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Ithough generally considered competitive, the alkenylation and carbonyl olefination routes to alkenes are also com-

plementary. In this Account, we focus on these approaches for the synthesis of regio- and stereodefined di- and trisub-
stituted alkenes and a few examples of tetrasubstituted alkenes. We also discuss the subset of regio- and stereodefined dienes
and oligoenes that are conjugated.

Pd-catalyzed cross-coupling using alkenyl metals containing Zn, Al, Zr, and B (Negishi coupling and Suzuki coupling) or
alkenyl halides and related alkenyl electrophiles provides a method of alkenylation with the widest applicability and pre-
dictability, with high stereo- and regioselectivity. The requisite alkenyl metals or alkenyl electrophiles are most commonly
prepared through highly selective alkyne addition reactions including (i) conventional polar additions, (ii) hydrometalation,
(iii) carbometalation, (iv) halometalation, and (v) other heteroatom-metal additions. Although much more limited in appli-
cability, the Heck alkenylation offers an operationally simpler, viable alternative when it is highly selective and satisfactory.

A wide variety of carbonyl olefination reactions, especially the Wittig olefination and its modifications represented by
the E-selective HWE olefination and the Z-selective Still—Gennari olefination, collectively offer the major alternative to the
Pd-catalyzed alkenylation. However, the carbonyl olefination method fundamentally suffers from more limited stereochem-
ical options and generally lower stereoselectivity levels than the Pd-catalyzed alkenylation. In a number of cases, however,
very high (>98%) stereoselectivity levels have been attained in the syntheses of both E and Z isomers.

The complementarity of the alkenylation and carbonyl olefination routes provide synthetic chemists with valuable options.
While the alkenylation involves formation of a C—C single bond to a C=C bond, the carbonyl olefination converts a (=0
bond to a C(=C bond. When a precursor to the desired alkene is readily available as an aldehyde, the carbonyl olefination
is generally the more convenient of the two. This is a particularly important factor in many cases where the desired alk-
ene contains an allylic asymmetric carbon center, since a-chiral aldehydes can be prepared by a variety of known asym-
metric methods and readily converted to allylically chiral alkenes via carbonyl olefination. On the other hand, a homoallylically
carbon-branched asymmetric center can be readily installed by either Pd-catalyzed isoalkyl—alkenyl coupling or Zr-cata-
lyzed asymmetric carboalumination (ZACA reaction) of 1,4-dienes.

In short, it takes all kinds to make alkenes, just as it takes all kinds to make the world.
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1. Introduction and Overview

Alkenes represent one of the most widely occurring and
important classes of organic compounds. Their efficient, selec-
tive, and practical synthesis has provided major challenges to
synthetic organic chemists. Even if we limit our consideration
to the synthesis of acyclic alkenes, there are close to ten dif-
ferent, basic structural types just for monoalkenes. Our atten-
tion here is focused on regio- and stereodefined di- and
trisubstituted alkenes, as well as very limited examples of tet-
rasubstituted alkenes. Even under these restrictions, our syn-
thetic tasks increase exponentially by considering regio- and
stereodefined dienes and oligoenes of strictly defined molec-
ular weights. Of particular interest here are those dienes and
oligoenes that are conjugated.

2. Alkene Synthesis Methodology

(@) Carbonyl Olefination. Until a few decades ago, regio-
and stereodefined alkenes, especially those naturally occur-
ring ones of biological and medicinal interest, were prepared
mostly by aldol and related carbonyl olefination reactions,’
which have been significantly reinforced by the discoveries
and development of the P-, S-, and Si-based carbonyl olefina-
tion reactions? represented by the P-based Wittig olefination
and its variants including the Horner—Wadsworth—Emmons
(HWE) and Z-selective Still—Gennari?® modifications, the
S-based Julia olefination, and the Si-based Peterson
olefination,?“ as well as their variants. As useful and impor-
tant as these carbonyl olefination reactions are, they never-
theless are associated with some fundamental difficulties and
limitations. Since the very construction of the C=C bond is
achieved during any carbonyl olefination reactions, its stere-
ochemical outcome depends on various reaction parameters.
Moreover, a successful and selective C=C bond construction
means that the reaction as such is not applicable to the syn-
thesis of the opposite stereoisomer unless it is modified.
Although not discussed here, the olefin metathesis® has
emerged recently as a new promising class of olefination,
which also appears to share similar difficulties and limitations,
as discussed herein.

(b) Alkenylation via Alkyne Addition. As indicated in
Scheme 1, there are a few other basic and alternate routes to
alkenes. Aside from various elimination processes, some of
which also serve as critical steps in the carbonyl olefination,
alkyne addition and alkenylation represent two alternate
routes to alkenes that are fundamentally discrete from the ole-
fination reactions. In selective alkenylation, regio- and stereo-
defined alkenyl reagents or intermediates are prepared before

Synthesis of Di-, Tri-, and Tetrasubstituted Alkenes Negishi et al.

SCHEME 1
: /  Alkenylation A'Eenylj""n Addition _
M (or X) Ny
Carbonyl ' : ' L Y
>=o __olefination ' 1 “\_Elimination 1
Olefination | |
SCHEME 2
— X, aq. HX l:—H (Edi ™
Ref.4a H %
1: X = Br, 77%, >99% £
2: X = Cl, 83%, >99% £
HBr Br, H
= (E)di @
Ref.4b H com
H—=—=—CO,H — 3:86%, >99% £
LiBr or Nal
| X COH
—>H2Af°4 = (2)-di (3)
etac H H
4: X = Br, 93%, >98% Z
5:X = |, 89%, >98% Z

the critical formation of the desired alkenes. In the required
C—C single bond formation, stereochemical outcome is not
only governed by a fundamentally different set of parame-
ters but also more readily and predictably achievable. This
however mandates the prior synthesis of regio- and stereoi-
somerically pure alkene intermediates. Generally speaking,
this requirement can most conveniently be met by resorting
to various alkyne addition reactions. Indeed, it has been
known that some pure regio- and stereodefined alkenes are
readily and economically preparable by alkyne addition reac-
tions,* which are thought to proceed mostly by polar addi-
tion mechanisms. Some such examples providing useful
alkene “synthons” pertinent to this Account are shown in
Scheme 2. Surprisingly, few widely applicable methods for the
synthesis of regio- and stereodefined alkenes through the use
of these halogenated alkenes had been known before the
advent of the Pd-catalyzed alkenylation discovered and devel-
oped in the early to mid-1970s, some representative exam-
ples of which include the Heck alkenylation® and much more
widely applicable C—C cross-coupling reactions,®” such as
those involving Zn, Al, and Zr (Negishi coupling),® and B
(Suzuki coupling).” Over the past few decades, the Pd-cata-
lyzed alkenylation via cross-coupling has indeed revolution-
ized the alkene synthesis. In contrast with the Pd-catalyzed
alkenylation via cross-coupling with alkenyl metals or alkenyl
electrophiles, the Heck alkenylation,® which is known to pro-
ceed via alkene addition—elimination, is not only more lim-
ited in synthetic scope but also more prone to regio- and
stereoisomerization and other side reactions. Nonetheless, in
cases where the Heck alkenylation proceeds satisfactorily, it
can not only be highly competitive but also be nicely comple-
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mentary with the Pd-catalyzed alkenylation via cross-coupling.
It is also feasible and even satisfactory in many cases to use
transition metals other than Pd, including Ni,2 Cu,® and Fe,'°
as catalysts. However, none of them appears to be as widely
applicable and generally regio-, stereo-, and chemoselective as
that with Pd. It is also appropriate and useful to note that the
significantly higher cost of Pd as compared with those of Ni,
Cu, and Fe can be largely offset by generally high catalyst
turnover numbers (TONs) observed with Pd that can reach
desirable levels of 103—10° or even higher'" by using biden-
tate phosphine ligands.

