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Alkene and Alkyne Complexes of Zirconocene.
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Dialkylzirconocenes in situ generated such as Cp,Zr(n-Bu),, Cp2ZrEty, and Cp,Zr(t-Bu)(i-Bu) are thermolyzed to
afford zirconocene-alkene complexes. In the cases of Cp,Zr(n-Bu), and Cp2Zr(z-Bu)(i-Bu), Cp,Zr-alkene complexes
generated from them tend to act as a “Cp,Zr” equivalent, since the initially generated alkene is often replaced by another
si-bond containing compound. In the presence of alkynes, for example, alkyne complexes may be generated. On the other
hand, Cp,Zr(ethylene) tends to serve as an intermediate since the ethylene moiety is often incorporated in the final organic
products. Ring expansion and contraction, ligand substitution, transmetallation, migratory insertion, stereoisomerization,
regioisomerization, oxidative addition involving these Cp,Zr-alkene and Cp,Zr-alkyne complexes as well as their structures

are reviewed.

Over the past two to three decades, metals and metal
derivatives used as reagents and intermediates have signifi-
cantly revamped and improved the art of organic synthesis.'?
Even if twenty or so actinides and heavier elements are ex-
cluded from consideration, there are roughly 26 main group
metals, 24 d-block transition metals, and 15 lanthanides. Col-
lectively, these metallic elements account for roughly 60%
of all elements known today. At the time the authors became
interested in explorations of organometallic chemistry for
organic synthesis, the widespread use of metals in organic
synthesis was limited to a few alkali metals, e.g., Li, Na,
and Mg, although several others, e.g., Zn, B, Al, Si, and Sn,
appeared to be destined to attain a similar status. Aside from
some specific uses of transition metals, e.g., catalytic hydro-
genation with late transition metals, oxidation with Cr and
Mn compounds, and Ti-mediated alkene polymerization, Cu
was about the only transition metal which began showing its
wide-range synthetic utility.” From a historical perspective,
it was a very attractive notion to explore the chemistry of
other potentially useful metals with the goal of incorporating
them into an integrated part of organic synthesis, and a dozen
or so d-block transition metals, including Ti, Cr, Mn, Fe, Co,
Ni, Zr, Mo, Ru, Rh, and Pd, along with some lanthanides
appeared to be particularly promising. For a combination of
reasons, the authors began investigating the organometallic
chemistry involving Ti, Zr, Ni, and Pd in the mid-1970’s.

Zirconium is relatively abundant (roughly as abundant as
carbon) and relatively inexpensive ($11 per mole of 98%

pure ZrCly, Strem Chemicals). Although discovered in
1824, the use of Zr and organozirconium compounds in
organic synthesis had been virtually unknown until the mid-
1970’s with the exception of occasional uses of Zr salts as
somewhat exotic Lewis acid catalysts in the Friedel-Crafts
reaction® and generally inferior substitutes for Ti salts in
the Ziegler—Natta polymerization.® One significant break-
through was Schwartz’ systematic investigation” of hydro-
zirconation of alkenes and alkynes with HZrCp,Cl initiated
in 1974 based on earlier preparation of HZrCp,CI® and ob-

servation of its addition to alkenes and alkynes by Wailes, et

al.” Noting that hydrozirconation permits generation of syn-
thetically attractive stereo- and regio-defined alkenylmetals
but that the alkenylmetal derivatives of Zr are rather unre-
active in a conventional sense,” we thought of their reac-
tion with organic halides with Ni and Pd catalysts'*'" and
discovered that Ni or Pd complexes containing phosphines
were indeed very effective catalysts (Scheme 1). Our dis-
covery was soon followed by that of Ni-catalyzed conju-
gate addition by Schwartz.'” Some other noteworthy break-
throughs include our discovery and development of Zr-cat-
alyzed carboalumination of alkynes'® and Kaminsky’s use
of Cp,ZrCl, and methyaluminoxanes as catalysts for alkene
polymerization.'”

All of the reactions mentioned above involve Cp,Zr'Y
derivatives. In principle, Zr compounds may also contain Zr™
or Zr'l. Tt was therefore very striking that the first comprehen-
sive monograph on organozirconium chemistry by Wailes,
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Courtts, and Weigold published in 19749 allocated less than
a page on Cp,Zr"' chemistry. We became interested in ex-
ploring the chemistry of Cp,Zr™ derivatives with Schemes 2
and 3 in mind. Although essentially unknown, the parent
CpZr should be a 14-electron ZrT species, i.e., 1a or 1b
(Chart 1). In its singlet form, i.e., 1a, it should be capable of
strongly interacting with a wide variety of compounds in con-
certed manners similar to the reactions of singlet carbenes.
Thus, its reaction with alkynes and alkenes should produce
the corresponding n-complexes 2a and 3a, respectively, or
zirconacyclopropenes (2b) and zirconacyclopropanes (3b).
The 77-complexes 2a and 3a may be considered as Cp,Zr"
derivatives, while zirconacyclopropenes (2b) and zirconacy-
clopropanes (3b) may be viewed as Cp,Zr'¥ species. Unless
these exist a pair of two discrete isomeric species, which can
be represented by 2a and 2b (or 3a and 3b), it is reasonable
to view 2 and 3 as resonance hybrids in which 2a and 2b as
well as 3a and 3b serve as resonance structures, respectively.
It might be useful to equate 3a and 3b, respectively, to the
Walsh model'® and the more usual bent o-bond structure of
cyclopropane. All these considerations suggest that either
of the two formalisms, i.e., 7-complexes and three-mem-
bered metallacycles, may be used interchangeably. Inas-
much as these compounds are generated through reduction of
Cp,Zr" species, we may arbitrarily view 2 and 3 as Cp,Zr!
derivatives. Complexation of 1a with alkenes was expected

