Pure & Appl.Chem., Vol.53, pp.2333-2356. 0033-4545/81/122333-24$02.00/0
Printed in Great Britain. Pergamon Press Ltd
©1981 IUPAC

BIMETALLIC CATALYTIC SYSTEMS CONTAINING Ti, Zr, Ni, AND Pd. THEIR APPLICATIONS
TO SELECTIVE ORGANIC SYNTHESES

Ei-ichi Negishi
Department of Chemistry, Purdue University, W. Lafayette, Indiana 47907, USA

Abstract - Controlled carbometallation of unnactivated acetylenes represents a new
methodology in organic synthesis. We have found that the Zr-catalyzed carboalumi-
nation of terminal alkynes provides a highly selective and versatile entry into
trisubstituted olefins, especially those of terpenoid origin. Its scope, synthetic
applications, and mechanism are discussed with emphasis on the cross-coupling re-
actions of alkenylalanes with organic halides catalyzed by palladium and nickel
complexes.

INTRODUCTION

Although a number of metallic elements have been shown to be synthetically useful (1), it has
become increasing clear that the synthetic capability of each metal is limited. One po-
tentially promising way of overcoming this Timitation would be to consider the simultaneous
use of two or more metals. This, in fact, is not a new concept. It will suffice at this
point to remind us that the Ziegler-Natta polymerization (2) and the reactions of Tithium
organocuprates (3) involve bimetallic systems which display reaction characteristics not
shared by either of their parent compounds. If all bimetallic combinations were capable of
exhibiting certain unique synthetic properties, seventy or eighty metallic elements could
provide several thousand additional systems, i.e., bimetallic combinations, for our con-
sideration and use in organic synthesis. This concept can, of course, be extended so as to
include multimetallic systems as well. Clearly, what awaits our exploration is far greater
than what has already been explored. :

Aside from a simple arithmetic argument presented above, is there any scientific or chemical
Justification for investigating bimetallic systems? Almost by definition, metals can provide
metal-carbon bonds in which the metal-bound carbons act as carbanion centers. Until re-
cently, synthetic chemists considered this to be the single-most important property of
metals with respect to organic synthesis. More recently, however, the ability of metals to
readily provide low-lying empty orbitals has been recognized as a property which is at least
as important as the polarized metal-carbon bonds. Coordinatively unsaturated metal-con-
taining species and those capable of readily generating such species have a strong tendency
to form bridged dimers and polymers through three-center two-electron bonding. In cases
where the participating metals are all identical, such an association process is of little
or no synthetic consequence. When two or more metals are different, however, it can lead to
various synthetically attractive phenomena. Three such phenomena are shown in Scheme 1.
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In cases where the electronegativity values for 1M and 2M are substantially different, the
more electronegative of the two will attract both of the bridging ligands, i.e., IL and 2L,
inducing ate complexation. Ate complexation can either boost the nucleophilicity of the
2M-2L moiety, as in the conversion of organocoppers or organolithiums into LiCuRy or tone it
down, as in the conversion of organolithiums into the corresponding organoborates and organo-
aluminates (4), (The nucleophilicity of the B-C or Al-C bond is, of course, increasgd by

this process). It can also suppress the often undesirable electrophilicity of the M center,
such as the B and Al atoms of organoboranes and organoalanes, respectively.

Alternatively, the bridged species 1 may dissociate into two new coordinatively unsaturated
species via transmetallation. This, in fact, is a ubiquetous process representing one of
the most general methods for preparing organometallic compounds. In this review, however,
we are primarily concerned with those transmetallation processes that are steps in catalytic
cycles involving transition metals. Such catalytic processes make use of the synthetic capa-
bilities of two metals in tandem in one reaction. The Pd-catalyzed cross coupling (5) dis-
cussed later, we believe, involves such a process.

Yet another process, which 1 can undergo, may loosely be termed dynamic polarization.

Through three-center two-electron bridging, two metal centers can be polarized as shown in 2.
The 1M center in 2 is not only coordinatively unsaturated but also positively polarized.
Such a metal center must be more electrophilic than that in the orignal monomer. This mode
of activation of a carbon center (IM = C) is found in the Friedel-Crafts reaction. What is
proposed here is to apply the same principle to activating metal centers in the hope of dis-
covering and developing new synthetic reactions. This review primarily deals with the Zr-
catalyzed carboalumination in which activation of one metal by another through dynamic
polarization is thought to be of crucial significance.

DISCOVERY OF THE ZIRCONIUM-CATALYZED CARBOALUMINATION OF ACETYLENES

Need for selective and versatile routes to trisubstituted olefins

Trisubstituted olefins are present in a wide variety of natural products, especially those of
terpenoid origin (6). A large number of such compounds can be represented by either Jor4
containing one methyl and two additional carbon groups, at least one of which is often
proximally heterofunctional.

R e R H
el Se=c]

| C=C |
H N0, M NC),-2

(3) n=1,2, etc. (4)
Mainly over the past few decades, various methods have been developed for their synthesis
(7). The Wittig and related carbonyl olefination reactions are probably the most widely used
methods and appear to be reasonably selective and satisfactory for preparing 3. On the other
hand, their use in the selective synthesis of 4, which would require clean differentiation of
the methyl and the R group of the starting ketone, normally leads to the formation of stereo-
isomeric mixtures. In principle, 3 and 4 are interconvertible, but such interconversions are
often cumbersome. Other more stereoselective methods are also known (7), but the stereo-
selectivity tends to be dependent on substituents and other reaction parameters. Another
frequently encountered problem is the lack of versatility. Most of the known methods permit
introduction of one or two types of heterofunctional groups (7) (8). When other types of
heterofunctionalities are desired, additional steps must be introduced to the synthetic
scheme. In Tight of these difficulties and limitations, we hoped to discover and develop a
method for the synthesis of 4 that is (a) stereoselective (> 98%), (b) regioselective

(> 95%), (c) chemoselective, (d) efficient and convenient, and (e) general with respect to
the R and heterofunctional group (Z).

Carbometallation

One conceptually attractive approach would be to achieve addition of a methyl-metal bond to a
terminal acetylene, as shown in eq1, and convert the addition product 5 into various types of
olefins represented by 4.

MeM. R H R H
Rest ———  Sec ——— Se=c (n
M, w NG,z

(8) (4)
In principle, those metals that can participate in cis hydrometallation can also undergo cis

Z:arbometal)]ation, although the Tatter process may be more susceptible to steric hindrance
Scheme 2).
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Scheme 2
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On the other hand, there is a potential difficulty which is unique to carbometallation. In
hydrometallation, the starting compounds, i.e., metal hydrides, and the products are dis-
tinctly different. In carbometallation, however, both are organometallic derivatives. Thus,
unless their reactivities are significantly different, the products may compete with the
reagents for olefins and acetylenes to form polymers. Indeed, our Titerature survey indi-
cates that, while various metal-containing compounds can undergo carbometallation, carbo-
cupration discovered in 1971 by Normant (9) is essentially the only carbometallation that
converts terminal acetylenes into alkenylmetals represented by 6 as discrete products in a
highly stereo- and regioselective manner (eq 2).

1
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RZ/

H

Rle=  + R, —— C= ()

c
e,
(6)

While the significance of the Normant carbocupration as the first synthetically useful con-
trolled carbometallation of terminal acetylenes is undisputable, a few difficulties have also
been noted. In the uniquely significant case of addition of the methyl-copper bond, the re-
action either fails or becomes exceedingly sluggish. Although a few improved procedures (10)
have recently been developed, the above problem does not appear to have been totally solved.
In general, alkenylcoppers are relatively unstable above ca. -25°C, which can cause various
difficulties in their reactions with electrophiles. Yet another difficulty associated with
carbocupration is the capricious nature of the reaction with respect to its regiochemistry
observed with acetylenes containing proximal donor groups (9). Clearly, it is desirable to
develop additional carbometallation reactions that can complement the synthetic capability of
the carbocupration.

Titanium-promoted carbometallation

In search for novel and synthetically useful controlled carbometallation reactions of terminal
acetylenes, a process of elimination based on considerations of fundamental atomic and bond
properties provides a powerful tool. For example, alkali and alkaline earth metals may be
ruled out, since organometallics containing such metals would readily abstract the acetylenic
proton. The Group IV main group metals, such as Si, Ge, and Sn, may not readily participate
in carbometallation unless paired with suitable coordinatively unsaturated metal compounds.
Thus, among the main group metals, only the Group IIIA metals, such as B and Al, appear to be
potentially capable of undergoing carbometallation. In sharp contrast with boron hydrides
(11), however, typical organoboranes appear to be quite inert to acetylenes (12), which may
be attributable to the fact that organoboranes are highly sensitive to steric hindrance. On
the other hand, organcalanes are known to undergo carboalumination with acetylenes at ele-
vated temperatures (13). Under such conditions, however, terminal acetylenes suffer from
extensive abstraction of the acetylenic proton. It then occurred to us that Al-Ti reagent
systems used in the Ziegler-Natta olefin polymerization (2) should, in principle, be capable
of carbometallating acetylenes. An intriguing question is how to exploit or modify reagent
systems which induce a series of carbometallation reactions of olefins so as to achieve a
single-stage addition to acetylenes.

