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. Introduction: Historical Perspective and
Overview of the Scope with Respect to Metal
Countercations

Over the past few decades, the Pd-catalyzed alkyn-
ylation has emerged as one of the most general and
reliable methods for the synthesis of alkynes.!?
Currently, the most widely used by far is a hybrid of
the Cu-promoted Castro—Stephens reaction® and the
alkyne version of the Heck reaction,* which is known
as the Sonogashira reaction®>1° originally reported
in 19755 (Scheme 1). The latter reaction has been
cited well over 1000 times.*! This reaction is consid-
ered generally superior to either the Castro—Stephens
reaction® or the Heck protocol* without the use of a
Cu salt, and it is normally used without checking the
comparative merits among them, even though the
Heck protocol, which is inherently simpler than the
Sonogashira reaction, has been shown to be highly
satisfactory in a number of cases.*?> Moreover, despite
its wide applicability, convenience, and overall excel-
lence, the Sonogashira reaction has also revealed
some significant limitations.

Scheme 1
Castro-Stephens reaction
R'C=CCu + XR? —— R'C=CR?

Heck alkynylation reaction

RIC=CH + xR2 —C@tPdlpbase  gip=cpe
Sonogashira alkynylation reaction
R1CECH + XR2 cat. PdLn, cat. Cul R1CECR2

base

During the 1977-1978 period, Negishi and co-
workers reported the Pd-catalyzed alkynylation reac-
tions of alkynylzincs'®~7 (Scheme 2) and of 1-halo-
1-alkynes.!® Although the Pd-catalyzed alkynylation
with alkynylsodiums has been known since 1975,%°
it is a sluggish reaction of limited scope, requiring
refluxing MeOH, and relatively little use of this
reaction has been reported. Similarly, alkynylmetals
containing other alkali metals, e.g., Li, are generally
unsatisfactory. It has been demonstrated that alky-
nyllithiums are at least as reactive as the corre-
sponding alkynylzincs, if the stoichiometric amount
of a Pd complex, such as Cl,Pd(PPhs),, is used, but
that they hardly produce the desired alkynylation
products in the presence of a catalytic amount of the
same Pd complex. At least in one case, the formation
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of a palladate, which is best represented by Li,Pd-
(C=CR),, was observed (Scheme 3).2° Evidently, the
excessively nucleophilic alkynyllithiums serve as
catalyst poisons by displacing phosphine ligands.
Similar difficulties may be anticipated with Na, K,
and other alkali metals.

The Pd-catalyzed alkynylation reactions with alkyn-
ylmetals containing Mg,*®?! B, Al,%2223 and Sn'®

Negishi and Anastasia

Scheme 2
Riczom + x2 2P0 piczcRe
M =Zn, Mg, B, Al, Sn, etc.
Me Me
nPent—=—M + |@ Py pent—=—vi’
THF —
M of Reaction Cond.? Product Residual
Entry n-PentCECM Temp (°C) Time (h) Yield (%) Ar-l (%)
1 Li 22 1 trace 88
2 Li 22 24 30 80
3 Na reflux 24 58 41
4 MgBr 22 1 29 55
5 MgBr 22 24 49 33
6 ZnCl 22 1 91 8
7 ZnCl 22 3 88 2
8 HgClI 22 1 trace 92
9 HgCl reflux 6 trace 88
10 BBugsLi 22 3 10 76
[11 BBuU,Li reflux 1 92 5]
12 AlBuglLi 22 3 4 80
13 AlBugLi reflux 1 38 10
14 AlBuy 22 3 49 46
15 SiMe3 reflux 1 trace 94
16 SnBuj 22 1 75 14
17 SnBug 22 6 83 6
18 ZrCpoCl reflux 3 0 80

2 1n all cases except entry 3, 5 mol % of Cl,Pd(PPhs3), treated
with 10 mol % of i-Bu,AlH was used as the catalyst. Inentry 3,5
mol % of Pd(PPhs), was used as the catalyst.

Scheme 3
2LICZCR ., RG=C-CZCR + (LICN,PA(PPhg)
CloPd(PPhg), > o e
\_8LIC=CR _ Li,Pd(C=CRY), + 4 LICECR + 2 PPhy
. > 95%

were also reported by Negishi in 1978, even though
the B'524727 and Sn!>%%2 versions have sometimes
been labeled as the Suzuki and Stille alkynylation
reactions, respectively. More systematic investiga-
tions of Pd-catalyzed alkynylation with alkynylstan-
nanes were performed in the early 1980s by Buma-
gin, Beletskaya, and their co-workers?® and later by
Stille.?® Boron and aluminum were hardly used for
alkynylation for almost two decades after the initial
discovery.'®> In the meantime, the Pd-catalyzed reac-
tion of haloalkynes with alkenylalanes and alk-
enylboranes were also reported by Negishi*® and
Suzuki—Miyaura,*° respectively. More recently, the
Pd-catalyzed alkynylation with alkynylboron deriva-
tives has been further investigated.?*-27:31.32 While the
reported results are generally satisfactory, essentially
all of the products that have thus far been prepared
by the alkynylboron reaction are also readily prepa-
rable by either the Sonogashira reaction or the
alkynylzinc reaction. Further investigation of the Pd-
catalyzed alkynylations with alkynylmetals contain-
ing B and Al would be necessary to delineate their
scopes, especially their special merits relative to the
others.
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As indicated earlier, magnesium is often inferior
to Zn for a variety of reasons, including its signifi-
cantly lower chemoselectivity, lower catalytic reactiv-
ity, and lower “pair” selectivity in the direct ethyny-
lation®? (vide infra). In a number of less demanding
cases, however, it is as satisfactory as any others,
including Zn. Inasmuch as most of the other alkyn-
ylmetals are prepared via alkynylmetals containing
Mg, Li, or Na, the reaction of alkynylmagnesium
derivatives in particular should be considered first
before converting them into other derivatives. It
should also be noted that some alkynylmagnesium
derivatives including HC=CMgBr are commercially
available.

Among other main group metals tested in the
initial investigation,’> Hg and Si were totally inef-
fective probably for very different reasons (Scheme
2). Although there are some Pd-catalyzed cross-
coupling reactions of organomercurials known in the
literature,® their scope is very limited. In view of the
relative ease of Hg(ll)-to-Hg(0) reduction,3* organo-
mercurials may interfere with Pd catalysis involving
shuttle between Pd(0) and Pd(Il) complexes. The
inherent toxicity associated with Hg is another
serious concern. The inability of alkynylsilicon de-
rivatives to undergo facile alkynylation!®® must be
due to their intrinsically low reactivity. In fact, Si
has been used as part of alkyne protecting groups,
such as Me;Si, and of precursors to alkynylmetals
containing other metal countercations. In some cases
where fluoride and oxy bases are used as activators,
however, it is likely that alkynylsilicon compounds
containing a hypervalent Si are generated as actual
reactants.® 4

Over the past few years, the Pd-catalyzed cross-
coupling reaction of tris(alkynyl)indiums to give
disubstituted alkynes in excellent yields has been
reported.*64” All three alkynyl groups participate in
the reaction. Thus, despite its limited current scope,
the reaction appears to be rather promising. Al-
though several other main group metals, such as
Cd,*8 Ge**50 Pp,51753 and Bi,>* have been employed
in the Pd-catalyzed cross-coupling, little or nothing
appears to be known about their use in the Pd-
catalyzed alkynylation.

In the countercation screening reported in 1978,15
Zr failed to serve as an effective metal countercation.
As mentioned earlier, the stoichiometric amount of
Cu has been used in the Castro—Stephens reaction®
without the use of Pd catalysts, while a catalytic
amount of Cu is used in the Sonogashira reaction.>10
Recently, the corresponding Pd-catalyzed reaction of
preformed alkynylsilvers with alkenyl triflates has
been reported.>>%6 In view of the relatively high cost
of Ag vis-a-vis other less expensive metals mentioned
above, the practical synthetic value of the Pd-
catalyzed alkynylsilver reaction may be questionable.
Among relatively inexpensive transition metals, Mn
and some other first transition series metals, such
as Ti, Cr, Mo, Fe, Co, and Ni, as well as some
lanthanide metals might be shown to be useful.
Indeed, one reaction of an alkynylmanganese with
an aryl bromide catalyzed by Cl,Pd(dppf) has recently
been reported as shown in eq 1.57 However, little or
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nothing appears to be known about the use of other

transition metal countercations in the Pd-catalyzed
alkynylation.

1% Cl,Pd(dppf
n-Pent—== MnC|+BrOCN 1% ClaPd(dpph)_
24 h
n—Pent%@—CN (1)

91%

In summary, Zn, Mg, and Sn, in addition to Cu
used in catalytic quantities, have been widely used
as part of alkynylmetals, while B, Al, In, and Si have
been shown to be of promise, although their use has
thus far been rather limited (Scheme 4).

Scheme 4
B
Widely used
Mg| Al | Si
Cu|Zn Promising
In | Sn

In the following section, a brief overview of the
scope of the four major protocols, i.e., the Sonogashira
reaction and those involving Zn, Sn, and Mg, with
respect to the electrophilic cross-coupling partners
will be presented first somewhat irrespective of
relative merits and demerits among these protocols.
It will be followed by discussions of some noteworthy
recent advances in which more critical comparisons
among the four protocols mentioned above will be
made. The topics to be discussed in these critical
comparisons include (a) direct ethynylation for pre-
paring terminal alkynes, (b) use of electron-deficient
alkynes, (c) use of sterically demanding organic
electrophiles, (d) selective monoalkynylation of diha-
loalkenes and di- and polyhaloarenes, (e) a-alkyny-
lation of a-haloenones and related derivatives, (f)
strictly pair-selective synthesis of conjugated diynes,
(9) p-haloalkenoic acids and related reactions, (h) use
of 1-haloalkynes, and (i) in situ generation of alkyn-
ylzincs. Also discussed briefly will be some recent
methodological developments with emphasis on
searches for superior phosphine and other ligands as
well as some mechanistic aspects of the Pd-catalyzed
alkynylation.

Il. Scope with Respect to Organic Electrophiles

A. Overview

Since the Pd-catalyzed alkynylation is thought to
be initiated by oxidative addition of Pd to organic
halides and related electrophiles, one may readily
expect that its scope would be limited to those cases
where the above-mentioned oxidative addition can
occur to synthetically useful extents. In this context,
organic electrophiles may be classified as follows
according to the hybridization state of the carbon
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Table 1. The Current Scopes of the Pd-Catalyzed Alkynylation and Other Methods of Alkynylation with Respect
to Organic Electrophiles

T Current Scope 1

Pd-Catalzyed Alkynylation Cu-Catalzyed or Uncatalzyed Alkynylation
without Pd Catalysts

Class of RX R of RX

Cgp2—X Aryl + Widely applicable and satisfactory | e« Generally inferior or unapplicable

Alkenyl « Widely applicable and satisfactory | e Generally inferior or unapplicable

Acyl « Widely applicable and satisfactory | « Alkynylcopper reactions may be competitive
CspX Alkynyl « Not widely investigated « The Cadiot-Chodkiewicz reaction58is currently

most widely used but often problematic.
*Cross-homo scrambling is a y P

potential problem.
| cf. Indirect alternative®®-6° |

o Little appears to be known » The Cu-Catalyzed alkynylmagnesium

CepB—X Allyl

reaction is generally satisfactory.

Benzyl * Benzylation of alkynylindiums is *See above
promising.*”
Propargyl |« Appears to be widely applicable, * See above
producing selectively allenynes.
Alkyl « Generally not applicable due ¢ Primary and some secondary alkyl

to slow oxidative addition

halides can be alkynylated with alkynylmetals
containing Li and other electropositive metals.

« Some tertiary alkyl halides react well with
alkynylalanes.®®

atom bonded to a halogen or a related leaving group

(X):

Class Cspz—x: aryl, alkenyl, and acyl
Class Ci,—X:  alkynyl
Class Cq,—X:  allyl, benzyl, propargyl, and alkyl

Of these, alkyl electrophiles lacking a j,y-unsatur-
ated bond are the only subclass of organic electro-
philes that do not generally undergo synthetically
useful oxidative addition with Pd. As detailed below,
the Pd-catalyzed alkynylation has been shown to be
widely applicable and generally satisfactory in cases
where class Cs,>—X electrophiles are employed.
Although alkynyl halides, i.e., class Cs,—X electro-
philes, readily undergo oxidative addition with Pd,
the scope of their Pd-catalyzed alkynylation has been
surprisingly limited due in part to the formation of
mixtures of cross- and homo-coupled diynes. Another
reason for the fact mentioned above might be that
the alkynyl—alkynyl coupling has traditionally been
achieved often satisfactorily by the Cadiot—Chodk-
iewicz reaction involving the use of Cu catalyst.%® It
should also be pointed out here that an alternative
Pd-catalyzed route to conjugated diynes via alkynyl—
alkenyl coupling with ICH=CHBr or ICH=CHCI5%80
provides a widely applicable and selective method for
the synthesis of conjugated diynes, as detailed later.
Whereas the Pd-catalyzed alkynylation of pro-
pargyl and allenyl electrophiles with alkynylmetals,
especially those containing Zn or Cu, is generally
satisfactory, relatively little has been reported on the

Pd-catalyzed alkynylation of allyl and benzyl elec-
trophiles, which are known to readily undergo not
only oxidative addition with Pd but also cross-
coupling with organometals containing aryl,®1-63
alkenyl %1763 and other groups, including metal eno-
lates.®* Fortunately, alkynylation of allyl, benzyl, and
propargyl electrophiles can often be satisfactorily
achieved by the Cu-catalyzed reaction of alkynyl-
magnesium derivatives with these electrophiles.55-¢7

In summary, the Pd-catalyzed alkynylation is
largely complementary with the previously developed
alkynylation methods involving Cu-catalyzed or un-
catalyzed reactions of alkynylmetals containing Mg
and alkali metals, such as Li, Na, and K, as well as
the Cu-catalyzed Cadiot—Chodkiewicz reaction of
terminal alkynes with alkynyl halides, as indicated
in Table 1. Currently, its main usefulness lies in the
alkynylation of aryl, alkenyl, and acyl halides as well
as their related electrophiles. The Pd-catalyzed alky-
nyl—alkynyl coupling remains to be systematically
investigated, but cross-homo scrambling appears to
be a problem to be overcome. In the meantime, the
alternate method involving Pd-catalyzed alkynyl—
alkenyl coupling mentioned above>®® has been shown
to be superior to the Cadiot—Chodkiewicz reaction>®
in various cases. The Pd-catalyzed alkynylation of
allyl and benzyl electrophiles remains as a puzzle to
be solved by future investigations, even though that
of propargyl and allenyl electrophiles is generally
satisfactory for the synthesis of allenynes but not 1,4-
diynes.

As in the other Pd-catalyzed cross-coupling reac-
tions, the general order of reactivity of organic
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Table 2. Some Representative Procedures and Reaction Conditions for the Sonogashira Alkynylation and the

Pd-Catalyzed Alkynylation with Zn, Sn, and Mg

reaction

symbol? catalyst(s)

added reagent

solvent and others

Sonogashira

Cu-la Cl,Pd(PPhg),-Cul® Et,NH and other R;NH° EtoNH, etc.©

Cu-lb Cl,Pd(PPhs),-CulP EtsN and other RzN¢ Et;NH, etc.c

Cu-lc Cl,Pd(PPhg),-Cul® n-BuNH; and other RNH:* n-BuNH,, etc.

Cu-Id Cl,Pd(PPhs),-CulP piperidine and other cyclic amines piperidine, etc.

Cu-le Clde(PPhg)z-CUlb K>CO3 d

Cu-If Clde(PPh:;)z-CUlb C52CO3 d

Cu-Ix Cl,Pd(PPhs),-CulP others to be specified d

Cu-lla Pd(PPhs),-Cul® Et;N and other R;NH¢ Et;NH, etc.c

Cu-llb Pd(PPh3),-Cul® EtsN and other RzN°® Et;N, etc.

Cu-Vla CI,Pd(RCN),-Cul® i-Pr,NH and other R,NH¢ R>NH, dioxane, toluene, etc.¢

Alkynylation with Zn
Zn-1 Cl,Pd(PPhg), none

Zn-la Cl,Pd(PPhs), DIBAH®
Zn-1b Clzpd(PPh;;)z n-BuLi
Zn-11 Pd(PPh3), none
Alkynylation with Sn
Sn-l Cl,Pd(PPhs); none
Sn-la Cl,Pd(PPhs), DIBAH®
Sn-11 Pd(PPh3), none
Sn-VIII RPd(PPhs).If none
Alkynylation with Mg
Mg-I1 Cl,Pd(PPhs), none
Mg-la Cl,Pd(PPhs), DIBAH®
Mg-11 Pd(PPhs)4 none

THF, DMF, etc.
THF, DMF, etc.
THF, DMF, etc.
THF, DMF, etc.

THF, toluene, etc.
THF, toluene, etc.
THF, toluene, etc.
THF, DMF, (CH.CI); etc.

THEF, etc.
THF, etc.
THF, etc.

a The symbol indicates the metal countercation, the Pd complex, and one critical reagent, cocatalyst, or additive. The bold

Roman numeral indicates one of the following Pd complexes.

