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Aryl-Alkenyl, and Alkenyl-Alkenyl
Coupling Reactions
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A. INTRODUCTION

The synthesis of alkene-substituted arenes by cross-coupling can, in principle, be
achieved either by the reaction of alkenylmetals with aryl halides and related electro-
philes or by that of arylmetals with alkenyl electrophiles. For the sake of simplicity,
the former reaction is termed the alkenyl—aryl coupling, while the latter is termed
the aryl—alkenyl coupling in this Handbook. Similar terms may be devised by linking the
carbon groups of the organometal and organic electrophile with a dash in this order.

There are four classes of the C,»—C, coupling reactions involving alkenyl and/or
aryl derivatives. Of the four, the aryl—aryl coupling is discussed in Sect. IIL.2.5. In this
section, the other three combinations of the Cy»—Cy: coupling reactions, that is,
alkenyl—aryl, aryl—alkenyl, and alkenyl—alkenyl couplings, are discussed in the order
indicated above.

The development of general and satisfactory methods for the C2—Cg,> coupling is of
relatively recent origin. This may, in part, be attributable to the general inability of
Grignard reagents and organolithiums to react with alkenyl and aryl electrophiles for
Carbon—Carbon bond formation. Although the reaction of Grignard reagents with
organic halides was shown to be catalyzed by various late transition metal compounds
(the Kharasch reaction) in the 1950s,[!! it was not until the early 1970s that the
applicability of this catalytic method was extended to the cross-coupling involving
alkenyl and aryl halides catalyzed by Ag,?M*! Fe,l and other late transition metal
complexes. However, the feasibility of achieving the Cy»—C,> coupling by the Kharasch
reaction was virtually never demonstrated in these early investigations. In the meantime,
the stoichiometric reaction of organocoppers with organic halides was extensively
developed since the 1960s as a generally applicable cross-coupling method that is
applicable to those cases involving alkenyl and aryl electrophiles. Even so, only several
examples of the Cu-promoted Cg2—Cg,» coupling summarized in Scheme 1 can be found
in an extensive and seemingly thorough review published in 1975.5! Thus, despite their
synthetic potential, they did not lead to the widespread use of the Cy»—Cy,> coupling.
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Alkenyl—aryl coupling
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A few critical findings reported in the 1970s laid the foundation for the current wide-
spread use of the Ni- or Pd-catalyzed methods for the C,,»—Cy,> coupling. Following the
discovery of the cross-coupling reaction of the Grignard reagents with alkenyl and aryl
halides catalyzed by Ni—phosphine complexes in the early 1970s,!2:13] the feasibility of
developing one-pot hydrometallation (or carbometallation)—cross-coupling tandem
processes involving Al and Zr and a few notable advantages of Pd catalysts over Ni cata-
lysts used in conjunction with Mg, Zn, Al, Zr, and others were demonstrated in the mid
1970514181 Tn the meantime, Pd-catalyzed reaction of Grignard reagents was also
reported.!"”M2% The use of homogeneous Ni—phosphine and Pd—phosphine complexes
appears to be the single most critical factor distinguishing this new methodology from the
previous ones. Some prototypical examples of Ni- or Pd-catalyzed C,.—C, coupling
reactions reported during this period are shown in Schemes 2—4.
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Aryl-alkenyl coupling
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Alkenyl—alkenyl coupling
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Yield Selectivity
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Over the past two decades, Pd- or Ni-catalyzed cross-coupling, especially Pd-
catalyzed version, has become one of the most common methods (possibly the most
common method) for highly selective synthesis of arylated alkenes, conjugated dienes,
conjugated enynes (Sect. IIL.2.8), and other related alkene derivatives. In addition to Mg,
Zn, Al, and Zr used since the 1970s,!*3 several other metals including B, Si,?]
Sn, 1204271 apnd Cul?8-331 have been extensively employed since around 1980.

In the following three subsections, the alkenyl-aryl (Sect. B), aryl-alkenyl (Sect. C),
and alkenyl-alkenyl (Sect. D) coupling reactions catalyzed by Pd complexes are dis-
cussed primarily in the forms of schemes and tables. Some related Ni-catalyzed reactions
are also presented, as deemed appropriate.

Alkenylmetals and alkenyl electrophiles may be classified into eight structural types
according to the number and positions of the substituents relative to the metal or the
electrophilic leaving group in the alkenyl group (Scheme 5). The entries in the tables
are arranged according to the alkenyl structural types in the order shown in Scheme 5
except in Tables 2 and 8, which are arranged according to the aryl structural types, and
their priority order is as detailed in Sect. IIL.2.5. Within the same structural type, the
alkenyl groups are listed in the following order of the substituent type: alkyl, alkenyl,
aryl, and alkynyl, and the carbon numbers are used as the tie breakers. Heteroatom

Vinyl —CH=CH,
H R H H R H
Monosubstituted )=( (Ey-p-), )=< (@B, )=< (o)
H R H
H R R' R’ R' H
Disubstituted )=< B.B-), )=< (cis-a,B-), Y—={ (trans-o.f-)
R? H R?
R' R

Trisubstituted )=<
R3

Scheme 5



1I1.2.6 Pd-CATALYZED ALKENYL-ARYL 341

group-containing alkenyl groups are listed in increasing order of priority determined by
the Cahn-Ingold—Prelog rule. Alkenylmetals containing the same alkenyl group are fin-
ally arranged according to the group numbers of the metal countercations, that is, Li,
Mg, Zn, B, Al, Si, Sn, Cu, Zr, and so on, while the alkenyl electrophiles containing the
same alkenyl group are arranged according to decreasing number of the group numbers
of alkenyl-bound atoms, that is, halogens (I, Br, Cl, F), O, S, N, P, and so on.

B. ALKENYL-ARYL COUPLING

B.i. Alkenyl-Aryl Coupling versus Aryl-Alkenyl Coupling

Alkenylated arenes or arylated alkenes by cross-coupling can, in principle, be prepared
via either alkenyl-aryl or aryl-alkenyl coupling. Although Pd- or Ni-catalyzed cross-
coupling is well-suited for either of these two categories, one may be more satisfactory
than the other in a given case, and the relative merits and demerits depend on a number of
factors, of which the substitution pattern and other structural parameters of the alkenyl
group are especially significant.

More specifically, many of the alkenylmetals and alkenyl electrophiles can be
prepared by appropriate addition reactions, such as hydrometallation, carbometalla-
tion, and heterometallation, of alkynes. In cases where such addition reactions gener-
ate the desired alkenylmetals, one-pot procedures for the alkenyl-aryl coupling can be
devised, as indicated by Protocol I in Scheme 6, and such procedures are usually
preferred to the others. On the other hand, the required alkenyl halides and related
electrophiles, such as vinyl bromide and 2-iodo-1-alkenes, may be more readily acces-
sible than the corresponding alkenylmetals. In such cases, the aryl-alkenyl coupling
represented by Protocol II in Scheme 6 may be a viable option. In yet other cases, the
required alkenyl electrophiles and alkenylmetals may have to be generated from
alkynes via addition—trapping by electrophiles and from alkenyl electrophiles via
metallation (Protocol III) or metallation—transmetallation (Protocol IV), respectively,
for observing the optimal results. It is, however, clear that, in cases where all four
protocols, that is, Protocols I-IV, are at least reasonably satisfactory, the general
order of preferences should be (i) Protocol I, (ii) Protocol II, (iii) Protocol III, and
(iv) Protocol 1V.

Although less critical, the accessibility of aryl electrophiles and arylmetals is
also an important factor. The majority of arylmetals containing relatively electroposi-
tive metals, such as Li and Mg as well as Zn in some cases, are prepared by oxidative
metallation of aryl halides, while those containing relatively electronegative metals,
such as B, Al, Si, Cu, and Sn, as well as Zn, are most commonly prepared by
transmetallation of aryllithiums and arylmagnesium halides. These facts indicate that
aryl halides are generally more readily available than arylmetals, even though directed
metallation®¥ of arenes and possibly some other methods would make arylmetals
more readily available than aryl halides. Overall, the alkenyl—aryl coupling by the re-
action of alkenylmetals generated in sifu by suitable addition reactions with aryl
halides and sulfonates accessible via phenols!®> (Protocol I) would be the most effi-
cient route to arylated alkenes in the absence of overriding difficulties. Indeed, the
alkenyl-aryl coupling has been much more frequently employed than the aryl—alkenyl
coupling for the synthesis of arylated alkenes.
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Table 1 summarizes some of the most satisfactory routes to the alkenyl reagents of
various classes and the preferred cross-coupling protocols.

B.ii. Alkenyl-Aryl Coupling with Vinylmetals

Since both vinyl halides and various aryl electrophiles are commercially available,
either of them may be metallated to generate organometallic partners for cross-
coupling. Indeed, various types of vinylmetals containing Mg, B, Zn, Al, Si, and Sn
have been employed for converting aryl electrophiles into styrene derivatives. Table 2
summarizes some of the currently viable results of cross-coupling with vinylmetals.
The results with different metals are comparably favorable. In cases where the
required aryl electrophiles are readily available as aryl sulfonates from phenols, the
alkenyl—aryl coupling is generally preferred over aryl—alkenyl coupling. Even steri-
cally hindered aryl sulfonates can readily be vinylated as indicated by the results
shown in Scheme 7.[611(621

In general, critical comparisons among various metal countercations is lacking.
Since many of them are comparably effective, vinylmagnesium halides that can
readily be obtained as the first-generation vinylmetals should be considered first. Only
if it is unsatisfactory for one reason or another, should one then consider other metals
such as Zn, Si, and Sn. For yet unclear reasons, vinylboron derivatives have rarely
been used.
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TABLE 1. Some Preferred Alkenyl Reagents for the Synthesis of Arylated Alkenes via Pd- or

Ni-Catalyzed Cross-Coupling and Preferred Cross-Coupling Protocols

Generally
Structural Generally Generally Preferred
Type of the Preferred Preferred Cross-Coupling
Alkenyl Group Reagents Route Protocol
H,C=CH— H,C=CHX Commercially Aryl—alkenyl
(Vinyl) X =Br I or Cl available (Protocol II)
T and alkenyl—aryl
(Protocol I)
R H R H syn-Hydrometallation Alkenyl-aryl
H — (Protocol I)
H H M
(E-B-mono) (M = Zn, B, Al, Si, Zr)
H H H H Hydroboration— Alkenyl-aryl
>=§ >=< hydride migration!36}37] (Protocol I)
R R M . 38
Carbocupration[38]
(Z-B-mono) (M =B, Cu)
H R H R Markovnikov addition Aryl—-alkenyl
>=< >=< of HX % (Protocol II) and
H H X Honati ¢ enolates3®] alkenyl—aryl
Sulfonation of enolates (Protocol I)
(0i-mono) (X =Br, I, OTf, Cl)

R\ R
H

(E- or Z-o,3-di)

R H
=
(B,B-di)
H R
I

R R’
Rl” \

R R
H M
R H
R M
M = Al, Zn, Cu)

H R’
R M

M=B)

R R’
F M

(M = Zn, Al)

Hydrometallation

Carbometallation[38}-[401-[42]

Hydroboration—
C-Migration 4311441

Carbometallatio

1 [381.[401-{42]

Alkenyl-aryl
(Protocol I)

Alkenyl—aryl
(Protocol I)

Alkenyl—aryl
(Protocol I)

Alkenyl-aryl
(Protocol I)
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TABLE 2. Pd-Catalyzed Cross-Coupling of Vinylmetals with Aryl Electrophiles “

Yield
Type of Aryl (Selectivity) Ref-
Z M Electrophile Ar-X Conditions % erence
Phenyl I
ZMgBr \© Cl,Pd(dppf), THF 95 [45]
I Pd,dbas, KF,
A siMe s 94 [46]
"BuyNCl, toluene
I Pd,dbas, LiCl, NMP,
/\San pdbag, L1 >95 [47]
TFP or AsPhs
FO,SO i
s 2 Cl,Pd(PPhj),, LiCl, %0 48]
DMF
/\SHBUB F4BN, Pd(OAc),, 1,4-dioxane 44 [49]
or Pd(dba), 80
p-Mono |
ZSiMes \©\ [CIPd(-C3Hs)]5, %9 [50]
Me  TASF, HMPA
1
A 70l \©\ CL,Pd(dppf), THF 98 [51]
CN
1
CIPd(r-C3H
> SiMes \©\ [TASF< 3 I\ZP Z)lz, 86 [50]
COMe ’
1
A suve, \©\ CLPA(MeCN)s, 100 [511052]
COMe DMEF-THF
1
A snBus \©\ 10%Pd/C, Cul, AsPhy 79 [53]
COMe
PN Br
" SnBu, \©\ Pd(PPh),, toluene 82 [54]
COMe
FO,SO
Z$nBu, 2 \@\ Cl,Pd(PPhs),, LiCl, 75 (48]
come DMF
p-Mono-
! [CIPd(w-C3H3)],, toluene
/\SHBU3 \©\ \N,\/Ph 90 [55]
COLE @(
PPh,
E,BN,
A BEK \©\ Pd(OAc),, 1,4-dioxane 65 [56]
CO,Et
1
CIPd(n-C3Hs)]15,
P SiMes \©\ [CIPd(r-C5Hs)l, 85 [50]
NH,

TASF, HMPA
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TABLE 2. (Continued)

Yield
Type of Aryl (Selectivity) Ref-
Z M Electrophile Ar-X Conditions % erence
! CIPd(n-CsH
A SiMes \©\ [CIPAG-CHs)l, 83 [50]
NO,  TASE, HMPA
2
1
/\SnMe3 \©\ CLPd(MeCN),, 100 (511,
NO DMF-THF [52]
2
Br
ZSnBu, \©\ Pd(PPhj),, toluene 80 [54]
NO,
F0:50 1,Pd(PPhs),, LiCl
/\SnBu3 \©\ gI\Z/HS( 3)2, LiCl, 85 [48]
NO,
1
ZMgBr \©\ Cl,Pd(dppf), THF 98 [45]
OMe
1
A 7ncl \©\ Cl,Pd(dppf), THF 100 [51]
OMe
Br
A snBus \©\ Pd(PPhy)y, toluene 76 [54]
OMe
TfO .
A ~snbu, \©\ CLPA(PPhy), LiCL g [57]
OMe dioxane
m-Mono- I COH Cl,Pd(MeCN),,
e \©/ eyl 99 [51]
m-Mono- I NO,
/\SHMB3 Clde(MCCN)Z, 100 [5 1]
DMEF-THF
o-Mono- TfO .
A $nBus @ Pd(PPhs),, LiCl, 80 (57]
TSHN dioxane/DMF
Cl,Pd(MeCN),, 95 [51]

/\SI’IMC:;
DMF-THF

)
N
2%5_‘

(Continued)
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TABLE 2. (Continued)

Yield
Type of Aryl (Selectivity) Ref-
M Electrophile Ar-X Conditions %o erence
2,3-Di- 0SO,Ph-p-F
™ $nBus Pd(OAc),, LiCl, 50 58]
DMF, dppp
2,6-Di- Br
ZSnBuy (0A°>2CH\©/NHTS Pd(PPhs),, toluene 86 [59]
Br
A MeO NHTs
SnBuj \©/ Pd(PPhs)y, toluene 76 [59]
2,3,5-Tri- Br
PN OMOM
SnBus /@i Pd(PPh3), 87 [60]

OHC OMOM

“ The entries are arranged according to the substitution patterns in the Ar groups, that is, degree of substitution
and their regiochemistry. Within the same category, the Cahn—Ingold—Prelog rule is applied in increasing order.
Finally, the leaving groups and then the metal countercations are arranged as discussed in the text.