to proceed stereospecifically with retention of configuration
(vide infra). Significantly, the complexation products 2 and 3
with its second empty valence-shell orbital remaining intact
should be capable of interacting with a second &t compound
(compound containing m-orbitals) to undergo formal cyclic
carbometallation to give the corresponding five-membered
zirconacycles. We were especially attracted by the possibil-
ity that the reaction of Cp,Zr (1) with enynes would produce
the corresponding zirconabicycles (Scheme 3) and that their
carbonylation would give the corresponding ketones. At
the time we initiated this investigation, the Pauson—Khand
reaction!” using Co,(CO)g was known. Presumably due to
the fact that Co,(CO)g is coordinatively saturated 18-elec-
tron species, high reaction temperatures (100—200 °C) were
typically employed. We reasoned that the simple MO con-
siderations summarized in Scheme 3 should be applicable to
practically all transition metals including Zr and that 14- and
16-electron species would allow the desired intramolecular
cyclization under much milder conditions.

With the assumptions presented above in mind, we set
out to devise a Cp,Zr-promoted intramolecular cyclization
of enynes and indeed found that 7-trimethylsilyl-1-hepten-
6-yne reacted with a reagent generated in situ by treating
Cp,ZrCl, with Mg (10 molar amounts) and HgCl, to pro-
duce at 25 °C the desired zirconabicycle 4 in 90% yield.'®
The products showed two distinct singlets for the two Cp
protons at 6.78 and 6.82 ppm in toluene-ds. Its treatment
with 1 atm of CO at 0 °C for 2 h gave 5 in 75% yield based
on the starting enyne. Protonolysis of 4 with 3 M HCI (1

%b %@ M=1 mol dm~3) provided 6 in 90% yield, while its iodinoly-
sis with I, afforded 7 in 75% yield (Scheme 4). These highly
1a 1b satisfactory results prompted us to undertake a systematic
Chart 1.
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investigation of the chemistry of Cp,Zr" compounds, espe- g PMe,Ph
. . N/
cially alkyne and alkene complexes of Cp,Zr. Prior to our 27— Et
study, some pioneering investigations by other workers in / \ / I/Et CpZZr---Ir
the late 1970’s and early 1980’s, notably those by Bercaw,' /ZT Cpozr- | ,!-,Me3
Erker,?® Farona,?” Nakamura,?® Rausch,”® and Schwartz?¥ PhMe,P y
had contributed to the earlier development of this area. Over 9 10
the past ten or a dozen years, we have presented several 8
reviews of the chemistry of CPZZrII complexes with em- Chart 2.

phasis on their reactions, especially ring expansion and ring
contraction.®—*" In this Account, an overview of the prepa-
ration of the alkyne and alkene complexes of Cp,Zr and their
structure will be presented along with a brief discussion of
some novel aspects of their reactions with the hope that, to-
gether with earlier reviews, a more complete and wholesome
picture of the chemistry of Cp,Zr™ derivatives would emerge.

1. Methods of Preparation of Alkyne and Alkene 7-
Complexes of Zirconocene

14-Electron Zirconocene. Reality or Fiction?  An attempt
to prepare Cp,Zr by treating Cp2ZrCl, with Na-naphthalene was
reported as early as 1966,>” but the product was not identified.
Later studies have shown that reduction of Cp,ZrCl, with metals,
e.g., Na and Mg, in the presence of PhC=CPh*® and bipyridine®
can give Cp,Zr(PhC=CPh), and Cp,Zr(bpy), respectively. Presum-
ably, 14-electron Cp,Zr or aloosely ligand-stabilized derivative was
generated and trapped by the added reagent. Other derivatives of
Cp2Zr, e.g., Cp2Zr(PR3)2, where PR3 is a phosphine, were also
prepared. Altheugh these results may point to the generation of
the parent Cp,Zr as a transient species, its isolation and direct char-
acterization do not appear to have been reported. Furthermore, the
use of restricted amounts of trapping agents in the above reactions
or theimal treatment of Cp,Zr" Ly, e.g., CpaZr(PMe;Ph)s, can lead
to the formation of much more stable dimeric Zr™ complexes 8 via
C—H activation and dehydrogenation (Chart 2).2%) While very inter-

esting from structural and purely organometallic viewpoints, these
dimeric species are rather unreactive and hence unattractive from
the viewpoint of organic synthesis. Despite some ambiguities, it
now appears reasonable to state that, contrary to our naive assump-
tion, the parent 14-electron Cp,Zr may well be much too reactive
to be synthetically useful. Nor is it necessary to generate such a
species. More realistic and desirable is to generate loosely ligand-
protected 16-electron species which can serve as Cp,Zr equivalents.