Pd complexes containing monophosphines
and those without phosphines

Pd complexes containing bidentate
phosphines

I = Clde(PPhs)z

I = Pd(PPh3)4

111 = Pd(OAC),

1V = LI2PdC|4

V = Pd(dba), (n = 1.5 or 2)
VI = Clde(RCN)z

VIl = CI,Pd(TFP,), where TFP = tris(2-furyl)phosphine

VIl = RPd(PPhgs),X, RX to be specified

IX= Pd(t-BU3P)2

X = Other monophosphine-containing Pd
complexes to be specified

X1 = Cl,Pd(dppf)

X1l = Cl,Pd(dppp)

X111 = Cl,Pd(dppb)

X1V = Cl,Pd(DPEphos)

XX = other chelating phosphine-containing
Pd complexes

b The Pd/Cu ratio is typically 1/2. ¢ Bases and solvents are often the same. In some cases, cosolvents, such as benzene and
pyridine, are used. ¢ For the definition of a-x, see Cu-la~Cu-Ix. ¢ The Pd/Al ratio is 1/2. Use of DIBAH may be omitted, but some
reactants and/or other reagents will be consumed to generate active Pd(0) catalysts. Other added reagetns, such as n-BuLi, may
also be used. fR = Ar, such as Ph, Bn, etc., to be specificed in parentheses.

electrophiles with respect to (a) leaving groups (X)
and (b) substituents is as shown below:

Reactivity of leaving group (X):1> OTf> Br > Cl
Reactivity of substituent: EWG > H > EDG

(EWG = electron-withdrawing group.
EDG = electron-donating group)

These orders are in line with those observed in the
oxidative addition of Pd(0) complexes to organic
electrophiles. Recently, iodonium cations have been
used as leaving groups of superior reactivity,89"*
although their practical synthetic utility remains to
be further delineated. Some other important features
of organic electrophiles include steric effects and
chelation. As important factors other than those
associated with organic electrophiles, (a) substituents
in alkynyl groups, (b) metal countercations discussed

in the previous section, (c) cocatalysts, such as Cul,
(d) ligands, (e) additives, (f) solvents, and (g) other
reaction parameters, such as reaction temperature
and time, must be considered.

As Pd catalysts or precatalysts to be exact, Cl,Pd-
(PPh3), and Pd(PPhs3),; have been most frequently
used. It has, however, become increasingly clear that
the use of other Pd catalysts is desirable in some
highly demanding cases. In the following discussions,
the numerical symbols listed as the footnote a in
Table 2 may be used for representing Pd catalysts.
Various protocols and procedures may also be indi-
cated by using the abbreviation symbols also shown
in Table 2.

In this section, attention will be mainly focused on
generally favorable cases of the Pd-catalyzed alkyn-
ylation without critical and detailed comparison
among the widely used protocols primarily to catalog
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Table 3. Early Investigations of the Pd-Catalyzed Alkynylation of Aryl Electrophiles with Cu, Zn, Sn, and Mg

Countercations

R'C=CH or —— Reaction Conditions —————— pyoduct
R'C=CM ArX Procedure? Solvent Temp, °C Time, h Yield, %°  Ref.
Sonogashira alkynylation
PhC=CH 0-NO,CgH,4Br Cu-la Et,NH rt 3 90 5
HOCH,C=CH 0-NO,CgH,4Br Cu-la Et,NH rt 3 80 5
Me3SiC=CH 0-NO,CgH,4Br Cu-Ib Et;N rt 4 70 8
Me3SiC=CH p-NO,CgH,Br Cu-Ib EtzN rt 4 88 8
Me;SiC=CH p-NCCgH,Br Cu-Ib Et;N rt 4 82 8
Me3SiC=CH p-MeO,CCgH,Br Cu-Ib EtzN rt 4 89 8
Me3SiC=CH p-H;NCCgH,! Cu-Ib EtzN 40 4 83 8
Me3SiC=CH [-Naphl Cu-Ib Et3N rt 4 85 8
Me,SiC=CH ;—©~| Cu-la Et,NH rt 4 80 8
| .
MeySICECH @ Culd piperidine  nt 4 85 8
|
Me;SiC=CH (|~©—)§ Cu-la Et,NH, CgHg 1t 4 80 8
Me,
MesSiC=CH Br@—Br Cu-Id piperidine t 4 85 8
Me
Alkynylation with RC=CZnX
n-PentC=CZnClI 0-MeCgHy,l Zn-la (DIBAH) THF rt 1 - (88) 14,15
n-PentC=CZnCl m-MeCgH,! Zn-1a (DIBAH) THF t 1 79 (89) 15
n-PentC=CZnCl p-MeCgHyl Zn-11 THF rt 0.5 70 (92) 14
n-PentC=CZnCl Pp-NCCgHyl Zn-11 THF rt 4 - (93) 14
n-PentC=CZnCl p-OoNCgHyl Zn-Ia (DIBAH) THF rt 3 64 (94) 14
PhC=CZnClI Phi Zn-I1 THF rt 0.5 74 (93) 14
PhC=CZnClI m-MeCgH,! Zn-1a (DIBAH) THF rt 15 80(87) 14
Alkynylation with RC=CSnX;
n-PentC=CSnBug 0-MeCgHy,l Sn-Ia (DIBAH) THF rt 6 — (83) 15
Alkynylation with RC=CMgX
n-PentC=CMgBr 0-MeCgHy,l Mg-Ia (DIBAH) THF rt 24 49 15

a See Table 2. An added reagent is indicated in parentheses. | = cat.Cl;Pd(PPhs).. Il = cat.Pd(PPh3)s. Cu-l = cat.Cl,Pd(PPh3)..
+ cat.Cul. ® Isolated yield. The numbers in parentheses are yields by GLC or NMR spectroscopy.

some representative examples and to thereby sub-
stantiate some of the generalizations presented in
Table 1.

B. Aryl Electrophiles
1. Carbocyclic Aryl Electrophiles

Some of the earliest prototypical examples of the
Pd-catalyzed alkynylation of aryl electrophiles by the
Sonogashira reaction®® as well as by the reaction with
alkynylmetals containing Zn!4-1¢ and Sn'51628 re-
ported in and before 1980 are shown in Table 3.
These results indicate that the Pd-catalyzed alkynyl—
aryl coupling may satisfactorily be achieved in many
less demanding cases by using aryl iodides or bro-
mides including those containing either electron-
withdrawing or electron-donating substituents.

In fact, those reactions involving the use of Cu, Zn,
and Sn have since been widely used to produce many
satisfactory results, accounting for the great majority

of the reported cases until the mid-1990s. Some of
their representative examples reported since 1980
along with more recently reported results with B, In,
and Si are shown in Table 4. Since most of the
reported results are favorable, their comparative
merits are not very clear. In addition to consideration
of some of more obvious factors, such as cost, opera-
tional simplicity, and toxicity, investigation of com-
parative merits in chemically more demanding cases
would be desirable.

An interesting application of the Pd-catalyzed
alkynylation with alkynylstannanes is the synthesis
of various alkynyl-substituted sw-arene—metal com-
plexes containing s-arenes of various ring sizes
(Scheme 5).

A relatively few applications of the Pd-catalyzed
alkynyl—aryl coupling to the natural products syn-
thesis have been reported. Recent synthesis of dehy-
drotremetone?® and lunularic acid?’ via Pd-catalyzed
alkynylation of carbocyclic aryl bromides and triflates
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Table 4. Representative Examples of the Pd-Catalyzed Alkynylation of Aryl Electrophiles Reported since 1981

R'CZCH or —— Reaction Conditons —— Product
R'C=CM ArX Procedure? Solvent T,°C Time,h  Yield, %? Ref.
Sonogashira alkynylation
MeC=CH 0-MeCgH,Br Cu-Ib Et,N 24 4-16 86 72
t-BuC=CH Phi Cu-Ib (Et3N) MeCN 25 3 88 73
n-BuC=CH p-AcCgH,Br Cu-Ib (EtzN) THF 25 16 91 74
n-PentC=CH p-OaNCgHyl Cu-VIIIb (EtsN) CHCly 60 1 100 75
n-PentC=CH p-O,NCgH, ! Cu-IIb Et;N 90 24 85 76
PhC=CH p-MeCgH,l Cu-X'b (EtzN) MeCN, H,0 23 5 96 77
PhC=CH p-MeCgH,Br Cu-Ib (Et3N) THF 25 16 87 74
PhC=CH 2,6-Me,CgHyl Cu-VlIa (i-Pr,NH)  dioxane 23 0.5-15 63 78
HOCH,C=CH p-MeOCgH,l Cu-Ila (Et,NH) Et,NH 25 2 92 12a
MeCH(OH)C=CH 0-MeOCgH,I Cu-Vla (-Pr,NH)  toluene 23 24 45 79
HOMe,C=CH 0-MeOCgH,Br Cu-Vla (i-Pr,NH)  dioxane 20 23 84 80
HOMe,C=CH 2,4,6-(Me0);C¢H,l  Cu-Ib DMF 80 21 67 81
RSCH,C=CH 0-MeOCgH,l Cu-Ib (Et3N) MeCN 25 24 77 82
MeHNCOC=CH 0-MeOCgH,! Cu-X?b (EtzN) DMSO 23 16 95 83
Me;SiC=CH 0-MeCgH,l Cu-lIx (TEBAC) benzene, NaOH 40 48 46 84
Me,;SIC=CH p-AcCgH,Br Cu-Ib (Et3N) THF 25 16 92 75
Me;SiC=CH p-MeOCgH,Br Cu-VIa (i-Pr,NH)  dioxane 20 5-15 90 78
Me;SIC=CH 0-C¢H4(OTH), Cu-lb (Et;N, Kl)  DMF 70 4 91 84
Alkynylation with RC=CZnX
t-BuC=C2ZnCI Phi Zn-11 THF 22 0.1 92 85
t-BuC=CznCl a-NaphBr Zn-11 THF reflux 6 67 86
F,CC=CZnCl Phi Zn-11 THF 50 4 96 87
MeOCH,C=CzZnCl PhOTf Zn-11 DMB-benzene 90 8 67 88
EtOC=CZnCl Phi Zn-1 THF 23 4 65 89
EtOC=CZnCl 0-CICgH,OTH Zn-1 THF 23 4 65 89
MeQ Me
C=CZnCl Me | Zn-II THF 50 7 73 90
Bnov\”/ M  OMe
Alkynylation with RC=SnX3
n-PrC=CSnBug 0-AcNHCgH4Br Sn-11 toluene 100 2.5 77 91
PhC=CSnMez  p-NCCgHyl Sn-viy’ DMF 20 0.17 95 92
PhC=CSnBuz  p-AcCgHyBr Sn-x3 toluene 90 72 90 93
PhC=CSnBug 0-CF3CgHyl Sn-x? toluene 80 32 92 93
PhC=CSnMeg p-OoNCgH,l Sn-vir’ DMF 20 0.1 93 92
PhC=CSnBug 2,4,6-(0oN)3CgHol  SN-VIII? (CH,Cl)o 130 1.5 85 94
EtO,CC=CSnBug Phl Sn-I (Et4NCI) DMF 23 2 94 95
Me3Si(C=C),SnBuz  0-OHCCgH4Br Sn-I toluene 110 2 91 96
EtOC=CSnMe;  Phi Sn-1 (Et4NCI) DMF 23 6 53 97
EtOC=CSnMej p-OoNCgHyl Sn-1 (Et4NCI) DMF 20 0.1 80 97
EtOC=CSnMeg p-MeOCgH,l Sn-I (Et4NCI) DMF 23 1.5 66 97
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Table 4 (Continued)

R'C=CH or —— Reaction Conditions ————— Product
R'c=CcMm ArX Procedure? Solvent T,°C Time, h Yield, %? Ref.

Alkynylation with RC=CBX3M

n-PentC=CBBugLi 0-MeCgHyl B-I (DIBAH) THF reflux. 1 - (92) 15
n-HexC=CB(OPr-j)sLi  o-MeCgHyl B-II THF 60 15 75 31
n-BuC=CB(OPr-j)zLi  p-MeCgHyl B-1I (Cul) DMF 80 5 97 33
n-BuC=CB(OPr-j)zLi  p-OoNCgHyl B-1I (Cul) DMF 80 5 97 33
n-BuC=CB(OPr-j)sLi  2,4,6-(Me0)3CgHal B-II (Cul) DMF 80 48 27 33
PhC=CB(OPr-)zLi  o-MeCgHyl B-II (Cul) DMF 60 15 96 33
PhC=CB(OPr-jzLi  p-MeCgHyl B-II (Cul) DMF 23 24 90 33
PhC=CB(OPr-j)gLi  p-OoNCgHyl B-1I (Cul) DMF 60 15 98 33
PhC=CBR,(OMe)K® p-OHCCgH4Br B-XI THF reflux 1 77 26
PhC=CBR,(OMe)K® p-NCCgH,4Br B-XI THF reflux. 1 93 26
PhC=CBR,(OMe)K® p-NCCgH,Br B-XI THF reflux 1 89 26

Alkynylation with RC=CAIX,
n-PentC=CAIBu, o0-MeCgHyl Al-I (DIBAH) THF rt 3 = (49) 15

Alkynylation with (RC=C)3In

(PhC=C)slIn p-MeCgHyl In-I THF reflux 0.5 90 46,47
(PhC=C)3ln p-AcCgH4OTE In-I THF reflux 1 94 46,47
(MegSiC=C)3in p-MeCgH,4OTf In-I THF reflux 1 93 46,47
(MegSIiC=C)3ln p-AcCgH4OTS In-I THF reflux 1 91 46,47

Alkynylation with RC=CSiX3

PhC=CSiMej3 p-AcCgHyl Si-II (CuCl) DMF 80 12 - (84) 38
PhC=CSiMe3 p-ArCgHyBr Si-II (CuCl) DMF 80 12 - (27) 38

PhC=CSiMeg p-AcCgH,OTf Si-II (CuCl) DMF 80 24 89 (97) 37,38
PhC=CSiMe3 a-NaphOTf Si-1I (CuCl) DMF 80 14 - (64) 38
PhC=CSiMej3 [NaphOTf Si-1I (CuCl) DMF 80 12 - (65) 38
p-NCCgH,C=CSiMe, p-AcCgH,4OTf Si-II (CuCl) DMF 80 3-24 52 (98) 37
p-MeOCgH,C=CSiMe; p-AcCgH,OTf Si-II (CuCl) DMF 80 3-24  65(>99) 37
P-MeOC=CsiMes p-AcCgH,Cl Si-XI(CuCl) DMF 120 12 56 38
[s—y‘caosnvle3 p-NCCgH,OTt Si-ll(CuCl) DMF 80 3-24 52 (71) 37
PhC=CSiMe,OH Phl Si-II (CsF) THF 60 12 <5 42
PhC=CSiMe,OH Phl Si-II (Ag20) THF 60 2 78 42
PhC=CSiMe,OH Phl Si-1I (TBAF) THF 60 2 90 42
PhC=CSiMe,OH m-MeCgHyl Si-II (TBAF) THF 60 2.5 95 42
PhC=CSiMe,0OH p-AcCgHyl Si-II (TBAF) THF 60 2 78 42
PhC=CSiMe,0OH m-BrCgHyl Si-II (TBAF) THF 60 2 73 42
PhC=CSiMe,OH f-Naphl Si-II (TBAF) THF 60 3 71 42

a See Table 2. All Cu procedures use cat.Cul. An additional reagent is indicated in parentheses. | = cat.CI,Pd(PPh3),. Il =

cat.Pd(PPh3)4. VI = cat.CIde(RCN)z. VI = cat.p-N02CGH4PdI(PPh3)2. VIZ = Cat.CGHspdl(PPha)z. Xl = Cat.Pd(PPh3)2(m-
CeH4S03Na).H,0. X2 = cat.Pd(PPh3),(OAC),. X3 = cat.PdCI(n-CsHs),. X1 = cat.Cl,Pd(dppf).  Isolated yields. The numbers in
parentheses are GLC or NMR yields. ¢ BR, = 9-BBN.

with alkynylborates shown in Scheme 6 are repre- On the other hand, a fair number of its applications
sentative. Also noteworthy are the syntheses of to the synthesis of polymers and other compounds of
enantiopure chromane moiety of vitamin E.%° material chemical interest have been reported#°103-106
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Scheme 5
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(Scheme 7). For the synthesis of polymers, the
Sonogashira reaction and those employing thermally
and hydrolytically stable alkynylmetals, such as
alkylboranes, alkynylsilanes, and alkynylstannanes,
may offer an advantage in terms of ability to purify
alkynyl reagents.

OTBS

2. Heteroaryl Electrophiles

Despite the presence of proximal heteroatoms,
including N, O, and S, that might be expected to
significantly affect the course of the Pd-catalyzed
alkynylation of heteroaryl electrophiles, a wide va-
riety of heteroaryl electrophiles have been success-
fully alkynylated, as indicated by the results shown
in Tables 5 and 6 as well as Schemes 8—13.

a. Five-Membered Heteroaromatic Electro-
philes Containing One Heteroatom. Both o- and
fp-halo and related derivatives of pyrrole, furan, and
thiophene have been satisfactorily alkynylated by
using either the Sonogashira coupling or the Negishi

Chemical Reviews, 2003, Vol. 103, No. 5 1987

Scheme 7
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5% Pd(PPhg)s
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55%
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S CHO Ref. 26

L

RC=C” 87 “CHO
R = Me (52%), Ph (68%)

coupling with alkynylzincs. Although the number of
examples involving the use of other metal counter-
cations is limited, alkynylmetals containing Mg,*%"
Sn,%8 Sj %6 and B26 have also been employed in some
cases (Table 5 and Scheme 8).

