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the gel-like properties of these xanthan solutions may
arise from lateral association of ordered chain sequences
to form extended junction zones analogous to those in
“true gels” but much weaker, so that the network
structure is broken down under stress, allowing the
solution to flow. It is interesting to speculate whether
the cellulose backbone predisposes xanthan to single-
helix formation in the process of primary conforma-
tional ordering and to rigid-rod-like behavior over a
persistence length of more than 40 residues.”® This
would lead to an essentially one-dimensional structure
even in a dimeric aggregate.

Conclusion

Scattering and rheological methods do not allow un-
ambiguous determination of solution conformations of
the ordered forms of aggregating polysaccharides used
as food hydrocolloids. Kinetic studies of salt-induced

transitions of these anionic biopolymers show that the
primary process of conformational ordering can be
readily separated from secondary aggregation and ge-
lation. For the algal polysaccharides - and «-carra-
geenan and agarose sulfate, ordering is a cooperative
dimerization, with activation parameters for double-
helix nucleation influenced by salt effects on the dis-
ordered form of the reactant. For the bacterial poly-
saccharide xanthan, both conformational equilibria and
kinetics show that ordering is intramolecular and that
single-helix and coil regions can be present at equilib-
rium within a single chain. Slow, secondary processes
lead to sequential buildup of aggregates by lateral as-
sociation of helices. Kinetic behavior may be correlated
with primary structure, with the 1,3-glycosidic linkages
in the algal polysaccharides predisposing the polymers
to formation of hollow helices, and the 3-1,4 link in
xanthan to an extended ribbon structure.
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Carbon—carbon bond formation by means of organo-
metallics has most commonly been achieved by their
reactions with polar carbon electrophiles, such as those
shown in Scheme I.! In search for new types of se-
lective organometallic carbon-carbon bond forming
reactions, it is of interest to consider the corresponding
reactions of carbon—carbon bonds (Scheme II). In this
Account, we are concerned about the addition reactions
of organometallics with alkenes and alkynes, for which
the term carbometalation has been suggested? and
widely adopted.?

In principle, carbometalation may involve carbon-
metal double and triple bonds, i.e., metal-carbene and
metal-carbyne complexes, as well as metallacycles, such
as metallacyclopropanes and metallacyclopropenes.
Their carbometalation reactions with alkenes and alk-
ynes are expected to proceed as shown in Scheme III.
The products in Scheme III may further undergo car-
bometalation to produce 6-, 7-, and even higher mem-
bered metallacycles.

In fact, most of the processes shown in Schemes II
and III have been observed and/or proposed, and car-
bometalation is indeed ubiquitous in organotransition-
metal chemistry.* The Ziegler-Natta polymerization
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reaction® of alkenes catalyzed by an organoalane and
titanium chloride, for example, is thought to be a car-

tThis Account is dedicated to Professor George Zweifel on the occasion
of his 60th birthday.
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bometalation reaction of the C-Ti bond with alkenes,
the degree of polymerization of which is uncontrolled
and represented by a distribution. Some uncontrolled
polymerization reactions of alkynes are also known.? In
these reactions, carbometalation of alkenes and alkynes
with organometals produces new organometals pos-
sessing similar reactivity, which makes it generally
difficult to control the degree of polymerization. In
some cases, however, the degree of polymerization (or
oligomerization) can be controlled to give uniform
products. A Rh-catalyzed acyclic dimerization of
ethylene to give 2-butene,” a linear dimerization of
phenylacetylene to give a 50% yield of 1,4-diphenyl-
1,3-butenyne,? and some linear dimerization reactions
of butadiene and isoprene to give octatriene derivatives
catalyzed by Zr-Al°® and Pd®® complexes are repre-
sentative examples of controlled acyclic oligomerization.
Far more widely observed are controlled cyclic oligom-
erization reactions of alkenes, alkynes, and dienes.
Although conversion of alkenes into cyclobutanes cat-
alyzed by Fe!® and Ir'°® complexes still is of very lim-
ited scope, controlled cyclooligomerization reactions of
alkynes!! and dienes'? to give cyclic dimers, trimers, and
tetramers have been widely known and reviewed.
Controlled acyclic and cyclic oligomerization reactions
involving alkenes alkyne, alkene—diene, and alkyne—
diene mixtures are also known.*®3  However, the
products of the above-mentioned controlled oligomer-
ization reactions are mostly simple and symmetrical,
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Organomet. Chem. 1980, 18, 99,
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20, 361.
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Vollhardt, K. P. C. Angew. Chem., Int. Ed. Engl. 1984, 23, 539.

(12) For reviews see, for example: (a) Wilke, G. Angew. Chem., Int.
Ed. Engl. 1963, 2, 105. (b) Heimbach, P. Angew. Chem., Int. Ed. Engl.
1973, 12, 975. (c) Tsuji, J. Adv.. Organomet. Chem. 1979, 17, 141.

(13) For areview, see: Heck, R. F. Organotransition Metal Chemistry;
Academic: New York, 1974; Chapter 8.

and until recently, relatively little efforts had been made
to apply these reactions to the synthesis of complex
natural and unnatural compounds, one of the notable
exceptions being the synthesis of steroids and other
polyfused systems via cyclotrimerization of alkynes.!1b<
Over the past 10-15 years, however, considerable efforts
have been made to develop various types of controlled
acyclic and cyclic carbometalation reactions of alkenes
and alkynes suitable for the synthesis of complex or-
ganic compounds. The main purpose of this Account
is to present the current scope and the future outlook
of such carbometalation reactions with emphasis on
those that have been developed in our laboratories and
are applicable to the synthesis of cyclic structures.