It was reported in 1976 that titanium complexes derived from alkynols and Cl,Ti(acac)y re-
acted with Et,A1C] to give, after hydrolysis, the corresponding ethylated a]ﬁyno]s (14).

PAAC 53:12-C
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Unfortunately, the reaction was only of very limited scope, requiring alkynols of appropri-
ate chain length (n = 2 or 3) (eq 3).

Et,AICT  H,0  Et

H
HC=C(CH, ),,0TiC1(acac), > > el

C=C
7 ~N
H ((:H2 )nOH

(3)

(n=2or3)

Although the above-described results were not very encouraging, we undertook to examine the
reaction of acetylenes with one of the simplest and homogeneous Al-Ti reagent systems, i.e.,
MegA1-CloTiCpy(Cp = n5-C5H5). We have indeed found that the reagent system reacts smoothly
with diphenylacetylene to give a product which produces (z)-1,2-diphenylpropene in 84% yield
on hydrolysis and (E)-1-iodo-1,2-diphenylpropene in 75% yield on iodinolysis (15) (eq 4).

As such, this reaction too is of very limited scope. Thus, alkyl-substituted intemal acety-
lenes, such as 5-decyne, directly gives allenes instead of olefins (eq 5), and the yields of
the carbometallated products obtained from terminal acetylenes are very low (< 30%), the un-
identified major products being oligomeric (15).

H, 0 Ph_ _Ph (o)
> c=C 843
Me ,A1-C1,TiCp Ph Ph e~ H
) 3A1-Cl, Tilp, NS
PhC=CPh Pl g (4)
(CHyC1),, 20-25°C  Me ML, . oh oh
N2, e (75%)
Me N
MeA1-C1,Ti Cp n-Bu n-Bu Pr-n
7-BuC=CBu-n s 272 >C=C—-CHPr—n 5 Ne=c=¢” (5)
Me ] ! P’b/ \H
ML, H
(?) 929%

To circumvent the undesirable oligomerization, we prepared terminally metal-substituted
acetylenes containing ZnCl, BRy, AlRy and SiR3 and examined their reaction with Me3Al-
CloTiCpy. We were pleased to %ind tﬁat all of the above metal-substituted acetylenes re-
ac%ed smoothly with the A1-Ti reagent system. In the cases of Zn, B and Al containing
acetylenes, deuterolysis of the carbometallation products gave 1,1-dideuterio-2-methyl-
alkenes in 75-85% yields, indicating that these reactions took place according to eq 6 (15).

. 1,1
11 MeaAlClpTice, R MLy 0,0 R D
Re=eM'L) > >ee,, 22— e (6)
Me L2 Me D

(1)
M]L,]] = InCl, BR2 or A]Rz. M2L,2] = Al- and/or Ti-containing group.

Although the carbometallation products 7 could serve as useful intermediates for tri- and
tetrasubstituted olefins, we have not yet succeeded in cleanly differentiating the two metal-
containing groups. The reaction of 1-octynyltrimethylsilanes with Me3A1-Cl>TiCpo produced a
70:30 mixture of 2-methyl-1-trimethylsilyl-1-octene (8) and 2-trimethylsily%-2,3-nonad1'ene
(9) in 80% combined yield (15).

n-CgH n-CgH SiMe
]3>C=CHS1'IVe3 M Se-e=c 3
Me H Me

(8) (9)

Shortly after we published the above results, a few other related studies describing similar
but somewhat different results have appeared. Eisch has reported that treatment of alkynyl-
silanes with RAICI»-C1,TiCpy or RyAICT-ClpTiCpy in CHpCly followed by addition of Et3N and
then water results in stereoisomeric mixtures in which the products of trans addition often
predominate (16). A subsequent study by Snider (17) has established that the reaction of
alkynylsilanes with MepA1C1-Cl,TiCpy, but not Me3A1-ClpTiCpz, produces neither allenes nor
significant amounts of trans addition products. Treatment of the carbometallation products
with aqueous NaOH gives ~95% pure (Z)-alkenylsilanes in good yields, which can be converted
into (Z)-trisubstituted olefins by known procedures (eq 7). The overall operation, however,
is rather cumbersome.
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1. Ip
1. MepA1C1-ClpTiC R Sivea o z(?-BuL\;
RC=CSiMe, . S0l 30 3 (0H0) Sec ) .
2. aq NaOH Me H e .

In summary, although the carbometallation of alkynylsilanes with A1-Ti reagent systems is
promising, a highly satisfactory route to trisubstituted olefins based on the reaction is yet
to be developed.

Zirconium-catalyzed carboalumination

The difficulties encountered in our study with Al1-Ti reagent systems led us to suspect that
the A1-Ti combination might not be best suited for carbometallation of acetylenes. Rather
than modify the structural features of reagents and/or substrates and vary other reaction
parameters, we decided to search a better-suited metal to be used in conjunction with Al.
We felt that one of the most logical approaches to be taken in a situation like this would
be to consider all three transition metals of a triad of interest. Accordingly, we began
investigating the Al-Zr and A1-Hf combinations. It was also known to us that certain Al-Zr
reagents systems can induce the Ziegler-Natta-type olefin polymerization, although their re-
activity is considerably lower than that of the corresponding A1-Ti systems (18). We felt
that the lower reactivity of the Al-Zr systems just might be well suited for achieving a
single-stage carbometallation.

Our first experiment with MejA1-Cl ZrCp, tumed out to be a major success. Thus, addition
of MesAl to C]ZZGC% suspended in %,2-d1ch]oroethane produced a lemon yellow homogeneous so-
lution. Addition of phenylacetylene, induced a smooth carbometallation at room temperature,
producing an intermediate which, on protonolysis, gave a 95:5 mixture of a-methylstyrene and
propenylbenzene in 100% combined yield (Scheme 3) (19).
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Deuterolysis of the intermediate gives (E)-g-deuterio-a-methylstyrene of 96% stereoisomeric
purity, indicating that an alkenylmetal species is formed as a discrete intermediate. The
actual stereoselectivity of the reaction is > 98%, as indicated by the results obtained with
deuteriophenylacetylene (Scheme 3). Iodinolysis of the intermediate gives (E)-giodo-a-methyl-
styrene in 73% yield, the stereochemistry of which has been established by Tithiation-deuter-
olysis (Scheme 3). The TH NMR spectrum of the reaction mixture indicates that essentially
100% of ClpZrCp, remains unchanged, as judged by the integration of the Cp singlet at § 6.45
ppm. No other signal corresponding to the Cp group is discernible in the expected region,
indicating that the carbometallation product, which exhibits an allylic proton signal at ¢
2.35 ppm, must be (E)-(2-phenylpropenyl)dimethylalane. The results also indicate that the
reaction must be catalytic in Cl,ZrCp,. Indeed, the reaction proceeds to > 90% completion
within one day even with 5-10 mo% % 0 C]ZZGCz.

We have also found that the reaction of phenylacetylene with Me3A1-C1oHfCpy proceeds in a
manner similar to that observed with CloZrCpy (19). Although CloHfCpy we used contained ~ 5%
of ClpZrCpy, the reaction was far faster than when only 5 mol % of Cl,ZrCpy was used. We
there%ore conclude that we indeed observed a reaction of an Al-Hf sys%em. However, we have
not yet observed any feature of the Al-Hf reaction which is significantly different from that
of the Al-Zr reaction. At this stage of our study, we felt that we might have finally found
one highly satisfactory bimetallic system for carbometallation of acetylenes in the Al-Zr
combination.
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SCOPE OF THE ZIRCONIUM-CATALYZED CARBOALUMINATION OF ACETYLENES

Although internal acetylenes, e.g., 5-decyne, can readily participate in the Zr-catalyzed
carboalumination (e.g., eq 8), it would be difficult to achieve a high regioselectivity in
the reaction of unsymmetrically substituted internal acetylenes. In exploring the scope of
the Zr-catalyzed carboalumination, we have therefore focused our attention on the Rl and RZ
groups in eq 9.