In the Pd-catalyzed alkynylation of a,S-dihalo-
thiophenes and related furans, alkynylation can be
achieved selectively in the a position, indicating that
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Table 5. Pd-Catalyzed Alkynylation of Five-Membered Heteroaryl Electrophiles Containing One Heteroatom

R'CZCH or ———— Reaction Conditons —————— Product
R'C=CM ArX Procedure? Solvent T,°C Time,h vyield, %P Ref:
Me3SiC=CH | ,[‘ N |] Cu-Ib (LiBr) EtsN/THF 70-75 3 79 2
Me
HC=CZnBr ,[' B Zn-11 THF 23 4 -(76) 109
1”7 N
Me
Me3SIC=CH J:' |] Cu-Ib (LiBr) EtzN/THF reflux 1 74 2
Br O
HC=CZnBr ,[l U Zn-11 THF 23 4 -(92) 109
igle}
HC=CZnBr @ Zn-11 THF 23 4 72(78) 109
|
Br
HO+C§CH [' |] Cu-Ia (LiBr) (iFPr)aNH/ reflux 5 77 2
o piperidine/THF
|
THPO/\KCECZnBr [ o J Zn-11 THE 23 1 -(82 110
Me3SiC=CH J:' S |] Cu-Ib (LiBr) EtsN/THF 90-95 2 75 2
Br
HO+CECH ,[] S |] Cu-Ib (LiBr) EtgN/THF 90-95 2 85 2
Br
MeC=CZnBr | J:' s ﬂ Zn-11 THF rt 1 82(92) 14
n-PentC=CZnBr J:‘ s |] Zn-la THF rt 2 70 (85) 14
|
n-PentC=CZnBr ,[' '] Zn-11 THF rt 48 -(75) 14
Br S
HC=CZnBr ﬂ |l Zn-11 THF 22-23 1 80(87) 109
| S Me
HC=CZnBr | /@ Zn-1I THF 22-23 1 71(92) 109
Br.
Me3SiC=CH [I s |] Cu-IId (LiBr) piperidine/THF  reflux 0.5 88 2
I SiMe;
BuzSnC=CSnBujy [l ]I Sn-II dioxane reflux 6 56 108
S
a See Table 2. All Cu procedures us cat.Cul. An additional reagent is indicated in parentheses. I = cat.CI,Pd(PPhs),. Il =

cat.Pd(PPhg),. © Isolated yields. The numbers in parentheses are GLC or NMR yields.

the o-carbon—halogen bond is substantially more
reactive than that in the § position (Scheme 9). Also
shown in Scheme 9 are a couple of examples of the
use of heteroaryl triflates.'3

b. Five-Membered Heteroaryl Electrophiles
Containing Two or More Heteroatoms. The Pd-
catalyzed alkynylation of five-membered heteroaryl
electrophiles containing two or more heteroatoms
have thus far been mostly achieved by the Sonogash-
ira reaction, which appears to be satisfactory in a
variety of cases. Although the currently available
data on the use of alkynlzincs and other alkynylmet-
als are very limited, they might also be expected to
be widely applicable, judging from the results shown
in Table 5 and Scheme 8. Suffice it to indicate, most
of the five-membered heteroaryl electrophiles con-
taining (i) two nitrogens, (ii) one each of N and O,
and (iii) one each of N and S have been alkynylated
by using mainly the Sonogashira reaction. Those
parent heteroaryl frameworks indicating the position
of the leaving with X that are shown in Scheme 10
have been successfully alkynylated, and the readers

are referred to some recent reviews for further
details.2'* A few notable applications to the synthe-
sis of structurally complex heteroarylalkynes con-
taining two heteroatoms in a five-membered het-
eroaryl ring are shown in Scheme 11.

c. Six-Membered Heteroaryl Electrophiles.
The Pd-catalyzed alkynylation of six-membered het-
eroaryl electrophiles has been mostly achieved by the
Sonogashira reaction and the Negishi coupling with
alkynylzincs. The electron-deficient nature of six-
membered heteroaryl groups might be expected to
favor the desired alkynylation. In reality, however,
the heteroatoms can also exert rate retardation, as
in the cases of other heteroaryl electrophiles. Despite
these potential complications, a number of favorable
results have been observed, as indicated by the
results shown in Table 6. Additional results obtained
with six-membered heteroaryl electrophiles contain-
ing two nitrogen atoms are shown in Scheme 12.

Although many alkyne-substituted heteroarenes
have been synthesized as compounds of medicinal
interest, the number of natural products containing
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Table 6. Pd-Catalyzed Alkynylation of Six-Membered Heteroaryl Electrophiles Containing One N Atom

R'CZCH or —— Reaction Conditons ——— Product
R'C=CM ArX Procedure? Solvent T,°C Time, h  vield, %° Ref.
2-Pyridyl BN
PhC=CH | Cu-la Et,NH t 3 99 5
Br N
A
Me3SICECH | Cu-lb EtsN 120 12 80 117
c N
X
HC=CZnBr | Zn-11 THF 22 5 - (70) 109
N
A
n-HexC=CZnBr | Zn-u1 THF 23 5 79 118
Br N
A
BrZnO——C=CZnBr | Zn-11 THF 22 8 76 (83) 109
Br N
3-Pyridyl B
N
Me,SIC=CH | Cu-lb EteN reflux 1 94 2
N
Br N
BrZnO——C=CZnBr | Zn-11 THF 22 8 83 109
N
! S
EtOOCCZCZnCl | Zn-1 THF-hexane 50 2 38 95
N
=z | Br: X
Bno” SN C=CzZnC 810 N/ Zn-1I 79 119
IO\
Me3SICECSnBu, | Sn-11 dioxane 80 2 83 120
MeOOC” N
4-Pyridy!
_ 78\
PhC=CZnClI Br N Zn-I1 THF reflux overnight 84 121
Quinoly! Br N
HC=CZnBr | Zn-11 THF-DMF 50-55 24 55 109
N
PhC=CSnBug m Sn-lI(LCl) dioxane 90 16 65 122
T~ N7
Isoquinolyl Br
A
HC=CZnBr P Zn-11 THF-DMF 50-55 24 58 (62) 109

aSee Table 2 for procedure symbols. ® Isolated yields. The numbers in parentheses are GLC or NMR yields. ¢ Not indicated.

heteroarenes synthesized by Pd-catalyzed alkynyla-
tion is still very small, and the target molecules have
been largely limited to simple ones, such as 5-(3-
buten-1-ynyl)-2,2-bithienyl,7 junipal,?® a thiophene-
lactone,'® and freelingyne!'© (Scheme 13).

C. Alkenyl Electrophiles
1. Background and General Discussion

Alkenyl electrophiles are generally more reactive
in Pd-catalyzed cross-coupling reactions than aryl

electrophiles containing the same leaving groups.31.132
Thus, not only alkenyl iodides, triflates, and bromides
but even chlorides can often react readily and
satisfactorily, as eloquently indicated by a synthesis
of the sex pheromone of Egyptian cotton leafworm,
Spodoptera littoralis,'33 shown in Scheme 14.

Along with many favorable consequences of the
generally high reactivity of alkenyl electrophiles,
however, there are a number of complicating and
often negative consequences associated with alkenyl
electrophiles, as discussed later. Their cross-coupling
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Scheme 9
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reactions are generally more varied, more sensitive
to practically all factors pertaining to their reactions,
and hence often more capricious and unpredictable
than those of aryl electrophiles.

As in most of the other cases, the Pd-catalyzed
alkynylation of alkenyl electrophiles were initially

Negishi and Anastasia

Scheme 12
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achieved by and large by using the Sonogashira
coupling® and the Negishi coupling with alkynyl-
zincs,® as indicated by the results shown in Table 7.
The use of Mg was also introduced in the late 1970s.2*

Although the Pd-catalyzed alkynylation of aryl
halides with alkynyltins was reported as early as
1978,'5 its earliest application to alkynylation of
alkenyl electrophiles was most probably that reported
in 198634 and shown in Scheme 15. Also shown in
Scheme 15 is another earlier example in the synthe-
sis of terbinafine.13®

Activation of alkynylsilanes for the Pd-catalyzed
alkynyl—alkenyl coupling with the stoichiometric
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Table 7. Representative Early Examples of the Pd-Catalyzed Alkynyl—Alkenyl Coupling

RICZCH or — Reaction Conditions ——————————1 p 4.«
R'C=CM ArX Procedure? Solvent T,°C Time, h Yield, %? - Ref.
Sonogashira coupling
PhC=CH BrCH=CH, Cu-la Et,NH nt 3 91 5
HOH,CC=CH BrCH=CH, Cu-la Et,NH it 3 40 5
PhC=CH B Xx-Ph Cu-la Et,NH nt 3 90 5
HOH,CC=CH B Xx-Ph Cu-la Et,NH rt 3 70 5
PhC=CH BNy Ph Cu-la Et;NH n 3 99 5
Ph
PhCZCH Br—@ Cu-la EtoNH t 3 95 5
HOH,CC=CH Br‘@ "~ Cula Et,NH 7t 3 70 5
Negishi coupling with RC=CZnX
n-PentC=CZnCl XABUn zan THF 25 NAS 76 (87) 13
n-PentC=CZnCl '/\B Zn-1l THF 25 NAC - (82) 13
u-n
| Bu-n
n-PentC=CZnCl & Zn-Ia (DIBAH) THF 25 NAC - (80) 13
t
| COOMe
n-BuC=CZnCl \f Zn-Il THF 25 NA® 65 (87) 13
e
Alkynylation with RC=CMgX
MeC=CMgClI X Hexn gy THF it 2 83 21

a See Table 2 for procedure symbols. ? Isolated yields. The numbers in parentheses are GLC yields. ¢ Data not available.

Scheme 13
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amount of tris(diethylamino)sulfonium difluorotri-
methylsilicate (TASF) was reported in 1988.3° Since
then, attempts have been made to develop alternative
procedures for the Pd-catalyzed alkynylation with
alkynylsilanes. One recently reported procedure, for

Scheme 15

CgH.
SnBu;; e

M7 at. Pd(PPhg)s
_LiCLTHF | [
OTBS T Ret13a
oT 77%

OTBS

cat. CloPd(MeCN),
DMF, 0°C
M =SnBug, X =1

e Ref. 135, 80% Y

Me
tBUCZCM + X N

cat. Pd(PPhg),, Cul
M = SnBujz or B(OPr-j)sLi DMF, 60 °C, 36h

X=lorBr M = B(OPr-sLi, X = Br ~

Ref. 33, 98%

Me
tBu—=_~ N
terbinafine

Scheme 16
10% Pd(PPhg)4

20% Agl
1.5 equiv TBAF-3H,0

, Vi | DMF,n
SiRz + TIO
| Ref. 56
R‘—<: )—\—

66-99%

RI—=

Me o]

R' =By, HoC=G— ,HO/\LY

Me

example, involves the use of 1.5 equiv of TBAF in
place of TASF and 20 mol % of Agl as a cocatalyst®®
(Scheme 16). Since alkynylsilanes can be readily
desilated by using inexpensive reagents, such as K-
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Table 8. Representative Examples of the Pd-Catalyzed Alkynylation of Alkenyl Electrophiles Reported since 1980

R'C=CH or Alkenyl —— Reaction Conditions ———————— poquct
R'C=CM Electrophile Procedure? Solvent T,°C Time, h Yield, %° Ref.

Sonogashira alkynylation

n-PentC=CH o xPentn Cu-ld piperidine rt 20 93 136
HO(H,C);C=CH X Pentn Cu-Ild pyrrolidine 25 02 0  12a
Me SIC=CH o/ “=—pn Cumm FPrNE c c 70 137
PhC=CH Br—@ Cu-11d pyrrolidine ¢ ¢ 67 138

AcO

— Ph
HOH,CC=CH CI?:/ Cu-lld piperidine ¢ ¢ 62 139

Negishi coupling with RC=CZnX

BB
nHexC=CznCl  Br N0 Zn-1 pentane-THF 1t c >63 140
SiMe.
Q—czozm Br X" Zn11 THF 0 15 87 141
_ /\/SiMe3
czcznCl BT Zn-11 THF 0 4 81 141
N
MesSiIC=CznCl  Br X7 S Zn-I1 THE 0 8 86 142
n-Hex H
n-BuC=C2zZnCl — Zn-11 THF ¢ ¢ 85 143
I” SiMe,
Me,Si n-Hex
nBuC=CzZnCl >=< Zn-II THF ¢ ¢ 73 143
" H
| Me
n-HexC=CzZnCl \Ef Zn-11 THF it c 78 (81) 144
n-HexC=CZnCl  ICF=CF, Zn-I1 THE c ¢ 62 145

Alkynylation with RC=CSnX;

PhC=CSnMe; I@ Sn-It c c ° 90 146
PhC=CSnMe Tfo—o—}— Sn-It c c ° 90 147

+-BuC=CSnBu; | Sn-1I ¢ ¢ ¢ ¢ 148
o
o
Br
o
HC=CSnBu, >< sn-It benzene dx 05 74 149
o
oTIPS
HC=CSnBu; | AN A_OH Sn-I1 THF c ¢ 91 150
Et
Tfo ~>CcooBu-t
Me;SIC=CSnBu, [ Sn-v¥(znCly)  NMP-Et,0 c ¢ 44 151
N7 COO0Bu-t
COPh
Bu;SnC=CSnBu, ©/Bf Sn-v THF nt 24 45 152
2
Alkynylation with RC=CSiX;
n-Pent=CSiMe; g~ X" Si-x® THF-HMPA n ¢ 86 35

MeOOCECSiMea Tf0—<:>+ Si-IIa’ DMF 80 12 90 (>99) 37
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Table 8 (Continued)
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R'C=CH or Alkenyl

—— Reaction Conditons —————————1  proquct

R'C=CM Electrophile Procedure? Solvent T,°C Time,h Yield, %° Ref.
Alkynylation with RC=CBX;M
+BUC=CBXgLi 9 Br/? B-1I THF-MeOH rfx ¢ 56 24
Me;SiC=CBX,Li " /\ B-11 THF . rix c 83 25
Br Bu-n
- L-Bun c
Me;SiC=CBX,Li 9 Br™ ™ B-I1 THF rfx 55 24
Ph
Me;SiCECBX,Li 9 Br™ ™ B-II THF fx ¢ 55 24

a See Table 2 for procedure symbols.  Isolated yields. The numbers in parentheses are GLC or NMR yields. ¢ Data not available.

dv = pd(dba),, TFP, ZnCl,. ¢ X
"BX:s = Me0B—O

= (#3-CsHsPdCl),, TASF (1.3 equiv), P(OEt)s. ' Ila = Pd(PPha)s, CuCl. 9 BX; = B-MeO-9-BBN.

CO3-MeOH, and can subsequently be used in the
Sonogashira, Negishi, and other Pd-catalyzed alkyn-
ylation reactions, critical comparison among various
available options would be desirable. Yet another
notable recent development involves the use of tris-
(alkynyl)indiums?*647 (Scheme 17).

Scheme 17
CloPd(PPhg),
- 74 THF, reflux
Ph—="I 3
( —tn + TfO—O
3 Ph
95%
Cl,Pd(PPhg),
THF, refl
(MegSl—)—ln + 3 Tfo@ I  [OTX
3 Me;Si

93%

While recent developments involving the use of Si,
B, In, and other metals are interesting and promising
in some cases, most of the currently known examples
of the Pd-catalyzed alkynyl—alkenyl coupling involve
the use of Cu, Zn, and Sn. In some cases, Mg has
also been shown to be satisfactory and competitive.
In many less-demanding cases, these reactions ap-
pear to give roughly comparable results, and once
again, some other factors, such as cost, ease of
operation, and toxicity, may prove to be decisive
factors in the final selection. This generalization may
be supported by the results reported over the past
two decades shown in Table 8 and Schemes 18—20.
Other more delicate and demanding cases will be
discussed in section Il1I.

Despite the very favorable results obtained with
both alkenyl chlorides and iodides shown in Scheme
14,13 the Sonogashira alkynylation has been shown
to be very sensitive to various factors. For example,
under the conditions of the original procedure for the
Sonogashira coupling,® the reaction of 1-heptyne with
(E)-1-iodo-1-hexene and (Z)-1-bromo-1-hexene gave
the desired products only in 30% and 32% vyields,
respectively. The former yield was improved to 50%

Scheme 18
R R
R® |
Pd(PPhg)4
Me3zSn—=—=—SiMe3
Ref. 36
| R6
> RZ R
>_L TASF Ra_ — R6
|Me3 —
R4 HS
R2 I Ré
R® R* RS Product Yield, %

=\ I>: 8

n-Oct n-Bu
1
A, e
|
Scheme 19
R'C=CSnBug
cat. Pd(PPhg),
dioxane
R—= + ISiMe; —=
Ref. 153
R H
| SiMes R‘E)_< SiMe;
70-97%
Scheme 20
cat. Cl,Pd(PPhg), + 2 BuLi
DMF, 25°C, i
Ph—=—2nCl + |17 5°C, overnight =z
Ref. 154 Ph
0znCl OH
90% (> 98% 2)
ZnCl x
cat. CloPd(PPhg), + 2 BuLi =
DMF, reflux, 5h
OH
Ref. 154
OznCl 68% (> 96% 2)

through the use of 10% aqueous NaOH in place of
Et,NH and BnEt;NCI as a phase transfer catalyst!>®
(Scheme 21).
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Scheme 21
cat. Cl,Pd(PPhg),, Cul
EtoNH, rt nPent—=="x Bu-n
30%
rpent—= + 172" cat. Pd(PPha)s, Cul
aq. NaOH
\_BnEtsNCl, benzene o —— N _Bu-n
50%
cat. Cl,Pd(PPhg),, Cul
n-Pent——== + Br/\ EtoNH, it n—Penté\
Bu-n Bu-n

32%

The strongly condition-dependent and unpredict-
able nature of the alkynyl—alkenyl coupling by the
Sonogashira reaction may be further gleaned from
the results shown in Scheme 22. Fortunately, one or
more satisfactory sets of conditions have been ob-
served in each case.

