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I11.2.18 Synthesis of Natural Products via
Palladium-Catalyzed Cross-Coupling

ZE TAN and EI-ICHI NEGISHI

A. INTRODUCTION

Since the discovery of Pd-catalyzed cross-coupling in the mid-1970s, it has been
increasingly applied to the synthesis of essentially all types of organic compounds.
Together with more conventional cross-coupling methodologies involving the use
of Mg, Li, and Cu, Pd-catalyzed cross-coupling reactions and related Ni-catalyzed
reactions have firmly occupied one of the most central positions in the organic
synthetic methodology. Especially noteworthy are their applications in the area of
complex natural products as well as oligomeric and polymeric materials. Many of
their applications to the syntheses of natural products are indeed discussed through-
out the preceding sections in this part, mainly from the viewpoint of synthetic
methodology.

In recognition of the special significance and high level of interest among
synthetic chemists, their applications to the synthesis of natural products are
systematically catalogued in this section primarily in the form of a series of tables,
which are arranged in the order of some of the preceding and pertinent sections,
as listed below. Even in those cases where some specific examples are discussed
in preceding sections, they are listed again in this section for the purpose of
cataloguing all examples of natural products synthesis via Pd-catalyzed cross-
coupling.

Pertinent
Type of Section
Subsection Cross-Coupling Table Number Number
B Aryl-aryl coupling 1 I11.2.5
C Alkenyl-aryl, 2,3 I11.2.6
aryl-alkenyl, and
alkenyl-alkenyl
couplings
(Continued)
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864 III Pd-CATALYZED CROSS-COUPLING
D Heteroaromatics 4 111.2.7

E Alkyne 5,6 111.2.8
synthesis

F Synthesis of 7 111.2.9
diarylmethanes,
allylated and
propargylated
arenes, and
1,4-dienes
and 1,4-enynes

G Alkylation, 8 I1.2.11
homoallylation,
homopropargylation,
and homobenzylation

H Cross-coupling 9 IIL.2.12
involving
o-hetero-substituted
organic
electrophiles

I Cross-coupling 10 111.2.13
involving
a-hetero-substituted
organometals

J Cross-coupling 11 111.2.14
involving
B-hetero-substituted
compounds

K Conjugate
substitution 12 111.2.15

B. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
ARYL-ARYL COUPLING

Pd- or Ni-catalyzed aryl-aryl coupling has emerged over the past two to three decades as
one of the most general and satisfactory methods for the synthesis of biaryls. Various
fundamental and synthetic aspects of Pd-catalyzed aryl-aryl coupling are discussed in
Sect. I11.2.5, and some detailed aspects of the synthesis of magnolol and (—)-monoter-
penylmagnolol along with that of steganone via Ni-catalyzed aryl—aryl coupling are also
presented in the same section.
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The following rational procedure for finding the optimal protocol for a given biaryl
synthesis with respect to metal countercations and catalysts is once again presented below
as a reminder.

1. In cases where arylmagnesium derivatives are more conveniently available than
the others, as is often the case, their Ni- or Pd-catalyzed reaction with aryl halides
and related electrophiles should be considered first. It should also be reminded that,
in aryl-aryl coupling, Ni catalysts are often satisfactory and competitive with Pd
catalysts.

2. If the Mg-Ni and Mg-Pd combinations prove to be less than satisfactory, the
simplest and generally most dependable modification has been to add 0.5-1 equiv of
dry ZnCl, or ZnBr,. The Zn-Ni and Zn-Pd combinations have often been two of
the most satisfactory ones in terms of (i) fast reaction rate, (ii) high product yield, and
(iii) selectivity features including chemoselectivity.

3. Although several other metals including Al, Si, Sn, and Cu have served as satis-
factory countercations in less demanding cases, the B-Pd combination appears to be
currently the only one that rivals or possibly even surpasses the Zn-Ni and Zn—-Pd
combinations, even though the preparation of arylboron derivatives via aryllithiums or
arylmagnesium halides is more involved than the in sifu generation of arylzincs.
Although aryltins have been widely used and satisfactory in less demanding cases,
they have been shown to be inferior to Zn and B in more demanding cases. So, the
current scope of Pd- or Ni-catalyzed aryl-aryl coupling with respect to metal cations
may be represented by Scheme 1.