Alkene and Alkyne n-Complexes of Zirconocene as Reagents
and Intermediates.  In our initial investigation of Cp,Zr-pro-
moted enyne intramolecular cyclization, a combination of an excess
of Mg and HgCl, was used for reduction of Cp,ZrCl,."® In search
for a more convenient and favorable reagent, we used 2 molar
amounts of n-BuLi*> and obtained very favorable results.*® This
reagent has since been widely used not only by us but also by
Nugent®” and others, as detailed in our earlier reviews? = and
pertinent papers therein. As detailed later, the reaction of Cp,ZrCl,
with n-BuLi produced Cp,Zr(1-butene) (9) acting as a “Cp,Zr”
equivalent. Although we first thought mistakenly that treatment of
9 with PMe; would produce szzr(PMe3)235) on the basis of the
presence of two overlapping doublets for the Cp groups which was
mistaken as a triplet, we soon noted that the product was actually
Cp,Zr(1-butene)(PMes) (10).®) In addition to Cp,Zr(1-butene), a
few other alkene-ZrCp, complexes, e.g., Cp,Zr(ethylene)®® and
Cngr(isobutylene),39) have also been developed. Collectively,
they serve as reagents that are synthetically equivalent to Cp2Zr
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and alkene-providing intermediates (Negishi—Takahashi protocol,
bereafter). Shortly after our initial publications, Buchwald et al.
began publishing a series of papers*? reporting related but different
methods for the preparation of alkyne (and benzyne) complexes of
Cp2Zr as intermediates based on earlier investigation by Erker®®
(Erker-Buchwald protocol, hereafter).

In the original Erker procedu‘re,zo") diphenylzirconocene was
thermolyzed to induce S C—H activation leading to the formation of
Cp2Zr(benzyne). One of the two phenyl groups is lost as benzene.
Since the aryl group is usually incorporated in the final organic prod-
ucts, loss of 50% of the aryl group as an arene could be a significant
problem. Buchwald has provided a couple of potentially practical
solutions to this problem, as summarized in Schemes 5 and 6.%°>40?
It would be very desirable to be able to avoid the use of expensive
and rather toxic PMes. Also desirable would be to develop more
convenient routes to HZrCp,Cl and MeZrCp,Cl than the currently
available ones. In the Erker-Buchwald protocol, the alkyne and
alkene moieties of three-membered zirconacycles are introduced
either via hydrozirconation or in the form of organolithiums.

In the Negishi-Takahashi protocol, some readily available dial-
kylzirconocenes, e.g., Cp2Zr(n-Bu),, Cp2ZrEt;, and CpyZr(-Bu)
(i-Bu), are in situ generated and thermolyzed to generate alkene-
zirconocene complexes in the presence of alkenes and alkynes

ACCOUNTS

(Schemes 7, 8, and 9). In cases where the initially generated alkene
is replaced by another ;t compound, as is often the case with Cp,Zr-
(n-Bu); and CpZr(¢-Bu)(i-Bu), Cp,Zr-alkene complexes act as
reagents. On the other hand, the ethylene moiety of Cp,Zr(eth-
ylene) is often incorporated in the final organic products. Thus,
Cp2Zr(ethylene) acts as an intermediate.

It should be noted that the two main protocols discussed above
are often complementary with each other. Although operationally
somewhat elaborate, the Erker-Buchwald procedure is applicable
to even those cases where 77-ligands are highly unstable, e.g., ben-
zyne and cycloalkynes. The contrasting behavior of Cp,Zr(n-Bu)
and Cp,ZrEt, should also be clearly noted. Typically, it is not
practical to generate Cp,Zr-alkyne complexes using Cp,Zr(n-Bu)s,
because homodimerization of the alkynes used is usually the domi-
nant path. Tt thus requires the use of a phosphine to achieve stepwise
cross dimerization of two different alkynes.* On the other hand,
Cp2ZrEt; can be converted to zirconacyclopentenes in high yields,
which can subsequently be treated with a different alkyne to achieve
alkyne cross dimerization*? (Scheme 10). In this reaction, ethyl-
ene acts as an inexpensive, convenient, and nontoxic substitute for
phosphines.

Unlike Cp,Zr-alkene 77-complexes, Cp,Zr-alkyne 77-complexes
are generally unsuitable as Cp,Zr equivalents, because the alkyne
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moiety is usually incorporated in the organic products. Recent
studies by Rosenthal,* however, have shown that Me; SiC=CSiMe;
does not homodimerize and that it can be readily displaced by other
mt-compounds. Consequently, Cp2Zr(Me3SiC=CSiMes)(THF) can
serve as a “CpaZr” equivalent,*” even though the current synthetic
scope is rather limited (Scheme 11).