With the development of Pd-catalyzed alkenylation via
cross-coupling, efficient and selective preparation of alkenyl
intermediates has become critically important. In addition to
conventional alkyne addition reactions (Scheme 2), regio- and
stereoselective hydrometalation, carbometalation, halometala-
tion, and metallometalation have emerged and provided var-
ious satisfactory routes to the alkenyl reagents. Although not
discussed in detail, it is useful to show metal-promoted regio-
and stereoselective addition reactions pertinent to the discus-
sions herein (Schemes 3 and 4). It is also important to note
that catalytic hydrogenation provides a widely applicable
method for direct conversion of alkynes to mostly Z-alkenes.'?

3. Stereo- and Regioselective Synthesis of

Monomeric Trisubstituted and
Tetrasubstituted Alkenes

With the availability of various selective routes to alkenyl met-
als and alkenyl halides discussed in the preceding section, it
might appear that most of the alkenes can now be synthe-
sized almost at will. This statement is approaching being truth-
ful in the synthesis of mono- and disubstituted alkenes.
Despite significant recent advances, however, the selective
synthesis of various tri- and tetrasubstituted alkenes can still
be very difficult. As discussed above, however, methodologi-
cal developments over the past few decades have made avail-
able a variety of highly (>95%) selective Pd-catalyzed cross-
couplings and a few carbonyl olefination methods, notably
E-selective HWE reaction,®® its Z-selective Still—Gennari
modification,?® and the Corey—Schlessinger—Mills (CSM here-
after) modification®® of the Peterson olefination.>* Among
those shown in Schemes 3 and 4, syn-carbometalation, that
is, item d in Scheme 3, especially the Zr-catalyzed methyla-
lumination of terminal alkynes,'® has served as a widely appli-
cable tool for the synthesis of naturally occurring (E)-
trisubstituted alkenes, while carbocupra’tion19 has been shown
to be useful for ethyl and higher alkylmetalation. In the car-
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bometalation and haloboration?° of terminal alkynes, con-
struction of the disubstituted end of the double bond, which
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siphonarienal (17), dr>50/1
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(A) (1) EtMgBr, THF, (2) Dess-Martin oxid.
B) (1) 2 i 2) TBSOTF, 2,6-Lutidine
( )())K(\osz ii) H,02 @)

OBCy, MeOH, buffer (3) Smly, MeOH-THF, (4) HF-Py THF
may arbitrarily be termed “head (H)", is achieved first, which
may then be followed by the construction of the monosubsti-
tuted end, which may be termed “tail (T)", for the “H-to-T” con-
struction of trisubstituted alkenes (Scheme 5).

(@) Proximally Chiral (E)-Trisubstituted Alkenes. A large
number of polyketides possess those structural units repre-
sented by 14 and 15. The presence of an allylically Me-branched
asymmetric carbon center makes it difficult to construct these
units in the H-to-T manner, even though a pioneering study by
Hoye?® with a carboalumination-derived alkenylaluminate pro-
ceeded with clean stereoinversion to give a side chain precur-
sor to scyphostatin (16) (eq 1 of Scheme 5). On the other hand,
regio- and stereoselective hydrometalation permits their con-
struction in the T-to-H manner (eq 2 of Scheme 5).>” Construc-
tion of an allylic asymmetric carbon center and an (E)-
trisubstituted alkene in the T-to-H manner may also be most
efficiently achieved by using the highly stereoselective CSM-
modification®® of the Peterson olefination as exemplified by a
recent synthesis of siphonarienal (17), siphonarienone (18) and
siphonarienolone (19)%8 (eq 3 of Scheme 5).
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(b) Proximally Chiral (Z)-Trisubstituted Alkenes. One of
the synthetically most demanding monoalkenes has been the
(2)-trisubstituted alkene at C13 and C14 of discodermolide
(20).2° One approach by Panek3° that is highly selective, albeit
somewhat lengthy, employs hydrozirconation of 1-silyl-1-
alkynes. Once the requisite C9—C14 (Z)-alkenyl iodide is gen-
erated, its isoalkylation with C15—C19 isoalkylmetals seems
most satisfactorily achieved by the Pd-catalyzed isoalkyl—
alkenyl coupling with isoalkylzincs?%3° (Scheme 6).

For more efficient constructions, two promising protocols
have been developed. One involves the 1-bromo-1-alkyne
hydroboration, migratory insertion, and Negishi coupling
(Scheme 7).3" Another is based on a pioneering work of
Tamao3>? on Pd-catalyzed stepwise disubstitution of 3,-dichlo-
rostyrene. Significantly, a previously little known second sub-
stitution with alkyl, aryl, alkenyl, allyl, and alkynyl groups has
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been achieved in good to excellent yields (Scheme 8).>3 Both
of these protocols promise to provide satisfactory routes to
many demanding (2)-trisubstituted alkenes.

(c) Stereo- and Regioselective Synthesis of Tetrasub-
stituted Alkenes. Despite major advances discussed in the
preceding section, synthesis of acyclic tetrasubstituted alk-
enes with full control of both stereo- and regiochemistry still
remains a difficult and largely unsolved synthetic task. In prin-
ciple, various selective carbometalation, halometalation, and
related heteroatom—metal bond addition reactions of unsym-
metrically disubstituted alkynes would provide potentially
selective routes to tetrasubstituted alkenes. (E)- and (2)-y-Bis-
abolenes (27) have provided a pair of challenging targets con-
taining an exocyclic tetrasubstituted C=C bond. In their earlier
syntheses,?* the E isomer was prepared in 99.6% stereose-
lectivity, but the stereoselectivity in the synthesis of Z isomer
was only 83%. On the other hand, application of the Cu-cat-
alyzed anti-allylmagnesation (eq 7 of Scheme 3) permitted
highly selective syntheses of both isomers via acyclic tetra-
substituted alkene intermediates>> (Scheme 9).

4. Stereo- and Regioselective Synthesis of
Conjugated Dienes and Oligoenes

The number of stereo- and regiochemically discrete structural
types for conjugated dienes is substantially larger than that for
monoenes. Even if we limit our considerations only to those
conjugated dienes in which each of the two alkene units is
both stereo- and regiodefined, there are 3, 8, and 10 discrete
structural types of di-, tri-, and tetrasubstituted dienes, respec-
tively. Stereo- and regiodefined acyclic penta- and hexasub-
stituted conjugated dienes are still rather rare, and they are
not considered here. In this section, some representative
examples of the synthesis of di-, tri-, and tetrasubstituted acy-
clic and conjugated dienes are briefly discussed with empha-
sis on those present in natural products.
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R a
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iy HOAc

D HLO, NaORS, A R Sia=MeLHCMH-

HO(CH)g A P"
bombykol*” (29)

(@) 1,4-Disubstituted 1,3-Butadienes. Iterative hydro-
boration—protonolysis of unsymmetrically disubstituted 1,3-
butadiynes producing (Z,2)-1,3-butadienes in 1970 by Zwe-
ifel*® is one of the earliest examples of fully selective
syntheses of stereo- and regiodefined conjugated dienes.
Inspired by this work, our group developed in 1973 fully

selective methods for the syntheses of the (E,Z)- and
(E E)-isomers.37-38
R? R?
RGN 2 RWN /\/
(E. E) {E, 2) R'" (2.2

These uncatalyzed organoboron-based methods were soon
supplanted by the Pd-catalyzed alkenyl—alkenyl coupling with
alkenyl metals containing Al, Zr, and Zn discovered and devel-
oped by us during the 1976—1978 period.>?° Attempts to
use alkenylborons were not successful, but a successful pro-
cedure was developed in 1979 by the group of A. Suzuki.”
Although not widely used, the uncatalyzed alkenylboron route
to (E,2)-1,3-dienes via (E)-1,3-enynes (28) (Scheme 10) has
been successfully applied to the efficient and selective syn-
theses of bombykol (29).3” Even today, this must still be con-
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SCHEME 11
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sidered as one of the most efficient and selective routes to
1,4-disubstituted (E,Z)-butadienes. Nevertheless, the efficient
and selective Pd-catalyzed alkenyl—alkenyl coupling summa-
rized in Scheme 11 is by far the most generally applicable and
predictably satisfactory method for the synthesis of all three
conceivable types of 1,4-disubstituted 1,3-dienes.