1. Meghl-ClaZrCpp

50°C, 6 hr n-Bu\\ /,Bu-n
n-BuC=CBu-n > /,C=C\\ (8)
2. H20 Me H
89% (> 98% 2)
1 2 X, ZrCp, R\ M
RicseH  +  RATY, ———=— >c=c{ (9)
R A]Y2

Scope with respect to the R] group. The zirconium-catalyzed carboalumination of proximally
hetero-functional acetylenes

The Zr-catalyzed carboalumination has proved to be highly general with respect to the Rl
group of terminal acetylenes (R1C=CH). Various alkyl groups, conjugated alkenyl groups,
e.g., vinyl and propenyl, isolated alkenyl groups, e.g., homoallyl, phenyl, and even hydro-
gen, i.e., acetylene itself, can readily be carbometallated with Me3Al1-Cl,ZrCpy to give,
after hydrolysis, the methylated alkenes in 90-100% yields. The regioselectivity observed
with these hydrocarbon-substituted acetylenes has been 95-100%.

For the Zr-catalyzed carboalumination to be truly useful in organic synthesis, however, it
should be able to accommodate some hetero-functional groups, especially those that are proxi-
mal to the acetylene group. In this connection, it is worth noting that all previously re-
ported controlled carbometallation reactions of propargyl and homopropargyl derivatives con-
taining donor-type groups (9) (14) (20) either are nonregio- and/or nonstereoselective or
display regioselectivity opposite to that which is observed with simple alkynes, presumably
due to marked directive effects of the proximal hetero atoms. In marked contrast with these
known reactions, the Zr-catalyzed carboalumination displays a uniformly high regio- and
stereoselectivity with propargyl and homopropargyl derivatives containing OH, 0SiMe,Bu-t¢,

SPh or iodine groups (eq 10) (21).

Me3A1-Cl2ZrCpo Z(CHZ)n\\ _H
> /C=C\
Me

Z(CH, ), C=CH (10)

Z= OH, OSiMezBu-t, SPh, I. n=1or 2.

In a few representative cases, the cis stereochemistry of the aadition has been rigorously
established (21). In the other cases, the stereochemical assignments are based on a tenta-
tive but seemingly reliable generalization (22) that the 13C NMR signals for the allylic
methyl carbons of 10 and 11 appear ca. 16+3 and > 19 ppm, respectively.

Y‘\v/’l§§ﬁ//’R Y\\\“//L§§r//H
H R
(10) (1
Y = carbon or hetero atom group. = carbon group.

Although the regioselectivity of these reactions is somewhat dependent on the proximal hetero
atoms, it has nonetheless been uniformly high, ranging from 92 to 100%, except for the case
of homopropargyl phenyl sulfide which displays a regioselectivity of 86% with Me3A1-Cl2ZrCpy.
Fortunately, it can be improved to > 98% by using Me3Al-MepZrCpy, although the precise reason
for the improvement is unclear. The regioselectivity observed with propargyl derivatives is
generally > 98%, which is somewhat higher than that observed with homopropargyl derivatives
(mostly 92-94%). It is possible that the undesirable regioisomers in the case of propargyl
derivatives decompose via B elimination under the reaction conditions, although this point is
yet to be clarified. As described later, the Zr-catalyzed carboalumination of proximally
hetero-functional acetylenes provides a versatile route to difunctional trisubstituted olefin
synthons for the synthesis of a variety of natural products of terpenoid origin.
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Scope with respect to the R2 group. The zirconium-catalyzed hydroalumination of olefins
ATthough addition of the methyl-metal bond across the C=C bond is uniquely important because
of its potential usefulness in the selective synthesis of terpenoids and other related natur-
al products, we are also interested in exploring the sgope of the Zr-cata]yzed carboa]um-
nation with respect to the RZ group of organoalanes (REATY,).

In the reaction of 1-octyne with n-Pr3Al-ClyZrCpy, two difficulties were encountered. First,
the regioselectivity was only 70-80%. Second, the yield of the carbometallation products de-
creased to 35-75%. Formation of 1-octene in 20-50% yield on hydrolysis of the reaction mix-
ture indicates that the carbometallation reaction is competed by hydrometallation (eq 11).

1. n-Pr3A1
Cl,ZrCp n-CgH13 H n-CgHy3 H n-CgHy3. H
n-CehlyaCztH —— =2 Sec( o+ SecC o+ P>l
2. Hy0 n-Pr H H Pron H H
35-75% (70-80:20-30) 20-505 (1)

Indeed, when -Bu3Al or ¢-Bu3Al was used in place of n-Pr3Al, the reaction proceeded exclu-
sively via hydmmeta]]atwn ?23) The hydrometallation reaction of acetylenes under these
conditions has not yet been fully developed as a synthetically useful method. On the other
hand, the corresponding reaction of monosubstituted olefins proceeds well to give the_hydro-
metallation products in 85-100% yields (23). Examination of the reaction mixture by TH NMR
indicates that R(Cl)ZGCz (s 6.22 ppm for the Cp group) is initially formed, but that the
eventual product is an organoalane. In accord with these observations, the reaction has been
shown to be catalytic in C122GC2 These facts can be nicely accommodated by the four-step
mechanism for the case of i-BugAl shown in Scheme 4. Both the hydrozirconation (24) and con-
version of organozirconium spec1es into organoalanes (25) are well documented.

Scheme 4
i-Bu
- \ Zrcpz \<(CH i
C]22r0p2 -Bu AlC1 ZGC2
i-Bu2A1C8 177" ]7\‘ZGC2 1-Octene

Although the full scope of this novel Zr-catalyzed hydroalumination remains to be estab-
lished, it does provide an attractive alternative to the conventional hydroalumination, which
is generally incapable of coping with donor-type substituents. Thus, allyl phenyl sulfide,.
alkenols, e.g., 4-penten-1-01, and 5-bromo-1-pentene are readily converted into terminally
(> 95%) Al-substituted organoalanes in 85-95% yields (23).

We have recently found that the competitive hydrometallation reaction can be readily sup-
pressed, although the regiochemical problem still persists. As discussed later in detail,
the n-PrpA1C1-CloZrCpy system does not undergo a facile n-Pr-Cl exchange (26) required for
the Zr-catalyzed hydroalumination (Scheme 4). As might be predicted on the basis of the
mechanism shown in Scheme 4, its reaction with 1-heptyne gives, after hydrolysis, a 78:22
mixture of 2-n-propyl-1-heptene and (E)-4-decene in 97% combined yield with no more than a
trace, if any, of 1-heptene (eq 12) (26).

1. n-PrpA1Cl

ClyZrCp n-CgH H n-CgHy1. H o
n=CcHy, C=CH L T I e T ”>c=c< (12)
n-Pr” M H o

97% (78:22)
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The results presented above not only provides a handy solution to the problem arising from
the competitive hydrometallation, but have a significant bearing on the mechanism of the Zr-
catalyzed carboalumination, as discussed later.

We have not so far made serious attempts at observing addition of carbon-metal bonds con-
taining alkenyl, aryl, alkynyl, and other types of organic groups. It should, however, be
noted that the alkenylalanes formed as the carbometallation products do not compete with tri-
alkylalanes for acetylenes, presumably because the alkenyl bridging in alkenylalanes, which
is known to be more effective than the alkyl-bridging, deactivates alkenylalanes toward car-
bometallation relative to alkylalanes. This presents an intriguing dichotomy, since the same
enhanced bridging ability of the alkenyl group is thought to be responsible for the greater
reactivity of the alkenyl-Al bond, as compared with the alkyl-Al bond, in a wide variety of
organoaluminum reactions.

SYNTHETIC APPLICATIONS OF THE ZIRCONIUM-CATALYZED CARBOALUMINATION

Formation of carbon-hetero atom bonds

When we learned that the carbometallation products are alkenylalanes, we felt that we had
Jjust discovered a highly versatile route to trisubstituted olefins, since a large number of
synthetically useful reactions of alkenylaluminum compounds had already been developed by us
and others, most notably Zweifel and his associates (27).

(a) Protonolysis and deuterolysis. The alkenyl-aluminum bond is readily hydrolyzed with
water. The use of Dp0 incorporates deuterium in olefins. These reactions usually proceed
quantitatively with complete retention of the olefin geometry (28). As indicated in Scheme 3,
geminally disubstituted olefins containing zero, one or two deuterium atoms, especially those
that are monomethyl substituted, i.e., 12-15, can now be readily prepared using terminally
protonated or deuterated acetylenes.

