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Cross-Coupling—Elimination Reactions Mediated or Catalyzed by Zirconium
Complexes: A Valuable Tool in Organic Synthesis
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The tandem zirconocene-mediated or -catalyzed cross-coup-
ling—elimination reaction provides an efficient and versatile
procedure for the construction of scaffolds that in many cases
are difficult to access by traditional organic chemistry. In ge-
neral, this process supposes the reaction of two unsaturated
molecules. One of them is coordinated to the zirconocene
and the other one contains a heteroatom at an appropriate
position for the subsequent elimination process.

In this Microreview we discuss the concept of this useful ap-
proach focussing on the reactivity of alkyne-, aryne-, alkene-
and iminezirconocene complexes towards alkenes contain-
ing a heteroatom functionality at the allylic or vinylic posi-
tion. Some examples of heteroatom-substituted alkynes are
also covered.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

The activation of an unsaturated molecule on coordina-
tion to a metal is a fundamental process in organometallic
chemistry, both conceptually and in synthetic applications.
Of all the metals that can be used to effect this activation,
the use of zirconium complexes has rapidly increased in the
last few decades.[!! This special interest in organozirconium
compounds is mainly due to their dual behaviour which
combines typical transition-metal reactions and classical
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carbanion chemistry. The great majority of organozircon-
ium complexes used in organic synthesis are zirconocene
derivatives (Cp,Zr). So, the first synthesis of Cp,ZrCl, by
Wilkinson and Birmingham, reported in 1954,! could be
considered as the birth of organozirconium chemistry. One
of the first applications of zirconocene complexes was as
polymerization catalysts and even at present the largest use
of these complexes is the industrial polymerization of unsat-
urated molecules.}) However, the use of organozirconium
compounds in the synthesis of fine chemicals started in
1970 with the preparation by Wailes and Weigold of zir-
conocene hydrochloride. In extensive work in the mid-
1970s, Schwartz developed the hydrozirconation reaction
which can be considered as the first synthetically useful ap-
plication of zirconocene complexes in organic chemistry.!
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Systematic investigations in the late 1970s and 1980s devel-
oped by Negishi further expanded the synthetic scope of
these complexes.[! Since then, the interest in organozircon-
ium chemistry has been greatly increased due to the unique
ability of these complexes to promote uncommon transfor-
mations.[”]

The zirconocene unit (Cp,Zr) is an unstable 14-electron
species which is generated in situ in most cases from
Cp,ZrCl, by reduction with Mg and HgCL®! or by treat-
ment with two equivalents of an organolithium or Grignard
reagent (Negishi’s procedure).”) The reaction of zir-
conocene with unsaturated molecules gives rise to the corre-
sponding 16-electron unsaturated molecule-zirconocene
complex. As shown in Figure 1 the most common com-
plexes of this kind are the alkyne- (1), alkene- (2) and imine-
zirconocene complexes 3. These complexes may be best
viewed as resonance hybrids between these species 1-3 and
the corresponding three-membered zirconacycle species 4
(Figure 1).
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Figure 1. Unsaturated molecule-zirconocene complexes.

The most typical reactivity of the zirconocene complexes
1-3 is shown in the example in Scheme 1. Thus, the 16-
electron alkynezirconocene complex 1 (represented as its
zirconacyclopropene resonance form) tends to react with
another unsaturated molecule such as the new alkyne 5 to
give the 18-electron complex 6. The subsequent cyclometal-
lation reaction furnishes the corresponding zirconacyclo-
pentadiene derivative 7. Although these complexes may re-
act with many electrophiles, the simplest reaction they un-
dergo is hydrolysis to give the corresponding butadiene de-
rivative 8. Following the same strategy zirconocene com-
plexes 1-3 react with unsaturated molecules (alkynes, al-
kenes, allenes, etc.) to give the corresponding zirconacycle
derivative analogous to 7 which can be further transformed
into an organic molecule by treatment with electrophiles.
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Scheme 1. An example of the typical reactivity of zirconocene com-
plexes. Insertion of alkynes into alkynezirconocene complexes.

In this review article we will focus on the reaction of
zirconocene complexes 1-3 and alkenes or alkynes which
contain in their structures an appropriate functionality that
may act as a leaving group at some point of the reaction
(mainly we will refer to the reactivity of allylic and vinylic
ethers or halides). As we will discuss, in general, these pro-
cesses initiate further reaction pathways analogous to that
1316
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described in Scheme 1. However, the presence of a hetero-
atom at an appropriate position confers particular features
to the mechanisms of the reactions and then interesting
and, in many cases, unexpected products are obtained.

2. Reaction of Allylic-Functionalized Alkenes
and Zirconocene Complexes

2.1 Iminezirconocene Complexes: Reaction with Allyl Ethers

In a paper that appeared in 1990, Whitby and co-workers
reported a single example of the reaction of the n?-imine
complex 12, derived from tetrahydroquinoline, and allyl
ethyl ether 9 to give a mixture of the amino ether 10 and
the homoallylamine 11 in an 8:3 ratio (Scheme 2).1'% The
formation of these two products is explained by the initial
formation of the n?-imine complex 12 through a well-estab-
lished cyclometallation reaction.!'!l Insertion of the double
bond of enol ether 9 takes place regioselectively at the zirco-
nium-carbon bond of 12. However, this insertion process
leads to the two regioisomers 13 and 14 depending on the
orientation of the allyl ether 9 during the insertion step
(Scheme 2). The hydrolysis of intermediate 13 generates
amino ether 10. On the other hand, intermediate 14 evolves
through a process of B-elimination of the alkoxy group to
give, after hydrolysis, the homoallylamine 11.
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Scheme 2. Reaction of an iminezirconocene complex and allyl ethyl
ether.

This reaction was further studied in our group by using
different amines as starting materials.'” Similarly to the
above-commented single example reported by Whitby and
co-workers, regioisomeric mixtures of the corresponding
amino ether and the homoallylamine derivatives are ob-
tained in different ratios depending on the structure of the
initial amine. However, a unique regioisomer is obtained
when the symmetric allylic ether 16 is used. Thus, the reac-
tion of amines 15 with butyllithium and chloro(methyl)-
zirconocene to generate the m?-imine complex 18 followed
by treatment with 1,4-dihydro-1,4-epoxynaphthalene (16)
leads to the formation of amino alcohols 17a,b in high
yields (Scheme 3). Interestingly, compound 17a is obtained
as a single diastereoisomer whereas 17b is isolated as a 1.6:1
mixture of two diastereoisomers. The formation of products
17 is easily understood by regioselective insertion of the
double bond of enol ether 16 into the zirconium—carbon
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Scheme 3. Reaction of iminezirconocene complexes and 1,4-dihydro-1,4-epoxynaphthalene.

bond of 18 to form the zirconaazacyclopentane derivative
19. This intermediate suffers B-elimination of the alkoxy
group to finally generate compounds 17.