Scheme 22
5% PdL,
10% Cul
n-Pent—= + Cl/\/Pent-n Amine, n—Pent—___/\/Pem_n
Ref. 136
Pd Complex Amine Product Yield, %
Pd(PPhg), piperidine 1
Pd(PPhg)s n-PrNH, 62
ClLPd(PPhs),  piperidine 93
ClPd(PhCN),  piperidine 93
5% PdL,
Cocatalyst
HO = N Pentn _Amine, 25°C /\/E/\/Pe”""
Ref. 12a HO
Pd Complex Cocatalyst Amine Product Yield, %
Pd(PPhg), none ProNH 3
Pd(PPhg)s 10% Cul FProNH 81
Pd(PPhg), none piperidine 93
Pd(PPh3), 10% Cul piperidine 90

2. Conjugate Substitution with 3-Halo-o.,3-unsaturated
Carbonyl and Related Derivatives

The Pd-catalyzed cross-coupling of a- and -halo-
o,f-unsaturated carbonyl and related derivatives
commands special attention. It has been clearly
demonstrated that, whereas that of o-halo-substi-
tuted derivatives is sluggish and often problemati-
cal,**8 the corresponding reaction of -halo derivatives
is generally facile and very favorable. Since the latter
process is the substitution analogue of conjugate
addition, it has conveniently been termed “conjugate
substitution”.’®” (Scheme 23).

Scheme 23
(0] . . [ H O
|
AM + _cl:zcl:_é_ conjugate addition . R_cl;_?_e_
9 conjugate substitution 9
— > R-C=C-C—

RM + X—C|3=(|3'-C

The reaction shown at the top of Scheme 243 most
probably was the first example of the Pd-catalyzed

Negishi and Anastasia

Scheme 24

Me cat. PdL,, Me
CooMe Ref. 13 oY “‘\/\COOMe

65% (87% by GLC)

n-BuC=CzZnCl + Br:

-
I”  COOH
ClPd(MeCN),

DMF, ether, rt -
— DMF.ethert _ g—="" ‘coom
n-BuC=CZnCl Ref. 158] I\ _A~co0n
Cl,Pd(MeCN),
DMF, ether, rt Xx~COOH
n-Bu———
Br
B
' COOEt
cat. Pd(PPhg)4 Br
THF, 1t MeaSi
Br e COOEt
Me3SIC=CZnCl Ref. 159 91%
Br COOEt 5
cat. Pd(PPhg)4 r
THF, 0 °C . _/_<—
MesSi—= COOEt

62%

alkynylation via conjugate substitution. Since then,
a large number of examples of the Pd-catalyzed
conjugate substitution have been reported, as shown
in Schemes 24 and 25. The results shown in Scheme

Scheme 25
cat. Pd(PPh,
H1 THF ( 9 Hl X _CHO
N—=—SnBu; + |~ CHO N—
2
R Ref.160 R2 45-85%
cat. Pd(AsPhj),
S A 01' 2 _cat. Cul, NMP ~
—— +
s OEt ~ Ref.161

31%

cat. CloPd(PPhs),

MeOOC  Br MeOOC,
2 Ph—=—8nBu; + = e f
B’  COOMe T Rette COOMe

92%

MeOOC, o cat. AN, MeOOG .
L4
n-Pr—=—SnBuz + TfO‘%:>< iCl, THF n-Pr—== Oj
o) Ref. 163 o
98%
o. o cat.BnPd(PPhg),Cl, Cul o, o
_ MeCN, 70 °C
n-Bu—==—SnBuz + _—
_ Ref.164
ca OPr-i of. 16 nBu—== OPr-i
58%
cat.Pd(PPhg),
NP CICHCH Oy P
2 Ph—==—SnBu, + =,
Ref. 165
cl cl Ph—= =—ph
70%
cat. Pd(PPhg),, Cul
B
Me;Si ¢ FPeNEL DMF, 0%C_ s-——ﬁj\r
3 €351 —__
COOEt Ref. 166 ¢ COOEt
90%
NHCOOMe Eat Pd(PPhg),, 4 Cul NHCOOMe
R—== + B~ *» R—==__~
COOEt Ref. 167 COOE!
R = Ph, CH,OH, SiMe, 60-90%
Tio. cat. CloPd(PPhg)p, Cul  pp—=—
_ D 2,6-lutidine m
R—==
£100C Ref. 168 £100C
88%
To 9 cat. Pd(PPhg),, Cul  jprgi—= O

i-PrSi
0
rsi—= . \\é Et3N, MeCN, 0 °C t\ﬁ
Ref. 169

78% (96% 2)

25 indicate that Sn and Cu have served as satisfac-
tory metal countercations in addition to Zn. Unlike
pB-alkynylation, the more sluggish and demanding
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Pd-catalyzed a-alkynylation of a,f-unsaturated car-
bonyl compounds is of more recent origin, and it will
be discussed in section 111.B.4.

3. Allenyl and Propargy!l Electrophiles

Allenyl and propargyl electrophiles also deserve
special attention. When they are converted to orga-
nopalladium derivatives, they can be engaged in
allenyl—propargyl equilibria that can lead to the
formation of conjugated allenynes and/or 1,4-diynes
upon alkynylation (Scheme 26). In reality, however,
the reaction has produced exclusively or nearly
exclusively allenynes, thereby providing an excellent
route to allenynes.170-175

Scheme 26
RZ R‘I HZ R1
 — —
H X PdL, H o RdLX M—=—R
or
R? R?
>——_——R1 >%R1
X PdL,X
R2 R
>:-
H 1!?
and/or
RZ
=—=—R!
R——

Some representative results are summarized in
Scheme 27. A systematic counteraction screening has

Scheme 27
Br =—siMe
2% Pd(PPh 3
== ClZn—=—SiMe3 — (PPha)s
90%
__/  1%Pd(PPhg),
=== + ClZn—= ——
Me Br Me =
80%
1% Pd(PPh _
~= + ClZn—=—Ph > PA(PPha)s /=N
Br 95%
n-Pent 1% Pd(PPhg), ——
= + Cizn—= ——24, /A N
MsG n-Pent —

indicated that Zn and Cu are the two most satisfac-
tory metals, even though Ag and Mg have also been
shown to be satisfactory in some cases.'’*~1’> Another
point of note is that propargyl derivatives are sig-
nificantly more reactive than allenyl derivatives.
Thus, not only propargyl bromides (and presumably
chlorides) but also acetates, mesylates, and even
phosphates are satisfactory (Scheme 28). Some re-
lated reactions of alkynylalanes and alkynyl ep-
oxides'#® are also known (Scheme 29).

D. Acyl Halides and Related Electrophiles

As a class of compounds represented by Cgp—X,
acyl halides also readily participate in the Pd-
catalyzed alkynylation. Since alkynylmagnesium de-
rivatives are highly reactive toward ketones, Mg may
not be a suitable counteraction. On the other hand,

Chemical Reviews, 2003, Vol. 103, No. 5 1995

Scheme 28

4% Pd(PPhg)
===+ M—==—SiMe; — e =
X

T Product yield (%) S EEEE———
X M=2ZnCl M=(CuLi)yp, M=Cu M=MgCl M=Ag M=Li

=——SiMej3

Br 100 100 33 80 23 3
OAc 7 - 4 34 - 0

e N - 4% Pd(PPhg)4 >
— + M—== iMes «—,
/|x _\E——-SiMeg
—— Product yield (%) —_—
X M = ZnCl M=Cu M=MgCl M=Ag M=Li
Br 98 70 98 0
OAc 98 98 75 86 0
0SO,Me 98 98 90 <5
OPO(OEt), 98 4 98 80 20
Scheme 29
Et,A—==—Pent-n "
Ph cat. PdL, e
= Me o Ph\/\:.i
AcO Ref. 176 = pent-n
2 ClZn—=—SiMe, ; )
Rl— | cat. Pd(PPhg), R ) R
0 Ref. 172 Measi—/‘: . \—OH
R', R2 = Hor Me > 98%
1.Me3$i—H—: ZnCl

2
cat, Pd(PPhy)
2.Hgot
3. AGQNO, NaCN

_— — p— — ¢ ———\
o Ref. 172 OH

a metabolite of
Cortinellus berkelyames

the Sonogashira reaction’ and those involving Zn'"”
and Sn'"® have been successfully applied to alkyny-
lation of acyl halides. Collectively, these reactions
represent one of the best methods for the synthesis
of ketones from acyl halides. Some of the seminal
and/or representative examples are shown in Table
9. In less demanding cases, such as those shown in
Table 9, all three major protocols appear to be
comparably satisfactory. Also shown in Table 9 are
some results obtained with less frequently used
metals, such as Al*® and In.*’

Acylation of an alkynylzinc chloride by the Negishi
alkynylation has been applied to the synthesis of
modhephene,® as shown in Scheme 30.

E. Pd-Catalyzed Alkynyl-Alkynyl Coupling

Currently, the most widely used method for alkyn-
yl—alkynyl coupling is the Cadiot—Chodkiewicz reac-
tion of terminal alkynes with 1-haloalkynes in the
presence of a Cu catalyst without the use of a Pd
complex.58 In view of the facile oxidative addition of
Pd to 1-haloalkynes, the Pd-catalyzed reaction of
terminal alkynes or alkynylmetals with 1-haloalkynes
might be expected to proceed readily to provide a
satisfactory alternative to the Cadiot—Chodkiewicz
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Table 9. Pd-Catalyzed Alkynylation of Acyl Halides

Negishi and Anastasia

R'C=CH or — Reaction Conditions —  vijeld of
R'C=CM R'cocl Procedure? Others Product, %°  Ref.
Sonogashira Alkynylation
n-BuC=CH i-PrCOCI Cu-Ib Et;N, 50°C, 3 h 61 7
PhC=CH +-BuCOCI Cu-Ib EtzN, rt, 15 h 79 7
PhCZCH | Cu-Ib EtsN, benzene, rt, 15 h 80 7
O~ ~CocCli
PhC=CH PhCH=CHCOCI Cu-Ib EtsN, benzene, rt, 15 h 75 7
PhC=CH Me,NCCOCI Cu-Xb Et3N, Et3P, 90 °C, 6 h 92 7
Negishi Coupling with RC=CZnX
n-PentC=CZnCl MeCOCI Zn-11 THF, 25 °C 81(97) 177
n-PentC=CZnCl MeCOCI Zn-11 THF, 25°C 73(97) 177
PhC=CZnCl  H,C=CHCOCI Zn-I1 THF, 10 °C, 10 min 56 179
n-PentCECZNCI  Me” X C0C! Zn-I1 THF, 25 °C 92 177
n-HexC=CZnCl CICOOMe Zn-11 THF, 25 °C 72 177
PhC=C2znClI t-BuCOCI Zn-11 THF, 25 °C 78 179
Alkynylation with RC=CSnBug
PhC=CSnBug FPrCOCI Sn-1 (CHxCI),, 84 °C 69 178
PhC=CSnBuz  PhCOCI Sn-1 (CHxCI),, 84 °C 94 178
Me3SiC=CSnBusz  i-PrCOCI Sn-1 (CH.CI),, 84 °C 71 178
Me;SIC=ECSnBu;  PhCOCI Sn-1 (CH,Cl),, 84 °C 64 178
MezSiC=CSnBug /\(CH2)4COCI Sn-I (CH2CI)» 44 180
I
n-Bu=CSnBug MeOZC/\/Foj\COCI Sn-vI PhCN, PPhg, CH,Cl, 60 181
PhC=CSnBug Et(|)=NPh Sn-I PhEt, 70 °C, 5 h 69 182
Cl
n-BuC=CSnBuz  PhN=CCl, Sn-1 PhH, 70 °C 70 183
PH=CSnBug PhN:ClCI Sn-1 PhMe, 50 °C, 5 h 50 184
PhN=CCI
Alkynylation with RC=CAIX,
n-BuC=CAIEt, PhCOCI Al-II THF, 25 °C 67 185
n-BuC=CAIEt, PhCH=CHCOCI Al-II THF, 25 °C 74 185
PhC=CAIEt, n-HeptCOCI Al-II THF, 25 °C 61 185
Me3SiC=CAIEt, Ho,C=CH(CH,)gCOCI Al-IT THF, 25 °C 51 185
Alkynylation with (RC=C)3in
1/3 (PhC=C)sln PhCOCI In-I1 THF, reflux, 1 h 94 47
/3 (PhC=C)3ln Me,C=CHCOCI In-II THF, reflux, 2 h 90 47
1/3(Me3SIC=C)zin Me,C=CHCOCI In-I1 THF, reflux, 3 h 90 47

a See Table 2 for procedure symbols. ® Isolated yields. The numbers in parentheses are GLC or NMR yields.

Scheme 30
. 1.CIZn—==—SsiMe; N
2.cat. Pd (PPhg),, THF 3
KF, DMF
Ref. 186
cocl
(o] %
1. Me3Sil $ BugSnH, AIBN
2. i-Pr,NEt DPPE >
—- —_—
07 0

72% from acyl chloride

88%

reaction. Some preliminary results obtained in the
authors’ laboratories in the 1970s indicated that the
Pd-catalyzed coupling reaction of alkynylmetals,
including those containing Zn, with 1-bromo- or
1-iodoalkynes proceeded readily and almost quanti-
tatively in some cases but that it led to nearly

statistical mixtures of the desired cross-coupled two
homo-coupled products®” (eq 2). Although there have

cat. PdL,
X =1lorBr

n-PentC=CZnCl + XC=CBu-n

n-PentC=C-C=CBu-n + n-PentC=C-; + n-BuC=C-};
~ 50% ~ 25% ~ 25%

(2

been some reports on preferential formation of un-
symmetrical conjugated diynes!®-194 (Table 10), it is
not clear if the favorable results are due to favorable
substrates or due to favorable procedures. Thus, for
example, the use of PhC=CH and IC=CCH,0H led
to the formation of PhC=CC=CCH,0H in 79% yield,
but the reaction of PhC=CI with HC=CCH,OH gave
the same diyne only in 54% yield'®® (Scheme 31).
Further systematic investigation would be needed to
fully clarify this point. In the meantime, a strictly
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Table 10. Pd-Catalyzed Alkynyl—Alkynyl Coupling

Chemical Reviews, 2003, Vol. 103, No. 5 1997

R'C=CH or —— Reaction Conditons —— Yield of
R'C=CM XC=CR? Procedure?  Others Product, %° Ref.
n-HeptC=CH IC=CCH,0H Cu-Ia (i-ProNH) THF 73 188
n-OctC=CH BrC=CPent-n Cu-la pyrrolidine, 20 °C 61 192
PhC=CH BrC=CPent-n Cu-la pyrrolidine, 20 °C 66 192
HO(H,C),C=CH BrC=CPent-n Cu-la pyrrolidine, 20 °C 91 192
Me,NH,CC=CH BrC=CPent-n Cu-la pyrrolidine, 20 °C 82 192
n-PentCH=CH ICECCEt,NH, Cu-X°(NEtz)  MeCN/H0 65 191

OH SiMeg
TIPS o MQM oMY

MesS L0755 =, Mo %on  Culb EtN 64 190
MeOOCECSiMeB CIC=CPh Si-I (CuCl) DMF 80 193
PhC=CSiMe3 CICEC‘Q'OMe Si-I (CuCl) DMF 62 193
EtOOCC=CZnBr IC=CHex-n Zn-11 THF, 23 °C 86 194

a See Table 2 for procedure symbols. ® Isolated yields.

Scheme 31

cat. Cl,Pd(PPhg),, Cul
FProNH, THF

PhC=CH + ICEC— PhC=C-CZC—
OH 79%

cat. CloPd(PPhs)y, Cul

ProNH, THF

PhC=Cl +HC=C— PhC=C-C=C—
OH

54% OH
(1.2 equiv)

pair-selective and satisfactory procedure for the
synthesis of conjugated diynes via -haloenynes has
been developed,>* as discussed in section 111.B.5.

F. Allyl and Benzyl Electrophiles

As discussed in section I1.C, propargyl electro-
philes, which can serve as synthetic equivalents to
allenyl electrophiles, are generally favorable reagents
for the Pd-catalyzed synthesis of allenynes. Although
very little is known, a very recent report on the
reaction of tris(alkynyl)indiums with benzyl bromide
catalyzed by Cl,Pd(dppf)*’ shown in Scheme 32 is
noteworthy.

Scheme 32

(Ph%)gln +3Br—

1% CloPd(dppf)
THF, reflux, 2.5 h

Ph

1% Cl,Pd(dppf)
THF, reflux, 2.5 h

Ph

94% Ph

3 Me3Si

94%

(Messi%);m + 3Br—

Ph

lll. Comparison of Various Protocols in More
Demanding Cases of the Pd-Catalyzed
Alkynylation

A. Background

The experimental results described in the preced-
ing sections indicate that the Pd-catalyzed alkyny-
lation can satisfactorily be achieved in many cases
either by the Sonogashira and related Heck-type
reactions or by the Negishi alkynylation with alkyn-
ylzincs and related reactions involving several other
metals, including Mg and Sn. More recently, how-

ever, an increasing number of difficulties associated
with these reactions, especially the most widely used
Sonogashira reaction, have also been reported, as
discussed in section I11.B. In many cases of difficul-
ties encountered in the Sonogashira and related
reactions, the alkynylzinc protocol and other related
reactions of alkynylmetals have been shown to pro-
vide satisfactory solutions. Although less frequently
encountered, the opposite may also be true in some
cases. Listed below are some of the frequently
encountered difficulties in the Sonogashira reaction:
1. alkyne homodimerization,
2. difficulties in the direct synthesis of terminal
alkynes from ethyne due to predominant 1,2-disub-
stitution,
3. failure to produce the desired alkynes in practically
useful yields in cases where the starting alkynes are
substituted with electron-withdrawing groups, such
as carbonyl-containing groups and CF3,
4. failure to produce the desired alkynes in practically
useful yields observed with various organic electro-
philes, such as ICH=CHBr, and
5. limitations associated with sterically demanding
organic electrophiles.
6. Although it may not be considered as a difficulty,
Pd-catalyzed alkynylation with 1-halo-1-alkynes is
not an alternative available to the Sonogashira
reaction except in the alkynyl—alkynyl coupling.
These and some other noteworthy topics, such as
a-alkynylation of a-halo-a,f-unsaturated carbonyl
derivatives, are discussed in this section with em-
phasis on differences among various Pd-catalyzed
alkynylation protocols.