(b) Conjugated Oligoenes and Oligoenynes Containing
1,4-Disubstituted Butadiene Moieties. The Pd-catalyzed
alkenyl—alkenyl coupling is readily adaptable to and gener-
ally satisfactory for the synthesis of conjugated trienes and
higher oligoenes, as well as oligoenynes containing 1,4-di-
substituted butadiene moieties. Particularly noteworthy is that
many (Z)-alkene-containing oligoenes can be synthesized with
little or no stereoisomerization, as exemplified in Scheme 12.

As the number of conjugated C=C bonds increases, effi-
ciency of synthesis along with selectivity and other factors
becomes increasingly important. In this regard, the use of
modular synthons becomes increasingly attractive, and (E)-
iodobromoethene (1) and (E)-iodochloroethene (2),*" as well
as their monoethynylated derivatives, (E)-1-bromo-1,3-
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— o —— = 1ps
AT T Ny # 2[C|Cp22r’ A Va Vel ]
95% | ZnCl,, 5% Cl,Pd(PPhs), + 10% /Bu,AlH
S A =T

67%l2steps

T NCYTYYY
xerulin (36),42

30% (5 steps in the longest sequence)

"Hex « //\ //_4: — OH
cis- and trans-bupleurynol (37)%7

butenyne (34a)***> and (E)-1-chloro-1,3-butenyne (35a)*® and
their silylated derivatives, have been developed as “modu-
lar” synthons (Scheme 13). Two-carbon synthons 1 and 2
react well with alkynylzincs, but not under Sonogashira con-
ditions, to give monoalkynylated derivatives, such as 34a and
35a, but the reactions of 1 and 2 with alkenyl metals are
much less favorable and prone to undesirable side reactions.®®
But a satisfactory procedure involving the use of 1% of
Cl,Pd(DPEphos), 2% of tris(2-furyl)phosphine, and 2% of
'Bu,AlIH as catalysts was developed.** Although alkenyl zincs
react well with 1, the corresponding reactions of alkenyl met-
als of Al or Zr must be cocatalyzed with InCl; (0.1-0.33
equiv), which was superior to Zn salts as a cocatalyst** for this
reaction. For these reasons, it is advisable to convert 1 and 2
into 34*> and 35,*° respectively, and use them as four-car-
bon synthons. With the incorporation of an alkynyl group, 34
and 35 have proved to be particularly useful synthons for the
synthesis of oligoenynes. Highly efficient syntheses of xeru-
lin (36)** and bupleurynol (37)*” demonstrate their synthetic
utilities (Scheme 13).

Despite its wide applicability, high efficiency, and high ste-
reoselectivity, the Pd-catalyzed alkenylation in the syntheses
of dienes, oligoenes, and oligoynes, must still be comple-
mented by other alkenylation reactions, such as the Heck alk-
enylation,® and various carbonyl olefination reactions.'?
Efficient and selective construction of the scyphostatin side
chain from the C7—C16 chiral isoalkyl alcohol intermediate
prepared as shown in Scheme 5 may not be conveniently
achieved via Pd-catalyzed alkenylation. In this case, the HWE
olefination using (E,E)-(EtO),P(O)CH,(CH=CH),COEt preparable
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SCHEME 14
R1S R2
R1LM/R4 RW\RA

(E, B)-1,1,4-trisubstituted (E,E)-1,2,4-trisubstituted

™ 0 A
| LI

1)B

7 s A AMe;
| I 39
38

B-ionone
D
EE—
B-carotene (40)
= B Y & e S N N
39 — | 2 2
y-carotene (41)
F 2 Vo T LN OH
— _—
vitamin A (42)
A : (i) LDA, (ii) CIPO(OEt),, (iii) 2.2 LDA
B : (i) 2 Me3Al, CloZrCpy, (ii) evaporation
C: (i) pr™=TMS | ZnCl,, Pd cat. (i) KzCO3, MeOH
D:05 Br"!, ZnCly, Pd cat. -
E: () 1.05Br", ZnCly, Pd cat,, (ii)'\"ezA'WrZ"C'Z» Pioat
F : (i) "BuLi, (i) (CH20),

from ethyl 4-bromocrotonate in four steps is an attractive
alternative.?®27 As a rule of thumb, it may tentatively be
stated that allylically methyl or other carbon group branched
alkenes are more readily prepared via carbonyl olefination,
while their homoallylic analogues are more readily accessi-
ble via Pd-catalyzed alkenylation. In cases where both types
of proximally chiral alkenyl groups are present, both carbo-
nyl olefination and Pd-catalyzed alkenylation are required for
their optimal construction.

(c) Conjugated Dienes, Oligoenes, and Oligoenynes
Containing Tri- and Tetrasubstituted Butadiene Moieties.
In this section, only a limited number of representative syn-
theses of tri- and tetrasubstituted dienes, oligoenes, and oli-
goenynes will be discussed.

@) 1,1,4- and 1,2,4-Trisubstituted 1,3-Butadienes. Two
most widely encountered and important structural types
among the eight possible ones for the indicated classes of
dienes are the trans,trans-butadiene derivatives shown in
Scheme 14. In cases where the branching R'* or R? group is
Me, they are efficiently and selectively obtainable via Zr-cat-
alyzed methylalumination (ZMA), as shown in Schemes
14—16. Those reactions shown in eqs 6—9 of Scheme 3 and
all of Scheme 4 should provide useful terminal synthons or
alkenylation-to-olefination crossover synthons. It should also
be remembered that certain carbonyl olefination reactions
including the Corey—Fuchs*® and other related reactions have
served as useful olefination-to-alkenylation crossover reac-
tions in the alkenylation—olefination synergy.

SCHEME 15
N =2 \)\/\
\\/\—— MepAla N i
i) [0] H
s ii) Bestmann - PNF N
H oy i) HZMCp,Ci then I, H 2
—_—
57% (3 steps) |

@0l E5pS \/\/\)\)\/\/
@ 101\/\/\)\)\ P PP NG,
CHO
47% 21% in 6 steps (>98% pure)

(1)ZMA (2) V
(3) TBDPSCI, Im

£ (4)ZACA and O] X oteops W
™ (5) Corey-Fuchs - % 27% in 5 steps

and "BuLi

DIBAL-H

é\/\/OTBDPS
WNAzicp0l
) o zva
(i) I
(2) TBSCI, Im
e

ZMA = Me3Al, cat. ZrCpoCla.