2.2 Alkynezirconocene Complexes: Reaction with Allylic-
Functionalized Olefins

Takahashi and co-workers have extensively studied the
reactivity of alkynezirconocene complexes 20 towards al-
lylic compounds 21 (allyl ethers, allylic halides and allylic
acetates) (Scheme 4).'3! This reaction leads to the forma-
tion of 1,4-diene derivatives 23 through a process that glob-
ally can be considered as an allylzirconation of the initial
alkyne 5. Further reaction of organometallic compounds
23 with appropriate electrophiles affords the corresponding
organic substrate 24. The mechanism that explains the for-
mation of these products implies the insertion of the alkene
21 into the alkynezirconocene complex 20 to afford inter-
mediate 22. This reaction is totally regioselective with re-
spect to the alkene 21 as the double bond of theses allylic
compounds is oriented during the insertion process so that
the substituent (X group) is close to the zirconocene moiety.
Finally, B-elimination reaction in 22 results in the formation
of the alkenylzirconocene complex 23.
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Scheme 4. Cross-coupling reaction of alkynes and allylic-function-
alized alkenes mediated by zirconocene.
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Interestingly, the authors developed several methods to
access the alkynezirconocene complexes 20 from the al-
kynes 5 (Scheme 5). The first method supposes the treat-
ment of alkyne 5 with the Negishi reagent (Cp,ZrBu,) in
the presence of a stabilizing compound such as a phos-
phane to generate the complex 25, precursor of 20. For ter-
minal alkynes, this method is not appropriate and so, in
these cases, complexes 20 were obtained by hydrozir-
conation of the alkynes 5 followed by methylation with
MelLi to give 26. The final B-hydrogen abstraction gives rise
to the desired complex 20. Alternatively, the reaction of al-
kynes 5 with Cp,ZrEt, affords the relatively stable zircona-
cyclopentene derivatives 27 which behave like the alkyne-
zirconocene complexes 20. Thus, in the presence of an un-
saturated molecule such as 21 (see Scheme 4) these com-
plexes 27 react to produce intermediates 22 releasing a
molecule of ethene. Finally, the authors have also found
that zirconacyclopentadiene derivatives 28 with a-trimethyl-
silyl groups could also formally be considered as equiva-
lents of the corresponding alkynezirconocene complex 20
(Scheme 5). So, complexes 28 react with alkenes 21 (see
Scheme 4) to afford intermediate 22 releasing a molecule of
bis(trimethylsilyl)acetylene 29.

Cp,ZrBu, R R! 2
5 PMe; | | _ 1. Cp,ZrHCl 5
) o™ Cpszt “H 2. MeLi
aayd MesP (R2 M Me 2+ _Licl
e 25 26

CH,

Me3Si
R R’
Cp,ZrEt, R MesSi B CpyZrBu,
5 = 3 CpyZr — 1 5.
i CpyZr 29 | | R2 R =Me;Si
EtH - MesSi, o %

MC3 Si

Scheme 5. Methods for the preparation of alkynezirconocene com-
plexes.
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The allylzirconation reaction of triple bonds described
above has recently been applied by Liu and Gao in the syn-
thesis of the frans-enediyne derivatives 33 (Scheme 6).['4
The treatment of bis(trimethylsilyl)butadiyne with
Cp,Zr(CH,=CH,), generated in situ from Cp,ZrEt,, leads
to the formation of the zirconacycle 30. In the presence of
an excess of allyloxytrimethylsilane, the alkenylzirconocene
derivative 35 is formed through intermediate 34. The inser-
tion process is doubly regioselective: insertion occurs by lo-
cating the silyl group at the a-position of the zirconacycle
intermediate 34. Also, the double bond of the allyl ether 31
is oriented during the insertion step such that the alk-
oxymethyl substituent is close to the zirconocene moiety.
B-Elimination of the alkoxy group from 34 results in the
formation of intermediate 35. Further reaction of 35 with
alkynyl bromides 32 in the presence of a catalytic amount
of CuCl (5 mol-%) affords the final zrans-enediyne deriva-
tives 33. Remarkably, all of the sequence shown in Scheme 6
can be performed in a one-pot procedure, without isolation
of any intermediate, providing a valuable method for the
stereoselective synthesis of interesting enediyne derivatives.
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Scheme 6. Synthesis of enediyne derivatives mediated by zir-
conocene.

2.3 Arynezirconocene Complexes: Reaction with Allyl
Ethers

Arynezirconocene complexes may be considered as a
particular type of alkynezirconocene complex. Cuny and
Buchwald have shown that these kinds of zirconocene com-
plexes can effect the ring-opening of cyclic allylic ethers to
produce homoallylic alcohols (Scheme 7).1'31 Arynezircono-
cene complexes are readily available by reaction of the cor-
responding aryllithium derivative and methylzirconocene
chloride. Thus, for example, the reaction of 2-methoxyphen-
yllithium and methylzirconocene chloride affords the zir-
conocene 3-methoxybenzene complex 36. The reaction of
this complex with 2,5-dihydrofuran leads to the regioselec-
tive formation of intermediate 37 (the insertion of the allylic
ether occurs at the zirconium—carbon bond of 36 farthest
from the methoxy group). The subsequent B-alkoxide elimi-
nation reaction in 37 gives the cyclic zirconocene complex
38. Final reaction with appropriate electrophiles produces
1318
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the functionalized homoallylic alcohols 39. The global pro-
cess supposes a ring-opening reaction of the initial cyclic
allyl ether.

0 OMe
OMe CoZeMeCl OMe ( 7 Cp,
1; Cp2ZrMe _ Zr ~
ZrCpy 2
0]
36 37
OMe gpz OMe .
" EX OH
—_— —_—
38 _ 39 _

EX (E) = MeOH (H), I, (I)

Scheme 7. Reaction of an arynezirconocene complex and 2,5-dihy-
drofuran.

2.4 Alkenezirconocene Complexes in Stoichiometric
Processes: Reaction with Allylic and Propargylic Ethers

The discovery of the butenezirconocene complex 40 as a
zirconocene equivalent (“Cp,Zr”) is considered to be a cru-
cial achievement in the chemistry of zirconium.! This com-
plex can be easily generated in situ by warming a solution
of Cp,ZrBu,, derived from the reaction of Cp,ZrCl, with
2 equiv. of butyllithium. The studies performed by Negishi
and co-workers on the bicyclization reactions of diallyl
ether by using this reagent led to the accidental discovery
of the formation of the allylzirconocene species.['®) This re-
action was widely studied by Taguchi and co-workers.[!”]
Thus, it has been demonstrated that treatment of allyl
ethers 41 with the Negishi reagent (note that this complex
is a simple alkenezirconocene complex) leads to the forma-
tion of the allylic zirconocene species 43 (Scheme 8). This
reaction proceeds through an initial ligand-exchange pro-
cess that produces intermediate 42 releasing a molecule of
butene. The subsequent B-alkoxy group elimination reac-
tion leads to the corresponding zirconocene complexes 43
(Scheme 8). It is important to remark that in these reactions
the alkene coming from the initial alkenezirconocene com-
plex (Negishi reagent) is not incorporated into the final
product as it is released in the initial ligand-exchange reac-

tion.
CpyZr-— ]HH szlrﬂ)

