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Abstract 

This communication presents a study of the scope of the catalytic hydrogenation and hydrosilylation of chiral exomethylene-sub- 
stituted cyclopentanes and cyclohexanes utilizing the organolanthanide precatalysts Cp~ LnCH(SiMe.0z (Cp" ,~ CsMe~; Ln ~ Sm, Yb). 
Both reaction types are sterically driven and lead to the cis-diastereomer as the major product. Additionally, the hydrosilylation is 
regiospecific, the silane being placed exclusively at the terminal position of the double bond. 

It'cyw~ml,s: Samarhm~; Ytterbium; Silicon; Lanthanides; Hydrogenation; Hydrosilylation 

Organolatuhanides and Group 3 organometallics [!] 
are effective homogeneous catalysts for olefin hydro- 
genation [21 and hydrosilylation [3]. The possibility of 
olefin insertion into Ln-H or t,n-C bonds, combined 
with o~bond metatllesis reactions transpiring through 
Ibm' center' tnmsition states, permits the development of 
a numl'~r of usehil synthetic translbrmations. As an 
example, both catalytic hydrogenation and hydrosilylao 
tion reactions can be coupled to other organolanthanoid- 
catalyzed transformations (e.g., polyene cyclizations 
[2g,3d,3e]) for the construction of carbocycles and bete- 
r~ycles. Unlike some transition metal-catalyzed pro- 
cesses [4], organohmthanide-catalyzed processes are 
typically not directed by polar groups, but appear purely 
steric in their selectivity patterns. 

Building upon these characteristics and our interest 
to utilize the potential of organolanthanide and Group 3 
organometallic catalysts for selective organic synthesis 
[2g,2h,3c,3d,3f], we initiated a program to examine the 
stereochemicai features of the hydrogenation and hy- 
drosilylation of substituted exomethylenecycloalkanes 
[5]. The catalytic cycle for both types of reactions 
mediated by the precatalysts Cp~ LnCH(SiMe.~)z (Ln = 
Sin, Yb) [6] is outlined in Scheme I. The generation of 
the active catalyst 'Cp~ LnH' as well as the individual 
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steps in the process for the hydrogenation and the 
hydrosilylation respectively, are well documented 
[2a,2c,3a,T]. 

Tile hydrogenation reactions were typically carried 
out utilizing 3-5 tool.% of the precatalyst in cyclopen- 
tan,' under 3°°4 aim of hydrogen pressure. 'i]~e reactions 
were generally complete within 3 h [8]. lhe results are 
summarized in "Fable I. Ii1 all of the reactions good to 
excellent yields were achieved in spite of the fact that 
many of the products were volatile and difficult to 
isolate. 

In cases where bulky substituents flanked the exo 
omethylene group of the cyclohexyi system, (e.g., $c 
and ge) as well as in the a-substituted methylenecyo 
clopentanes (la and lb), attack of the catalyst takes 
place exclusively from the less hindered St-face, leading 
to the corresponding cis-product (Scheme 2). 

For the sterically less hindered methylenecyclohex- 
anes (Sa, gb, and $fl) the hydrogenation reaction loses 
some of its selectivity and does not lead exclusively to 
the cis-product. Improvement of the diastereoselectivi- 
ties could be obtained by running the reactions at 
-20°C. Further lowering of the temperature led to a 
drastic increase in the reaction times. 

Higher reaction temperatures were required for the 
hydrogenation of the substrates ge and 5f. Intramolecuo 
lar complexation of the electrophilic ianthanide center 
with either the arene "tr-system or the amine is perhaps 
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responsible for these results. The methoxy group in 5g 
totally inhibits the catalytic reaction, presumably be- 
cause a strong coordinative bond between the oxygen 
and the lanthanide center forms. There are considerable 
precedents for such interactions in lanthanide chemistry 
[10]. 

When both a-positions are alkylated, as in cis-l,3- 
dimethyl-2-methylenecyclohexane 7, the olefin is virtu- 
ally inert to organolanthanide-catalyzed hydrogenation, 
even at elevated temperatures (Table 1). 