OMe

OMe
CLPd(PPh3), y
PPh;, LiCl, DMF
QOH v BuSIF 3[61] g Q_/ o
OMe OMe
OTf 7
Pr Pd(PPhs),, Pr
2 Cr(CO); + Bussn._z HbTHE | \ Cr(CO); 87%
—Cr + 3 —_— —Cr o
¥z ’ NZ (62 P ’

NMe, NMe,

Scheme 7

B.iii. Alkenyl-Aryl Coupling with Disubstituted Alkenylmetals

There are three types of disubstituted alkenylmetals according to the classification discussed
in Sect. A. Tables 3, 4, and 5 summarize some representative examples of their coupling re-
actions, arranged in the order of (E)-3-, (2)--, and a-substituted alkenylmetals.

B.ii.a. (E)-B-Substituted Alkenylmetals. Some prototypical examples of this type of
coupling are shown in Scheme 2. In these early studies, the reactions were mainly
catalyzed by Ni—phosphine complexes,!'“!9121] even though Pd—phosphine complexes
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TABLE 3. Pd-Catalyzed Cross-Coupling of (E)-B-Substituted Alkenylmetals with Aryl

Electrophiles
Yield
(Selectivity)  Ref-
R M Ar-X Conditions % erence
Br
Me. ~
~Fp \© Pd(PPhy);, NaOH 87 [70]
O 1
Bu A/ D Pd(PPhs),,
0 NaOH, EtOH 100(99) [66]
B
Bu o~ 0 g Pd(PPhs),,
o NaOH, EtOH 98(99) [66]
Br
LINZ . \© Pd(PPhs), 89 [14]
Br Pd(OAc),
Bu . :
LEC—aN SiMeCl, \©\ NaOH, THF 80 [88]
CN
Bu. 2 c CLPd(PEL),,
P siMecl, TBAF, DMF 83 [83]
CN
Bu\/\B'OD Tio PA(PPhy);
0 K3POy, dioxane 95 [91]
OMe
Br
Penis A~ 1, \©\ Pd(PPh;), 84 [92]
Me
ny ‘ [CIPA(-CsHs),,
I siMeOPr), | P(OEt);, TBAF, 91(>99) (82]
THF
_ Br
HO” " snBu; \© Pd(PPhs),, CeHs 70-85 (93]
HO" P 6nBus TfO ‘ CLPd(PPh;),,
LiCl, DMF 82 [57]
TfO NHTs
Pd(PPh3),,
THPO™ ™ snBus d(PPh3),
LiCl, DMF 51 [57]
OMOM
Br OMOM Pd(PPh3)
AN 3)4,
THPO SnBu; \©/ LiCl, DMF 88 [60]
CHO
CF3 I
_ Pd(PPhs),, NaOH 48 73
Pz B(OPr), \© (PPh3),, Na [73]

(Continued)
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TABLE 3. (Continued)

Yie.ld.
R\/\M Ar-X Conditions (Sele‘c%tzwnw eerl;-ce
CF; ~\'iiFn
Ns(oim ! O Pd(PPhs),, NaOH 81 [73]

CL
COCH;

X =4-F-CcH40,S0-
Br

v

NM62

&

OMe

3

OMe

Pd(PPh3),
NaOH, EtOH

Pd(OAc),, LiCl,

DMF, DPPP

Pd(PPhs),, NaOH

10% Pd/C, Cul,
ASPh3

Pd(PPh3)4, NaOH

98(99) [66]

69 [58]

60 [70]

82(~100) [53]

80 [70]

“ The alkenyl groups are arranged (i) according to the types of substitutions, i.e., alkyl > alkenyl > aryl > alkynyl
and (ii) in the increasing order of priority determined by the Cahn—Ingold—Prelog rule. For a given alkenyl group,
the aryl electrophiles are arranged according to their substitution patterns, i.e., the degree and regiochemistry of
substitution. Finally. the leaving group and then the countercations are arranged as discussed in the text.

TABLE 4. Pd-Catalyzed Cross-Coupling of (Z)-B-Substituted Alkenylmetals with Aryl

Electrophiles “
Yield

=\ (Selectivity)  Ref-

R M Ar-X Conditions % erence
FO,SO

M snB 2 Pd(PPhs),, 82 [48]

¢ it LiCl, DMF

Me
/N Pd(PPh3)4, NaOEt,

Bu B(O'Pr),

C6H1 3 SiMeClz

C(,H 13 SIM€F2

pO!
Me Me
L
CN
Tf0\©\
CHO

EtOH

CL,Pd(PEt3),,
TBAF, THF

Pd(PPhy),
TBAF, THF

89(>97) [98]

91 [83]

73 [104]
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TABLE 4. (Continued)

Yield
—\ (Selectivity)  Ref-
R M Ar—X Conditions % erence
“ Cl,Pd(PEt3)
/—\ 2 13)2,
C(,H]3 SiMeC12 \©\ TBAF. THF 58 [86]
CF; ?
Cl Cl,Pd(dcpe),
/TN 55 [88]
CeHy3 SiEtCl, - C6H6$ 80 °C
3

//\ COMe Pd(OAc),, THF 70 [88]
C()H 13 SIE[CIZ

Br CF;
Ce¢H;3  SiEtCl, \Q/ Pd(OAc),, THF 66 [88]

e O
— I
Bu ZnBr \©\ Pd(PPh;),, THF 60 [99]
O'Bu OMe

Pd(PPh3)y, NaOEt,

E1OH 93(>90) [98]

96(>84) [98]

— I
. Pd(PPh3)4, NaOEt,
o, (PPhy),

EtOH
“See Table 3.

TABLE 5. Pd-Catalyzed Cross-Coupling of a-Substituted Alkenylmetals with Aryl
Electrophiles

Yield
(Selectivity)  Ref-
R~ M Ar-X Conditions % erence
Bu Br
)\ Pd(PPhj),, NaOH, 96 [117]
BBu(OBu)
Bu Br
)\BiBuz \© Pd(PPhs),, NaOH, 83 [117]
Pr Br
)\ . \© Pd(PPh;)4, NaOH, 76 [117]
B’Pr2
CF; I
)\ \© Pd(PPh;3),, THF 96 [108]
ZnBr

(Continued)
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TABLE 5. (Continued)

Yield
(Selectivity)  Ref-
Conditions % erence

Ar-X
: Br:
’ \©\ Pd(PPhs),, THF 90 [108]
ZnBr COCH;3

Pd(PPhs),, THF 95 [108]

1
Br
3 D Pd(PPh;),, THF 85 [108]
ZnBr OHC
Br:
Achi>

Pd(PPhs)4, THF 83 [108]
ZnBr

“See Table 3.

were also shown to be very satisfactory.'¥ These studies also introduced a one-pot
hydrometallation—cross-coupling tandem process for the stereoselective conversion of
alkynes into arylated (E)-alkenes!'*! (Protocol 1). Alkenylaluminums or alkenylzirco-
niums, generated in situ by hydroalumination'®! or hydrozirconation® of alkynes,
respectively, were reacted with aryl halides in the presence of Pd or Ni catalysts to
produce arylated E-alkenes in high yield with excellent stereoselectivity.

This tandem protocol has been investigated extensively in other cross-coupling reac-
tions involving Sn, Si, and particularly B. Stereodefined (E)-alkenylborons are readily
available by monohydroboration of alkynes!®! and their cross-coupling with aryl halides
was demonstrated in 1979.161 The reaction was effected by the use of a suitable base,
such as sodium hydroxide and sodium ethoxide. The effect of bases is believed to pro-
mote the formation of four-coordinated borates, which had been shown to be reactive in
Pd-catalyzed cross-coupling with carbon electrophiles.[”! Various functional groups such
as OMe, esters, and halogens can be tolerated in this reaction. Although the reaction
proceeds with retention of stereochemistry in alkenylboranes, loss of regiochemistry is
observed in some cases. In the presence of palladium black, alkenylborane was reacted
with iodobenzene to give the desired cross-coupling products (1) only as the minor
product, the major product being the “head-to-tail” isomer (2) (Scheme 8). The ratio of
products 1 and 2 varies from 39 : 61 to 97 : 3 depending on the reaction conditions. How-
ever, even under optimal conditions, the coupling of (E)-phenylethenylborane with
iodobenzene gives a mixture of (E)-stilbene and 1,1-diphenylethylene in the 36:46 ratio.
An intramolecular version of this unusual “head-to-tail” coupling was reported in the syn-
thesis of methylenecycloalkenes.[”! The mechanism for the reaction was believed to con-
sist of (i) addition of an organopalladium iodide to the alkenylborane, (ii) isomerization
of the intermediate, and (iii) elimination of IPdBX,.

Dihydroboration—dehydroboration of terminal alkynes has been developed to prepare (E)-
alkenyl-9-BBN derivatives, and they are successfully cross-coupled with aryl electrophiles to
give arylated (E)-alkenes.™ Alternatively, (E)-alkenylboron compounds are generated from
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— H Pd catalysts Bu _ H Bu _ H
>_< + Phl —— >—< + >—<
H Ph Ph H

1 2

19-94% ( See text for product ratios)

Ph H
_ Pd black, EzN Ph —_ H Ph —_ H
>_< + PhI ——> >—< + >_<
H BY, H Ph PH H
By 0 1 2
2 = B\O 58% (1:2 = 36:64)

Scheme 8

a one-pot process associated with the heteroboration of acetylenes followed by chemoselec-
tive cross-coupling with organic zinc reagents.”"’~13] The observed chemoselectivity is in
agreement with the earlier finding that organozinc compounds are much more reactive in Pd-
catalyzed cross-coupling with organic electrophiles than organoboron compounds.' !> The
stereodefined alkenylboron derivatives thus obtained can now be reacted with aryl halides in
the presence of a Pd catalyst and a base to give arylated (E)-alkenes'”!! (Scheme 9).

RZnCl, THF
C1,Pd(PPhy), | phLLion h
/\/BBrz —_— . _B —_— /\/P >97% E
Br X B R
BBr3 R = n-Bu(88%), s-Bu(75%), Ph(89%), (°
= s s > «,0 (61%),
—_ SiM63
HC=CH PN (87%), Hex-C=C— (63%)
Scheme 9

The solid phase and aqueous Suzuki coupling reactions involving alkenylboron com-
pounds and aryl electrophiles have also been demonstrated, as shown in Scheme 10.7473]

(0]
o) 1. Pd(0), DME, r.t.
0 2. TBAF, THF MeO
TMSO™ A B + @’\O 3. ﬁSH MeONa, _~_ _OH
1 [74] Pd(0) = Pd(PPhs)4 (50%)
CLPd(dppf) (68%)
Pd(OAc),
Br 25 K2C03 X Hex
Hex N + 1.0 BuyNBr OO
B(OH), H,0, 70 °C 74%
MeO - s MeO
[75]

Scheme 10
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Although hydrostannation of monosubstituted alkynes to give alkenylstannanes is
mostly regiospecific, E/Z mixtures are often obtained.!?®! Therefore, the hydrostanna-
tion—cross-coupling tandem is not generally well suited for the synthesis of stereodefined
arylated alkenes.”®! However, this difficulty may be circumvented by the use of an excess
amount of alkenyltin reagents in some cases. For example, when 1.3 equiv of an
alkenyltin reagent generated as an E/Z (85 : 15) mixture by hydrostannation of but-3-
ynoic acid was coupled with aryl halides, only the E-isomer of the desired product was
produced under the reaction conditions!””! (Scheme 11).

BusSnH, 2.1 equiv
o AIBN, toluene 0

100 °C, 3h
>—0H _ - BU3SHM 83% (E/Z = 85:15)
—_— OSI’IBU3

1. Pd(PPh3)4
toluene, 100 °C

Bu Sn\/»‘,‘)j\ + ArX \/\)j\
3 = OSnBuj AINFA OH

1.3 equiv 1.0 equiv 55-88%
Scheme 11

E-Alkenyltin compounds may be prepared by transmetallation using triorganyltin
halides. Several (E)-alkenylstannyl alcohols have been prepared from w-alkynols via hy-
drozirconation chemistry!? and used in Pd-catalyzed intramolecular cross-coupling in
the synthesis of zearalenone shown in Scheme 12.178!

(@) (0]
/\/ SnBuj
HO(CHy), (CHy), =
OH - o~ 2 N snBus
DCC, DMAP, Et,0, 25 °C
1 1
Pd(PPhs) (CHy) n=4. 0%
3)4 ~(CHp
toluene, 105 °C O) ! g’ 2;?
—_— P ©
A 9, 66%
OH O Me
0 (S)-zearalenone
>
HO O
Scheme 12

Alkenylsilicon compounds themselves are generally inert in Pd-catalyzed cross-cou-
pling with aryl electrophiles. However, their reactivity could be remarkably
enhanced by the addition of fluorides to generate pentacoordinate alkenylsilicon deriva-
tives that can undergo the desired cross-coupling. Some typical examples are shown in
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Scheme 13.79M80 Earlier, the use of benzenediazonium salts as cross-coupling partners
was demonstrated.®) However, it was not until 1988 that a more convenient and practi-
cally useful protocol for the cross-coupling of alkenylsilicon compounds was developed.
Initially, at least one Si—F bond in the alkenylsilicon reagents requiring an excess of
TBBF or TASF was shown to be necessary.®%! However, further studies have indicated
that the alkenylsilicon compounds containing Si—OR,®? Si—C1,1®% and Si—OH?B35]
are also effective substrates for cross-coupling. Most notably, the cross-coupling of
alkenylchlorosilanes with aryl chlorides has recently been achieved.®3 The favorable re-
sults may, in part, be ascribed to the exceptional thermal stability of organochlorosilanes,
which show no sign of decomposition even under drastic conditions (90-150 °C, 24—48
h). However, the use of trialkylphosphine—Pd complexes as catalysts is also essential.
Electron-rich trialkylphosphine ligands must significantly increase the nucleophility of
the palladium complexes, thereby promoting their oxidative addition reaction with aryl
chlorides. Indeed, bulky trialkylphosphine—palladium complexes are effective catalysts
for various reactions of organic chlorides.[®*8"1 More recently, this reaction has been im-
proved by using NaOH as a base instead of TBAF. With this modification the reaction
could be completed under relatively mild conditions (80 °C),’®8! as shown in Scheme 14.