2 Buli Bu
szZrC12 _— szzr/ Bull
) - Bu
Negishi reagent (40)
OR 40 CpaZr ANF
e ~N [>\/9R — Ot
41 A~z 42 RO 43

Scheme 8. Allylzirconocene complexes from the reaction of allyl
ethers and the Negishi reagent.
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Following this strategy it is also possible to access func-
tionalized y-alkoxyallylic zirconium species 45!'81 and the
v,y-dialkoxyallylic zirconium species 47!!°1 (Scheme 9). The
allylic organometallic compounds 43, 45 and 47 react with
carbonyl compounds to give the corresponding allylic
alcohols 44, 46, and 48, respectively. In this context, the
reactivity of the 7y,y-dialkoxyallylic zirconocene complexes
47 deserves some comment. These complexes react with al-
dehydes at the y-position of the zirconium in the presence
of 0.2 equiv. of a Lewis acid to give the expected alcohol
48. Therefore, the zirconium species 47 functions as the
acryloyl anion equivalent 49. On the other hand, the reac-
tion of complexes 47 with an aldehyde in the presence of
more than a stoichiometric amount of a Lewis acid pro-
duces the gem-dialkoxycyclopropane derivatives 50 in a re-
action in which 47 operates as the dialkoxycyclopropyl
anion equivalent 51.12%
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N ZrCp,OR R! J\/\
43 (fn=1 44

o~ Z1Cp,0R - RICHO

AR s

RO ZrCp,OR R!CHO
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- Y\(En =3)

R A
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(ifn=2)
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BF; OB,  ROGOR
RICHO
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TMSOTE
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OH OR @(\
OR J o< OR
R! 49 51
50

Scheme 9. Synthesis and reactivity of allylzirconocene complexes.

In a clever extrapolation of these reactions, Taguchil?!l
and Paquette!??! and their co-workers demonstrated that 5-
vinylpyranosides and 4-vinylfuranosides, exemplified by 52
and 55, are cleanly and efficiently transformed under treat-
ment with the in situ formed Negishi reagent 40 and boron
trifluoride etherate into vinylcyclopentanol 53 or vinylcy-
clobutanol 56 (Scheme 10). The high stereoselectivity of
these processes is attributed to non-bonded interactions
that favour intermediates 54 and 57. These neat transforma-
tions can be considered as zirconium-mediated ring-con-
traction reactions that transform heterocycles (the sugar de-
rivatives) into carbocycles.

The extensive studies on the reactivity of allylic systems
and alkenezirconocene complexes led Hanzawa and co-
workers to evaluate the reactivity of the aromatic n-conju-
gated system of styrene derivatives 58 which bear an olefin
and an alkoxy leaving group (Scheme 11).1* Thus, the reac-
tion of these styrene derivatives 58 with the Negishi reagent
40 produces the tetracyclic compound 59 through a formal
dimerization process. However, in the presence of an excess
of styrene derivatives 60, the heterocoupling product 61 is

Eur. J. Org. Chem. 2008, 1315-1329
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Scheme 10. Zirconium-mediated ring-contraction reactions: from
sugars to carbocycles.

obtained with high regio- and stereoselectivity. The precise
reaction mechanisms for the formation of these products
have yet to be elucidated.

Me_ Me

€

Me_ Me
Me_ Me
o 40
R —
= Ar/\ Ar
60 M
61 ¢

58

Scheme 11. Reaction of styrene derivatives and the Negishi reagent.

Propargylic ethers 62 react with in-situ-formed butenezir-
conocene complex 40 (Negishi reagent) in a similar way to
that described for allyl ethers (see Scheme 8).I'” So, an ini-
tial ligand exchange process leads to intermediate 63 releas-
ing a molecule of butene (Scheme 12). The subsequent B-
alkoxy elimination reaction gives the allenylzirconocene de-
rivatives 64. It is interesting to note the different reaction
profile depending on the nature of the alkenylzirconocene
complex that is treated with the propargyl ethers 62. As
already mentioned, when the butenezirconocene complex is
used, allenylzirconocene complex 64 is formed. In this reac-

OR
CpyZr ,
40 /’\r ~OR CpZt

R! 2 i = 2

OR 63 R 64 R

2 2
e R R _COR —c
65 ( R!

~
CpyZr CpoZr
RO
I 66 67
CpyZr~-1| CpoZr=i
40 65

Scheme 12. Allene derivatives from the reaction of propargylic
ethers and alkenezirconocene complexes.
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tion the butene moiety of 40 is not incorporated into the
final product 64. However, when the ethenezirconocene
complex 65 is used,?¥ an initial insertion reaction leads to
the zirconacyclopentene derivative 66. This complex evolves
through a B-alkoxy elimination reaction to give the new zir-
conocene complex 67. As shown, the product 67 incorpo-
rates into its structure the ethene moiety coming from the
complex 65 (Scheme 12).

2.5 Alkenezirconocene Complexes as Catalysts in the
Reaction with Allyl Ethers

Apart from polymerization reactions there are not many
processes catalyzed by zirconocene complexes. This could
be due to the fact that in general it is more difficult to de-
velop catalytic reactions with high turnover numbers with
early transition metals such as zirconium than it is with late
transition metals such as palladium. However, some of the
most interesting catalytic processes in the field of organozir-
conium chemistry make use of alkenes with a leaving group
at the allylic position (usually allyl ethers). The most repre-
sentative reactions of this kind are summarized in the next
sections.

2.5.1 Intermolecular Catalytic Alkylations

Hoveyda and co-workers have reported an interesting
asymmetric zirconium-catalyzed carbomagnesation reac-
tion of cyclic allylic ethers which affords lineal alcohols with
exceptional levels of regio- and enantioselectivity.”>! As il-
lustrated in Scheme 13, in the presence of 2.5-10 mol-% of
non-racemic ethylene[bis(tetrahydroindenyl)]zirconium di-
chloride [(ebthi),ZrCl,] 69 and excess ethylmagnesium chlo-
ride as the alkylating agent, five-, six- and seven-membered
cyclic allyl ethers 68 undergo facile asymmetric ethyl-
magnesation to give the lineal alkenol derivatives 70.

/_\ 2.5-10 mol-% ) \‘l
) D—1U mol-7 4 Y
o' 2 equiv. EtMgCl )y, 70
68 ClMgo™ "

n=1273 ee =92->97%

Scheme 13. Asymmetric zirconium-catalyzed carbomagnesation re-
actions of cyclic allylic ethers.

In the catalytic cycle proposed,”®! the asymmetric car-
bomagnesation is initiated by the formation of the chiral
ethene—(R)-(ebthi)zirconocene complex 71 upon reaction of
the initial zirconium dichloride complex 69 with ethylmag-
nesium chloride (Scheme 14). Coupling of the chiral com-
plex 71 with cyclic allyl ethers 68 leads to the metallacyclo-
pentane intermediate 72. Reaction of this complex with eth-
ylmagnesium chloride affords the zirconate 73, which un-
dergoes zirconium-magnesium exchange to yield intermedi-
ate 74. Subsequent B-hydride abstraction accompanied by
1320
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intramolecular magnesium alkoxide elimination leads to the
release of the carbomagnesation product 70 and regenera-
tion of the chiral catalytic species 71. Detailed studies indi-
cate that zirconacyclopentane intermediates such as 72 do
not undergo spontaneous elimination to give the corre-
sponding zirconocene alkoxide, so zirconium-magnesium
exchange is likely to be a prerequisite for the alkoxide elimi-
nation and formation of the terminal alkene.

68 LZr/W \L\Zr/v
N U TC e

4 )) CiMe L ) )
O n O n

6 2 EtMgCl \\\\ 7 73

. ‘~‘\
’/\\ H. 7zl ZiL
Mg cMeg
—=H
)

N IR
L = (R)-(ebthi) o™ 0) b
74

Scheme 14. Mechanism of the zirconium-catalyzed carbomagnes-
ation reaction of cyclic allylic ethers.

