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Over the past two decades organozirconium com- 
pounds have emerged as synthetically useful reagents 
and intermediates.192 Most of the investigations in the 
1970s and early 1980s were focused on the chemistry 
of Zr(1V) compounds.2 We became interested in the 
chemistry of Zr(I1) compounds with the notion of 
developing a facile bicyclization reaction of enynes 
promoted by KZrllCpZn and related to the Co-promoted 
enyne bicyclization reactions3 We reasoned that it 
would be desirable to generate a complex that can serve 
as an equivalent to or a source of a 14-electron species 
with two valence-shell empty orbitals and at least one 
filled nonbonding orbital for the presumed x complex- 
ation-carbometalation sequence shown in eq 1. 

? Z 

Experimentally, a ZrCpz equivalent, i.e., “ZrCpz”, 
generated by treatment of CpzZrClp with Mg and HgC1Z4 
or 2 equiv of n-BuLi5 has proved to be effective in 
converting a variety of enynes617 and diynes5p7 into the 
corresponding zirconabicycles in high yields.8 The 
enyne bicyclization reaction has been shown to be 
readily applicable to the synthesis of various types of 
natural products, such as dendrobineg (l) ,  iridomy- 
mecin1° (2), pentalenic acid” (3), and phorboP (4). This 
and the related chemistry of alkyne-zirconocenes 
including benzyne-zirconocenes have been extensively 
investigated and reviewed.13-16 
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In this Account, reactions of coordinatively unsatur- 
ated zirconocene derivatives are systematically surveyed 
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and discussed with emphasis on the conversion of 
dialkylzirconocenes into alkene-zirconocenes and in- 
terconversions among alkene-zirconocenes and five- 
membered zirconacycles. 

Reactions of Dialkylzirconocenes 

Treatment of CpZZrClz in THF with 2 equiv of n-BuLi 
a t  -78 “C gives CpzZr(Bu-n)~.~ The Zr-C bonds of Cpz- 
Zr(Bu-n)z and other dialkylzirconocenes act as typical 
polar metal-carbon bonds in some reactions. Thus, 
their protonolysis and deuterolysis with HCl and DC1, 
respectively, give CpzZrClz and the corresponding 
protonated and deuterated alkanes, respectively, while 
their iodinolysis provides CpzZrI:! and iodoalkanes in 
high yields. Unlike RZrCpzC1,2C which is thermally 
stable at room temperature, dialkylzirconocenes con- 
taining one or more @ C-H bonds are thermally labile. 
The corresponding dialkylhafnocenes, e.g., CpaHf(Bu- 
n)2, are more stable and readily characterized at room 
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Organozirconium and Related Complexes 

Scheme 1 
cpzT(Bu-n)z * pMe3 - C P Z V M ~ ~ Z  
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temperature. Those dialkylzirconocenes lacking P C-H 
bonds, e.g., CpzZrMez and Cp2Zr(CHzPh)z, are stable 
for at least days and weeks at room temperature,' 
indicating that, unlike the corresponding titanocene 
derivatives," dialkylzirconocenes do not readily undergo 
a-H abstraction reactions. 

8-Hydrogen Abstraction. In our initial study, we 
tentatively presented a dissociative path for the de- 
composition of Cp~Zr(Bu-n)~, in which free l-butene 
and free ZrCp2 are a t  least momentarily formed (eq 2). 
However, our subsequent studies have shown that 
decomposition of this and other dialkylzirconocenes 
proceeds nondissociatively,'8 without producing free 
alkenes or ZrCpz itself, an elusive 14-electron species. 
Thus, for example, in the decomposition reaction of 
CpzZr(Oct-n)2 in the presence of DzC=CH(Hex-n), 
incorporation of D&=CH(Hex-n) into the ZrCpz- 
containing compound lags far behind the decomposition 
reaction iutself.18 In view of the nondissociative nature 
of the reaction, the term P-H abstraction has been 
chosen over P-elimination mainly to distinguish this 
process from that shown in eq 2 in which 1-butene is 
at least momentarily eliminated from di-n-butylzir- 
conocene. 

Cpgclz CRZr(Bu-n)p + c h i H +  +'cRtr + HBu4 (2) 
'E,." 

