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Merck 60. petroleum ether +CH,Cl,/petroleum ether 5jl) .  Yield 163 mg (90%). 
By a similar procedure. triethylamine (0.21 mL. 1.5 mmol), 2 (0.19 g, 0.59 mmol), 
and ethyl chlorooximidoacetate (0.18 g, 1.2 mmol) afforded 3. Yield 172 mg (%Yo), 
orange crystals (petroleum ether,iCH,CI,); m.p 191 -193 'C  (decornp). MS 
(El, 70 eV): m z (YO) .  307 (75) [M ' ] ,  292 (25) [M' -CH,], 279 (62) [M' -CO], 
251 (32)[M' -2CO].219(39)[M' -2CO -S]. 191(27)[Mi -C,S,O]. 175(59) 
[M' -C,S,]. 159 (48) [M' -C,S,O]. 126 (45) [M' -C,S,-C,H,], 114 (80) 
[M' -C,S, -C2H5].  100 (65) [M i  -C,S, -NC,H,I. 88 (lo!) [M' -C3- 
S, - NC,H,]: HRMS. calcd 306.8926, found 306.8924; IR (CCI,): 1' = 2945,1676. 
1626.1553.1145, 1024cm~i.'HNMR(400MHz,CDCI,).b=1.32(t,J=7.2Hz, 
3H.CH3). 3.80(q.J=7.2 Hz,2H,CHI);  "CNMR(100MHz,CDC13):6 =14.57 
(CH,. DEPT). 3242 (CH,. DEPT), 136.83 and 146.57 (quaternary C),  182.16 
(C=O): Elemental analysis cdkd for C,H,NO,S,: C 31.27. H 1.63. N 4.56; found: 
C 31.07. H 1 59. N 4.51 
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Fischer carbene complexes have proved to be versatile and 
interesting building blocks in organic synthesis." Widely appli- 
cable procedures have been developed based on their initially 
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surprising reactions with unsaturated substrates such as al- 
kenes, alkynes, nitriles, isonitriles, and imines. Thermal reac- 
tions of carbene chromium complexes 1 with dienes provide the 
expected cyclopropane derivatives with high regio- and perise- 
lectivity.[21 When r,P-unsaturated carbene complexes such as l c  
and Id are employed, the initially formed cyclopropane prod- 
ucts rearrange to give cycloheptadiene~.~~] We have now found 
a new unexpected reaction sequence with dienes 2 and 4: 
a carbene metathesis is followed by a formal [3$2]cyclo- 
addition of the newly generated carbene ligands to dienes 2 and 
4 to furnish highly functionalized alkenyl siloxycyclopentene 
derivatives 3 and 5, respectively. 

TBSO C0,Me I / 

OMe 

(COP=( 
R 

l a  R = P h  

l b  R = M e  

TBS = tBuMe,Si 

TBs&ms 

+CO,Me 
2 

r 
Me0,C 

1,2-dichloroethane, 80 "C, 8 h 3 9 9 %  

cyclohexane, 80 "C, 36 h 3 3 9 %  

cyclohexane, 80 "C, 18 h 3 1 7 %  

By heating complex l a  with three equivalents of methyl 4- 
(tert-butyldimethylsiloxy)-2,4-pentadienecarboxy~ate (2)'41 in 
1,2-dichloroethane or cyclohexane, cyclopentene derivative 3 
(diastereomeric ratio > 95: 5 )  was obtained in nearly quantita- 
tive yield after chromatographic workup. The product was also 
formed when 2 was treated with the less reactive methyl-sub- 
stituted carbene complex Ib (17% yield, one diastereomer 
(> 90 %)). Based on its 'H NMR spectrum, a byproduct from 
the reaction of la  with 2 was identifed as l-methoxy-l- 
phenylethene (8). 

Similar results were obtained from the reactions of siloxy- 
butadiene 4 with complexes l a  and lb .  Both carbene complexes 
furnished the corresponding siloxycyclopentene 5 as a dia- 
stereomerically pure product. As in the previous case, the more 
reactive complex l a  gave higher yields than lb .  The constitution 
and relative configuration of the unexpected products 3 and 5, 

TBSO &Ph TB&IBs 
OMe 

4 + 
(CO).Cr=( cyclohexane, 80 "C 

R 
Ph 

l a  R = P h  17 h 5 9 9 %  

Ib R = M e  8 h  5 59% 

which do not incorporate the carbene ligand of the starting 
material, were determined by 1D- and 2D-INADEQUATE 
NMR spectra, which established the connectivity, and by 2D- 
NOESY NMR spectra.[5' 

These results can be explained by postulating the formation of 
new a,P-unsaturated carbene complexes from complexes l a  and 
l b  by an initial carbene ligand metathesis.16' Accordingly, the 
highly reactive donor-acceptor-substituted carbene complex 7 
and enol ether 8 (which was indeed found) should be formed 
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from l a  and 2 via chromacyclobutane 6. The further reaction of 
7 with 2 to give product 3 will be discussed below. 

The postulated formation of the a,/?-unsaturated carbene 
complex 7 led us to conduct experiments with isolable com- 
plexes of this type. Indeed, the corresponding alkenyl-substitut- 
ed methoxycyclopentene derivatives 9 and 10 were obtained 

TBSO 
I C0,Me 

I 

2 

80 "C, 18 h 
R 

l C  R=Ph 9 72% 

Id R =  Ao)) 10 49% 

from thermal reaction of lc and ld,''] respectively, with siloxy- 
diene 2, in these cases without preceding carbene metathesis. In 
contrast, the same reactions carried out with diene 4 furnished 
only cycloheptadienes.18] Similarly, the reaction with the elec- 
tron-rich l-methoxy-3-siloxy-l,3-butadiene (Danishefsky di- 
ene) gave the "normal" seven-membered ring products.''] 