Hoveyda and co-workers have used this stereoselective
ethylmagnesation reaction as the key step in the synthesis
of the antifungal agent fluvirucin.*”] Also, in a wise exten-
sion of this protocol, the same group has developed a
method for the kinetic resolution of cyclic allylic ethers.[?%]

Despite the demonstrated utility of this catalytic carbo-
magnesation in stereoselective synthesis, a notable short-
coming of the process is that alkyl Grignard reagents other
than ethylmagnesium halides are less efficient or fail to par-
ticipate in the reaction. To overcome this limitation, Hov-
eyda and co-workers have developed a new zirconium-cata-
lyzed electrophilic alkylation reaction of allylic ethers. In
this process various electrophiles are used in the presence
of a Grignard reagent and 5-10 mol-% of zirconocene di-
chloride.”! For example, treatment of chromene (75) (an
allylic ether) with 2 equiv. of butylmagnesium chloride and
isopropyl tosylate (76) in the presence of 5 mol-% of zir-
conocene dichloride affords the phenol derivative 77
(Scheme 15). At this point it is important to compare this
reaction with the carbomagnesation reaction shown in
Scheme 13. The main difference is that in one case the alkyl-
ating agent is a nucleophile (EtMgCl, see Scheme 13) and
in the other case the alkylating agent is an electrophile (the
tosylate, Scheme 15).

5 mol-% Cp,ZrCl,
O

2 equiv. BuMgCl _
>70TS
75 76
Scheme 15. Zirconium-catalyzed electrophilic alkylation reaction of
cyclic allylic ethers.

The mechanism that explains the zirconium-catalyzed
electrophilic alkylation reaction is shown in Scheme 16.
First, as discussed before (see Scheme 8), a mixture of bu-

Eur. J. Org. Chem. 2008, 1315-1329
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tylmagnesium chloride and zirconocene dichloride pro-
duces the Negishi reagent 40. In the presence of chromene
(75), a ligand-exchange reaction to give complex 78 is pro-
posed. In the presence of an excess of butylmagnesium
chloride the zirconate intermediate 79 is formed. These spe-
cies may be in equilibrium with the bimetallic complex 80,
which in the presence of the alkylating agent 76 gives the
new zirconocene complex 81. Further reaction with butyl-
magnesium chloride regenerates the zirconium catalytic spe-
cies releasing the organomagnesium intermediate 82 which,
after a B-alkoxy elimination reaction and hydrolysis, leads
to the final products 77.

Cp,ZrCl, + 2 BuMgCl

BuH l
E ,Bu
CpZZr
CpaZr=-il 40 Bu

75
AN
Zl’sz
: :0
o8

MgCl
P
BuMg,Cl

©;g/ ZrCp,Bu

20~)
?&76 OMgCl
al 83 e

BuMgCl
©2:CpBu Me
< @ ZrCp,Bu H
MgCl =—=
o 77
0 79 80

Scheme 16. Mechanism of the zirconium-catalyzed electrophilic al-
kylation reaction of cyclic allylic ethers.

2.5.2 Intramolecular Catalytic Alkylations: Coupling—
Elimination Processes

In 1994 Waymouth and Takahashi and co-workers inde-
pendently reported a similar zirconocene-catalyzed intra-
molecular cyclization reaction of 1,6-dienes 84 bearing a
terminal double bond and an allylic ether moiety that gives
the products 85 (Scheme 17).?% The reaction proceeds

~F OR  cat. Cp,yZiCl, iji\
X X
\/\ BuMgCl
84 85

X= CHj,, NPr, NPh

84

O
et

f oe

P
S~F
X ZrCp, M ersz
S 8 H
86
COrR
&; BuMgCl
X ZGC2 ZGCZ
87

Scheme 17. Zirconocene-catalyzed intramolecular cyclization reac-
tion of 1,6-dienes containing an allylic ether.
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through the initial formation of the Negishi reagent 40 by
the reaction of zirconocene dichloride with 2 equiv. of bu-
tylmagnesium chloride as discussed above (Scheme 8). Fur-
ther ligand-exchange reaction furnishes intermediate 86
which cyclizes to form the bicyclic complex 87. The subse-
quent B-alkoxy elimination accounts for the vinyl function-
ality in intermediate 88. In the presence of butylmagnesium
chloride this intermediate evolves to give the new zir-
conocene complex 89 through a simple ligand exchange. Fi-
nally, a B-hydrogen abstraction reaction leads to the prod-
uct 85 and regeneration of the catalytic species 40.

The asymmetric version of this reaction has been devel-
oped by Hoveyda and co-workers.3!) Depending on the
structure of the substrate diene, exceptional levels of dia-
stereoselectivity and enantioselectivity are attained.

The coupling-elimination reaction shown in Scheme 17
has been applied as the key reaction in the synthesis of
some interesting natural products.??

3. Reaction of Vinylic-Functionalized Alkenes
and Zirconocene Complexes

3.1 Iminezirconocene Complexes: Reaction with Enol Ethers

As previously discussed (see section 2.1), iminezir-
conocene complexes 92 are easily obtained from the reac-
tion of amines 90 with butyllithium and chloro(methyl)-
zirconocene (Scheme 18). This process affords in first place
the methylzirconocene amide 91 which evolves through -
abstraction of hydrogen to give iminezirconocene com-
plexes 92 and a molecule of methane.'!l Reaction of these
complexes with enol ethers 93 leads, after hydrolysis, to the
formation of the new allylamines 96.I'?! This reaction is
thought to proceed through the regioselective insertion of
the double bond of the enol ether 93 into the zirconium-—
carbon bond of 92. Moreover, the insertion of enol ether
93 occurs with the appropriate orientation to furnish the
zirconaazacyclopentane 94. B-Elimination of the alkoxy
group leads to the zirconocene complex 95 which after hy-
drolysis afford allylamines 96.

R! g2 1
RL__H ; R
N 1. BuLi /I{I_<
kRz 2. CpyZr(Me)Cl CpyZr. . H W CpQZr\]\
CH; CH,
90 91 92
OR
—/ Rl Rl R Rl
RN RA_N H' R _NH
. gj/\r\/ZGCz )/ (%);sz )/
94 95 9

Scheme 18. Reaction of iminezirconocene complexes and enol
ethers.

Interestingly, when 2,3-dihydrofuran (98) is used as the
starting enol ether, amino alcohol derivatives such as 99
containing a Z double bond in their structure are easily
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isolated. Conventional modification of these amino
alcohols allows the straightforward synthesis of 2-substi-
tuted piperidines. By applying this method, a formal total
synthesis of the alkaloid coniine was easily achieved from
the protected butylamine 97 (Scheme 19).11%!

1. BuLi N
PMP< I\E/\ 2. CpyZr(Me)Cl —
o) HO
| N
97 (7 08 PMP H
99 coniine

PMP = 4-methoxyphenyl

Scheme 19. Zirconocene-mediated synthesis of piperidine deriva-
tives: synthesis of coniine.