2. Transformations Generating Alkene and Alkyne n-
Complexes of Zirconocene

Over the past decade or two, several processes leading
to the formation of alkene and alkyne 7-complexes of zir-
conocene summarized in Scheme 12 have been found and
investigated. As indicated in the preceding section, S-H

Ph
Ph,CO oPh
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3Mg, THF ~SiMes e
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Scheme 11.
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abstraction and r-substitution (an exchange of unsaturated
compounds) are currently the two most important and widely
employed processes. In this section, some detailed aspects
of these processes are discussed.

f-H Abstraction. Thermal decomposition of dior-
ganylzirconocenes containing one or more S-H atoms is
a critically important process in both Negishi—Takahashi
and Erker—Buchwald protocols discussed earlier. A de-
tailed investigation of the thermal decomposition of dialkyl-
zirconocenes indicates the following. First, it is a first-order
non-dissociative process in which free 14-electron Cp,Zr is
not generated at any moment. Thus, conversion of Cp,Zr-
(n-CgH;7); into CpyZr(1-octene)(PMes) in the presence of
CD,=CH(CH,)sCHj3 and PMej; at —10 °C proceeded much
faster than incorporation of CD,=CH(CH;)sCH;3. At the
point of 50% conversion, less than 5% of the dideuterated
alkene was incorporated, even though a nearly 50 : 50 mix-
ture of the deuterated and nondeuterated products were even-
tually obtained.*® An earlier study®” indicated that PMe;
does not interact with diorganylzirconocenes. Nor does it
affect the reaction rate. Its only role is to trap Cp,Zr-alkene
complexes. Similarly, thermal decomposition of Cp,Zr-
(n-CgH;7), in the presence of styrene and PMe;s initially
produces only Cp,Zr(1-octene)(PMes), even though it is
eventually converted to thermodynamically more favorable
Cp,Zr(styrene)(PMes)* (Scheme 13). Second, the relative
rates of 5-H abstraction of Cp,ZrMeR as a function of R
have been shown to be: s-Bu > -BusFEt > n-Bu > i-Bu.*®

PMe;

e Cpatr
|

R3P

CppZr(n-CgHy7)2

Z>Ph
| N — CpoZr.

Clearly, the rates do not correlate well with the overall bulk
of the R group, but they do correlate well with the degree
of substitution at the f-carbon atom. Thus, the rates de-
crease in the order: -methyl (i.e., s-Bu, +-Bu, and Et) > -
methylene (i.e., n-Bu) > B-methine (i.e., i-Bu). Third, a
significant kinetic isotope effect of kg /kp =5.7 has been ob-
served with 11 (Chart 3).*® All of these results indicate that
the f-H abstraction reaction is a nondissociative process in
which B-agostic interaction represented by 12 plays a cru-
cial role. A concerted process involving direct conversion
via intramolecular acid-base interaction may be proposed,
although the intermediacy of 13 cannot be ruled out at this
time (Scheme 14). :
n-Substitution via Ring Expansion and Ring Contrac-
tion. Alkene and alkyne 7-complexes of zirconocene
are 16-electron species with one valence-shell empty or-
bital. They can therefore interact with alkenes and alkynes.
Two major courses of the reaction are carbometallative ring
expansion to produce the corresponding five-membered zir-
conacycles, as discussed in detail in previous reviews,?” 3D
and 7-ligand substitution involving substitution of the orig-
inal ;-compound with the added free st-compound. Some

D
Ph
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results of our kinetic and product studies including the effects
of an excess of an alkene indicate that m-substitution proceeds
associatively. Since it has been shown at least in some cases
that the corresponding five-membered zirconacycles can pro-
duce the same three-membered zirconacycles at comparable
rates, they most likely serve as intermediates. Thus, mt-sub-
stitution on Cp,Zr must proceed by an addition-elimination
process shown in Scheme 15. In accord with this mech-
anism, preformed five-membered zirconacycles can also
serve as the starting compounds for the preparation of Cp,Zr
n-complexes. This ring contraction method has been applied
to the synthesis of Cp,Zr(CH,=CH,)(PMe3).*” Facile equili-
bration among three-membered and five-membered zircona-
cycles also provides a reasonable explanation for skeletal
rearrangements, such as that shown in Scheme 16.%®

Transmetallation. The potential scope of the trans-
metallation route to alkene and alkyne 7-complexes of zir-
conocene appears to be very broad. However, it has thus
far been applied mainly to the synthesis of Cp,Zr-diene
complexes.? Clearly, this process deserves to be more sys-
tematically explored.

Migratory Insertion.  This process represents yet an-
other potentially general pattern for the synthesis of 7-com-
plexes of zirconocene. Indeed, migratory insertion of CO
has been shown to be an attractive and potentially general
route to CppZr n-complexes with aldehydes and ketones.*”

The migratory insertion also appears to be useful for the syn-
thesis of Cp,Zr n-complexes with imines and thiocarbonyl
derivatives.”®

We have found that even alkynyl groups can participate
in a related migratory insertion reaction to give CppZr-
alkyne complexes with a concomitant carbon-carbon bond
formation®” (Scheme 17). This reaction promises to provide
a novel method for alkynyl-alkynyl coupling.