It should be noted that the required alkenylsilanes can readily be prepared by either
hydrosilylation®! of alkynes or silylation of alkenyl halides.[*”

Pd(OAc),, 2PPh,
EfN, 135 °C

Ph =~ . — > Ph
K, [ V\SIFS] + Phl 7] \/\ Ph 51%

I O [(n-C3Hs)PdCI], O
Hex =~ TASF, THF, 50 °C
\/\SiMe3—nFn + O T Hex / l

n=0(0%), 1 (81%),2 (74%), 3 (0%)
Scheme 13

CLPd(P'Pr3),
benzene, 80 °C
A~ NaOH, 12 h Bu o~

Bu._~ | —_— i
NP NsiMect, + JR R

R = p-CF3 (95%), p-COMe (65%), m-Me (91%)
Scheme 14

B.iii.b. (Z)-B-Substituted Alkenylmetals. The stereodefined (Z)-S-substituted alkenyl-
metals can generally be prepared by either metallation or metallation—transmetallation of
the corresponding (Z)-alkenyl electrophiles. However, several other methods are
notable,BSIB8LOALIS A stereoselective synthesis of (Z)-alkenylboranes via hydroboration
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of 1-haloalkynes followed by migratory insertion was developed by Negishi and co-
workers in 19751%¢) (Scheme 15). Its variants involving the use of +BuLil®’! and
KHB(OPr-i),*°*%71 have also been reported (Scheme 15). The (Z)-alkenylboron
derivatives thus obtained readily participate in Pd-catalyzed cross-coupling under the
Suzuki conditions® (Scheme 16).

R X ’
_ HBR’, N MH R~ BR2
RC=CX —_— /C:C\ [ — Cc=C
, [361,[37] / \
H BR", H H
LHBBrSMe, R X KHB(O'Pr); R JB(OPr),
— —_— _ —_— _
RC=CX 5 ipon ~=Q [961,197] £=C
H B(O'Pr), H H
Scheme 15
Pd(PPhy), BY,=B(Sia),  58% (>94% 2)
NaOEt, EtOH
Bu  BY, oflun Bu_ Ph D), 49% (>82%2)
>=< + Pl ———— >=< B(O'Pr), 98% (>97% 2)
H H H H
Scheme 16

A chelation effect has been observed in Pd-catalyzed cross-coupling of (Z)-4-alkoxy-
1-alkenylzinc bromides with p-iodoanisole. When R is a bulky alkoxy group, such as
t-BuO and ThexMe,SiO groups, the reaction proceeds very well to give the desired
products as shown in Scheme 17.°%) However, when R is sterically less hindered (e.g.,
Me), no cross-coupling is observed. The results point to a strong chelation between O and
Zn. Similar (Z)-B-substituted alkenylzinc bromides bearing either a primary or a second-
ary allylic or homollylic O'Bu group have been reacted with p-iodoanisole to give the
corresponding arylated (Z)-alkenes®! (cf. Table 4).

OMe i
1. +-BuLi Pd(PPh3)4 w
OR 2. ZnBr, OR THE, 20 °C Me 0%
I — ZnBr > +-Bu 82%
— — . SiMe,Thex 70%
RO
Scheme 17

(Z)-3-(tri-n-butylstannyl)-2-propen-1-ol, prepared from propargylic alcohol by
metal hydride reduction and transmetallation,''° has been coupled with 1-naphthyl
triflate to give (Z)-3-a-naphthyl-2-propen-1-ol with retention of the double bond
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geometry.’’! However, the reaction of benzyl (Z)-3-(tri-n-butylstannyl)propenoate!!°!)
with p-nitrophenyl triflate gives a 2 : 1 mixture of the Z and E isomers of the desired
product (Scheme 18). On the other hand, the reaction of (Z)-1-propenyltributyltin and
phenyl fluorosulfonate has been reported to produce exclusively (Z)-B-methyl-
styrene.[8!  Stannoxanes, prepared from propargyl alcohol and 3-butyn-2-ol,11%%
are utilized to synthesize arylated (Z)-allylic alcohols by Stille coupling.[!%%
The use of nitrobenzene as solvent dramatically improves the yields in many cases
(Scheme 19).

OTf 2% Cl,Pd(PPh3), HO
DMF, LiCl

N OH
— 60 °C, 18 h
o D (I =5 00y O

62% 33%

2% CL,Pd(PPhs),
DMEF, LiCl

— NO;  100°C,5h NO,
BnO,C SnBu; * /©/ - C&B/HO + (E)-isomer
TfO A

2:1 (47%)
Scheme 18

I Pd(PPhs), __
— PINO, LiCl o
0 R OH R’

R R’ Yield (%) Z/E

H Me 89 96:4
H NO, 66 97:3
H OMe 96 96:4
Me Me 94 —
Me NO, 94 —

Scheme 19

The Pd-catalyzed cross-coupling reactions of (Z)-B-substituted alkenylsilanes with
aryl electrophiles, such as aryl bromide,’®® aryl chloride,3+38! and aryl triflate,!% have
been demonstrated (Table 4). In these reactions, the presence of either two Si—F bonds
or Si—Cl bonds appears to be required for successful coupling, and the addition of bases,
such as TBAF and NaOH, is also necessary. In addition, when chloroarenes are used as
electrophiles, trialkylphosphines, such as ‘Pr;P, Et;P, and dcpe, must be used as effective
ligands. The reaction proceeds with retention of the stereochemistry of the alkenylsilicon
derivatives. More recently, a highly stereospecific cross-coupling of alkenylsilanols has
been demonstrated,® as shown in Scheme 20. The product yields and stereoselectivities
are generally high, and the (Z)-alkenyldiisopropylsilanols are superior to the
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corresponding (Z)-alkenyldimethylsilanols with respect to the stereoselectivity. The
major advantage over the previous methods is the mild reaction conditions (room temper-
ature, 10—30 min).

Pd(dba), Ar Time (min) Yield (%) Z/E
— Arl, TBAF Ph 10 90 97.3:2.7
. THE, r.t. - 1-Naphthyl 30 85 96.7:3.3
Pent SiMe,OH ————»
en Ve Pent Ar o MeCOCH, 10 92 95248
Pd(dba), Ar Time (min) Yield (%) ZIE
Arl, TBAF Ph 10 81 99.4:0.6
T\ THE, r.t. /7"\,  1-Naphthyl 30 79 97.7:2.3
Pent SiPL,OH —— " o e
en tn Pent AT MeCOCeH, 10 8  99.0:1.0
Scheme 20

B.ii.c. a-Substituted Alkenylmetals. o-Substituted alkenylmetals containing Mg
and Zn can be prepared by oxidative metallation of the corresponding alkenyl halides.
2-(1,3-Butadienyl)magnesium chloride, prepared from 2-chloro-1,3-butadiene and
magnesium,!'%) was coupled with several aryl iodides in the presence of Pd(PPh;), to
give 2-arylated 1,3-butadienes in fair to good yields.!'%! Neither Ni(acac), nor Ni(pph;),
was effective for this reaction, since either polymerization occurred or no reaction
ensued. In cases where both an alkyl iodide and an aromatic iodide are present in an
electrophile, the aromatic iodides preferentially reacted,!'’”! as exemplified by the results
shown in Scheme 21.

3% Pd(PPh;),
MgCl THF-C(,H(, Ar

A M [106] P

Ar = Ph (75%), p-MeCgHy (56%), p-MeOCgH,4 (50%), 1-Naphthyl (40%)

3% Pd(PPh3)4

MeCl THF-toluene
g + T (CHyyl — (CHy)31
\ [107] \

60%
Scheme 21

Trifluoroisopropenylzinc reagent is prepared in nearly quantitative yield by the direct
zincation of 2-bromo-3,3,3-trifluoropropene in the presence of TMEDA. This organozinc
reagent readily undergoes Negishi coupling with a wide variety of aryl halides. Various
functional groups, such as Br, Ac, OMe, NO,, OAc, and CHO, are tolerated. Excellent
yields are achieved in most cases. However, o-amino- and acetylamino-substituted
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bromobenzenes fail to react with the reagent under the same conditions.'%! This zinca-
tion—cross-coupling procedure (Protocol III) has been used in the synthesis of
fluorovinylsalicyclic acid derivatives!!®! (Scheme 22). The zinc reagents are often gener-
ated by lithiation of the alkenyl halides followed by transmetallation with zinc halides.
Some chemoselective and regioselective coupling reactions of alkenylzinc reagents, gener-
ated by a lithiation—transmetallation procedure, with o-dihaloarenes have been demon-
strated, as shown in Scheme 23.[110]

X [~ CF; CF3 ] CF3
CF Pd(PPh3), (CH3),S
y 3 THF AlBr3
+ —_— + —_—
ZnBr
COMe CO,Me CO,Me CO,H
OCOMe OH

OCOMe OH
25% 29%
Scheme 22

ZnX I I O
e (¢l
o Pd(PPhs), Br

o
65%

1. +-BuLi, THF/DME
—78 °C
2.ZnCl,

I ; OMe
Br I
> OMe
Pd(PPh3)4 I

Scheme 23

Although Markovnikov alkenylboranes have been known since 1975,[''1-1141 their
Pd-catalyzed cross-coupling had not been reported until an improved procedure for the
preparation of Markovnikov alkenylboranes in pure form was recently reported.!!!> In
these reactions, however, the primary alkyl groups compete with the 2-alkenyl groups
and produce alkylbenzenes, but ‘Pr, ‘Bu, and ‘Bu virtually do not. On the other hand,
when the alkenylboranes are treated first with 1 equiv of trimethylamine N-oxide, which
presumably gives alkenylalkoxyborane,''®! the yields of the desired a-substituted
styrenes increase dramatically!!!”! (Scheme 24).
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PhBr
Pd(PPhs),
MesNo  H R NaOH, H,0,THF ~ H R
>_< ’ >—<_ — —( + Ph—R
H BR; H BR(OR) H Ph
R =Bu 96% 4%
R=CH,SiMe; 70% 11%
Scheme 24

It is noteworthy that a-alkoxy- and a-alkylthio-substituted vinylzinc reagents, gen-
erated by treating the corresponding organolithium reagents with zinc chloride, un-
dergo Negishi coupling with aryl halides to produce the corresponding arylated a-het-
erosubstituted alkenes in high yields!!'!8] (Scheme 25). This approach has been
demonstrated repeatedly in related Stille and Suzuki coupling reactions (Sect.
I11.2.13.2).

Z  Ar  Yield (%)

5% Pd(PPhy),
H 7 THE, 22 °C H 7 OBt CgHs 91
+ Al ———— >—< OEt p-CgH, 91
H ZnCl, H Ar  SEt CgHs 80
Scheme 25

a-Substituted alkenyltins or alkenylsilicons have not been used as often as their Zn
and B counterparts. One problem associated with the use of a-phenyl-substituted
vinylfluorosilane with aryl iodides is the formation of a mixture of regioisomers. Their
ratio depends on the nature of the substituents in the aryl iodides.!'8! a-Substituted
alkenylzirconiums can be prepared by oxidative addition of 2-haloalkenes to zir-
conocene, and their subsequent Negishi-type coupling with aryl halides has been
demonstrated!!'”! (Scheme 26).

PhI
Pd(PPhs),
Ph cp 7By, Ph 7401, Ph
Cl ZrCpy(Cl Ph
Scheme 26

B.iv. Trisubstituted Alkenylmetals

Some representative examples of the cross-coupling of three different types of trisub-
stituted alkenylmetals with aryl electrophiles are shown in Table 6 and arranged in the
order: B,B'-, cis-a,B-, and trans-a,B-substituted alkenylmetals.
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TABLE 6. Pd-Catalyzed Cross-Coupling of Trisubstituted Alkenylmetals with Aryl

Electrophiles “
Yield
(Selectivity) Ref-
Alkenylmetals Ar-X Conditions % erence
B,p—Di-
Hex 1
Y\BBQ C12Pd('PPh3)2’ 65(97) [122]
Bu MeOLi, MeOH
Hex 1
=z
™S MeOLi, MeOH
X A 70X I
Pd(PPh3)4, THF 80 [99]
O'Bu OMe
) CIPd(nt-C3Hs)1,,
S I
(:\CS‘MGZ(O Pr) TBAF, P(OEY), 79(95) (82]
T
cis-o,B-Di
Et Br Pd(PPhs),
i 87(99 66
Et BY \© NaOEt, EtOH 9 [66]
2
Et 1 Me
"y | \@/ Pd(PPh3)4, ZnCl, 88(>97) [18]
Al’Bu2
Pr I
o \© Pd(PPhs),, THF 8599.5)  [131]
ZnX
1
Pr
Pr CO,Et Pd(PPh3),, THF 72(>99) [131]
ZnX
Pr Pd(PPh3)4, THF 50(>99) [131]
ZnX CHO
Bu I [CIPd(n-C3Hs)],,
Bu SiMe(OEt), \© TBAF, P(OEt);, 2099) (821
THF
Bu 1
BN zicpscl \© Ni(PPhy), ZnCly  80(>97)  [18]
Bu I\©\ [CIPd(n-C3Hs)],,
Bu ) TBAF, P(OEt)3, 77(>99) [82]
SiMe(OEt)
2 COMe THF
OTBS CO,Me
/\)i I Cl,Pd(PPhs),,
TRSO™ NP SnBus ZnCl,, LiCl, 43 [137]
Me dioxane

(Continued)
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TABLE 6. (Continued)

Yield
(Selectivity) Ref-
Alkenylmetals Ar-X Conditions % erence
trans-o,3—Di
Me
: e Pd(PPhs), 68 [138]
Z “B(O'Pr), K3POy, dioxane
Bu
Ph I Pd(PPh3)y,
29 124
Bu. \© CsF, DMF [124]
Z>p-0 I
i Pd(PPh3)y,
N 34 124
B O7€T \©\ CsF, DMF [124]
Me
“See Table 3.