Controlled Monocarbometalation of Alkenes
and Alkynes

Stereo- and regioselective single-state addition, i.e.,
monocarbometalation, of organometals to alkenes and
alkynes producing new organometallic species (Scheme
II) can be a valuable synthetic tool. At present, such
reactions of organotransition metals producing alkyl-
transition metals as discrete products are very rare
except for some conjugate addition of organocoppers
to a,8-unsaturated carbonyl compounds'* and that of
various organometals to alkenes and dienes producing
w-allylmetal derivatives.!® In the Heck reaction, aryl-
or alkenylpalladium species add to alkenes to produce
alkylpalladium intermediates which undergo dehydro-
palladation to give aryl- or alkenyl-substituted alkenes.!®
The reaction is applicable to the synthesis of unsym-
metrical complex molecules, although it is often not
stereo- and/or regioselective.

Addition of organotransition metals to alkynes can
produce discrete organometallic products, i.e., alke-
nylmetals, more readily than the corresponding reac-
tions involving alkenes. Although various monocarbo-
metalation reactions of alkynes!” are known, Normant’s
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(b) Larock, R. C.; Mitchell, M. A. J. Am. Chem. Soc. 1976, 98, 6718. (c)
Larock, R. C.; Takagi, K. J. Org. Chem. 1984, 49, 2701.
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(17) See, for example: (a) Michman, M.; Balog, M. J. Organomet.
Chem. 1971, 31, 395. (b) Duboudin, J. G.; Jousseaume, B. J. Organomet.
Chem. 1972, 44, C1; 1975, 96, C47. (c) Snider, B. B.; Karras, M.; Conn,
R.S.E. J. Am. Chem. Soc. 1978, 100, 4626. (d) Snider, B. B.; Conn, R.
S. E.; Karras, M. Tetrahedron Lett. 1979, 20, 1679.
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carbocupration®!® is probably the first such reaction of
high selectivity, reasonable generality, and considerable
synthetic utility. The reaction has been extensively
reviewed.>18
R H
R'Cu-Mgx, + R2C=CH —= \c=c< m
R’ Cu*MgX,

Despite a number of satisfactory features, the diffi-
culty in accommodating the uniquely important me-
thylcopper reagents, the thermal instability of organo-
coppers, and the capricious effects of proximal hetero-
atoms in alkynes have limited the usefulness of carbo-
cupration. This and other considerations led us to
develop the Zr-catalyzed carboalumination of alkyne?
(eq 2). Since this reaction has also been extensively

R H
RiC==CH + R?aIR, 2t Cl2ZrCeg \c_—_-c< (2)
A AlRZ

reviewed, 219 jts discussion here is brief. Although the
mechanism of the reaction remains to be clarified, the
available data indicate that, in typical cases, the reac-
tion may involve Zr-assisted direct carboalumination.?
With alkylalanes containing B-hydrogens, hydro-
alumination via hydrozirconation can be a serious side
reaction. It can, however, be suppressed by the use of
R,Al-R(C1)ZrCp, or R,AICI-Cl,ZrCp, reagent systems.?
It may, on the other hand, be promoted to achieve clean
Zr-promoted hydrometalation reactions, such as Zr-
catalyzed hydroalumination?' and hydrozirconation
with t-BuMgCl-Cl,ZrCp,.22 The use of RyZn-1,ZrCp,
achieves a related carbozincation.?® Controlled car-
bometalation of alkynes can also be achieved with Al-Ti
reagents.”? However, these reactions are still of very
limited scope.

The Al moiety of the products in eq 2 can be readily
replaced with H,%22 D% [,% Hg,® B,2" Zr,?" various
one-carbon groups,”® such as hydroxymethyl, meth-
oxymethyl, carboxyl, and carbethoxy, two- and multi-
carbon groups, such as hydroxyethyl® and vy-oxoalkyl,?’
alkyl,®® homoallyl,®®* homobenzyl,?** homopropargyl,*
allyl,?! benzyl,? aryl,3 alkenyl,3® alkynyl,? heteroaryl,3
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Org. Chem. 1980, 45, 5223.
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C. L. Tetrahedron Lett. 1983, 24, 3823.
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and acyl® groups. The reaction has been applied to the

synthesis of various natural products including moku-
palide,? brassinosteroids,3 milbemycin,®” and verru-
carins.

Carbometalation of Functionalized Alkynes
and Carbometalation with Functionalized
Organometals as a Tool for Cyclization

Since carbometalation achieves formation of a car-
bon-carbon bond with simultaneous generation of a
new metal-carbon bond, the use of either functionalized
alkynes or functionalized organometals can lead to the
formation of cyclic compounds:

2 R? z
2 R z
xRlc=cz % \c=c"ﬂ — N/ (3)
e
R1
Rt

R z 7
XR?M ~ o \_/

C=C —_ (4)
~
o T D

R

R'c==CzZ

Formation of cycloalkenes as shown in eq 3 requires (i)
relatively rare anti addition of MR? followed by cycli-
zation with retention, (ii) syn addition of MR2 followed
by cyclization with inversion, or (iii) some alkenylmetal
cyclization reactions uninhibited by either geometry of
the alkenylmetal intermediates.

