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) En primer termino, la destilaciOn do via corta a camino corto con aplicación de 

vaclo (Short Path Vacuum Distillation (SPVD)) es un proceso extensamente 

aplicado y ampliamente reconocido como una tØcnica do separación utilizada 

con frecuencia en la purificaciOn de compuestos de baja volatilidad y 

termosensibles, la descripción de (a misma en el aæo de 1969 por R. 

Habendorif et al, tal como consta en (a patente americana US 3,434,935 

publicada el 25 de Marzo del mismo aæo y titulada "APPARATUS FOR 

VACUUM AND SHORT-PATH DISTILLATION" y (0 consignado en Lanzani y 

Bondioli, 1994; Cvengros, 1995; Hernandez y Rathbone, 1998; Ooi et 

al., 1994, en donde las sustancias a destilar so exponen un tiempo mÆs corto 

y a temperaturas mÆs bajas. AdemÆs, existe una gran cantidad do referencias 

de estos destiladores que permiten un proceso continuo, lo que los hace ütiles 

a nivel industrial’, especificamente en (a industria farmacØutica y qulmica. 

> La patente europea EP I 236709 titulada "A PROCESS FOR THE 

PREPARATION OF TERBINAFINE" revela un proceso para (a preparaciôn de 

Terbinafina (E)-N-(6,6-dimethyl-2-hepten-4-ynyl) -N-methyl-I- naphtalene 

methanamine, que comprende la reacción de Tert butilacetileno con un 

compuesto de formula (II) 

LI 

y que se caracteriza por que (a reacciOn se Ileva 

a cabo en presenciade cobre (I) sale o base -eq.. ausencia de paladlo, lo que hace 
posible que el trabajo y los pasos de purificaciOn sean mÆs fÆciles, previniendo 

quo el producto final estØ contaminado con pàladio, ademÆs, es ventajoso en 

tOrminos de rendimiento y selectividad. 

1 http://www.avta-us.com/index.html, 
http://www.technoforce.net1desinfthort path.htm 
http:IIwww.chem-group.com/processinp/short..path.tl 
http://209.85. 165.1 04/search?acache:4kO4hcQlc3L8J:www,olltek.com.mv/orocess-
eauip.html+short+Dath+distiDation&hlen&ct=clnk&cd=8 
http://209.85.1 65.1 04/search?p=cache:6p cNVDrlW:www.reactarvessels.demon.co.uk/Short- Pat 
h Distillation/short oath distillation. html+short+r,athi-distillation&hl=en&ct=clnk&cthl 3 



Este documento tambiØn ilustra la forma de preparación y el uso de Terbinafina 

Cruda coma material de partida la cuat es preparada segün su capitulo 

reivindicatorlo y tal como se mencionó antes, par reacciôn del compuesto (it) 

que podria Itamarse (E)-N-(3-Chloro-2-propenyl)-N-methyl-N(1 naphthyl 

methyl) amine con Tert-butilacetileno (que tambiØn podrIa liamarse 3,3-

dimethyl-1-butyne), y que si se compara con la solicitud colombiana en trÆmite, 

estarlamos hablando de procesos idØnticos. Entonces, es evidente que las 

caracteristicas asignadas at proceso de sintesis de terbinafina de la solicitud 

colombiana en tramite, especificamente to que se refiere con los materiales de 

partida, intermediarios, reactivos utitizados y los catalizadores de la reacciôn ya 

haban sido revelados en la EP 1 236709, ademÆs, y es importante resaltar 

que dicha anterioridad describe que su proceso no utiliza catalizadores de 

paladlo en el proceso y por tanto no reciutere de una posterior etapa de 

purificación, con Ia que aventaja al proceso de la solicitud colombiana ya que 

en ella si se incluye una etapa de purificaciOn, (implicarla mÆs tiempo y mÆs 

costos en comparación con lo..veIado en la EP 1 236709) y, que como se 

demostrô anteriormente, dicha forma de purificación  (mediante short path 

distillation) ahora incluida en esta solicitud en colombiana y conocida en el 

estado del arte, nos permiten afirmar que to que ahora se pretende patentar en 

la actual solicitud en trÆmite no cumple con los requisitos de patentabilidad. 

> Como se observa, Ia solicitud colombiana en tramite da una soluciôn menos 
practica que sus anterioridades a un problema tØcnico ya resuelto, utiliza un 
proceso de obtenciOn de terbinafina descrito con anterioridad en el estado de la 

tØcnica en todas sus caracteristicas y ademÆs, busca reivindicar un proceso de 

purificaciOn reconocido y estandarizado en su uso, y que resutta obvia su 

aplicacion en el caso. 

IL COMPLEMENTO DE INFORMAC1ON. 

Por si no fuesen suficientes los argumentos expuestos en la oposición presentada 

en su momento, se puede demostrar que existe aun mÆs información de carÆcter 
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cientIfico que incluye las mismas caracteristicas del proceso de obtención que 

busca reivindicar la solicitud colombiaria en trÆmite, veamos: 

> publicaciôn cientifica "PALLADIUM-CATALYZED ALKYNYLATI ON2" revela 

absolutamente todo lo relacionado a las posibles reacciones dealquinllacion 

entre diversos compuestos, con la participaclón de cataHzadores de paladio y 

relacionados ademÆs de revelar infortnaci6n de los antecedentes de este tipo 

de reacciones, se encuentran varios protocolos en donde se ha utilizado la 

alquinilacion catalizada par paladio; comparac ones entre diversas de estas 

reacciones de alquinilaciOn contra las planteadas par Sonogashira et al.; 

sintesis de aiquinos terminales a partir de etino o etinilmetales; R-alquinilacion 

de compuestos de carbonilo R-halo R-alfa-insaturadbs; alquinilacion de 1,2-

dihaloetilenos; alquinhlaciOn de electrófilos organicos; procesos on cascada 

que involucran una alquinilación catalizada por paladio; alquinilaciôn 

catalizada por paladio con 1-halo-1-alquinos y recientes modificaciones a 

los protocolos de alquinilacion de Negishi et al. Y Sonogashira et al. 

AdemÆs revela explicitamente: 

As in most of the other cases, the Pd-catalyzed alkynylation of alkenyl / 
electrophiles were initially achieved by and large by using the 
Sonogashira coupling and the Negishi coupling with alkynyizinos, as 

.indicated by the results shown in Table 7: The use of Mg was also 
- introduced in the late 1970s. Although the Pd-catalyzed alkynylation of 

aryl halides with alkyriyltins was reported as early as 1978, its earliest 
application to alkynylation of a/ken vi electrophiles was most probably that 
reported in 1986 and shown in Scheme 15. Also shown in Schema 15 is, 
another earlier example in the synthesis of terbinafine. 

2 El-ichi Negishi* and Luigi Anastasia. Palladium-Catalyzed Alkynylation. 2003 American Chemical 
Society Received July 29, 2002 Published on 04/15/2003. 
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Este esquema permite tal como se mencionO antes, observar un proceso de. 

sintesis de la sustancia Terbinafina, en donde se emplea un compuesto de tipo 

methyl) amine con unf 

terbutilacetileno en presenciade_catalizadores de Paladlo y cobrejara obtener 

Terbinafina como producto final, en consecuencia, se puede inferir que la 

sintesis planteada por la solicitud Colombiana en trÆmite involucra reactivos e 

intermediarios ampliamente descritos en el estado de la tØcnica y cuyas 

condiciones y mecanismos de reacción pueden derivarse obviamente a partir 

de la infbrmaciOn suministrada en esta anterioridad. 

En conclusiOi metodo de obtenciOnypurtficación  de Terbinafina que contiene 

la solicitud Colombiana en trÆmite carece por compteto de novedad y de nivel 

inventivo, si se tiene en cuenta que los intermediarios empleados’ ((E)-N-(3-halo-2-

propenll)-N-metil-N-(1 -naftilmetil)amina y 3, 3-dimetil-1 -butino) se encuentran 

descritos con anterioridad en el estado de la tØcnica, asi como los catalizadores 
(de paladlo o similares) empleados para la reacción que se describe; y ya que 

finalmenteutilizaunatØcnicadepurificaciôn (destllación de via corta) ampliamente 

utilizadaen la industria farmacØutica y descrita con anterioridad para procesos  

quimicos del mismo tipo, con el agravante que se conocen mØtodos que no 
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requieren de dicha etapa de purificación, con to cual, ademÆs de todo, dicha 

solicitud da una solución a un problema tØcnico de una manera menos eficiente 

que otros procesos incluidos en el mismo estado de la tØcnica. 

Par todo to anterior, ruego se anailcen los argumentos expuestos con el rigor y 

detenimiento habituates y que en consecuencia se decrete, ademÆs de la 

negaciôn de la solicitud en comento, el archivo del expediente que la contiene. 

ill. ANEXOS 

� 
La publicaciôn cientifica "PALLADIUM-CATALYZED ALKYNYLATION". 

Seæor 

JOSE LU1SEYES VILLAMIZAR 
C.C. 79.152.473 de UsaquØn 
T.P. 44655 del C. S de la J. 
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2. Heteroaryl Electrophiles 1987 as the Sonogashira reactlon° originally reported 
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A. Background 1997 

Scheme  
B. Critical Comparisons between the 1991 

Sonogashira Reaction and the Pd-Catalyzed Castro-Stephens reaction 
Alkynylation with Alkynyizincs and Related 
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_____ 
R1CCCu + XR2 - R1CCA2 

1. Alkyne Dimerization 1997 
2. Direct Synthesis of Terminal Alkynes from 1998 Heck alkynylation reaction 

Ethyrie or Ethynylmetals RIG-=CH + 2 cat, PdL, base 

3. Use of Alkynes and Atkynyimetats 2000 
Containing Eiectron-Withdrawing Groups Sonogashira alkynylation reaction 

4. r-Alkynylation of a-Halo-a.fi-unsaturated 
Carbonyl Compounds 

2002 
A10ECH 

+ XR2 cat. PdL cat. Cul 
R1CCR2 

5. Alkynylation of 1.2-Dihaloethylenes 2003 
base 
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Other 
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Superior Phoshines and Ligands nyllithiums are at least as reactive as the corre-
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they hardly produce the desired alkynylation 
VI. Acknowledgments 2014 

products In the 

presence of a catalytic amount of the VII. 
References 2014 same Pd complex. At least In one case, the formation 10.1021/cr0203771 CCC: $44.00 ' 2003 American Chemical Society Published on Web 04/15/2003 
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of a palladate, which is best represented by LIPd-
(CusCR).1, was observed (Scheme 3).20 Evidently, the 
excessively nucleophilic aikynyil ithiurns 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,’’° 13,15 Al, ".2223 and Sn 

Scheme 2 

1caCM + XR2 
cat. PdL, 

R1C1CR 
M = Zn, Mg, B, Al, Sri, etc. 

