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To our knowledge, these reactions are the first examples 
of a single-site oxidative addition of a vinyl group yielding 
a stable a-vinyl cationic complex. The reaction appears 
to be general in that a broad range of vinyl triflates in- 
cluding mono-, di-, and trisubstituted as well cyclic ones 
readily undergo reaction yielding products in excellent 
isolated yields. These novel complexes may also serve as 
useful model compounds in the vinyl triflate coupling re- 
actions. Further work is in progress and will be the subject 
of future reports. 
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enophile and the 1,3-diene as the ene component. Thus 
these iron-catalyzed reactions enable a previously inaces- 
sible bond construction to be performed. In other cases 
the reaction products are the result of a previously unre- 
ported 1,4-hydrovinylation of the diene. 

Soluble iron(0) complexes can be conveniently prepared 
in situ via the reduction of Fe(I1) or Fe(II1) salts (usually 
the chlorides or acetyl acetonates) by grignard or tri- 
alkylaluminum reagents! Reduction of Fe(acac), by 3.1 
equiv of Et,A1 in the presence of 2,3-dimethyl-1,3-buta- 
diene and 1.1 equiv of 2,2'-bipyridine (bpy) yields a solu- 
tion of the catalytically active "bpy-Fe(O).diene" complex! 
Allyl benzyl ether reacts with 2,3-dimethylbutadiene in the 
presence of 5-10 mol % of this catalyst (benzene, 25 "C, 
8 h) to give a 955 ratio of two isomeric 1:l coupling 
products 1 and 2 in 80% chemical yield based on con- 
sumed allyl benzyl ether (eq l ) . 6 9 7  A small amount 
(5-10 % ) of cis/ trans-l- (benzyloxy)-l-propene (3), which 
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Summary: The iron(0)-catalyzed cross coupling of certain 
allylic ethers to 2,3disubstituted 1,9butadienes results in 
either a formal [4 + 41 ene reaction across the diene or 
in the net 1,Cinsertion of the diene unit into the C-H bond 
at the 2-position of the allylic ether. The course of the 
reaction is determined by the ligands attached to the 
iron(0) catalyst. The active catalyst can be generated in 
situ, and reactions proceed catalytic in iron(0) at or near 
ambient temperatures. These new coupling reactions 
generate synthetically useful functionality (stereodefined 
olefin and an allylic ether or a protected carbonyl) on 
either side of the newly formed carbon-carbon bond. 
The results of deuterium-labeling experiments suggest a 
catalytic cycle which involves initial oxidative coupling of 
the diene and allyl ether in the mechanism of these re- 
actions. 

The design of new catalytic transition-metal-mediated 
carbon-carbon bond constructions, which are of utility in 
the course of organic synthesis, remains an important 
challenge.1-2 We wish to report our observations on the 
previously unpublished chemistry of iron(0)-catalyzed 1:l 
cross couplings of 1,3-dienes to allylic  ether^.^ These 
reactions proceed with unusual regio- and chemoselectiv- 
ities which are highly dependent upon the ligands attached 
to the iron(0) catalyst. In certain cases the products of 
these reactions are the net result of a thermally forbidden 
[4 + 41 ene reacton, wherein the allylic ether serves as the 
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(5) An efficient catalyst requires reduction of the Fe(acad3 by a min- 
imum of 3.0 equiv of Et3Al. Addition of Et3A1 in excess of 3.0 equiv has 
no apparent effect on the course of the reaction, however, reduction of 
Fe(acac)3 by 2.0 equiv or less produces an iron complex which is cata- 
lytically inactive. Coupling of allyl benzyl ether to 2,3-dimethylbutadiene 
is not effected by EkAl (or EhAlCl) in the absence of Fe(acac)+ Similarly 
the 1:l stoichiometry of bipyridine:Fe is critical to the success of this 
chemistry. In the presence of 2.2 equiv of bipyridine, a catalytically 
inactive iron(0) complex is formed. The reduction of FeC13 by 3.1 equiv 
of i-PrMgBr in the presence of 1.1 equiv of 2,2'-bipyridine and 2,3-di- 
methylbutadiene also yields an active catalyst. 