3.2 Alkynezirconocene Complexes. Reaction with
Heterosubstituted Alkenes and Alkynes

The first reported example of the reaction of an alkyne-
zirconocene complex and heterosubstituted olefins was
published in 1995 by Barluenga et al.[>3] In this reaction the
treatment of N-(2-bromoallyl)-N-methylaniline (100) with
tert-butyllithium followed by the addition of chloro(meth-
yl)zirconocene and further reaction with butyl vinyl ether
or vinyl bromide gives, after treatment with iodine, the 1,3-
butadiene 101 (Scheme 20).

1. (BuLi Ph
Ph\N/\]/ 2. CI(Me)ZtCp, MY
|
Me Br 3=\ 17
100 4 Y 101

Y = OBu, Br

Scheme 20. Synthesis of 1,3-butadiene derivatives from bromo-
alkenes and heterosubstituted alkenes.

The mechanism of this process implies the initial forma-
tion of the organolithium compound 102 by treatment of
the bromide 100 with ferz-butyllithium (Scheme 21). This
organolithium 102 reacts with zirconocene methyl chloride
to give the methyl(vinyl)zirconocene complex 103. Subse-
quent B-abstraction of hydrogen leads to the zirconacyclo-
propene derivative 104 releasing a molecule of methane.
The insertion of the double bond of the vinyl ether or vinyl
bromide takes place regioselectively at the less hindered zir-
conium—carbon bond of 104 leading to intermediate 105.
Moreover, this reaction is also regioselective with respect to
the enol ether (or vinyl bromide): the double bond is ori-
ented during the insertion step so that the oxygen (or bro-
mine) atom is far away from the zirconocene moiety. B-Eli-
mination reaction in 105 results in the formation of the di-
enylzirconocene derivative 106. Finally, the reaction with an
electrophile (iodine in this case) leads to the final product
101 (Scheme 21).
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Ph\N/\( Cl(Me)ZrCp, Ph‘N/%H Ph\N/\{I .
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l\l/[e X Me Cp,Zr- Me ) I\l/le 7rCp,

100 (X =B 104
BuLi (X=Bn) CH,
102 (X = Li)
Ph Ph Ph
Y -N N _N
W Me Me Me
N _ b
szZr\' Cpyzr” ™ 177N
Yy Z =
Y=0BuBr 105 Y 106 101

Scheme 21. Mechanism of the reaction of bromoalkenes and het-
erosubstituted alkenes mediated by zirconocene.

These initial studies were followed by a deeper investiga-
tion into the reaction of alkynezirconocene complexes and
alkenyl bromides.**! These studies demonstrated a more
complex process than that described in Scheme 21. Thus, it
was shown that the reaction of alkynezirconocene com-
plexes 108, which are obtained by the reaction of alkenyl-
lithium compounds 107 and zirconocene methyl chloride,
with alkenyl bromides 109 gives dienes 110 and/or 111 de-
pending on the structure of both the starting alkenyllithium
derivative 107 and the alkenyl bromide 109 (Scheme 22).
Interestingly, when alkyl-substituted vinyl bromides are
used, the reaction exclusively leads to dienes 111.

1 _Br

R R
Li
Cl(Me)ZrC X
1& CpaZr l _— and/or "X
I R 2EX EF
107 R 108 ¢ B g

110 111

Scheme 22. Different 1,3-butadiene derivatives from the reaction of
alkynezirconocene complexes and bromoalkenes.

The formation of dienes 110 and 111 can be explained
by the mechanism shown in Scheme 23. First, the reaction
of organolithium compound 107 with zirconocene methyl
chloride generates the zirconacyclopropene complex 108
through a ligand-exchange reaction followed by B-abstrac-
tion of hydrogen. Insertion of the double bond of the alk-
enyl bromide 109 takes place regioselectively at the less hin-
dered zirconium-carbon bond of 108. However, depending
on the orientation of the vinyl bromide during the insertion
step, two different zirconacyclopentene derivatives, 112A or

R R
109 > Xy, EX
Cpyzi Y Bl Br — = 110
— CpyZr .z
1112A 113
CpZZr<u R R!
108 R! (iBr CBé R 1 EX
109 R CpyZr
/ T CpyZr .z R!
R" 1128 R 114 115

Scheme 23. Mechanisms of the reaction of alkynezirconocene com-
plexes and bromoalkenes.
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112B, can be obtained. Intermediate 112A evolves through
B-elimination of the bromine to give the dienylzirconocene
complex 113, which gives diene 110 after reaction with an
electrophile. Note that this mechanism is analogous to that
described for the reaction of alkynezirconocene complexes
with butyl vinyl ether or vinyl bromide (see Scheme 20 and
Scheme 21). On the other hand, the formation of dienes
111 from intermediate 112B can be understood through an
intramolecular migratory insertion process which affords
cyclobutenezirconocene complex 114. Thermal cleavage of
the cyclobutene complex gives dienylzirconocene complex
115 which, after reaction with an electrophile, furnishes
diene 111. Experimental support for this mechanism was
found by the isolation, under appropriate reaction condi-
tions, of several cyclobutenes derived from complex 114.534

Takahashi and co-workers have also been involved in the
study of the reaction of alkynezirconocene complexes and
heterosubstituted alkenes (enol ethers and alkenyl ha-
lides).133] This work differs from that developed by Bar-
luenga and co-workers described above in the method used
for the generation of the alkynezirconocene complex. As
shown in Scheme 24, treatment of alkynes 5 with diethylzir-
conocene and further reaction with an enol ether (or vinyl
bromide) leads, after reaction with an electrophile, to dienes
116 (or a mixture of dienes 116 and 117 when vinyl bromide
is used). In this case, the reaction evolves through the initial
in situ transformation of Cp,ZrEt, into Cp,Zr(CH,=CH,).
In the presence of alkynes 5, an insertion reaction occurs
to give zirconacyclopentene derivatives 118. The ethylene
moiety of 118 is easily replaced by unsaturated compounds
such as enol ethers or vinyl bromide to give the new zircon-
acyclopentene derivatives 119 or 120 depending on the ori-
entation of the double bond during the insertion process.
A B-elimination reaction in 119 leads to dienes 116 and
an intramolecular migratory insertion reaction in 120
leads to dienes 117 through cyclobutane derivatives 121
(Scheme 24).

1. szZI‘Etz 1 2
9. /\X R! R2 R R
l=— 2 — and/or E <
R R 3.EX E — 4 \
5 116 E 117
X=0R, Br
1 1 1 2
" R RO ORL_R
R R 2
AN RY |Cppza’ N Cp,Zr )\ —
CpQZr /\V Cp,Z
p2sr
X X< X
118 119 120 121

Scheme 24. Coupling reaction of alkynes and enol ethers or bromo-
alkenes mediated by zirconocene.

As an extension of this work, Takahashi and co-workers
have developed an interesting alkynylzirconation reaction
of alkynes through the reaction of an alkyne 5 with diethyl-
zirconocene and an alkynyl halide 122a (Scheme 25).13¢! The
reaction follows a mechanism analogous to those previously
described which implies the formation of a zirconacyclo-
pentadiene derivative 125 with a halogen at the B-position
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followed by B-halogen elimination to give metallated enyne
derivatives 123. Compounds 123 react with different elec-
trophiles (H,O, I,, allyl chloride, benzoyl chloride, etc.) to
give the corresponding functionalized enyne derivatives. An
attractive application of this method is the one-pot synthe-
sis of (Z)-enediynes 124 by treatment of the intermediate
zirconocene complex 123 with a second alkynyl halide 122b
in the presence of a catalytic amount of CuCl (Scheme 25).