B.iv.a. B,B'-Substituted Alkenylmetals. Carbometallation reactions of 1-alkynes, most
notably carboalumination'*”! and carbocupration,®® collectively provide a powerful route
to the synthesis of B,B'-substituted alkenylmetals. The alkenylmetals generated in situ
may be used directly for Pd- or Ni-catalyzed cross-coupling with aryl electrophiles
(Protocol 1). One prototypical example of the carbometallation—cross-coupling tandem
process is shown in Scheme 27.112!

MesAl He  H Br py  He M
Cp,ZrCl, _ — —
Hex————H ——> Me>_<AlMe m Me / I\{
2 THE22°C _
82%, 99% purity
Scheme 27

In addition to the carbometallation reactions mentioned above, there are various
additional methods for the synthesis of trisubstituted alkenes, as discussed below. Var-
ious 3,B'-substituted alkenylboron compounds can be prepared from 1-alkynes by a
haloboration!'?!l-chemoselective cross-coupling tandem process similar to that shown
in Scheme 9. Their subsequent reaction with iodobenzene is effected by the addition
of a base to give stereodefined arylated alkenes in fair to good yields.!"??! A series of
1,3-dibora-1,3-butadienes have been prepared by a zirconocene-mediated reductive
cyclization of 1-alkynyl boronates using Negishi’s reagent!'?*! (Cp,ZrCl, + 2n-BuLi).
Their cross-coupling with aryl halides proceeds to selectively replace the terminal
B group giving 2-bora-1,3-butadiene derivatives!!?*"1!251 (Scheme 28). The synthetic
utility of this method is severely limited due to the restriction that the two R groups be
the same.
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Pd(PPh3),

o 1.CpZiBu, | R Arl, THF R
J— / 2.H* CsF
R— B\ —»/B\/\/\RS—»AF/ Z R
6]
/B\ /B\
R =n-Bu, Ar = Ph (97%), p-MeCgH, (92%), 2-Thienyl (90%)

Scheme 28

The reaction of 2-bis(trimethylstannyl)-1-alkenes, readily available by the addition of
hexamethylditin to 1-alkynes using Pd(PPhs), as catalyst,'?0M127! with -chloroarene
chromium complexes give regio- and stereospecifically the corresponding cross-coupling
products in 34-85% yields!'”®! (Scheme 29). On the other hand, uncomplexed
haloarenes, such as chlorobenzene or even bromobenzene, fail to undergo the desired
cross-coupling. The success with the chromium complexes may be attributable to the
electron-withdrawing tricarbonylchromium group, which favors the oxidative addition of
aryl chlorides to Pd(0) complexes.!!?"!

The Pd-catalyzed reaction of (Z)-exocyclic silyldienes!'*"! with aryl halides has been
reported to proceed with some loss of stereochemistry (5-10%)3?! (Table 6).

Cl 2 i
Pd(PPhs), H « - Cr(CO);3
(Me3Sn), W)\ Me R
—_—

R
RC=CH z R A
SnMes 5o pa(PPhy), 7 Cr(CO);
SnMe; THE 70°Cc  MesSn X Me
R = Ph (70%), MeOCH, (62%), MeCH(OH) (34%), Me,C(OH) (85%)
Scheme 29

B.iv.b. cis-a, B-Substituted Alkenylmetals. cis-o,3-Substituted alkenylmetals containing B,
Al, Zr, Sn, and Si can conveniently be prepared via hydrometallation of internal alkynes, and
their Pd-catalyzed cross-coupling with aryl electrophiles has been investigated extensively.
Some representative results are shown in Table 6. The recently reported Ti-catalyzed hydroz-
incation that can directly provide stereodefined alkenylzinc reagents!'3! from alkynes permits
a one-pot Negishi coupling with aryl halides to give arylated alkenes in good yields and in
high stereoselectivity. Hydrozincation of unsymmetrically alkyl-substituted alkynes generally
produces mixtures of two regioisomers in nearly 1:1 ratios, even though the presence of Ph
or an Me;Si group can result in ca. 90:10 regioselectivity. Their cross-coupling with
iodobenzene gives mixtures of two regioisomers also in ca. 90:10 ratio!'3!! (Scheme 30).

Cp,TiCl, Phl Ph Ph
Znl,-LiH, THF Pd(PPh
ph—=—p; ML THF  PdPPhs). >—\ + /_<
PH Pr  PH Pr

86% (88:12)

Cp,TiCl, Phl Ph Ph
Znl-LiH, THF  Pd(PPh;),
MesSi———Hex ———» ——>» — + —
Me;Si Hex Mes;Si Hex

70% (90:10)
Scheme 30
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An alternative preparation of stereodefined cis-a,3-substituted alkenylzinc reagents in-
volves transmetallation of the corresponding trialkenylboranes or alkenyl tellurides with
diethylzinc.!'32M133] The alkenylzincs thus obtained undergo Negishi coupling with aryl
iodides in good yields (Scheme 31).

3 Et,Zn
Et Et hexanes Et Et 0.28% Pd(PPh})4 Et Et
>=§ -Et;B 3 >=< Arl >=<
_—
H 3B dioxans H  ZnEt H  Ar

Ar = p-MeCgHy (82%), m-BrCgHy (87%), p-MeCgHy (77%)

Et,Zn 5% Pd(PPh
#-Bu Ph 2020 - Bu Ph oPdPPRsl By Ph
> — < > ) _ ( p-MeCgHul > —_ <
H  TeBu U Ve 0-20°C0h

H C6H4—p—Me
2%

(%

Scheme 31

The use of cis-a,3-substituted alkenylalkoxysilanes in Pd-catalyzed cross-coupling with
aryl halides has been demonstrated.'®? The synthetic utility of these coupling reactions has fur-
ther been demonstrated by the one-pot transformation of a homopropargyl alcohol to regio-
and stereodefined trisubstituted homoallyl alcohol (Protocol 1), as shown in Scheme 32.

2.5% [ClPd(TL'-C';Hs)]z
Hex 5% P(OEt)3, Phl Hex

HCXT\_ [134] Ko TBAF, THF, 12 h ™ OH
OH o

Me,Si—O 67% (>99% E) Ph

Scheme 32

B.iv.c. trans-a, 3-Substituted Alkenylmetals. The accessibility of trans-a,3-substituted
alkenylmetals is still rather limited, and only a few examples of this type of cross-
coupling reactions have been reported (Table 6). Notably, trans-a,[B-substituted
alkenylboronates can be prepared by hydroboration of 1-bromo-1-alkynes followed by
subsequent treatments with organolithiums and bases, a procedure similar to that for the
preparation of (Z)-B-substituted alkenylboron compounds./®*°"1 The Pd-catalyzed cross-
coupling reaction of the resultant organoboranes with aryl halides proceeds with complete
retention of alkenyl stereochemistry to give trisubstituted alkenes!'**! (Scheme 33).

1. HBBrySMe, . PhI
2.'PrOH Bu, B(OPr),  Pd(PPhy), Bu, Ph
. 4
Buc=cr RU__ c=C KOH. H,0 Cc=C
4. Base H R H R

R =Me(85%), Bu(89%), 2-Methylpropenyl(61%), 2-Thienyl(98%)
Scheme 33
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Alternatively, hydrozirconation of 1-alkynyldioxaborolanes with HZrCp,Cl affords
1,1-dimetalloalkenes containing both B and Zr, which can then be reacted with various
electrophiles to give trans-a,(-substituted alkenylboronates via preferential reaction of
the carbon —zirconium bond!'*®! as shown in Scheme 34. The subsequent Suzuki coupling
with iodobenzene gives trisubstituted alkenes in good yields.

—
Br
H Z1rCp,Cl H
Cp,ZrHCl P2
Bi———BX, — » )= QN N/ N
Bu BX, THE25°C g BX,
7/
BX,=—B
? o Pd(PPhs), Ph
): 82% | Pd(PPh;),
Phl Br NaOEt, EtOH
Pd(PPh3)4
NaOEt, EtOH H
H . a H . >=<_\\
84%
Bu Ph Bu BX, Bu Ph
Scheme 34

B.v. Tetrasubstituted Alkenylmetals

Several coupling reactions of 2-substituted cycloalkenylmetal reagents have been re-
ported.[3-!411 For example, cyclobutenylmetals, generated in situ via carbometallation
of 4-halo-1-metallo-1-alkynes, are reacted with iodobenzene to give 1,2-disubstituted
cyclobutenes, 3! as shown in Scheme 35.

— R M R’X
——M  rM R M pgL R R’
¢ G =
M
X
M = Al or Zr group X ,
R,R’=C group, X =1, Br R =allyl, R"=Ph, 75%
Scheme 35

1,2-Bis(boryl)alkenes can be prepared by the Pt-catalyzed stereoselective diboration of
alkynes.!'*?l Their two consecutive Suzuki coupling reactions have provided some
polymer-bound tetrasubstituted alkenes (Scheme 36).['**! The second coupling is carried
out on a solid support permitting easy separation of the undesired tetrasubstituted alkenes
formed in the first coupling reaction. This approach has been applied to the parallel
synthesis of tamoxifen and related derivatives.!!44

a,3,B-Trifluorosytrenes can be prepared in good yields by Negishi coupling of perflu-
orovinylzinc reagents with aryl halides. A wide variety of substituents in the aryl group
can be tolerated.['* 481 The perfluorovinylzinc reagents are prepared by either transmet-
allation of perfluorovinyllithium with zinc halides! #1149 or direct zinc insertion into 1-
iodo- and 1-bromo-trifluoroethylenet!46!471 (Scheme 37).
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R’X
X,BBX, CL,Pd(PPh3),
Pt(PPhs), 3 M KOH
DMF, 80 °C DME, 80 °C_ R R R R
R——-R >—< + >=<
X,B R R’
o 0
X,BBX, = B-B,
(0] (6]
R
R
R = Ph, R’ = Bu (>95%), 4-tolyl (83%)
R = Et, R” = 4-tolyl (85%), 2-propenyl (>95%) @-HN R’
(0]
Scheme 36
F F _ F F Arl F F
>=< n, Lt >=< Pd(PPhs), >—<
_— — 7
F I(Br) F ZnI(Br)  [1461,[147] F Ar
61-81%
- 1. BuLi, =100 °C Arl
F 2.ZnCly, 100 °C R F Pd(PPhs), F F
J— —_— f— _ [—
> < ) ( [145],[148] ) <
F Cl F ZnCl F Ar
60—87%
Scheme 37

Some other related synthesis of a- and/or B-fluorine-substituted styrenes by the reac-
tion of the corresponding alkenylmetals containing Zn,[>% B,[I51:1521 and Spl!53M1541 with
various aryl electrophiles are also summarized in Table 7.

TABLE 7. Pd-Catalyzed Cross-Coupling with Tetrasubstituted Alkenylmetals “

Yield
> < (Selectivity) Ref-
M Ar-X Conditions % erence
);L Pd(PPh3),4, Cul 66 [141]
ZrCp,Cl
X

I I ZnBr Pd(PPh;),, THF 47 [140]
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2 3
R_AR Yield
> < (Selectivity) Ref-
R! M Ar=X Conditions % erence
b (]
O ‘ ZnBr 1 ‘ Pd(PPhs),, THF 69 [140]
F R 1
— = R Clde(PPh3)2+BUL1, 63-86 [151]
>—< i _
F B(OR), A TBAF, K5POy4
R ="Bu, ‘Bu
F R 1
>=< Z D Pd,dbas, PPh;, oot (152
I —
¥ B, \ Cul, THF
R ="Bu, *Bu
F CF; 1

X

ZnCl A

s}

m m
x
(@]

e

—

ZnCl

~
11
—

X
N
E)

SnBuj A
R = CHj3, "Bu, *Bu, ‘Bu, C¢Hs, "Hex

CF, F

—

sRaXaga

X

1

ZnX

o]
X

los]

_

@)
los]
v

ZnX

X

ss]
N
5
>

s ]
X

los]

_

T
N
S

>

CO,CHj3

CO,CH3

a
&

OCHj3

Pd(PPh3)q, THF/TG  45-75 [150]

Pd(PPhs),, TG 48 [109]

Pd(PPhj),, Cul,

85-92

DMEF [154]
Pd(PPh;),, THF 80(100)  [146]
Pd(PPh;),, THF 100(100)  [147]
Pd(PPhs),, THF 75 [148]
Pd(PPhs),, THF 85 [148]

(Continued)
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TABLE 7. (Continued)

2 3
R . R Yield
>—< (Selectivity) Ref-
R! M Ar—-X Conditions % erence
F F I
\—( \©\ Pd(PPhs),, THF 60 [148]
F ZnX I
F F I CO,CH;
>:< \©i Pd(PPh3),, THF 71 [109]
F ZnX COzCH3
F F Br CO,CH;
> —( \©i Pd(PPhs),, THF 41 [109]
F ZnX CO,CH;3
. S orms
F F CF
> — < 3 Pd(PPhs),, THF 83 [155]
F ZnX
FsC CF;
OTMS

“The alkenyl groups are arranged according to the increasing order of priority as determined by the
Cahn-Ingold—Prelog rule. In cases where the same alkenyl group is used, the entries are arranged according to
the degree of substitution and regiochemistry of the aryl groups. Finally, the leaving groups and then the
countercations are arranged as discussed in the text.

C. ARYL-ALKENYL COUPLING
An alternative approach to the synthesis of stereodefined arylated alkenes by the Pd-
catalyzed cross-coupling involves the reaction of arylmetals with alkenyl electrophiles,

i.e., aryl-alkenyl coupling (Sect. A). Table 8 summarizes some representative examples
of the Pd-catalyzed aryl-alkenyl coupling reactions.