Increasing the distance between the exomethylene 
group and the substituent R decreases the stereoselec- 

tivity in the catalytic hydrogenation reactions. The best 
diastereoselectivities for the 13- and T-substituted meth- 
ylenecycloalkanes 8a, 8b, and 10 could be obtained at 
- 2 0 ° C  and by utilizing the precatalyst Cp~YbCH(Si- 
Me3) 2. The ratio of cis: trans isomeric products is 
2%-3% better with this precatalyst than for the hydro- 
genations of these three substrates with the correspond- 
ing samarium catalyst under the same conditions. Un- 
fortunately, the decreased ionic radius of Yb 3+ com- 
pared with Sm 3+ [11] demonstrated no remarkable posi- 
tive effect on the hydrogenation of the a-substituted 
methylenecyelohexanes. 

Table ! 
Diastereoselective hydrogenation of substituted exomethylenecycloalkanes utilizing catalytic Cp~ LnCH(SiMe~)2(Ln ~ Sin, Yb) 
Entry Substrate Major product Mol.% cat./ Diastereoselectivity/ 

(% yield) " reaction temp. (°(2) cis: trons b 

I la lk - i.vo-Bu 2a (84) 10/r,t c 100:0 
2 lb R - CH 2C6H,,CI-2 2b (32) 10/r.t. c 100:0 

3 3 R - n-Bu 4 (84) 3 /0  ¢ 60: 40 

4 ~ R ~ Me 6a (77) 3 / ~  20 ~ 93:7 
Sb g - t~o°Bu 6b (90) 3 / ~  20 ¢ 93: 5 

6 $¢ R ~ tcrt°Bu 6¢ (95) 5/r.t. ' I00:0 
? ~ l  R - Bn 6d (95) 3 / -  20 " ~3:7 
8 $e R ~ Ph 6c (9b) 5/50 ~ 100:0 
9 $fR ~ (CH ~)~NMe~ 6f (76) 3 /50  ~ 91:9  

I0 Sg R ~ OMe = $/70 c 

I I ? = 5/70 ~ 

12 h R - Me 9a 173) 3 / -  20 a 
13 8 b R -  gt 9b 179) 3 /=  20 *~ 

R R 
14 10 R - t~rl'-Bu II (73) 3 / -  20 d 

61:39 
73: 27 

77: 23 

* Isolated yields of the dL~tereomeric mixture': "~' Ratios were determined on the crude reaction mixture by fused silica capillary gas 
chromltography, Satisfactory spectral data (*H NMR, i~C NMR, IR) and high-resolution mass spectrometry analysis were obtained on file 
compounds rreponed herein [9], ¢ Cp~ SmCH(StMeO:, d Cp z, YbCH(SiMe~)~. 
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H-R" ~ H  Lncp*2 
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R" 
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R W 

cis 

Scheme 2. 

hydrogenation: R'= H 
hydrosilyladon: R'= SiHzPh 

Scheme !. 

Because of the extreme Lewis acidity of the lan- 
thanide catalyst, some isomerisation of the double bond 
( i % - 2 % )  was observed in each of the hydrogenations 
and hydrosilylation reactions performed. The iso- 
merised, endocyclic double bond isomers could not be 
hydrogenated nor hydrosilylated under the conditions. 

Hydrosilylation t'eactions exhibited the same general 

characteristics as the hydrogenation reactions outlined 
above. In a typical hydrosilylation reaction, a substi- 
tuted exomethylenecyclohexane and i.i equiv, of 
phenylsilane in the presence of Cp~ SmCH(SiMe3) 2 
provided an excellent yield of the corresponding cis-  

substituted (phenylsilyi)methylcyciohexane as the major 
diastereomer [ 12]. The results for these reactions using a 
variety of substrates are listed in Table 2. The reaction 
takes place with high regioselectivity, wherein the silyl 
group is delivered exclusively to the terminal position 
of the double bond. These results are in agreement with 
earlier findings that Cp~ YCH(SiMe3)2 mediated the 