R H R H R D R D
Sec Sec? Sec? .
Me H Mé D Me H Me

12 13 14 15

(b) Halogenolysis. It is known that (E)-g-monosubstituted alkenylalanes can be converted
into the corresponding chlorides, bromides, and iodides by treatment with NCS(Et,0, -30°),
Brp(Etp0-pyridine, -78°), and Io(THF, -78°), respectively (29). Although we have not yet
tried chlorinolysis or brominolysis of the carbometallation products, their iodinolysis in-
deed pr?ceids cleanly to give the corresponding alkenyl iodides, that are > 98% E, in 70-85%
yields (30).

n-Bu H PhSCH H ,
Se=c] 2> ¢ )Y\I S
e I Me I

85% 75% 70% 2%

Although 1 equivalent of an alkenyldimethylalane can consume 3 equivalents of iodine, the
use of 1.2 equivalents of iodine is normally sufficient, indicating that the alkenyl-Al bond
is considerably more reactive than the Me-Al bond. Furthermore, the regioisomeric purity of
the alkenyl iodide products obtained under these conditions are often > 98%, indicating that
the regioisomeric alkenylalane intermediates are considerably less reactive than the major
alkenylalanes. Indeed, in this and many other reactions discussed later, the use of a
slightly deficient amount of a reagent leads to the formation of the desired product which is
regiochemically > 99% pure. Other non-metallic hetero atoms of our interest include O, S,
Se, N, and P. The preparation of stereo- and regiodefined enolates and enol ethers appears
to be particularly attractive. However, we have not yet made a detailed study of these as-
pects.

(c) Transmetallation. Since Al is about the only metal that can be readily incorporated in
alkenylmetals represented by 5, it is desirable to develop convenient procedures for con-
verting alkenylalanes into various alkenylmetals. Some metals of our interest include Zn,
Cd, Hg, B, Si, and Sn. Although a large number of transmetallation reactions of organoalanes
are known (28), relatively few involve clean transmetallation. We have just started a syste-
matic study of the transmetallation reactions of alkenylalanes. Some of the preliminary re-
sults are highly promising. The reaction of (&)-(2-methyl-1-octenyl)dimethylalane (16) with
HgCl, is exothermic and produces (E)-2-methyl-1-octenylimercuric chloride in quantitative
yiels (eq 13) (31). At present, the reaction of 16 with B-methoxy-9-borabicyclo[3.3.]1]nonane
is less clean than the mercuration shown in eq 13, the yield of B-(2-methyl-1-octenyl)-9-bo-
rabicyclo[3.3.1]nonane being 30-50% (eq 14) (32). Efforts are being made to improve the re-
sults in our laboratories.
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mCfiaN oM HaCly . e "
>c-c] —2 Se=c] (13)
" Ak, e HgCl
(16) 80-100%

6 1 3>C'C
Me A Me,

(16)

: MeOB{
- R EN

_H
c=cC 14
W B:égz: (14)

30-50%

Formation of carbon-carbon bonds via uncatalyzed reactions of alkenylaluminums

Prior to our discovery of the Zr-cata]yzed carboalumination, several groups of workers in-
c]udlng ourselves had developed various carbon-carbon bond-fonmng reactions of alkenylalu-

minums (27).

As all alkenylaluminums previously employed in these reactions are ‘either g-mo-

nosubstituted or o,g-~disubstituted, one of our initial concerns was whether the g,B-disubsti-
tuted carbometallation products might behave markedly differently, thereby affecting the

yield and/or the stereoselectivity.

Since one plausible mechanism for their reactions with

reagents E-Nu may involve a zwitterionic intermediate 17, in which a carbocationic center
develops on the g-carbon, our concern appeared to a legitimate one.

R..
ot

W

~N

M=
..*

H
I'\'l Me,
N

u

(17)

We were therefore pleased to find that both a]keny]dimethy]a]anes and their ate complexes,
generated in situ by treating them with 1 equivalent of n-BuLi after evaporation of the sol-

vent for carbometallation and filtration of ClyZrCp

bon homo]o%atlon reagents, i.e., CICOOEt (33), Co, %34

reacted smoothly with several one-car-
)» (CHp0), (34), aldehydes (35), and

C]CH% ) 36), with essentially complete retentwn (> 98%) of the olefin geometry (Scheme
31
Scheme 5
R H C1CO0Et(3x) H
RCzCH e Ppivg —_— R\c=c.:
M AlMe, M “COOEt
(R = n-CsH”) (86%)
n-BuLi
R A (CHZO)n(3x) CO2 (excess) R~ _H
TS <_T—_\ /._'T————> A0l
Me CH20H 25°C, 3 hr i) 25°C, 3 hr Me COOH
2 % 64%)
(82%) , R, M (64%)
>c=cl
Me AWezBu-n
R\C=C/H . EtCHO / \\ C'ICHZOIVE(3X)> R\C=C _H
e ~eHEt 0°C, 2 hr M cH,OMe,
(76%) H (79%)

Similarly, the reaction of alkenylaluminates with ethylene oxide and monoalkyl substituted
epoxides (38) produced the correspondm? hydroxyethy] derivatives in high yields with com-

plete retention of the stereochemistry (eq ]5) (39).
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\o/ Re  _H
e St
ME CH, CH, OH
RGO A Me
A0 - R= \,f\/\ (71%) (15)
M AMe,Bu-n e
\\ ;o; R, M
> c=C

'd ™ CH, CHMe (OH)

R= n-C6H13 (87%)

Although a three-carbon homologation reaction of alkenylalanes via conjugate addition (40) is
known, the yields of the products observed with methyl vinyl ketone have been in the 30-60%
range (eq 16) (32). Attempts are being made to overcome this difficulty.

R H CHy==CHCOCH3 R\‘ H

N Id 7
c=C —_ 5 Sec (16)
7 ~N 7~ ~
Me Al sz Me CH2 CHZ COCH3
30-60%

Some of these carbon-carbon bond-forming reactions can now be directly applied to the syn-
thesis of terpenoids, as exemplified by the following syntheses of geraniol (18) (37), far-
nesol (19) (41), and monocyclofarnesol (20) (42). It should be emphasized that the overall
transformation is highly stereo- and regioselective, producing pure products without exten-
sive isomer separations.

1. MegAl-ClyZrCpy
M%‘ 2. n-Buli ; )\W
‘ N OH

3. (CH,0), (18) (87%)
1. Me3Al-ClaZrpp :

M/\/7 2. n-buli /M

§ H (17)
3. (CHy0),, (19) (85%)
1. MesA1-Cl,ZrC
z 2. nfuli 2 P2 Ej:\/K/\OH
3. (CHp0),,
- (20) (71%)

This one-step procedure should be compared with a previously developed three-step procedure
shown in eq 18 (43).

N 1. LiATHg

1. n-Buli NaOMe R.. A
RCzC(H ————— RCECCHZOH —_—>  _C=C_

2. (CHy0),, 2. 1, I CH, OH

. (18)
LiCuMe, RO H
—> =0
Me CH,,OH

2

The synthesis of the required 1,5-enynes proved to be a nontrivial task. All previously
known methods for preparing 1,5-enynes via allyl-propargyl coupling (44) are only of margin-
al synthetic utility due to Tow product yields. On the other hand, the cross-coupling re-
action of 1,3-dilithiopropargyl phenyl sulfide with allylic bromides followed by reduction
with Li in Tiquid NH3 produces 1,5-enynes in 70-90% yields (eq 19) (45).

Likewise, various known methods for converting methyl ketones into terminal acetylenes were



Bimetallic catalytic systems in selective organic syntheses 2343

rather disappointing. We have therefore developed a one-pot procedure represented by the
following conversion of dihydro-g-ionone into 21 (eq 20) (42). Lithium diisopropylamide is
highly satisfactory in cases where the R group either does not contain an a~-hydrogen atom or
is highly hindered (80-85% yields). Otherwise, sterically more hindered amides, such as
lithium 2,2,6,6-tetramethylpiperidide, are required.

i
P .
1. Lin?

O R
R Br > R AN (19)

2. Li, NH )
T equiv. NaNHp 70-90%
3. Hg0% _

—_—

LiN(Pr-<)

. 2 4
2. CIPO(OEt
3. LiN(Pr-i),

(2 equiv) (21) (85%)

Admittedly, our target molecules are very simple. However, these highly efficient and selec-
tive procedures should be directly applicable to the synthesis of more complex terpenoids and
related compounds as well.

It should also be pointed out that the Zr-catalyzed carboalumination of proximally hetero-
substituted acetylenes followed by displacement of the Al-containing groups with hetero-func-
tional substituents provides an efficient, selective and versatile route to difunctional tri-
substituted olefin synthons, such as 22-25 (21). .

9“
n-CcHo 1 OH ! PhSCH H
LI (60%) | 2=c (78%)
Me 1 M 0,0
(22) (23)
CH, CH H PhSCH, CH H
2527 (74%) 27 8ec  (628)
W C00Et COOH
(24) (28)

Formation of carbon-carbon bonds via the palladium- or nickel-catalyzed cross coupling
Cross coupling involving the reaction of organometallic species with organic halides and re-
lated electrophiles represents one of the most straightforward methods of carbon-carbon bond
formation (eq 21). .