Me Me 

+ i-.j> n.ent__?J) 

M of Reaction Coed!’ Product Residual 
Entry n-PenICECM Temp (°C) Time h) Yield (%) Ar-I ) 

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 

22 1 91 6 

1 ZnCI 22 3 88 2 

8 H9CI 22 1 trace 92 

9 HgCI reflux 6 trace 88 

10 BBU1LI 22 3 10 16 

H_ B13U3Li reflux - -I 92 

12 AlBu,Li 22 3 4 80 

13 AIBu3U reflux 1 38 10 

14 AIBu2 22 3 49 46 

16 SiW3 reflux I trace 94 

16 SnBu3 22 1 75 141 

17 SflHii3 22 6 83 

18 ZrCP2CI reflux 3 0 80 

In all cases except entry 3, 5 mol % of Cl2Pd(PPh3)a treated 
with 10 mol % of i--Bu2AIH was used as the catalyst. In entry 3, 5 
mol % of Pd(PPh)4 was used as the catalyst. 

Scheme 3 

2 LICCR RC5C-ccR + (LiCI)0Pd(PPh)2 

Cl2Pd(PPh3)2 
/’ >95% ,,lor2 

Li2Pd(CCR)4 + 4 LiCCR + 2 PPt3 

R t-Bu > 95% 

were also reported by Negishi In 1978, even though 
the 1315,24 n and Sn’ versions have sometimes 
been labeled as the SuZuki and StIl.le a.Ikynyiar.ion 
reactions, respectively. More systematic investiga-
tions of Pd--catalyzed aikynylation with alkynyistan. 
nanes were performed 

in 

the early 1980s by Burrta-
gin, Beietskaya, and their (:0--Workers28 and later by 
Stiile. Boron and aluminum were hardly used for 
alkynylation for almost two decades after the initial 

discovery) -5 In the meantime, the Pd -catalyzed t’eac-
tktn of haloalkyrtes with alkenylalanes and alk-
enylboranes were also reported by Negishit8 and 
Suzuki---Miyaura,313 respectively. More recently, the 
Pd--cata1yted aikyrtylation with alkyrtyiboron deriva-

tives has been further Irivest1gated. 24-V.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 
cable by either the Sonogashira reaction or the 
aikynyizinc reaction. Further investigation of the I’d-
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 chemoselec.tMty, lower catalytic reactiv-
ity. and lower pair’ selectivity In the direct ethyrty-
iation (vide infra). in a number of less demanding 
cases, however, it is as satisfactory as any others, 
Including M. Inasmuch as most of the other alkyn-
ylmctais are prepared via alkynyhnetais containing 
Mg, Li, or Na, the reaction of alkynyirnagnesium 
derivatives In particular should be considered first 
beIbre converting them into other derivatives. It 
should also he noted that some alkynylmagnesium 
derivatives including HCCMgB;’ are comn-terd.alIy 
available. 

Among other main group metals tested in the 
Initial investigation,15 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(1I)-to..Hg(0 rcdiiction, organ.o-
mercurials may interfere with Pd catalysis involving 
shuttle between Pd((Y) and Pd(II) complexes. The 
Inherent toxicity associated with Hg Is another 
serious concern. ’ihe inability of alkynylsilicon de-
rivatives to undergo facile alkynylatf;r’-5,16 must be 
due to their Intrinsically low reactivity. In fact, Si 
has been used as part of alkyne protecting groups, 
such as Me3SI, and of precursors to alkynyimetals 
containing other metal countercatlons. in some cases 
where fluoride and oxy bases are used as activators, 
however, It Is likely that alkyn.ylsilicon compounds 
containing a hypervalent SI are generated as actual 
reactants.,  

Over the past few years, the Pd-catalyzed cross-
coupling reaction of tr6,(a1kyny1indllums to give 
disubstituted alkynes in excellent yields has been 
reported.4-47 All three aikynyl 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,48 and Bi,A have been employed 
in the Pd-catalyzed (Toss--coupling, little or nothing 
appears to be known about their use in the Pd -
catalyzed alkynylation. 

In the countercatlon screening reported In 1978,1,5 
Zr failed to serve as an effective metal countercatton. 
As mentioned earlier, the stoichiometrlc amount of 
Cu has been used in the Castro›-Stephens reaction3 
without the use of Pd catalysts.  while a catalytic 
amount of Cu is used in the Sonogashira reaction.5 
Recently, the corresponding Pd-catalyzed reaction of 
preformed alkynyislivers with alkenyl triflates has 
been reported. -55›’16 In view of the relatively higi cost 
of Ag vis-à-vis other less expensive metals mentoned 
above, the practical synthetic value of the Pd-
catalyzed alkynylsilver reaction may be questionable. 
Among relatively lnecpensive 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 ClPd(dppf) has recently 
been reported as shown In eq 1.57  However, little or 

nothing appears to be known about the use of other 
transition metal countercations in the Pd-catalyzed 
aikynylation. 

1% Cl2Pd(dppf) 

24 h 

9 t’ 

In summary, Zn, Mg, and Sn, in addition in Cu 
used in catalytic quantities, have been widely used 
as part of aikynylmetais, 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 

BI 

Al Si  1:1 Widely used 

Cu Zn 1:1 Promising 

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 electroph.ilic 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 he 
made. The topics to be discussed In these critical 
comparisons include (a) direct ethynylation for pre-
paring terminal alkynes. (b) use of electron-deficient 
aikynes, use of stcrlcaily demandIng organic 
electrophiles, selective monoaikynylation of diha-
loalkenes and dl- and polyhaloarenes. (e) a-alkyny-
lation of a-halocnories and related derivatives, fi 
strictly pair-seIecthre synthesis of conjugated dlynes, 
( fI-haloalkenolc acids and related reactions, (h) use 
of 1-haloalkynes, and (fl In situ generation of alkyn-
ylzincs. Also discussed briefly will he some recent 
methodological developments with emphasis on 
searches for superior phosphine and other ilgands 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 eiectrophlles 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-CataIyed Alkynylation and Other Methods of Alkynylatlon with Respect 
to Organic Elect’ophiles 

Current Scope 

Class of AX P of AX Pd-Catalzyed Alkynylatlon Cu-Catalzyed or Uncatalzyed PJkynytation 
without Pd Catalysts 

C2--X Aryl "Widely applicable and satisfactory � Generally inferior or unapplicabte 

Alkenyf � Widely applicable and satisfactory � Generally Interior or unapplicable 

Acyl -Widely applicable and satisfactory � Alkynylcopper reactions may be competitive 

C�x Alkynyl � Not widely investigated 

� Cross-homo scrambling Is a 
potential problem. 

I cf. Indirect alternative59’60 

C3�X Ailyl - Little appears to be known 

Berizyl � Benylation of alkynyliridlums Is 
promising.47 

Propargyl [. Appears to be widely applicable, 
[ producing selectively allenynes. 

Alkyl � Generally not applicable due 
to stow oxidative addition 

atom bonded to a halogen or a related leaving group 

Class C�X: aryl, alkenyl, and acyl 

Class C�X: alkynyl 

Class C53�X: allyl, benzyl, propargyl, and alkyl 

Of these, alkyl electrophiles lacking a &1�
unsatur-ated 

bond are the only subclass of organic eiectro� 
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 C�X e.iectrophlles are employed. 

Although alkynyl halides, i.e., class C --  X electro-
phlies, 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 W cross- and borne-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 o. Cu catalyst. It 
should also he pointed out here that an alternative 
Pd-catalyzed route to conjugated dlynes via alkynyl---
alkenyl coupling with ICH"-"CHBr or 1CH=CHCi590 
provides a widely applicable and selective method for 
the synthesis of conjugated dlynes, as detailed later. 

Whereas the Pd-catalyzed alkynylatlori of pro-
pargyi and allenyl electrophiles with alkynylnietals, 
especially those containing Zn or Cu, is generally 
satisfactory, relatively little has been reported on the 

io

The Cadlot-Chodkiewicz reacflonis cureii 
Lmost widely used but often problematic. 

a 

The Cu-Catalyzed alkynyirnagnesium 
[action is generally satisfactory. 

� See above 

-See above 

� Primary and some secondary alkyl 
halides can be alkynylated with alkynylmetals 
containing Li and other electropositive metals. 

� Some tertiary alkyl halides react well with 
alk2nytalanes.60 

Pd-catalyzed alkynylation of ally] and herizyl dec.-
trophiles, which are known to readily undergo not 
only oxidative addition with Pd but also cross-
coupling with organometals containing aryl,’ 3 

alkenyl, and other groups, including metal eno-
lates.4 Fortunately, aikynyla clan of allyl, bcnzyl, and 
propargyl ciectrophiles can often he satisfactorily 
achieved by the Cu-catalyzed reaction of alkynyl-
magnesium derivatives with these electrophlles.657 

In summary, the Pd-catalyzed allnylation is 
largely complementary with the previously developed 
alkynylatlon methods involving Cu-catalyzed or un-
catalyzed reactions of alkynyl metals containing Mg 
and alkali metals, such as Li, Na. and K, as well as 
the Cu-catalyzed Cad!ot--Chodklewkz reaction of 
terminal alkynes with alkynyl halides, as indicated 
in Table 1. Currently, its main usefulness lies in the 
alkynylatlon of aryl, alkenyl, and acyl halides as well 
as their related clectrophiles. The Pd-catalyzed alky-
nyl�alkynyl coupling remains to be systematically 
Investigated, but cross-home scrambling appears to 
be a problem to be overcome. In the meantime, the 
alternate method involving Pd-catalyzed alkynyi�
alkenyl coupling mentioned above59° has been shown 
to be superior to the Cadiot�Chodkiewicr reactl.onsh 
in various cases. The Pd-catalyzed aikvnylation of 
allyl and benryl eleccrophiics remains as a puzzle to 
be solved by future investigations, even though that 
of propargyl and alk’nyi electrophiles is generally 
satisfactory for the synthesis of allenynes but not 14-
dlynes. 

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 Sonogoshira Ailynylatlan and the 
Pd-Catalyzed Alkynylation with Zn, Sn, and Mg 

reaction 
symbo1’ catalyst.s added reagent solvent and others 

Sonogathira 
CU-1a CidPPh-CuV Et2NH and other RNH’ EL2NH. etc 
Cu -lb C1rPd(PPlth.-C1W’ EtN and other RN’ EtNH, etc 
CU-1c Cl2PdPPh-CuJ" n-13uNI-12 and other RN1-I.’ z-z-L3uNli2, etc 
Cu -Id CiPd(PPh)2-Cu1’ piperidine and other cyclic amines piLperidine. etc. 
CU-1e CiPd(PPh-Cui5 K2CO3 d 
Cu-If CI21-’d(PPh)2-Cu1" C5CO3 d 
Cu -ix C1Pd(1-"Ph:)2"Cu1 others to be specified d 
C11-11a PdPPhkCuI" EtN and other RNl-1" lltN1-L etc." 
Cu-jib Pd(PPh-Cul" Et5N and other RN" Et2N, etc 
Cu-VIa CIPd(RCN)rCuI’ i-Pr2NH and other R2NH1’ R2NH, dioxane, toluene. etc’ 

AJkwy1a1ion with Zn 
Zn-i Ch,?PWPMN none THF, DMF. etc. 
Zn-b C1Pd(PPh- DIBAI-l’ THE DMF, etc. 
Zn-lb 5-12Pd(P}’k12 n-BuLl 11W, DMF. etc. 
Zn-fl Pd(PPh)4 none THE I)Ml, etc. 

Alkynylatlon with Sn 
Sn-i C12FdPPh none li-IF. toluene. etc. 
Sn-la Cl2Pd(PPhh DII3AJ-1" l’J-IF, toluene, etc. 
Sn-U PdPPhj4 none TI-iF, toluene, etc. 
Sn-Vm RPd(PPh,,j2lf none THE DMF, (C1-{2C1) etc. 