All of these several processes deserve to be further ex-
plored and investigated. Collectively, however, they pro-
vide even in the present forms satisfactory routes to a wide
range of CpyZr n7-complexes containing not only alkenes and
alkynes but also carbonyl compounds and imines.

3. Structure of Alkene and Alkyne w-Complexes of
Zirconocene

Aside from rather special cases of Cp,Zr-diene com-
plexes, e.g., CpoZr (s-cis-2,3-dimethylbutadiene),’® Cp,Zr-
(s-trans-1,3-butadiene),’? and Cp,Zr(s-trans-1,4-diphenyl-
butadiene),” the X-ray structures of alkene and alkyne
n-complexes of zirconocene had not been obtained until
1986, even though some had been known since 1977°%
and characterized by NMR and other means. As we wrote
a review of Cp,Zr chemistry,” we noted that full charac-
terization and identification of #-complexes of zirconocene
containing monoenes and monoynes had remained unknown

Rl RZ \/ /-};(1 _ Ri \/ R2
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R
Scheme 15.
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and began our efforts toward this goal. The reaction of
PhC=CPh with Cp,Zr(n-Bu), in the presence of PMe; ac-
cording to Scheme 10 indeed gave the desired complex 14 as
a crystalline compound, mp (decomp) 201—203 °C, which
has been fully identified by elemental analysis, IR, 'q and
IBCNMR, and X-ray analysis.*? Although two other X-ray
structures of Cp,Zr-alkyne complexes, i.e., 15 and 16,%
were reported during our investigation, our study demon-
strated, for the first time, that free alkynes could react with
“Cp2Zr” and produce Cp,Zr-alkyne complexes as discrete
and fully identifiable species. We then prepared similarly
Cp2Zr(PhCH=CHPh)(PMes3) (17) as the first example of
crystalline Cp,Zr-alkene complexes™® that can be isolated
and fully identified and orally presented the results in the
13th International Conference on Organometallic Chemistry
in Torino in September, 1988.%) Shortly thereafter, the X-ray
structure of Cp,Zr(H,C=CH;)(PMe3) (18) was reported by
Alt.>» The ORTEP structure of 17 is shown in Fig. 1 as the
representative example. Since then a number of other X-ray
structures of Cp,Zr 77-complexes with alkenes, alkynes, and
their hetero analogues have been reported (Scheme 18). In
cases where alkenes and alkynes are unsymmetrically sub-
stituted, mixtures of two possible stereoisomers in which
sterically less encumbered distal isomers are favored over
proximal isomers by a factor of roughly 5 to 10.3% Most
of the crystalline complexes that have yielded their X-ray
structures contain PMe;. However, 21 contains THF as a

Ph
c 41)
Cpzr—t]  (14)
| C
Mesp  Ph MezP
Ph_,
C 50 CHp
CpoZr—H 17 CpoZr—ti
P2Lr C. an le CH,
Me,p H Ph MeqP

szzlr—ID (20)°”
M63P

CpZZIr—|© (15)%@

stabilizing ligand.*” X-Ray structures of 16-electron Cp,Zr
n-complexes with alkenes and alkynes appear to be un-
known. Moreover, such complexes have been rarely char-
acterized as such, even though they are undoubtedly syn-
thetically most interesting and important. Formation of
Cp,Zr(PhCH=CHPh) in 80% yield was detected by 'HNMR
(6 =5.25). In view of the X-ray structure of 21, however, this
complex too must be stabilized by THF used as a solvent.*?

4. Novel Transformations of Akene and Akyne n-Com-
plexes of Zirconocene

Once alkene and alkyne 77-complexes of Cp,Zr are gen-
erated, they can be subjected to a variety of synthetically
interesting transformation. Their carbometallative ring ex-
pansion reactions with various si-compounds have been de-
veloped as useful synthetic processes and procedures. Since
we have extensively reviewed the ring expansion reactions
of three-membered zirconacycles,”* " their systematic dis-
cussion is not presented here. In this section, a variety of
novel transformations of three-membered zirconacycles that
can accompany and/or compete with the more usual ring ex-
pansion processes. These reactions are not only interesting
in their own right but provide us with insights into various
side reactions and unexpected observations encountered in
the ring expansion reactions.

Alkene Stereoisomerization. To What Extents Are the
Reactions of Alkene and Alkyne m-Complexes of Zir-

CP22IF—|® (16)*)

M93P
H_ _Ph
(189 szzr—g (19)%®
MeaP H, \H
SiMes
c )
CpZZr—icl:l 21)
(CHp,0  SMes

Scheme 18.
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Molecular structure and atom labeling scheme

for Cp,Zr(PhCH=CHPh)(PMe3). Selected bond length

(A) and angles (deg) are as follows. Zr-P=2.715(5),

7-C1=2.361(15), Zr-C2=2.426(15), C1-C2=1.376(21),

C1-C11 = 1.509(22), C2-C21 =1.495(22), C1-Zi-C2 =

33.4(5), C11-C1-C2=127.2(14), C21-C2-C1=122.8(14),"
Zr-C1-C2 = 75.909), Zr-C2-Cl1 =70.7(9), P-Zr-Cl =

114.5(4), P-Zr-C2 = 81.3(4), Zr-C1-Cl1 = 123.5(1),

Zr—C2-C21=125.2(10).