RIM + R ———— R+ MX ' (21)

If the alkenylaluminum derivatives obtained by the Zr-catalyzed carboalumination of acety-
lenes readily undergo cross coupling, their versatility as intermediates for trisubstituted
olefins of terpenoid origin would be vastly enhanced. More specifically, we hoped to develop
efficient and selective procedures for (a) conjugated dienes and polyenes, e.g., vitamin A
(26) (46), (b) 1,4-dienes and related polyenes, e.g., a-farmesene (27) (47), and (c) 1,5-
dienes and related polyenes, e.g., dendrolasin (28) (48) and mokupalide (29), (49).

A, L

(26) (1) | 0
(29)

(28)



2344 EI-ICHI NEGISHI

Although organoaluminums are capable of undergoing certain otherwise difficult cross-cou-
pling reactions at electrophilic tertiary carbon centers, as exemplified by the results
shown in eq 22 (50), their reactivity as “"Grignard-like" nucleophiles is severely limited.

CH3 CH

] A](CEC-C4H9-YL)3 | 3
CH3CH2-"?-—C] — CH3CH2-‘C'-CEC-C4H9-n (22)
CH3 H3
’ 95%

The nucleophilicity of alkenylalanes can be significantly enhanced by converting them into
their ate complexes (27). Even so, only some of the most reactive alkyl halides, such as
methyl iodide, allyl bromide, and propargyl bromide, give satisfactory results, the results
with other typical alkyl halides, such as n-octyl iodide, benzyl bromide, and substituted
allylic halides, being at best modest (< 50% yields) (51)(52).

After making some unsuccessful attempts to promote the cross-coupling reaction of alkenyl-
aluminums with Cu-containing reagents, we decided to explore the possibility of catalyzing
the reaction with transition metal complexes. In 1972, Kumada (53) and Corriu (54) inde-
pendently reported that the reaction of Grignard reagents or organolithiums with alkenyl and
aryl halides could be markedly ‘catalyzed by certain Ni-phosphine complexes (eq 23).

cat. NiL
T L R+ (23)

RM + RX
M= MgX or Li. RZ = aryl or alkenyl.
Although this reaction might be considered as a variation of the so-called Kharasch reaction
(55), use of metal-phosphine complexes as catalysts had not been explored in detail prior to
their studies. While the precise mechanism of the reaction remains to be further clarified,
the following scheme consisting of an oxidative addition-transmetallation-reductive elimi-
nation sequence proposed by Kumada (53) appears to be plausible in many cases.
Scheme 6

L
|
x-r;|(11)-R2 RIM!

N\ L /
M(O)L, ‘:///// \\\\\\\‘ Rl-
4

R1-p2

(11)-R

r—=—-r

The products of the Ni-catalyzed cross coupling reported in the initial papers by Kumada (53)
and Corriu (54) were those which could also be readily prepared by organocopper reactions.
Thus, the unique synthetic advantages of this new cross-coupling reaction were virtually un-
known. Furthermore, it was evident that the use of organolithiums and Grignard reagents
would severely limit the range of functionalities that could be tolerated in the reaction.
Nonetheless, we were strongly attracted by the possibility that Scheme 6 might represent a
general and useful approach to selective carbon-carbon bond formation via cross coupling, the
scope of which might possibly be far wider than indicated by the known results. Some of the
specific questions to which we addressed ourselves were the following:

1. What might be the full scope of Scheme 6 with respect to M? What about Pd, Pt, Rh, etc.?
If other transition metals should participate in similar cross-coupling reactions, do they
offer any synthetic advantages over Ni? Although Murahashi (56), Cassar (57), and Sono-
gashira (58) have reported some Pd-catalyzed cross-coupling reactions since 1975, at the out-
set of our investigation, this ability of Pd was unknown.

2. What might be the full scope of Scheme 6 with respect to M]? Specifically, we hoped to
be able to use B, Al, Si, Sn, and Zr. Organometallics containing these metals are known to
be far more compatible with various electrophilic functionalities than those containing Li
and Mg (1). More exciting to us was the possibility of generating stereo- and regiodefined
alkenylmetals containing these metals via hydrometallation and carbometallation and trans-
ferring the alkenyl groups from metal to carbon.

3. What might be the full scope of Scheme 6 with respect to the R] and R2 groups? Specifi-
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cally, could we provide some solutions to many pending synthetic problems, such as deve]ob-
ment of selective alkenyl-alkenyl, alkenyl-allyl, and alkenyl-homoallyl coupling procedures?

(a) The palladium- or nickel-catalyzed cross coupling of two_unsaturated organic groups.
Alkenyl-alkenyl coupling. In 1974 we began exploring the possibility of catalyzing the re-
action of alkenylboranes or alkenylborates with organic halides using the Kumada-type Ni-
phosphine complexes. Under mild reaction conditions we employed, the alkenylboron deriva-
tives appeared totally unreactive. On the other hand, we found that the corresponding al-
kenylalanes reacted smoothly with aryl halides in the presence of a catalytic amount of
Ni(PPh3)4 (59). This represents the first example of the usé of organoalanes in the Ni-
catalyzed cross coupling. We also noted the .catalytic activity of Pd(PPh )4 in this re-
action. However, no special advantage of the Pd complex over.the Ni complex was noted. En-
couraged by the results, we then examined the Ni-catalyzed reaction of alkenylalanes with
alkenyl iodides. We were pleased to find that the reaction of (E)-1-heptenyldiisobutylalane
(30) with (E)-1-iodo-1-hexene in the presence of 5 mol % of Ni(PPh3)4 gave the expected
(E,E)-diene in 70% with 95% stereospecificity (eq 24) (60). Unfortunately, however, the
?tereoipecificity observed in the reaction of 30 with (Z)-1-iodo-1-hexene was only 90%

eq 24).

I _H
7 =C\
H Bun oGy M
S W el
H/. \Bu-n
n-C.H H Ni(PPh3)4 70% (95% £,E)
11> e PA(PPh3)4 74% (> 99% E,E) (24)
H A](Bu-i)z 2
I Bu-n
(30) >e=c’
H H n-C.H H
511N _”
> c=C. Bu-n
rd ~ rd
W Se=c]
H H

NiﬁPPh3)4 55% (90% E,z)
Pd PPh3)4 55% (> 99% E,2)

The first indication that Pd-phosphine complexes might offer unique advantages over Ni-phos-
phine complexes was observed when the above alkenyl-alkenyl coupling reactions were run
using a Pd-phosphine catalyst generated in situ by treating Cl,Pd(PPh3), with 2 equivalents
of 2-BuoATH (60). Although the product yields were comparable to thoSe observed with the Ni
cata]ys%, the stereospecificity in each case was > 99%.

The favorable results prompted a full-scale investigafion of the Pd- or Ni-catalyzed cross
coupling, which has been extensively reviewed elsewhere (61). The current scope of the Pd-
or Ni-catalyzed cross coupling of two unsaturated groups is indicated in Table 1.

TABLE 1. Scope of the Pd- or Ni-catalyzed cross coupling of two unsaturated

groups
R2 of R2X
1 1 Aryl Alkenyl Alkyny1
R' of R'M Pd Ni Pd Ni Pd __Ni
Ary1 + @ + + + + _b
Alkeny1 + + + - + -k
Alkynyl ' + ~b + -b _d _b

% The + sign indicates satisfactory results. 2 The product yield is generally very
Tow. © Stereochemical scrambling occurs. d Statistical mixtures of three diynes are
formed in high combined yields.

The following generalizations may be presented as useful guidelines:

1. Ni(PPh3)s, which can be generated in situ by treating Ni(acac), with 2 equivalents of
2-BupATH in %he presence of 4 equivalents of PPhj, Pd(PPh )ﬁ and a Pd catalyst generated in
situ by treating C1pPd(PPh3), with 2 equivalents of i-Buzi] are satisfactory catalysts.