A/kynyiatlon with Mg 

SMg
-1 CIPd(PPh none THF, etc. 

Mg-la ClPd(PPh3)2 DIBAJ-1" TIE etc. 
Mg-11 PdPPhj4 none ri-IF, etc.  

’The symbol indicates the metal countercatitrn, the Pd complex, and one critical reagent, cocatalyst. or additive. The hold 
Roman numeral indicates one of the following Pd complexes. 

Pd complexes containing tnonophosphines 
and those without phosphines 

I = Cl2Pd(P1’h, 
U = Pd(PPh)4 
ILl Pd(OAc)r 
IV = U2Pd(.14 
V = Pd(dba) (n = 1.5 or 2) 
VI = Ci2PdRCN)2 
VII chPdcj-Fp). where ’iFP = trls(2-fuiyl)phosphlne 
VIII = 1?Pd(PPh3)2X, RX to be specified 
IX = Pd(14314:30 
X = Other rnonop osphine-contalning Pd 

complexes to be specliled 

Pd complexes containing bidentate 
phosphiries 

Xi""ChPd(dppl) 
XII = C12Pd(dppp) 
XLII = ClrPd(dppb) 
XIV = c12Pda)I’1›!’.phos) 
XX = other chelating phosphlrie-contaiidttg 

Pd complexes 

"The Pd/Cu ratio is typically 1.12. 1 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--Ia--Cu-Ix. "The Pd/Al ratio is 1/2, Use of I-MBAJJ mry be omitted, but some 
reactants and/or other reagents will be consumed in generate active Pd(0) catalysts. Other added rcagetns, such as ri-BuLl, may,  
also he used- ’R = Ar, such as Ph, Ba, etc., to he spedllccd in parentheses. 

S elect-rophiles with respect to (a) Leaving groups (X) 
and (h) substituerits is as shown below: 

Reactivity of leaving group X):I OTf Br> Cl 

Reactivity of substituent: EWG> II > 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 
ekctrophlles. Recently, lodonlum cations have been 
used as leaving groups of superior reactivlty,697’ 
although their practical synthetic utility remains to 
he further delineated. Some other important features 
of organic electrophiles include steric effects and 
chelation. As important liactors other than those 
associated with organic electrophfles, (a) substituents 
in alkynyl groups, (b) metal countercatlons discussed 

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

As Pd catalysts or precatalysts to be exact, C12Pd-
(PPh and Pd(PP.h)4 have been most frequently 
used. It has, however, become Increasingly clear that 
the use of other Pd catalysts is desirable in some 
hiØily 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 eases of the Pd-catalyzed alkyn-
ylatlon 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 Mkynyiatlon of Aryl Elecirophiles with Cu, Zn. Sn, and Mg 
Countercatlons 

RCCH or 
AiX - 

j’ Reaction Condillons 

Procedur&’ Solvent Temp, 

- Product 
°C  Time, h Yield, %b Ref 

Sonogashira alkynylation 

PhCCH o’NO2C5tl48r Cu-is aI2NH ft 3 90 5 

HOCH2CSCH o’NO2C5H4Bi Cu-is EtNH it 3 80 5 

M83SiCCH o-NO5C5H4ar CU-1b ElaN ft 4 70 8 

MsS1C8CH p.NO2C5H48r Cu-lb EI3N ft 4 88 8 

Me3SICSCH p.NCC5H4Br CU-1b Et.3N It 4 82 8 

Me3SlCCH pMeO2CC8H4Br Cu-lb Et3N it 4 89 8 

Me3SICSCH PH1NCC6H4I Cu-lb 8tN 40 4 83 3 

MeSlCCH fi-Naphl Cu-lb EI3N it 4 65 8 

MeStCCH t---f’-.-’l Cu-is EI5NH it 4 80 8 

Me38lCCH Cu-id pipeildine 1 4 85 8 

Me3SlCCH (h-()4_ Cu-la EtNH,C5H5 Vt 4 80 8 

Me 

1093SCCH Cu-id pipeftdtne ft 4 85 8 

Me 

Aikynylatian with RCSCZnX 

n-PentCSCZnCl 0-MeC6H4I Zn-la (DIBAH) ThF ft 1 -(88) 14,15 

n-PentCaCZnCI m-MeC5K4I Zn-la (EHBAH) TIIF it 1 79(89) 15 

nPentCnCZnCI p-MeC6H4I Zn-U THF it 0.5 70(92) 14 

n.PentCnCZnCI p’NCC6l-t4 Zn-Il TI-IF it 4 - (93) 14 

n’PenIC3CZnC1 p.05NC5H41 
Zn-Is (DIOAH) TI-IF it 

3 64(94) 14 

PhCCZnC! Phi Zn-11 TI-iF it 0.5 74(93) 14 P11CSCZnCI 

m-MeC6H4I Zn-la(DIBAH) TI4F it 1.5 80(87) 14 

Aikyaj4ation 
with AC3CSnX3 n-PentCaCSn8u3 o’MoC61141 

Sn-la(OIBAH) TI-IF it 
S - (83) 15 

Aihynylatlon with RC3CMgX n-PSnICSCM9Br 

o-M8C0I-141 Mg-la (OlAH) ThF ii 24 49 15 "See Table 2. An added reagent is indicated in parentheses. I = cat.ClaPd(PPhz. II = cati’d(PPh3)4. Cu-1 = cat.Cl2Pd(PPh)z. + caLCuL "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. AM.. Eectrophs 1. Carbocyclic Aryl Electrophiles Some of the earliest prototypical examples of the Pd-catalyzed alkynylation of ayi electrophiles by the Sonogashira reaction5’8 as well as by the reaction with alkynyimetals containing Zn15 and S&516- re-ported In and before 1980 are shown. in Table 3. These results indicate that the Pd-catalyzed aIlçynyl�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 addithn 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 alky7lylatlon with alkynyistannanes is the synt:hests of various alkynyl-substituted -arene�rneta] com-plexes containing r-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-drotremeton& and lunularic acid27 via Pd-catalyzed alkynylation of carbocyclic aryl bromides and inflates 
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Table 4. Representative Examples of the Pd-Catalyzed A&yaylation of Aryl Electrophiles Reported since 1951 

R10ECH or 
Reaction Conditions podwt 

-- - R1CCM ArX - Proced=8 Solvent 7, OC lime, h Yield, %b Rat. 

Sonogashfra alkynylation 

MeCOH o-MoC4H4Br Cu-lb Et3N 24 4-16 86 72 

t.BuCCH Phi Cu-lb (Et3N) MOON 25 3 88 73 

n-9uCCH p-AcC6H48r Cu-lb (EI3N) ThE 25 18 91 74 

n-PentCCH p-0NCe(441 Cu-VflZb(t3N) CH013 60 1 100 75 

n-PentCCH p-0NCI441 Cu-fib Et3N 90 24 85 76 

PhCCH p-MeC6H41 Cu-X’b (t04) MaCN, i-tO 23 5 96 77 

PhCaCH p-MeC6H48r Cu-lb (Et3N) TI-IF 25 16 87 74 

PhCCH 2,6-Me2C5Hi Cu-Via (j-Pr2NH) dioane 23 0.5-15 63 78 

HOCH2CCH p-Me005H4I Cu-lie (Et2NH) EtNH 25 2 92 12a 

MeCH(OH)CCH o-MeOCH4I Cu-Via (t-Pr2NH) toluene 23 24 45 79 

HOMe3CCH o-M90C8H4Br Cu-Vie (J-Pr2NH) dioxane 20 23 84 80 

HOMe2CCH 2,4,6-(Me0)C6Ht Cu-lb DMF 80 21 67 81 

ASCH2CWH o-Me0CaH4I Cu-lb (EtN) MOON 25 24 77 82 

MeHNCOC6CH o-MeOCGHi Cu-X2b(Et3N) DM50 23 16 95 83 

Me3SiCCH o-MeC91-i.11 Cu-fix (TEBAC) benzene, NaOH 40 48 46 84 

Me8SICECH frACCeH4Br Cu-lb (Et3N) THF 25 16 92 . 75 

Me3SiCCH p-MeOC8H4Br Cu-Via (i-Pr2NH) dioxane 20 5-15 90 78 

MOSiCCH oC5H4(OTt)2 Cu-lb (Et3N, Xl) DMF 70 4 91 84 

Alkynylatlon with RCCZnX 

t-BuCECZnCI Phi Zn-fl ThE 22 0.1 92 85 

t-8uCCZnCJ 

z-NaphBr Zn-il THE reflux 6 67 88 

F3CCCZF%CI Phi Zn-U TI-IF 50 .4 96 81 

Me0CH2CCZnCI PhOTI Zn-fl DMB-benzene 90 8 67 

88 

EIOCECZnCI Phi Zn-I THE 23 4 65 .89 

EtCCaCZnCI o-CIC6H40TI Zn-i TI-IF 23 4 
65 89 MOO 

Me 

CCZnCi Me �-1 1 Zn-fl 

THE 50 7 73 90 an 0 

Me DMa 

.. Alkynyiation with RCfiSnX3 n-PrCCSnBu3 

o-AcNH06H4Br Sn-U toluene 100 2.5 77 91 PtCCSnMe1 p-NCC6H4I Sn-VfiX DMF 20 017 95 82 PhCC8nBu1 p-ACC6H4Br Sn-X3 

toluene 90 72 90 93 PhCCSnRu3 

-CF3C6H4l Sn-X3 toluene 80 32 92 93 PhCECSnMO3 p-ONC8H41 Sn-VIII, DMF 20 0.1 93 92 PhCECSnBu3 24,6-(02N)3C61-121 Sn-Vhf2 (CH2CI)2 130 1.5 85 94 Et02CCCSnBu3 Phi Sn-i (Et4NCI) DMF 23 2 94 95 

Me3Si(CEC)SnSu3 o-OHCC61-145r Sn-I toluene 110 2 91 96 

EtOCfiCSnMe3 Phi Sn-I (Et4NCI) DMF 23 6 53 97 

Et0CECSnMe3 p-02NC6H41 Sn-I (Et4NCI) DMF 20 0.1 80 97 

Et0C0SnMe3 p-Me0C6F441 Sn-I (Et4NCI) DMF 23 1.5 66 .97 
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Table 4 (Cothued)  

R1CCH or Reaction Conditions Product 
R1CCM ArX Procedurea Solvent T, °C Time, h Yield, %b Ref. 

Allcynylatlon with RCCBX3M 

n-PontCC8u3Li o-MeC6I44I S-I (DIBAH) TI-IF reflux 1 -. 92) 15 
n-HexCC8(0Pr-i)3Li oMeC5H4t 0-11 THF 50 15 75 31 
,i.BuCCB(0Pr-43Ll p-MeC6144I Bli (Cul) DMF 80 5 97 33 

nBuCCB(0Pr-3U p-O2NC6H41 B-fl (Cut) DMF 80 5 97 33 

n-BuGCB(0Pr-3U 2,4,6-(Me0)3C0Hi B-fl (Cut) DMF 80 48 27 33. 