Fig. 1.

conocene Concerted?  The reaction of Cp,Zr(benzyne)
with (E)- and (Z)-stilbene to give the corresponding zircona-
indenes was reported to be stereospecific,® supporting the
notion that ring expansion of three-membered zirconacy-

Ph

CpoZrEty — Cp22r<]
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cles and its microscopic reversal, i.e., ring contraction, are
both stereospecific concerted processes. We were therefore
surprised by our observation that either (E)- or (Z)-f-meth-
ylstyrene reacted with Cp,Zr(ethylene) to give the identical
trans-isomer of 22 even at —20 °C® (Scheme 19). Although
much slower, stereoisomerization of 23a into 23b was also
observed® (Scheme 20). It was also found that the forma-
tion of Cp,Zr(stilbene) was stereoselective but nonstereo-
specific, producing only the F-isomer. In fact, (Z)-stilbene
can be catalytically isomerized to the E-isomer by a catalytic
amount of Cp,Zr(stilbene).’® All of these results pointed
to nonconcerted paths for some reactions of Cp,Zr-alkene
complexes. A detailed investigation has indicated that the
stereoisomerization of stilbene occurs without any skeletal
rearrangement. It is first-order in stilbene but second-order
in the catalyst, i.e., CppZr(stilbene), and it is a polar (rather
than radical) process in which a benzylic cation and zirconate
anion play significant roles. Stilbene does not homodimetize
on Cp,Zr. Noting that many Lewis acid-catalyzed reactions,
such as Friedel-Crafts reaction, often display second-order
kinetics with respect to catalysts™*® and that the 2 : 1 interac-
tion of Cp,Zr with an alkene in a “sandwich” mode has been
recently observed®® (Scheme 21), we proposed a mechanism
shown in Scheme 22,°® which seem to accommodate all ob-
served facts. We suggest that Cp,Zr-alkene complexes can
undergo nonconcerted polar processes and that they are more
prone to doing so than the corresponding Cp,Zr-alkyne com-
plexes, which have not thus far displayed polar processes.

Me

22
Scheme 19.
Ph 1.CO H Ph
A~p CpoZr(n-Bu), 2.1
Com =2 (o :
\ A A
23b
slow
= Cp,Zr(n-Bu), 3 2.1, S
ZrCp, o)
23a
Scheme 20.

Et
-

Me
|

Cp22r<] — Cp22r<] + MeyZrCp, =— Cp22r<] = Cp22|r<DZGC2

M Me

e
~2ZrCp,Me

Scheme 21.
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Cp22r(n-Bu)2
Ph Ph Ph
\—/ — —
Ph
Ph P
ZrCpg PhQJ P
Ph CpaZr<. i: ZrCp,
Ph Ph
Ph
Scheme 22.
Regioisomerization.  Zirconocene 7-complexes with

alkenes containing allylic hydrogens can additionally un-
dergo regioisomerization in which the alkene and Cp,Zr
moieties migrate along carbon chains. We first noted it in
unsuccessful attempts to intramolecularly cyclize 1-(4-pen-
tenyl)-1-cyclopentene (24). Whereas its N analogue 25 un-
derwent the desired intramolecular cyclization in 70% yield,
24 was converted only to a Cp,Zr-diene complex 26 in 73%
yield®Y (Scheme 23). In the reaction of 4-butyl-1,4-nona-
diene-2d (27) with Cp,Zr(n-Bu),, 28 was obtained in 75%
yield (Scheme 23). Its iodinolysis gave a 4:1 E, E/E, Z
mixture of 29, in which the D contents in the C1-C3 posi-
tions were <0.02, >0.91, and <0.02, respectively.®’® Thus,
. the D atom in the C2 position was not detectably scrambled,
supporting the 1,3-H shift mechanism.

Oxidative Addition of Allyl and Alkenyl Derivatives.
The stereo- and regioisomerization processes discussed
above would be in most cases unwanted side reactions. In
an attempt to observe Cp,Zr-promoted intramolecular cy-
clization of diallyl ether, another unexpected side reaction
was observed. Instead of producing the desired zirconabi-
cycle, the reaction gave allyl(allyloxy)zirconocene via net
oxidative addition of Cp,Zr to diallyl ether, which must have
proceeded by 7-complexation-elimination®® (Scheme 24).
This originally unwanted side reaction has proved to be a

ACCOUNTS

\/\
o]
rEt Z~ lﬂ)
CpoZr--| CpoZr'y
2 O\/\
2n—BuLiI J
CpZZrCIz
=
szzr
\0/\/
CpaZr(n-Bu), S~ ph
=
PhCH,0” 7 “Ph Cpazr{ Ph
OCH,Ph
OEt Cp2Zr(n-Bu),
A L oo Y
EtO
OEt £t
CHMe,  Cp,Zr(n-Bu), Ph _ PHMe:
Ph—C=C-CH
p CpaZry H
OMe OMe
Scheme 24.

synthetically useful route to allylzirconocene derivatives, as
eloquently demonstrated by Hanzawa and Taguchi.5? A few
additional examples of oxidative addition reported by them
are also shown in Scheme 24.