The initial product obtained by decomposition of Cp2- 
Zr(Bu-n)z was thermally labile and has not been 
identified. However, it must be Cp2Zr(H&=CHEt) 
(5), a 16-electron species, since our study6d and that of 
Bingerl9 have fully identified the corresponding PMe3- 
stabilized complex 6 as a roughly 85:15 mixture of 6a 
and 6b (Scheme 1). Our initial interpretation that 
thermal decomposition of Cp2Zr(Bu-n)2 in the presence 
of 2 equiv of PMe3 would give CpzZr(PMe3)~ (7) was 
erroneo~s, '~  even though the corresponding reaction of 
Cp2Ti(Bu-n)~ in the presence of PMe3 has since been 
shown to give CpzTi(PMe3)z.19 The available data are 
consistent with the 0-H abstraction path shown in eq 
3.20 In the absence of any indication for the existence 
of two discrete species, we tentatively adopt the 
resonance hybrid between 5a and 5b as the structure 
of 5 and use either 5a or 5b for the sake of simplicity 
without giving any preference to one or the other. 

The following features of P-H abstraction are worth 
noting: (i) (1-Butene)zirconocene (5) can be signifi- 
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cantly stabilized through complexation with PMe3 to 
produce 6; yet the P-H abstraction reaction is neither 
driven nor facilitated by PMe3, since the rates of 
decomposition of dialkylzirconocenes are essentially 
unaffected by the presence of PMe3.21 In fact, CpZZr- 
(Bu-n)~ or even sterically less hindered CpzZrMe2 shows 
no sign of interaction with PMe3 by NMR. Therefore, 
the role of PMe3 is merely to act as a stabilizing ligand 
for alkene-zirconocenes, e.g., 6, after their formation. 
(ii) Comparison of the relative rates of decomposition 
of several dibutylzirconocenes and CpzZrMeBu relative 
to those of CpzZrEtz and Cp2ZrMeEt, respectively, 
indicate the following order of reactivity of alkyl groups 
as P-H donors: sec-Bu > t-Bu I Et  > n-Bu > i-BuaZ1 
Clearly, this order does not correlate with the overall 
steric requirements of these groups. In a more gen- 
eralized sense, the following order has been observed 
in the great majority of cases,21 and it provides 
reasonable predictions: P-CH3 > P-CH2 > P-CH. This 
order appears to reflect the ease of agostic interaction 
between a /3 C-H bond and a Zr empty orbital, and 
localized steric factors must be primarily responsible 
for the observed order. However, electronic factors can 
also play a significant role. Thus, for example, PhCH2- 
CH2, a P-CH2 group, is a somewhat better P-H donor 
than Et, a P-CH3 group, presumably due to benzylic 
stabilization in the styrene-zirconocene complexes.21 
(iii) The significance of a Zr empty orbital in the P-H 
abstraction reaction is also indicated by the following 
facts. The half-life of bis(3-ethoxypropy1)zirconocene 
(8) is 700 times as long as that of CpzZr(Bu-n)z, 
suggesting a stabilization through chelation.21 Simi- 
larly, treatment of CpzZrClz with 3 equiv of n-BuLi 
gives a thermally stable species in 50-60 % yield, which 
has been tentatively identified as gaZ1 (iv) The decom- 
position reaction of 10 displays a significant isotope 
effect ( ~ H I I Z D  = 5.7).21 

10 

Elimination Reactions. Alkylzirconocene deriva- 
tives containing P- and y-heteroatoms, such as halogens, 
are prone to P- and y-elimination processes, respec- 
tivelyl (Scheme 2). An increasing number of syntheti- 
cally useful reactions, which are thought to proceed via 
P- or y-elimination, have been developed in recent years, 
as discussed later. 

Scheme 2s 

+ >=< 

4 X = halogens, oxygen, and other heteroatom groups. Y = ligand. 

Transmetalation and "Ate" Complexation. Treat- 
ment of Cp2ZrMe2 with Grignard reagents in the 
presence of PMe3 provides alkene-zirconocene-PMe3 
complexes in good yields along with MeMgBraZ2 The 
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reaction must proceed via transmetalation, which may 
in turn proceed via “ate” complexation, although no 
clear-cut indication has been shown by NMR spec- 
troscopy for the formation of zirconate complexes (eq 
4). The reaction provides an alternate route to alkene- 
zirconocenes. 

Negishi and Takahashi 

More reactive organolithiums have shown clear signs 
of “ate” complexation wth diorganyl zirconocenes.l In 
addition to Li[Cp2Zr(B~-n)~] (9), the reaction of Cpz- 
ZrCl2 with 3 equiv of LiCECR, where R = Ph, Hex-n, 
or C(Me)=CHz, gives products tentatively identified 
as Li[CpZZr(C=CR)sl (ll).23 In contrast with 9, the 
alkyne-containing complexes 11 are thermally labile, 
and they undergo an interesting migration reaction.23 
Both transmetalation and “ate” complexation, espe- 
cially readily reversible versions, appear to play im- 
portant roles in both stoichiometric and catalytic 
reactions of zirconocene derivatives, as discussed later. 