‘ ZrCp,Cly

dry ZnBr,
cat. Pd(PPhs);

OTBS |81% (98% pure)
18% in 10 steps

OMe

ZACA = Me3Al, cat. (NMI),ZrCly

SCHEME 16
oTBS

/\Ij\‘/\ /\(\q/\/(oj"OMe

cat. Pd(OAc)2, Bu4NBr
Cs,CO4, Et3N, DMA  steps
e e

80%

Heck Still-Gennari
NN

ratjadone (45)°°

Carotenoids and retinoids represent some of the most impor-
tant classes of oligoenes containing (E,E)-1,2,4-trisubstituted 1,3-
butadiene moieties. In cases where they can be prepared from
inexpensive S-ionone, it is almost mandatory to use it as the
starting compound. And yet, its carbonyl olefination to give
trisubstituted alkenes has not been very stereoselective. More-
over, either Z-to-E isomerization or stereoisomeric purification by
isomer fractionation of these trisubstituted alkenes has gener-
ally been rather difficult. On the other hand, highly stereoselec-
tive (=98—-99%) conversion of S-ionone to S-carotene (40),
y-carotene (41), and vitamin A (42) has been achieved, as shown
in Scheme 14.%> Both 1,2-iodobromoethene (1) and 1-bromo-
4-trimethylsilyl-1,3-butenyne (34b) play crucial roles in these pro-
cesses. A more recent development of 1,4-pentenyne as a five-
carbon modular synthon for the synthesis of various oligoenes
containing a homoallylic asymmetric carbon center, such as
nafuredin (43) and milbemycin 5 (44) (Scheme 15)* is also
noteworthy.
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Despite some known limitations and difficulties associated
with the Heck reaction, it was recently reported by Kalesse that
(E,E)-1,1,4-trisubstituted-1,3-dienes could be obtained in high
yield and in highly stereoselective manner, as exemplified by the
synthesis of ratjadone (Scheme 16). It appears very desirable to
further delineate the scope and limitations of the Heck reaction.

Construction of (E,E)-1,2,4-trisubstituted 1,3-dienes may have
been most commonly achieved by Pd- and Zn-cocatalyzed alk-
enylation with (E)-2-alkenylzirconium derivatives generated by
regioselective hydrozirconation, as exemplified by the synthe-
sis of reveromycin B (46),>' FR901464 (47),°% and motuporin
(48)>3 (Scheme 17). For generation of HZrCp,Cl, a recently devel-
oped procedure involving slow addition of 1 equiv of ‘Bu,AIH to
ZrCp,Cl, in THF'®? is highly convenient. This protocol can nicely
accommodate proximal chiral groups via the T-to-H construc-
tion of the (E)-2-alkenylzirconium reagents. However, conver-
sion of the aldehyde precursors to the corresponding 2-alkynes
typically requires three steps (Scheme 5). In cases where o-chiral
aldehydes are used as the starting compound, the use of the
CSM modification of the Peterson olefination followed by the
HWE reaction (Scheme 17) provides a highly satisfactory syn-
thetic protocol as exemplified in a recent synthesis of (all-E)-O-
methylmyxalamide D (49)>* and 6,7-dehydrostipiamide (52).>>
Even so, the synthesis of the requisite oligoene and oligoenyne
intermediates 50, 51, 53, and 54 was achieved via Pd-catalyzed
cross-coupling.

Interesting and potentially important is that the stepwise
double substitution of 1,1-dibromoalkene 55 first with (all-E)-
BrCH=CHC=CCH=CHCH=C(Me)CO-Et obtained from 54 in
82% vyield in one step®® and then with Me,Zn with
Cl,Pd(DPEphos) as a catalyst gave the 10Z isomer of 56,
which amounted to the discovery of inversion of configura-
tion in the Pd-catalyzed cross-coupling of 2-bromo-1,3-
dienes.>® Significantly, this discovery was soon followed by
another finding that the use of bulky alkylphosphines or
N-heterocyclic carbenes can almost fully suppress the config-
urational isomerization.>”

Although much rarer, some naturally occurring trans,trans-
tetrasubstituted 1,3-dienes, mostly E,E isomers, and related oli-
goenes are also known,>® as exemplified by mycolactone B
(57)>2%° and apoptolidin (58)°" (Scheme 18). Whereas the
C8—C16 fragment of the triprotected mycolactone B side
chain 59 containing an allylic asymmetric carbon center was
prepared in the T-to-H manner via the stepwise double sub-
stitution process with >98% retention®®” briefly discussed
herein, the C1—C7 framework was selectively constructed in
the H-to-T manner via iterative ZMA Pd-catalyzed alkenyla-
tion.®° No isomer formation was detected in this synthesis. A
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SCHEME 17
0
HOZC/\)LQ "
HOZCMO ¥ ai OoH
ngd O3 i AT

reveromycin B (46)°"

2 M o ap
Znzn) | 7, o
OMe r(; n)* Yo, N)\/—(N
Ph A U H O = S
N NH
o N FR901464 (47)%2
O COMH

/
CHO 68%(35teps) \)Y\CHO Ta1%

motuporin (48)5

e (37{”" COzEt 62%
7 D 84% (4 steps)
/ Pd-cat. C.C.
% CSM-Peterson

CT 70%
(3 steps)
OH

RN H
\ OH HWE Q =
X .

(all-E)-O-methylmyxalamide D (49)

A: (1) frans-2-butene, KO'Bu, "Buli, (+)-lpc,BOMe, BF 3 Et20.

(2) TBSOTT, 2,6-lutidine. (3) (i) AD-mix-ct (i) NalOy4_
B: Et3SiCH(Me)CH=NCy, *BuLi then CFaCO,H.
C: (1) TBSCI, Im. (2) () ZrCpCla, 'BuzAlH (i) Iz, (3) (==)5-Zn, cat. PdCI,(DPEphos).
D: (i) ZrCp2Cla, ‘BupAlH (i) ZnBrs (iii) Br
E: (1) TBAF. (2) PBr3, Py. (3) P(OEt)3,
F: (1) LIHMDS. (2) HF, Py.
G: (1) LiOH. (2) H2N¢\0Me PrNEt, PyBroP.

ph/\/\ e ph/\/\)Y\L i g

CO,Et » cat. PdCly(PPhz)2.

o

o

O

N g
o

(6 steps)
C - 4 - D 4 rF
_'ph/\/\/H/\/\\ = P |
S | & X s6% s L
——d *E \/\)\
MegSi—== A~ cooet —F
%% 54 G
H = 94%
Ph Z ANF N
PP co gt
OZ 56 (>99% pure) 2
1. Pdcat C.C. |3steps
> .

i |
csm- OH Corey-
Peterson Fuchs

Pd-cat. C. C.
6,7-dehydrostipiamide (52

A: (1) ZACA then Oy, (2) Et3SICH(Me)CH=NCy, SBuLi then CFCO,H.
(3) crotylboration. (4) TBSCI, Im. (5) AD-mix-ct. (6) NalOy4
B: CBry, PPh3, Zn
C: (1)BrZn—==SiMe; cat. CLPd(DPEphos). (2) Me,Zn, cat. Pd(‘BusP),, K,CO3, MeOH
D: HZrCp,Cl then |2
E: (1)()"BuLi (2eq.), ZnBry (ii) Br\)~co Me® 0@t PA(PPha)oCla. (2) TBAF
F: LDA then ZnBry, 8
G: 5% ClLPd(PPha), + 10% BupAlH

convergent assembly was then achieved via Pd-catalyzed
alkenyl—alkenyl coupling in 73% yield.