Table 2 
Dia: tereoselective hydrosilylalion of substituted methylenecycioalkanes utilizing catalytic Cp~ SmCH(SiMe~) 2 
Entry Substrate Major product Dtastercoselecnvity/ 

(% yield) a.t, cis:trans c 

Phil ~ Si 

14 St~ R ~ Me 12a t92) 88: ! 2. 
I$ Sb R ~ iso°Bu 12b (90) 93.5:6.5 
16 Sd R -, Bn 12d (91) 93: 7 
17 $fR = (CH2).~NMe 2 12f(63) 93:7 

P h H 2 S ~  

~ R  v "R 

18 7b R w Et 13b (92) 62:38 

R R 
19 9 R ~ tert-Bu 114 (95) 60:40 

~"Atl reactions were per" "reed with 5 mol % of the Cp~ SmCH(SiMe3)z precatalyst at 70°C. t, Isolated yields of the diastereomeric mixture. 
c Ratios were determineu on the crude reaction mixture by lused silica capillary gas chromatography. Satisfactory spectrral data (JH NMR, '3C 
NMR, IR) and high-resolution mass spectrometry analysis were obtained on the compounds reported herein [! 3]. 
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and water. In a typical procedure Cp~SmCH(SiMe02 (0.05 
mmol), 2 ml of cyclohexane, the olefin (!.0 retool), and H .aSiPh 
(1.1 mmol) were loaded into a 50 ml flask equipped with an 
Ace needle valve. The homogeneous mixture was stirred for 12 
h at 70°C. After filtration through FIorisil the solvent was 
removed and the crude product was flash chromatographed with 
SiO, and hexanes as eluant. 
Characterization data for the hydrosilylation products: 12a: IR 
(neat) 3068, 3010, 2922, 2852, 2132, 1428, 1116, 940, 890, 
837; IH NMR (CDCi 3, 400 MHz): 8 7.59 -7.57 (m, 2H), 
7.41-7.34 (m, 3H), 4.35-4.30 (m, 2H), 1.82-1.71 (m, 2H), 
1.59-!.41 (m, 6H), !.37-!.27 (m, 2H), 0.92-0.89 (m, 2.34H), 
0.86 (d, J = 6 . 9  Hz, 2.64H, cis-diastereomeO; L~C NMR 
(CDCI 3, 100 MHz): cis-diastereomer, 8 135.12, 133.09, 129.42, 
127.93, 36.94, 34.41, 31.85, 30.30, 24.39, 22.36, 14.61, 12.36; 
wans-diastereomer, 8 ! 29.38, 41.50, 39.64, 35.69, 34.73, 26.82, 
26.60, 20.39, 15.32; FIRMS calcd for CI4H22Si 218.1491, 
found 218.1485. 12b: IR (neat) 3068, 2952, 2923, 2853, 2132, 
1465, 1428, 1116, 940, 862; IH NMR (CDCI 3, 400 MHz): 
7.61-7.59 (m, 2H), 7.41-7.36 (m, 3H), 4.38-4.33 (m, 2H), 
1.86-1.82 (m, IH), 1.67-1.29 (m, 10H), 1.16-1.04 (m, 2H), 
0.96-0.92 (m, 2H), 0.89 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.5 
Hz, 3H); t'aC NMR (CDCI 3, 100 MHz): cis-diastereomer, 8 
135.20, 133.12, 129.43, 127.94, 40.01, 37.91, 35.52, 31.75, 
28.11, 24.89, 24.10, 23.43, 22.91, 22.68, 22.45, 9.72; trans-di- 
astereomer, ~ 43.35, 41.79, 34.74, 31.75, 26.37, 26.23, 25.06, 
24.35, 22.68, 21.45, 15.22; HRMS calcd for (M-H) ÷= 
CITH,TSi 259.1882, found 259.1874. 12d: IR (neat) 3065, 
3024, 2924, 2853, 2131, 1449, 1153, 938; ~H NMR (CDCI.a, 
400 MHz): 8 7.62-7.60 (m, 2H), 7.43-7.39 (m, 3H), 7.31-7.28 
(m, 2H), 7.22-7.16 (m, 3H), 4.46-4.36 (m, 2H), 3.12 and 2.18 
(m, 0.141-t, trans-diastereomer), 2.65 and 2.52 (ABX-system, 
Jan " 13.4, JAX ~ 5.2, Jnx ~ 9.5 Hz, 1.86 H, cis-diastereomer), 
1.95-1.87 (m, 2H), |.64-1.50 (m, 5H), 1.42-1.31 (m, 3H), 
I .II~l.09 (m, 2H); I'aC NMR (CDCI~, 100 MHz): cis-di- 
astereomer, 8 141.65, 135.21, 132.78, 129.49, 129.04, 128.13, 
127.99, 125.53, 42.82, 36.42, 35.70, 30.95, 27.09, 23.66, 23.03, 
10.34; u~msodiastereomer, 8 141.42, 133.03, 129.25, 45.98, 