The simplest way to explain the surprising formation of cyclo- 
pentenes 3,5,9, and 10 from a,/?-unsaturated carbene complexes 
is the [3 + 21 cycloaddition of the carbene ligand to the electron- 
rich terminal double bond of siloxydienes 2 and 4. Formal 
[3 + 2]cycloadditions of a,/?-unsaturated carbene complexes to 
electron-poor olefins have been reported recently.''] In these re- 
actions with only low diastereoselectivities, a competition of the 
cyclopropane-forming [2 + I] cycloaddition and the [3 + 21 cyclo- 
addition was observed, strongly depending on substituents and 
the donor ability of the solvent. A similar to that 
discussed there should provide regioisomeric products 12 for the 
new reaction, and therefore a different mechanism has to be 
considered. 

In our opinion, the [4 + 2lcycloaddition of the electron-poor 
chromadiene system["] as the 471 component and the terminal 
double bond of the siloxydienes as the dienophile is the most 
probable explanation." 21 The regio- and endo-selectively 
formed chromacyclohexene intermediate 13 would then lead to 
cyclopentene 14 by reductive elimination of the metal fragment 
with retention of configuration; 14 exhibits the connectivity of 
atoms and configuration found experimentally. Examples for 
this postulated Diels-Alder reaction with a metalladiene com- 
ponent are rare but not unknown.['3' 

Although we do not yet understand the effects of substituents 
in the reactions of unsaturated carbene complexes with dienes in 
detail, the formal [3  + 21cycloaddition described here may be of 
preparative interest due to the high functionality of the formed 
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R 

14 

cy~lopentenes .~ '~~  When combined with an initial carbene lig- 
and metathesis, this transformation is the first example of a 
previously unknown dimerization of dienes with fragmentation 
of methylene. 

R 
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Well-designed chiral Ru"-arene complexes catalyze the 
asymmetric transfer hydrogenation of ketones or imines with 
stable organic hydrogen donors such as 2-propanol['* 21 and 
formic acid.13] In these reactions certain derivatives of 1,2-di- 
amines and p-amino alcohols can serve as excellent chiral mod- 
ifiers and lead to high reactivity and enantioselectivity. For ex- 
ample, when a 0.1 M solution of acetophenone in 2-propanol 
containing [{RuCl,($-arene)},], (IS,2S)-N-p-toluenesulfonyl- 
1,2-diphenylethylenediamine ((S,S)-TsDPEN), and KOH (ke- 
t0ne:Ru:diamine:KOH = 200: 1 : 1 :2 molar ratio) was allowed 
to stand at 28 "C for 10 h, (S)-I-phenylethanol was obtained in 
up to 97 % ee and in 98 % yield [Eq. (a)] . [ la] We here disclose the 
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molecular structures of a preformed catalyst precursor 1, the 
true catalyst 2, and the reactive intermediate 3 for this asymmet- 
ric transfer hydrogenation using 2-propanol. The functions of 
the added KOH and the NH moiety in the TsDPEN auxiliary - $ *  R U  

Xa..R",*,, 1 NSO&H~-PCH~ / \  
H:*NS02C6H4pCH3 

HzN4c C6HS 6 5  C6H5 C6H5 

1:X=CI 2 
3 : X = H  

have also been clarified. Here we describe a very rare catalytic 
system in asymmetric transformations for which both the true 
catalyst and the reactive species have been isolated in a pure 
state.[41 The success can be attributed to the reversible reactions 
with different but comparable energy profiles. 

First, the catalyst precursor 1 was prepared as orange crystals 
in > 90 % yield by reacting [(RuC1,(q6-p-cymene))J, (S,S)- 
TsDPEN, and KOH (Ru: diamine: KOH = 1 : 1 : 1 molar ratio in 
CH,Cl, at room temperature) or, more effectively, triethyl- 
amine (Ru:diamine:NEt, = 1 : 1 : 2 in 2-propanol at 80 "C). The 
single-crystal X-ray analysis illustrated in Figure 1 indicates 

Figure 1. Molecular structure of 1 in the crystal. A11 hydrogen atoms except for the 
proton of the amine ligand and those at the carbon atoms in the chelate backbone 
and one crystal water molecule have been omitted for the sake of clarity. Selected 
distances [A] and angles r]: Ru-C1 2.435(4), Ru-N1 2.117(9), Ru -N2 2.344(8), 
RuCI.- .HN 2.57; Nl-Ru-N2 79.4(3), Ru-Nl-C1 112.8(7), Ru-N2-C2 111.6(6). 

that this 18-electron Ru" complex has a distorted octahedral 
coordination environment with @-arene, amino, sulfonamido, 
and chloro ligand~.'~' The chirality of (S,S)-TsDPEN forming a 
8-configurated five-membered ring determines the ( R )  configu- 
ration at the Ru center.[@ Noteworthy is the very short 
C I - . . H N  distance of 2.57 A (expected van der Waals separa- 
tion, 3.0 A), which is ascribed to an intramolecular hydrogen 
bond."] The 'HNMR spectrum confirmed that 1 exists as a 
single diastereomer in CDCI, solution. 

The Ru complex 1, which catalyzes the asymmetric transfer 
hydrogenation of acetophenone in 2-propanol containing 
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