(i) (Z2)-Trisubstituted Alkene-Containing Tri- and Tet-
rasubstituted 1,3-Butadienes and Oligoenes Containing
Such 1,3-Butadienes. Although far less abundantly occur-
ring, those tri- and tetrasubstituted 1, 3-butadienes that con-
tain one or two (2)-trisubstituted alkenyl groups can exist as
configurationally stable species. The significance of the
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SCHEME 18

1L 1L
RNRA RIGANA L

RIS R3 R1S R3

(E E)-1,1,3,4-
tetrasubstituted

(E B)-1,1,4,4-
tetrasubstituted

(E B)-123,4-
tetrasubstituted

Wr”\u’L§/l§v/§§/L§/i\/’\g/

OH OH
apoptolidin (58) OH

O mycolactone B (57)

(1)ZMA then I
(2) Zn=+==, Pd cat.

/(3) ZMA then |,
(\/(A)Tsscl im ZO. s Vo Y.
39% (4 steps) 239 (6 steps), >98% pure

Pd-cat. C.C.
Corey;Fuchs
HE 74

(1)0) Bu;AH(Teq)
// (||)HZrC Clthen

+ Pd ¢
OH 58% (2steps)  OH
(i) BuLi (2eq)

iy 17NN ,Pdcat.

0z Oz

73%

Z=TBS. Z'=TBS or MOM steps oz 0z 0z

H02C\\\\\

side chain 59 of mycolactone B (57) OZ OZ

Still—Gennari modification®® of the HWE reaction that can, in
some cases, serve as a highly (2)-selective carbonyl olefina-
tion reaction is well-recognized. Additionally, several promis-
ing routes to (Z)-trisubstituted alkenyl metals and alkenyl
electrophiles have been developed for use in the Pd-catalyzed
alkenylation. Only a very limited number of prototypical
examples of the syntheses of tri- and tetrasubstituted conju-
gated dienes and related oligoenes containing (2)-trisubsti-
tuted alkenes are discussed below.

Ratjadone®° (45), Callystatin A°*°3 (60) and (102)-0-
Methylmyxalamide D>* (62). These compounds contain
both (E,E)-1,1,4- or 1,2 4-trisubstituted and (Z,E)-1,2,4-trisub-
stituted 1,3-diene moieties. In Kalesse’s synthesis of ratjadone
(45),°° the (Z,E)-diene fragment was synthesized by using two
carbonyl olefination processes, namely, the Still—Gennari
modification of the HWE reaction and the Wittig reaction
(Scheme 16). Although the Still—Gennari reaction for the con-
struction of the Et-containing alkene of callystatin A (60) is sig-
nificantly less selective, the Z/E ratio being 6/1—8/1, it has
been used in most of the close to 10 syntheses, of which only
the first total synthesis by Kobayashi®? is cited here. Less
widely used but more highly (2)-selective (>98—-99%) syn-
theses of (Z)-trisubstituted alkenes shown in Schemes 6—8 are
also readily applicable to the synthesis of callystatin A3'¢3
(Scheme 19). In the first synthesis of (102)-O-methylmyxala-
mide D (62)>* summarized in Scheme 20, the synthetic value
of alkenylation—olefination synergy is vividly seen.

SCHEME 19
COsEt
z‘o’\/'\CHo * (RO)ZOP)\/ o
Z'=TBSor
TBDPS

o~ A s

Ref. 62
(85%, ZIE = 6/1-8/1) o ©
callystatin A (60)

R = CF3CH»

2\)\=
Z<0. = & o.

(i) HBBr;, (i) EtoZn (4 equiv)  Ow,
(il 1 (iv) 'BuLi (v) ZnBry

ZnBr

cat. Pd(PPh 2
( 3)4 %
2_ Ref 31
Z“=TBDPS 61 (70%, >98% E,Z)
SCHEME 20
o T oz H
3P Y owe
s, ®
oz! ZhBr 0 el
Pd-cat. C. C.
lcat PdL, HWE J/ =
0
O > z'=TeDPs
\
Corey-Fuchs | ™ 2)
= steps = :ucj =B
: — g1 L
Z \)Y\",{{\ “Sue
oz! oK Pd-cat. C. C.

84%,>98% Z, E  (102)-O-methylmyxalamide D (62)

Archazolids A and B®* (63a and 63b) and Mycolactone
A>9259 (57a). Archazolids (63)°* possess a conjugated triene
containing a (Z,2)-1,1,3,4-tetrasubstituted-1,3-diene moiety,
while the side chain of mycolactone A (57a)°? is a pentaenoic
acid containing a (Z,E)-1,1,3,4-tetrasubstituted-1,3-diene moi-
ety. A highly efficient synthesis of the conjugated triene frag-
ment of 63a was achieved via a series of two Still—Gennari
olefination reactions.®*? In the synthesis of (—)-archazolid B,
Trauner®* used a Cu-promoted trans-selective monomethy-
lation of a 1,1-dibromoalkene to set up a (2)-2-iodo-2-alkene.
Its Pd-catalyzed cross-coupling with a (Z,E)-1-stanno-2-methyl-
1,3-butadiene derivative provided, albeit in low yield, an
advanced intermediate to be cyclized via ring-closing metath-
esis® to give, after deprotection, the target compound 63b.
Also very promising is a strictly stereocontrolled Pd-catalyzed
alkenylation route®' (Scheme 21), which involves a Pd-cata-
lyzed alkenylation of 24a. The triene product 64 was pre-
pared in >98% stereoselectivity. The requisite dienylzinc
reagent was prepared via Cu-catalyzed methylmagnesation?2
shown in eq 7 of Scheme 3.

Synthesis of the tris-TBS-protected side chain 65 of myco-
lactone A (57a) by Kishi®° using the HWE reaction as the key
reaction revealed a highly complex stereoisomerism associ-
ated with 65, as indicated at the top of Scheme 22. In marked
contrast, the Pd-catalyzed alkenylation provided a strictly
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SCHEME 21
OPMB po(OR)Z OPMB
R CO,Me
| KHMDS, 18-c-6
(2) Repeat (1) / COzMe
= O 77% (2 steps)
R
sleps
Z'0, ZnBr
cat. PdL,,
S e W
2 64 (>98% 744 E)

archazolid A (R=Me) (63a)

R = CH,CF3, Z=TBS, Z' = TBDPS S
archazolid B (R=H) (63b)

SCHEME 22

PO(OEY),
i C,\,O\)) Cond. |
2!

66 (single isomer)

MeOzC/\)A,\"J\"\/k/\/\/

oz 0z
(4E, 6E):(4Z, BE).(4E, 62):(4Z, 62) = 73:17:7:3
lLiOH, 4:1:1 THF-MeOH-H,0

65 (4E, 6E):(4Z, 6E): (4E, 62): (4Z, 62) = 36:52:4:5

. Me;Zn, THF/DMF
3 st t_ Pd(DPEphos)Cl cond. i
By 22ehs S epsB cal ( phos)Cly N N
90% Br 70% >98% Z 66% OH ll
> A
SiMe3

SiMes
N HO2C™ ™
Cond. lll Xy Ssteps oz 0Z
65% OZ XN 45% Re

: & |(>ZnBr) 0z

F Z=TBS,
\/Y\R 7'=TBS or MOM

Cond. I : (i) LDA, (i) OHC v 65 (12% over 13 steps,>98% pure)

67 OZ 0z

Cond. Il : (1) Zo A ZnBr cat. Pd(DPEphos)Cl,, (2) TBAF
Cond. Ill : (1) Me3Al, ZrCp,Cls then |5 (2) TBSCI, imidazole

(>98%) stereoselective route to the tris-TBS-protected side
chain 65 of mycolactone A (57a)°°° (Scheme 22).

