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Abstract 

 
The addition of ethylene to 1,3-dienes and 1-vinylcycloalkenes, 
catalyzed by two ruthenium complexes, proceeds in a regioselective 
fashion to afford 3-methyl-1,4-dienes as products. For a steroidal-

based 1-vinylcycloalkene, the addition is stereospecific, giving a 
product with a 20(S) configuration.  

Transition metal-catalyzed hydrovinylation1 holds tremendous 

potential as a generally useful C−C bond-forming reaction, since it 

uses a cheap feedstock (ethylene) and proceeds in an “atom 

economical” fashion.2 This reaction has largely focused on 1-

arylethylenes as substrates since the products, 3-aryl-1-butenes, may 

be transformed into useful analgesics (e.g., ibuprofen, naproxen). 

While a number of recent reports describe highly enantioselective 

hydrovinylation of styrenes,3 further development of this reaction as a 

general synthetic tool will require broadening the scope of applicable 

substrates. Only limited examples of the hydrovinylation of cyclic 

dienes have been reported.4 In the course of examining the 

ruthenium-catalyzed coupling of ethylene with alkynes, one of our labs 

recently reported the use of two ruthenium catalytic systems 1 and 2 

for the coupling of ethylene with alkynes and alkenes.5 We herein 

report the ruthenium-catalyzed hydrovinylation of unsymmetrically 

substituted 1,3-dienes. Reaction of 1,3-dienes 3a−h with excess 

ethylene, in the presence of either catalyst 1 or 2 gave predominantly 

the corresponding 3-methyl-1,4-dienes 4a−h, the products resulting 

from 1,2-hydrovinylation (Table 1).6 The structural assignment for 4 

was based on its 1H NMR spectral data. In particular, signals at ca. δ 

5.9 (ddd, 1H), 5.05 (m, 2H), and 1.2 ppm (d, 3H) are characteristic of 

the vinyl and methyl groups of a 3-substituted-1-butenyl functionality. 

In certain cases, the reaction was terminated prior to complete 

consumption of starting material 3, as prolonged contact with the 
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catalyst led to isomerization of the initially formed 4 to the more 

stable conjugated 3-methyl-1,3-diene.7 Any unreacted starting 

material or the isomerized 1,3-diene product could be chemically 

separated from the desired 1,4-diene 4 by treatment of the reaction 

mixture with phenyl triazodione (PTAD); the PTAD undergoes 

cycloaddition with the conjugated dienes, and the desired product 4 

can be cleanly separated from these cycloaddition products.  

 

 
 Figure 1 Ruthenium catalyst structures. 
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 Table 1.  Ru-Catalyzed Hydrovinylation of 1,3-Dienes 

 

a From ref 5b.b Mixture of diastereomers (1:1).c Single diastereomer. 

Hydrovinylation of dienes bearing aryl substituents (3a,b) as 

well as 1-vinylcycloalkenes (3c−h) proceeded with excellent 1,2-

addition regioselectivity. For certain substrates bearing a resident 

stereocenter (e.g., 3d,f,g), hydrovinylation was not stereoselective, 

giving a 1:1 mixture of diastereomeric products. In contrast, 

hydrovinylation of the steroidal diene 3h proceeded with excellent 

regio- and stereoselectivity, giving a single diastereomer 4h in good 

isolated yield. Since assignment of the C20 configuration of the 

product 4h was not possible on the basis of NMR spectral data, a 

crystalline derivative was sought. To this end, hydroboration/oxidation 

of 4h proceeded only at the vinyl group to afford the primary alcohol 5 

(Scheme 1). Oxidation of 5 with Jones reagent, followed by treatment 
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of the crude product with diazomethane, gave a separable mixture of 

ester 68 and spirocyclic lactone 7.9 Crystals of 7 suitable for X-ray 

diffraction analysis revealed the relative configurations within the 

molecule;10 since the precursor 3h was prepared from optically pure 

estrone,11 the absolute configurations at the C17 and C20 

stereocenters of 7 were assigned as (R) and (S), respectively. Thus, 

the hydrovinylation product 4h has the 20(S) configuration, which is 

opposite to the configuration of most naturally occurring steroids [i.e., 

20(R)]. Recently, a nonnatural 20(S) vitamin D3 analogue has been 

reported that selectively induces bone formation.12 While there are 

many strategies for the preparation of the 20(R) side chain,13 there is 

a general lack of stereoselective routes to side chains with the 20(S) 

configuration.14  

 

 
Scheme 1  

To demonstrate the synthetic potential of this diastereoselective 

hydrovinylation reaction, alcohol 5 was transformed into unsaturated 

alcohol 9a via a three-step protocol (Scheme 2). Structure 9a is a 

hybrid between estrone and the Roche vitamin D3 analogue, Ro 26-

9228 (9b), which is reported to increase bone mineral density in 

rats.12a Additionally, functionalized estrone analogues structurally 

similar to 9a are described as agents for the modulation of cell growth 

and differentiation.12d  
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Scheme 2  

The hydrovinylation of 1,3-dienes with either 1 or 2 is proposed 

to involve a ruthenium hydride species 10 in which the less substituted 

olefin of the diene is coordinated to Ru (Scheme 3).15 Insertion of the 

conjugated diene into the Ru−H bond generates the 1-methyl-π-allyl 

intermediate 11 in a reversible fashion. Ethylene insertion into the σ-

allyl species 12, with retention of configuration, followed by β-hydride 

and subsequent ligand exchange with a 1,3-diene, regenerates species 

10, and affords the product 1,4-diene. The stereoselective formation 

of 4h may be rationalized on the preferential formation of π-allyl 

intermediate 13 (Scheme 3) in which Ru is trans to the sterically bulky 

angular methyl group and the allylic methyl group occupies the anti 

position in order to avoid steric interaction with the C12 methylene 

(steroid numbering).  
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Scheme 3  

In summary, regio- and stereoselective hydrovinylation of 1,3-

dienes 3 has been achieved by using Ru catalysts 1 or 2. Further 

developments in the scope of this reaction as well as synthetic 

applications will be reported in due course.  
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