(a) Cyclialkylation of Alkenylmetals. Quite ser-
endipitously, we have discovered two novel cyclialkyl-
ation reactions of alkenylmetals that fall into the last
category listed above. To explore the chemoselectivity
of the Zr-catalyzed carboalumination reaction of alk-
ynes, we reacted various propargyl and homoprogargyl
derivatives containing OH, OSiMe,Bu-t, SPh, or halo-
gens (Cl, Br, and I). In cases where the alkynes are
terminal, the carbometalation reaction proceeded nor-
mally.® On the other hand, 1-trimethylsilyl-4-halo-1-
butynes did not give the expected carbometalation
products. Instead, they gave 2-methyl-1-trimethyl-
silyl-1-cyclobutene in excellent yields.* Subsequent
studies have clearly established that the alkene moiety
extensively participates in this reaction (7-process), as
shown in eq 5.9%%! In accord with this mechanism, the
reaction is nonregiospecific, although it can be highly
regioselective. The stereochemistry of the alkenylmetal
intermediates is unimportant. Although three- and
six-membered rings can also be prepared analogously,
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five-membered rings are not readily formed.404!
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In search for a more general and regiospecific pro-
cedure, we have found that w-halo-1-silyl-1-alkenyl-
lithiums cyclize readily and regiospecifically to give
three- through eight-membered cycloalkenes regardless
of the alkene geometry.***? In this case, however, the
syn relationship between the C-Li bond and the w-ha-
loalkyl group is required and attained through Si-pro-
moted isomerization.?® The available data indicate
that, if the alkenyl-metal bond is sufficiently polar and
nucleophilic, e.g., C-Li bond, it can directly participate
in cyclialkylation** (s-process). Such cyclization reac-
tions are regiospecific but require the syn relationship
between the C-M bond and the w-haloalkyl group.
Some related cyclialkylation,*® cycliacylation,*® and
cyclic carbonyl and conjugate addition reactions*47 of
organolithiums have also been developed by us and
others over the past few years. On the other hand,
relatively covalent and nonnucleophilic alkenyl-metal
bonds, e.g., C-Al bond, appear to require the second
carbon-metal bond, e.g., C-Si bond, as a
“nucleophilicity booster” and make use of the alkene
m-bond as a nucleophilic site. The reaction is nonre-
giospecific.

(b) Allylmetalation and Higher Alkenyl-
metalation. As shown in eq 4, carbometalation of
alkynes with functionally substituted organometals
(XRM) would provide attractive routes to cycloalkenes.
In reality, however, such carbometalation reactions are
rather rare, presumably because the functional group
in an organometallic species tends to interfere with the
desired carbometalation. We have therefore focused our
attention on allylmetalation and related reactions with
homologous alkenylmetals. The scope of allyl-
metalation as of several years ago has been reviewed.?
Although the possibility for six-centered transition
states might suggest that allylmetalation can occur
widely, the scope of controlled allylmetalation of alk-
ynes producing 1,4-dienylmetals as discrete products*
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(43) (a) Zweifel, G.; Murray, R. E.; On, H. P. J. Org. Chem. 1981, 46,
1292. (b) Negishi, E.; Takahashi, T. J. Am. Chem. Soc. 1986, 108, 3403.

(44) Sawada, H., unpublished results.

(45) (a) Chamberlin, A. R.; Bloom, S. H. Tetrahedron Lett. 1984, 25,
4901. (b) Bailey, W. F.; Ganier, R. P.; Patricia, J. J. J. Org. Chem. 1984,
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Lett. 1986, 27, 775.

(47) Cooke, M. P. J. Org. Chem. 1984, 49, 1144.
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was surprisingly limited to a few reactions, such as
allylboration of alkoxy- or aminoalkynes,* allylzincation
of alkynylzincs generated in situ,®® and anti allyl-
magnesiation of propargyl alcohols and related deriva-
tives.51%2  As such, allylboration and allylzincation are
of limited synthetic utility. However, the Cu-catalyzed
anti allylmagnesiation®? (eq 6) appears to be a carbo-
metalation reaction of considerable synthetic use, as
discussed later.

N M Z R =
0% cul . Mg - >=C/
~ 2 OH

R’, RZ:HorC group

R'C==CCH,OH

We have found that alkynylsilanes react regioselec-
tively with allylzinc halides to produce 1,4-pentadie-
nylzinc halides in high yields, although the reaction is
only about 85% stereoselective® (eq 7). The corre-

SiR, R! SiRj

.
Znar
ZnBr L2 7

sponding reaction of terminal alkynes is generally com-
plicated by competitive zincation of alkynes and double
allylzincation,? while internal alkynes fail to react with
allylzinc halides. Fortunately, both terminal and in-
ternal alkynes undergo Zr-catalyzed allylalumination®
(eq 8). The reaction is >98% stereoselective but only

R'C=CSiR,

R! H(R) R! H(R)

AR
o=
RICERCH(R) e AIFiz

ca. 75% regioselective. The use of a deficient amount
of an electrophile, e.g., I, can produce isomerically pure
alkene derivatives. Internal alkynes also undergo a
similar Zr-promoted allylzincation with diallylzinc
reagents in the presence of I,ZrCp,.5%

The products of allylmetalation have indeed proved
to be useful in preparing cyclic compounds via cy-
clialkylation and cycliacylation5% (eq 9) as well as via
carbonylation discussed later.

