CaI(EtzO), complete dissociation of the 
DME from [(Cp4i)CaI(+DME)]2 occurs enough to allow 
for its partial disproportionation into CaI2 and (Cp4i)~Ca. 

A situation similar to this was recently reported for a 
series of base adducts of the neodymium alkoxide complex 
Nd(OCH(C3H&)s(L) (L = py, THF, or DME).43 For each 
complex, a highly stable dimeric framework of the type 
[Nd(p-OR)(OR)& was found in the solid state, leaving 
only one coordination site open for the binding of the donor 
ligands on each Nd atom. Consequently, the DME ligands 
bind to the Nd atoms in an 7’ fashion and bridge the 
alkoxide dimers to form a linear, polymeric structure. 

Enhanced Thermal Stability of the Heteroleptic 
Complex 5. The fact that the heteroleptic compound 5 
can be sublimed a t  a somewhat lower temperature than 
(Cp%Ca, and that less decomposition is observed on 
sublimation than with {Ca[N(SiMe&I 212, emphasizes that 
it is not always possible to predict the properties of a 
heteroleptic complex from those of the homoleptic coun- 
terparts. In this case, the larger [CpB1- ligand in 5 confers 
added stability compared to the bis(amido) complex, and 
the reduced mass of the [N(SiMe&l-ligand in 5 increases 
its volatility relative to the metallocene. The possible 
extent of such ”ligand synergism” in heavy alkaline-earth 

(43) Barnhart, D. M.; Clark, D. L.; Huffman, J. C.; Vincent, R. L.; 
Watkin, 3. G. Inorg. Chem. 1993,32,4077-4083. 

Conclusions 

A high degree of kinetic stability can be built into 
organoalkaline-earth compounds through careful ligand 
choice. Disproportionation of (Cp4i)Ca[E](THF)nin~ the 
symmetrical ( C P ~ ~ ) ~ C ~  and Ca[El2 species does not occur 
under ambient conditions because complete loss of THF 
from the calcium center is unfavorable enough to block 
formation of the necessarily base-free metallocene. If 
THF is removed under more forcing conditions, dispro- 
portionation then becomes possible. These kinetically 
stabilized (Cp4’)Ca[E] (THF), complexes provide a well- 
defined platform for the rational expansion of mono- 
(cyclopentadienyl) alkaline-earth chemistry. In particular, 
the ability to protonate selectively the [N(SiMe&I- ligand 
in (Cp4i)Ca[N(SiMe3)21 (THF) opens up a facile synthetic 
route to many new (Cpqi)Ca[E1 complexes; these will be 
central to an investigation of the extent to which the 
chemical and thermal behavior of heavy alkaline-earth 
complexes can be influenced by “ligand synergism”. We 
are actively exploring these possibilities. 
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