1

I 1. CpyZiEty 122b
e
) R— szzr Towa // \\
R2 122 3 R 10 mol-% RY

X =Cl, Br
L RZ 122a

CpQZ _— CpZZr,‘

118 R'pp5 ¥

Scheme 25. Coupling reaction of alkynes and alkynyl halydes medi-
ated by zirconocene: synthesis of (Z)-enediynes.

3.3 Arynezirconocene Complexes: Reaction with
Heterosubstituted Alkenes

In the course of the studies carried out by Barluenga et
al. on the reactivity of zirconocene complexes and hetero-
substituted alkenes, we have found that arynezirconocene
complexes exemplified by 36 react with butyl vinyl ether
to give the styrene derivatives 126 as single regioisomers
(Scheme 26).1371 This process supposes an easy functionali-
zation of the aromatic ring by the selective introduction of
a vinyl moiety and an electrophile at two adjacent positions
of the initial aromatic ring. The reaction proceeds by the
formation of the intermediate 128 which evolves through
B-alkoxy elimination. This process is doubly regioselective:
insertion occurs at the zirconium—carbon bond of 36 that
is farthest from the methoxy group and the double bond of
the enol ether is oriented during the insertion step so that
the oxygen atom is far away from the zirconocene moiety.
This reaction has been extended to the use of different aryl-
lithiums and enol ethers as starting materials. Particularly
interesting is the employ of cyclic enol ethers since function-
alized (Z)-alkenol derivatives are easily obtained.

Interestingly, when this reaction is performed with alk-
enyl bromides 109 instead of enol ethers, cyclobutabenzene
derivatives such as 127 are isolated in a totally regio- and
diastereoselective way (Scheme 26).13%1 Again, the process
supposes an easy functionalization of two adjacent posi-
tions in the starting aryllithium. In this case, the reaction
proceeds through the regioselective formation of intermedi-
ate 129 which evolves, as in some other cases described be-
fore, through an intramolecular migratory insertion process
to give the cyclobutabenzene derivatives 127.
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OMe
Y

@E/
OMe 2.EX =
126
ZrCp, . R\/\ OMe
Br E
36 L 109 @:[

—_

OMe
Li Cp,yZrMeCl

2. EX
OMe Cp OMe Cpy 127 R
%r \Zyr F‘Br
128 (OBu 129 R

Scheme 26. Reaction of arynezirconocene complexes and hetero-
substituted alkenes.

3.4 Alkenezirconocene Complexes: Reaction with
Heterosubstituted Alkenes and Alkynes

Marek and co-workers have been involved for a few years
in a comprehensive study of the reaction of heterosubsti-
tuted alkenes 130 and alkenezirconocene complexes (in par-
ticular the Negishi reagent 40). As shown in Scheme 27 the
reaction of the Negishi reagent 40 with vinyl alkoxides,*’!
sulfides, sulfoxides, sulfones*! or chlorides!*'l and also with
silyl-*?l or tosyloxydienes*3! supposes a straightforward
method for the preparation of alkenylzirconocene com-
plexes such as 132. Initially, this interesting transformation
was thought to proceed through a formal exchange of the
olefinic ligand to generate a new alkenezirconocene com-
plex followed by B-elimination of the alkoxide.’®! Further
investigations in this field seem to indicate that this reaction
occurs through a carbometallative ring-expansion, which
generates the intermediate 131, followed by an elimination
reaction.[*4

(X
1 R! 1
R CpZr] 40 “ B-elimination R
- =~ . ﬁ» —

\:\ 1‘« ZrCpy
X —
131 N\

carbometallative
ring expansion

130 X 132
X = OMe, OSiR3, SR, SOR, SO,R, Cl EX
EX (E) = H,0 (H), D,O (D), I, (I), RHal (R) "

133 E

Scheme 27. Alkenylzirconocene complexes from heterosubstituted
alkenes and the Negishi reagent.

Alkenylzirconocene complexes 132 react with electro-
philes to afford the new functionalized alkenes 133
(Scheme 27). So, globally the process from alkenes 130 to
alkenes 133 supposes a formal substitution reaction of the
heteroatom of 130 by the corresponding electrophile. Al-
though conventional electrophiles such as water, deuterium
oxide or iodine may be used, more appealing is the transme-
tallation of zirconium to copper, zinc or palladium in order
to perform carbon-carbon couplings.

Marek and co-workers have also developed a reaction for
the synthesis of dienylzirconocene complexes 135 from non-
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conjugated unsaturated enol ethers 134 (Scheme 28).[%]

This methodology is based on a tandem allylic C-H bond
activation—elimination sequence. As expected, the reaction
of organometallic compounds 135 with appropriate electro-
philes, like those shown in Scheme 27, leads to function-
alized dienes 136 (Scheme 28).

R
\ L N A
n n 7iC n

M. -21Cp, E
134 OMe MeO™ 135 136

Scheme 28. Dienylzirconocene complexes from non-conjugated un-
saturated enol ethers.

Totally different reaction pathways were found by Bar-
luenga and co-workers when cyclic enol ethers were used. !
Thus, the reaction of alkenezirconocene complexes 138,
generated by the reaction of zirconocene dichloride and
2 equiv. of alkyllithium compounds 137, with five-mem-
bered cyclic enol ether 139 and further reaction with an
electrophile furnishes the new alcohol derivatives 140 in
high yields. When the same reaction is performed using the
six-membered cyclic enol ether 141, cyclobutane derivatives
142 are isolated in high yields and as unique diastereoiso-
mers. Finally, the reaction of alkenezirconocene complex
138 and seven-membered cyclic enol ethers 143 leads to the
formation of cyclohexane derivatives 144 in high yields and
as single diastereoisomers (Scheme 29).

) R
CpyZrCl, + 2 R/lg/]"]ﬁ» Cp2Zr“'W -~ CPZer
N 138

1. O
E
§\ ?139 U
2.EX R N\—""140
0
0, -
141 OH

138 142
2. EX 10

R

Scheme 29. Reactions of alkenezirconocene complexes and cyclic
enol ethers.

It is interesting to note the different behaviour of cyclic
enol ethers (139, 141 or 143 in Scheme 29) and acyclic enol
ethers (see Scheme 27) when they react with alkenezir-
conocene complexes (40 or 138). Thus, with acyclic enol
ethers, no incorporation of the alkene moiety of the starting
zirconocene complex is observed in the final product (see
Scheme 27). Formally, in these cases, the process supposes
a simple substitution of the alkoxy group of the enol ether
by the zirconocene group. On the other hand, the reaction
with cyclic enol ethers leads to products 140, 142 or 144
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that incorporate into their structures the alkene from the
zirconocene complex 138 (Scheme 29).

The mechanism that explains the formation of com-
pounds 140, 142 and 144 is shown in Scheme 30. For the
formation of alcohols 140, an initial insertion of the double
bond of enol ether 139 into the zirconium-secondary car-
bon bond of zirconacyclopropane 138 to generate the bicy-
clic intermediate 145 is considered. This intermediate
evolves through a B-elimination of the alkoxy group to form
the oxazirconacyclooctene derivative 146. The final ad-
dition of the electrophile leads, after hydrolysis, to the (Z)-
alkene derivatives 140. It is important to remark that this
process is doubly regioselective. On one hand, the insertion
only occurs at the Zr—C bond of 138 which implies the more
substituted carbon is attacked, while conversely, the reac-
tion is also regioselective with respect to the enol ether 139:
the double bond is orientated during the insertion step with
the oxygen atom far away from the zirconocene moiety
(Scheme 30).