[141 

[151 

1161 

40.26, 39.45, 34.61, 31.31, 26.31, 26.03, |5.55: HRMS calcd 
for CzoHz6Si 294.1804, found 294.1803. 121"." IR (neat) 3068, 
2925, 2854, 2131, 1450, I 116, 941,892, 858; IH NMR (CDCI~, 
400 MHz): ~ 7.56-7.54 (m, 2H), 7.36-7.31 (m, 3H), 4.33-4.29 
(m, 2H), 3.19 (t, d = 7.4 Hz, 2H), 2.18 (s, 6H), 1.87-1.81 (m, 
IH), 1.52-1.20 (m, 13 H), 0.92-0.89 (m, 2H); I~C NMR 
(CDCi 3, 100 MHz): eis-diastereomer, ~ 135.05, 132.86, !29.31, 
127.81, 60.18, 45.42, 40.61, 35.40, 30.88, 27.90, 27.77, 25.53, 
22.71, 21.89, 9.57; trans-diastereomer, 8 133.05, 60.30, 43.87, 
38.87, 34.51, 31.47, 31.02, 26.30, 26.20, 24.42, 15.07; HRMS 
caled for CtsH31NSi 289.2226, found 289.2211.13b: IR (neat) 
3068, 2959, 2918, 2852, 2131, 1378, 1185, i 1 ]6, 940, 913, 845; 
IH NMR (CDC! 3, 400 MHz): ~ 7.59-7.57 (m, 2H), 7.39-7.34 
(m, 3H), 4.34-4.31 (m, 2H), 1.92-1.68 (m, 3H), 1.62-1.39 (m, 
5H), 1.31-1.14 (m, 4H), i.02-0.92 (m, 2H), 0.85 (q, d = 7.6 
Hz, 3H); 13C NMR (CDCI 3, 100 MHz): 8 135.18, 133.14, 
133.05, 129.40, 127.92, 42.81, 39.58, 39.26, 36.14, 34.95, 
34.38, 34.11, 32.44, 31.37, 30.10 29.78, 27.43, 26.42, 20.82, 
18.95, 13. I I, 11.86, I ! .39; HRMS calcd for C 15 H 24Si 232.1647, 
found 232.1638. 14: IR (neat) 3068, 2938, 2866, 2132, 1428, 
1365, i117, 940, 875, 845; JH NMR (CDCI~, 400 MHz): 8 
7.57-7.55 (m, 2H), 7.40-7.34 (m, 3H), 4.32-4.29 (m, 2H), 
2.00, 1.85, 1.73, !.64, 1.50, 1.21, !.04, and 0.94 (m, 12 H), 0.84 
(s, 5.4H, cis-diastereomer), 0.82 (s, 3.6 H, trans.diastereomer); 
I~C NMR (CDCI3, 100 MHz): 8 135.21,135.17, 133.14, 132.95. 
129.44, 129.39, 127.94, 48.48, 47.80, 36.63, 35.08, 32.77, 
32.58, 32.37, 29.42, 27.58, 27.51, 21.09, 18.59, 9.61; HRMS 
calcd for Ck~HzsSi 260.1960, found 260.1972. 
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