TABLE 8. Pd-Catalyzed Aryl-Alkenyl Cross-Coupling“

Type of Yield
Aryl (Selectivity) Ref-
Ar-M X %

Group Conditions erence

TnIN(TMS )21 Pd(PPhs),, TBAF s 61
I I -
\/\ Bu THF, dioxane

Phenyl

MgX

NN e Pd(PPhy);, CeHs  82(>97)  [22]
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TABLE 8. (Continued)
Type of _ Yield
Aryl (Selectivity) Ref-
Group Ar-M X Conditions % erence
B(OH 1
(OH), Z
Pd(OAc),, TPPTS 53 [171]
MgX
©/ r Hex Pd(PPh3)4, CsHg 82(>97)  [22]
ZnCl o
©/ J\)J\ CLPA(PPhy),, DMF 77 [177]
1 OH
SnBuj TfO
©/ = Pdy(dba); 7 a4
Ph
BPh;Na TfO
©/ \O\ PAPPhy), DMF  65-73  [178]
Ph
1
ZnCl L Pent
©/ \> Pd(PPhs),, THF 83(50)  [179]
COMe
ZnCl 1 Me
©/ H Pd(PPhy), 75(>97)  [139]
ZnCl I Vi
©/ Pd(PPh3), 86(>97)  [139]
para- MgBr .
/©/ =\ Pd(PPhs),, CeHg 85(99) [19],[20]
Me Ph
para- ZnCl 1 OH .
/©/ >=/_ CL,Pd(PPh3), + BuLi  93(>98)  [180]
Ve Me DMF
E SnMes 1 Pd,(dba)s
AsPhs, DMF 79 [181]
X
E = COOMe
X = NHBoc THO
sz(dba):;
by AsPhs, DMF 85 [181]

(Continued)
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TABLE 8. (Continued)
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Type of Yield
Aryl — (Selectivity) Ref-
Group Ar-M X Conditions %o erence
SnBu; TfO Pd(0)/AsPhy/NMP/LiCl 87 [174]
Pd(0)/AsPh;/NMP/ZnCl, 89 [182]
FsC ‘Bu pg(0)/AsPh;/NMP 83
SnBu3 N
TfO . [174],
F5C
SiEtF, TfO Pd(PPh
(PPhs), 62 [104]
TBAF
MeO Hex
SnBu, TfO
/©/ \O\ Pd,(dba)s, AsPhy 89 [174],
MeO 'Bu (182]
MgBr Cl Ph
/©/ >=/ CLoPd(PPhy),, Et,0 75 [163]
MeO Ph
ZnCl
8 I>=/_ OH " Pd(PPhs), 97(>98)  [180]
DMF
Cl Me
SnBuj TfO
/©/ Pdy(dba); 68 [174]
Cl
ortho- Li Br
©: T\ Pd(PPhs),, CeH 60(99)  [20]
CHzNMCz Ph
ortho- Li Br
©: \:\ Pd(PPh;3),, CsHg 75(100) [20]
NMe, Ph
Li
(:[ Bl‘) ‘Ph Pd(PPhj3),4, C¢Hg 87(100) [20]

NMCZ
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TABLE 8. (Continued)

Type of Yield
Aryl (Selectivity)  Ref-
Group Ar-M Conditions % erence
ZnCl
>_/\ Pd(PPhs), 97(>98)  [180]
DMF
3,4- MeO ZnBr
e o Pd(PPh;),, THF . [183]
7

“The entries are arranged according to the degree of substitution and regiochemistry of the aryl groups. In cases
where the same aryl group is used, they are arranged according to the type of the alkenyl groups. Finally, the
leaving groups and then the countercations are arranged as discussed in the text.

C.i. Accessibility of Arylmetals

Although arylmetals containing various metals, such as Li, Mg, Zn, B, Al, Sn, Si, and Cu,
have been used in Pd-catalyzed aryl—alkenyl (Table 8), aryl—aryl (Sect. II1.2.5), and
other cross-coupling reactions, their accessibility varies widely depending on the metal
counterions. Scheme 38 summarizes four representative methods for the preparation of
various arylmetals. Aryl electrophiles including halides and triflates have been used as the
starting materials in nearly all cases except in the directed metallation of arenes.*¥
Arylmetals containing relatively electropositive metals, such as Li and Mg, are readily
prepared by oxidative metallation of aryl halides. Aryllithiums are also accessible via
Li—halogen exchanges. On the other hand, those containing relatively electronegative
metals, such as B, Al, Si, Cu, and Sn, are most commonly prepared via transmetallation
of aryllithiums and arylmagnesium halides. Arylzincs represent an interesting class of
arylmetals in that they can be prepared either by direct metallation of aryl bromides and

Metal I~
> ArM ~ AM'X’,, I
X=BrLF MX "

M =Li, Mg, Zn M =Zn, B, Si, Sn, Cu,...
RLi et o I
X—Brorl ArLi MX', AM'X’,
ArX

cat. Pd(0) M = Zn, B, Si, Sn, Cu,...

L,MH AIML,

> I
X =1, Br, OTf M=B

cat. Pd(0)
L,MML,

———— | AML, K\ _p s si
X=1,Br = b, 51, 51

Scheme 38
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iodides!"® or via transmetallation. In addition to the methods discussed above, Pd-
catalyzed stannation,!” {151 borylation,['%0M!61 and silylation!!®”! of aryl halides or
triflates provide promising routes to arylmetals containing Sn, B, and Si, respectively. At
present, however, the required dimetallic reagents are rather expensive, and this problem
would have to be resolved before these reactions become truly useful.

C.ii. Scope of Pd-Catalyzed Aryl-Alkenyl Coupling

Aryllithiums are rarely used in Pd-catalyzed aryl—alkenyl coupling, although aryllithiums
containing a chelating orthosubstituent (e.g., NMe, and CH,NMe,) have been reported to
undergo Pd-catalyzed cross-coupling in good yields.”” On the other hand, Pd-catalyzed
reaction of arylmagnesium derivatives with alkenyl electrophiles has been extensively
investigated (Table 8). It is noteworthy that some even alkenyl chlorides, which are gen-
erally much less reactive than the corresponding bromides and iodides, have been suc-
cessfully coupled with arylmagnesiums!!%3-1651 (Scheme 39). It should be clearly noted,

CoHa-p-CL c1,pd(pphsy), Cetlap-Cl
Q_MgBH /_< [163] /_< 81%
p-MeOC()H4 Cl p-MEOC6H4 Ph

C6H4—p—Cl Clde(PPh3)2 C()H4-p-Cl
MeO MgBr + /=< — /=< 65%
[163] PH

P Cl C4Hy-p-OMe
Ph Ph
Cl,Pd(PPhj3),
— — 68%
O = e = ”
p-MCOC6H4 Cl p-MCOC6H4 C6H4-p-C1
Cl,Pd(PPhs),
Cla A~ EtsN Ph P
NN
Q—MgCI * CsHyy W \/\/\CSHII 81%
Cl,Pd(PPhs),
< > cl BN p-MeCeH, 95%
M MgCl \— P \ —_
¢ g N ——CsHyp  [164] \ ——CsHy,
Cl,Pd(PPhs),
Cl EiN Ph
MgCl + — - —
£ = N=—p, 9%

Cl,Pd(PPhs),

cl BN Ph 70%
MgCl + N =M, ——— N\ = gime;

[164]
Cl CLPd(PPhs), Ph
@—Mga + <\ Et;N <\ 86%
— —_— —
——CsHy, [164] ——CsHy,
PhM¢Cl
CL,Pd(PPh;),
CLNANA EuN Ph AN~
Z C6H4-[7-MCO [165] Z C6H4-p-MCO

82%
Scheme 39
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however, that the alkenyl chlorides used in these reactions are limited to arylated alkenyl
chlorides and conjugated chloroenynes and chlorodienes. Thus, the general applicability
of alkenyl chlorides in Pd-catalyzed aryl-alkenyl coupling needs to be further delineated.

As in other cases of Pd- or Ni-catalyzed cross-coupling, Grignard reagents should
probably be considered first in the aryl-alkenyl coupling because of their ready accessi-
bility as the first-generation arylmetals. As needed, other metals should then be consid-
ered as potentially superior alternatives, and Zn, B, and Sn may have been the three most
widely used metals, although some other metals including Al, Si, and Cu may also prove
to be useful and even superior to the others mentioned above in some cases.

Rigorous comparisons of metal countercations are still relatively rare. In the synthesis
of (Z)-tamoxifen and related compounds,'®-%81 Mg and Zn appear to be superior to Sn
in terms of stereospecificity and operational simplicity!'®’! (Scheme 40). In cases where
chemoselectivity is critically important, as in the synthesis shown in Scheme 41,/'®! Zn
would have to be chosen over Mg.

O O O
_\—Cl _\—Cl _\—NMez

ArMX
Ph A Ph Ph
— [Pd] — — (2)-tamoxifen
Br Ar Ph
.. Isolated
ArMX Conditions Yield (%) Z (%)

PhMgCl Pd(PPhs)4, PhMe, 110 °C, 1 h 99 95
PhZnCl Pd(PPh3)4, PhMe, 110 °C, 1 h 98 94
PhSnBuj [CIPd(r-C3H5)]5, 25 °C, 24 h 94 72

LiBr, Me,NCOMe
PhSnBuj [CIPd(r-C3H5)]5, 25 °C, 24 h 96 91

LiBr, HMPA

Scheme 40

Me O M ()Z
Br/\/\/\)\/”\ = > NN Nome

OMe —M

Pd(PPh3),

MeO 73%

Scheme 41

In some cases, more highly contrasting results may be obtained by using two or more
different metals. In the reactions shown in Scheme 42, the aryl-alkenyl coupling using
PhZnCl is regiospecific with retention. In sharp contrast, the alkenyl-aryl coupling using
the corresponding alkenyltin derivative produces the unexpected regioisomer to the extent
of 91%.1170

The reaction of arylboron compounds with alkenyl electrophiles has not been exten-
sively investigated, and unfavorable results associated with fair yields in Pd-catalyzed
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Me;SnSnMes
Pd(PPh3),, LiCl
THE, reflux, 81%
OTf - SnMe;

PhBr, BHT, ‘Pr,NET
Pd(PPhj3)y, toluene
reflux, 58%

PhZnCl, Pd(PPhj),
THE, r.t., 55%

Ph Ph +
9:91 Ph

Scheme 42

aryl—alkenyl coupling have been observed.['”!) However, in the light of their extensive in-
volvement in Pd-catalyzed aryl-aryl coupling (Sect. IIL.2.5), arylboron compounds are
expected to participate in Pd-catalyzed aryl—alkenyl coupling much more extensively, as
exemplified by a recent favorable result shown in Scheme 43.[172]

OMe 5% PA(PPhy), MeOC ™~ 0Me
/ K3POy, dioxane,
+M602C reflux 6h
B(OH), /
Br
R

R=H (95%) Me (90%)
Scheme 43

Arylaluminums have not been used as extensively as some other arylmetals in
Pd-catalyzed cross-coupling. However, the intrinsic reactivity of arylaluminums appears to
be somewhere between that of Zn and Sn. It is this relatively low intrinsic reactivity of ary-
laluminums that is critically required in the cyclic carbopalladation—cross-coupling tandem
process shown in Scheme 44. The high intrinsic reactivity of Zn leads to the formation of
the unwanted direct cross-coupling product in 57% yield, while the corresponding reaction
of PhSnBu, does not produce either product under the conditions used.!'”’!

Pd(PPh3),
+ PhM ——> +
D\ v | Ph XX v
¢ Ph” “Me N
M= ZnCl 34% 57%
AlPh, 93% <2%
SnBu, Trace Trace

Scheme 44
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The low intrinsic reactivity of aryltins can be enhanced through optimization of the re-
action conditions. In a comprehensive study of the effects of catalysts, ligands, solvents,
and additives in Pd-catalyzed coupling of aryltins with organic sulfonates, the use of
triphenylarsine as a ligand in conjunction with Pd,dba; is recommended.!'”* In general,
intrinsically less reactive B, Si, Sn, and so on appear to require more elaborate and exten-
sively optimized reaction conditions for observing favorable results than Mg, Zn, and
some other more reactive metals.

Electrophiles other than commonly used alkenyl halides and sulfonates have also been
shown to participate in Pd-catalyzed aryl—alkenyl coupling. A recent work demonstrated
the use of alkenyl-sulfonium salts in Pd-catalyzed aryl-alkenyl coupling with arylboronic
acids,!'! as shown in Scheme 45.

X~ Pd(PPh),
Ph THE, 40 °C, 8 h Fh
Me B(OH), + S+ - e Me
82%
X~ Pd(PPhs),
. /0 THE40°C.8h Ph
HSCH, B(OH), + s—§ ————— > HSCH,
73%
PI' PI' Pd(PPh'g)4 Pr Pr
F, 40 °C,8h
B(OH)2 _ >:< TH—> -
+ X S+ H 72% H
MCO l 5 MCO
Scheme 45

D. ALKENYL-ALKENYL COUPLING

Pd-catalyzed alkenyl—alkenyl coupling has provided a highly efficient and selective method-
ology for the construction of stereodefined conjugated dienes of almost any substitution
patterns including a wide variety of complex natural products (Sect. I11.2.18). The protocols
outlined in Sects. B and C are, in principle, applicable to alkenyl—alkenyl coupling as well
by replacing arylmetals or aryl electrophiles with appropriate alkenyl reagents. However, the
stereochemistry associated with alkenyl—alkenyl coupling is distinctly more complicated,
since four possible stereoisomers, that is, E,E-, E,Z-, Z,E-, and Z,Z-conjugated dienes, are
possible for any given alkenyl—alkenyl coupling, and due attention should be paid to this po-
tentially complex stereochemical aspect of alkenyl—alkenyl coupling. Furthermore, the eight
different alkenyl structural types (Scheme 5) lead to 64 possible structural types of conju-
gated dienes. For the sake of simplicity, this section is divided into eight subsections accord-
ing to the structural types of alkenylmetals, and all eight possible structural types of alkenyl
electrophiles are considered in each subsection.
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D.i. Vinylmetals

1,3-Dienes containing a terminal vinyl group can be synthesized by either vinyl-alkenyl
or alkenyl-vinyl coupling. The merits and demerits of the use of vinyl metals relative to
that of vinyl halides are discussed in Sect. B.i. Some representative examples of Pd-
catalyzed vinyl—alkenyl coupling reactions are summarized in Table 9.