PhCEC8(0Pr-3U o-MeC6H41 8-fl (Cut) DMF 60 15 96 33 
PhCCB(OPr-U p-MoC6H41 B-fl (Cut) DMF 23 24 90 33 
PhCCB(OPr-3LI p.O2NC6H41 B-fl (Cut) DMF 60 15 98 33 

PhGEC8R2(0Me)Kc p-OHCC5I-t4Br B-X1 TI-IF reflux 1 77 26 
PhC08R2(0Me)Kc p-NCC81›1413r B-lU THF reflux 1 93 26 
PPCC8R2(0Me)K0 p-NCC6H4Br a -X1 THF reflux 1 59 26 

Alkynylatlon with RCC4IX2 

n-PentCBCAIBu2 o-MeC6H4I Al-I (DIBAH) THF rt 3 - (49) 15 

Alkynylatlon with (RCC)3tn 

(PhCC)in p-MsC6H4I in-I Ti-IF reflux 0.5 90 46,47 

(PhCC)3ln p-AcC6H40TI In-] THF reflux 1 94 46,47 

(Me3StCC)3ln p-MeC61›140Tf In-i TI-IF reflux 1 93 45,47 

(MasSiCC)&n p-AcC6H40TI In-I THF reflux 1 91 46,47 

A!kynyfatIon with RC_CSIX3 

PhCCStMe3 p-AcC6I-141 Si-fl (CuCI) DMF 50 12 
- (84) 38 

PhCCSiMe3 p-ArC6H48r Si-U (CuCI) DMF 80 12 (27) 38 
PhCCSiMe3 p-AcC6H40Tf St-U (CuCi) DMF 80 24 89 (91) 37,38 
PhCCStMe3 a-NaphOTt $t-LI (CuCi) DMF 80 14 (84) 38 
PhC5CSIMe3 1-NapflOTt SI-U (CuCI) DMF 80 12 

- (65) 38 
p-NCC8H4CECSJMe3 p-AcC6H40TI SI-Il (CuCI) DMF 80 �3-24 52 (95) 37 

p-Me0C6H4CCSiMe3 p-AaC6H40TI Si-U (CuCI) DMF 80 3-24 65 (>90) 37 

P-Me0CCsiMe3 p-AcC6H4CI Si-XIH(CuCI) DMF 120 12 56 38 

� 

Q.�CECSlMe3 p-NCC6H40TI St-ii(CuCi) DMF 80 3-24 52 (71) 37 

PhCCSiMe2OH Phi SI-IL (CsF) THF 60 12 <5 42 
PhCCSiMe2QH Phi SI-fl (Ag2O) THF 60 2 78 42 

PhCCSiMe2OH Phi Si-fl (TBAF) THF 60 2 90 42 
PhCCSIMe2OH m-MeC5H41 SI-Il (IBAF) THF 80 2.5 05 42 
PhCCSiMo20H p-AcC6H4I Si-fl OAF) THF 60 2 78 42 
PhCnCSIMe2OH m.SrC5t-141 Si-11 (TOAF) TI-IF 60 2 73 42 
PhCCSiMe2OH fl-NapPl SI-U (ThAF) TI-IF 60 3 71 42 

See Table 2. All Cu procedures use cat.CuI. An additional reagent Is Indicated In parentheses. I cat.021?d(PPh)2. II 
cat.Pd(PPh3)4. VI = cat.02Pd(RCN)2. VII’ = cat.p-NO2C8H4PdI(PPh. V1112 = cat.C6H5PdI(PPh3)2. X’ = cat.Pd(PPh3)2(m-

C6H4SO3Na).}120. X = cat.Pd(PPh5)2(OAc)a. X3 = cat.PdC1(7r-C,H5)2. XI = cat.C121’d(dpp0. "Isolated yields. The numbers in 
parentheses are GLC or NMR yields. I BR;! = 9-BBN. with aikynylborates 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 enantlopure chromane moiety of vitamin B.0° material chemical interest have been reported 40’°3’°6 



Palladium-Catalyzed Alkynylation 

Scheme S 
R3Sn�--SiMe3 

� 

�SiMe3 cat, C2Pd(MeCN)2 
DMF

 

Ref. 98 
Fe(CO)5 Fe(CO)3 

78% 

4 R�--5nMe 
Pd2(dba)3, AsPh3 
DMF 

Ret,99 
Fe(CO)3 Fe(CO)3 R 

P Me3SI (83%), t-Bu (400,16), n-Oct (25%) 

SnBu3 

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

Scheme 7 
opt OR pa pa 

= - 

RO RD  ac 

wi Pi*PPh, 

G.03C’’#O=#’�8 Mo Tlo-(>-4_#C’OTl .(. ’ç-----

Me0Si 
>-as_sMe 

- 

S% 
A,O Ii .i# 

not. 40  

MO, Oii’iC 

r�1 
cat. Cl2Pd(MeCN)2.DMF 

Rot. 100 
ML,, MLn 

M = Fe, Mo, W. Mn, or Re  
L = (CO2M (CO)3Me or (CO) .____._ 

_\ 

Me 

cat. Cl2Pd(M9CN)2 M. 
DMF 

Me 

Rot. 101 

Me Me 
8,  

M #0 e n - a w #I#0 ItO 
=o oots’oe,= 

cat Cl Pij(PPh ) 
CH2C 

Cl��’�---SjM3 
Ref. 102 

co .re C,to 

W Cr(CO) Cr(CO) 
84% 

Scheme 6 Scheme K 

’ 
.--’ 

oat. Pd(PPh)4 
Me3SiC8CM9Br +

 )i,,, JL_1t ) e. ome.1), I $ Ref. 107 

OM, 

,010 

Me3SC 
- es or 

 

65% 

�Our.

Ho 0 
leOrOH

 
Me3SICCMgBr 

+ Me3SCCPh 

fbi, a? _.,5111 ’30 "op .touior.i woO 

90 

Wo 
SO 

i 
C)klkl 

_4? 

(Scheme 7). For the synthesis of polymers, the 
Sonogashira reaction and those employing thermally . and hydrolytically stable alkynyirnetals, such as 
alkylboranes, alkynylsilanes, and alkynyistannanes, 
may offer an advantage In terms of ability to purify 
alkynyl reagents. 

2. I-Ieteroaiy! Electrophiles 
Despite the presence of proximal heternatoms, 

Including N, C), and S. that might be expected to 
significantly affect the course of the Pd-catalyzed 
alkynylation of heteroaryl e.iectrophfles, 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-
phtles Containing One Heteroatom. Both ct- and 
fl-halo and related derivatives of pyrrole, furan, and 
thiophene have been satisfactorily alkynylated by 
using either the Sonogashira coupling or the Negishi 

SiMe3 cat. Pd(PPh3)4 HCOC SiMe3 

HC0CSnBu, 
dioxana

 
Ref. 108 S90’o 

5% Pd(PPh)4 
TASF (2.5 equtv) 

n-Hex 
’-s�SlMe3 + ç 

Ref. 36 - 

n-Hex 

55% 

OMe 33%CI7Pd(dppf) 

RG5 M*  + B
 IF 

r’"CHO Ret, 26 

THF 

M = Na or K 

RCCC"S CR0 
Po Mc (52%). Ph (681/6 

coupling with alkytlz1ncs. Although the number of 
examples Involving the use of other metal counter-
cations Is limited, alkynylmetals containing Mg.107 
Sn,108 SI,38 and B26 have also been employed In some 
cases (fable 5 and Scheme 8). 

In the Pd-catalyzed aliynyla tion of a,18-dihalo-
thiophenes and related fttrans, alkynylation can be 
achieved selectively in the a position, indicating that 
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Table 5. Pd-Catalyzed Alkynylation of Five-Membered fleteroaryl Electroplailes Containing One Heteroatom 

R1GSCH of 
Roaction COfldItlOn$ Product 

R1CCM ArX Procedure- Sotv6nt T.nCTe, 11 yield, %b Ref 

rjMe3SICBCII Cu-tb (LiBr) Et3N/THF io-is a 79 
2Mo 

IiCaCZnBr Zn-fl THF 23 4 -(78) 109 

Me81C8Cb1 
,cJ 

Cu-fl, lLiBr) EI3NITHF reflux 1 74 2 
Br 

HCCZnBrJO Zn-it THF 22 4 -(92) 109 

HCIICZnBI Zn-fl THF 23 4 72(78) 109 

OF  

"1[j 
NO1_-CBCH Cu-la (LiBr) (iPr)8NW r8Uux 5 77 2 

plporldlne/ThF 

THPOCCZnBr 1 
0 

1 Zn-fl THF 23 1 -(82) ItO 

M88SICBCI-1 ’101Cu-lb 
Or 8 

ttABr) t3MITH 90-95 2 75 2 

H4_C2CI-4 ,EJ Cu-lb ILiBrI EtNffl* 90-95 2 85 2 

MeCBCZnBr Zn-U THF It 1 82(92) 14 

n.Pen[CCZnBr ,LJ Zn-la THP ’1 2 70(85) 14 

n-PentVCZn0t 
Or 
’011 Zn-U THF II .(75) 14 

HCaCZnOr Zn-tX TI-IF 22-23 1 80(87) 109 

HCBCZnBr Zn-Il THF 22-2:3 1 71(92) 109 

Or 

108SiC2CH CU-Ud(LUr) pipnoTHF retlux 0.5 88 2 

BuSuCCCSn8u3  Sn-U dloxana leflwr 6 58 108 

a See Table 2. All Cu procedures us cat.CuI. An additional reagent is indicated in parentheses. I = cat.C12Pd(PPht)2. II 
cat.Pd(PPh3)4. 8isolated yields. The numbers In parentheses are GLC or NMR yields. 

the a-carbon--halogen bond is substantially, more reactive than that in the 

fi position (Scheme 9). Also shown in Scheme 9 are a couple of examples of the use of heteroaryl crlflates." b. Five-Memberod Het*roaryl Eleetrophiles Contahiing Two or More Heteroatoms.. The Pd-catalyzed a.Ikynyiation of five-reembered heteroaryl electrophiles containing two or more het.eroat.oms have thus far been mostly achieved by the Sonogash-h-a reaction, which appears to be satisfactory in a variety of cases. Although the currently available data on the use of alkynlzincs and other alkynyimet-als are very limited, they might also be expected 

to 
be widely appi icable. 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. (it) one each of N and 0, and (ill) 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 alkvnylated, and the readers are referred to some recent. reviews for further detalls.4111 A few notable applications to the synthe-sis of structurally complex hetcroaiyialkynes con-

taining two heteroatoms in a flve-membered het-eroaryl ring are shown in Stherne 11. e. Six-Membered Heteroayl Electrophiles. The Pd-catalyzed alkyriylatiort of six-membered het-eroaryl electrophiles has been mostly achieved by the Sonogashl:ra. reaction and the Negishi coupling with aikynyizincs. The electron-deficient nature of six-membered heteroaryl groups might be expected to favor the desired alkynylatlon. in reality, however, the heteroatoms can also exert rate retardation, as-InsIn 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 Alkynytatlon of Six-Membered Heteroaryl Electrophiles Containing One N Atom 

11189  

IC 
R’CCNor r--- Reaction Conditions - - - Product 
fl’c8cM ArX Procedures Solvent T. °C Time. h Yield. Ref. 