B. Critical Comparisons between the Sonogashira
Reaction and the Pd-Catalyzed Alkynylation with
Alkynylzincs and Related Alkynylmetals

1. Alkyne Dimerization

Alkyne homodimerization is a frequent and often
serious side reaction in the Sonogashira alkynylation.
Although mechanistic details are not clear, minimi-
zation of alkyne dimerization through degassing and/
or addition of radical inhibitors points to radical
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processes in such cases. Some representative results
are shown in Scheme 33.110

Scheme 33
cat. Pd(PPhg),
M EtzN, MeCN
€ 0,
Ph—= + =X 28°C

degassing or
X COOH radical inhibitor

Me
//[:L + Ph—=—=—pn
Ph T ot B
A
I~ Yield, %— r~Yield, %
X Modification A B X Modification A B
| none 5 50 Br none 50 34
| degassing 78 16 Br degassing 74 20
| Galvinoxyl 66 23 Br BHT 77 13

In some other cases, such as that shown in Scheme
34, however, little effects of added radical inhibitors

Scheme 34
cat. PdL,, Cul o
base, 23 °C e =
—_— Br === ¥ |
R—=+ | ,  major
1.2 equiv 7/ R——
Br
traces
cat. Pd(PPh3)4
THF, 23°C
R ZnBr + |/\/Br R—==

1.2 equiv Br

R = n-Hex (84%)

have been observed.*®*1% It is therefore conceivable
that alkyne dimerization in such cases may arise via
nonradical processes. In any event, the corresponding
reaction of alkynylzincs provides the desired enynes
in excellent yields (Scheme 34).1%* Regardless of the
precise mechanistic details, the Sonogashira reaction
does appear to be much more prone to alkyne
homodimerization than the alkynylzinc reaction.

2. Direct Synthesis of Terminal Alkynes from Ethyne or
Ethynylmetals

The Sonogashira reaction of ethyne itself with
organic electrophiles was reported to produce pre-
dominantly 1,2-disubstituted alkynes even in cases
where the molar ratio of the organic electrophile to
ethyne is <1,5 and this has been confirmed by
others.?? Consequently, the synthesis of terminal
alkynes by the Sonogashira reaction has required (a)
preparation of monoprotected ethynes, such as Mes-
SiC=CH and HOCMe,C=CH, (b) their Sonogashira
coupling,® and (c) deprotection.®6~1%8 Deprotection of
the Me;Si group can be achieved by various methods,
including treatment with methanolic K,CO3 at room
temperature, whereas removal of the hydroxyalkyl
groups usually requires stronger bases, such as KOH,
and higher temperatures. These three-step proce-
dures are at best circuitous, often leading to modest
overall yields of the desired terminal alkynes, as
indicated by the results shown in Scheme 35.1%

In marked contrast with the Sonogashira reaction,
it has been known since 1977 that the Pd-catalyzed
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Scheme 35
cat. Pd(OAc),, PPhy
3R EtsN, 80-90 °C
MesSi—= + Br—( -9 —eB L

K»COs,
3R MeOH, 25 °C >R
Megsi——=—( —y o2t =05

(A) (B)

—— Yield, % —

R (A) (B) Overall
0-CHO 75 80 60
m-CHO 80 84 67
p-CHO 99 100 99
m-CO,Me 70 71 50
p-CO,Me 69 73 50

cross-coupling with ethynylzinc chlorides and bro-
mides produces selectively terminal alkynes in high
yields (Scheme 36).13717 The use of ethynyltin deriva-
tives was also reported later'46.149.150 (Scheme 37).

Scheme 36
ArX
cat. Pd(PPhg)s
THF, rt
=Ar
Ref. 14 Ar = Ph (67%), o-Tol (71%),
An (66%
=—7zncl - prAn (66%)
>:< cat. Pd(PPhg),
H R2 THF,25°C _:_>::<R1
Ref. 13 H R2
R! R2  Yield, %
nBu H 83
H n-Bu 76
Et  n-Bu 70
Scheme 37

cat. Pd(PPhg)4 /
==—SnMe; + I@ =
Ref. 146

90%

Br
cat. Pd(PPhg),
O>< benzene ><
g " Ref.149

74%

=—SnBuz +

cat. Pd(PPhg),

OTIPS  THF oTIPS
==—SnBuz + J\/:\/OH R
! - Ref. 150 Pl

Et 91%

Et

Recent comparative studies using commercially
available HC=CMgBr and HC=CNa as the starting
alkynyl reagents®?1% have indicated that not only
HC=CzZnX (X=Br or Cl) and HC=CSnR3; (R=Me or
n-Bn) but also commercially available HC=CMgBr
are all comparably satisfactory in less demanding
cases, as shown in Table 11.3210% On the other hand,
the use of ethynylmetals containing Li, Na, or
BBuszM, where M is Li or Na, do not produce the
desired terminal alkynes.®? In view of successful
results observed with various alkynylborates,1524-27.33
some side reactions unique to ethynyl(trialkyl)-
borates, such as 1,2-migration, may be suspected for
the ethynyl(trialkyl)borate reaction.
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Table 11. Pd-Catalyzed Ethynylation of Organic
Electrophiles with Ethynylmetals Containing Zn, Mg,
and Sn

cat. Pd(PPhg),

RX + M—= R—=
THF or THF/DMF
— Yield of R—= % ——
Organic Electrophile ZnBr MgBr SnBuz  Ref.
Aryl Electrophiles
Phl 95-98 96 96 32
p-MeCgHgl b 92 (86) b 32
p-MeOCgH,l 95 95 b 32
p-FCgHyl 94 97 (72) b 32
Heteroaryl Electrophiles
@\ 76 b b 109
N
Me
U\ 92 b b 109
o
©U\ 78 (72) b b 109
o7 I
J\ 85 (71) b b 109
s I
ﬂ\ 87 (80) 35¢ b 109
Me S |
©U\ 92 (71) b b 109
s
Alkenyl Electrophiles
(E)-n-HexCH=CHI 96 95 95 32
(E)-n-PrCH=C(l)Pr-n 98 98 b 32
(E)-n-Hex(Me)C=CHI 94 94 b 32
(E)-n-Pr(Me)C=C(l)Pr-n 85 82 b 32

a By GLC or NMR. The numbers in parentheses are isolated
yields. P Not reported. ¢ The 1,2-disubstituted alkyne product
was produced in 24% vyield.

Upon further examination, however, some notable
differences among Zn, Mg, and Sn have become
apparent. First, it is well-known that organomagne-
sium reagents, including HC=CMgBr are very reac-
tive toward various carbonyl, nitro, and other elec-
trophilic functional groups and hence mostly incom-
patible with these functional groups. Perhaps less
well-known is the ability of organozincs to tolerate
many such electrophilic functional groups® (Scheme
38).

Scheme 38
cat. Pd(PPhg)s

THF _
OZNQI + M= om—@—_

M = MgBr (0%), ZnBr (89%)

MeOOCQ{

86%

cat. Pd(PPhg)s

THF
MeOOC 1+ BrZn——=

Even in the absence of electrophilic heteroatom
functionalities, steric and other electronic effects can
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play some significant roles, leading to clear discrimi-
nation of various metal countercations. As in the
Sonogashira reaction, 1,2-disubstitution of ethyne
can be a serious side reaction even in the reactions
of ethynylmetals. This must arise via metal—hydro-
gen exchange, and the extent to which this takes
place may be expected to be a function of various
factors, including alkynyl—metal bond polarity or
ionicity and relative rates of the desired alkynylation
and metal—hydrogen exchange (Scheme 39).%? Steric
retardation in the reaction of ethynylmetals contain-
ing Mg and Sn relative to that of HC=CZnBr is also
clearly seen in the ethynylation of iodomesitylene.3?

Aside from toxicity and other practical issues, it
may be stated that the ethynylzinc reaction generally
leads to the most satisfactory results. Even so,
however, it is not without some difficulties. Thus, for
example, in the Pd-catalyzed reaction of HC=CZnBr
with some bromo derivatives of six-membered N-
containing heteroarenes, the extents of disubstitution
were considerable, although significantly less than
those observed with HC=CMgBr. The use of 2-io-
dopyridine in place of 2-bromopyridine improved the
product yield from 21% to 70%. Alternatively, sub-
stitution of HC=CZnBr with BrZnOC(Me;)C=CZnBr
did lead to a high cross-coupling yield of 83%*'%°
(Scheme 40).

The direct terminal alkyne synthesis involving
mostly Zn but also Mg in some cases has been applied
to the synthesis of natural products, as shown in
Scheme 41. Since HC=CZnBr is usually generated
from HC=CMgBr or its equivalents, it is advisable
to see if HC=CMgBr or its equivalents might be a
satisfactory reagent for the desired alkynylation
before their conversion into HC=CZnBr or other
second-generation ethynylmetals. It should be noted
that the Sonogashira—Lu cascade cross-coupling—
lactonization protocol®® discussed later in detail has
been used in the construction of the butenolide
moieties shown in Scheme 41.

In most of the synthetic tasks, terminal alkynes
are not the ultimate target compounds, and they are
to be further converted to some ultimate targets as
in the cases shown in Scheme 41. In this context, the
synthesis of terminally protected alkynes followed by
their conversion to 1,2-disubstituted alkynes can, in
principle, be a viable alternative to the route via
terminal alkynes, and the use of HC=CSiMe; is
potentially attractive. The required Me;Si-protected
alkynes can be satisfactorily prepared by either the
Sonogashira reaction®% or via Me;SiC=CM contain-
ing Zn,*8 Sn,% B,?425 In,*647 and others.

More critical is the conversion of the silyl-protected
alkynes into 1,2-disubstituted alkynes. One obvious
option is to carry out desilylation with K,COj3 or
another suitable reagent and use terminal alkynes
for further substitution, but this would not be com-
petitive in most cases with the two-stage disubsti-
tution of ethyne via terminal alkynes that can, in
principle, be achieved in one pot. Nonetheless, this
would provide a point of reference with which to
compare the relative merits of other protocols. As
presented earlier, various protocols for Pd-catalyzed
alkynylation with alkynylsilanes have been devel-
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Scheme 39
Me cat. Pd(PPha)s
THF, 22 °C
I’Q + =M :
Me
MeO cat. Pd(PPhg), MeQ
THF, 22 ©
Me cat. Pd(PPha),
e
I@Me L=y THR.22°C
Me

SM = Starting material, i.e., aryl halide.
NA = Data not available.

Scheme 40
cat. Pd(PPhg),
N THF/DMF (1/1)
- 0,
| J— 50-55 °C
N7 X
X X =
® L0 C ]
N =z N >=""N
(A) (B)
— Yield, %]
z X M Time, h (A (B)
H Br MgBr 24 <2 65
H Br ZnBr 24 21 44
H | ZnBr 5 70 <2 |
BrZnOCMe» Br ZnBr 8 83 -
cat. Pd(PPhg),
Br THF/DMF (1/1) = OH
= 50-55 °C, 8 h N
| )+ BrZnOCMe,C=CZnBr ———— I _
N N

83%

oped. Some representative ones involve the use of
TASF (Scheme 18),%5% CuCl as a cocatalyst in
conjunction with aryl triflates,®” and TBAF in con-
junction with Agl (Scheme 16).5¢ While these reac-
tions are interesting, they do involve the use of
relatively expensive chemicals, and their practical
synthetic values must be judiciously weighed against
(a) the direct disubstitution route via terminal alkynes
and (b) the conventional desilylation with inexpensive
reagents followed by alkynylation using optimal
cross-coupling procedures. At present, it may be
stated that the successive disubstitution protocol via
terminal alkynes, preferably carried out in one pot,
does appear to be the method of choice at least in
most cases.

3. Use of Alkynes and Alkynylmetals Containing
Electron-Withdrawing Groups

As is well-known, electron-withdrawing groups
that are directly bonded to either alkenyl or alkynyl
m-bonds can exert significant effects on the s-bond
reactivity through z-bond polarization, as shown in
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e — Yield, % ——

MgBr 48 60 14
SnBuj 24 73 6 15

Me Me M
— 7\ . Q _ Q M Time, h Ay  (B) SM
= [ znBr 3 92 4 |
Me Me Me
(A) (B)

— Yield, % —

M M Time, h (A)  (B) SM

eQ
— 7\ _
- @ ’ (znBr 2 77 _trace NA]
(A) OM B)

e | MgBr 20 51 NA

— Yield, % —
M Time, h (A)  (B) SM

18 74 10 trace]

Me Me  Me
= DMEH MeMe IZnBr
M Ve Mé MgBr 48 24 12
(A) (B)

SnBuz 72 3% 8

Scheme 41
cat. Pd(PPhg)4
=-MgCl + /Y\OTHP _ /YOTHP
Ref. 110
94%

1. n-Bulli, ZnBr,
I

Xy OTHP
2. [ 1, cat. Pd(PPhg), U/Y 4 steps
[ —— T -
82%

O
=z N BN
// S COOH
cat. Pd(PPhg)s, Cul
|| degassing
O

freelingyne (50%)'10
Brzn—= Br,

cat. Pd(PPhg),
AcO —
Br,
Br (A)
AcO |
Ref. 200\ grzn—=—COOEt Br,
B cat. Pd(PPhg),
AcO = COOEt

Br (B)
Br,

cat. Pd(PPh3),

COOH
3 steps Et3N, MeCN
(B)_p, AcO@—( + (A) L, Metl
|
Br
rubrolide A diacetate?®®
70%
AcO, Y

Y: Rubiolide
T2l diacetate X Y
Cullb ... [ =
. o A Br Br
C Br H
X Tzl D H Br
AC X E H H

Scheme 42. For the sake of simplicity and clarity, the
ester (COOR) group is shown as a representative
electron-withdrawing group. General effects of plac-
ing a halogen or a related substituent in the o- or
p-position of the alkenyl group and of placing a metal
(or hydrogen) in the g-position of the alkynyl group
on the Pd-catalyzed cross-coupling, for example, may
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Table 12. Pd-Catalyzed Cross-Coupling of Electron Deficient Alkynes with Aryl, Alkenyl, and Alkynyl

Electrophiles

————— Product Yield,? % ——————

Organic Negishi (M = ZnBr) —— Sonogashira (M = H) ——
Alkyne Electrophile Procedure Zn-11? Procedure Cu-Ia®  Modified Cond.
Aryl Electrophiles?®*
MeOOC—=—M IPh 95(99) <1 989
MeOOC—=—M ICgH4Br-m 91(94) <1 339
MeOOC—==—M ICgH3(Me-2)(OMe-4) 87(89) <1 3d
n-PentOC——=—M IPh 95(98) <1 e
c-HexOC——=—M IPh 82(85) <1 65’
PhOC—=—M iPh 94(95) <1 70
Alkenyl Electrophiles'®*
EtOOC——M (E)-ICH=CHHex-n 87 <1 459
EtOOC——M (E)-ICH=C(Me)Hex-n 84 <1 239
EtOOC———M Tfo@ 86 e e
EtOOC—==—M Tfo—Q 83 e e
Me
J— A ——=Hex-n
EtOOC——=—=—M Br 88 <1 279
EOOC—=—M  cF N Hexn <1 <19
Alkynyl Electrophiles'®*
EtOOC——M [—=—Hex-n 86 e 429
a|solated yields. The numbers in parentheses are GLC yields. ® Zn-11 = 3 mol % Pd (PPhs)s, 23 °C. ¢Cu-la = 5 mol %

Cl,Pd(PPhs)4, 10 mol % Cul, Et,NH. 9 K,CO;3 used as a base (ref 202a). ¢ Not performed. f Diphenyliodonium salts used in place
of Phl. K,COj3 used as a base (ref 71). 9 Cs,CO3 used as a base (ref 202b).

Scheme 42
&+ & o+ &+ & &+
-C=C-C-OR -C=C-C-OR
| | " 1]
t o o
Nucleophilic Nucleophilic
Electrophilic Electrophilic

a-X Derivatives
—C|:=C—C—OR

B-M or B-H Derivatives

M(H)CEC-%)-OR
(0]
Unfavorable electrophiles Unfavorable nucleophiles,
but HC=CCOOR can serve
B-X Derivatives as favorable electrophiles

—CIZ:C|3~C—OR

M = a metal group.

Favorable electrophiles

be predicted as indicated in Scheme 42. As amply
demonstrated in section 11.C.2, 5-halo-o,3-unsatur-
ated carbonyl and related derivatives serve as gener-
ally favorable electrophilic cross-coupling partners in
the Pd-catalyzed cross-coupling. By the same token,
propynoic esters and related alkyne derivatives con-
taining f-electron-withdrawing substituents as well
as their -halo derivatives may be generally favorable
electrophiles but unfavorable nucleophiles.
Alkynes substituted with electron-withdrawing
groups have indeed been generally poor nucleophiles
in the Sonogashira alkynylation. To make the matter
worse, these alkynes can serve as good electrophiles
and readily undergo Michael-type additions as un-

wanted side reactions, e.g., Scheme 43, thereby
accentuating the difficulty in their use as nucleo-
philes. In principle, this difficulty may be overcome
or alleviated by generating more nucleophilic alky-
nylmetals, as demonstrated by the sharply contrast-
ing results shown in Scheme 43.%7

Scheme 43
cat. Pd(PPha), FaG
Et,NH 3
FsCCZCH  + Phl —2 FsCCZCPh + =\
NEt,
1. n-BuLi 0% 25%
2.ZnCl,

cat. Pd(PPhg),

F3CC=CZnCl + Phl F3CC=CPh

96%

Despite a number of attempts to overcome difficul-
ties encountered in the use of propyonic acids and
other related derivative in the Sonogashira reac-
tion,2017203 there do not appear to be generally
satisfactory solutions except for the use of the cor-
responding S-metal-substituted derivatives. Among
various metals, Zn offers a combination of (a) high
intrinsic reactivity, (b) compatibility with various
carbonyl and related functional groups including
esters, amides, ketones, and nitriles, and (c) low
toxicity. It thus appears to be the metal countercation
of choice, although Sn has also been used in some
cases. Some representative results obtained with Zn
along with contrasting results observed in the cor-

responding Sonogashira reaction are shown in Table
12_194,204
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Table 13. Comparison of Zn and Sn in the
Pd-Catalyzed Arylation of MC=CCOOEt
cat. ClyPd(PPhg),

Arl + MC=CCOOEt ArC=CCOOEt
Ref. 95

Additional — Product Yield,? % =
Ar M Reagent  Solvent M =2ZnCl M =SnBug
Ph ZnCl none THF 56 -
Ph SnBug Et4NCI THF - 48
Ph SnBujy Et4NCI DMF - 94
p-Tol ZnCl none THF 67 -
p-Tol SnBuj Et4NCI DMF - 23
p-MeOCgH;  ZnCl none THF 54 -
p-MeOCgHy  SnBug Et4NCI DMF - 0
p-O,NCgHy ZnCl none THF 61 -
p-O,NCgHy4 SnBug Et4NCI DMF - 27
p-O,NCgHy SnBuj Et4NCI benzene - 47

a Isolated yield.