5. Conclusions

The Pd-catalyzed cross-coupling with organometals contain-
ing Zn, Al, and Zr (Negishi coupling), as well as B (Suzuki cou-
pling), provides a highly selective (=98%) and widely
applicable alkenylation route to stereo- and regiodefined alk-
enes. Although considerably more limited, the Heck reaction
provides simpler routes in some cases. Various carbonyl ole-
fination reactions, such as the HWE reaction, provide useful
carbonyl olefination routes that are complementary and com-
petitive with the Pd-catalyzed alkenylation. Thus, certain allyli-
cally chiral alkenes are most conventionally prepared by the
carbonyl olefination (Schemes 5—8 and 15—22), while those
with homoallylic chiral centers are efficiently prepared by Pd-
catalyzed isoalkylation (Schemes 5—7). As the complexity of
the target alkenes increases, synergistic use of various avail-
able methods becomes increasingly desirable. Typically, the
Pd-catalyzed alkenylation—carbonyl olefination synergy pro-
vides widely satisfactory, efficient, and selective routes to var-
ious oligoenes (Schemes 16—22).

Synthesis of Di-, Tri-, and Tetrasubstituted Alkenes Negishi et al.

Support of this work by grants from the National Institutes of
Health (Grant GM 36792) and the National Science Founda-
tion (Grant CHE-0309613) is gratefully acknowledged. E.N.
thanks his former co-workers whose names and contributions
are referenced.

BIOGRAPHICAL INFORMATION

Ei-ichi Negishi is the Herbert C. Brown Distinguished Professor of
Chemistry at Purdue University.

Zhihong Huang received his B.S. degree from Peking Univer-
sity (2001) and M.S. degree from Texas Christian University
(2003), and is currently a Ph.D. student at Purdue University.

Guangwei Wang received his B.S. degree from Lanzhou Univer-
sity (China) in 1998. After working at Shanghai Institute of
Organic Chemistry, he came to Purdue University in 2004 where
he is a Ph.D. student.

Swathi Mohan received her M.S. degree from Wichita State Uni-
versity, Kansas, in 2006 and is currently pursuing her Ph.D.
degree at Purdue University.

Chao Wang received his B.S. degree from Peking University
(China) in 2002 and Ph.D. degree from the same institution in
2007. He is currently working as a postdoctoral associate at Pur-
due University.

Hatsuhiko Hattori received his Ph.D. degree from Tokyo Insti-
tute of Technology in 2005. He was a postdoctoral associate
there and then at National Institute of Advanced Industrial Sci-
ence and Technology, Japan. He is currently a postdoctoral asso-
ciate at Purdue University.

FOOTNOTES
*To whom correspondence should be addressed. E-mail: negishi@purdue.edu.

REFERENCES

1 (a) Evans, D. A.; Nelson, J. V.; Taber, T. R. Stereoselective aldol condensations. Top.
Stereochem. 1982, 13, 1-115. (b) Mukaiyama, T. The directed aldol reaction. Org.
React. 1982, 28, 203-331.

2 For seminal papers or comprehensive reviews, see: (a) Maryanoff, B. E.; Reitz, A. B.
The Wittig olefination reaction and modifications involving phosphoryl-stabilized
carbanions. Stereochemistry, mechanism, and selected synthetic aspects. Chem.
Rev. 1989, 89, 863-927. (b) Still, W. C.; Gennari, C. Direct synthesis of Z-
unsaturated esters. A useful modification of the Horner-Emmons olefination.
Tetrahedron Lett. 1983, 24, 4405-4408. (c) Peterson, D. J. Carbonyl olefination
reaction using silyl-substituted organometallic compounds. J. Org. Chem. 1968, 33,
780-784. (d) Corey, E. J.; Enders, D.; Bock, M. G. A simple and highly effective
route to a,5-unsaturated aldehydes. Tetrahedron Lett. 1976, 7-10.

3 (a) Grubbs, R. H.; Chang, S. Recent advances in olefin metathesis and its application
in organic synthesis. Tetrahedron 1998, 54, 4413-4450. (b) Connon, S. J.;
Blechert, S. Recent developments in olefin cross-metathesis. Angew. Chem., Int. Ed.
2003, 42, 1900-1923.

4 (a) Negishi, E.; Alimardanov, A.; Xu, C. An efficient and stereoselective synthesis of
xerulin via Pd-catalyzed cross-coupling and lactonization featuring (£)-
iodobromoethylene as a novel two-carbon synthon. Org. Lett. 2000, 2, 65-67, and
an earlier reference cited therein. (b) John, R., W.; Babu, A., P.; Richard, F. H.
Palladium-catalyzed triethylammonium formate reductions. 4. Reduction of
acetylenes to cis-monoenes and hydrogenolysis of tertiary allylic amines. J. Org.
Chem. 1980, 45, 4926-4931. (c) Ma, S.; Lu, X. A novel stereospecific
hydrohalogenation reaction of propiolates and propiolic acid. J. Chem. Soc., Chem.
Commun. 1990, 1643-1644.

5 Heck, R. F. Palladium-catalyzed vinylation of organic halides. Org. React. 1982, 27,
345-390.

Vol. 41, No. 11 = November 2008 = 1474-1485 = ACCOUNTS OF CHEMICAL RESEARCH = 1483



Synthesis of Di-, Tri-, and Tetrasubstituted Alkenes Negishi et al.

6 (a) Negishi, E. Palladium-Catalyzed Reactions Involving Reductive Elimination.
Handbook of Organopalladium Chemistry for Organic Synthesis, Wiley-Interscience:
New York, 2002; Vol. 2, Part lll, pp 213—1119. (b) Negishi, E. Transition metal-
catalyzed organometallic reactions that have revolutionized organic synthesis. Bull.
Chem. Soc. Jpn. 2007, 80, 233-257.

7 (a) Miyaura, N.; Suzuki, A. Palladium-catalyzed cross-coupling reactions of
organoboron compounds. Chem. Rev. 1995, 95, 2457—-2483. (b) Suzuki, A.; Brown,
H. C. Suzuki Coupling. Organic Syntheses via Boranes; Aldrich Chem. Co.:
Milwaukee, WI, 2003; Vol. 3, pp 1—314.

8 Tamao, K.; Sumitani, K.; Kumada, M. Selective carbon—carbon bond formation by
cross-coupling of Grignard reagents with organic halides. Catalysis by nickel-
phosphine complexes. J. Am. Chem. Soc. 1972, 94, 4374-4376.

9 Tamura, M.; Kochi, J. K. Copper-catalyzed coupling of Grignard reagents and alkyl
halides in tetrahydrofuran solutions. J. Organomet. Chem. 1972, 42, 205-228.

10 (a) Tamura, M.; Kochi, J. K. Vinylation of Grignard reagents. Catalysis by iron. J. Am.

Chem. Soc. 1971, 93, 1487-1489. (b) For a review, see Filrstner, A.; Martin, R.

Advances in iron catalyzed cross coupling reactions. Chem. Lett. 2005, 34, 624—

629.

Huang, Z.; Qian, M.; Babinski, D. J.; Negishi, E. Palladium-catalyzed cross-coupling

reactions with zinc, boron, and indium exhibiting high turnover numbers (TONs): Use

of bidentate phosphines and other critical factors in achieving high TONs.

Organometallics 2005, 24, 475-478.

Lindlar, H.; Dubuis, R. Palladium catalyst for partial reduction of acetylenes. Org.

Synth. Coll. 1975, V, 880-882.

13 Brown, H. C. Hydroboration (Part V). Boranes in Organic Chemistry, Cornell
University Press: Ithaca, NY, 1972, pp 253—297.

14 Wilke, G.; Muller, H. Metallorganische Verbindungen. 39. Reaktionen von
organoaluminium-verbindungen mit acetylenen. Ann. Chem. 1960, 629, 222—240.