(6) Compound 1 is formed as a 6040 cis/trans mixture of enol ethers. 
The minor component 2 in this reaction is formed as a 7030 mixture of 
1,4- and 1,a-insertion products. The ratio of isomeric products does not 
change with the degree of conversion. Conversions are typically 60-100% 
over 8 h at 25 "C. The cyclooligomerization of 2,3-dimethylbutadiene is 
competitive with the coupling reaction. No attempt to optimize the 
catalyst or reaction conditions with respect to this side reaction was made. 
Typically a 3-5-fold excess of 1,3-diene is employed. 

(7) A similar product distribution is observed when Fe(acac)3 is re- 
duced in the presence of 1 equiv of pyridine or in the absence of added 
ligand. In the latter "ligand-free" catalyst excess diene, olefin, or solvent 
is assumed to occupy the remaining coordination sites on Fe(0). 
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arises from the known iron(0)-catalyzed isomerization of 
allyl ethers to enol ethers, is also isolated.* 

The nature of the ligand is critical in determining the 
regiochemical course of carbon-carbon bond formation 
with respect to allyl benzyl ether. We have investigated 
a series of bidentate nitrogen- and phosphine-containing 
ligands. In contrast to the bipyridine reaction discussed 
above, reaction of allyl benzyl ether with 2,3-dimethyl- 
butadiene in the presence of “dppe-Fe(O).diene” (dppe = 
1,2-bis(diphenylphosphino)ethane, benzene, 60 O C ,  8 h) 
yields a mixture of coupled products (50%) favoring >95% 
of the 1,4-hydrovinylation product 2, wherein carbon- 
carbon bond formation has occurred at  the more substi- 
tuted carbon of the olefin (eq 1). Phosphine-containing 
catalysts, however, do not exclusively prefer the hydro- 
vinylation pathway. For example, coupling catalyzed by 
“ d m p e. F e ( 0) -diene ” 1,2  - b i s (dime t h y 1 - ( dm p e = 

(8! (a) Hubert, A. J.; Georis, A.; Warin, R.; Teyssie, P. J. Chem. Soc., 
Perkzn Trans. 2 1972, 366-370. (b) Jolly, P. W.; Stone, F. G .  A.; Ma- 
chenzie, K.; J .  Chem. SOC. 1965, 6416-6420. 

phosphin0)ethane) yields a 9010 mixture of 1:2. Our data 
to date suggests that the origin of this unusual regiose- 
lectivity is related to the steric demand of the coordinated 
ligand.g 

We have investigated the details of the [4 + 41 ene bond 
construction reaction at  some length. The “bpyFe(0)” 
catalyzed reaction exhibits unusual chemoselectivity to- 
ward allylic ethers.1° Certain other olefinic substrates fail 
to give any appreciable amounts of coupled products in 
the presence of catalysts which we have examined. Allyl 
benzoate rapidly and stoichiometrically decomposes the 
“bpy.Fe(O).diene” catalyst, apparently by a mechanism 
involving C-0 bond insertion. Competition experiments 

(9) We find that the ratio of ene:hydrovinylation coupling products in 
the reaction of allyl benzyl ether with isoprene catalyzed by ‘‘L.Fe(O). 
diene” also varies as a function of the steric demand of L. 

(10) The benzyl ether appears to be optimal. The chemical yields with 
other allylic ethers, CH2=CHCH20R (R = phenyl, 2-phenylethyl, 1- 
phenylethyl, cyclohexylmethyl, or 2-tetrahydropyranyl), tend to be 
1C-30% lower than for R = benzyl. In part, these poorer isolated yields 
reflect an unusual dependence of the reaction rate on the ether substit- 
uent, R. 
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Scheme I 

CH,OCH,Ph 
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H 
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between equimolar quantities of allyl benzoate and allyl 
benzyl ether yield less than 2% of the coupled product 1. 
Simple terminal olefins are relatively unreactive toward 
these catalysts. For example, attempted coupling of 2,3- 
dimethylbutadiene to benzyl 3-butenyl ether in the pres- 
ence of "bpyFe(0)-diene" (benzene, 25 "C, 12 h) yields 
approximately 20% of cis- and trans-crotyl benzyl ether 
via isomerization and less than 5% of the product from 
diene to olefin cross coupling (eq 2). 