2. Whereas organolithiums unexpectedly exhibit a low reactivity, alkenylmetals containing
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Mg, Zn, Cd, Al and Zr, aryimetals containing Mg, Zn, Cd, and Al, and alkynylmetals containing
Mg, Zn, Cd, B, Al, and Sn have been shown to participate in the Pd- or Ni-catalyzed cross
coupling. In general, those containing Zn appear to be by far the most reactive and satis-
factory class of organometallic reagents. :

3. THF appears to be a highly satisfactory solvent in most cases.

Having developed a seemingly general method for cross coupling unsaturated organometallics
including alkenylalanes with unsaturated organic halides, such as alkenyl iodides, we pro-
ceeded to attempt a stereoselective synthesis of vitamin A. In light of highly satisfactory
results obtained in the Pd- or Ni-catalyzed reaction of g-monosubstituted alkenylalanes
(e.g., eq 24) (59, 60) and alkenylzirconium derivatives (e.g., eq 25) (62, 63), we were
stunned by very disappointing results observed in similar reactions of a,8- or g,s-disubsti-
tuted alkenylalanes (e.g., eq 26) (64). :

Qomz _H Br.  _Me PdL,, E(:LOCHZ‘@C'/H

~ ~ .
c=C + "C=C; — M (25)
HT zrep,01 W7 cooMe 4 hr, 50°C H Se=tl
H COOMe
H Bu-n
i-Bu A1> C=C<H i B
2 § c=c’ (75%)
H
/ Pd(PPh,),, 12 hr m_@
1 Et.\c=c _Et
' i-Bu,M1” K
Me No reaction (26)
Pd(PPh3)4, 1 week

Et. _Et

) .
. v N
£-Bu,Al H Et Et
\ 2 . \C-'-C: (88%)
xlodr(liph3)4, el ve.@ H

Fortunately, we soon found that the problem associated with the low reactivity of these
sterically hindered alkenylalanes could be overcome by either adding Zr')Clz_as'a co—cata]yst
(e.g., eq 26) (64) or converting the alkenylalanes into the corresponding iodides and using
them as the halide components.

Using these improved procedures, dehydrovitamin A (31) has been synthesized as > 98% stereo-
chemically pure substance ( Scheme 7) (65).

J e, _ Z
) o (80-85%)
2. CIPO(CE),

3. LiN(Pr-i)5(2.5x)
Me3A1

v : ///k/\os-l l"b3
Clzzrt’:p2> x AlMe, 1~

50-60% A
;l('ljéqph:i)“ \ /k/// o
2 Ej:\ : ~

a Zn/é/l\/\oﬁMe 80-85% 2

Pd( PPh3)

Scheme 7

//:

%

4
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(b) The palladium-catalyzed allylation. A highly selective synthesis of .1,4-dienes. In
1967, Corey introduced the reaction of wm-allylnickel derivatives with organic halides (eq 27)
(66). The reaction, however, is not stereoselective with respect to the stereochemistry of
the allylic halide.

AN
Ni S +  RX 1somer1 (27)
>, 2 YY m1xtune :

A few years later, Felkin developed the Ni-catalyzed reaction of Grignard reagents with al-
1ylic alcohols (eq 28) (67). Although this reaction too is generally nonselective, it is
unique in that it tends to involve attack by a Grignard reagent at the more hindered of the
two equilibrating allylic carbon atoms.

Ni cat
Z OH + RMgX isomeri c (28)
YK e m1xture

In 1965, Tsuji reported an allylation reaction with n-allylpalladium derivatives (68), which
has been substancially refined and expanded by subsequent studies by Trost (eq 29) (69).

_ oy _coy

+ ‘MCH\Z _— WCH\Z (29)

M = Alkali metal. Y = alkoxy or carbon group.
Z = COoY, SO?_R, etc.

The reaction of m-allylpalladium derivatives appears to be more stereoselective than those of
the m-allylnickel reactions. One serious drawback of the Pd-catalyzed allylation is that
only certain types of enolates have been of use in the selective synthesis of complex mole-
cules (69). Typical alkylmetals containing Li, Mg, Cu, etc. have been reported to be in-
effective (69). A few relatively electronegative metals, such as Hg(70), Si(71), and Sn(72),
have been reported to participate in the Pd-catalyzed allylation. However, their utility in
the selective synthesis of olefins appears to be at best marginal.

Although the known results concerning the Pd-catalyzed allylation of organometallics were not
encouraging, a large body of very favorable results we obtained in the Pd-catalyzed cross
coupling prompted us to explore its full scope and synthetic utility. We have indeed found -
that the Pd-catalyzed reaction of alkenylmetals containing Al or Zr with allylic halides and
various allylic alcohol derivatives can proceed with essentially comp]ete retention of the
stereo- and regiochemistry of both alkenyl and allyl groups (eq 30) (73

.
He R
e R o S g HH R3
R C=CH I e e T \c-c\ . (30)
R Mo cat. PA(O)L, R G R

R] = carbon group. R2 H or alky] R3 and R4 = two hydrogens or two

alkyl groups. M= Al or Zr.

When used in conjunction with the Zr-catalyzed carboalumination, the reaction provides a
uniquely expeditious route to 1,4-dienes of terpenoid origin, as indicated by the following
completely stereo- and regiospecific one-step synthesis of a-farmesene (27) and its 6z-isomer
(Scheme 8) (73).

Treatment of the dimer of m~allylpalladium bromide (74) with 4 equivalents of PPhg (P/Pd =2)
has been reported to give o-al 1y]bromob1s(tr1pheny]phosphme)panamurn (32) (75). The re-
action of 32 with 1 equwa]ent of alkenylalanes is at least as fast as the corresponding
catalytic reaction. It is therefore entirely possible that, unlike Trost's reaction of al-
lylpalladium derivatives with "soft" carbanions which has been shown to involve the backside
attack of m-allylpalladium cations by the carbanionic species (69), our reaction might in-
volve attack of o-allylpalladium derivatives, e.g., 32, by organometals via transmetallation
which is followed by reductive elimination, as we have suggested for various other Pd-cata-
lyzed cross-coupling reactions. To clarify this point, a cyclic allylic acetate (33) em-
p]oyed by Trost (76? was prepared and reacted with an alkenylalane (34) in the presence of
5 mol1 % of Pd(PPh3)4 to give an 85:15 mixture of 35 and its stereoisomer in essentially
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quantitative combined yield.. An essentially pure sample of 35 can be prepared by reacting a
bicyclic Tactone 36 with 34 to give 37, which is then esterified to produce 35 (Scheme 9)
(77). Since palladation of the allylic derivatives 33 or 36 is known to involve exclusive or
predominant inversion, the transmetallation-reductive elimination squence we propose should
produce exclusively orlargely the trans isomer. We are currently actively pursuing this
problem.

Scheme 8
: CInA :
sl //,/r Pd(PPh,), - ,
C1,ZrCp .
2= "2 ' (27) 86%
' \ a—" h 7 = /\)\
Pd(PPh3)4
77%
/. _Br 4 Pph, PPh3
'\\ /Pd\)g g /\/Yd-—Br (1)
. PPhs
()
Scheme 9 8 " B "
n-Bu ' n-Bu
. Sec - (39) Se=c]
Me A'lhbz Me
. >
i Z : : Pd(PPh3)4 HOOC
(36) ; l (317)
l : n-Bu H n-Bu H
" Secd >§:
OD . Me Ale, Me \
>
. Pd(PPh
Me0oC (PPh3), Me00
(33) (35)

The Pd-catalyzed allylation has proved to be highly general with respect to the leaving
group of the allylic derivatives. In addition to allylic halides and acetetes, allylic alco-
hol derivatives containing OAlMez, OPO(OEt)z. and 0SiMe3 groups can participate in the re-
action, the order.of their reactivity being: halogen, Oic > OAlMep > OPO(OEt), > 0SiMes (78).

Unlike y,y-nonsubstituted or y,y-disubstituted primary allylic derivatives, y-monosubstitu-
ted allylic derivatives, such as crotyl acetate, react with partial scrambling of the regio-
and stereochemistry of the allylic group. Typically, the Pd-catalyzed reaction of (Z)-crotyl
?cet):ai(;e v)n'th (E)-(2-methy1-1-octenyl)dimethylalane give an 80:10:10 mixture of 38, 39, and 40
78) (79).

o W " /J\/\.—_-/ - W
n-CsH]3 ) n-C.H n C5H] g

613
(38) (39) (40)

We have also found that the Pd catalysis is highly effective in the synthesis of diaryl-
methanes (eq 32) (80) (81) and allylated arenes (eq 33) (81). The allylated arene syntheses
shown in eq 33 promise to provide selective routes to various natural products including
vitamins K (82), coenzymes Q (82) and maytansinoids (83).
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ArlcH,mx  +  APX
PdL,
AN Ar'lCHzAr'2 (32)
: ) 85-95%
Ar'InX + Ay CH?_X
R H
Sc=cl + ArCHX
M Ale,
PdL,, R H
> \C=C.: (33)
I‘{ CHZAr
R H 78-93%
Se=cl o+ ArCH, ZnX (> 98% &)
M I

In summary, a wide variety of 1,4-dienes, diarylmethanes, and allylated arenes can now by
synthesized often in a nearly completely selective manner by the Pd-catalyzed cross coupling.
A1l of these reactions are indeed significantly catalyzed by Pd-phosphine complexes. Al-
though diarylmethanes and simple allylated arenes may also be prepared using Ni complexes,
Pd-phosphine complexes show distinct advantages over Ni complexes with respect to stereo-
and regioselectivity. A related recent study of allylation by Schwartz (79) and a mechanism-
oriented study of benzylation by Stille (84) should be mentioned here, although presentation
of their results is beyond the scope of this review.