15 (a) Hart, D. W.; Blackburn, T. F.; Schwartz, J. Hydrozirconation. Ill. Stereospecific
and regioselective functionalization of alkylacetylenes via vinylzirconium (V)
intermediates. J. Am. Chem. Soc. 1975, 97, 679-680. (b) For a convenient
procedure of hydrozirconation, see: Huang, Z.; Negishi, E. A convenient and genuine
equivalent to HZrCp,Cl generated in situ from ZrCp,Cl,-DIBAL-H. Org. Lett. 2006,
8, 3675-3678.

16 Zweifel, G.; Arzoumanian, H. a-Halovinylboranes. Their preparation and conversion
into a-halovinylboranes. Their preparation and conversion into cis-vinyl halides,
frans-olefins, ketones, and transvinylboranes. J. Am. Chem. Soc. 1967, 89, 5086—
5088.

17 Takami, K.; Yorimitsu, H.; Oshima, K. trans-Hydrometalation of alkynes by a
combination of InCl; and DIBAL-H: One-pot access to functionalized (2)-alkenes.
Org. Lett. 2002, 4, 2993-2995.

18 Van Horn, D. E.; Negishi, E. Controlled carbometalation. The reaction of acetylenes
with organoalane-zirconocene dichloride complexes as a route to stereo- and regio-
defined trisubstituted olefins. J. Am. Chem. Soc. 1978, 100, 2252—2254.

19 Normant, J. F.; Alexakis, A. Carbometalation (C-metalation) of alkynes:
Stereospecific synthesis of alkenyl derivatives. Synthesis 1981, 841-870.

20 Satoh, Y.; Serizawa, H.; Miyaura, N.; Hara, S.; Suzuki, A. Organic synthesis using
haloboration reactions 11. A formal carboboration reaction of 1-alkynes and its
applications to the di- and trisubstituted alkene synthesis. Tetrahedron Lett. 1988,
29,1811-1814.

Corey, E. J.; Katzenellenbogen, J. A.; Posner, G. H. New stereospecific synthesis of
trisubstituted olefins. Stereospecific synthesis of faresol. J. Am. Chem. Soc. 1967,
89, 42454247

(a) Duboudin, J. G.; Jousseaume, B.; Saux, A. Reactifs de grignard vinyliques y
fonctionnels: |. Reactivite des organomagnesiens vis-a-vis d’alcools a. acetyleniques
en presence d’halogenures cuivreux. J. Organomet. Chem. 1979, 168, 1-11. (b)
Duboudin, J. G.; Jousseaume, B.; Bonakdar, A.; Saux, A. Reactifs de Grignard
vinyliques y fonctionnels: II. lodolyse, alkylation et arylation des iodo-alcohols. J.
Organomet. Chem. 1979, 168, 227-232.

23 Ma, S.; Negishi, E. anti-Carbometalation of homopropargyl alcohols and their higher
homologues via non-chelation-controlled syn-carbometalation and chelation-
controlled isomerization. J. Org. Chem. 1997, 62, 784—785.

24 Corey, E. J.; Kirst, H. A.; Katzenellenbogen, J. A. A stereospecific total synthesis of

o-santalol. J. Am. Chem. Soc. 1970, 92, 6314-6320.

25 Baba, S.; Negishi, E. A novel stereospecific alkenyl—alkenyl cross-coupling by a
palladium- or nickel-catalyzed reaction of alkenylalanes with alkenyl halides. J. Am.
Chem. Soc. 1976, 98, 6729-6731.

26 Hoye, T. R.; Tennakoon, M. A. Synthesis (and alternative proof of configuration) of
the scyphostatin C(1')-C(20") trienoyl fragment. Org. Lett. 2000, 2, 1481-1483.

27 Tan, Z.; Negishi, E. An efficient and general method for the synthesis of o, w-
difunctional reduced polypropionates by Zr-catalyzed asymmetric carboalumination:
Synthesis of the scyphostatin side chain. Angew. Chem., Int. Ed. 2004, 43, 2911—
2914.

—_
—

—_
N

2

=

2

N

28 Magnin-Lachaux, M.; Tan, Z.; Liang, B.; Negishi, E. Efficient and selective synthesis
of siphonarienolone and related reduced polypropionates via Zr-catalyzed
asymmetric carboalumination. Org. Lett. 2004, 6, 1425-1427.

29 Smith, A. B., lll; Beauchamp, T. J.; LaMarche, M. J.; Kaufman, M. D.; Qiu, Y.;
Arimoto, H.; Jones, D. R.; Kobayashi, K. Evolution of a gram-scale synthesis of (+)-
discodermolide. J. Am. Chem. Soc. 2000, 122, 8654—8664.

30 Arefolov, A.; Panek, J. S. Studies directed toward the total synthesis of
discodermolide: Asymmetric synthesis of the C1—C14 fragment. Org. Lett. 2002, 4,
2379-2400.

31 Huang, Z.; Negishi, E. Highly stereo- and regioselective synthesis of (4-
trisubstituted alkenes via 1-bromo-1-alkyne hydroboration-migratory insertion-Zn-
promoted iodinolysis and Pd-catalyzed organozinc cross-coupling. J. Am. Chem.
Soc. 2007, 129, 14788-14792.

32 Minato, A.; Suzuki, K.; Tamao, K. A remarkable steric effect in palladium-catalyzed
Grignard coupling: Regio- and stereoselective monoalkylation and -arylation of 1,1-
dichloro-1-alkenes. J. Am. Chem. Soc. 1987, 109, 1257-1258.

33 Tan, Z.; Negishi, E. Widely applicable Pd-catalyzed trans-selective monoalkylation of
unactivated 1,1-dichloro-1-alkenes and Pd-catalyzed second substitution for the
selective synthesis of £ or Ztrisubstituted alkenes. Angew. Chem., Int. Ed. 2006,
45, 762-765.

34 (a) Corey, E. J.; Seibel, W. L. First stereospecific synthesis of £-y-bisabolene. A
method for the concurrent generation of a ring and a tetrasubstituted exocyclic
double bond. Tetrahedron Lett. 1986, 27, 905-908. (b) Corey, E. J.; Seibel, W. L. A
simple stereoselective synthesis of Z-y-bisabolene. Tetrahedron Lett. 1986, 27,
909-910.

35 Anastasia, L.; Dumond, Y. R.; Negishi, E. Stereoselective synthesis of exocyclic
alkenes by Cu-catalyzed allylmagnesiation, Pd-catalyzed alkylation, and Ru-
catalyzed ring-closing metathesis: Highly stereoselective synthesis of (4- and (B)-
bisabolenes. Eur. J. Org. Chem. 2001, 16, 3039-3043.

36 Zweifel, G.; Polston, N. L. Selective hydroboration of conjugated diynes with
dialkylboranes. A convenient route to conjugated cis-enynes, a.,5-acetylenic
ketones, and cis,cis-dienes. J. Am. Chem. Soc. 1970, 92, 4068-4071.

37 Negishi, E.; Lew, G.; Yoshida, T. Stereoselective synthesis of conjugated trans-
enynes readily convertible into conjugated cis, frans-dienes and its application to the
synthesis of the pheromone bombykol. J. Chem. Soc., Chem. Commun. 1973,
874-875.

38 Negishi, E.; Yoshida, T. A highly stereoselective and general synthesis of conjugated
trans, trans-dienes and trans-alkyl ketones via hydroboration. J. Chem. Soc., Chem.
Commun. 1973, 606-607.

39 Barrett, A. M.; Pefia, M.; Willardsen, J. A. Total synthesis and structural elucidation
of the anti-fungal agent papulacandin D. J. Org. Chem. 1996, 67, 1082—1100.