Understanding the origin of the unusual reaction se- 
lectivities and the applications of these bond constructions 
in organic synthesis will be greatly facilitated if a good 
model for the catalytic cycle can be deduced. Three rea- 
sonable catalytic cycles leading to coupling product l, each 
proceeding via initial formation of an iron(0) diene-olefin 
complex 4, can be written which account for the observa- 
tions cited above (illustrated for 1,3-butadiene reacting 
with allyl benzyl ether in Scheme I).11 Two of the path- 

H L  

ways (Scheme I, pathways A and B) involve initial C-H 
bond insertion to yield the a-allyl iron hydride complex 
5. Complex 5 could lead to the observed product by either 
of two modes of ligand coupling, followed in each case by 
reductive elimination. Such a process is consistent with 
the isomerization of allyl benzyl ether to cisltrans-1- 
propenyl ether 3, which is observed as a minor side product 
in the coupling reaction (Scheme I, pathway C).8*13 The 
third coupling pathway illustrated (Scheme I, pathway D) 
involves initial oxidative coupling of complex 4 to yield a 
chelated a-allyl iron(I1) u-bonded complex 6. Such a 
pathway is consistent with the isolation and/or spectro- 
scopic characterization of structurally analogous iron 
carbonyl complexes obtained via the oxidative coupling 
of 1,3-dienes to methylacrylate, fluoroalkenes, and acety- 
l e n e ~ . ~ ~  

The following experiments help to elucidate the fate of 
complex 4. Reaction of 2,3-dimethylbutadiene with an 
equimolar mixture of allyl benzyl ether and allyl p -  

(11) The following double labelling experiment eliminates those pos- 
sible mechanisms which are initiated by an iron(I) hydride complex. Such 
an intermediate has previously been proposed to account for other iron- 
catalyzed cross-coupling reactions.a Coupling of 2,3-dimethyl-1,3-but- 
diene to an equimolar mixture of l,l-dideuterio-2-propenyl benzyl ether12 
and l,l-diprotio-2-propenyl p-methylbenzyl ether catalyzed by the 
"bpy.Fe(O).diene" catalyst yields a 1:l mixture of coupling products la 
and l b  (eq 3, R = *H). Analysis of the isotope distribution shows no 
scrambling of deuterium between the two sets of products. 

(12) The synthesis of this compound follows from the work of Bartlett 
and Tate: Bartlett, P. D.; Tate, F. A. J.  Am. Chem. Soc. 1953,75,91-98. 

(13) The isomerization reaction is irreversible under the reaction 
conditions. A competition of "bpy-Fe(O).diene' catalyzed coupling of 
2,3-dimethylbutadiene to an equimolar mixture of allyl p-methylbenzyl 
ether and cis/ trans-1-(benzyloxy)-1-propene (3) yields only the coupled 
product 1 derived from the p-methylbenzyl ether. No products are ob- 
served into which the benzyl enol ether 3 has been incorporated. 