Equally interesting is the oxidative addition reaction of
Cp,Zr(1-butene) with 2-chloro-1-alkenes® (Scheme 25).
Further studies are clearly desirable to make this reaction
synthetically useful.

Effects of Countercations in Alkylating Agents. As
discussed in earlier sections, incorporation of alkyl groups
into Cp,Zr derivatives is most commonly achieved with al-

Pr-n
7 Cp,Zr(n-Bu), /;ZGCg
24 26 (73%)
1.CO
/S~ CpoZr(n-Bu), 2.1,

BnN

ko)

BnN(]i)ZGCz

25 (70%)

Me

Me —=— <0.02D

D nBu CpoZr(n-Bu), /\D I D <——— 2091D
nBu —— _~ZriCpy ——— \_
= X xS S <0.02D
nBu n-Bu

nBu
27

28 (75%)

n-Bu

29 (85%, E,E/E,Z=4)

Scheme 23.
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R CpQZr(n-Bu)z R P
Cl ZrCp,Cl

Scheme 25.

kylmetals containing Li, Mg, and Al. Although not yet
widely used, those containing Zn may also prove to be use-
ful. The alkylating ability of these alkylmetals decrease in the
order: Li > Mg > Al. Zinc probably will be ranked between
Mg and Al. Some significant differences among these metals
have been observed. With most alkyllithiums, it is difficult
to stop alkylation of Cp,ZrCl, after introduction of one alkyl
group to produce RZrCp,Cl, where R is alkyl. Using just two
molar amounts of alkyllithiums, dialkylzirconocenes can be
obtained in high yields. Unlike Grignard reagents, however,
alkyllithiums have not been very useful reagents for generat-
ing dialkylzirconocenes in Zr-catalyzed reactions. We have
recently found that the third molar amounts of alkyllithiums
can readily displace one of the two Cp groups from Cp,ZrR,
to produce CpZrR3, where R is alkyl.% Undoubtedly, this
is at least partially responsible for the difficulty mentioned
above.

Grignard reagents, on the other hand, do not show this
tendency, and Cp,ZrR, can be generated in the presence of

an excess of the Grignard reagent used. However, we have -

found that zirconacyclopentanes generated from Cp,ZrR,
and alkenes can react with the third molar amount of the
Grignard reagent to undergo transmetallation or o-bond
metathesis to generate dialkylzirconocenes in which one of
the alkyl groups contains Mg, which, in turn, can undergo
[-H abstraction. Specifically, the reaction of Cp,ZrCl,
with just two molar amounts of EtMgBr and one equimo-
lar amount of 1-alkene (RCH=CH,) cleanly and selectively
produces 3-alkyl-substituted zirconacyclopentane (30).5 If,
on the other hand, the third molar amount of EtMgBr is
present, it will react with 30 to undergo transmetallation fol-
lowed by S-H abstraction to give 2-ethylalkylmagnesium
bromide (31) and Cp,Zr(ethylene), which can be trapped
as its PMe; complex (Scheme 26). We then discovered®
that this entire sequence would amount to the mechanism
of Dzhemilev’s Zr-catalyzed ethylmagnesiation of 1-alkenes
with ethylmagnesium derivatives.®® One can imagine how

R

E
o

DZFsz

ZrCp; EtMgBr
R

/ H/@chpz
Rj/\ MgBr

Et 44

MgBr

Scheme 26.
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difficult the task of establishing this highly intricate and
circuitous mechanism might have been, if the mechanistic
clarification were the main goal and if one started only with
the facts available in the original synthetic papers. We find
it to be an eloquent example supporting the significance of
serendipity and systematic basic investigations in science.

As might be expected, alkyllithiums can also react with
zirconacyclopentanes, but their mode of reaction is differ-
ent from that of Grignard reagent. Once again, it involves
displacement of one of the two Cp rings, and a novel type
of zirconate-like bimetallic species 32, in which the 1,4-
alkanediylidene moiety is fluxional on the NMR time scale®”
(Scheme 27).