In some cases, Bus;SnC=CCOOR, where R is Me
or Et, has also been used in place of Zn derivatives.
The results of a comparative study®® summarized in
Table 13 indicate that the yields of 3-arylpropyonate
esters observed with Zn were higher than those
observed with Sn in all cases except for a single and
somewhat puzzling case of Phl observed with DMF
as a solvent. The same solvent, which has been shown
to be superior to THF in many organozinc cross-
coupling reactions, was not used for the alkynylzinc
reaction. In the same study, an indirect route involv-
ing the Sonogashira alkynylation of HC=CC(OEt);
was also reported,®® but it does not appear to be a
superior alternative to the alkynylzinc reaction.

In summary, the Sonogashira reaction including
various modifications of alkynes containing various
electron-withdrawing groups generally leads to low
product yields. On the other hand, the corresponding
reactions of alkynylzincs are generally satisfactory.
Although the corresponding alkynyltins can provide
the same products, their reactions are significantly
inferior to those of alkynylzincs in most cases.
Preliminary results obtained in the authors’ labora-
tories also indicate that the use of Mg, B, Al, and In
does appear problematical,*®* thereby making Zn the
countercation of choice.

4. a-Alkynylation of a-Halo-a.,3-unsaturated Carbonyl
Compounds

As discussed in sections 11.C and 111.B.3, a-halo-
o,fB-unsaturated carbonyl derivatives are generally
unfavorable electrophiles. An explicit comparison of
2- and 3-iodo-2-cyclohexenones in the Pd-catalyzed
reaction with (n-BuCH=CH),Zn reported in 199115
clearly demonstrated their highly contrasting behav-
ior, including the instability of 2-iodo-2-cyclohexe-
none under the Pd-catalyzed cross-coupling condi-
tions (Scheme 44). It was also demonstrated in the
same study that the use of Zn as a countercation,
either PPhs or P(2-furyl); as a ligand, and DMF as a
solvent would lead to the most favorable results in
a-alkenylation. Some other metals, such as Al, Sn,
and Zr, were shown to be inferior.%6

This seminal investigation of o-substitution of
a-haloenones by Pd-catalyzed cross-coupling®®® trig-
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Scheme 44
) Zn
| 0.55 equiv
N 3% Pd(PPhg),
: THF, 25 °C
1 equiv 1 equiv
O O
/\/ﬁj n-BU\/\Ej
+
n-Bu” X
62% 0%
O O
|
+ +
|
37% 0%

gered extensive investigations in the 1990s2% and led
to the development of the first highly satisfactory
method for a-alkynylation of a,f-unsaturated
ketones?%5-208 (Scheme 45) and esters?®® (Scheme 46).

Scheme 45

BrZn———2Bu-n
5% Pd(dba), 0 Bu-n
10% P(2-furyl)s Z
DMF
Ref. 206 90%
0o :—{ , FProNH, THF 0
| =
5% Cl,Pd(PPhg),, 10% Cul
Ref. 207 75%
(0] Bu-t
BugSn—=—=—-Bu-t Z
5% Pd(PPhg),
Ref. 208 37%
Scheme 46
R1
R B cal. PAPPhs)e g Vi
p— —_— i —
= + Clzn—==—R
H  COOMe Ref. 209 H COOMe
R R! Yield, %
n-Bu n-Hex 62
Bu Ph 71
3,5'C|2C6H3 4-M8C6H4 84

In this context, it should be pointed out that various
Pd-catalyzed alkynylation of halogen-substituted het-
eroarenes, quinones, and related compounds may
have been developed earlier. The aromatic and hence
robust nature of heteroarene derivatives makes their
alkynylation substantially more favorable. Invari-
ably, a-haloquinones are at the same time j-halo-
guinones due to the presence of two carbonyl groups,
which must render them considerably more favorable
electrophiles. For these reasons, their reactions,
which have indeed been generally very favorable
must be distinguished from those cases that are
discussed in this section.

On the basis of the generalization presented in
Scheme 42, one might predict that o-metal-substi-
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tuted o,f-unsaturated carbonyl derivatives would
readily undergo Pd-catalyzed a-alkynylation. Al-
though there does not appear to be any report on this
reaction, a-stanno-204210-213 and a-zinco-a,B-unsatur-
ated carbonyl derivatives?*4?'> have indeed been
shown to undergo Pd-catalyzed a-arylation and a-alk-
enylation.?®> The corresponding o-alkynylation ap-
pears to be feasible.

The synthetic usefulness of the Pd-catalyzed o-
alkynylation of ,3-unsaturated carbonyl compounds
has been eloquently demonstrated in the synthesis
of harveynone and tricholomenyn A?206.207,216,217
(Scheme 47).

Scheme 47
(0]
|
+ 0
& .
M
OTBS
0 o)
X N
deprotection .
O —— e
OTBS OH
harveynone
Procedure Yield, %  Reference
M=H
cat. Cl,Pd(PPhg); 52 207
cat. Cul, -Pr,NH
M =2Zn
cat. Pd(dba),, F’M?)3 73 206
DMF
(0]
O
X + (0}
/k/\)& .
M :
oTBS
X o
X
6TBS BAc
tricholomenyn A
Procedure Yield, %  Reference
M=H
cat. Cl,Pd(PPhg), 54 207
cat. Cul, ~ProNH
M=2n
cat. Pd(dba)y, p%fC&)3 80 206
DMF

5. Alkynylation of 1,2-Dihaloethylenes

There are six different 1,2-dihaloethylenes contain-
ing Cl, Br, and/or I, each of which can exist as the E
and Z isomers. Of these, (E)- and (Z)-1,2-dichloro-
ethylenes are the only two that are commercially
available as isomerically pure compounds. 1,2-Dibro-
moethylene is also commercially available but only
as a mixture of the E and Z isomers (typically E/Z =
2/1). The others are also known, and (E)-ICH=CHCI
and (E)-ICH=CHBr have been shown to be of con-
siderable synthetic utility, as discussed below. On the
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other hand, the Pd-catalyzed alkynylation of their Z
isomers as well as of BrCH=CHCI and ICH=CHI
remains largely unexplored.

The Pd-catalyzed alkynylation of 5 equiv of com-
mercially available (E)- or (2)-1,2-dichloroethylene
under the Sonogashira conditions was shown to
produce the corresponding chloroenynes in 80—95%
yields as early as 198128 (Scheme 48). Under the
conditions used, the extents of dialkynylation must
be insignificant.

Scheme 48
CI/\/CI (5 equiv)
cat. Pd(PPhg)g, Cul
piperidine R—= \
80-95%
RC=CH CI/ - \CI (5 equiv)
cat. Pd(PPhg)s, Cul cl
n-BuNH, . /)

R—=
80-95%
R = n-Pent, CH,OTHP, CH,OAc, CH,SMe, etc.

As satisfactory as the results shown in Scheme 48
are, the need for the use of 5 equiv of dichloroethyl-
enes is at best somewhat inconvenient. It would, for
example, preclude in situ generation of chloroenynes
and their use as intermediates in the same pot
without the removal of the excess of dichloroethylene.
In 1984, the Pd-catalyzed reaction of alkynylzincs
with (E)-ICH=CHCI, readily preparable in 83% yield
from acetylene and ICI,%*® was reported as a cleaner
and selective alternative permitting direct use of the
chloroenyne products in the same pot® (Scheme 49).

Scheme 49
1. n-Bui 101 (1 equiv)
2. ZnCly cat. Pd(PPh3),

RC=CH — | RC=CZnClI

R—="_ .

68-91% (83-95% by GLC)

(E)-Chloroenynes prepared above can be further
substituted with alkenyl, aryl, and alkynyl groups
by the Pd-catalyzed cross-coupling??°-222 (Scheme 50).

Scheme 50

R2
XMg™ X
cat. ClPd(PPhg)s
NEts, THF Rl
RI— N

/" Ref. 220 55-90%

XMgAr
cat. C|2Pd(PPh3)2
NEt,, THF

Ref. 220

Rl—==
\¥CI Rl—=A

51-95%

H—==—R?
cat. Cl,Pd(PhCN),
Cul, piperidine = R?

RI—=="X
Ref. 221,222
62-80%

Another notable use of chloroenynes is their con-
version to terminal and internal 1,3-diynes, as shown
in Scheme 51 and Table 14.5%6091%5 The same overall
conversion of terminal alkynes into unsymmetrically
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Scheme 51
HX
XA . R'——=—H
cat. PdL, Rle=— n-BuLi / .
/' Ref. 59,60 a =ci \
_ Me,SiCl
R'—=—2znX [R1 - u] Re:s'g RI—=—==—5iMe,
A Br
I
cat. PdL, . / 1. ZnX;
e 2. R%X
Ref. 60 B) cat. Pd(PPhy), .
R—=—=—=—R?

Ref. 60 (C)

Table 14. Conversion of Terminal Alkynes into Unsymmetrical 1,3-Diynes via Double Pd-Catalyzed Alkynylation

R! of

Yield, %, of (C)

Xof Yield, % Basedon  Based on

RICECH | »xX  of (A) or (B) R? of RI Base  (A)or(B) R'CZCH
Ph Cl 91 0-EtOOCC¢H,;  n-BuLi 85 77
p-MeCgH, Cl 90 p-MeOC¢H, n-BuLi 74 67
p-MeCgH, cl 90 p-FC4H, n-BuLi 88 79
p-FCeH, a 81 p-MeCgH,  n-BuLi 81 66
p-CF;CHy Cl 84 p-NO,C¢H, n-BuLi 87 73
n-Hex Br 74 Ph LDA 90 67
n-Hex Br 74 HOOC(Me)C=CH- LDA 88 65

disubstituted conjugated diynes can also be achieved
by the preparation of bromoenynes followed by their
conversion to conjugated diynes.®°

The high-yielding and strictly pair-selective nature
of the new protocol in comparison with the Cadiot—
Chodkiewicz reaction may be seen in comparative
data shown in Scheme 52.5° Both methods require

Scheme 52
Cadiot-Chodkewicz Protocol

— <:> bromination Br—— <:>

=M
cat. PdL, — | cat. CuCl
_/ | EtNH,, NH,0H
|.© MeOH, DMF
=

30%
Pd-Catalzyed Double Alkynylation Protocol

1. n-BuLi
m— 2. ZI"IB!'Q _//—_—_—\_
Br
8 lj\—Br
cat. Pd(PPhg)s J 508 | 5.0
cat. Pd(PPhg),

three synthetic operations starting from (E)-3-penten-
1-yne, iodobenzene, and acetylene, but the Pd-
catalyzed double cross-coupling method is not only
completely pair-selective but also considerably higher-
yielding. Similar differences have been observed also
in several other comparative experiments.5°

The corresponding reactions of (Z)-CICH=CHCI
have yielded similar results, as those shown in

Schemes 49 and 50.222 Particularly noteworthy is the
use of (Z)-CICH=CHCI in the synthesis of complex
natural products containing a (Z)-enediyne moiety,
such as calicheamicin y,', esperamicin A;, and dyne-
micin A2?47233 (Scheme 53). This approach to the
synthesis of enediynes should be compared with an
alternative approach involving the use of iodoalkynes

Scheme 53

calicheamicin '
total synthesis 226. 228, 229
model compounds 224 227 o]

Me O

OH

MeO

esperamicin Ay
model compounds 224 225,227

dynemicin A
total synthesis of
o-methyl derivatives 233
model compounds?30-232
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and (Z)-Me3SnCH=CHSnMe3?34~2% discussed later in
section 111.B.8.

Also interesting is the synthesis of 12-membered
trienetriynes, as shown in Scheme 54.2%7

Scheme 54
p— 1. =—SiMe
3
~ C _ C =z cat. PdL,, CuX
cat. PdL,, CuX Cl 2.KF
o]
X X
56%
X
z Z
\\ cat. PdL,, CuX |
cl
X A
21%
SiMe, Me;Si

// \\ 1. cat. PdL,, CuX
2. KF
< >L— + Br>2 > _—
/ —
C{/ \\ Cl/__\Cl
— . — cat. PdL,,, CuX
N\ 7/ — \ 7/

Although the results obtained with (E)- and (2)-
CICH=CHCI and (E)-ICH=CHCI described above are
generally favorable, the scope of Pd-catalyzed cross-
coupling reactions of chloroenynes is nevertheless
limited due to the intrinsically low reactivity of the
C—CI bonds in Pd-catalyzed cross-coupling. It is
therefore desirable to generate bromoenynes by Pd-
catalyzed alkynylation of BrCH=CHBr or ICH=
CHBr.

The Pd-catalyzed reaction of a commercially avail-
able mixture of (E)- and (Z)-1,2-dibromoethylenes,
typically a 2:1 mixture of the E and Z isomers, with
alkynylzinc chloride such that the molar ratio of the
alkynylzinc chloride to (E)-1,2-dibromoethylene is 1:1
gives a mixture of the desired bromoenyne and 3-ene-
1,5-diyne, both of which are >99% E. So, the reaction
takes place nearly exclusively with (E)-1,2-dibromo-
ethylene. Thus, the reaction is highly stereoselective,
but it generally produces the desired bromoenynes
in low yields largely due to the formation of 1,2-
dialkynylated products, as shown in Scheme 55.238

In contrast with 1,2-dibromoethylene, (E)-1-bromo-
2-iodoethylene can selectively be monosubstituted to
give the desired (E)-bromoenynes in high yields80239240
(Scheme 56). Particularly noteworthy are the reac-
tions of Me3SiC=CZnX and TBSC=CZnX, where X
= Br or CI, producing the corresponding (E)-bro-
moenynes in 81% and 70% yields, respectively. The
former case should be compared with the correspond-
ing reaction in Scheme 55 producing the same
product only in 5% vyield. Also important is the
development of a vastly improved method for the
preparation of >299% (E)-ICH=CHBYr in 76% yield by

1%
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Scheme 55

cat. Pd(PPhg),
=\, _THF.1t 16h
r

o = fraction of
(E)-BrCH=CHBr

@RC=CZnCl + o Br” B, (1. Br

Rﬂ5r+ R:x\zﬁ + (-yBr” Br
(A) (B)
R (A) (B)

n-Bu 34% 17%
Me3Si 5% 55%

Scheme 56
HC=CH
MesSi—==—2ZnBr
HBr, IBr 2% Pd(PPhg)4

Ref. 239 MegSi—==
0°C, 48h Ref. 240 ! Br

81%,299% E
I/\/Br

TBS—==—2ZnBr

76%,299% E "\ 2% Pd(PPhg)

TBS—\
Ref. 239 N\ Br

70%, >299% E

1.Brzn—=
2% Pd(PPhs),
2. n-BuLi

a 3.1 2% Pd(PPhs),

ﬂBr
Ref. 239 76% overall

1. LDA
2. ZnBry
3. 1" 2% Pd(PPhy),

mm

65% overall

PAMeN—=—2znCI + I~ cat Pd(PPhals_

Ref. 242

PhMeN——=—=
48%

the reaction of acetylene with commercially available
IBr and HBr.80-239.240 |ts previous synthesis using a
mixture of 1, and Br, produced ICH=CHBr only in
45% vyield.?*

Both (E)-Me;SiC=CCH=CHBr and (E)-TBSC=
CCH=CHBTr have proved to be very useful C, syn-
thons in the synthesis of carotenoids, retinoids?*°
(Scheme 57), conjugated oligoenes that can serve as
intermediates for a number of oligoene macrolide
antibiotics,?*® such as amphotericin B (Scheme 58),
and many other complex natural products, such as
xerulin?®® (Scheme 59).

More recent studies directed toward the synthesis
of some other natural products have not only yielded
the following favorable results obtained by the Pd-
catalyzed alkynylation of (E)-ICH=CHBr but also
revealed that these compounds cannot be prepared
by the Sonogashira reaction (Scheme 60).1%*

Furthermore, some of the results shown in Scheme
60 led to a suspicion that the difficulty encountered
in the Sonogashira reaction might stem, in part, from
the use of (E)-ICH=CHBr despite many favorable
results obtained with 1,2-dichloroethylenes?*® (Scheme
48). As indicated earlier in Scheme 34, (E)-ICH=
CHBr may not be readily used in the Sonogashira
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i, ii., v., vi.