1. i~BugAl R z
CigZrCpa 1. SiagBH
2 NBS 2. NaOH, HzOz
ENECTTON 3.cros o)
(or r-BulLi) 4. MoLI then r-8Buli
Z = Me3Si or C group
(9)

For incorporation of the homoallyl and higher alkenyl
groups, carbocupration of alkynes appears to be general
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and regio- and stereoselective. Iodinolysis of the car-
bocupration products provides dienyl iodides in which
the iodine atom is cis to the w-alkenyl group. The
Zr-catalyzed hydroalumination—-brominolysis—
cyclialkylation of the dienyl iodides, as described for
the synthesis of cyclopentenes (eq 9), readily provides
cyclohexenes and higher cycloalkenes* (eq 10).
1. N (CHp)»Cu-MgBry

RC=CH 21,

R H R z

>:.< 1, i~ BugAl
ClaZrCpa —
(HpQ)y 1 52— o (n=2 3, 6tc.) (10)
2.NBS (H,O)
\— 3.n-Buli(or #-Buli) 2

The products of the Cu-catalyzed allylmagnesiation
reaction of propargyl alcohols can be protonated or
iodinated to give trisubstituted or tetrasubstituted al-
kenes, respectively, that are di-, tri-, or even tetra-
functional and regio- and stereochemically pure.5?
These compounds can, in turn, serve as intermediates
for stereodefined exocyclic alkenes,™ as shown in eq 11
and 12. Importantly, all products shown in eq 11 and
12 were formed as isomerically >97-98% pure com-
pounds. Although the number and range of exocyclic
alkenes prepared by the method are still limited, its
selectivity and potential versatility are noteworthy.

1. 8iagBH then
H2032.NaOH
4 1 2.8Bry, PPhy
R 1. SiagBH R 3.NaSOzPh
2. 2. NaOMe _ n-BuyNBr
d 3. NaOH, H;0, - A.E:‘%rl.
X X OH n=-BuyNBr
1
18: R)=Bu-n, X =H (91%)
1b: R1=Bu-n, X =1 (80%)
1¢: R'=Me, X =1 (60%)
R1
(n
X
SO,Ph
2
R'=Hex-n, X =1 (43%)
1 1. 8iagBH
R 2.1, NaOMe
_ 3. NaOH, Hz20g
R? OSiMegBu-¢
1. KCN 4
2. n-Bu4NF R
3

LDA, Me2S0ZCl, LDA >___<:]\
A / R?
WI 3 (12)
2 OSiMQQBU-f

R -\l
\ 1. LiCHaCONEty
2.n-BuyNF
3.PBry 2
4.LDA R

CONEt,
4

3a: R!=Me, RZ2:Bu-n (43%) 3b:R!=Bu-n R2-Me (48%)

4a: R'=Me, R°=Bu-n (38%) 4b:R'=Bu-n R®=Me (45%)
(¢) Cyclic Carbometalation of Alkynes. Cyclic
carbometalation of alkynes may be represented by eq
13. It possesses some features of both carbometalation
of functionalized alkynes and carbometalation with
functionalized organometals. If the process were regio-

and stereoselective, it could provide another attractive -

route to exocyclic alkenes.
Unfortunately, the previously known cyclic carbo-
metalation reactions of alkynes involving, Li,% Mg,5
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z rd Z

R! A
n‘cgc—h—m —_ >=t> — >=b (13)

M R?
and Cu® generally suffer from the lack of stereoselec-
tivity and various side reactions attributable, at least
in part, to the intermediacy of radical species. We
therefore felt that, if the formation of radical inter-
mediates could be avoided, some stereoselective pro-
cesses would be developed. We treated 6-trimethyl-
silyl-1-hexen-5-yne and 7-trimethylsilyl-1-hepten-6-yne
with 1.1 equiv of i-BusAl and 10 mol% of Cl,ZrCp, and
obtained 5a and 5b in 85% and 72% yields, respec-

tively®® (eq 14).
>=@H2)n¢2

H

1. /-BugAl MegSi
CigZrC|
Me 3 SIC==C(CH,),CH==CH, ;ﬁol—”—

58: N2

§b: n=3
(14)
Unfortunately, we were very disappointed to find that
the formation of 6 under the same conditions was not
stereoselective (eq 15). Evidently, a-silylalkenylalanes
are configurationally unstable.®® We can, however, take
advantage of this feature to achieve a highly stereose-
lective, chelation-controlled cyclic carbometalation®® (eq

16).