Li - The metals in bold are widely used in the Pd-catalyzed
Mg Al Si Ar-Ar coupling in general,
Cu @ Sn + Those in a circle are generally most satisfactory.
Scheme 1

The examples summarized in Table 1 represent most of the currently known syntheses
of natural products involving Pd-catalyzed aryl-aryl coupling, which clearly indicate that
Zn and B are indeed the two most frequently used metals.

C. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
ALKENYL-ARYL, ARYL-ALKENYL, AND
ALKENYL-ALKENYL COUPLING

As detailed in Sect. III.2.6, Pd-catalyzed alkenyl-alkenyl coupling is probably the most
general, selective, and satisfactory route to conjugated dienes of various types. Similarly,
Pd-catalyzed alkenyl-aryl or aryl-alkenyl coupling provides a highly satisfactory route to
arylated alkenes, although these compounds are often readily accessible via a wide range
of more conventional reactions including carbonyl olefinations.
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At present, Mg, Zn, B, Al, Sn, and Zr represent the six widely used metals, although Cu
and Si have also been shown to be very promising. In more demanding cases where some
of the above-mentioned metals are compared, Zn has often been shown to be superior to
the others in terms of reactivity, product yield, and stereoselectivity. However, the ability
of B, Al, and Zr as well as Zn to participate in facile and stereoselective hydrometallation
and carbometallation makes B, Al, and Zr viable and attractive alternatives to Zn. It should
also be recalled that the Pd-catalyzed coupling reactions of alkenylalanes and alkenyl-
zirconiums can often be significantly accelerated by the addition of Zn salts (Sect. I11.2.6).

Although alkenylstannanes are often somewhat less readily available than those con-
taining B, Al, or Zr, they have nonetheless been very widely used. In fact, they may have
been the most widely used alkenylmetals. However, some of the critical issues associated
with them, such as their general toxicity, difficulty in the complete removal of toxic
tin-containing by-products, and their lower and often inferior reactivity in more demand-
ing cases relative to Zn and B (Sect. IIL2.6), must not be overlooked. Despite these criti-
cal shortcomings, Pd-catalyzed alkenyl-alkenyl coupling using alkenylstannanes has
widely been employed, especially in the synthesis of an impressive array of complex nat-
ural products including (*)-amijtrienol,’®! leinamycin,?®! (+)-8,15-diisocyano-11(20)-
amphilectene,?”?8 (4+)-macrolactin E,”*®! (—)-macrolactin A,”?*3% (+)-mycotrienol,!
rapamycin,3?-33 and saglifehrin A.13®! As satisfactory as the results reported in these
syntheses are, data comparing various available metal countercations are very scarce at
best. In view of the above-mentioned problems and difficulties associated with Sn, its
comparison with some others, such as Zn, B, Al, Zr, and even Si, appears to be desirable.

Some detailed aspects of the syntheses of the following compounds are presented in
Sect. II1.2.6. The scheme numbers indicated in parentheses are those in Sect. IT1.2.6:
methyl dimorphecolate (Scheme 46), xerulin (Scheme 48), papulacandin D (Scheme 49),
vitamin A (Scheme 60), 8- and y-carotene (Schemes 61 and 62), vitamin D (Scheme 65),
reveromycin B (Scheme 67), and nakienone A (Scheme 70). In this section, attempts
have been made to catalogue most of the currently known examples of the synthesis of
natural products via Pd-catalyzed alkenyl-aryl or aryl-alkenyl coupling (Table 2) and
alkenyl-alkenyl coupling (Table 3).