=

Scheme 57
X (¢}
1.LDA
2. CIPO(OEt),
3.LDA
=
Zz
AN i - iv. XXX
85% 70%
‘ i., ii., Viii.
A
V4

NIRRT

i.  MejAl (2 equiv), Cp,ZrCl,, (CH,Cl),, 23 °C, 4 h.
ii.  evaporation at 50°C and < 0.5 mmHg.

jii, Br/\/Z—SiMe,
1.05 equiv -
iv. K,CO3 MeOH, 23°C, 3 h.
v. THF, n-BuLi, 23 °C, 0.5 h.
vi. (CHO), (3 equiv), 23°C, 5 h.
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NIRRT

vitamin A
67%, 299% all-E

i., ii., vii. NIRRT

B-carotene

68%, 299% all-E
Br

NN

y-carotene, 53%, > 98% all-£

, ZnCly, THF, 2.5 mol% Pd,(dba)s, 10 mol% P@),, DMF, 23 °C, 8 h.

) , [
vii (0.5 equiv), ZnCl,, THF, 2.5 mol% Pd,(dba)s, 10 mol%P@),, DMF, 23°C, 8 h.

Viii.

(1.05 equiv), ZnBr,, THF, 5 mol% Pd(PPh,),, DMF, 23 °C, 2 h.

. !\
ix.  ZnCl,, THF, 2.5 mol% Pd(dba);,10 mol% P@)o, DMF, 23 °C, 6 h.

Scheme 58

8SO /\(S)/E i, ii.

TBSO

79%, >98%, all-E

., i,

74%, >98%, all-E

\\:

TBso/\:/\/\/W\/\/\/COOEt

i (a) HZICp,Cl, THF, (b)| g~ ~—=SiMes

ii. KaCOg (1.2 equiv), MeOH.

i., ii.

S T S e

74%, >98%, all-E

...... > amphotericin B

.5 mol% CloPd(PPhg), + 2 DIBAH, ZnCly, THF.

COOEt
i, Br N , 5 Mol% Cl,Pd(PPhs), + 2 DIBAH, ZnCl,, THF.

reaction due to extensive alkyne dimerization that
cannot be alleviated by degassing and/or addition of
radical inhibitors.

Very little is currently known about the use of
BrCH=CHCI and ICH=CHI. However, BrCH=CHCI
does not appear to offer any readily expected advan-
tage over either CICH=CHCI or ICH=CHCI. Judging
from the results obtained with 1,2-dibromoethylenes
(Scheme 55), competitive disubstitution is likely to
be a serious side reaction with ICH=CHI. The
current scope of the Pd-catalyzed cross-coupling with
various 1,2-dihaloethylenes may be summarized as
shown in Table 15.

6. Alkynylation of Sterically Demanding Organic
Electrophiles

It has already been discussed in section 111.B.2 that
aryl halides in which one or both of the ortho
positions are substituted generally suffer from com-
plications in steric origin and that alkynylmetals
containing Zn can cope with steric problems better
than those containing Mg or Sn. A recent report on
the synthesis of hexaalkynylbenzenes?** (Scheme 61)
suggests that the Negishi protocol is also superior to
the Sonogashira reaction in coping with problems
stemming from steric hindrance.
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Scheme 59
Brin——=
— cat. Pd(PPhy), — .
! Br/VrTBS . E/\/_——TBS (2 equiv)
HZrCp,Cl
e — : ., fi. PR — J—
l J \\ Br . [CICDZZF/\/\/__;—TBS (2 equiv)] ——» _/T‘::‘W
91%
Zn-11
— 20 curm
i)
xerulin, 70% o

i ZnCly, 5 mol% ClLPd(PPh,), + 2 DIBAH.
i, BugNF

iii. " “coon, 5 Mol% Cul, NEt; (4 equiv), 1 mol% BHT, degassing.

Scheme 60
BrZn—=—=—COOEt
cat. Pd(PPhg),, 23 °C =
( . 3).4 Br/\'/z—COOEt
Negishi 82%, >99% £
B X
12 . =——COOEt
(1.2 equiv) cat. Pd(PPhy),, Cul
N\ o —
Et,NH, 23 °C Br/v:COOEt . EtZN/\/COOEt
Sonogashira trace 92%
BIZn—=—"X COOEt
COOEt
cat. Pd(PPhg),, 23 °C =
( 3)¢ Br/\/—/\r
/ Negishi
86%, >99% E,E
PN — -~ -COOE!
(1.2 equiv) cat. Pd(PPhy),, Cul OOkt
° ="
\\_Et;NH, 23 °C B /v—/\r
Sonogashira

0-28%

5% Pd(PPhg),

THF, 23°C,5h
N d\/\rcooa 23°C,5
COOEt
BrM_/v\r

82%, 299% all-E

7. Cascade Processes Involving Pd-Catalyzed
Alkynylation

Cascade processes in this review may be defined
as those chemical processes involving a series of two
or more consecutive steps occurring under one set of
reaction conditions. Those cascade processes that are
considered in this section include one or more Pd-
catalyzed alkynylation steps. The other steps may or
may not be Pd-catalyzed. One aspect of critical
importance in such cascade processes is the correct
queuing of all of the steps, which would require an
appropriate rate, neither too fast nor too slow, for
each step.

a. Catalytic Carbopalladation—Alkynylation
Cascade Processes. Trapping of “living” alkenylpal-
ladium derivatives generated via carbopalladation of
alkynes with organometals is a potentially useful
synthetic operation. Although some results observed
with organometals containing B and Zn were pub-

Scheme 61
Ph
| Ph——= ||
Pd(PPh3)4
C'ﬁm cul, (i-Pr),NH c cl
"
| | Sonogashira // %
Cl Ph cl Ph

47% (average 78% each)

Ph
T™MS | I TMS
TMS—=——2nClI A =
Pd(PPh3)4
Negishi // %
Ph I | Ph
™S

81% (average 93% each)

lished in the late 1980s,245-248 critical factors re-
mained to be clarified. A systematic screening of
metal counteractions summarized in Scheme 6224°
indicated, for the first time, that the desired carbo-
palladation—alkynylation cascade process is disfa-
vored by fast Pd-catalyzed alkynylation reactions
involving Zn or Cu but favored by slow alkynylation
reactions involving Sn and B. It was also clearly
shown that “premature” alkynylation before cyclic
carbopalladation was the origin of difficulties with
Zn and Cu.

The cyclic carbopalladation—alkynylation cascade
process involving alkynylations has since been ap-
plied to the formation of the A ring of neocarzino-
statin chromophore, as shown in Scheme 63.250-252

b. Catalytic Alkynylation—Lactonization Cas-
cade Processes. The Pd-catalyzed alkynylation of
(2)-p-haloacrylic acids containing | or Br under the
Sonogashira coupling conditions does not produce the
expected cross-coupling products to any detectable
extent. It instead produces (Z)-y-alkylidenebuteno-
lides,'®® thereby providing an unprecedentedly ef-
ficient and attractive route to (Z2)-y-alkylidenebuteno-
lides. The use of at least 4 equiv of PPhj; relative to
Pd and MeCN as a solvent was shown to be desirable
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Table 15. Current Scope of the Pd-Catalyzed Alkynylation with 1,2-Dihaloethylenes

commercial availability or method

1,2-dihaloethylene of synthesis

scope and limitations

(E)-CICH=CHCI and

« both isomers commercially available

o selective monosubstitution with an excess

(2)-CICH=CHCI (5-fold) of the reagent generally satisfactory
o widely used
« second substitution of Cl by cross-coupling
potentially problematic
BrCH=CHCI e not commercially available o little or nothing known about its cross-coupling
e preparable by treatment of
Br,C=CCl, with Zn
ICH=CHCI » not commercially available e monosubstitution potentially more selective and
 the E isomer preparable by treatment favorable than with CICH=CHCI
of HC=CH with ICI (83% yield) » wide application expected
e same limitation in the second cross-coupling as
observed with CICH=CHCI
BrCH=CHBr o commercially available as an E and o selective monosubstitution problematic and
Z mixture hence of limited synthetic usefulness
ICH=CHBr o commercially available (E isomer) o selective monosubstitution with RC=CzZnX
o the E isomer preparable by treatment « wide synthetic scope and considerable utility
of HC=CH with IBr and HBr (76% yield) expected
ICH=CHI e not commercially available o little known about its cross-coupling
o the E isomer preparable by treatment
of HC=CH with I, and Al,O3 (33% yield)
Scheme 62 Scheme 63
E pZ — =
. cat. Pd(PPhg), Z BusSn—=—\
m + n-Bu—=——M Br cat. PA(PPhs), OTBS / oTBS
n-Bu | =—Me Ref. 249 % OBn
TBSO Ref. 250 TBSO OBn
E = COOEt 75%
> BugSn——"\ —
£ £ /x cat. Pd(PPhy), OTBS / oTBS
E | £ P HF X
n-Bu * n-Bu "o X Ref. 251 HO
\ = Me X =1orBr 70-80%
Z Me \
nov” - = 2T N e =
Z =
(A) (B) J\/jLr cat. Pd(OAc),, PPhg f/ OTHP
THF
B
—— Yield, % — Bno” 7 Ao 252 BrO '
n-Bu—==—M Conditions (A) (B) 51%
(n-Bu—=}-2n THF, 25 °C 8 75 . .
B 75 produces the expected cross coupling products in
mBu—=—H C‘é‘ (fuTOIZO) , 16 49 excellent yields (Scheme 64).15825 Thus, in cases
. (25'3:‘(;"") where 2-en-4-ynoic acids are desired, the Negishi
_ , ! protocol may be used, even though the use of esters
n-Bu—=—=—BBugaLi THF, 25 °C 45 a . . .
in place of free carboxylic acids has been shown to
m-Bu—==—5nMes THF-HMPA, reflux <5 permit cross-coupling without lactonization?>¢ under

@ Not determined.

_ Me,SIC=CSnBug
@i’h\\\ cat. PdL,, DMF
Ref. 248
oTf |
A
Me;Si

>

45% (n=1)
54% (n = 2)

for high yields of (Z)-y-alkylidenebutenolides.??® As
already discussed in sections 111.B.1 and 111.B.2, this
cascade process has been applied to the synthesis of
a number of natural products containing (Z2)-y-
alkylidenebutenolides.109:110.200.239,253,254

In sharp contrast with the cascade process men-
tioned above, the Negishi alkynylation of zinc salts
of (Z)-haloacrylic acids with alkynylzinc derivatives

either the Sonogashira or the Negishi coupling condi-
tions.

Although very attractive, the Sonogashira—Lu
alkynylation—lactonization cascade process has also
been shown to be complicated by various side reac-
tions. Alkyne homodimerization as a side reaction
was already discussed in section I11.B.1. Another
widely observed side reaction is formation of six-
membered 2H-pyran-2-ones. With relatively unhin-
dered alkyl groups as R, the ratio of 5H-furan-2-ones
to 2H-pyran-2-ones tend to be only 2—4,2%% as shown
in Scheme 64.

On the other hand, 2-en-4-ynoic acids preparable
by the Pd-catalyzed alkynylation with alkynylzinc
derivatives typically in over 90% yields can selec-
tively be converted to 5H-furan-2-ones in excellent
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Scheme 64
2
2 3 cat. Pd(PPhg),, Cul 3
Al—— ., RUF EtN,MeCN MecN34 /_Z_S: KIR
X COOH Ref. 199 o) (o)
2 md cat. Pd(PPhg),, Cul
EtsN, MeCN
R! ZnX + e
X  cooznx Ref.158 ——)=<000H
cat. Pd(PPhg),, Cul
— — THF, 23°C, 12 h R (A) +(B), % (A): (B)
7=+ ‘coon Ref. 255 /_O: /(l :
. R (o) n-Hex 77 64 :34
(A) B) -Pr 75 80:20
c-Hex 65 80:20
+Bu 76 97: 3
amN
| COOZnBr
cat. Pd(PPhg)4 — 5-10 mol % Ag,CO4 .
o ° = N R (A) +(B), %%  (A): (B)
Ref. 255 R O R o Yo n-Hex 90 96: 4
R (A) (B) FPr 93 95: 4
c-Hex 88 97:3
tBu 86 98: 2
4Based on R——=
— 5-10 mol% ZnBry
THF o - S R (A) +(B), %% (A): (B
/ﬁcoowl HF, 23 °C /=O=0+m (B) (A):(B)
H Ref. 255 R © R0 X0 n-Hex 90 6: 94
(A) (B) Pr 92 4: 96
c-Hex 86 4: 96
t-Bu 86 34: 66
4Based on R—=
yields by using Ag,C03?7 as a catalyst?%5 (Scheme Scheme 65
64). Furthermore, it has also been demonstrated Io=CBun
recently that 2-en-4-ynoic acids can selectively be rapar Pemt M gac 4T pen 4
converted to 2H-pyran-2-ones in the presence of a H o ABu H \=—8un
catalytic amount of ZnBr, without any transition -PentC=CH o=CBun 2%
metal catalyst?>® (Scheme 64). It should be noted that, Rel 18 mega cat. Pd(PPhs),
- : - ClpziCp, MPent H ZnClp n-Pent H
under the Sonogashira reaction conditions, 2H-pyran- . .
2-ones have been obtained only as minor products. Althez M ren T
In summary, the preparation of 2-en-4-ynoic acids BrC=CR?
by the Negishi coupling permits their selective and L
high-yield conversion to either (Z)-5-alkylidene-5H- RlC=CH — 20~ H>=<B(Sia)24— HH__THZ
furan-2-ones (A) or 5-alkyl-2H-pyran-2-ones (B). 72-100%
8. Pd-Catalyzed Alkynylation with 1-Halo-1-alkynes Scheme 66
The use of 1-halo-1-alkynes in the Pd-catalyzed Me cat. PdL,, Me
alkynylation was reported first by Negishi in 19788 _ THF
. - . ZnCl + IC=CBu-n —— =—Bu-n
by using alkenylalanes as nucleophilic reagents. This Ref. 187
was soon followed by the development of the corre- 90%
sponding reaction of alkenylboron derivatives®° .
i ZnCl cat. PdL ==—Hex-n
(Scheme 65). It should be clearly noted that this e
option is not available to the Sonogashira reaction- /\ + BrC=CHexn —— [\ 40,
based methodology. As might be expected, aryl- and o Ref. 118 0o
alkenylzinc derivatives also participate readily in this
H H cat. PdL,
reaction (Scheme 66). More recently, related reactions mPent  H E Y nPent. H
of organotin compounds have also been developed, + ICECBu-n ———
as shown in Scheme 67. Mé  znCl Ref. 18 Mé Bu-n

9. Recent Modifications of the Sonogashira and Negishi
Alkynylation Protocols

One of the commonly perceived advantages of the
Sonogashira and other Heck-type alkynylation pro-

95%

tocols over the Negishi and other related alkynylation
reactions involving the stoichiometric quantities of
alkynylmetals is the direct use of terminal alkynes
without stoichiometric metalation. In the Sonogash-
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Scheme 67

SnBu
(Et0),CH(CHo)7 X""""% 4 BrCECCH(OEY),

cat, Cl,Pd(MeCN),
DMF

== CH(OEt
(E10),CH(CHg) " CH(OY:
Ref. 258

OSiPhyBu-t
OSiPhoBu-t frh2BU

N N=—Br 4+ |
BugSn” ~O” "OMe
OSiPh,Bu-t

cat. Pd(PPhg)4 OSiPhyBu-t
toluene ‘ .
— " pPent” 7N =" "0" "OMe

Ref. 259
61-71%

n-Pent”

BrC=CEt Et
cat. Pd(PPhg), =

SnMe;
J'\/j/ 3 penzene, reflux, 48h | =
“ Ref. 260 7

+BuOOC™ "N

+BuOOC™ "N
84%

Me3Sn SnMej; o)

cat. Pd(PPhg), Y

/\OA
DMF MeO” N A8

Ref. 234 “OAc

80%
OSiMe,Bu-t

Me3zSn SnMeg o

cat. Pd(PPhg),
«COOMe e

ACOOMe

“'COOMe  Ref. 235 “"COOMe
67%
OSiMe,Bu-t

MegSn SnMegz
cat. Pd(PPhg)s
_ .

Ref. 236

o
NHCO,Me
72%

ira reaction, a catalytic amount of Cul or CuCl is
used. What is often overlooked is that the Sonogash-
ira and related protocols do require an amine or an
alternate base in the stoichiometric quantity. Fre-
quently encountered Michael-type addition reactions
arising from the use of amines and other bases should
also be recalled. Another widely perceived advantage
of the Sonogashira protocol is its compatibility with
water and other protonated solvents as well as air.
With respect to air, however, difficulties associated
with alkyne dimerization, which appears to be a
radical process at least in some cases, must be kept
in mind, e.g., Schemes 33 and 34, as the use of
degassing and/or radical inhibitors might more than
offset the advantage mentioned above.

Despite all of these, selection of protocols and
reagents is seldom made on scientifically sound and
fully rational grounds. For example, general toxicity
associated with Sn has long been known. And yet,
Sn has been clearly one of the most widely used
metals until recently. As discussed earlier, Sn does
offer special chemical advantages in some cases
(Schemes 62, 63, and 67). In the other cases, however,
its use will have to be minimized in the future.
Continuous changes and efforts to improve and
optimize various protocols are being made and will
be made in the future. Along with alkynylmetals
containing Li, Na, K, Mg, Si, Sn, and so on, those
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containing Zn, B, and In should also become com-
mercially available.

Along a more scientific and chemical vein, some
efforts to use directly terminal alkynes along with
stoichiometric or substoichiometric amounts of Zn
salts and one or more equivalents of a base, such as
Et;N, have recently been reported (Schemes 68—71).