Me
M63Si\_ 1. /-BugAl, ClaZrCp
= 2. Hgo*
) 7o% (6as8b > 1/
Me Me
Me3Si H
+ (15)
H MejySi
6a 8b
OH /"BUzél
n \\
MeaSi_ i-Bushl.  i-BupAl
= Cia2rC
22rCp2 (82%,97% (£)
~
Me;Si

(16)

Somewhat unexpectedly, treatment of 6-bromo-1-si-
lyl-1-hexyne derivatives with Mg has recently been
shown to induce cyclic carbomagnesiation which is ca.
90% stereoselective.®

(d) Cyelic Acylmetalation. In addition to cyclial-
kylation and cycliacylation shown in eq 15, the products
of allylmetalation of alkynes appeared attractive as
precursors to a-methylenecyclopentenones, which rep-
resent a number of natural products of medicinal in-
terest. Specifically, we hoped to prepare a-methylene-
cyclopenenones via carbonylation of 1,4-pentadienyl
iodides. We have indeed found that treatment of var-
ious 1,4-dienyl iodides with CO (1.1 atm) in the presence

(55) Ward, H. R. J. Am. Chem. Soc. 1967, 89, 5517.

(56) (a) Richey, H. G., Jr.; Rothman, A. M. Tetrahedron Lett. 1968,
9, 1457. (b) For a review, see: Hill, E. A. J. Organomet. Chem. 1975, 91,
123.

(57) Crandall, J. J.; Battioni, P.; Wehlacy, J. T.; Bindra, R. J. Am.
Chem. Soc. 1975, 97, 7171.

(58) Miller, J. A.; Negishi, E. Isr. J. Chem. 1984, 24, 76.

(59) Fujikura, S.; Inoue, M.; Utimoto, K.; Nozaki, H. Tetrahedron
Lett. 1984, 25, 1999.



70 Negishi

Scheme IV
n-Hex SiMe, n-Hex SiMey
l
B9%
COOMe
n-Hex H n-Hex

& = CO(B00 psi), Cl,Pd(PPhg), (5 mol %), NEtg (1.5 equiv),
MeOH (4 equiv), CHsCN-CgHg, 100 °C, 18-24 h

of 1-1.1 equiv each of Pd(PPh;), and NEt; in THF at
60 °C produces 7 including an antibiotic, methyleno-
mycin B (7b),%% in 50-75% yields. The results can be
explained by a mechanism shown in eq 17.

R Z R z
CO (1.1 atm)
— Pd(PPhg), (1 8quiv)
_ 1 NEts (1.1 equiv) o]
THF. 60 °C, 18-24 h
Pd(PPhy)
/ " ‘7’ (17)
R Z R
- Pd(PPhgl 2=
_ 3’2 C——-O o
Pd(PPha)z Pd(PPha)ZI
7a: R=n-He 7b: R=Z=Ma (51%) 7¢:Ra
Z= S|M93 (54%) -(CHz)a- (75%)

The mechanism shown above suggests that, in the
presence of NEtg, the reaction should be catalytic in Pd.
Although we have so far been unable to make the
transformation shown in eq 17 catalytic, we have de-
vel(gg)ed a related catalytic reaction shown in Scheme
Iv.

We believe that both the stoichiometric reaction
shown in eq 17 and the catalytic reaction shown in
Scheme IV proceed via oxidative addition, migratory
insertion of CO, and cyclic acylpalladation, as shown
in eq 17. In the latter reaction, however, the second CO
insertion and methanolysis occur instead of dehydro-
palladation. In the absence of methanol, only polym-
erization products are obtained. The intermediacy of
the alkenyl- and acylpalladium intermediates has been
supported by trapping experiments.® Although there
have been some acyclic acylmetalation reactions of en-
ones,®! both single-state®? and polymeric®® acyclic
acylmetalation reactions, and quinone-producing in-
termolecular acylmetalation reactions,®* cyclic acyl-

(60) Tour, J. M.; Negishi, E. J. Am. Chem. Soc. 1985, 107, 8289.

(61) (a) Corey, E. J.; Hegedus, L. S. J. Am. Chem. Soc. 1969, 91, 1233.
(b) Hegedus, L. S.; Perry, R. J. J. Org. Chem. 1985, 50, 4955. (c) Seyferth,
P; Hui, R. C. Tetrahedron Lett. 1986, 27, 1473.

(62) (a) Chiusoli, G. P.; Merzoni, S.; Mondelli, G. Tetrahedron Lett.
1964, 5, 2777. (b) Sawa, Y.; Hashimoto, I.; Ryang, M.; Tsutsumi, S. J.
Org. Chem. 1968, 33, 2159. (c) Cooke, M. P,; Parlman, R. M. J. Am.
Chem. Soc. 1975, 97, 6863. (d) Alper, H.; Currie, H. K.; Des Abbayes, H.
J. Chem. Soc., Chem. Commun. 1978, 311.