(14) (a) Green, M.; Lewis, B.; Daly, J. J.; Sanz, F. J. Chem. SOC., 
Dalton Tiam. 1975,1118-1137. (b) Grevels, F.-W.; Schneider, K. Angew. 
Chem., Znt. Engl. 1981, 20, 410-411. (c)  Akiyama, T.; Grevels, F.-W.; 
Reuvers, J. G. A.; Ritterskamp, P. Organometallics 1983, 2, 157-160. 
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methylbenzyl ether in the presence of the bpyFe(0) cat- 
alyst gives a mixture of isomerized and coupled products, 
the components of which can be fully resolved by capilliary 
gas chromatography (eq 3, R = H, Ar = p-CH3C6H4). 
Analysis of the reaction mixture after short reaction times 
shows that the benzyl and p-methylbenzyl groups are in- 
corporated into each of the observed products with iden- 
tical facility. Repeating the above experiment with an 
equimolar mixture of l,l-dideuterio-2-propenyl benzyl 
ether and allyl p-methylbenzyl ether allows us to determine 
the overall isotope effects (kH/kD) for the isomerization 
and the coupling reactions by measuring the relative 
abundances of benzyl and p-methylbenzyl products, 3a:3b 
and la:lb, respectively (eq 3, R = ‘H, Ar = p-CH3C6H4).” 
Carrying out such a competition experiment through ap- 
proximately two turnovers of the “bpyFe(0)” catalyst 
shows an isotope effect for the isomerization process kH/kD 
of 1.5 f 0.1, a value which is consistent with literature 
data.15 In contrast, the observed ene product distribution 
(1b:la) gives a ratio kH/kD of 1.0 f 0.1 for the coupling 
process.16 

The data demonstrate that coupling and isomerization 
do not involve rate-determining formation of a common 
intermediate through hydrogen transfer. The lack of a 
kinetic isotope effect fully supports pathway D as the 

Addi t ions  a n d  Corrections 

(15) Chrisope, D. R.; Beak, P. J. Am.  Chern. SOC. 1986, 108,334-335 

(16) Similar kinetic isotope effects are observed with the “ligand free” 
and references herein. 

Fe(0) catalyst (see ref 7). 

mechanism of coupling. A mechanism similar to that 
outlined in Scheme I can be written to account for the 
formation of allylic ether product 2. In this latter case, 
one role of the bulky dppe ligand might be to direct oxi- 
dative coupling toward the more substituted carbon of the 
allylic ether so as to form the least sterically congested 
metal carbon u-bond. Further studies on the utility of 
these novel cross-coupling reactions are in progress. 
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Additions and Corrections 
Serge Attali, Francoise Dahan, and Ren6 Mathieu*: Re- 
action of [ P(C6H5),] [Fe,(CO),(p-CO) (p-CHCH,)] with 
[RhCl(CO),],. Synthesis of a Triiron-Dirhodium Cluster 
Anion Containing a CH,C=C=CH, Allenyl Ligand with 
an Unusual p4-v3 Mode of Bonding, [P(C,H,),] [Fe3Rhz- 
(CO)lo(~-C0)3(pL4-v3-CH3C=C=CH2)1. 1986, 5, 1376. 

The correct title is published above. The title was in- 
correctly published as “Reaction of [P(C6H,)4] [Fez(C0)6- 
(p-CO)(p-CHCH2)] with [RhCl(CO),],. Synthesis of a 
Triiron-Dirhodium Cluster Anion Containing a CH,C= 
C=CH2 Triiron-Dirhodium Ligand with an Unusual p4q3  
Mode of Bonding, [P(C6H,)4][Fe3Rh2(CO)l~(~-CO)3(p~- 
v3-CH,C=C=CH2)]”. 

D. Ewan Smith and Alan J. Welch*: Indenylmetalla- 
carboranes. 1. The 18-Valence-Electron Complex 3- 
(~5-CgH7)-3,1,2-CoCzBgHll and Comparative Molecular 
Structures of This Complex and 3-(v5-C5H5)-3,1,2- 
CoCzBgHl1. 1986, 5, 760. 

On p 761 we erroneously described 3-(v5-C5H5)-3,1,2- 
FeC2BgH11 as the first reported metallacarborane. In fact 
the ions Fe(C2BgH11)22- and Fe(CzBgHll)i predate the Cp 
complex by several months (Hawthorne, M. F.; Young, D. 
C.; Wegner, P. A. J. A m .  C h e m .  SOC. 1965,87, 1818). 
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