(c) The palladium-catalyzed alkylation. An efficient and selective synthesis of 1,5-enynes
and 1,5-dienes. One of the major disadvantages of the Pd- or Ni-catalyzed cross coupling
relative to the Cu-promoted cross coupling (3) is that alkyl halides containing g hydrogens
cannot be utilized, presumably because their oxidative addition with Pd(0) or Ni(0) complexes
is accompanied by g-elimination of the resultant alkylmetal derivatives. Indeed, the same
g-elimination is supposedly the product-forming step in the Pd-promoted Heck reaction (85).
These negative facts indeed delayed our investigation of the Pd-catalyzed alkylation. In
connection with our study directed toward the development of 1,5-diene syntheses, however, it
became desirable to develop satisfactory methods for alkenyl-homoallyl or alkenyl-homopro-
pargyl coupling.

Construction of 1,5-diene units present in various natural products of terpenoid origin, such
as 41 and 42, via cross coupling has been achieved in most cases by the Biellmann and related

allyT-allyl coupling reactions (86).

dl /K/\/ﬁ/‘*z Rlxg/\/‘\/ ¥

(41) (42)

While these reactions appear well suited for synthesizing the head-to-head 1,5-dienes (41),
their application to the synthesis of 42 is often complicated by regioscrambling and other
side reactions (87). Although we have recently developed a three-step route to 1,5-enynes
via allyl-propargyl coupling (eq 19) (45), the following two-pot procedure via alkenyl-homo-
allyl or alkenyl-hompropargyl coupling appeared particularly attractive in view of the ready
availability of the required alkenyl iodides _(305)

Scheme 10
1. MOHCHCaCSiMey g
2. F s Ne=c”
1. MezAl . e M O, Oy CoC
Clozrcp, R H
1. 2lrlr, RO
R C=CH > Se=C 5 ,
2. 1, M I rﬁz
L4 1
\ MCH, CH, C=C-R S '52$3
M cH,CH, C=C-R?
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We reasoned that, if trénsmeta]]ation of alkylmetals containing g-hydrogens as well as sub-
sequent reductive elimination were substantially faster than g-elimination of alkylpalladium
intermediates, Pd complexes can be effective catalysts for alkylation (Scheme 11).

We were very pleased to find that both homoallylzinc chloride and 4-trimethylsily1-3-butynyl-
zinc chloride underwent a Pd-catalyzed coupling reaction with (£)-1-iodo-2-methyl-1-hexene
to give the corresponding coupled products in 81 and 91% yields, respectively (eq 34) (41).
The extent of g-elimination as judged by the amount of the deiodinated alkene was < 1-2% in
each case.

Scheme 11
H
1 M-C-C- 1 1
Neeet L Need" L —————ts R\c=c’l?'?
2 Td M pdT M red. elim M NC-C-
L7 1 L7 C-C- T
i
le-eh‘m.
1 1
N L Need
\Pd/ red. elim. e NH
L7
ClZnCH Ol CHeCHy  mBuy M
7 N, -
" pd(pphy), Me CH,, CH,,CH=CH,
RN 81% (34)
N .
\ C]ZnCl-IZCHZCECS1Ne3> n-Bu\C=c/H
7 N s
Pd(PPh3), Me CH, CH,, C=CS i Me 5
91%

After completion of this study, we were informed of a related alkylation study by Kumada
(88). Should these reactions proceed as shown in Scheme 11, the observed results-then in-
dicate that reductive elimination can proceed far faster than g-elimination even in cases
where the latter process involves removal of an allylic or propargylic hydrogen atom.

The Pd-catalyzed reaction of alkylzinc derivatives is compatible with the use of stereode-
fined homoallyl groups and g-carbonyl substituted alkenyl halides so as to effect the "con-
jugate substitution" reaction shown in eq 35 (89).

Ne .
R/k/\/an + Br/g/g) ‘PdLn > RM (35)

The Zr-catalyzed carboalumination of acetylenes and the Pd-catalyzed alkenyl-homoallyl or
alkenyl-homopropargyl coupling can now be combined to develop efficient and selective syn-
thetic schemes for a variety of terpenoids. All of these reactions are > 98% stereospecific
and/or stereoselective. Furthermore, the Pd-catalyzed reactions shown in eqs 34 and 35 are
totally regiospecific. Only the Pd-catalyzed carboalumination usually produces ~ 5% of the
undesirable regioisomers. The regioisomeric impurities are readily separable in most cases.
Furthermore, the undesired regioisomers in the carboalumination products are considerably
less reactive than the desired regioisomers in many subsequent reactions, presumably due to
the greater steric hindrance around Al. As a results, > 98% isomerically pure products are
often obtained without isomer separation. The following syntheses of a precursor 43 of den-
drolasin (28) and mokupalide (29) are representative of such highly stereo- and regioselec-
tive procedures (eq 36 and Scheme 12) (41 and 89). Reduction of 43 with i-BuzAlH has been
reported to give 28 in 85-95% yield (90). o
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1. Me3Al-ClpZrep,
Z 2. nbuli 1. TsCl, pyridine
OH

3, ‘;;7 71% 2. LiBr, acetone
(36)
1. Mg, THF \
”l§b/’~\v’l§§v’~\~/’3r 2 ZnBr2 ,/L§>,/\\¢,L§§,/~\\ 0
0
73% 3. J:)‘O (43) 80%
.,
r
Pd(PPh,) ,
Scheme 12
1. MesAl 1. C1Zn(CHp)2C=CSiMe ’
<z CngGCz Ej? L 1 Pd(PPh3§4 3 Ej:\/k/\///
i fi: ~ —_—
2. 12 2. KF-2H20
(21) 65% 62%

1. MesAl 1. ClZn(CH )ZCECSiMe

C152rCpy WI Pd(PPh3§4 3 W?
—-—-———-—————> >
2. 12 2. KF-2H20

78% 78%

1. IVE3A]

Cl2ZrCpy 6 MNOH WW
—D> >
2. n-Buli 1. TsCl, pyridine

N7 2. LiBr
3.\ 62% acetone 80%

1. Mg, THF
2. InBry Eijj::\vzl§v/~\/l§,/\\/i§§ =
—_—
O |
3.
0
Bn’k§§;;= (29) 62%

C12Pd(PPh3)2
i-BUzA] H

Before closing this section it seems appropriate to discuss several distinct mechanisms that
might be operating in the Pd-catalyzed cross coupling. In addition to (i) the oxidative
addition-transmetallation-reductive elimination scheme that we have proposed for various Pd-
catalyzed cross-coupling reactions involving relatively electropositive metals, e.g., Mg, Zn,
and A1 (50),.as well as (ii) a rather special m-allylpalladium cation mechanism of Trost

(eq 37) (69), which is applicable only to the allylation cases, two distinct addition-elimi-
nation mechanisms originally proposed by Heck (85) have been used to explain observed re
sults, although none appears to have been fully established.

P

- = “Nu
< < AN N ) (37)

-
PdLZX PdL, X

The Heck mechanisms are applicable only in cases where «,8- or B,y-unsaturated organometals
and/or organic electrophiles, e.g., alkenyl, alkynyl, allyl, and propargyl derivatives, are
used. One of them, which might be termed the Heck Type I mechanism involves a transmetal-
lation-addition-elimination sequence as exemplified by Scheme 13.

PAAC 53:12-D
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Scheme 13
i
RM R-Pd(II)X —C=C—CX
iyt (o
>/ \< fIU:d(II)X
1
Pd(II)X2 < / —%IZV(,I—(E;X
|
R——-LC=C~
1Y) 1o

A few critical differences between this mechanism and the one we have proposed should be
noted. First, neither oxidation nor reduction of Pd is involved in Scheme 13. Second, the
C=C bond is temporarily destroyed and the allylic system undergoes an allylic rearrangement
in Scheme 13, while neither is required in our mechanism proposed earlier for eq 30.

The other addition-elimination mechanism is an adaptation of a mechanism proposed by Heck for
the Pd-catalyzed reaction of organic halides with olefins and acetylenes. This mechanism ap-
plies to those cases where «,8- or g,y-unsaturated organometals are involved. The Pd-cata-
lyzed reaction of allylmetals, for example, may be represented by Scheme 14.