- 

2-PyildyJ 

- 

PhC2CH)t. .l 
Or  

Cu-Is EtNI-I rt 3 99 5 

Me3610CH JJ Cu-lb EtN 120 12 80 W. 

HCaCZnBr 
1101 

Zn-11 TI-IF 22 5 (70) 109 

n-HexCsCZnBr 
Br’ 

Zn-Il ThF 23 5 79 118 

arzno�f-ccznar Zn-11 ThF 22 8 70(83) 109 

3-Pyridyl 
Sr 

Me3SiCSCH ll, 
N 

CU-1b Et3N refiux 1 94 2 

81( 
BrZnO_f-CnCZnBr Zn-111 Ti-IF 22 8 89 109 

EIOOCCSCZnCI Zn-I THF-hexane 50 2 38 95 

DnO N OnX)4-
Zn-11 C C 79 119 

TI 0 

Me1910EG8n8u3 $fl.fl dloxane 80 2 83 120 
Me000 N 

4-Pyrldyl 

PhCCZnCl 
8r�<ijw 

Zn-lI 11W reffux overnight 84 121 

Oulnolyl or 

’1TJI’J HCCZnBr Zn-Il THF-OMP 50-55 24 55 109 

PIICCC$nBu3 Sk Sa-1l(LICO dloxane 90 16 65 122 

TNL 

Br 

HCCZnBr Zn-fl Tl-IF-OMF 50-55 24 58(82) 109 

See Table 2 for procedure symbols. b Isolated yields. The numbers in parentheses are GLC or NMR yields. ’Not Indicated. 

hoteroarenes 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--ynyO-2,2-bithienyi, junlpal,26 a thiophene-lactone.109 and Ireollngyn&’° (Scheme 13). C Alkenyl Eectropbas 1. Background and Genera! Discussion Aikenyl electrophiles are generally more reactive In Pd-catalyzed cross-coupling reactions than aryl electrophiles containing the same leaving groups.’ Thus, not only alkenyl lodides, 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 1eaorrn, Spidopter’i Jittoratts, shown in Scheme 14. Along with many favorable consequences of the 

generally high reactivity of alkenyl ciectrophiles, 
however, there are a number of complicating and 

often negative consequences associated with alkeni 
electrophlies, as discussed later. Their cross-coupling 
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Scheme 9 
Br Or 

oat. Pd(OAc)2, PPh3 
MeC3CZnCI + X 

net, 111 
MeC5C 

XBr(7O%),X=I(80%) 

Or 
cat. Pd(OAc)2. PPh3, 

20-24h 
RCCZnCI + Me - 

Ref, 112 

Or 

RC3C 5"Me 

R = MeSi (57%), 
R Ph (70116), 
B t-Bu (729%) 

o OTt 
mom. N)LJ, 

-’CH21\1HCOCF3 
O’N N cat. Pd(PPh3)4, Cu! 

60M I NEt3, tMP, rt, 4h 

Ref. 113 

OTol 

Scheme 10 
x x x 

r-N 
1/ \\ 

ç ç’N xQN x XN’ 
z z z z z 

eN r-N 
1/ \’ 

, XçN ç�

x 

CCNIX OcLx 

Negishi and Anastasia 

Scheme 12 

RCECH + f__()_-Z ---" - 

NN Ref, 123 NN 
A  Ph, CHOH. ZNMeC, We, F 63-93% 

PhGS CH ? t’-Ł")-M a ’ �"  

Me 

P hCaC-’’)--Me 
Rat. 124 

Cf 0168% 

OS!Me, 

cat. Pd’,, 
Si m% 

RC3CH + 
Ref. 125 

C! 
B n-Bu. Ph, CH2OTHP, StMe3 

0 0 

RC3CH + 
1 -, (Z’? It. PdL, 

set. 126 

B n-flu. CH2C1%0CH4Me-p 80-84% 

0 

NH 
t

 

0 
PhC5C 

NH 
I 

Me3S!0Me3S!O 

Ij Rot. 127 
H 959/4 

OSIMa3 e, 

0 
IN I NH 

0 
RC8G 

MO N O 

RC2CH + 
50 , 2 h 

 

Ref. 128 
R ,1.Bu OAc OAc  p-Tht 

Me3Sf 

Scheme ii NH3 

N 
NJ 

A 

cat. Cf2Pd(PhCN)2 

!N N CN N 

Na,. OMP, 80 ’C, in 
+ Bu3SCNCSIM63 

MaCN Me3StC5CH 

* 

H001

 

 Cat. (PPJ4 Cu! Me3Si HO0J 

Act) CAc HO 
Ref. 115 Ref.128 

Act) CAc HO HO OH 
N CON!-!2 

C608u.n 

rJ 
cat. CI3PC1(PPh)2, Cut 

N NEt,,t.20h 
ScM3 n-suoacM 

+ NC! Ret. 129ACO-10  -. 

AcO OAc 77% 
55% 

o oat. Pd(PPh3)4, Cu!, 5% Pd(PPh)4 
Et3N, OME A’ ,,N tcOAc, DMF 

+ 65105cc 3-18 h100 IC 

Z’ N COOMe Ref. 116 01 Ret, 130 

A n-Bu, Pb, CH30H R 61-84% 
COOMe A’ Me. St, I-Pr, 1-Bu 

X - flr,l. Z’ OH. NH3. Z2 ’ H. Me. NH2 
0 

L) ’ CO0Me 

Z2N,LN 
COOM2 

H 43,7 

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 thtctrophlles. 

As In most of the other cases, the Pd-catalyzed 
alkynylatlon of alkenyl electrophlies were Initially 

achieved by and large by using the Sonogashira 
coupling5 and the Negishi coupling with alkynyl-
zlncs,t3 as indicated by the results shown In ’fable 7. 
The use of Mg was also Introduced In the (ate I 97Os. 

Although the Pd-catalyzed aikynylation of aryl f 
halides with alkynylt ins was reported as early as 
1978,15 its earliest application to alkynylation of j 
alkenyl electrophiles was most probably that reported! 
in 19861-14 and shown In Scheme 15. Also shown it 

Scheme 15 is another earlier  example in the synthe-
sis of terbinafine. ° 

Activation of alkynylsilanes for the Pd-catalyzed 
a1kynyI-’-alkenyl coupling with the staichiometric 
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Table 7. Representative Early Examples of the Pd-Catalyzed Alkynyl-Mkenyl Coupling 

R’CSCM or - 

RG5ItIOfl Conditions Produci 

Weacm ArX Procedure6 Solvent T, °C Time, h y.j, %b. Ret. 

Sonogeshim coi,lIng 
PIiCSCH 8ICHCH2 Cu-la Et2NH Vt 3 91 5 

H0i-12CC3CI-4 SrCH=0H2 CU-18 Et2NH rt 3 40 5 

PhCaCI4 ar’-’ CU-1a EbNH II 3 90 5 

i4Oi42CCC14 Br’ CU-14 Et2NH it 3 70 5 

PhCCH Cu-la Et2NH VI 3 99 5 

Ph 

PhCCH 13r-<J Cu-Ia Et2NH ii 3 95 5 

HOH2CC3CH sr.__(JJ Cu-Ia Et2NH VI 3 70 5 

Negishi coupling with ACCZnX 

n-PentCaCZnCl . Zn-fl TI-IF 25 NAC 76(87) 13 

n-PenICSCZnCI Zn-11 THF 25 NAG .- (82) 13 
flu-n 

n-PenICECZnCI Zn-ta (tMBAH) TI-IF 25 NA �(80) 13 
Et 

COOMe 
n-BuCflCZnCI Zn-U THF 25 NAG 85(57) 13  

Me 

Alkyrsylatlon with ACSCMgi( 

MeCCMyCI Mg-11 TI-IF ii 2 83 21 

dSee Table 2 for procedure symbols. b Isolated yields. The numbers In parentheses are GLC yields. ’ Data not available. 

Scheme 13 
Mg-11 B-Xl 

=S S Me�-(�CHO 

5-(3-buten-1-yny1)-2,2’-b1th1enyI107 junipaltt 

Cu-lib (Et3N) 
Zn-11 

a thiophenelactone from 
Chamaemetum nobile 005 

Scheme 14 

freelingyn&t° 

cat. Pd(PPh3)4, Cut 
rl-PrNH2, benzene 
rt,lOh 

+ t’�(CH2)8OAc 
net. 133 

(2 equiv) 

1. 31a201-1 
!cAc. St.. .(CH2)80Ac 

X.CI(76%) 
X = 1(86%) the sex pharormone of Spodoptera Ittoraks 

amount of trLs(dlethylamino)su]fonium difluorotri-
methylsilicate (TASF) was reported In 1988.15 Since 
then, attempts have been made to develop alternative 
procedures for the Pd-catalyzed alkynylation with 
aUynylsilanes. One recently reported procedure, for 

Scheme 1 
CeH,, 

I 
LICL THF c?b  ROL 134 

OTI.. 77t, 

OTSS 

cat. CIdtMaCNI a 
DMF, OC 
M - sna. X 

’ 

cat, c4Pl’h, Cat ’I I’thc,aHne  
M - &aBu Ct OOF*’1Li 

-’ OM. GD IC..W 
X. I tn 6’ 

Ref. 33, 68% 

Scheme 16 
10% Pd(PPh3)4 
20%Agl 
1.5 equiv TBF-3H20 

/ DMF,rt  
TIC 

net. 56 

66-99% 
Me 0 

Ht flu, H209�
Me 

example, Involves the use of 1.5 equiv of TBAF In 
place of TASF and 20 mol % of Agi as a cocataIyst51 
(Scheme 16). Since alkynylsilanes can be readily 
desilated by using inexpensive reagents, such as K2-
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Table 8. Representative Examples of the Pd-Catalyzed Alkynytatlon of Alkenyl ElectropMles Reported since 1980 

RtCECH or Ajkenyl Reaction Con.thtlons Prcxltzct 4 
R1CSCM Iectroph8a Pr000durea Solvent T, °C Time. h Yield. %bFlef.

Sonogasftfra anyJei1ee 

fl.JSCnICECH Cu-Id plperk5ne rt 20 93 186 

HO(H2CC8C1-1 Cu-Rd pyrrolidina 25 0.2 90 12a 

MeSICCH B/’�Pt Cu-Ill, i-PrCNEI C C 70 137 

PItC5CH Cu-lid pyrra8dln4 C C 67 138 

AcO 
Ph 

HOH2CCSCH CU-11d pipatidine 52 139 

NeglahI coupling wftft ACCZnX 

n4-{exCSCZnC1 Zn-I pentane-THF It C p.63 140 

BrM53 Zn-U THF 0 15 87 141 

Zn-fl TI-IF 0 4 61 141 

Me3SiCrCZOCI Br S Zn-IX THF 0 8 86 142 

n-Hex H 
t?-BuCCZr1Cl Zn-11 THF C C $5 143 

SiMe 
Me3SI n-Hex 

n-8uCCZnCI Zn-fl THF C C 73 143 

’. 
fl-HGXC5CZnCI Zn-U ThF It C 78(81) 144 

n-HeXCECZnCI CFCF, Zn-Il TI-IF C C 59 145 

Aikynylation with ACCSnX3 

PhC6C$nMo i-_J) Sn-fl C C C 00 146 

PhC6CSnMe TtO_�’)_4�  Sn-11 C C C 90 147 

t-BijC8CSnBu3 15kA  -fl C C C 146 

Sr 

HC6CSnBu3 Sn-U benzenv dx 0.5 74 49 

)TlPS 
HC6CSnBu OH Sn-U THF C C 91 150 

St 
TI0 

MeSiCSCSnBu3 (L Sn-1111Zn02} NMP-Et20 44 151 N C000u-t C Ph 

8uSnC6CSn6u, 

-8t Sn-V THF 

it 24 45 152 2 E

Alkynyiatlon with RC8CSlX 

n-PentflCSiMa Br’ S1%° THFHMPA C 86 35 

Mc0�--C8CSIMe ito-.i--f---  Si.iW DMF tIC 12 90(90) 37 
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Table 8 (Continued) 
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R’CEGN or Alkenyl I Reaction Conditions 1 Product I ’1 
R1CCM Eleclrophtle Procadurea Solvent T. °C Time. h Yield. %’ Ref. 