In addition to protonolysis (deuterolysis) and halo- 
genolysis, several synthetically important processes that 
dialkylzirconocenes can undergo have emerged: P-H 
abstraction, fl- and y-elimination reactions involving 
heteroatoms, transmetalation, and “ate” complexation. 
With the exception of cyclopropanation via y-elimina- 
tion, none of these reactions as such provide a means 
of constructing new organic skeletons via C-C bond 
formation. Nonetheless, they play crucial roles in 
conjunction with some skeleton-constructing processes, 
such as carbometalative ring expansion, reductive 
elimination, and migratory insertion. 

Reactions of Alkene-Zirconocenes 

Alkene-zirconocene complexes having 16 Zr valence 
electrons have proved to be highly reactive species, 
which can effectively act as loosely clad analogs of the 
14-electron ZrCp2. Throughout our investigation, ZrCp2 
itself has remained elusive. In the absence of added 
reagents, alkene-zirconocene complexes tend to readily 
decompose at  room temperature. Even their PMe3 
complexes have been shown to irreversibly decompose 
to give l2l8tZ4 (eq 5). It now appears that the key to 
observing synthetically useful ZrWpz reactions is to 
generate 16-electron ZrI1Cpz derivatives of sufficient 
reactivity, e.g., 5,  in the presence of the substrates with 
which they are to react, while avoiding their unwanted 
decomposition to give “dead” dimers, e.g., 12. The 
alkene ligand of an alkene-zirconocene complex can be 
readily released as a free alkene or the corresponding 
alkane by treatment of the complex with 12 or HC1, 
respectively. 

Although the development of synthetically interesting 
reactions of alkene-zirconocene complexes has chro- 
nologically lagged behind that of alkyne-zirconocene8J6 
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and conjugated diene-zirconocene25y26 complexes, stud- 
ies over the past several years have shown that they 
indeed participate in many synthetically interesting 
reactions. 

Alkene Displacement. In contrast with alkynes on 
Zr, alkenes can be readily displaced by alkenes, alkynes, 
and other ?r compounds. Typically, the reaction of Cp2- 
Zr(Bu-n):! used as a source of (1-butene)zirconocene ( 5 )  
with stilbene gives (sti1bene)zirconocene in 80 ’2 yield.13 
Its PMe3 complex 13 has yielded one of the first X-ray 
structures of alkene-zirconocene complexes2’ along with 
C ~ ~ Z ~ ( C H Z = C H ~ ) P M ~ ~ . ~ ~  A related reaction of 5 with 
alkynes in the presence of a phosphine provides a 
convenient route to alkyne-zirconocene-phosphine 
complexes. In the absence of a phosphine, the reaction 
is dominated by the formation of the alkyne-alkyne 
coupling product 1413 (Scheme 3). The scope of the 

Scheme 3 

alkene displacement route to alkene-zirconocene com- 
plexes can be significantly expanded by the use of a 
weaker alkene ligand, e.g., isobutylenez9 (eq 6). 

Formation of Five-Membered Zirconacycles via 
Carbometalative Ring Expansion. In the initial 
phase of our investigation, we envisioned the ring 
expansion reactions of zirconacyclopropenes and zir- 
conacyclopropanes depicted in Scheme 4. Although 
this generalized scheme might suggest that the forma- 
tion of five-membered zirconacycles via this route would 
be complicated by difficulties associated with “pair”- 
selectivity, regioselectivity, and stereoselectivity, in- 
vestigations by us and others over the past several years 
indicate that many of these reactions are surprisingly 

(25) (a) Yasuda, H.; Kajihara, Y.; Mashima, K.; Nagasuma, K.; 
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Akita, M.; Yasuda, H.; Nakamura, A. Bull. Chem. SOC. Jpn. 1983, 56, 
3735. 
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Erker, G.; Engel, K.; Atwood, J. L.; Hunter, W. E. Angew. Chem., Int. 
Ed. Engl. 1983,22,494. (c) Erker, G.; Dorf, U. Angew. Chem., Int. Ed. 
Engl. 1983,22, 777. 
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Abstract 187. (b) Takahashi, T.; Murakami, M.; Kunishige, M.; Saburi, 
M.;Uchida,Y.;Kozawa,K.;Uchida,T.;Swanson,D.R.;Negishi,E.Chem. 
Lett. 1989, 761. 
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Chem. 1988,356, C83. 
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Scheme 4 
,-=- cp2zrQ 
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Scheme 5 

selective with respect to the selectivity aspects men- 
tioned above. Regardless of the “pair”-selection types, 
alkyl substituents in alkenes and alkynes strongly prefer 
to be /3 to Zr, while aryl, alkenyl, alkynyl, and silylgroups 
strongly favor the a position. The former must be 
largely steric in origin, while the latter must be 
electronic. Furthermore, two substituents in zircona- 
cyclopentanes strongly favor being trans to each other. 