H,
139 CpZZr E o
P
145 R 146 140
1 e 71 1) EX
138 P2t DEX_E
D
148 R 142 R
2 DEX R _~
O 1D (e
0 U > 7 on
Cr E
P2 50 144

Scheme 30. Mechanisms of the reactions of alkene-zirconocene
complexes and cyclic enol ethers.

The generation of cyclobutane derivatives 142 from the
six-membered enol ether 141 can be explained by an inser-
tion of the double bond of this enol ether into 138 to pro-
duce the bicyclic intermediate 147. An intramolecular mi-
gratory insertion process generates intermediate 148 which,
after reaction with an electrophile and hydrolysis, affords
cyclobutane derivatives 142. Again, the insertion process is
regioselective with respect to the zirconacyclopropane 138
with the reaction occurring at the more substituted Zr-C
bond. The reaction is also regioselective with respect to the
enol ether 141 since the double bond of this enol ether is
orientated so that the oxygen atom is close to the zir-
conocene moiety (note that the orientation of the enol ether
is the contrary to that observed for five-membered enol
ethers) (Scheme 30).

A plausible mechanism for the reaction of in situ formed
alkenezirconocene complexes 138 and aryl-substituted
seven-membered cyclic enol ethers 143 implies, again, a
doubly regioselective insertion reaction to generate the bicy-
clic derivative 149. This intermediate evolves through an in-
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tramolecular migratory insertion process to give 150. This
process supposes a formal ring-contraction of the initial
seven-membered cyclic enol ether. At this point it is impor-
tant to note the different evolution of the relatively similar
intermediates 147 and 149. Although in both cases an intra-
molecular migratory insertion reaction is proposed, note
that the carbon-zirconium and carbon—-oxygen bonds im-
plied in this process are not the same. Reaction of interme-
diate 150 with the corresponding electrophile and hydrolysis
furnishes the cyclohexanol derivatives 144. Interestingly, in
order to justify the high stereocontrol observed in the for-
mation of 144 (four new chiral centres are formed in a selec-
tive way) it is supposed that the zirconocene complex 138
approaches the double bond of the enol ether 143 (to form
149) from the same face as that on which the aryl group is
placed (Scheme 30). The mechanism of this unusual trans-
formation is supported by theoretical calculations.[46®!
Cyclobutene derivatives have also been obtained by Tak-
ahashi and co-workers in the zirconocene-mediated or -cat-
alyzed reaction of ethylmagnesium bromide and alkynyl ha-
lides.[*”] So, for example, reaction of alkynyl chloride 151
with ethylmagnesium bromide and zirconocene dichloride
furnishes different cyclobutene derivatives 152 depending
on the electrophile used in the last step of the reaction
(Scheme 31). This reaction proceeds through the initial for-
mation of ethenezirconocene complex 65 that reacts by in-
sertion of the alkyne 151 to give the a-halozirconacyclopen-
tene intermediate 153. An intramolecular migratory inser-
tion reaction accounts for the formation of the cyclobutane
derivative 154. The final reaction with the electrophile ac-
counts for the formation of products 152 (Scheme 31).

1. EtMgBr (3 equiv.)

Cp,ZrCl, (1.25 equiv.) E CeHi3

CI%C(,H]} Er

151 2. EX 152
EX (E) = I (I). Hy0 (H) D,0 (D), Phl (Ph),

al ™S (-$=—Twms)
D ] [
CpoZr--]| ozl TS 613 CpoZr CeHs
65 P2t Inf
153 154

Scheme 31. Cyclobutene derivatives from alkynyl chlorides and in
situ formed alkenezirconocene complexes.

3.5 Intramolecular Reactions of Alkenezirconocene
Complexes and Heterosubstituted Alkenes

It is well known that the reaction of 1,6-dienes 155 with
a zirconocene equivalent furnishes the corresponding zir-
conabicycle 156 (Scheme 32).481 When this zirconabicycle
intermediate contains a f-leaving group it evolves, through
an elimination reaction, to provide in a very simple way
interesting structures that in many cases are difficult to ob-
tain by traditional procedures. The B-leaving group (see
156A) may come from a 1,6-diene 155A with a heteroatom
1325
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at an allylic position. The reactivity of this kind of diene
has already been discussed in Section 2.5.2 of this review.
Alternatively, the -leaving group (see 156B and 156C) may
come from 1,6-diene 155B or 155C with a heteroatom at a
vinylic position. These possibilities will be analyzed in the
next sections.

S~Freplrt ~FE
R —— K 7xCp, R<I>ZGC2
\/\ \/\\,\'
155 156
(X
X “x I~ <
R\/\X — R ZrCp,
= 3 N
] . e 155B 156B
- P2
\;5: 156A X~ ore
R — r ZrCp,
See section 2.5.2 \/\
155C 156C

Scheme 32. Reactivity of different 1,6-diene derivatives and zir-
conocene.

3.5.1 Stoichiometric Reactions: Zirconocene-Mediated
Cyclization—-Elimination Reactions

We have already discussed in Section 2.5.2 how Waym-
outh and co-workers have developed a catalytic cyclization—
elimination reaction of dienes that contain a leaving group
(methoxy group) at an allylic position. In an extension of
this work, in 1997 the same group published a related reac-
tion that involved the use of dienes containing a leaving
group (bromine) at a vinylic position (general structure sim-
ilar to 155B in Scheme 32).[*1 Thus, for example, reaction
of bromodiene 155a with the Negishi reagent 40 as the zir-
conocene equivalent, followed by treatment with an electro-
phile, gives the pyrrolidine derivative 157 (Scheme 33). The
reaction implies the formation of intermediate 156a which
evolves through a B-bromo elimination reaction to give the
new zirconocene complex 158. Reaction of this intermediate
with the electrophile leads to the corresponding product

157.
I~ L. szzrj)m

Ph—N Br
\/\ 2.EX
155a 157
EX (E) = H,0, (H), D,0 (D)

(Br
< o ppN Br
ZrCp, ZrCp,

Ph—N
156a 158

Scheme 33. Cyclization—elimination reactions of 1,6-diene deriva-
tives containing a vinylic bromine atom.

Takahashi and co-workers have developed a similar reac-
tion employing 1,7-dienes 159 (Scheme 34).55% Interestingly,
these authors found that the (cycloalkenyl)alkyl zirconium
compounds obtained in the first step of the reaction evolve
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in the presence of methylaluminoxane (MAO) and an al-
kyne 161 to give the tetrahydroindene derivatives 162. The
mechanism for the formation of zirconocene complexes 160
is similar to that described in Scheme 33. To explain the
transformation of these intermediates into the final prod-
ucts 162 the authors propose the sequence shown in
Scheme 34. Thus, in the presence of MAO complexes 160
are transformed into the cationic species 163. Insertion of
the alkyne 161 into the Zr-C(sp®) bond of 163 gives com-
plexes 164. A second insertion reaction of the exo-methyl-
ene moiety into the Zr—C(sp?) bond affords intermediates
165 which by reaction with an appropriate electrophile fur-
nish the products 162 (Scheme 34).