It should be noted that the reaction of Cp,ZrCl, with just
one molar amount of a Grignard reagent (RMgX) does not
generally produce RZrCp,Cl in high yield, because the for-
mation of R,ZrCp; is very competitive. With some sterically
hindered Grignard reagents, e.g., +-BuMgCl, however, it is
feasible to prepare the corresponding RZrCp,Cl, which can
serve as convenient hydrozirconating agents.*” In sharp con-
trast, alkylaluminium compounds appear to be incapable of
dialkylating Cp,ZrCl,. With one molar amount of Me;Al
or Et3Al, monoalkylation proceeds up to 60—70% without
a sign of dialkylation.!****%) We were therefore puzzled by
the fact that the reaction of 5-decyne with Et; AlCl and Et; Al
catalyzed by Cp,ZrCl, proceeded in two totally different
manners. Whereas the reaction of Et; AICl must involve a
straightforward carbometallation process, that of Et3Al has
turned out to be cyclic. Interestingly, this cyclic process
proceeded faster and more cleanly in hexanes than in 1,2-
dichloroethane. On deuterolysis, one and two D atoms are
incorporated, respectively (Scheme 28). The results strongly
indicated that the cyclization product could be represented by
an aluminacycle 33.% For the cyclic process with Etz Al, we
first considered a dialkylative and monometallic process in
which Cp,Zr(ethylene) and a zirconacyclopentene 34 might
act as intermediate (Scheme 29), despite the fact that Et; Al
does not dialkylate Cp,ZrCl, to a detectable extent. We felt
that this might be a case to which the Curtin~Hammett prin-
ciple would apply. When a preformed, pure sample of 34
failed to initiate the reaction of 5-decyne with Et;Al, our
long and laborious search for the correct mechanism began.
Detailed description of this aspect of our work may be found
in a full paper® and another review?®" and therefore will not
be repeated here. In short, Cp,ZrCl, reacts with EtzAl to
produce a relatively stable 1:1 complex 35 which under-
goes only a straightforward ethylalumination with alkynes.
If an excess of Et3Al is present, the second molar amount
of Et;Al replaces Et,AlICI once in a while to generate 36

R R

.

R 2 /\/R .
Cp22r<j Cer\_\:*Li

R -LiCp
] R
32

Scheme 27.
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which undergoes a monoalkylative and bimetallic SC-H ac-  and (iii) an active Cl that can bind Al and Zr to give 37 and
tivation requiring (i) Cp,ZrEt, (ii) Et;Al but not Et;AICl,  eventually 38. Formally, formation of 38 involves a o-bond

Et,AICI
cat. Cp,ZrCl, nBu_ nBu

/ (CHxCl), g A: X5

90%

(X = Cl and/or Et)

n-BuC=C(n-Bu)

3 Et,A! n-Bu nBu n-Bu
N\ cat. CpzrCl,  MBu | D;0* -
AIEt D
» hexanes D
33 92%
Scheme 28.
cppzr] RCZCR

/

R
EtaAl N
CpoZrCl, CpoZrEt, /\ CpoZr (34)
on B
~
Em'd/(aa)
Scheme 29.
Ho
[t Cl EtzAl H,C™ ¢ Q)
2 Et _ M \-
Cp22r< CAIEt, Couzt hna —_— cpzz,w\+,A'E"z CpoZrs + AlEt,
Ci P2 \CI’ 2 —CyHg Cl Cl
35 36 37 38
lEtaAl
CH,=CH, ‘l'Et
HszZI'Cl szzr\
CeDs Cl
Scheme 30.
R
R
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2 Et,Al _
Cngl'C'g CpZZr\é AlEtz szzr\
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EtH - 2 H‘\E‘ EtaAl

CpZZr\a AlEtz
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Scheme 31.
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metathesis of Cp,Zr(ethylene) and Et; AICL. As expected, 38
could be much more readily and cleanly generated by treat-
ment of Al-free EtZrCp,Cl with Et3 Al (Scheme 30).%” The
overall reaction mechanism has been established as shown in
Scheme 31.% These results clearly indicate that alkylmetals
are not mere alkylating agents and that significant and major
differences can result depending on the countercations.

5. Conclusion

While Cp,Zr, a monomeric 14-electron compound, re-
mains to be an elusive species or perhaps a species to be
avoided for synthetic purposes, its alkene and alkyne 77-com-
plexes can be generated as either 16- or 18-electron species.
Many of them can be isolated as stable 18-electron species
stabilized by phosphines and other 2-electron donors and
characterized by spectroscopic methods including X-ray
analysis. A few of the convenient methods for their gen-
eration involve in situ generation of diorganylzirconocenes
followed by their £-H abstraction reaction, although several
other different processes also offer attractive alternatives.
Alkene and alkyne 7-complexes of zirconocenes may be
viewed as either Cp,Zr!! 77-complexes or Cp,Zr'Y-contain-
ing zirconacyclopropanes and zirconacyclopropenes. The
currently available data suggest that their structures may be
best represented by resonance hybrids of the two extremes
mentioned above. Although not extensively discussed here,
a variety of reactions of alkene and alkyne 7-complexes of
zirconocene, most notably their ring expansion reactions to
produce five-membered zirconacycles, have been developed
as synthetically useful processes. Concurrently, discoveries
and investigations of their novel and often unexpected trans-
formations have provided a more wholesome and realistic
picture of the chemistry of Cp,Zr" derivatives. Thus, vari-
ous reactions including stereoisomerization proceeding via a
nonconcerted polar process and regioisomerization via 1,3-
H shift as well as skeletal rearrangement and oxidative ad-
dition can compete with their 7-ligand substitution, ring ex-
pansion, and ring contraction processes. Another significant
recent finding is that the counteractions of the organometals
used to alkylate Cp,Zr derivatives have profound effects on
the courses of both stoichiometric and catalytic reactions of
CpyZr derivatives. It is hoped that these new findings will
be exploited in further developing the chemistry of Cp,Zr
derivatives.
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