40 Miyaura, N.; Suginome, H. New stereospecific synthesis of pheromone bombykol
and its three geometrical isomers. Tetrahedron Lett. 1983, 24, 1527-1530.

41 Firstner, A.; Dierkes, T.; Thiel, 0. R.; Blanda, G. Total synthesis of (—)-
salicylinalamide. Chem.—Eur. J. 2001, 7, 5286-5298.

42 Kobayashi, Y.; Shimazaki, T.; Taguchi, H.; Sato, F. Highly stereocontrolled total
synthesis of leukotriene B,, 20-hydroxyleukotriene B,, leukotriene B, and their
analogues. J. Org. Chem. 1990, 55, 5324-5335.

43 Nicolaou, K. C.; Ramphal, J. Y.; Palazon, J. M.; Spanevello, R. A. Stereocontrolled
total synthesis of (5S5,6R)-, (565,69)-, (5R6RA)-, and (5R,69-(7E9E112142-5,6-
dihydroxy-7,9,11,14-icosa-tetraenoic acid (5,6-DIHETE) methyl esters. Angew.
Chem., Int. Ed. 1989, 28, 587-588.

44 Qian, M.; Huang, Z.; Negishi, E. Use of InCl, as a cocatalyst and a Cl,Pd(DPEphos)-
P(2-Furyl); catalyst system for one-pot hydrometalation-cross-coupling and
carbometalation-cross-coupling tandem processes. Org. Lett. 2004, 6, 1531-1534.

45 Zeng, F.; Negishi, E. A novel, selective, and efficient route to carotenoids and related
natural products via Zr-catalyzed carboalumination and Pd- and Zn-catalyzed cross-
coupling. Org. Lett. 2001, 3, 719-722.

46 Métay, E.; Hu, Q.; Negishi, E. Highly efficient and selective synthesis of conjugated
triynes and higher oligoynes of biological and materials chemical interest via
palladium-catalyzed alkynyl—alkenyl coupling. Org. Lett. 2006, 8, 5773-5776.

47 Ghasemi, H.; Antunes, L. M.; Organ, M. G. Use of olefin templates in queued
chemical transformations using late transition metal catalysis: Total synthesis of cis
and frans bupleurynol via a single multireaction sequence. Org. Lett. 2004, 6,
2913-2916.

48 Corey, E, J.; Fuchs, P. L. A synthetic method for formyl — ethynyl conversion (RCHO
— RC=CH or RC=CR'). Tetrahedron Lett. 1972, 3769-3773.

49 Zhu, G.; Negishi, E. 1,4-Pentenyne as a five-carbon synthon for efficient and
selective syntheses of natural products containing 2,4-dimethyl-1-penten-1,5-
ylidene and related moieties by means of Zr-catalyzed carboalumination of alkynes
and alkenes. Chem.—Eur. J. 2008, 14, 311-318.

50 Bhatt, U.; Christmann, M.; Quitschalle, M.; Claus, E.; Kalesse, M. The first total
synthesis of (+)-ratjadone. J. Org. Chem. 2001, 66, 1885-1893.

1484 = ACCOUNTS OF CHEMICAL RESEARCH = 1474-1485 = November 2008 = Vol. 41, No. 11



51 Drouet, K. E.; Theodorakis, E. A. Enantioselective total synthesis of reveromycin B.
J. Am. Chem. Soc. 1999, 121, 456-457.

52 Thompson, C. F.; Jamison, T. F.; Jacobsen, E. N. Total synthesis of FR901464:

Convergent assembly of chiral component prepared by asymmetric catalysis. J. Am.

Chem. Soc. 2000, 722, 10482-10483.

53 Hu, T.; Panek, J. S. Enantioselective synthesis of the protein phosphatase inhibitor
(—)-motuporin. J. Am. Chem. Soc. 2002, 124, 11368—11378.

54 Wang, G.; Huang, Z.; Negishi, E. Efficient and selective syntheses of (all-£- and
(6E£,102-2'-0-methylmyxalamides D via Pd-catalyzed alkenylation—carbonyl
olefination synergy. Org. Lett. 2008, 10, 3223-3226.

55 Zeng, X.; Zeng, F.; Negishi, E. Efficient and selective synthesis of 6,7-
dehydrostipiamide via Zr-catalyzed asymmetric carboalumination and Pd-catalyzed
cross-coupling of organozincs. Org. Lett. 2004, 6, 3245-3248.

56 Zeng, X.; Hu, Q.; Qian, M.; Negishi, E. Clean inversion of configuration in the Pd-
catalyzed cross-coupling of 2-bromo-1,3-dienes. J. Am. Chem. Soc. 2003, 125,
13636-13637.

57 Zeng, X.; Qian, M.; Hu, Q.; Negishi, E. Highly stereoselective synthesis of (1£)-2-
methyl-1,3-dienes by palladium-catalyzed trans-selective cross-coupling of 1,1-
dibromo-1-alkenes with alkenylzinc reagents. Angew. Chem., Int. Ed. 2004, 43,
2259-2263.

58 (a) Andrus, M. B.; Lepore, S. D. Synthesis of stipiamide and a new multidrug
resistance reversal agent, 6,7-dehydrostipiamide. J. Am. Chem. Soc. 1997, 119,

Synthesis of Di-, Tri-, and Tetrasubstituted Alkenes Negishi et al.

2327-2328. (b) Kundim, B. A;; Itou, Y.; Sakagami, Y.; Fudou, R.; Yamanaka, S.;
Ojika, M. Novel antifungal polyene amides from the myxobacterium Cystobacter
fuscus: isolation, antifungal activity and absolute structure determination.
Tetrahedron 2004, 60, 10217-10221. (c) Coleman, R. S.; Lu, X.; Modolo, I. Total
synthesis of 2'-0-methylmyxalamide D and (66)-2'- 0-methylmyxalamide D. J. Am.
Chem. Soc. 2007, 129, 3826-3827.

59 Song, F.; Fidanze, S.; Benowitz, A. B.; Kishi, Y. Total synthesis of mycolactones.
Org. Lett. 2002, 4, 647-650.

60 (a) Yin, N.; Wang, G.; Qian, M.; Negishi, E. Stereoselective synthesis of the side
chains of mycolactones A and B featuring stepwise double substitutions of 1,1-
dibromo-1-alkenes. Angew. Chem., Int. Ed. 2006, 45, 2916-2920. (b) Yin, N.;
Wang, G.; Negishi, E. Unpublished results.

61 Daniel, P. T.; Koert, U.; Schuppan, J. Apoptolidin: Induction of apoptosis by a natural
product. Angew. Chem., Int. Ed. 2006, 45, 872—893.

62 Murakami, N.; Wang, W.; Aoki, M.; Tsutsui, Y.; Sugimoto, M.; Kobayashi, M. Total
synthesis of callystatin A, a potent cytotoxic polyketide from the marine sponge,
Callyspongia truncate. Tetrahedron Lett. 1998, 39, 2349-2352.

63 Langille, N. F.; Panek, J. S. Total synthesis of (—)-callystatin A. Org. Lett. 2004, 6,
3203-3206.

64 (a) Menche, D.; Hassfeld, J.; Li, J.; Rudolph, S. Total synthesis of archazolid A.
J. Am. Chem. Soc. 2007, 129, 6100-6101. (b) Roethle, P. A.; Chen, I. T.; Trauner,
D. Total synthesis of (—)-archazolid B. J. Am. Chem. Soc. 2007, 129, 8960-8961.

Vol. 41, No. 11 = November 2008 = 1474-1485 = ACCOUNTS OF CHEMICAL RESEARCH = 1485





