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Summary: Organoianthanide complexes of the type 
Cp‘,LnR (Cp’ = $-Me,C,; Ln = La, Nd, Sm, Y, Lu; R = 
H, CH(SiMe3),), Me,SiCp”,LnR (Cp“ = q5-Me,C,; Ln = 
Nd; R = CH(SIMe3),), Cp‘,Sm, and Cp‘,Sm(THF), catatyze 
the rapid dehydrogenative oligomerization of PhSiH,. 
Kinetic and mechanistic arguments exclude the impor- 
tance of metakentered redox processes in the catalytic 
cycle and support instead “four-center’’ “heterolytic” 
bond-scission/bond-forming sequences. 

Polyorganosilanes are of considerable current interest 
as ceramic precursors, third-order NLO materials, deep-W 
photoresists, conductive polymers, and photoconductors.’ 
A major advance in polyorganosilane synthesis was Har- 
rod’s discovery of the catalytic dehydrogenative oligom- 
erization/polymerization of organosilanes effected by or- 
gano-group 4 complexes (e.g., eq l ) . , s 3  Key unresolved 
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mechanistic issues in such catalytic cycles concern the 
importance of oxidative addition/reductive elimination 
sequences,- the intermediacy of silylene complexes,@ the 
importance of free radical processes,2f or the dominance 
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of four-center heterolytic M-Si/M-H transposition pro- 
cesses (Scheme I). The latter scenario is supported by 
Tilley’s recent characterization of several group four-cen- 
tered stoichiometric model reactionss and thermochemical 
results,’ which indicate (for closely analogous M = U) that 
the steps in Scheme I possess no significant thermody- 
namic impediments. If Scheme I were indeed valid, metal 
centers incapable of oxidative addition/reductive elimi- 
nation sequences, which possess only one possible met- 
al-Si/H Q functionality, and for which other four-center 
processes are typically facile, might be expected to be 
catalytically competent. We report here, in an application 
of this test, that electrophilic organolanthanides of the type 
Cp’,LnR/Me,SiCp’’,LnR (Cp’ = $-MesCs; Cp” = qS- 
Me&; Ln = lanthanide; R = hydrocarbon, hydride)@ are 
highly active for eq 1, some initial catalytic phenome- 
nology, and initial kinetic/mechanistic observations.10 
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As monitored by ‘H NMR spectroscopy and Hz evolu- 
tion, Cp’,LnR (Ln = La, Nd, Sm, Y, Lu; R = H, CH- 
(SiMe,)J and Me&XCp’’zLnR (Ln = Nd; R = CH(SiMe3)z) 
complexes88” react rapidly with a 10-fold molar excess of 
PhSiH3 in hydrocarbon solvents to eliminate RH and form 
polysilanes (eq 2, vide infra). NMR shows the hydro- 

Cp’,LnR + PhSiH3 - RH + Cp’,LnSiH,Ph - etc. (2) 

carbyls to undergo quantitative elimination of H2C(SiMe3), 
according to the rate law of eq 3 for Ln = La. This Ln-C 

v = k[Cp’,LnCH(SiMe3),] [PhSiHJ 

k = 5.4 (5 )  X M-ls-l (25 “C) (3) 

silaneolysis leads to a slight induction period, which is not 
observed with hydride precatalysts. Following these ini- 
tiation processes, the NMR reveals the appearance and 
progressive increase of small oligomeric silanes (dimers and 
trimers).2bidk This initial product mix is typical of those 
from group 4  catalyst^^.^ and is consistent with a step- 
growth polymerization process. Catalytic turnover also 
occurs in THF-d8, but a t  a considerably diminished rate 
(SO.OlX for Ln = La). This inhibitory behavior has con- 
siderable precedentwJ2 and reasonably reflects competition 
for vacant sites in the catalyst coordination sphere (vide 
infra). The conveniently prepared divalent complexes 
Cp’,Sm(THF), and Cp’,Sm13 are also active precatalysts 
for eq 1, and thermodynamic considerations (eq 4)’ as well 
as NMR line widths argue that the catalytic manifold 
involves trivalent lanthanides. 

Cp’,Sm + H3SiR - f/2Cp’,Sm-SiHZR + ‘/zCp’,Sm-H 
AHdcd = -11 kcal/mol (4) 

Preparative gram-scale polymerizations have been car- 
ried out using Cp’zLaCH(SiMe3)z as a model precatalyst 
and monitoring Hz evolution manometri~al1y.l~ At the 
completion of rapid Hz evolution, a viscous oligosilane oil 
is obtained. Longer conversion times accompanied by 
heating and evacuation afford solid olig~silanes.’~ The 
spectral characteristics of both these products14 are quite 
similar to those obtained with group 4 Mo- 
lecular weight data (cryoscopic, GPC) indicate degrees of 
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Table I. Kinetic Data for Initial Dehydrogenative 
Phenylsilane Coupling Catalyzed by Various 

Organolant hanide Complexes” 
catalyst N+.,b h-* catalyst Nt,b h-’ 

(Cp’,LaH), 80 (CP’ZYH)~ 3310 

(Cp’,SmH), 2140 
(Cp’2NdH)p 1010 (Cp’2LuH)z 5200 

“Conditions: [catalyst] = 0.0090 M, [PhSiHB] = 2.70 M, toluene 
solution, T = 25.4 OC. bEstimated uncertainty: f 5 % .  
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Figure 1. Turnover frequencies for initial dehydrogenative 
phenylsilane coupling by various ( Cp’2LnH)z catalysp plotted as 
a function of the Ln(II1) effective eight-coordinate ionic radius. 