The “pair”-selectivity aspect of these reactions is 
mostly dictated by the relative rates of ligand displace- 
ment and carbometalative ring expansion processes. 
In cases where the alkene ligand of an alkene-zir- 
conocene is tightly bound and not displaced by an added 
alkene or alkyne, a strictly “pair”-selective formation 
of a zirconacyclopentane or zirconacyclopentene would 
result (type I process). Indeed, the reaction of (eth- 
y1ene)zirconocene (15) with many alkenes and alkynes 
has provided a “pair”-selective route to various five- 
membered zirconacycles, such as those shown be lo^.^^^^^ 
The high “pair”-selectivities and regioselectivities ob- 
served in these reactions strongly suggest that these 
products must have been formed under kinetically 
controlled, nonequilibrating conditions. 

Ph Ph 

15 

The reaction of (1-butene)zirconocene (5) with sty- 
rene gives predominantly 16 along with rather minor 
amounts (- 5 7% each) of the two possible homo-coupled 

However, this cannot be a type I reaction, 
because, in the presence of 1 equiv of 1-octene, it gives 
a 1:l mixture of 16 and the corresponding l-octene- 
styrene cross-coupling products, indicating that 1-butene 
in 5 is readily displaced and that 16 is formed under 
equilibrating conditions. The selective formation of 
16 in preference to the two possible homo-coupled 
products is readily explained as follows. Provided that 
the molar ratio of 1-butene to styrene is 1, the amounts 
of the two homo-coupled products must be equal. Of 
the three possible products, the 1-butene dimerization 
product must be relatively destabilized due to the 
absence of an a-Ph group exerting benzylic stabilization. 
This, in turn, also disfavors the styrene dimerization 
products due to the constraint mentioned above. This 
leads to a selective formation of 16. On this basis, it 
is readily expected that the reaction of 5 with conjugated 
dienes that can exert allylic stabilization is even more 
“pair”-selective. Indeed, the formation of 17 from 5 
(eq 7) is >95 % “pai r” -se lec t i~e .~~~ These “pair”- 
selective reactions which proceed under equilibrating 

(30) Takahashi,T.; Seki, T.; Nitto, Y.;Saburi,M.;Rousset, C. J.; Negishi 
J. Am. Chem. SOC. 1991,113, 6266. 
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Takahashi, T. Tetrahedron Lett. 1994, 35,695. 
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E.; Miller, S. R. J. Org. Chem. 1989, 54, 6014. 

R 
1 CHzZCHz 

(excess) 

Scheme 6 

CP2Z& 
li 

Cpz& H 

conditions and incorporate the original alkene in the 
five-membered zirconacycles are herein referred to as 
type I1 processes. 

In cases where the original alkene is readily dis- 
placeable, the use of 2 equiv or more of an alkene or 
alkyne can lead to selective homo-coupling without 
incorporation of the original alkene (type I11 process). 
1-Butene and isobutylene are typical examples of readily 
displaceable alkenes. The formation of 14 from 5 in 
Scheme 3 is a typical example of this process along 
with that shown in eq 

One of the synthetically most attractive types of ring 
expansion reactions of alkene-zirconocene complexes 
is represented by the “pair”-selective and regioselective 
bicyclization reactions of nonconjugated enynes,6J 
d i y n e ~ , ~ ~  and d i e n e ~ ~ ~ a ~  induced by 5 (type IV process) 
(Scheme 5). In the latter, the zirconabicyclo[3.3.0] 
systems strongly favor trans fusion, whereas the [4.3.0] 
homologs favor cis fusion. The latter, however, has 
been shown to be a kinetic phenomenon.34d Carbony- 
lation with retention of stereochemistry provides a route 
to trans-fused bicyclo[3.3.010ctanes,33 which are oth- 
erwise not readily accessible (Scheme 6). Significantly, 
allylic substituents in enynes and dienes end up cis to 
the adjacent bridgehead hydrogen in the products,33.35 
permitting diastereoselective construction of substi- 
tuted fused bicycles and polycycles.lOJ1 Athough 
generally more difficult, the intermolecular version of 
the “pair”-selective type IV process may also be 
observed, provided that the initial alkene displacement 

(33) Rousset, C. J.;Swanson,D. R.;Lamaty, F.; Negishi,E. Tetrahedron 
Lett. 1989, 30, 5105. 