Scheme 68
Cl cat. Pd(PPhg), Cl Ph
= ZnBry, EtzN F
N THF N
| + Ph— |
Me” 070 Ref. 261 Me” S0 S0
83%
Scheme 69
cat. Pd(PPhg)s
piperidine
cat. additive, rt
RC=CH + | RC=C
Ref. 262
R Additive Yield, %
Ph cat. ZnCly, I 80-94
Ph cat. ZnCl,, Nal 94
Ph cat. ZnCl,y, NaNg 100
Bu cat. ZnCl,, Nal 94
Me3Si cat. ZnCl,, Nal 100
HC=C(CHy)4  cat. ZnCly, Nal 100
HOCH, cat. ZnCl,, Nal 100
Scheme 70
cat. Pd(PPhg),
additive
O solvent/base Q
BuC=CH + Br OMe BuC=C OMe
Ref. 262
Additive Solvent / Base Yield, %
cat. ZnCl,, Nal piperidine 86
cat. ZnCly, Nal EtzN, DMSO, DBU 88
cat. Zn dust, Nal  EtzN, DMSO, DBU 100
Scheme 71
1. NEtg / ZnBr, (4 /1), THF
_ 2. 1Ar, cat. Pd(PPhg), _
RC=CH RC=CAr
Ref. 201
RC=CH 1Ar Yield, %
n-HexC=CH IPh 95
Me3SiC=CH IPh 97
n-HexC=CH IOCOMe 95
n-HexC=CH ICgH4OMe-p 87
n-HexC=CH ICgH4NO,-p 89
MeOOCC=CH IPh 75

Two other Pd-catalyzed alkynylation protocols
reported recently involve the stoichiometric use of
Ag,0 and TBAF?®* (Scheme 72). Since the reagents
and catalysts used in the two protocols are different,
comparison between the two cannot be made in a
reliable manner. Even so, the two appear to be of
comparable merits, but their advantages over the
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Scheme 72

cat. Pd(PPhg),
Ag,0, THF, 60 °C

Procedure A

R'C=CH + XR? R'C=CR?

cat. Pd(dba)s, PPhs

TBAF, THF, 60 °C

Procedure B

[ Yield, % —

R! XR? A B
n-Hex IPh 90 59
HOMe,C- IPh 73 64
tBu ICgH4AC-p 87 -
Ph IPh 60 75
Ph (E)-BrCH=CHPh 79
Ph ICgH4OMe-p - 83
Ph ICgH4CN-p - 86
Me;Si IPh 79

widely used methods, such as the Sonogashira reac-
tion, remain to be demonstrated.

IV. Other Topics

A. Recent Methodological Development. Search
for Superior Phosphines and Other Ligands

As one examines the general equation of the Pd-
catalyzed alkynylation with either terminal alkynes
or alkynylmetals (Scheme 1), it is noticeable that
most of the changeable parameters in the equation
have been widely varied not only for delineation of
the scope and limitations of this synthetic methodol-
ogy but also for optimization of reaction conditions.
In competitive situations, factors permitting selection
of optimal parameters among various available al-
ternatives have been reasonably well delineated. As
one thumbs through this article, one should also be
struck by the fact that the great majority of Pd
catalysts used for alkynylation are Pd—PPhz com-
plexes, represented by Pd(PPh3), and Cl,Pd(PPhj3),.
Since PPhs is currently one of the least expensive
phosphines or even the least expensive, its use is very
reasonable as long as it leads to highly satisfactory
results.

Looking into the future, however, one should note
that there still is considerable room for improvement.
Thus, the leaving groups in organic electrophiles
have been mostly I, with Br and OTf accounting for
most of a relatively small number of the remaining
cases. In fact, Cl has been used in some cases, but
the current scope of the Pd-catalyzed alkynylation
of organic chlorides is still rather limited. In this
respect, (i) optimization of ligands and Pd complexes,
(ii) screening and development of superior additives
including cocatalysts, and (iii) screening and develop-
ment of solvents and other reaction parameters are
highly desirable. Other more technological develop-
ments, such as immobilization of Pd catalysts, co-
catalysts, and other additives, should also be made.

Closely related are the issues of catalyst turnover
rate (TOR) and turnover number (TON). At present,
product yield is used as a criterion for comparison.
In fact, the turnover numbers determined in a limited
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number of cases have rarely exceeded 1000. It is
desirable to attain TONs exceeding 10* or 10°.
With these goals in mind, substitution, of PPh;
with other phosphines, such as TFP and dppf, has
been made but only in a limited number of cases. In
some other cases, nonphosphine ligands, such as
MeCN and PhCN, have also been used in place of
PPhs;. Nonetheless, systematic and more intensive
search for superior phosphines and other ligands may
have been made only within the past several years.
In a recent investigation of the Heck alkynylation
shown in Scheme 73,23 the use of a palladacycle(A)
was found to lead to TONSs ranging from 800 to 8000.

Scheme 73
0.1 mol% (A)
dZ  EtgN, 90 °C Y2
prc=CH + Br—( -~ 2T PhCEC@
— Ref. 263 —
Me z Time,h  Yield, %  TON
o)‘\\o Re
Ej:\pd/ \Pd,\P;E) p-Ac 5 99 990
P 00 p-Ac 24 80 8000
R
2 \Mre p-Cl 16 90 900
(A) R = o-Tol p-Bu 24 80 800

In a favorable case of Pd-catalyzed alkynylation by
the Sonogashira reaction shown in Scheme 74,264

Scheme 74

cat. Pdy(dba)s, Cul, L

MeQ FProNEt, n-BugNI
C 500 ;
— W4 COOMe DMF, -20 °C, 20 min
C Ref. 264

1.1 equiv
MeQ
= ooom

L (20 mol %) Yield, %
PPhs 32
(p-Tol)zP 39
(o-Tol)zP 52
(Mesityl)3P 100

optimization of phosphine ligands was conducted at
—20 °C. The results indicate that a sterically hin-
dered phosphine, i.e., tris(mesityl)phosphine, pro-
duces a catalytically more active Pd complex for the
reaction. Interestingly, PhsPO, PhOH, and 2,6-(t-
Bu),CsH3OH are nearly as effective as (mesityl)sP.

It has recently been demonstrated that (t-Bu)sP is
effective in the Pd-catalyzed cross-coupling reactions
of organic bromides and chlorides.?®> The results
summarized in Scheme 75 indicate that the improved
procedure reported in this study can very satisfac-
torily handle sterically hindered and/or electronically
deactivated aryl bromides.

It does appear that sterically hindered phosphines,
such as (mesityl);P and (t-Bu)sP, might prove to be
useful in further improving the Pd-catalyzed alkyn-
ylation, but many more persuasive developments and
examples will be needed to fully justify the use of
structurally more elaborate and/or expensive phos-
phines.
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Scheme 75
0.5% Pdy(dba)s
1.1 % (t-Bu)sP
Ph—=—SnBus + Br Jx7 e Ph—= \/_\/)Z
= Ref. 265 ==
z Yield, %
p-Ac 97
o-Me 97
2,4-(MeO), 83
2,6-Me, 95

B. Mechanistic Aspects of the Pd-Catalyzed
Alkynylation

The standard three-step catalytic cycle consisting
of (i) oxidative addition of a Pd(0) complex with an
organic electrophile, (ii) transmetalation to generate
diorganopalladium derivatives, and (iii) their reduc-
tive elimination to produce the desired alkynes with
concomitant regeneration of the Pd(0) complex
(Scheme 76) has been proposed already in the 1970s

Scheme 76

PdL,
oxid. _
R—Pd'L,X add. red. elim.
transmetal.
R
i

for both the Sonogashira reaction® and the Negishi
alkynylation with alkynylzincs and related alkynyl-
metals.'>1¢ Although this mechanism has never been
rigorously established, it has been repeatedly cited
and profitably used as a basis for various discussions
and predictions. A generally accepted notion of nu-
cleophilic characteristics of Pd(0) complexes and
electrophilic nature of Pd(ll) complexes has also
served as a useful guiding principle.

An alternative catalytic cycle consisting of (i) the
same oxidative addition as in Scheme 76, (ii) carbo-
palladation, and (iii) reductive 5-dehydropalladation
was also proposed by Negishi in 1978516 (Scheme
77). Indeed, carbopalladation of alkynes is a widely

M = metal or H

Scheme 77

Pd°L,
oxid. )
R—PdIL,X add. red. B-elim.
ﬁb\ometal.
R M
F
N

@szd" R

M = metal or H

observed process?%® which is known to occur with both
terminal and internal alkynes and expected to be a
fundamentally favorable process with election-rich
metalated alkynes, provided that it can favorably
compete with potentially competitive transmetalation
involving the C—M ¢ bond. Furthermore, -metal-
loorganopalladium derivatives thus formed is ex-
pected to undergo facile reductive -elimination to
produce the desired alkyne with concomitant regen-
eration of Pd(0) complex. Thus, this mechanism is
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highly plausible, but it has not attracted much
attention. Nor has it been ruled out.

Since the final alkyne product does not retain any
structural features of pertinent organopalladium
intermediates permitting discrimination of the two
different mechanisms shown in Schemes 76 and 77,
it would be desirable to trap any organopalladium
intermediates that are unique to one or the other
mechanism. Torii reported in 1991%%7 a cascade
cyclization reaction of a bromoenyne under the condi-
tions of the Sonogashira reaction shown in Scheme
78 and interpreted the results by a mechanism

Scheme 78

HC=CR
cat. PdL,, Cul {

E><:;/ EtsN E 2 PdL,Br
E Br E
E = COOMe

E = E
— S — XL
E R E R

consisting of (i) oxidative addition, (ii) cyclic carbo-
palladation, (iii) cross-coupling, and (iv) either Pd-
catalyzed or uncatalyzed electrocyclic process to
produce a benzene derivative. However, no firm
experimental evidence was presented. Nor was the
process of the dienyne formation specified and clari-
fied. Only terminal alkynes were used as the second
alkyne reagent.

Two years later Negishi®®® reported a related Pd-
catalyzed cyclization of bromoenynes without the use
of a Cu(l) salt. Not only terminal monoalkynes but
also internal alkynes, including alkynylsilanes, were
used, and all produced the expected arenes in com-
parable yields ranging from 62% to 83% (Scheme 79).

Scheme 79
R'C=CR?
cat. PdL,
Ph
Ph EtsN R
E Br Ref. 268 E R?
E = COOMe
R'C=CR? Yield, %  Regioselectivity, %
HC=CHex-n 67 >93
HC=CPh 73 >92
n-HexC=CSiMez 63 >98
PhC=CSiMes 62 >98
n-PrC=CPr-n 83 -
PhC=CPh 62 -~
Ph cat. PdL,
E 4 o,
o + DCZCHex.n EtaN.125°C,2h
E Ref. 268
E = COOMe

Ph

E : t :D (75-85% D)
E Hex-n

65%

In cases where internal alkynes are used as the
second alkyne, the mechanism via the formation of
dienynes shown in Scheme 78 cannot be operative.
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To accommodate all of the results in a unified
manner, Scheme 80 was proposed. Although not

Scheme 80
R R
E><:;/ PdL, E A
£ Br E PdL,Br
R
E Z>pdLgr R'CECR?
E x

R

E R
endo-mode
carbometal. E R2
BrL,Pd \ R
R H E R!
R E :i: 2
R / R
R2
PdL,Br

E =

| 6n
R2 ~glectrocycl.
BrL,Pd \ yE
E

H

supported firmly by experimental evidence, this
mechanism appears to be imminently plausible for
the reactions of internal alkynes. Apropos of the
present mechanistic discussion, if this mechanism
should prove to be operative in the cases of terminal
alkynes as well, it would amount to a long-sought
trapping of the intermediate formed via carbopalla-
dation shown in Scheme 77. This point remains to
be fully clarified. However, the use of DC=CHex-n
led to a 75—85% D incorporation in the position
predicted by the mechanism shown in Scheme 80.
Thus, the experimental results are consistent with
the carbopalladation mechanism shown in Scheme
77. Since the fate of D based on the mechanism
shown in Scheme 76 is not clear, this mechanism
cannot yet be ruled out.

In both of the mechanisms shown in Schemes 76
and 77, oxidative addition of a Pd(0) complex with
an organic electrophile is considered to be a critical
step triggering the desired catalytic cycle. There can,
however, be some other mechanistic schemes for Pd-
catalyzed alkynylation that may not require the
oxidative addition of a Pd(0) complex to an organic
electrophile. One such mechanism for alkynylation
of alkenyl halides, for example, is shown in Scheme
81. It is not clear to the authors if the mechanism

Scheme 81
RCZOM XoPdllL,,
}ragmetal. -elim.

R—=
RC=CPd''LX —>=<

Erb\ometal.
X 7 %) PdlL X

ey RCEC—C’:f(l:—

M = metal or H

shown in Scheme 81 can be ruled out on the basis of
currently available experimental data. Inasmuch as
such a mechanism goes counter to the currently
prevailing mechanistic notion, however, it would be
desirable to settle issues such as this as they arise.

The two alternative mechanisms indicated in
Schemes 77 and 81 pose two fundamental questions
about two steps, i.e., transmetalation and oxidative
addition, in the widely accepted mechanism repre-
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sented by Scheme 76. There can be many minor
ramifications associated with each of these three
fundamentally discrete mechanisms. Some ramifica-
tions may be of fundamental and general signifi-
cance. Such aspects should be pursued and clarified.
Most of the others may be of specific nature and
applicable mainly to those specific cases investigated.
In reality, relatively little is currently known beyond
speculations based on starting material—product
relationships.

V. Conclusions

1. The Heck-type alkynylation with terminal
alkynes, especially the Sonogashira protocol, and the
Pd-catalyzed alkynylation with alkynylmetals, espe-
cially the Negishi protocol with alkynylzincs, have
emerged as two of the most general and reliable
methods for the synthesis of alkynes over the past
guarter of a century by supplanting the Cu-promoted
Castro—Stephens reaction. In less demanding cases,
all or most of the currently known protocols of Pd-
catalyzed alkynylation including Heck alkynylation,
Sonogashira reaction, as well as alkynylation with
alkynyl metals containing Mg, Zn, B, Al, In, Si, and
Sn may prove to be highly satisfactory.

In cases where the starting alkynes are most
readily available in the form of free terminal alkynes
either from commercial sources or otherwise, the
Heck alkynylation without the use of a Cu cocatalyst
would be the least involved and hence operationally
simplest. It should therefore be considered first. In
reality, however, it may prove to be desirable in many
cases to use the Sonogashira protocol by adding a
Cu(l) salt. On the other hand, in cases where the
starting alkynes are generated via alkynylmetals
containing alkali metals, such as Li and Na, or Mg,
alkynylation with alkynylmetals directly generated
in situ as mentioned above would be simpler than
the Heck and Sonogashira protocols and should
therefore be considered first. Alkynylmetals contain-
ing alkali metals must generally be converted to
second-generation alkynylmetals via in situ trans-
metalation, and alkynylzincs appear to be the cur-
rently best option to be considered first. In cases
where alkynylmagnesium derivatives are the most
readily available precursors, however, they should be
tested before converting them into alkynylzincs or
other alkynylmetals.

Although alkynyltins have also been widely used,
they are generally less satisfactory than alkynylzincs.
Furthermore, their toxicity is a serious concern. They
do, however, offer some unique advantages as dis-
cussed in section 1. So, their use must be reserved
for such special cases and executed with ample
attention paid to their toxicity.

Although alkynylmetals containing B, Al, In, and
Si have also been used, especially over the past
several years, their scopes and limitations, especially
their merits and demerits relative to the Sonogashira
reaction and the Negishi alkynylation with alkynyl-
zincs, must be further delineated. At present, rela-
tively little is known about their clear-cut advantages
over the widely used protocols mentioned above.
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2. As detailed in section Il and summarized in
Table 1, the Pd-catalyzed alkynylation of class Csp2—X
electrophiles, i.e., aryl, heteroaryl, alkenyl, allenyl
(propargyl), and acyl electrophiles, has proved to be
generally satisfactory. A wide variety of organic
compounds including natural products?®® and com-
pounds of material chemical interest have been
conveniently and satisfactorily synthesized.

Although alkynyl electrophiles also readily partici-
pate in Pd-catalyzed alkynyl—alkynyl coupling, for-
mation of unwanted alkyne homodimers has been a
frequently encountered problem, and its general
solution does not appear to have been devised. In fact,
this is also a frequent problem associated with the
Cu-catalyzed Cadiot—Chodkiewicz reaction. On the
other hand, an alternate method involving the in-
termediacy of 1-halo-1-alken-3-ynes (section 111.B.5)
is not only general but also strictly cross-selective and
offers a superior alternative in many cases.

Allyl and benzyl electrophiles are known to readily
participate in the Pd-catalyzed cross-coupling. Curi-
ously, however, little is known about their Pd-
catalyzed alkynylation. Judging from a recent suc-
cessful report on successful alkynylation of benzyl
halides,*” further investigation may prove to be
fruitful. The well-known difficulty in the oxidative
addition of alkyl electrophiles lacking f,y-unsatura-
tion appears to generally disfavor their use in Pd-
catalyzed alkynylation.

3. Although widely applicable, the Sonogashira
reaction has also been shown either to fail altogether
or to be problematic in many demanding cases of
alkynylation, as amply demonstrated in sections
111.B.1 (Schemes 33 and 34), 111.B.2 (p. 50), 111.B.3
(Scheme 43 and Table 12), 111.B.5 (Scheme 60), and
111.B.6 (Scheme 61). In many such cases, the orga-
nozinc protocol has been shown to be significantly
superior and a satisfactory alternative. Besides being
operationally somewhat simpler in many cases, the
Sonogashira reaction may also prove to be chemically
superior to the alkynylzinc protocols in some cases,
such as polymerization via Pd-catalyzed alkynylation.
Clearly, further delineation of merits and demerits
among various alternatives, especially the Sonogash-
ira reaction and the Negishi alkynylation, is desir-
able.

4. Some of the important pending issues include
(i) substantial improvement in the catalytic turnover
numbers (TON) and rates (TOR), (ii) other techno-
logical improvements, such as immobilization of
catalysts, and (iii) structural and mechanistic inves-
tigation. For example, it is desirable to attain TONs
exceeding 10*—10° through development of (a) new
and superior ligands and Pd-catalysts, (b) superior
cocatalysts, other additives, and solvents, as well as
(c) various advanced technological devices.
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