Aikynylation with HCCBX3M 

t.BuCaCBX3LI9 
B/)< 

9.11 THF.MeOH rfx C 56 W4 

Me3SiC0CBXLt l’ 
/1\ B-11THF 83 25 

Br Bu-Il 

MO3SiCOCBX3IJ Br’’ 1HF dx 55 24 
Ph 

M83SICaCBXLI Y Br B-u THF rfx 55 4 

11See Table 2 for procedure symbols. b Isolated yields. The numbers in parentheses are GLC or N1vIR yields. c Data not available. 
dv = Pd(dba)2, TF’P, ZnC12. eX = (r13-Csl-I5PdC1)2, TASF (1.3 equlv), P(OE)3. ’fla = Pd(PPh3)4, CuC1. RBX3 = BMeO-9-BBN. 
"BX3 MeOBO 

CO3-MeOH, and can subsequently be used in the Scheme 18 
Sonogashira, NegishL and other Pd-catalyzed alkyn p2 R1 

-

ylation reactions, critical comparison among various 
available options would be desirable. Yet another RZ I 

notable recent development involves the use of tris-Pd(PPh3)4 

(alkynyl) lndiums46’47 (Scheme 17) 
Me3Srr��SiMe  

Rai. 36 

Scheme 17 I H 

H2 H1 
C12Pd(PPh)2 I 2 

 

3 Tf0�f  
ThF.reflux -__ 

jPiTll
 

ASFsIMe
 

p3 RO 

A4 RS 

3Ph�_--rJ-_� 
82 

j1 I 

95% R31 R4 R5 Product Yield, _% 

Cl2Pd(PPh3)2 

(Me351_= .- -_f--. + 3 iio 
ThF, ref lux n-Du> 

85 

Hex-n 72 

93% Scheme 19 

While recent developments involving the use of Si, R1C9CSnBu 
B, In, and other metals are interesting and promising- Pd(PPh3)4 

In some cases, most of the currently known exampl n� ISIMe es + -: 
of the çLqta1yzed alkynyi�alkenyi coupling Involve 1 

dloxane 

Ref. 153 

the use of Cu, Zn, and Sn. In some cases, Mg has [A H 

] 

H H 
also been s&rn to be satisfactory and competitive. ,)-( 

1) 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 Scheme 20 
operation, and toxicity, may prove to he decisive 

cat CIPd(PPh + 2 BULL factors in the final selection. This generalization may.-L DMF, 25’C. overnightbe
 supported by the results reported over the past +  

two decades shown in Table S and Schemes 18 --- 20.OZnCI 
Hot. 154 

Ph OH 

Other more delicate and demanding cases will be 905b (> 08% 2) 
discussed in section lii. 

Despite the very favorable results obtained with 

14,133 the Sonogasinra alkynylatlon has been shown

 
Cat. CPd)PPh + 2 BuLi 

both alkenyl chlorides and lodides shown in Scheme  OH

 DMF, retlux. 511 Hat 154 

to be very sensitive to various factors. For example, OZnCI 68% (+ 96% 2) 
under the conditions of the original procedure for the 

Sonogashira coupling, the reaction of 1 -heptyne with 
(ks)- I -lodo- 1 -hexene and (2)- 1-bromo-1-hexene gave through the use of 10% aqueous NaOH in place of 
the desired products only in 30% and 32% yields, Et2NH and BnEtaNCI as a phase transfer catalyst15 
respectively. The former yield was improved to 50% (Scheme 21). 



L? 

1994 Chemical Reviews, 2003, Vol. 103, No. S 

Scheme 21 
cat. Cl2Pd(PPh3)2, Cut 
C12NH, rt 

n-Pent /1 
30% 

cat. Pd(PPh3)4, Cul 
aq. NaOH 

\BnEI3NCI, benzene 

50% 

cat. 0I2PU(PPh3)2, Cut 

’* Br  
Et3NH,rt 

EL_fl Bu-n 

ibe strongly condition-dependent and unpredict-
able nature of the aikynyi�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% PIlL,, 
10% Cut 

nPent-’- + CI_%Ih._Pentfl Amine, rt 

Ref. 136 

Pd Complex Amine Product Yield, % 

Pd(PPh3)4 piperldine 11 

Pd(PPh3)4 n-PrNH2 82 

Ct2PdPPh pipeddina 93 

Cl2Pd(PhCN)2 pIperidine 93 

5% Pdl, 
Ccatulyet 

+ ,.-k,Per,t-n Amine, 25°C 

Ref. 12a 

Pd Complex Cocatalyst Amine Product Yield, % 

-2:7--

Negishi and Anastasia 

Scheme 24 
Me cat, PIlL. Me 

rt.BUCSCZnCI + Br...eLCM 
t21:S 

Flat, 13 
65% (87% by GLC) 

lCOOH 
Cl2Pd(MeCN)2 
OMF, ether. It 

n-BuCCCZnCI 

Cl2Pd(MeCN)2 
DMI, ether, Il 

Br 

cat. Pd(PPh3)4 
TI-IF, 1 

Br 

Me3St.-.....,L.COQE 
Me3SiCCZnCl Ref. 159 

Br 
1% 

Br/"<COOEt 
cat. Pd(PPh3)4Br 
ThF. 0 O 

00001 

62% 

alkynylatlon via corjugate 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. PdlPPh) 

CHO ThF 
CHO 

Ref.tBo n2 

cat. Pd(AsPh)2 oTt o cat Cut, t’IJLIP 

Ret. 161 
31% 

cal. Cl2Pd(PPb 

MeOCC,)._<E_Ph 2 Ph’----Snt3u3 + MeO0C>,,,r 
THF - 

Br COOMa Ret. 162 Ph- 000Me 
92% 

Pd(PPh3)4 none /.Pr2NH 3 

PIIPPR3)4 10% out kPr2NH 81 n-Pr-’---8n8u3 + 

Pd(PPh3)4 none piperidlne 93 

Pd(PPh3)4 101% Cut plperidine 90 

2 Conjugate Substitution vdtti /3-KaIo-z/3-unsaturated 
Carbonyl and Related Deth,at!ves 

The Pd -catalyzed cross-coupling of a- and fl-halo-
ce,fl-unsaturated carbonyl and related derivatives 
commands special attention. It has been clearly 
demonstrated that, whereas that of cz--halo-substi’-
tuteci derivatives is sluggish and often problernati-
cai,1 the corresponding reaction of fl-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".157 (Scheme 23). 

Scheme 23 
o 1HO ft conjugate addition I n 

AM + �CC-C� A-C-C-G-
il 

o o 
conjugate substitution II 

AM + X-C=C---C--- R-CC-C--
II II 

The reaction shown at the top of Scheme 2413 most 
probably was the first example of the Pd-catalyzed 

MeOOC cat Pd(PPh3)4 
O....TfGl hO, TL-LF 

MeOOC 

o- Rat. 162 
18% 

o o cat snpdlPphi2cl. Cut 
MaCN, 70’C 

- 

Ret. 164 Prq BU 
58% 

o 0 c8t.Pd(PPt,)4 
cIcH5cM2ci 

2 Pfl$p3u3 ClCl
 

Ret. 165 
Ph 

ph

Br cat. PIIPPh.j,. Cul 
8r 

Ma3Si- 
+ Er...jL000t 

!-Pr3NEI. EMP, ° 

Rat, 168 
80% 

NHCOOMe cat. Ptl(PP6J)4, 4 Cut NHCOOMe 

+ Br.4r2Lcoca, 
Et,N, rl - 

- �?’coorzi Rat, 187 
N Ph, CHrOH. SIMO3 - 

TIQ C12Pd(PPh3), Cu! Ph = � )D 2,84uhkllna 

aictoc 
Rot IRA 

88% 

Ttc%0 

EIN 
cat. PlPPh3F. Cut 

, MaCN, 0 "C
 

Ret 189 
7a%(96% 

25 Indicate that Sn and Cu have served as satisfac-
tory metal countercations in addition to Zn. Unlike 
fl-alkynylatlon, the more sluggish and demanding 
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Pd-catalyzed a.-alkynyiation of a.,/3-unsaturated car-
bonyl compounds is of more recent origin, and it will 
be discussed in section IILB.4. 

3 Alleny! and Propargy/ Electrop/71/es 
Allenyl and propargyl electrophiles also deserve 

special attention. When they are converted to orga-
nopalladiurn derivatives, they can be engaged in 
alienyl�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 allenyne.$)70175 

Scheme 26 

B2 H1 rH A 

_ 

)-I>,=( 

H X H PdLX M-3--R 
or 

R2 1 1 
) 

�____ i 
) H1 

X Pd X J 

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

Scheme 27 
Br 

+ CIZn -_SIMe3 
2% Pd(PPh J_SiMe3 

90% 

/ 1% Pd(PPh3)4 
+ 

Me Br me
= 

+ CtZn----Ph 
1% Pd(PPh /PI1 

Br 95% 

+ CtZn- 
1% Pd(PPh3)1 

n-Pent’ MCD 95. 

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.171175 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 (Scherrie 28). Some re-
lated reactions of alkynylalanes and alkynyl ep-
oxides’45 are also known (Scheme 29). 

D Acyl Halides and Related Eecrophes 
As a class of compounds represented by C,z�X, 

acyl halides also readily participate in the Pd-
catalyzed alkyn1ation. Since alkynylmagnesium de-
rivatives are highly reactive toward ketones, Mg may 
not be a suitable counteraction. On the other hand, 
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Scheme 28  
\ 4 Pd(PPh3) \ 

+ M-- SiMe 

Produotyield(%) - 
X M=ZnCI M(CuLD11 M=Cu MMgCl MAcl M=Li 

Br 100] 33 80 23 3 

OAC 7 - 4 34 - 0 

- 4% Pd(t_Ph3)4 \ 
+ M---SiMe3 

Product yield (%) - --
X M-ZrrCI M=Gu M=M9CI M=A MLi 

Br 98 - 70 

J86

0 

OAc 98 75  0 

0902Me 98 90 <5 - 

OPO(OEt)2 88 4 98 80 20 

Scheme 29 
El2AJ---Perit-n 

M Pt1.._’)_. 
-Me 

cat. PdL e 

AcO Ref. 176 ’-Pent-n 

ClZn----SiMe3 72 
cat. Pd(PPh3)4 R1 R-

\i Ref. 172 Me3Si 
B1, H2 = H Or Me 

cat. Pd(P Ph3)4 

: , NeON = 

Bet. 172 011

Go1nrke1yae2 ellus 

 the Soncigashira reaction7 and those involving Zntn 
and Sn)78 have been successfully applied to a]kyny-
latlon of acyl halides. Collectively, these reactions 
represent one of the best methods for the synthesls 
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 he 
comparably satisfactory. Also shown in Table 9 are 
some results obtained with less frequently used 
metals, such as All" and In.47 

Acylation of an a[kynyl2lrlc chloride by the Nvrgishi 
alkyoylat.ion has been applied to the synthesis of 
modhephene,186 as shown in Scheme 30. 