(34) For related studies by other workers, see: (a) Gell, I.; Schwartz, 
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K.; Akita, M.; Lee, K.; Nakamura, A. Organometallics 1984,3, 1470. (c) 
Nugent, W.A.;Taber,D. F.J.Am. Chem.Soc. 1989,111,6435. (d) Akita, 
M.; Yasuda, H.; Yamamoto, H.; Nakamura, A. Polyhedron 1991, 10, 1. 

(35) Lund, E. C.; Livinghouse, T. J.  Org. Chem. 1989,54, 4487. 
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Table 1. Some Distinctive Features of Various Types 
of Ring Expansion Reactions of Alkene-Zirconocene 

Complexes 

Negishi and Takahashi 

Scheme 8 

displacement of equilibrating 
type the initial alkene pair-selectivity or not 

I no very high (-100%) no 

I11 yes homo-coupling a 
IV Yes high b 

a Not pertinent. Depends on the substrates. 

I1 no high yes 

V b low yes 

is followed by either a type I or type I1 process. Some 
such reactions have indeed been observed in the reaction 
of 5 with ethylene, styrene, or (trimethylsily1)ethylene 
followed by addition of an alkyne36 (Scheme 5). 

In the absence of strongly directing and controlling 
factors, coupling between two a-compounds gives 
mixtures of the three possible products (type V process). 
Thus, the reaction of Cp2Zr(Bn-n)2 with 1 equiv of 
1-octene gives a nearly statistical 2:l:l mixture of the 
cross-coupled and the two homo-coupled 
Some distinctive features of the five types of processes 
discussed above are summarized in Table 1. 

Polar Addition Reactions of Alkene-Zircono- 
cenes. Alkene-zirconocenes generated in the presence 
of aldehydes undergo an addition reaction, shown in eq 
9.37 Its regioselectivity is opposite to that in the alkene- 
alkene coupling reaction (e.g., eq 8). Although not yet 
firmly established, it must be a kinetically controlled, 
nonequilibrating process, in which interaction between 
the less hindered C-Zr bond and the C=O group must 
be sterically favored. Aside from this reaction, little is 
known about other polar addition reactions of alkene- 
zirconocenes. This area clearly deserves further ex- 
ploration. 

Reactions of Alkene-Zirconocenes with Single- 
Bonded Reagents (X-Y). In analogy with the ring 
expansion (Scheme 4) and polar addition reactions (eq 
91, the Zr-C bonds of zirconacyclopropanes and zir- 
conacyclopropenes should, in principle, be capable of 
reacting with various single-bonded reagents X-Y, 
where X and Y are H, C, Si, Sn, N, 0, S, and halogens. 
Alternatively, alkene-zirconocenes and alkyne-zir- 
conocenes may release ZrCp2, which may then undergo 
oxidative addition with X-Y (Scheme 7). 

Scheme 7 

Treatment of alkene-zirconocenes with 1 2  releases 
the corresponding alkenes with the concomitant for- 
mation of CppZr12. In our recent study of ZrCp2- 

(36) Takahashi, T.;Xi, 2.; Rousset, C. J.; Suzuki, N.; Chem. Lett. 1993, 

(37)  Takahashi, T.; Suzuki, N.; Hasegawa, M.; Nitto, Y.; Aoyagi, K.; 
1001. 

Saburi, M. Chem. Lett. 1992, 331. 

catalyzed hydrosilation of alkenes13*J9 we treated 
CppZr(Bu-n)z with 2 equiv of HzSiPhz. This reaction 
produced not only n-BuSiHPhz but also a yellow 
crystalline compound, 18, in 85% yield. The same 
reaction run in the presence of PMe3 produces 19 (90% 
yield). The results indicate that (1-butene)zirconocene 
reacts with HzSiPhz via oxidative addition (Scheme 8). 
Oxidative addition of Hz to Zr(I1) species has also been 
reported.41~~ 