TABLE 9. Pd-Catalyzed Coupling of Vinylmetals with Alkenyl Electrophiles “

Type of Yield
Alkenyl — (Selectivity)  Ref-
A M Electrophiles X Conditions % erence
N (E)B- NG
Z “MgX Z SCeHys Pd(PPhs),, CsHe 81(>97)  [22]
/\ . 1 [ClPd(TE-C3H5)]2,
SiM
e N cy, TASF, P(OEt);, THE 100 [50]
] I [CIPd(rt-C3H5s)]1o,
A sives N NCH)CHO  TASE. P(OEt);, THE 10 501
, I [CIPd(n-C3Hs)],,
Z siMey N2 N(CHy)oCOCH;  TASF, P(OEL)s, THF 52 (501

)

I Ph
i =z [CIPd(r-C5Hs5)],,
SiM
1Mes3 \/\H/\/ TASF, P(OEt);, THF 85 [50]

[CIPd(mt-C3H5)]5,

Z siMes NSy TASF, P(OEt);, THF 93 [50]
A suus NSy g MeCR. g5 [184]
+po PR ClLPA(MeCN),,

P SuBus 7BE/\ Ph DMF 79 [185]
P Mgbr AT Pd(PPh3),, CoHe 91(99.5)  [19]
2 Mghr ONANE e, CPAPPhLEGN 71 [164]
Zvgx O I\=/CGH13 Pd(PPhs),, CeH 7597 [22]
2 sive N/ TASF.POER THF T 150
ey I\=/(CH2)80AC Pd(PPhs3)4, THF 67(99) [186]
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TABLE 9. (Continued)

Type of Yield
Alkenyl >—<_ (Selectivity) Ref-
A M  Electrophiles X %

Conditions erence

I i
/\ZHBI‘ \=/\1/H Pd(PPh3)4, THF 79 [187]

BMPO OTBS

o- I
ClLPd(MeCN),,
ZsnBuy \f DMF 60 1
CO.H
(E)-o.,B-
I
P [CIPd(r-C3H)L
7 SiMes TASF, P(OEt);, THE 100 [50]
TfO
ClLPd(MeCN),,
A 5nMes \O\ DME. 25 °C 80 [184]
Bu ’
TfO
PN Pd(PPhy)y, [188],
Z “SnBuy LiCl, THF ol [189]
Bu
TfO
™ oy, CLPA(PPhy),,
A snBu | ] LiCl, NMP 81 [190]

“ The entries are arranged according to the structural types of alkenyl electrophiles summarized in Scheme 5.
With the same category, they are arranged (i) according to the types of substituents, i.e., alkyl > alkenyl > aryl >
alkynyl, and (ii) in the increasing order of priority determined by the Chan—Ingold—Prelog rule. Finally, the
leaving groups and then the countercations are arranged as discussed in the text.

D.ii. (E)-B-Sustituted Alkenylmetals

Alkenylmetals containing Mg, Zn, B, Al, Si, Sn, and Zr have been successfully coupled with
alkenyl electrophiles, mainly halides and triflates. Alkenyl electrophiles of all eight possible
structural types have been used in these coupling reactions as shown in Table 10.

Earlier systematic investigations on the Pd- or Ni-catalyzed alkenyl—alkenyl cross-
coupling addressed several fundamentally important issues!">!'®1°2! that are still critically
important, such as stereochemistry, comparison of different metal countercations, compari-
son of Pd- and Ni-catalysts, and hydrometallation—cross-coupling tandem process for the
conversion of alkynes to stereo- and regio-defined conjugated dienes. It should be recalled
that palladium catalysts have been shown to be superior to nickel catalysts in terms of
stereoselectivity in the alkenyl—alkenyl coupling, permitting nearly 100% retention of the
stereochemistry of each alkenyl group. On the contrary, stereochemical scrambling has been
observed to significant extents in the corresponding Ni-catalyzed reactions. Generally,
alkenylmetals containing Zn and Mg display the highest intrinsic reactivity in a given
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382 I Pd-CATALYZED CROSS-COUPLING

alkenyl—alkenyl coupling, but the reaction of alkenylmagnesium derivatives has been asso-
ciated with various undesirable features including low chemoselectivity and low product
yields. Although generally less reactive, alkenylmetals containing Al and Zr are attractive
reagents, since they are often readily accessible via hydrometallation and carbometallation
of alkynes and since highly satisfactory results have in fact been obtained in many cases. As
is well known, various (E)-B-substituted alkenylmetals are most generally and reliably
obtainable by hydroboration of alkynes. This advantage, however, is offset to considerable
extents by the low intrinsic reactivity of alkenylboranes in Pd-catalyzed cross-coupling.
Despite the development of the Suzuki protocol for alkenyl—alkenyl coupling, the overall
synthetic scope of B-based methods appears to be more limited than that of Zn-based
methods. Another widely used metal for Pd-catalyzed alkenyl—alkenyl coupling is Sn. Its
intrinsically low reactivity and toxicity are two main limitations associated with Sn. In
many favorable cases, its reactions are often as favorable as those of other favorable metals
mentioned above. In more demanding cases, however, Sn has often been shown to be
significantly inferior to Zn, B, and some other metals,?®2!!! a5 illustrated later. Another
complication associated with Sn is the capricious and often difficult-to-predict courses of
hydrostannation of alkynes.?®! On the other hand, Sn as well as B has been very useful in
achieving intramolecular alkenyl—alkenyl coupling, which often requires the generation of
cyclization precursors containing both a nucleophilic alkenylmetal moiety and an
electrophilic alkenyl moiety.?'?! Other less frequently used metals in Pd-catalyzed cross-
coupling include Li, Cd, Si, and Cu; Si’®! and Cu®® have provided some promising results.
It is entirely possible that they may become widely used metal countercations in the future.

The following specific examples are presented to further support the above-mentioned
generalizations.

The use of alkenylzincs as excellent organometallic partners in Pd-catalyzed alkenyl—
alkenyl coupling has amply been demonstrated./80M92HI97L2I31 [n most cases, reactions
proceed smoothly to produce the desired products in excellent yields and high stereoselec-
tivities, as exemplified by the synthesis of methyl dimorphecolates shown in Scheme 46.°"!

[~ (CHy)7COMe

Pent (N I OH
3% Pd(PPh3),

1.2 -BuLi Pent Z
‘ 2. ZnBr, /—FOH \M/\/\/\/\C02Me

OH 94%, ~100% E.E
Pent =~ =~
\/\ZnBr (CH,);CO,Me

3% Pd(PPhs),
N Pent A~~~ COMe

88%,99% E, Z
Scheme 46

Even though Sn and B may have been the two most frequently used metals in Pd-
catalyzed alkenyl-alkenyl coupling over the past two decades, it has been demonstrated
with increasing frequency that a few of the metals associated with Negishi coupling,
especially Zn and Zr in some cases, are more advantageous, leading to decidedly more
satisfactory results. For example, the Stille coupling between (E)-Bu;SnCH=—CHSnBu,
and (E)-B-bromomethylacrylate gives no more than 15% of the desired product even with
the use of triphenylarsine as ligand of the Pd catalyst.”*” In sharp contrast, the correspon-
ding coupling with (E)-Bu;SnCH=—CHZnCl, generated in sifu by stepwise transmetalla-
tions, proceeds rapidly to produce the desired product in 95% yield (Scheme 47).2%!
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CO,Me
Br/ﬁ/
Bu3Sn/\/ SnBus _ BujSn

W <15%
Pd,y(dba);, AsPhs;
/W

CO,Me

l.n-BuLi  THF, 50 °C
2.7ZnCl,

5 /\rcone
T
[ ] L

Pd(PPh3),
0 °C, 15 min

Scheme 47

M
C02 € 959%

BLI3SI1

The use of Zr in the hydrometallation—cross-coupling tandem process has been partic-
ularly attractive. Even in some highly demanding cases where polyconjugated enynes are
used in cross-coupling reactions, the hydrozirconation—cross-coupling tandem reaction
proceeds very smoothly to lead to satisfactory results as demonstrated in the synthesis of
xerulin®?*! (Scheme 48). Alkenylzirconium reagent, generated in situ by hydrogen trans-
fer hydrozirconation of TBS-protected propargyl alcohol, is reacted with 1,1-dibromo
alkene to stereoselectively produce trans-cross-coupled product®! (Scheme 48).

NG — i :
— ¢cpzerc1
——— AN =TBS
/ \ Br T CICp,Zr N
5% Cl,Pd(PPhs),

10% DIBAL Vi =R =TBS 95%

[223]
5% CL,Pd(PPh;),

. Br
i-BuZrCp,Cl 10% DIBAL [225 0z
20— 20N 21000l = B 20 AN A
T
=
90% BrMOZ 91%, >98% stereoselective

Scheme 48

The superiority of alkenylzirconiums to other alkenylmetals has further been demon-
strated in the synthesis of papulacandin D (Sect. IIL.2.18). The initial use of Stille
coupling to synthesize the chain moiety resulted in less than 30% of desired product.
However, the related coupling by using in situ generated alkenylzirconium gave the de-
sired product in 82% yield?!!"! (Scheme 49).

0z _ 1. Cp,ZrHCI OTES (0]
Z 2.A
/Y\/\/W e /\(\/\/\(\/\/\)’\OMC
3. CLPd(PPhs), 8%
DIBAL
ll.CpZZrHCI
2L s OTBS 0
NN Xx-1 cLPdCH,CN), X XN N 0Me
—® 30%
(E)-BrCH=CHCO,Me (A) (E)-Bu;SnCH=CHCO,Me (B)

Scheme 49
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Although further comparisons of alkenylzirconiums to other alkenylmetals in Pd-
catalyzed cross-coupling are desirable, the results discussed above clearly indicate that
alkenylzirconiums are among the best alkenylmetals in alkenyl—alkenyl coupling, and the
hydrozirconation—cross-coupling tandem process provides a convenient and satisfactory
route to conjugated dienes and polyenes.

Although the intrinsic reactivity of alkenyl boranes in Pd-catalyzed cross-coupling is
rather low, the use of a base remarkably enhances their reactivity as demonstrated by Suzuki
and co-workers.!'*-196L2001 Compared with other organometals containing Li, Mg, Zn, Al,
Cu, and Zr, alkenylborons are very stable, even to alcohols and H,O. Thus, a wide variety of
functional groups can be tolerated in their coupling reactions, as shown in Scheme 50.

IM
-y B(OH),  Pd(PPhy), LN e e g
HO(CHa)g NaOEt, CgH
66%
[200]
OTBS
A H H \OTB
MeOLC(CH orBS I/\/\/\C " 0,C(C 2)3 .‘O S QTBS
ey 2)3N.+* Pd(PPh3)4 st H
j\/\/ aq. LiOH, THF X AN
. —_—
X B(Sia), [214] 85% CsHyy

Scheme 50

However, the chemoselectivity in Pd-catalyzed cross-coupling of alkenylborons would
suffer from the strongly basic condition and elevated reaction temperatures, when sub-
strates with sensitive functional groups are employed. This limitation has been overcome,
to some extent, by the use of aqueous solution of TIOH in place of NaOH or KOH as
demonstrated by Kishi and co-workers in the synthesis of palytoxin.?!>! The dramatic rate
enhancement of Suzuki coupling by TIOH allows the reaction to proceed smoothly even
at 0 °C. The utility of this method has been demonstrated in other natural product synthe-
ses as well216-12201 (Sect. 111.2.18).

As discussed earlier, the low intrinsic reactivity and high chemical stability of
alkenyltins can be exploited in devising intramolecular alkenyl—alkenyl coupling!?'?! par-
ticularly in the synthesis of cyclic natural products (Sect III.2.18). Macrocarbocycles in-
cluding cyclic ketones and macrolactones have been synthesized by this coupling reaction
as shown in Scheme 51.

0 Bu;SnCHBr 0 Pd,(dba)s 0]
Lil, CrCl, AsPh;, NMP
I o THF, DMF 70°C, 18 h
NS — I X —_
60% BusS [221]
H usdn 96%
SnBuj LDA, PhN(Tf), SnBuj
| HMPA, THF | Pd(PPhs), | (CHy),
O -78 °C O TfO LlCl, THF
)j\ )]\ /g 2221
(0]
O (CHZ)n (O (CHZ)n o)
n=5,6,7,8 56—57%

Scheme 51
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D.iii. (Z)-B-Substituted Alkenylmetals

Although stereoselective syn-hydrogenation and its equivalents via syn-hydrometallation
of conjugated diynes®!! and enynes®?! have provided some prototypical selective
routes to (Z,E)- and/or (Z,Z)-conjugated dienes, Pd-catalyzed alkenyl-alkenyl coupling
has proved to be the method of choice for their preparation because of its general
applicability, stereoselectivity, and favorable overall results including generally high
product yields.

(Z,E)-conjugated dienes can, in principle, be prepared by either the reaction of (E)-
alkenylmetals with (Z)-alkenylelectrophiles, as discussed in Sect. D.ii, or that of (Z)-
alkenylmetals with (E)-alkenyl electrophiles. Choice between these two options depends
on a number of factors including the relative accessibility of the two required reagents.
The ready accessiblity of (Z)-B-substituted alkenylcoppers via carbocupration® of
ethyne makes Pd-catalyzed reaction of (Z)-S-substituted alkenylcoppers a very attractive
route to (Z,E)- and (ZZ)-conjugated dienes.?84226:227] Interestingly, the addition of
ZnBr, as a cocatalyst'8 has proved to have favorable effects on this reaction!?0+227]
(Scheme 52).

1. ZnBr,, THF
2. 3% Pd(PPh;),
I__(CH,)(CH(OR),

/X = CH(OR),
vai — /=~ ./ ./

74%, >99% 2,7

1. MgCl,, ZnBr,, THF
2. 3% Pd(PPh3),

(N
/~x = . no —
ZO(CHa)jo 2Culi 3 g v/ S S\
72%, >99% Z.Z
Scheme 52

As discussed in Sect. B.iii.b, (Z)-B-substituted alkenylboranes are obtainable via
1-haloalkynes hydroboration—1,2-hydride migration protocol.PM37P6L71 Their Pd-
catalyzed reactions with (E)- and (Z)-alkenyl electrophiles provide (Z.E)- and (Z,2)-
conjugated dienes, respectively (Scheme 53).18]

/—\ ] A Bu 67%
Bu B(oPry * I > >98% E,Z
— . — Hex
B(OPr) Br. Hex A — o
+ \__/ —_— 87%

Scheme 53 (Continued)
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/T \ . Br, Hex A — Hex 81%
-Bu B(Opry * > /_\_/ >97% 27

\=/ -Bu
. — A -
t-Bu B(OPr) * \_<; I-Bu
OH

A = Pd(PPh NaOEt cHE, 8%C
Scheme 53 (Continued)

— 79%
OH

At present, (Z)-B-substituted alkenylmetals containing other metals are less readily
accessible than those mentioned above, even though the Zr-catalyzed carboalumination of
ethyne has been shown to produce (Z)-B-substituted alkenylalanes.!*”®! They are generally
prepared via metallation—transmetallation of (Z)--substituted halides. Despite this drawback,
(Z2)-B-substituted alkenylzincs generated by this procedure have been shown to be superior
reagents in the subsequent Pd-catalyzed cross-coupling reaction!!86-19812291 (Table 11).