Scheme 14
|

RX R-PA(I1)L, ~C=C—C-M
d(I1)LyX ‘ AL
R PA(II)LyX
L
PA(O)L, < <-4
/ e @
WX+ R—C=
QRe

We have earlier proposed the alkynylmetal version of this mechanism (5). Although it is not
explicitly proposed, the Pd-catalyzed allylation reaction of allyltins (72) can be explained
by this mechanism. Here again, the C=C bond is temporarily destroyed and an allylic rear-
rangement occurs.

The currently available data indicate that all of these mechanisms probably operate in vari-
ous Pd-catalyzed cross-coupling reactions. Aside from a rather special mechanism of Trost
(eq 37), the Heck-type mechanisms seem to be favored by relatively electronegative metals,
while the oxidative addition-transmetallation-reductive elimination mechanism appears to be
favored by more electropositive metals. From the synthetic point of view the Pd-catalyzed
cross coupling involving relatively electropositive metals, which appears to proceed by the
oxidative addition-transmetallation-reductive elimination mechanism, is characterized by its
high stereo- and regioselectivity as well as its general applicability.

MECHANISM OF THE ZIRCONIUM-CATALYZED CARBOALUMINATION

The Zr-catalyzed carboalumination of acetylenes shown in eq 9 displays features which in-
itially led us to suggest that the reaction might involve an Al-assisted carbozirconation in
the crucial carbon-carbon bond-forming step. It should be emphasized at the outset of our
discussion that the reaction shown in eq 9 requires both Al and Zr reagents. Thus, no re-
action occurs under otherwise comparable reaction conditions, if a terminal acetylene, e.g.,
1-heptyne, is reacted either with only Me3Al in the absence of ClpZrCpy or with preformed
Me(C1)ZrCpp or MesZrCpy in the absence of any Al reagent. Moreover, if either of the above
reaction mixtures is heated to around 100°C or above, the major course of reaction is ab-
straction of the acetylenic hydrogen to form alkynylmetals (eq 38) (19).

Me3Al

> RCZCATHe,
/ 80-100°C

RC=CH (38)
Me(C1)ZrCpp
or I"EZZGCZ
100-120°C
The simultaneous presence of Al and Zr reagents clearly indicates that the reaction must in-

> RCECZGCZX (X = C1 or Me)
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volve an Al-assisted carbozirconation and/or a Zr-assisted carboalumination in the crucial
step. :

Some of our findings that favor the Al-assisted carbozirconation mechanism, e.g., Scheme 15,
are as follows. First, Me3Al and Cl2ZrCp2 undergo a Me-Cl exchange to form species con-
taining the Me(C1)ZrCp, moiety, such as 44 and 45, which is rapid on the NMR time scale at
ambient temperature (18)(26). Cleavage of a bridging Zr-Cl1 bond in 45 would give a.Me-Zr
bonded species (46) which might be expected to be highly reactive toward acetylenes due not
only to the presence of an empty coordination site but to the partial positive charge on the
Zr atom. Second, the reaction of a 1-alkynyldimethylalane, e.g., n-PrC=CAlMez, with Al-free
Me(C1)ZrCpp (91) in a 1:1 ratio gives cleanly and quantitatively the carbozirconation pro-
duct (47), thereby providing a clean-cut example of carbozirconation of acetylenes (eq 39)
(92). It should be emphasized here again that no reaction is observed between 1-pentyne it-
self and Me(C1)ZrCp, under comparable conditions. An Al-Zr species (48), similar to 49 in
Scheme 15, appears %o be a plausible active species for this particular reaction. Third,
although 47 itself proved to be somewhat.unreactive toward Al-containing reagents, (E)-1-
alkenylchTorobis(m-cyclopentadienyl)zirconiums are known to be readily converted into the
corresponding alkenylalanes on treatment with suitable alanes (25), thereby providing a pos-
sible mechanism for in situ conversion of the alkenylzirconium species (50) into alkenyl-
alanes.

Scheme 15
C1-2r G, e-2rCp, .
Meghl + ClpZrlp, == M 01 == CI| Tl == Me-Ir(p,
A]sz A'IMe2 %l-
(44) (45) (46) ClAive,
RC=CH R, M
051. /C=C\ &+
RC=CH + (46) > Me-ZrCp —> M Zrlp
-~ O\‘Z s\2
¢ ¢l
(49) s- (50) 18-
C]/\]Me2 C]A'IMeZ
R A R< }"zc’] -Z(CRZ R M
> =C > C=C Cl > C=C + - C1,ZrCp,
M Nzrcp S N ™ 2
2 . 2
. . A]Me2
cv C1
A ’
\‘ /7
AWez
Me(C])ZY‘sz
n=-PrC=CH — > No reaction
(CH2C1)2
25°C
. (39)
n-PrCsCA]Mez —_— O . > =C L1
(CHoC1)2 & . /N
25°C Ne—ZGCz- Me™ ZvGC2
(48) (47)

Despite all these facts and interpretations, our more recent results indicate that, while the
Al-assisted carbozirconation mechanism may still be correct for the case shown in eq 39, the
reaction of typical terminal acetylenes with Al-Zr reagent systems must involve a Zr-assisted
carboalumination. ‘

In the hope of clarifying mechanistic details of the Ir-catalyzed carboalumination, we have
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varied m and n in the reagent systems (51) and examined their TH NMR (-50 to 80°C) as well as
their reaction with 1-heptyne.

Me,A1C1 3, - Me,(C1)2-nZrCpp
(51) (m=1,20r3. n=20,10r 2)

Of the five Al-Zr reagent systems studied, all except the MeAlClp-ClpZrCpp system undergo the
expected carbometallation. Although the yield of the protonolysis product observed with
MepA1C1-ClpZrCpp was only 65% (after 48 hr), the other three reactions proceeded quantita-
tively within 24 hr, the order of reactivity being: Me3A1-ClpZrCpp ~ Me3A1-Me(C1)ZrCpy >
Me3Al-Me2ZrCpy > -MepA1C1-ClpZrCpy (26). Of the four reagent systems that undergo the ex-
pected carbometallation, only the Me3A1-ClpZrCpp system shows a rapid Me-Cl exchange. All
the other systems do not undergo a Me-Cl exchange which is rapid on the NMR time scale at
ambient temperature (26). These results clearly indicate that the rapid Me-Cl1 exchange,
which was considered as a crucial step in Scheme 15, is not required for the carbometallation.

To further probe the critical question of Al-assisted carbozirconation vs. Zr-assisted carbo-
alumination, we have reacted 1-heptyne with a 1:1 mixture of Et3Al and Me(C1)ZrCpp and found
that the reaction produces, after protonolysis, a 70:30 mixture of 2-ethyl-T-heptene and
(E)-3-nonene in 93% combined yield with only traces, if any, of the corresponding methylated
alkenes (eq 40) (26). The results are not only consistent with direct carboalumination but
inconsistent with direct carbozirconation.

+
~ H,0 n-C:H H n=-CcH H
| 3 SN o7 sthis o”
n-CcHi CsCH + EtgAl + Me(Cl)ZrCp, —> S ¢+ c=C.
s 3 2 et” R et
93% (70:30)  (40)

To rule out any special effect, if any, due to the difference between Me and Et, we have then
run the reaction of 1-heptyne with a 1:1 mixture of Me3Al and CD3(C1)ZrCpz, prepared by the
reaction of ClpZrCpp with 2 equivalents of CD3MgI in ether followed by treatment with 1.5
equivalents oszb012 in benzene. The product obtained in essentially quantitative yield
after iodination is 98% pure (E)-1-iodo-2-methyl-1-heptene contaminated with 2% of (z)-3-
iodo-2-octene. The extent of D incorporation is < 4% (eq 41) (26).

11N 7
> C=C (41)
|

nfC5H]]CECH + Me3A1 + CDs(C'I)ZGC2 — "
: 3

Although the precise role of Zr reagents remains to be unclear, we may now conclude that the
Zr-catalyzed carboalumination of terminal acetylenes, at least in some typical cases, pro-
ceeds by a Zr-assisted carboalumination. The results of the mechanistic study suggest that,
while the Al-Zr combination may well be best suited for addition of the methyl-metal bond to
the C=C bond, other metals may also be capable of activating the C-Al bond toward acetylenes.
Our preliminary results also indicate that organozincs can also participate in the Zr-pro-
moted carbometallation (19). As to the actual reactive species in the Zr-catalyzed carbo-
alumination, we can only suggest an Al-Zr species (52).

§ /Y\\ §-

Me—AT “rCp,X, (52) (X, Y = C1 and/or Me)
Ny
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