(63) Sen, A.; Lai, T. W. J. Am. Chem. Soc. 1982, 104, 3520.
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metalation reactions have been extremely rare.®> A
related carbonylation reaction proceeding in an “endo”
mode suitable for the synthesis of polycyclic quinones®®
has also been developed.®’

Controlled Carbometalation with
Metallacyclopropanes and
Metallacyclopropenes

The metal-carbon bonds of metal-carbene and
metal-carbyne complexes as well as of metallacyclo-
propanes and metallacyclopropenes have been shown
to be highly reactive toward alkenes and alkynes
(Scheme III). Although pioneering works mainly by
Schrock® on the chemistry of metal-carbyne complexes
show some synthetic potentials, the use of metal-car-
byne complexes in organic synthesis is still in its in-
fancy. On the other hand, metal-carbene complexes
have been widely used in organic synthesis.®® Their
reactions that are thought to proceed via carbo-
metalation include olefin metathesis, cyclopropanation
of alkenes, and alkene and alkyne polymerization.
Some of the more recent efforts have been directed
toward controlled and selective cyclization reactions of
metal-carbene complexes with alkenes and alkynes,
such as the Cr-promoted synthesis of quinones and
hydroquinones by Détz,”® Semmelhack,”’ Wulff,? and
Yamashita,” the W-catalyzed enyne cyclization reaction
of Katz,’* and the reaction of titanium-carbene com-
plexes with alkynes and alkenes by Tebbe™ and
Grubbs.™

Our own attention has been directed to those carbo-
metalation reactions that are thought to involve me-
tallacyclopropanes and metallacyclopropenes. One
particularly attractive feature of these three-membered
metallacycles is that they can be in situ generated by
the reaction of alkenes and alkynes with transition-
metal complexes via oxidative coupling {Scheme III).
Since Reppe’s synthesis’”” of benzene and cyclo-
octatetraene from acetylene catalyzed by Ni and other
transition-metal complexes is thought to involve me-
tallacyclopropenes, the history of this branch of chem-

(64) (a) Sternberg, H. W.; Markby, R.; Wender, 1. J. Am. Chem. Soc.
1958, 80, 1009. (b) For a recent paper with pertinent earlier references,
see: Liebeskind, L. S.; Baysdon, S. L.; South, M. S. J. Am. Chem. Soc.
1980, 102, 7397. (c) South, M. S.; Liebeskind, L. S. J. Am. Chem. Soc.
1984, 106, 4181.

(65) (a) Brewis, S.; Hughes, P. R. J. Chem. Soc., Chem. Commun.
1965, 489; 1966, 6. (b) For a related cyclic alkoxycarbonylpalladation
reaction, see: Murray, T. F.; Norton, J. R. J. Am Chem. Soc. 1979, 101,
4107,

(66) For a review of various methods for preparing anthraquinones,
for example, see: Tetrahedron 1984, 40, 4537.

(67) Negishi, E.; Tour, J. M. Tetrahedron Lett. 1986, 27, 4869.

(68) For some recent papers containing pertinent earlier works, see:
(a) Wengrovius, J. H.; Sancho, J.; Schrock, R. R. J. Am. Chem. Soc. 1981,
103, 3932. (b) McCullough, L. G.; Schrock, R. R. J, Am Chem. Soc. 1984,
106, 40617.

(69) For a recent review with pertinent references, see: Détz, K. H.
Angew. Chem., Int. Ed. Engl. 1984, 23, 587.

(70) (a) Détz, K. H. Angew. Chem., Int. Ed. Engl. 1975, 14, 644. (b)
Détz, K. H. J. Organomet. Chem. 1977, 140, 177. (c) Détz, K. H.; Pruskil,
1. J. Organomet. Chem. 1981, 209, C4.

(71) Semmelhack, M. F.; Bozell, J. J.; Sato, T.; Wulff, W.; Spiess, E.;
Zask, A. J. Am. Chem. Soc. 1982, 104, 5850.

(72) (a) Wulff, W. D,; Tang, P. C.; McCallum, J. S. J. Am. Chem. Soc.
1981, 103, 7677. (b) Wulff, W. D,; Tang, P. C. J. Am. Chem. Soc. 1984,
106, 434.

(73) Yamashita, A. J. Am. Chem. Soc. 1985, 107, 5823.

(74) Katz, T. J.; Sivavec, T. M. J. Am. Chem. Soc. 1985, 107, 737.

(75) Tebbe, F. N.; Harlow, R. L. J. Am. Chem. Soc. 1980, 102, 6149.

(76) Stille, J. R.; Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 855.

(77) Reppe, W.; Schlichting, O.; Klager, K.; Toepel, T. Justus Liebigs
Ann. Chem. 1948, 560, 1.
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istry is by no means new. As mentioned earlier, how-
ever, the development of procedures suitable for the
synthesis of unsymmetrically substituted cyclic or
acyclic products is of recent origin, a systematic in-
vestigation of Co-catalyzed alkyne cyclotrimerization
by Vollhardt!'*< being a prototypical example.

Transition-Metal-Promoted Bicyclization of
Dienes, Enynes, and Diynes. Transition-metal com-
plexes that can act as “l4-electron” species, e.g.,
“ZrCp,”, can react readily with alkenes and alkynes to
form metallacyclopropanes and metallacyclopropenes,
respectively. Some such compounds containing both
early, e.g., (Me;C;),Ti(CH,CH,),”® and late, e.g.,
(PhyP),Pt(PhCCPh),™ transition metals are known. In
many cases, these metallacylces are capable of reacting
further with alkenes and alkynes to form five-mem-
bered metallacycles, as shown in Scheme III. Formation
of metallacyclopentanes and metallacyclopentadienes
have been observed with various metals including Ti,¥
Zr 2 Ta,% Fe,8 Co, Rh,% Ir,% Ni,?” and Pd.#8 Some
of these metallacycles have been carbonylated to give
the corresponding five-membered ketones. Although
rare, some metallacyclopentenes® and metallaindans®
have also been prepared.