TABLE 11. Pd-Catalyzed Coupling of (Z)-B-Substituted Alkenylmetals with Alkenyl

Electrophiles “
Type of Yield
/~—\ Alkenyl — (Selectivity) Ref-
R M Electrophile X Conditions % erence
/—\ E)B- 1 Pd(PPhs),,
CHy  MgX N cny, Cells 8799) (22
/e I Pd(PPhs),,
CHs  Culi S e ZnX,, THF 8209)  [226]
/T Br Pd(PPh;)
. \/\ 3)4
C,Hjs CuLi Z “Ph ZnX,, THF 85(97.6) [226]
/T \2 I cl Pd(PPh;)
CiH,  Culi NN ZaX, THE 89(~100)  [186]
/T2 I I Pd(PPh
. 3)45
C:H; CuLi W ZaX,, THE 76(~100)  [186]
/7 \ . Br Pd(PPh3)4,
CHy  BOPr, S gy, NaOEt CgHy 009 D8
/—\ B Pd(PPhs)s,
C4Hg B(Sla)z r\/\Ph NaOEt, C6H6 49(99) [196]
/) \]g 1 Pd(PPh3)4,
CHy  CuLi e ZuX,. THF 80(99)  [226]
I
/~\ = Pd(PPhy),
CsHy  ZnBr MCO2CH3 THE 92(~100)  [197]
OH
/— \ I Pd(PPh3)y,
Bu Cu,MgX, = CsHy, ZnX,, THF 55(99) [227]



TABLE 11. (Continued)

1I1.2.6 Pd-CATALYZED ALKENYL-ARYL

387

Type of . Yield
/—\ Alkenyl (Selectivity) Ref-
R M Electrophile X Conditions % erence
— CLPd(CH3;CN),,
I 2 3 2
HO—/_\SnBu3 N, DMF 74 [184]
/TN 7)-B- 1 CoHis Pd(PPh3)s,
CHj MgX @) \—/ C¢He 87(>97) [22]
— Pd(PPhs),,
/N I CsHyy .
CHs  CuLi \—/ ZnX,, THF 86(99)  [220]
/7 \ I Pd(PPh3)y,
CHs  ZnX \—"""%04c THF 88(99.5)  [229]
/7 \ I Pd(PPh3),,
C3H7 B(Sla)2 \=/(’79\OH NaOEt, C6H6 50 [200]
/ - \ Br Pd(PPh3)4,
C;H;  B(Sia) 2 \—"0n NaOEt, CgHg 69 [200]
/N I C,Hs Pd(PPh3)s,
C5H11 CuLi \—/ ZI’IBI'Q, THF 86(>99) [226]
OH
/—\ I Pd(PPhs),,
CsHj, ZnBr \=)\‘)/7 THE 95(99) [197]
/—\ I CsH Pd(PPhs),
'CHy  CuMgX, —/ ZnX,, THF 5399)  [227]
— Cl,Pd(MeCN),,
I C4H 2 2
Ho—/_\snBu3 —/ DMF 78 [184]
* B
/—\ r\( Pd(PPhs),,
C4Hy B(Sia), 8 NaOEt 55(99)  [196]
/=N b CH, Pd(PPhs),
CsH,,  Culi 1\)\ THE 94(~100)  [226]
CH;
cis-a.,B-
Pd(OAc),, NMP 75 [230]

H';C SnB us3

1
HO SnBuj \©

)
s}

)

Pd(OAc),, CH,Cl, >90 [230]

Clde(MCCN)z,

DME 61 [184]

“See Table 10
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D.iv. a-Substituted Alkenylmetals

The a-substituted alkenylmetals used in Pd-catalyzed cross-coupling have been mainly
those containing Mg, Zn, B, and Sn, as shown in Table 12 as well as Schemes 54-57. Of
these, a-substituted alkenylmetals containing Mg and Zn can readily be prepared by
direct oxidative metallation of 2-halo-1-alkenes!'®?! that are easily accessible by
Markovnikov addition of HX to 1-alkynes (Scheme 54). «a-Substituted alkenyltin
compounds have been prepared and used in the construction of bicyclic diene systems via
intramolecular Stille coupling, as shown in Scheme 55.1234!

TABLE 12. Pd-Catalyzed Coupling of a-Substituted Alkenylmetals with Alkenyl

Electrophiles
R Type of _ Yield
)\ Alkenyl (Selectivity) Ref-
M Electrophile X Conditions % erence
on (E)-B-
3
; INGZ Pd(PPh),,
)\ \/\C6H13 CH i 82(>97) [22]
MgX 616
CH
)\3 CL AN ool ClL,Pd(PPhs),,
MgX ST Et;N (8 equiv) 55 [164]
CH
)\3 A o CsHy, CLPd(PPh;),,
MgX \/\/// Et;N (8 equiv) 62 [164]
Bu
Br N Pd(PPhs),,
CeH
)\B’Buz o NaOH, H,0, THF 84(>99)  [117]
CF;
Bra Pd(PPhs),
Ph 34 _
)\ZnBr THF 8§7-91  [233]
2)-B-
CH;
)\ N Edgph3)4’ 84>97)  [22]
MgX 616
Bu
Br C6H13 Pd(PPh3)4v
)\ : = NaOH, H,0, THE 8799 [117]
B’Bu2
-
CF Br
)\3 Y Pd(PPhs),, o -
ZnBr THF

Ph
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TABLE 12. (Continued)

R Type of _ Yield
/I\ Alkenyl (Selectivity) Ref-
v o ¥ .

Electrophile Conditions % erence
cEo,B-
CFs ! Pd(PPhy),,
)\ - \© THE 86 [233]
I
CF; Pd(PPhs),,

THE 90 [233]
ZnBr

OH

“See Table 10.

Br% Ph
Ph g Ph R %\( K= 91%
L .
R =Me, 86%
}\ Br )\ 7nBr 5% Pd(PPhs)4, THF R
Scheme 54

OTf SnBuj
5% Pd(PPhs),
THF R =H, 82%
"'I '.'
COMe ‘CO,Me  R=Me, 82%
'¢R ."R
Scheme 55

1. +-BuLi (2 equiv)

I
TMEDAQ equiv) g, N Penton OEt
2. ZnCly 5% Pd(PPh;),
CH2= CHOEt ———— > 7nCl > = Pent-n
T4%
s-BuLi (1 equiv) V\ Pent-n SEt
THF-HMPA )\ 5% Pd(PPhy), )\/\
Li Z ~ Pent-n
CHy=CHSEt | ( BuLi (1 equi I 0%
-0 quiv) \/\Pent n
THF-HMPA : SEt
SEt 5% Pd(PPhs), )\/\
_
2.7ZnCl, )\chl =z Pent-n
81%

Scheme 56
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(0]
OR
T
PTE oR OH
ML, 9]
—_—
cat. Pd(0)
AcO AcO AcO

R =Bu, ML, = ZnCl, 82%
R = Me, ML, = SnBus, 54%

Scheme 57

The Pd-catalyzed reactions of a-heterosubstituted alkenylzincs containing alkoxy and
thioalkoxy groups were developed with the goal of synthesizing heterosubstituted
conjugated dienes for the Diels—Alder reaction!''®! (Scheme 56). The use of the
parent alkenyllithiums did not produce the desired dienes in detectable amounts. This
reaction has been applied to the synthesis of steroidal a-hydroxy enones'>**! (Scheme 57).
It should be noted that Zn has been shown to be decidedly superior to Sn as the
countercation.

D.v. B, B-Substituted Alkenylmetals

A large number of natural products, such as carotenoids, contain conjugated di- and
oligo-ene moieties with at least one (E)-trisubstituted alkene unit, such as 1 and 2 shown
in Scheme 58. Although all (E)-isomers are dominant, their stereoisomers are also
known.

R! R!

Scheme 58

Even today, carotenoids and other natural products represented by 1 and/or 2 are syn-
thesized by using the Wittig and related carbonyl olefination reactions that are often not
highly stereoselective, thus requiring delicate and tedious separations. Carbometallation
reactions of alkynes,[*8% especially the Zr-catalyzed carboalumination discovered in
1978123612371 yged in conjunction with Pd-catalyzed cross-coupling'® have provided a
totally different carbometallation—cross-coupling tandem protocol for the synthesis of 1
and 2 (Scheme 59).

Since the preparation of f,3-substituted alkenylmetals as the first-generation
organometals has been achieved mostly by Zr-catalyzed carboalumination*! and
carbocupration,®® the exploitation of Protocol I has largely resorted to these two
carbometallation reactions, as indicated by the results summarized in Table 13.
Moreover, since it is impractical to carry out methylcupration of alkynes requiring several
days at —25 °C,!?3] the synthesis of natural products represented by 1 and 2 by the use of
Protocol I has mostly been limited to those cases where Zr-catalyzed carboalumination is
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RIJ\/\/R2

1

2
Rl/\)\/R

Me;Al I /\/ R?
cat. Cp,ZrCl
RIC=CH P2 2 1)\/ AlMe, cat. PdL,,, ZnX,
R Protocol I
3 \
2
M R
)\/I cat. PdL,,
NS
R! Protocol 11
4
HML,, 1. BuLi
2.7ZnX, s
. _R
I /\/
cat. PdL,,
S ZnX
\ R Protocol IV
5
Various Protocol I, I1, or IV
options ~ | using XR? or MR?
R! /\/ ML, — R! M &
6

2

R!, R? = C groups. X = halogen, etc. M = metal countercations.

Scheme 59

TABLE 13. Pd-Catalyzed Coupling of 3, B-Substituted Alkenylmetals with Alkenyl

Electrophiles *
R! Type of Yield
Y\M Alkenyl >=< (Selectivity) Ref-
R? Electrophile X Conditions % erence
Vinyl
CsHyy %

\(\AIMCQ Br\/ Pd(PPh3)y4, ZnCl, 73(>97) [18]
WAlMez Bre 2 Pd(PPhy)y, ZnCl,  70(>98)  [18]
ZO/\/Y\AlMez N2 Pd(PPhy)y, ZnCl,  43(94)  [251]
i (E)-B-

3
; Z " CuLi | P~
jcj\); NFNCH, Pd(PPhy), THE  96(>99)  [226]
3
H,C
’ Z SCu-MgX, I~
NPl PA(PPha)y, ZnCl,  78(>99)  [227]

CoHs
H,C

=z .

Y\cu MgX, Brv/\Ph Pd(PPhs),, THF 7499)  [227]

C2H5

(Continued)
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TABLE 13. (Continued)

R! Type of Yield
Y\M Alkenyl > (Selectivity) Refe-
R? Electrophile X Conditions % rence
CsH
5 “ﬁ/\AlMez P,  APPLZCh 65697 (18]
CH, 4Ho
HiC
=z MeX
Y\Cu e INAScp, PAPPh), THE  70>09)  [227]
CsHy,
CeHi3
N I Pd(PPhs),,
" N L.(()H o 5299 [122]
C4Hy 1 > 112
T™MS
I Pd(PPh;)y,
Z “BBrn, CeHi3 LiOH, H,O 81(99)  [122]
CeH3
(2)-B-
H;C
’ %CuLi I CsHy, Pd(PPh3)s, ZnX;  92(>99)  [226]
CH; —
H;C
2 CuMeX, I CsHy Pd(PPhs), 64(>99)  [227]
C,H5
HsC
NP cumex I CsHy Pd(PPh3), 7099)  [227]
iC H \:/
37
T™S (2)-B-
I CaHo Pd(PPhs),, &[22
s \—=/ LiOH, H,0
C6Hl3
Ph Y
Cu-MgX; Lol Pd(PPhs);, THF  70(>99)  [227]
CoHs
HiC
B / . ,Pp-
W/?C“L‘ P-p \)\ Pd(PPh3)y, ZnX,  94(>99)  [226]
CH;
H;C % C4H9
Cu-MeX; 1 Pd(PPhy),, THE  55(599)  [227]
CoHs
H;C cis-oL,B-
N7 sk Pd(PPhy);, [188],
CH, LiCl, THF 80 19

“See Table 10.
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involved. Some prototypical examples are shown in Schemes 60-62. Particularly
noteworthy is the development of a highly efficient and stereoselective iterative and
convergent method for the synthesis of carotenoids and retinoids shown in Schemes 61
and 62.7%% It should be noted that the reactivity of 3,3-substituted alkenylalanes can be
significantly enhanced by the addition of ZnBr, or ZnCl,.['8!

Despite the high efficiency and stereoselectivity associated with Protocol I shown in
Scheme 59, its full development as a method for the synthesis of carotenoids, retinoids, and

/\)\/\
I 0z

\ Z Me ;A1 cat. ,Bd (PPh),
I cat. £rCl +2n-Buli
239

Scheme 60

MesAl A A AlMEe,

cat. CpoZrCl,
—»

I/\/BI'

cat. Cl,Pd(PPh3), +
DIBAL, ZnBr,
—_—

[240]

B-carotene, 68%

Scheme 61

1. M€3A1
cat. CppZrCl,

2. Pd(PPhy)4, ZnBr
A ™ A é I/\igr 2 3 NS N X Xx~_ Br
2401 > 85% 1
A
N Z = Jx

A

82% 74%

1. Me3Al
cat. Cp,ZrCl,
2. Pd,(dba)z, TFP,
ZnBr,, 1

Y-carotene, 53%
A = (1). MesAl cat. CpyZrCly; (2). Pdy(dba)s, TFP. ZnBrs, . /f = TMS, (3) TBAF

Scheme 62
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other natural products has been made only within the past few years. Consequently, it has
not yet been widely utilized. Although more circuitous, Protocols II and IV have been more
widely exploited in the synthesis of a variety of natural products, such as rapamycin,?*H24]
caliculin A,?#-2%1 indanomycin,?* sanglifehrin A,**"! vitamin A,?M24! restrictinol,**")
and - and 7y-carotenes,?*! as exemplified by the results shown in Schemes 63 and 64. The
structures of these natural products are shown in Table 3 in Sect. III. 2.18.