Another pattern for oxidative addition was ac- 
cidentally discovered in an attempt to cyclize diallyl 
ether by its reaction with Cp~Zr(Bu-n)z.~~ The reaction 
gave allyl(allyloxy)zirconocene, which subsequently 
disproportionated (eq 10). This reaction and a related 
oxidative addition reaction of propargyl ethers have 
been developed into a convenient route to allyl- and 
propargylzirconocene derivatives.42 

Regioisomerization. In view of the P C-H agostic 
interaction discussed earlier, the allylic C-H activation 
by Zr in alkene-zirconocenes is readily expected. In 
conjunction with a Ti-catalyzed alkene isomerization 
reaction, a related but very inefficient reaction catalyzed 
by CppZr derivatives has been briefly d e ~ c r i b e d . ~ ~  This 
type of regioisomerization can indeed take place in the 
absence of any other more facile processes and/or in 
the presence of some functionalities in alkene-zir- 
conocenes promoting regioisomerization. Specifically, 
the reaction of a series of compounds represented by 
20 with CpzZr(Bu-n)z fails to produce the expected 
bicyclization products but gives the corresponding 
conjugated diene-zirconocenes complexes 21, even 
though a N-containing analog 22 amoothly bicyclizes 
to give 2344a (eqs 11 and 12). Interestingly, protonolysis 
of 21 selectively products 24, corresponding to partial 
hydrogenation of the more hindered double bonds of 
conjugated dienes.44b 

Some representative reactions of alkene-zirconocenes 
are summarized in Scheme 9. 

(38) Takahashi, T.; Hasegawa, M.; Suzuki, N.; Saburi, M.; Rousset, C. 
J.; Fanwick, P. E.; Negishi, E. J. Am. Chem. SOC. 1991, 113, 8564. 

(39) For related studies by others, see: (a) Mu, Y.; Aitken, C.; Cote, 
B.; Harrod, J. F.; Samuel, E. Can. J .  Chem. 1991,69,264. (b) Kesti, M. 
R.;Abdulrahman,M.; Waymouth,R. M. J. Organomet. Chem. 1991,417, 
C12. (c) Kesti, M. R.; Waymouth, R. M. Organometallics 1992,11,1095. 
(d) Corey, J. Y.; Zhu, X. H. Organometallics 1992, 11, 672. 
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Scheme 9 

Reactions of Zirconacyclopentanes and 
Zirconac yclopentenes 

Zirconacyclopentanes and zirconacyclopentenes pre- 
pared via alkene-zirconocenes and other suitable 
precursors are cyclic analogues of dialkylzirconocenes 
and alkyl(alkeny1)zirconocenes. Thus, they undergo 
many reactions of the latter classes of compounds, such 
as protonolysis, deuterolysis, halogenolysis, carbony- 
lation, and transmetalation.2 

Cleavage of CB-C’, Bonds Leading to Ring Con- 
traction. One of the major differences between acyclic 
diorganylzirconocenes and the corresponding five- 
membered zirconacycles is that, whereas acyclic dior- 
ganylzirconocenes readily undergo P-H abstraction, 
their cyclic counterpats do not.& Due to conformational 
constraints, the H-Cg bonds of zirconacyclopentanes 
and zirconacyclopentenes cannot readily adopt a co- 
planar relationship with the other Zr-R bond and a Zr 
empty orbital, which disfavors P-H abstraction. This 
very conformational restriction, however, makes readily 
available a similar coplanar relationship involving the 
Zr, C,, Cg, and C’g atoms. I t  is therefore not surprising 
to observe the ring-contraction reaction shown in 
Scheme 10.46947 In this scheme, the Zr empty orbital 
lying inside the zirconacyclopentane ring is poised to 
interact witht he Cg-C’g bond. As such, this process is 
nothing but the microscopic reversal of the carbometa- 
lative ring expansion process discussed earlier. This 
process itself most probably is thermodynamically 
unfavorable. However, its kinetic accessibility leads 
to a number of synthetically attractive processes. 

Scheme 10 

We have indeed observed over the past several year 
(i) the ring contraction reaction of zirconacyclopentanes 
and hafnacyclopentanes to produce the corresponding 

(40) Takahashi, T.; Suzuki, N.; Kageyama, M.; Nitto, Y.; Saburi, M.; 
Negishi, E. Chem. Lett. 1991, 1579. 

(41) (a) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. 
E. J. Am. Chem. SOC. 1976, 98, 6733; 1978,100, 2716. (b) Gell, K. I.; 
Posin, B.; Schwartz, J.; Williams, G. M. J. Am. Chem. SOC. 1982,104, 
1846. 