From the viewpoint of organic synthesis, it is essential
to attain high regioselectivity and cross—homo selec-
tivity. For example, a metal-promoted cyclization re-
action of an unsymmetrical alkene with an unsymme-
trical alkyne can produce up to ten metallacyclo-
pentanes, -pentenes, and -pentadienes. On the other
hand, the corresponding reaction of an enyne of proper
chain length may give a single product. We have indeed
found that the reaction of w-vinyl-1-silyl-1-alkynes with
“ZrCpy” produces in excellent yields zirconabicycles (8),
which can be protonated, iodinated, or carbonylated to
give 9, 10, and 11, respectively® (eq 18). Various al-
kyl-substituted 7-silylhept-1-en-6-ynes can be conven-
iently prepared by the conjugated allylation of methyl
alkenyl ketones followed by conversion of methyl ke-
tones into silylalkynes.®!

Although the reaction of Cl,ZrCp, with Mg (10 equiv)
and HgCl,%'° was initially used to generate “ZrCp,”, we

(78) Cohen, S. A.; Auburn, P. R.; Bercaw, J. E. J. Am. Chem. Soc.
1983, 105, 1136.

(79) Otsuka, S.; Nakamura, A. Adv. Organomet. Chem. 1976, 14, 246.

(80) McDermott, J. X.; Wilson, M. E.; Whitesides, G. M. J. Am. Chem.
Soc. 1976, 98, 6529.

(81) (a) Alt, H.; Rausch, M. D. J. Am. Chem. Soc. 1974, 96, 5936. (b)
Gell, K. L; Schwartz, J. J. Chem. Soc., Chem. Commun. 1979, 224; J. Am.
Chem. Soc. 1981, 103, 2687. (c) Thanedar, S.; Farona, M. F. J. Organo-
met. Chem. 1982, 235, 65.

(82) McLain, S. J.; Wood, C. D.; Schrock, R. R. J. Am. Chem. Soc.
1979, 101, 4558.

(83) For a review, see: Weissberger, E.; Laszlo, P. Acc. Chem. Res.
1976, 9, 209.

(84) (a) Khand, I. U.; Knox, G. R.; Pauson, P. L,; Watts, W. E.;
Foreman, M. L. J. Chem. Soc., Perkin Trans. 1 1973, 977. (b) Khand, L.
U.; Pauson, P. L. J. Chem. Res. 1977, 8,9. .

(85) Miiller, E.; Langer, E.; Jakle, H.; Muhon, H. Tetrahedron Lett.
1979, 5271.

(86) Fraser, A. R.; Bird, P. H.; Bezman, S. A,; Shapley, J. R.; White,
R.; Osborne, J. A. J. Am. Chem. Soc. 1973, 95, 597.

(87) (a) Grubbs, R. H.; Miyashita, A. J. Am. Chem. Soc. 1978, 100,
7416. (b) Grubbs, R. H.; Miyashita, A. J. Organomet. Chem. 1978, 101,
371,

(88) Mosely, K.; Maitlis, P. M. J. Chem. Soc., Chem. Commun. 1971,
1604.

(89) McDade, C.; Bercaw, J. E. J. Organomet. Chem. 1985, 279, 281.
(90) (a) Erker, G.; Kropp, K. J. Am. Chem. Soc. 1979, 101, 3659. (b)
For a review, see: Erker, G. Acc. Chem. Res, 1984, 17, 103.

(91) Negishi, E.; Holmes, S. J.; Tour, J. M,; Miller, J. A. J. Am. Chem.

Soc. 1985, 107, 2568.
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2, Hgot
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have since found that treatment of Cl,ZrCp, with 2
equiv of n-BuLi in THF is a convenient alternative.%
Some of the enynes that have been converted into zir-
conabicyclic derivatives in >80% yields by this proce-
dure are shown below,?® and the scope of the reaction
appears to be reasonably general. Comparison of its
scope with that of the Co-promoted bicyclization-car-
bonylation reaction of enynes based on Pauson’s dis-
covery® and developed mainly by Schore,* Billington,%
and Magnus® is still premature. However, the ex-
tremely mild reaction conditions (<25 °C) and the clean
and discrete formation of metallacyclopentenes that can
be readily protonated and iodinated make the Zr-based
methodology unique.

Cstex-n =—SnMe,
BnN/\s—SiMea BnN/\E—SiMea
\/|= WMO

Me

The above procedure is also applicable to the cycli-
zation of diynes and dienes® (eq 19). Although a sim-

A
H cfa_n
(HaG)p R
~m=—A - HgO
ClaZrcpy /——  HaQhW | ZrCpy ——— (HQ
-+

R R

e
NN
(C4Ha)ZrCpy 19)

n=2-4(75-100%) ~n=5 (ca.60%)

n-8BulLi

R = alkyl or SiMej

ilar Ti-promoted bicyclization reaction of diynes is
known,” the Zr-promoted reaction appears to be gen-
erally cleaner and more satisfactory. Also noteworthy
are the Pd- and Rh-promoted cyclization reactions of
dienes® and enynes.”® The enyne cyclization reaction

(92) Negishi, E.; Cederbaum, F E.; Takahashi, T. Tetrahedron Lett.
1986, 27, 2829.