=
N P C AN A 4
A [240]
100%

1.LDA | BuLi C

2. CIPO(OEt) 2. ZnCl, 68%

3.LDA

N Zn [239] 0z
8% vitamin A (Z = H)
A = (1) Me;Al, Cp,ZrCly; (2) 1, B = Pd(PPhs),, W
I 0z
C = (1) Pdy(dba);, TFP, =—TMS; (2) TBAF D = (1) Me;Al, Cp,ZrCl, ; (2) n-BuLi; (3) (CHO)
H 3 BiZa _//_ 3 P2 2 n
Scheme 63

1. Pd(PPhj3)4, TIOH
\/\MB(OH)Z
2 TBAF =\

OSiEt; restrictinol, 69%
Scheme 64

Haloboration of I-alkynes followed by chemoselective cross-coupling can provide
BB,B-substituted alkenylborons that undergo Pd-catalyzed coupling with alkenyl halides to
give stereodefined trisubstituted alkenes.!'??! The use of other B,B-substituted alkenyl-
metals has also been demonstrated. For example, exocyclic alkenylmetals containing Zn
and Sn have been used in Pd-catalyzed cross-coupling approach to the vitamin D
skeleton®? as shown in Scheme 65. It should be noted that the alkenylzinc appeared to
be distinctly superior to the corresponding alkenyltins.

R

. =ZnBr 95%

1. +-BuLi
2. MX OTBS =SnMe; <33%
? > = SnBuj 0%

Scheme 65



1I1.2.6 Pd-CATALYZED ALKENYL-ARYL 395

D.vi. cis-a,3-Substituted Alkenylmetals

Conjugated dienes, such as those represented by 1 and 2 in the previous subsection, can,
in principle, be synthesized also by hydrometallation—cross-coupling tandem processes
shown in Scheme 66. This is indeed one of the most significant cases of the use of cis-«,
[B-substituted alkenylmetals in Pd-catalyzed alkenyl-alkenyl coupling.

R'X

HML cat. PdL,
=R R ——— J\/\/R2

M- =" X LnMJ\/\/ R
1
H
Rl/\/x

— 2 HML, X R2 cat. PdL, )
MeC=CR —_— LM —— R! X X _R

M=7r, B, Al etc. X=1IorBr H 2
Scheme 66

The crucial issue in the processes shown in Scheme 66 is the regioselectivity of the
hydrometallation, which tends to be generally less than satisfactory (<90-95%).
Fortunately, HZrCp,Cl displays a = 95% regioselectivity in the hydrozirconation of internal
alkynes with Me as one of the two substituents.[??/23] This has been exploited in the re-
gioselective syntheses of complex natural products represented by 1 and 2, such as
reveromycin B4 (Scheme 67) and -amino acid Adda.”>! It should be mentioned that at-
tempts to exploit Stille coupling for the construction of C;—Cy bond in the synthesis of
reveromycin B proved to be unsuccessful.>*¥

Et Et
B—=Q H o Hoo©
O\/\O’O = Mo 22TC O\/:\O’O Z
Bi © % §0°:

Me

Me

NP co,5EM
OTIPS
ZnClz, Pd(PPh3)4

84%

Intermediate for the synthesis of reveromycin (Sect. I11.2.18)

Scheme 67

The reluctance to undergo Pd-catalyzed coupling has repeatedly been observed for
alkenyltins. For example, although cis-a-hetero-B-alkylsubstituted alkenyltins were readily
prepared by Pd-catalyzed hydrostannation of the corresponding alkynes, their further cross-
coupling with alkenyl electrophiles was shown to be unfavorable. However, by stepwise
transmetallations into the corresponding alkenylzincs, similar coupling with various elec-
trophiles proceeded smoothly to give the desired products,?* as exemplified in Scheme 68.
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1. n-BuLi

TBSO Bu3SnH TBSO 2. ZnBr,
A Pd(PPhs), N SnBu3 3 pd(PPhs),
SPh  95% : o Sph 50 _@

Scheme 68

Another class of cis-«,-substituted alkenylmetals used frequently in Pd-catalyzed
alkenyl-alkenyl coupling are various cycloalkenylmetals (Table 14), but no additional
comments are presented here.

TABLE 14. Pd-Catalyzed Coupling of cis- o, B-Substituted alkenylmetals with Alkenyl
Electrophiles “

R? Type of _ Yield
Rl \)\ Alkenyl (Selectivity) Ref-
M Electrophile X Conditions % erence
C,H; Vinyl
CQHS\)\ Br A~ Pd(PPh3),, ZnCly  79(=97) [18]
ZrCp,Cl
E)-B-
ol (E)-B o
csz\)\ SN, Pd(PPh3)s, ZnCly  86(=97)  [18]
ZrCp,Cl
C4H9 | / [ClPd(TC-C3H5)]2,
CH, \)\ SN TBAF, P(OE);,  45(>99)  [82]
SiMe(OEt), THF
C4Ho [CIPd(r-C5Hs)]o,
c4H9\)\ B~ o TBAF,P(OE0)s,  73(=99)  [82]
SiMe(OEt), THF
B [CIPd(n-C3H5)]o,
Ny TBAF,P(OEt);,  63(>99)  [82]
SiMe(OEt), THF
\/(\O [CIPA(n-C;3Hs)]a,
Cotlis A\ B TBAF, P(OEt)s;,  >42(>99)  [82]
Me, THF
T™S 0 BrY
i \)\ Pd(PPhs),, NaOH 40 [257]
BR, CH;,
C,Hs C4Ho
ams A PP e PA(PPhy), ZnCl,  65(=97) (18]
Al'Bu, CO,CH3
C,Hs C4Ho

Pd(PPh3)4, ZnCl,  85(=97) [18]

8
5F
Y
@
{
Q
S
@)
o=

ZrCp,Cl
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TABLE 14. (Continued)

R? Type of _ Yield

Rl \)\ Alkeny! (Selectivity) ~ Ref-
M Electrophile X Conditions % erence

T™MS CH;
CiHy Br \%\ Pd(PPh;)4, NaOH 60 [257]

BR, CH;

TfO
cis-a,3-

Pd(PPhs),, THF 80 [258]

CL,

“See Table 10.

D.vii. trans-a,B-Substituted Alkenylmetals

Since most of the facile and general hydro- and carbometallation reactions involve syn-
addition, the preparation of trans-o,(-substituted alkenylmetals via syn-addition of
alkynes would require carbometallation of terminal alkynes placing the metal in the
internal position. Although such reactions exemplified by carbopalladation®®! are known,
they are still more exceptional than normal. From the perspective of the current discus-
sion, more commonly used are (i) some anti-hydrometallation reactions of proximally
heterofunctional internal alkynes!?®?-2631 and (ii) the hydroboration-migratory insertion
tandem process of 1-haloalkynes.!' Whereas the H migration produces (Z)-B-
substituted alkenylboranes (Sect. D.iii), the corresponding C migration provides trans-
a,B-substituted alkenylmetals.['3>! (See Table 15.)

TABLE 15. Pd-Catalyzed Coupling of trans- «, 3-Substituted alkenylmetals with Alkenyl
Electrophiles *

2
<R Type of _ Yield
T Alkenyl (Selectivity) ~ Ref-
R! M Electrophile X Conditions % erence
CHs @b Pd(PPhs),,
/ _< Bry__ ot NaOH, H,0  7099) [135]
C4Hy B(O'Pr),
CHj;
'CqHy B(O'Pr), — NaOH, H,0 =
CH; B.B- -
/= \)\3/ Pd(PPh3),,
e B OH 70(>99) [135]
CHy  B(OPr), INF NaOH, H,0
/_<—Ph CH,
_ Pd(PPhs)g,
| B A
Cs4Hy B(O'Pr), NF CH;3 NaOH, H,0 59(>99) [135]

(Continued)
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TABLE 15. (Continued)

2
R Type of _ Yield
/— < Alkenyl (Selectivity) Ref-
R! M X
Ph CH;3
CH;

Electrophile Conditions % erence

B Pd(PPh3),,
; 72(>99 135
C4Hy B(OPr), NaOH, H,0 (>99) [135]

Pd(PPhs)y,
THF 86 [267]

CF, T

C2H50 ZnBr

N
CF; cis-o,B- Br
/=< Pd(PPh3)y,
fO\O

“See Table 10.

Some trans-a,3-, along with cis-a,[3-substituted alkenyltin compounds have been
prepared and wused in intramolecular coupling reactions to synthesize cyclic
compounds,?#4+2651 a5 shown in Scheme 69. The reaction could be mediated by stoichio-
metric CuCl instead of catalytic Pd complexes,?%*! while the use of Cu(l) as a cocatalyst

in Stille coupling has been demonstrated. 3033112661
SnMe; Pd(PPhy), 70-95%
R M Br DMF y R =H, Me, (CH,),0Me
CH,);0OTBS
E{O,C e R com "
SnMe3 I CuCl A
P «_ DMEGOC -
[265] 7
CO,Et CO,Et
Scheme 69

D.viii. Tetrasubstituted Alkenylmetals

In a synthesis of nakienone A, tetrasubstituted alkenylzinc, in situ generated from the cor-
responding alkenyliodide, was successfully coupled with the dienyl iodide to give the
desired coupling product in 95% NMR yield, which was further converted into nakienone
A in three steps'?®®! (Scheme 70).

1. n-BuLi 5% CLPd(TFP), OTMS —OTBDMS O OH
OTMS  2.7ZnBr, 10% n-BuLi 3
3. Replace THF  TgpMSONFANF N steps AN
with DMF /\I/\/ -
95% by NMR N X
TBDMSO HO
TBDMSO nakineone A

Scheme 70
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A number of fluorine-substituted alkenylzincs have been coupled successfully with
alkenyl halides,'?M27% and this reaction has been applied to the synthesis of fluorinated
analogs of codlenone as shown in Scheme 71. The use of other tetrasubstituted alkenyl-

metals containing Zn, B, and Zr is shown in Table 16.

F F
Pd(PPhs),
Me .~ | N~ Me
j)\zmar + j)\(CHmOAc T
F F

Scheme 71

F F
\%\KK/\/\/\/ OAc
F F

91%  100% stereoisomeric purity

TABLE 16. Pd-Catalyzed Coupling of Tetrasubstituted alkenylmetals with Alkenyl

Electrophiles “
2 3
R R Type of _ Yield
— Alkenyl (Selectivity) Ref-
R! M Electrophile X Conditions % erence
(E)-B-
|4
\\_);k SN Nem, Pd(PPhy), THF  95(>97)  [139]
ZnBr
I szdba3—PPh3,
F: :C4H9 N en,  Cul THEHMPA 8384 [271]
- szdba3—PPh3,
Br
F BBy N Cul, THF-HMPA 82780 [271]
F F
>=< A
Pd(PPhs),, THF
cd ma CeHis (PPhy), 78 [269]
F F
1
— SN Pd(PPhs),, THF 3 [269]
F ZnCl
C5H11 TMS C]de(PPh3)2 +
\\_)=< IWO’C4H9 DIBAH, Cul, 79 [99]
ZnBr THF, DMF
F F (Z )‘B'
= N PAPPhy). THE 75  [260]
CHoy ZnCl
CsHyy TMS I Cl,Pd(PPh3), +
\\_)=< \=/(*4\orC4H9 DIBAH, Cul, 81 [99]
ZnBr THF, DMF
a’ ,P-
Et Et B B 1
\\_>=< = Pd(PPhy)s,
ZrCp,Cl P Pr CuCl, THF 64 [272]

(Continued)
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TABLE 16. (Continued)

2 3
R R Type of . Yield
)— < Alkenyl (Selectivity) Ref-
R! M Electrophile X Conditions % erence
Et Et 1
)= = PA(PPhy)s
ZrCp,Cl Pt Pr CuCl, THF 90 (272]
F F I C4Ho
>—< >_<— Pd(PPh;3),, THF 78 [269]
C4Hg ZnCl F F
F F I F
— = PA(PPhy);, THF 80 [269]
F ZnCl cl GsHypy

“See Table 10.

D.ix. Summary

Since its discovery in the 1970s (Sect. A), Pd- and Ni-catalyzed alkenyl—alkenyl
coupling, particularly the Pd version, has been developed into one of the most important
modern methodologies for carbon—carbon bond formation. Alkenylmetals containing Li,
Mg, Zn, B, Al, Si, Sn, Cu, Zr, and other metal counterions have been used in the
coupling, and their merits and demerits depend on a number of factors, such as stereo-
chemistry, regiochemistry, chemoselectivity, product yield, reagent accessibility,
efficiency, operational simplicity, toxicity, and other environmental concerns. Conse-
quently, it is difficult to compare them and rank their overall merits and demerits.
Nonetheless, several of them highlighted in bold letter (i.e., Mg, Zn, B, Al, Sn, and Zr) in
Scheme 72 have been more frequently used than the others.

Li ¢ Frequently used metal countercations:
Mg, Zn, B, Al, Sn, and Zr (shown in bold)

Mg Si « Generally satisfactory:

Zn, B, Al, and Zr (circled)
Cu

@@ Sn

Scheme 72

The currently available data, especially those pertaining to comparison of metal counter-
cations, suggest that the metal of choice in a given case may generally be found among Zn,
B, Al, and Zr. In many cases, Pd-catalyzed reactions of alkenyl- and arylzincs have been
shown to be more favorable than those of the corresponding organomagnesiums. Similarly,
it has become increasingly clear that organozincs and organoborons are generally superior
to organotins in many of the more demanding Pd-catalyzed cross-coupling reactions.



1I1.2.6 Pd-CATALYZED ALKENYL-ARYL 401

Although less frequently used than Zn, B, and Sn, the ability of Al and Zr to partici-
pate in stereo- and regioselective hydrometallation and carbometallation of alkynes cou-
pled with their generally favorable Pd-catalyzed cross-coupling, especially in cases when
Zn salts are used as cocatalysts, make them two generally favorable metals, and their use
may be expected to increase in the future. Despite these comparisons, some merits of Sn,
such as its generally high chemoselectivity and its ability to undergo Pd-catalyzed cross-
coupling in tandem cyclization and other multistage cascade processes, are noteworthy.

Alkenylcoppers have not been frequently used. However, generation of (Z)-3-substi-
tuted alkenylcoppers via carbocupration followed by their Pd-catalyzed cross-coupling
appears to be the method of choice in the synthesis of 1,4-disubstituted (Z,Z)-conjugated
dienes. It also nicely complements the synthesis of 1,4-disubstituted (E,Z)-conjugated di-
enes by the hydrometallation—cross-coupling tandem process involving B, Al, and Zr.

The use of alkenylsilicons in Pd-catalyzed cross-coupling still largely remains as a sci-
entific novelty. Its current main drawback is the low intrinsic reactivity of the C—Si
bond, which must be activated with fluoride and other bases. Furthermore, there do not
appear to be many persuasive examples where the superiority of Si is clearly demon-
strated. Further investigation, especially critical comparison of Si with other widely used
metals, would be necessary for an objective evaluation of Si relative to the others.
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