(42) (a) Ito, H.; Taguchi, T.; Hanzawa, Y. Tetrahedron Lett. 1992,33, 
1295. (b) Ito, H.; Nakamura, T.; Taguchi, T.; Hanzawa, Y. Tetrahedron 
Lett. 1992,33,3769. (c) Ito, H.; Taguchi, T.; Hanzawa, Y. J. Org. Chem. 
1993,58, 774. 

(43) Yasuda, H.; Kajihara, Y.; Mashima, K.; Nagasuna, K.; Lee, K.; 
Nakamura, A. Organometallics 1982, 1, 388. 

(44) (a) Maye, J. P.; Negishi, E. Tetrahedron Lett 1993,34,3359. (b) 
Maye, J. P.; Negishi, E. J. Chem. SOC., Chem. Commun. 1993,1830. 

(45) For astudy on titanacyclopentanes, see: McDermott, J. X.; Wilson, 
M. E.; Whitesides, G. M. J. Am. Chem. SOC. 1976,98,6529. 

(46) Erker, G.; Dorf, U.; Rheingold, A. L. Organometallics 1988, 7, 
138. 

(47) For related processes involving other transition metals, see: (a) 
Grubbs, R. H.; Miyashita, A. J. Am. Chem. SOC. 1978, 100, 1300. (b) 
McLain, S. J.; Wood, C. D.; Schrock, R. R. J. Am. Chem. SOC. 1979,101, 
4558. 
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Scheme 11 

Scheme 12 
R’ R1 

alkene-metallocene-phosphine c o m p l e ~ e s ~ ~ , ~ ~  (eq 13), 
(ii) skeletal rearrangement involving “apparent” migra- 
tion of  substituent^^^ (Scheme l l ) ,  and (iii) displace- 
ment of alkene components of metallacycles by external 
T - c o ~ ~ o u ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~  (Scheme 12). The ring contraction 
reaction shown in eq 13 provides the fourth route to 
alkene-zirconocene complexes along with those shown 
in Scheme 1 (P-H abstraction), eq 4 (transmetalation- 
abstraction), and Scheme 3 (alkene displacement). The 
skeletal rearrangement has been shown to proceed 
stepwise by NMR spectroscopic analysis of the regioi- 
somerization reaction of hafnocene  derivative^^^ (Scheme 
11). 

Following an accidental initial finding, shown in eq 
14,6d we have extensively developed in recent years 
various alkene-displacement reactions, shown in Scheme 

In this scheme, the zirconacyclopentene inter- 
mediates are readily generated in situ by successive 
treatment of CpzZrC12 with 2 equiv of EtMgBr and 
alkynes. Since the final products in most cases do not 
contain the dimethylene moiety, it acts as a “dummy” 
group, which amounts to an inexpensive phosphine 
substitute. Higher alkyls, e.g., n-Bu, except PhChs- 
CH2, Me3SiCH2CH2, etc., may not readily be used in 
place of Et, because they tend to participate in the type 
I11 and V cyclization processes discussed earlier. In 
the reaction of zirconacyclopentenes with aldehydes, 
either five-membered (at 150 “C) or seven-membered 
(at 125  “C) products may be obtained, depending on 
the reaction temperature. Significantly, the alkene 
displacement reactions can lead to further transforma- 
tions of synthetic utility, as shown in eq 15.50 

SiMeg $iMe3 $Me3 

In summary, zirconacyclopentanes and zirconacy- 
clopentenes share many reactions with their acyclic 
counterparts. Instead of undergoing P-H abstraction, 
however, these cyclic compounds readily undergo C r  
C’g bond cleavage leading to ring contraction, skeleton 
rearrangement, and alkene displacement. Some of 



130 Acc. Chem. Res., Vol. 27, No. 5, 1994 

these reactions induce further transformations of 
synthetic interest. To our knowledge, no c8-C’~ bond 
cleavage reaction of zirconacyclopentadienes has been 
reported. 

Negishi and Takahashi 

Catalytic Reactions Involving 
Alkene-Zirconocenes 

We have previously developed some ZrCpz-catalyzed 
reactions of organometals containing A15143 and Zn,54 
which most probably occur via nonredox processes 
involving only CpZZrIv species as active catalysts. 
Recent studies by us and others indicate that the scope 
of the ZrCpz-catalyzed reactions can be significantly 
expanded through further utilization of Cp2Zrn species. 
Furthermore, some previously known CpzZr-catalyzed 
reactions that were thought to involve only Cp2ZrIV 
catalysts have been shown to involve CpZZrII species as 
well. In such catalytic reactions, P-H abstraction and 
CB-C’B bond cleavage represent important reductive 
processes, while carbometalative ring expansion and 
oxidative addition play crucial roles as oxidative 
processes. 