E. Pd-Catalyzed Albynyl�Alkynyl  Coupling 

Currently, the most widely used method for aikyn-
yI�alkyriyi coupling is the Cadlot�Chodklewicz reac-
tion of terminal alkynes with 1 -haloalkynes in the 
presence of au cta1yst without  the use of a Pd 
complex. In vie* of the faci1idatiÆddftinor 
P 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 Alkynylatton of Acyl Halides 

R1CCH or r--- Reaction Conditions -i yieW of 
RC5CM R1COCI Procedurea Others Product. %  Rot. 

Sonogashira Alkynylatien 

n-13uCUCI-1 i-PrCOC1 Cu-rb Et3N, 50 °C, 3 h 81 7 
PhCCH t-BuCOCI Cu-lb Et3N. rt, IS h 79 7 

PhCSCI-11-lb 
or 

COd 
EtN, benzeno, rt, 15 it 80 7 

PhCCH PhCH=CHCOCI Cu-1b Et3N, benzene, rt, 15 it 75 7 
PhCSCH Me2NCCOCI Cu-Xb Et3N, Et3P, 90°C, 6 h 92 7 

Negishi Coupling with RCWZnX 

n-PentC0Zn01 MeCOCI Zn-U THF, 25°C 81(87) 177 
n..PentCECZnCI MaCOCT Zn-11 THF,250C 73(97) 177 

PhCCZnCI H2C=CHCOCI Zn-fl ThF, 10 °C, to min 56 179 

nPentCCZnCI Me VOCt Zn-fl THF, 25°C 92 177 
n-HexCCZnCJ CICOOMa Zn-fl THF, 25°C 72 177 

PhCCZnCt t-BuCOCT Zn-11 THF, 25°C 78 179 

Alkynylatlon with RCCSnBu3 

PhCCSnBu3 iPrCOC Sn-I (CH2CI)2, 84 C 69 178 
PhCCSn8u3 PhCOC1 Sn-i (CH2Ct), 04°C 94 178 

Me3SICE0Sn$u3 i-PrCOCI Sn-I (CH2CI)2, 84°C 71 178 
Me3SiC5CSnBu PhCOCI 

Me3SICUCSnBu3 ’(CH2)4COCl 

Sri-] 

Sn-I 

(Ct-12C1)2, 84 °C 

(Cf-t2CIt2 

64 

44 

178 

180 

n-BuUCSnBu3 Me02d’1"COCI Sn-VI PhON. PPh3, CH20 60 181 

PhCRCSnBu3 EtNPh Sn-I PhEI, 70 00.5 h 69 182 
CA 

n-BuCCSnBu3 PhN=CC12 Sn-I P1*1.70°C 70 183 
PHCSnBu3 PhN-CI Sn-1 PhMe, 50°C, 5 h 50 184 

PhNCCI 

Alkynylatlon with FlCCAlX2 

n-SuCSCA02 PhCOCI Al-11 THF, 25°C 67 185 
n-Bu0CAlEt2 PhCHCHCOCl Al-IT THF, 25 ’C 74 185 

PhCaCA02 n-HeptCOCI Al-It THF, 25°C 61 185 
M3S1CCAIEt H2C=0H(CH2)8COCI Al-fl THF, 25°C 51 185 

Alkyhylatlon with (Rc8C)3In 

1I(PhC5C)3trt PhCOCI In-U THF, raflux, 1 li 94 47 
is (PhCUC)31n Me2C=CKCOCI In-fl Th1, reftux, 2 it 90 47 

1/3(Me3SiCflC)31n Me2C=CHCOCI In-11 TI-IF, rellwc, 3 it 90 47 

See Table 2 for procedure symbols. b Isolated yields. The numbers In parentheses are GLC orNMR yields. 

Scheme 30 
I.CIZn------SiMe3 

f ?.ot. Pd (PPh3)4, THF 

cp w Ref. 18$ 
COd 

 

1, MesSil P BuSnH, ATON 
2. /-Pr2NEt �-. DPPE 

. 
. <:1:;)> 

72% from acyl thtortdo 88% 

reaction. Some preliminary results obtained in the 
authors’ laboratories In the 1970s Indicated that the 
Pd-catalyzed coupling reaction of alkyny.lrnetals, 

Including those containing Zn, with 1-bromo- or 1-lodoalkynes proceeded readily and almost quanti-

tatively in some cases but that it led to nearly 

statistical mixtures of the desired cross-coupled two 
home-coupled products ’8"’ 2. Although there have 

n-PentCaCZnCI XCCBu.n 
cat. PdL 

X = I or Br 

n-PentCC-CECBu-n + n-PertiCC-1 + n-BuCC- (2) 
-50% 25% -260-6 

been some reports on preferential formation of Un-
symmetrical conjugated dlynes’88  (Fable. 10), it is 
not clear if the favorable results are due to 1vurab1e 
substrates or due to favorable procedures. Thus, for 
example, the use of PhCmCH and ICmCCHOH led 
to the formation of PhCCCmCCH20H in 79% yield. 

but the reaction of PhCmCJ with HCECCH20H gave the same diyne only In 54% yield’88 (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 Mkynyl�Alkynyl Coupling 
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R1CCH or 
IRCCM XCCR2 

r Reaction Conditions -1 

Procedure Others 
Yield of 
Product, Ret. 

n-HeptCaCH ICCCI-I.OI-t Cu-Is (i-Pr2NH) THF 73 188 

n-OctCCH BrC3CPent- Cu-[U pyrrotdile, 200 31 192 

PhCCH BrC2CPent-n Cu.12 pyrrolidrrre, 20 IC 69 192 

HO(F-l2C)CCCE1 HrcaCPent-n CU-ta pyrrolidine. 20 IC 91 192 
Me2NH2CCCCI-t Rrc3CPent.n Cu-Is pyrrotidIne, 20 C 82 192 

n-PentCHCH IC3CCEt2NI-15 CUXC (NEb) MeCNIR20 65 191 
OH SIMe3 

cu -11  64 190 

MeO�--C005iMe3 CICBCPh Sit (CuCt) DMF 80 193 

PhCCSlMe ClC3C�KJ---OMe Si-I (CuCI) DMF 32 193 

EIOOCCECZnBr[C=CHes-n Zn-H THF, 23 0C äa 194 

See Table 2 for procedure symbols. Isolated yields. 

Scheme 31 

cat. Cl2Pd(PPh3)2, Cut 
1.Pr2NH, THF 

PhCSCI-4+ ICU C�\ - PhCEC-05C�.., 
OH 79O OH 

oat. Cl2PcI(PPh3)2, Cut 
-Pr2NH, THF 

PhCCI +HCC�\ 1 PhC2C-C2C�. 
01-1  

(1.2equtv) 
.0 

pair-selective and satisfactory procedure for the 
synthesis of coqjugated diynes via J-halocnynes has 
been developed,SO.so as discussed III section 111.135. 

F Ally and Benzyl Eectrophes 
As discussed in section ILC, propargyl electro-

phikrs, which can serve as synthetic equivalents to 
allenyl electrophiles, are generally favorable reagents 
for the Pd-catalyzed synthesis of aileriynes. .Although 
very little is known, a very recent report on the 
reaction of tris(alkyriyl)indiums with henzyl bromide 
catalyzed by C12Pd(dppfl47 shown in Scheme 32 is 
noteworthy. 

Scheme 32 
1% Cl2Pd(dppt) 

(Ph’--+l. . 3 Br�.. 
THE,reflux. 2.5 h 

Ph 
Ph Ph 

1% Ct,Pd(dppt) 

(Me3St--Io-) -In + 3 Br�’  
THF, reftux,2.5h 

Me3SI 
Ph 94%Ph 

HE 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-
latlon can satisfactorily be achieved in many cases 
either by the Sonagashl.ra and related Heck-type 
reactions or by the Negishi alkynylation with alkyn-
ylzlncs 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 IILB. in many cases of difficul-
ties encountered in the Sonogashira and related 
reactions, the aikynyizinc 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 sonic 
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 I ,2-disuh-
stitution, 
3. failure to produce the desired atkyneS in practically 
useful yields in cases where the starting alkynes are 
substituted with electron-withdrawing groups, such 
as carbonyl-containing groups and CF,, 
4. failure to produce the desired alkynes in practically 
useftil yields observed with various organic electro-
philes, such as 1CHCHBr, and 
5, limitations associated with sterically demanding; 
organic electrophites. 
6. Although It may not he considered as a difficulty. 
Pd-catalyzed aikynylation with 1-1-talo-1-alkynes Is 
not an alternative available to the Sonogash ira 
reaction except in the all .ynyi alkynyl coupling. 

These and some other noteworthy topics, such as 
a-aikynylatlon of i-halo-u,fi-unsaturated carbonyl 
derivatives, are discussed In this section with em-
phasis on differences among various Pd-catalyzed 
aikynyiation protocols. 

L Critical Comparisons between the Sonogashra 
Reaction and the Pd-Cataed Nkynylation with 
Akynyzncs and Related Akynymetas 

1. Alkyne Diinerizaticn 

Alkyne homodimerizatlon 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(PPh3)4 
Et3N, MeCN 

Me 
23°C 

/---< 
Me

or X COOH 
radical inhibitor 

Ma 

+ Ph�=-- --Ph 

B 
Ph 

A 

r  Yield, %-1 r Yield, %1 
X Modification A B X Modification A B 

I none 5 50 Br none 50 34 

I degassing 78 18 Br degassing 74 20 

I Gaivinoxyl 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. PcIL, Cul 

R-›_-_ R 
+base, 23 IC major1,-Br 

1.2equiv  P 

traces 
cat. Pd(PPh3)4 

_____ THF, 23°C 
A ZnBr + 1_  -_Br 

�Br 
1.2 equiv 

B = n-Hex (84%) 

have been observed. 194.195 It is therefore conceivable 
that alkyne dimerizatlon In such cases may arise via 
nonradical processes. in any event, the corresponding 
reaction of aikynylzincs provides the desired enynes 
In excellent yields (Scheme 34))94 Regardless of the 
Precise mechanistic details, the Sonogashira reaction 
does appear to be much more prone to alkyne 
homodimert2ation than the alkynyizinc reaction. 