D. SYNTHESIS OF HETEROAROMATIC NATURAL PRODUCTS
VIA Pd-CATALYZED CROSS-COUPLING

The construction of heteroaromatic compounds via Pd-catalyzed cross-coupling reactions is
discussed in detail in Sect. IIL.2.7. Among all of the available methods, the use of Pd—Zn
and Pd-B cross-coupling in the synthesis of natural products is particularly noteworthy.
Some of the representative examples of natural product syntheses are shown in Table 4.

E. SYNTHESIS OF NATURAL PRODUCTS VIA
Pd-CATALYZED ALKYNYLATION

Pd-catalyzed alkyne cross-coupling has become one of the most satisfactory
methods for the synthesis of alkynes. As discussed in Sect. ITL2.8, there are two related
but discrete protocols, that is, Sonogashira coupling, which does not involve formation
of alkynylmetals as preformed and discrete reagents (Sect. I11.2.8.1), and the general
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1I1.2.18 SYNTHESIS OF NATURAL PRODUCTS VIA CROSS-COUPLING 895

protocol developed by Negishi'>*! with Zn, B, and Sn as well as that involving the
use of haloalkynes (Sect. III.2.8.2). Although not yet widely known, it should be noted
that the scope of Sonogashira coupling is more limited than the latter. Thus, terminal
alkynes cannot be directly and selectively synthesized without protection and deprotec-
tion of one of the acetylene carbon atoms. The reaction also is sluggish or it may alto-
gether fail in cases where alkynes contain electron-withdrawing substituents. Despite
these limitations, Sonogashira coupling has thus far been the much more widely
employed of the two, probably because it is operationally somewhat simpler. It should
also be recalled that there are other intricate differences between the two protocols, as
discussed in Sect. IT1.2.8.

In cases where alkynylmetals are generated either in sifu or in a separate step as
discrete reagents, Mg, Zn, B, and Sn have been the four widely used metals. Compara-
tive studies have shown that Zn is generally the most favorable among them (Sect.
II1.2.8.2). Here again, however, Sn has been the most frequently used metal. Similar
comments on Sn as those made in Sect. D are also applicable to these cases. Particu-
larly noteworthy are examples of the intramolecular cyclization of alkynyltins, as in
the synthesis of neocarzinostatin,!!>>-{!28] cyclization via double alkynylation with
haloalkynes, as in the synthesis of calicheamicinone!!'*! and dynemicin A,!3%-1321 and
the carbopalladation—cross-coupling tandem cyclization, as in the synthesis of neo-
carzinostatin.[1331[134]

F. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
CROSS-COUPLING INVOLVING ALLYL, BENZYL,
AND PROPARGYL REAGENTS

Pd-catalyzed cross-coupling has been shown to be particularly well suited for the synthe-
sis of diarylmethanes, allylated arenes, 1,4-dienes, 1,4-enynes, and related derivatives, as
discussed in Sect. IIL.2.9. It should be recalled that this favorable characteristic does not
extend to the coupling of two allylic, propargylic, and benzylic reagents to produce 1,5-
dienes, 1,5-enynes, bibenzyl, and related compounds (Sect. II1.2.10). Also to be recalled
is that the use of propargyl reagents often leads to the formation of allenes, and this ten-
dency of Pd is in contrast with that of Cu in dealing with propargyl(allenyl) reagents. As
in many other cases of Pd-catalyzed cross-coupling, Zn, B, Al, and Sn have been used
most frequently, although it is likely that Cu, Zr, and Si are also satisfactory in some
cases.

Following a very satisfactory synthesis of a-farnesene via alkenyl-allyl cou-
pling!!"¥ as the first example of natural product syntheses of this class, some other
natural products containing 1,4-dienes and allylated arenes have been synthesized,
as indicated by the results summarized in Table 7. The synthesis of humulene via
intramolecular alkenyl-allyl coupling is noteworthy, even though the cyclization
was achieved only in 32% yield.['”! Also noteworthy is the Ni- or Pd-catalyzed syn-
thesis of allylated quinones, such as menaquinone-3 and coenzymes Q, (n =3 or
10).[1761LU77L1194 Both Ni and Pd appear to be highly satisfactory and roughly compara-
tive with each other*¥ despite the claim that Ni is superior to Pd."'7®! Many additional
satisfactory examples may be expected. At present, however, no natural products ap-
pear to have been synthesized by using propargylic reagents in Pd-catalyzed cross-
coupling.
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1I1.2.18 SYNTHESIS OF NATURAL PRODUCTS VIA CROSS-COUPLING 915

G. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
ALKYLATION, HOMOALLYLATION, HOMOPROPARGYLATION,
AND HOMOBENZYLATION

Until recently, cross-coupling between alkylmetals and aryl, alkenyl, and alkynyl halides
was achieved mostly with alkylcoppers. Over the past two decades, however, the Ni- or
Pd-catalyzed reaction of alkylmetals with the unsaturated organic halides mentioned
above has been developed as a viable alternative, as detailed in Sect. III.2.11. The Cu-
based methodology still remains highly competitive. So, it is advisable to consider both
options for finding the method for a given case.

Unlike the cases discussed earlier in this section, the current range of metal
countercations in Pd-catalyzed alkylation is practically limited to Zn and B, although Mg
has been satisfactory in some cases. The scope of Pd-catalyzed alkylation with alkylmet-
als containing other metals, such as Al, Si, Sn, and Zr, is severely limited at present. Of
the two widely used metals, that is, Zn and B, Zn is significantly more reactive than B,
and less elaborate and less vigorous reaction conditions are required. However, in those
cases where alkylboranes are readily available via hydroboration, this and the higher level
of chemoselectivity make B an attractive and competitive alternative. Here again, the gen-
eral lack of comparative data does not permit a critical comparison of the two metals. As
a crude guideline, it is not unreasonable to consider Zn in cases where alkylmetals
containing Li, Mg, or Zn are some of the most readily available alkylmetals. In
cases where alkenes are to be covnerted to alkylmetals, however, B may be considered
first.

The currently available results of the synthesis of natural products via Pd-
catalyzed alkylation are shown in Table 8, which is indeed dominated by the reactions of
alkylzincs and alkylboranes. It is noteworthy that homoallyl-, homopropargyl-, and ho-
mobenzylzincs are readily generated by (i) indirect zincation, (ii) oxidative magnesiation
followed by metathetical zincation, and, most cleanly, (iii) lithiation of primary alkyl io-
dides followed by zincation, and that the resultant alkylzincs very cleanly and selectively
undergo Pd- or Ni-catalyzed cross-coupling with unsaturated organic electrophiles. The
synthesis of 1,5-dienes via Pd-catalyzed reaction of homoallyl- and homopropargylzincs
detailed in Sect. II1.2.11.2 is particularly noteworthy.

The currently available examples of the synthesis of natural products via Pd-catalyzed
alkylation are summarized in Table 8.

H. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
CROSS-COUPLING INVOLVING a-HETERO-SUBSTITUTED
ORGANIC ELECTROPHILES

Of various types of Pd-catalyzed cross-coupling reactions involving «-hetero-
substituted organic electrophiles discussed in Sect. IIL.2.12, the Pd-catalyzed
carbonylative and noncarbonylative acylation as well as selective alkenylation with
1,1-dihaloalkenes have attracted the special attention of synthetic chemists. Along
with several other organometallic reactions with acyl halides and related electrophiles
involving Cu, Mg, Al, and Mn, Pd-catalyzed acylation with organometals containing
Zn and Sn has emerged as a competitive and complementary alternative. It should be
noted that the high reactivity of organozincs does not readily permit the desired
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920 III Pd-CATALYZED CROSS-COUPLING

oxidative addition—-CO insertion—reductive elimination cascade, since they tend to
cross-couple without incorporation of CO.

The trans-selective cross-coupling of 1,1-dihaloalkenes exhibiting =98% stereoselec-
tivity has found various interesting and attractive applications in natural products synthe-
sis, as represented by those of lissoclinolide,®! (—)-chlorothricolide,!”® and kijanolide.®®
These and other examples are summarized in Table 9.

I. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
CROSS-COUPLING OF a-HETERO-SUBSTITUTED ORGANOMETALS

Pd-catalyzed cross-coupling of a-hetero-substituted organometals with various types of
electrophiles is discussed in detail in Sect. III.2.13. Several representative examples of
natural product syntheses are shown in Table 10.

J. SYNTHESIS OF NATURAL PRODUCTS VIA Pd-CATALYZED
CROSS-COUPLING INVOLVING B-HETERO-SUBSTITUTED COMPOUNDS

Pd-catalyzed cross-coupling of B-hetero-substituted organometals and/or electrophiles is
wide-ranging, as discussed in Sect. II1.2.14.2. However, the following four topics are
particularly noteworthy from the viewpoint of their applications to natural product
syntheses:

1. Use of 1,2-dihaloethylenes as (E)- or (Z£)-ethylene and ethyne synthons.

2. o-Substitution of carbonyl compounds by use of a-haloenones and related
derivatives.

3. Use of aryl electrophiles hetero-substituted in a position that is (8 to the leaving
group for the synthesis of heterocycles including pyrroles, indoles, furans, thiofu-
rans, lactones, and lactams.

4. Use of B-hetero-substituted allylic electrophiles for the synthesis of ketones and
other functional derivatives.

Most of the six possible 1,2-dihaloethylenes, especially the (E)-isomers, containing
I, Br, and/or Cl have been used in the synthesis of natural products via Pd-catalyzed
cross-coupling. Some details of the synthesis of lipoxin B (Scheme 6) and xerulin
(Scheme 11) are presented in Sect. I11.2.14.2. The scheme numbers above correspond
to those in Sect. I11.2.14.2.

a-Substitution of a-haloenones catalyzed by Pd complexes has also been widely
applied to natural product syntheses. Some details of the syntheses of (—)-methyl
shikimate (Scheme 23), (*)-tricholomenyn A (Scheme 24), prostaglandins (Scheme 28),
savinin (Scheme 43), gadain (Scheme 43), and strobilurin A (Scheme 49) are
presented in Sect. II1.2.14.2. The scheme numbers indicated in parentheses are
those in Sect. III.2.14.2. Some related examples including the syntheses of
nakienones A and B (Scheme 33) and carbacyclin (Scheme 34) are also discussed in
some detail.

Some representative examples of natural product syntheses are shown in Table 11.
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I1.2.18 SYNTHESIS OF NATURAL PRODUCTS VIA CROSS-COUPLING 935
K. Pd-CATALYZED CONJUGATE SUBSTITUTION

Pd-catalyzed conjugate substitution, as defined in Scheme 1 of Sect. IIL.2.15, is
nothing more than Pd-catalyzed alkenylation with S-halo- or B-metallo-substituted
a, B-unsaturated carbonyl compounds and related derivatives. Since the reaction is
closely related to the widely known conjugate addition and since it can serve as the
component of a novel and alternative conjugate addition protocol, their special discus-
sion is warranted.

In cases where (-haloenones and related electrophiles are used, Pd-catalyzed conju-
gate alkenylation, arylation, alkynylation, and alkylation can readily be achieved. In fact,
conjugate substitution generally proceeds more favorably than the corresponding reaction
with ordinary alkenyl halides. As in the more usual alkenylation, organometals containing
Zn, B, Al, Sn, and Zr have been shown to be generally satisfactory reagents. Grignard
reagents are associated with the usual chemoselectivity problems, and organosilanes have
thus far been rarely used.

Some details of the syntheses of natural products via Pd-catalyzed conjugate
substitution, such as those of dendrolasin and mokuplalide (Scheme 6 of Sect.
II1.2.15), are discussed in Sect. II1.2.15. These and additional examples are presented
in Table 12.

Pd-catalyzed conjugate substitution has also been carried out with S-metalloenones
containing mostly Sn and, to a minor extent, Zn. Some examples of their applications to
natural product syntheses are also shown in Table 12.
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