(913) Swanson, D. R.; Cederbaum, F. E.; Takahashi, T., unpublished
results.

(94) (a) Schore, N. E.; Croudace, M. C. J. Org. Chem. 1981, 46, 5436.
(b) Croudace, M. C.; Schore, N. E. J. Org. Chem. 1981, 46, 5357.

(95) Billington, D. C.; Pauson, P. L. Organometallics 1982, 1, 1560.

(96) Exon, C.; Magnus, P. J. Am. Chem. Soc. 1983, 105, 2477.

(97) Nugent, W. A,; Calabrese, J. C. J. Am. Chem. Soc. 1984, 106, 6522.

(98) Grigg, R.; Mitchell, T. R. B.; Ramasubba, A. J. Chem. Soc., Chem.
Commun. 1979, 669; 1980, 27.
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has been applied to the synthesis of (+)-sterepolide
(12).%0 In these reactions, metallabicyclic intermediates
presumably undergo dehydrometalation-reductive
elimination to give monocyclic products. It now appears
that most or essentially all d-block transition metals can
participate in bicyclization of enynes, dienes, and di-
ynes, and they will collectively provide a powerful new
tool for the synthesis of mono-, bi-, and polycyclic
structures.

The product of the reaction of butadiene with
“ZrCp,” was originally prepared by Nakamura!® by the
reaction of Cl,ZrCp, with 2-buten-1,4-diylmagnesium
and by Erker by photolysis of Cp,ZrPh, in the presence
of butadiene.!’® Interestingly, the product obtained
by the former is (s-cis-n*-butadiene)zirconocene (13),
whereas the latter product contains its s-trans isomer
(14). These compounds not only react readily with

ketones and nitriles but also undergo carbometalation
with alkenes and alkynes.!®"101 Significantly, the car-
bometalation reactions of (s-cis-isoprene)zirconocene
are often highly regioselective and form carbon—carbon
bonds away from the methyl group of isoprene'®* (eq
20).

(99) (a) Trost, B. M.; Lautens, M. J. Am. Chem. Soc. 1985, 107, 1781.
(b) Trost, B. M.; Chung, Y. L. J. Am. Chem. Soc. 1985, 107, 4586.

(100) (a) Yasuda, H.; Kajihara, Y.; Mashima, K.; Lee, K.; Nakamura,
A. Chem. Lett. 1981, 519. (b) Kai, Y.; Kanehisa, N.; Miki, K.; Kasai, N.;
Mashima, K.; Nagasuna, K.; Yasuda, H.; Nakamura, A. Chem. Lett. 1982,
1979; J. Chem. Soc., Chem. Commun. 182, 191. (c) Yasuda, H.; Kajihara,
Y.; Mashima, K.; Nagasuna, K.; Nakamura, A. Chem. Lett. 1981, 671, 719.

(101) (a) Erker, G.; Wicher, J.; Engel, K.; Rosenfeldt, F.; Dietrich, W.;
Kriger, C. J. am. Chem. Soc. 1980, 102, 6344. (b) Erker, G.; Engel, K,;
Dorf, U.; Atwood, J. L.; Hunter, W. E. Angew. Chem., Int. Ed. Engl. 1982,
21, 914; 1983, 22, 494. (c) Skibbe, V.; Erker, G. J. Organomet. Chem.
1983, 241, 15. (d) Erker, G.; Dorf, U. Angew. Chem., Int. Ed. Engl. 1983,
22, 771.
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Concluding Remarks

Until recently, carbometalation reactions had been
used nearly exclusively to synthesize polymers and
symmetrically structured oligomers of alkenes and
alkynes. It now appears that controlled carbo-
metalation provides a new powerful tool for construc-
tion of unsymmetrical and complex organic structures
as well. The crucially important aspects of controlled
carbometalation include (i) controlling the degree of
polymerization or oligomerization, (ii) attaining a high
regio-, stereo-, and/or chemoselectivity, and (iii) at-
taining a high cross—homo selectivity. The fact that
carbometalation leads to the simultaneous formation
of a carbon—-carbon bond and a new carbon—-metal bond
can be exploited in the preparation of various ring
structures. The cyclization methods discussed here
include (i) cyclialkylation, (ii) cycliacylation, (iii) Zr-
catalyzed cyclic carboalumination, (iv) acylpalladation,
(v) Zr-promoted bicyclization of enynes, dienes, and
diynes. Collectively, these reactions promise to provide
attractive routes to cyclic structures. Many additional
cyclization procedures involving carbometalation are
expected to be developed in the near future. Highly
needed in this connection are further explorations of
carbometalation reactions involving functionalized
alkynes and alkenes as well as functionalized organo-
metals.
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Prior to 1975, asymmetric syntheses proceeding with
>90% enantiomeric excess (ee, percent of one enan-
tiomer minus percent of its antipode) were the rare
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exception. In recent years, however, many research
groups have reported ee’s of >90%, and the research
activity generated by this scientific revolution is leading
to a publication explosion in this area. This scientific
revolution has stimulated development not only of new
synthetic methods but also of new chromatographic
methods for analytical and preparative scale separation
of enantiomers, development of new NMR techniques
for evaluating enantiomeric purity easily and accurately,
and development of new and practical industrial pro-
cesses for asymmetric synthesis of valuable organic in-
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