Scheme I1 

l i  
dimer 

polymerization on the order of 5-9.“ No attempt has been 
made to optimize these values, and for the present pur- 
poses, the important point is the similarity of the products 
to those from group 4 catalysts. 

In regard to the components of Scheme I, in situ NMR 
studies provide no evidence for lanthanide hydrides (e.g., 
the LaH and Cp’ signals of ( C P ’ ~ L ~ H ) ~ ~ J ~  are absent). 
However, sparingly soluble (MezSiCp”2NdH)z8C precipi- 
tates from the corresponding reaction mixture, arguing that 
the catalytic manifold contains a hydride or is in equilib- 
rium with a hydride. Kinetic measurements of turnover 
frequency (NJ as a function of lanthanide and other pa- 
rameters were carried out manometrically by using a 
modified configuration of the thermostated constant- 
volume, pseudo-constant-pressure apparatus described 
previous1y.a Typical substrate/catalyst ratios were 
and reactions were monitored to 225% conversion. Ki- 
netic data were taken with (Cp’zLnH)z catalysts (in which 
there is no induction period) from initial rates, Le., in the 

(15) Although rapid La-H/Si-H exchange might explain the absence 
of the La-H signal, the disappearance of the corresponding Cp‘ aignnl 
upon substrate addition demonstrates that (Cp’,LaH), is not present in 
significant amonta. 
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result may reflect, among other factors, charge/radius 
demands in the four-center transition state. Attempts to 
acquire accurate rate data for the Me2SiCp”,Nd catalyst 
have been frustrated by the aforementioned precipitation 
of the corresponding hydride. 

Kinetic studies of the (Cp’2LaH)2/PhSiH3 system reveal 
that the reaction is first-order in silane over a 7-fold con- 
centration range (Figure 2A). Using the van’t Hoff pro- 
cedure,18 the reaction is found to be approximately half- 
order (0.4 (1)) in La over a 5-fold concentration range 
(Figure 2B, eq 5). A minimum mechanistic scenario in- 

v = k[PhSiH3]1[La]1/2 (5 )  

vokes a dimeric La-silyl species,lS for which there is group 
4 precedentFh in rapid preequilibrium with a reactive 
monomer (eqs 6-8). The turnover-limiting step is likely 
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Figure 2. Kinetic data for the (Cp’PLaH)p-catalyzed dehydro- 
genative coupling of phenylsilane in toluene. (A) Rate as a 
function of silane concentration for [La] = 0.0090 M. The line 
is a least-squares fit to the data pointe; hob = 9.4 (1) x IO4 L 
mir-’ (R = 0.99). (B) Plot to determine the reaction order in [La]. 
The line is a least-squares fit to the data points, yielding order 
= 0.4 (1) (R = 0.99). 

low conversion regime (520 turnovers) where the reaction 
is essentially pseudo-zero-order in substrate. Under these 
conditions, NMR spectroscopy indicates only the forma- 
tion of dimers and trimers, and side reactions (e.g., P@M2 
formation) account for 55% of the products. For identical 
(Cp’,LnH), catalyst and substrate concentrations, the 
relative rates vary over a wide range with La < Nd < Sm 
C Y C Lu (Table I). This trend reveals no parallels with 
lanthanide III/II redox charaderistide but correlates well 
with metal ionic radius (Figure l).l’ Indeed, a similar 
kinetic trend was observed in (Cp’,LnH),-catalyzed 1- 
hexene hydrogenation where four-center Ln-hexyl bond 
hydrogenolysis is turnover-limiting.ed This and the present 
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Cp’*La-(Si)-H + PhSiH, - Cp’,LaH + H- (S i tH (7) 

Ph Ph 
fast I 

H H 

Cp;LaH + H-(&)-H - Cpp2La-(SihH + H2 

to be least exothermic and sterically most demanding. 
Scheme I should then be modified for this catalyst 
(Scheme 11). 

In summary, these results show that organolanthanides 
are highly active catalysts for dehydrogenative silane ol- 
igomerization/ polymerization, that one- or two-electron 
oxidative addition/reductive elimination sequences are not 
important in the catalytic cycle, and that the kinetic/ 
mechanistic data strongly support four-center heterolytic 
bond-breaking/ bond-forming patterns. 
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