)

cl R cl LR

CpyZr” 161 R
SR a0 7 R MAO i
2.EX R
E
159 60 R 162
@erp2 1 R
R 161 R R
— R
Cpalr R ZiCp,
164 165 @

Scheme 34. Cyclization—elimination reactions of 1,7-diene deriva-
tives: synthesis of tetrahydroindene derivatives.

Owen and Whitby have also reported the cyclization—eli-
mination reaction of 2-heterosubstituted 1,6-dienes and 1,6-
enynes in which the heteroatom (f-leaving group) may not
be only a halogen atom but also an alkoxy group.’! In the
example shown in Scheme 35, the dihydrofuran derivative
166 reacts with the Negishi reagent to give after hydrolysis
the cyclopentane derivative 167 bearing an exocyclic double
bond and an alcohol functionality. This reaction proceeds
through the formation of intermediate 168 that evolves
through B-alkoxy elimination to give complex 169. The final
hydrolysis step accounts for the formation of products 167
(Scheme 35).

2. H,0
N OH
166 167
74
— 0
Zr
169 P2

Scheme 35. Cyclization—elimination reaction of 2-alkoxy-substi-
tuted 1,6-diene derivatives.

3.5.2 Catalytic Reactions: Zirconocene-Catalyzed
Cyclization—Elimination Reactions

All the intramolecular reactions commented upon in the
last section involved the use of stoichiometric amounts of
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zirconium complexes and a starting diene derivative in
which the leaving group is not part of the linking chain
(general structure 155B in Scheme 32). As part of our ongo-
ing studies in this field, we became interested in the reactiv-
ity of dienes such as 155C (see Scheme 32) in which the
leaving group is part of the chain.’?l Our final goal was the
development of new reactions that use only catalytic
amounts of zirconium complexes.

In this context, we have developed a new zirconocene-
catalyzed isomerization-magnesation reaction of readily
available alkene-substituted enol ethers 170 (Scheme 36).13
Thus, the treatment of starting enol ethers 170 with 3 equiv.
of propylmagnesium chloride in the presence of 5 mol-% of
zirconocene dichloride and 10 mol-% of triphenylphos-
phane leads to the formation of the Grignard reagents 171.
These organomagnesium reagents react with typical electro-
philes to give the corresponding alkenol derivative. It is
interesting to note that the global process shown in
Scheme 36 could be considered as a vinylmagnesation of a
terminal alkene which is rather a difficult challenge.

Cp,ZrCl, (5 mol-%)

=
Rl{/\i PPh; (10 mol-%) CIMg0 o
Mg
N7 PrMeCl 3 equiv.) R!
R? RrR?
170 171

Scheme 36. Zirconocene-catalyzed isomerization—-magnesation re-
action of alkene-substituted enol ethers.

The mechanism proposed for this catalytic reaction is
shown in Scheme 37. Initially, the zirconocene dichloride
reacts with 2 equiv. of propylmagnesium chloride to form
the corresponding dipropylzirconocene complex which fur-
ther evolves, as described by Negishi, to give the propene-
zirconocene complex 172 by losing a molecule of propane.
This 14-electron complex reacts in the presence of the al-
kene-substituted enol ether 170 through a ligand-exchange
process releasing a molecule of propene and forming the
18-electron zirconocene complex 173. A carbocyclization
reaction furnishes the bicyclic complex 174. Subsequent Zr-

Cp,pZrCly + 2 PrMgCl
170 l
RS /\/
CPszik‘L CpaZes o~ 171
172
S
2 PrMgCl
0~7. =
Rug/x, ZrCp, R2
2
R 173 R0 ZrCp,
K 175
(0] J
R'—< ™ 7zicp,
R2 174

Scheme 37. Mechanism of the zirconocene-catalyzed isomeriza-
tion—magnesation reaction of enol ethers.
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alkoxide elimination affords the intermediate 175. Finally,
a double magnesium-zirconium exchange gives the final or-
ganomagnesium compound 171 regenerating the dipro-
pylzirconocene complex which initiates a new catalytic cy-
cle.

An interesting extension of this new catalytic method is
the synthesis of six-, seven- and eight-membered car-
bocycles from cyclic enol ethers (Scheme 38).54 For exam-
ple, when the allyl-substituted dihydrofuran derivatives 176
are treated with 3 equiv. of propylmagnesium chloride in
the presence of 15 mol-% of zirconocene dichloride and
30 mol-% of triphenylphosphane, the Grignard reagents
177 are obtained. Further treatment of these organomagne-
sium reagents with electrophiles affords the cyclohexenol
derivatives 178 as single diastereoisomers. The global pro-
cess supposes a formal ring-expansion of a cyclic enol ether
to give a functionalized carbocycle.

CpaZiCly (15 mol-%) MgCl E
PPy (30 mol-%) LEX
Png,Cl (3 equiv.) ClMgO HO.,,

R 178

EX (E) = H,0 (H), D,0 (D), A ~Cl (/\‘*{ )

Scheme 38. Zirconocene-catalyzed formal ring-expansion reaction
of cyclic enol ethers to give functionalized carbocycles.

Although the mechanism of this transformation is in
many aspects similar to that described in Scheme 37, some
features should be noted (Scheme 39). Thus, the first steps
of the catalytic cycle leading to intermediate 179 are the
same as those previously discussed. At this point, although
a Zr-alkoxide elimination reaction could be proposed, this
option would afford a very constrained bicyclic oxazircono-
cene complex. For this reason, an initial Mg-Zr exchange
to give the bimetallic species 180 is proposed as the most
likely step. Subsequent Mg-alkoxide elimination leads to in-

Cp,ZrCl, + 2 PrMgCl
176 l

RS
<:er$<L CpZZr/J/\

177
PSS
PrMgCl
R Cpy
N> 7
N P
& -ZiCpy r
H =
l CIMgO.,, 181
03 R T
O
%ZrCm 7——> %gCI
H H ZGC2
179 PrMgCl 180 b,

Scheme 39. Mechanism of the formal zirconocene-catalyzed ring-
expansion reaction of cyclic enol ethers.
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termediate 181. Under the catalytic conditions, and as a
consequence of an excess of propylmagnesium chloride, the
intermediate 181 may experience a new zirconium-—magne-
sium exchange, affording the Grignard reagent 177 and re-
generating the catalytic species.

4. Summary and Outlook

As shown in this review, the tandem zirconium-mediated
or -catalyzed cross-coupling—elimination reaction is a
powerful tool in organic chemistry for accessing complex
structures in a straightforward manner from, in general,
readily available starting materials. Although much progress
has been made in this area in recent years, many challenges
remain to be addressed. In particular, the development of
catalytic versions of some of the reported reactions should
be accompanied by asymmetric versions of these processes.
Another exciting area in which this chemistry should find
application in the future is the synthesis of natural products
or their analogues. At the moment it is difficult to find in
the literature synthetic applications of the organozirconium
chemistry perhaps due to the inability of organic chemists
to adapt their thinking to the sometimes rather difficult
pathways of organozirconium chemistry. However, owing to
the impressive opportunities that this chemistry allows, fu-
ture exciting developments in this field can be expected.
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