Also significant are some nonredox processes, such 
as “ate” complexation, transmetalation, and elimination 
reactions. Needless to say, these reductive and oxida- 
tive processes must be combined in appropriate man- 
ners in order to devise catalytic processes of the redox 
type. The Dzhemilev ethylmagnesiation of a lkene~5~ 
is superficially related to the previously developed Cpz- 
ZrClz-catalyzed carboalumination of alkynes,6l but it 
displays some features that cannot be readily explained 
in terms of a simple ethyl-metal bond addition to 
alkenes. For example, it does not work with MeMgBr. 
Higher alkylmagnesium halides undergo a different 
head-to-tail alkene dimerization reaction.% Through 
our systematic investigations discussed in the previous 

(48) Takahashi, T.; Tamura, M.; Saburi, M.; Uchida, Y.; Negishi, E. 
J .  Chem. Commun. 1989,852. 

(49) Takahashi, T.; Fujimori, T.; Seki, T.; Saburi, M.; Uchida, Y.; 
Rousset, C. J.; Negishi, E. J. Chem. SOC., Chem. Commun. 1990, 182. 

(50) Suzuki. N.: Kondakov. D. Y.: Takahashi. T. J. Am. Chem. SOC. 
1993,115, 8485. ’ 

(51) (a) Negishi, E.;Van Horn,D. E. J. Am. Chem. SOC. 1977,99,3168. 
(b) Okukado, N.; Van Horn, D. E.; Klima, W. L.; Negishi, E. Tetrahedron 
Lett. 1978, 1027. (c) Negishi, E.; Okukado, N.; King, A. 0.; Van Horn, 
D. E.; Spiegel, B. I. J. Am. Chem. SOC. 1978,100, 2254. 
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metallics 1983, 2, 563. 
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Nauk SSSR, Ser. Khim. 1983,219. (b) Dzhemilev, V. M.; Vostrikova, 0. 
S.; Tolstikov, G. A. J. Organomet. Chem. 1986,304, 17. 

(56) Rousset, C. J.; Negishi, E.; Suzuki, N.; Takahashi,T. Tetrahedron 
Lett. 1992, 33, 1965. 

(57) For related studies by others, see: (a) Knight, K. S.; Waymouth, 
R. M. J. Am. Chem. SOC. 1991,113,6268. (b) Hoveyda, A. H.; Xu, Z. J. 
Am. Chem. SOC. 1991,113,5079. (c) Lewis, D. P.; Muller, D. M.; Whitby, 
R. J.; Jones, R. V. H. TetrahedronLett. 1991,32,6797. (d) Hoveyda, A. 
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Scheme 13 

Scheme 14 

sections, we have found30 the following stoi- 
chiometric processes. (i) The reaction of CpZZrClz with 
EtMgBr produces (ethy1ene)zirconocene via 0-H ab- 
straction of CplZrEt2. (ii) (Ethy1ene)zirconocene (15) 
reacts with 1-alkenes in a “pair”-selective and regiose- 
lective manner to give 25. (iii) The zirconacyclopentane 
25 reacts, in turn, with EtMgBr to give 26 and 15 via 
selective transmetalation and 8-H abstraction. When 
these stoichiometric processes i-iii are linked together, 
they add up to the Dzhemilev ethylmagnesiation 
catalyzed by CpzZrCl~~~p~’ (Scheme 13). 

This study triggered our subsequent investigations 
of CpzZrII-catalyzed reactions including (i) a related 
diene cyclization reaction% (eq 16), (ii) head-to-tail 
alkene dimerization% (eq 17), (iii) regioselective ethy- 
lation of allyl ethers50 (Scheme 14), (iv) hydrogenation 
of alkenes40 (eq 18), and (v) hydrosilation of alkenes38 
(eq 19). 

2. 1. CIMqCH2CH2R’. HjO 3% Cp2ZrClp R’ 

H~C-CHR’ (R’ = R2CH2 = n B u  or n-Hex) * C H ~ C ~ C H ~ C H = C H R ~  (17) 

In summary, a novel catalytic concept involving redox 
processes of CpzZr-containing compounds has been 
recognized. It not only helps explain some previously 
known but puzzling catalytic processes but also has led 
to the discovery and development of new catalytic 
processes. Undoubtedly, many additional catalytic 
processes of this class will be discovered and developed 
in the future. 
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