2. Direct Synthesis of Terminal Alkynes from Ethyne or 
Ethynylmetals 

The Sonogashira reaction of ethyne itself with 
organic ek’ctrophiles was reported to produce pre-
dominantly I,2-rilsuhstlt.uted alkynes even in cases 
where the molar ratio of the organic electrophile to 
ethyne is I," and this has been confirmed by 
others Consequently, the synthesis of terminal 
alkynes by the Sonogashtra reaction has required (a) 
preparation of monoprotected ethynes, such as Me3-
S.LCCH and HOCMe21CasCH, b) their Sonogashira 
coup ling," and (c) deprotection)- Deprotection of 
the Mc3Si group can be achieved by various methods, 
including treatment with methanolic KtCC):3 at room 
temperature, whereas removal of the hydroxyallçyi 
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 35.196 

In marked contrast with the Sonogashira reaction, 
It has been known since 1977 that the Pd-catalyzed 

Scheme 35 
cat. Pd(OAc)2. PPh, 

MeSi� + er�e 
Et3f’l 80-90 ’C 

K2CO3, 

MesSi�-{7) 
MeOH, 25C 

r 

IA) 

Yield, 
% 

(BI 
--

Overall 

o-CHO 75 80 60 
rn-CRC) 80 84 67 

p-CHO 99 100 1)9 

m-CO,Me 70 71 50 

pCO2Me 69 73 50 

cross-coupling with ethynyizinc chlorides and bro-
mides produces selectively terminal alkynes in high 
yields (Scheme 36)’-’ The use of ethynyltin deriva-
tives was also reported later 146.149,150 (Scheme 37), 

Scheme 36 
ArX 
cat. Pd(PPh3)4 
THF, ri 

Ar 

/ 

Ref. 14 Ar = Ph (67%), o-Tol (71%), 
p-An (66%) 

�ZnGl R1 
- cat. Pd(PPh3)4 

p2 THF, 25°C H1 

Ref. 13 

H1 H2 Yield, 
% 

n-Ru H 83 
H n-Ru 76 

Et n-Bu 70 

Scheme 37 
cat. Pd(PPh3)4 

�SnMe3 + 

 

Ref. 146 
90% 

Br 
cat. Pd(PPh1)4 tr’L R 

cJ°)< 

benzene 
�SnBu3 

+  
’ o 

Pei. 149 -- O 
74 

cat. Pd(PPh3)4 
9TIPS 

T 
OTIPS 

- -.- �SnBu2 ’-.OH -_Ref. 150 

91% Et 

Recent comparative studies using commercially 
available HCCMgBr and HCCNa as the starting 
alkynyl reagents3Z 109 have indicated that not only 
HCCZnX (XBr or Cl) and HCCSnR3 (R=-Me or 
n-Bn) but also commercially available HCCMgBr 
are all comparably satisfactory in less demanding 
cases, as shown in Table I 1,32109 On the other hand, 
the use of ethynyi.metals containing Li, Na, or 
BBu3M, where M Is Li or Na, do not produce the 
desired terminal alkynes In view of successful 
results observed with various alkynylborates,’5’27’ 
some side reactions unique to ethynyl(trialkvi)- 

borates, such as 1,2-migration, may be suspected

 for the ethynyl (triai)<yl)borate reaction. 
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Table 11. Pd-Catalyzed Ethynylatlon of Organic 
Electrophlles with Ethynylme.tais Contahikg Zn. Mg, 
and Sn 

cat. Pd(PPh3)4 
RX 

+ M� ’-
ThF or TI-{F/DMF 

r� 

Yteld of R� C% . 

Organic Electrophile ZrBr Mg8r SnBuj net. 

Aryl EIectrnphi!es 

PhL 95-98 96 96 32 

p-MeCH4I C 92(86) L’ 32 

p-MeOC6H4I 95 96 ’ 32 

p-FC6H4I 94 97(72) ’ 32 

Heteroaryl Electroph!Ies 

76 C C109 

Me 

92 b 109 

109 

85(71) C C 109 

87(80) 35C C 109 
Me 

92(71) Cb 
io � 

Alkeny! Elacfrophiles 

(E)-n-HCxCH=CHI 96 95 96 32 

(E-n-PrCH=C(I)Pr-n 98 98 b 32 

iF)-n-Hex(Me)C=CH1 94 94 ’ 32 

(E)-n-Pr(Me)CC(I)Pr-n 85 82 ’ 32 

a By GLC or NMR. The numbers In parentheses are Isolated 
yields. C Not reported. c The 1,2-dlisubstituted alkyne product 
was produced In 24% yield. 

Upon further examination, however, some notable 
differences among Zn, Mg, and Sn have become 
apparent. First, it is well-known that organomagne. 
slum reagents, including HCCMgBr are very reac-
tive toward various carbonyl, nitro, and other dcc-
trophilic functional groups and hence mostly incom-
patible with these functional groups. Perhaps less 
well-known, is the ability of organ.ozlncs to tolerate 
many such elc’ctrophil IC functional groups (Scheme 
38). 

Scheme 3$ 
cat. Pd(PPh3)4 

02N�(>--I 
+ M’- 

THF 
- 

M MgBr (01/.), ZnSr (89%) 

cat. Pd(PPh3)4 

MeQOC_fl>�_i + BrZn� 
THF 

MeOOC  
86% 

Even In the absence of electrophilic heteroatorn 
functionalitles, 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 
Sonogashh’a reaction, 1 ,?-disubstiwtion of ethyne 
can be a serious side reaction even in the reactions 
of ethynylrnetals. 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 a]kynyl --- metal bond polarity or 
i.onicity and relative rates of the desired alkynylation 
and metaF-hydrogert exchange (Scheme 39),32 Steric 
retardation In the reaction of ethynylmetals contain-
ing Mg and Sn relative to that of HCCZn.Br is also 
clearly seen in the ethynylation of iodomesity1ene. 32 

Aside from toxicity and other practical issues, it 
may be stated that the ethynyizinc reaction generally 
leads to the most satisfactory results. Even so, 
however, it is not without some difficulties. Thus, fbr 
example, In the Pd-catalyzed reaction of HCCZnBr 
with some bromo derivatives of six-membered N-
containing h.eteroarenes, the extents of disubstii.utlori 
were considerable, although significantly less than 
those observed with HCCMgBr. The use of 2-1-
dopyridirie in place of 2-hromopyridirte improved the 
product yield from 21% to 70%. Alternatively, sub-
stitution of HCCZnBr with I3rZnOC(Me2)CCZnBr 
did lead to a high cross-coupling yield of 83%W9 

(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 11. Since HCCZnBr Is usually generated 
from HCCMgBr or its equivalents, it is advisable 
to see If HCCMgBr or, Its equivalents might be a 
satisfactory reagent for the desired alkynylation 
before their conversion into HCCZnl3r or other 
second-generation ethynylmetals. It should he noted 
that the Sonogashira�Lu cascade cross-coup] ing---
lactonizatlon protocol’99 discussed later in detail has 
been used in the construction of the hutenolicle 
moieties shown In Scheme 4 1. 

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 I ,2-dlsubstltuted alkynes can, in 
principle, be a viable alternative to the route via 
terminal alkynes, and the use of HC;CSiMe3 Is 
potentially attractive. The required Me3S1-protected 
alkynes can be satisfactorily prepared by either the 
Sonogashira reaction8"96 or via MC3SICECM contain-
ing Zn,48 Sn, 35 B,24-5 in,46’47 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?C0.,j or 
another suitable reagent and use terminal alkynes 
for further substitution, but this would not he com-
petitive in most cases with the two-stage dlsubstl-
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 
aikynylation with aikynylsilanes have been devel-
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Scheme 39 
Me cat. Pd(PPh&4 Me Me Me 

THF, 22 O( 

+ 

Me’ Me Me Mel 
(A) (B) 

MeO cat. Pd(PPh3)4 MaO MeO 

4 �M 
T}-3F, 22°C

 

(A) OMe (B) - 

Negishi and Anastasia 10?*’ 

Yield, 
M Time ft (A) (B) SM 

Izasr 13 92 4ö1  
MgBr 48 60 14 

SnBu,3 24 73 6 15 

I  Yield, % 
- 

M Time, h (A) (B) SM 

I ZnBr 2 77 tracaNAl 

MgBr 20 51 NA 

Me Me (A) )Rj SM 
r-- Yield, % �n 

M Time, ft cat, Pd(PPh’3)4 

+ �M 
TUF.22°C 

 Mel ZnBr 16 74 10 traceI 

Me Me - Me Me MgBr 48 24 12 LJ 
SM = Starting material, i.e., aryl halide. (A) (B) SnBu3 72 Ski 8 [I1 
NA Data not available. 

Scheme 40 Scheme 41 
cat. Pd(PPh3)4cat, Pd(PPh3)4 
THF/DMF (1/1) �MgCI + 1"raJ"0THP 

Rel. 110 
?-OTHP 

+ Z-----M 
50-55°C 

N �X 1. n-8uLt, ZrrBr2 
,’°çOTHP 

(1 + 

2. cat. Pd(PPh3)4  4 steps’ 
N �Z 

(A) (B) 

F� Yield, % ’1 COOH Mn-TI 
Et3N CU-111, 

Z X M Time, ft (A) (B) ear. Pd(PPh3)4, Cul Zn-It 
dcassing 

, 

H Sr MgBr 24 <2 65 

H Br ZnBr 24 21 44LJ5" 
H I ZnBr  5 70 <2 treellngyne(S0%)11° 

BrZnOCMe2 Br ZnBr 8 83 
- 8rZn� Sr 

cat. Pd(PPh)4 
AcO-

cat. Pd(PPh3)4 

C/ 
Br 

IX131
 

+ BrZnOC 

THF/OMF(l’l) at-I 

= 
50-55 °C, 8h 

N 

,. Ret. 200 8Zn�’�cOCEt Me3C-CZnBr Br 
Br cat, PdiPPftu)4 

-83% ACO-Y--.--.. COOEI 

Br (B) 
aped. Some representative ones involve the use of 
TASF (Scheme 18),’ CuCI as a cocatalyst In Br 

CC)OH cat. Pd(PPh3)4 
conjunction with aryl triflates,31 and TBAF in 3 steps 

+ (A) 
CtN, MaCN 

junction with AgI (Scheme 16) While these reac- 
6/ tions are interesting, they do involve the use of rubrolk1 A diacetak"°° 

relatively expensive chemicals, and their practical 70% 

synthetic values must be Judiciously weighed against 
(a) the direct disuhstitution route via terminal aikynes PCO V 

and (b) the conventional desilylation with Inexpensive - 

-rrit anerate x y 
Hub;ollde 

reagents followed by alkytiylation using optimal 
cross-coupling procedures.Cufib ----- At present, it may be - A Hr Hr 

stated that the successive disubstitutlon protocol via..
 0 C Br H 

terminal alkynes. preferably carried out in one pot, ""° 0 H Br 

does appear to be the method of choice at least in MO x C H H 

most cases. 

3, Use of Alkynes and Alkynylrnetals containing 
Electron-Withdrawing Groups 

As Is well-known, electron-withdrawing groups 
that are directly bonded to either alkenyl or alkynyl 
r-bonds can exert significant effects on the a-bond 
reactivity through ar-bond polarization, as shown In 

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-
bag a halogen or a related substituent in the a- or 
fl-position of the alkenyl group and of placing a metal 
(or hydrogen) In the -position of the aikynyl group 
on the Pd-catalyzed cross-coupling, for example. my 
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Table 12. Pd-Catalyzed Cross-Coupling of Electron Deficient Aikynes with Aryl. Aikenyl. and A.lkynyl 
Electrophiles 

Alkyne 
Organic 
Electrophile 

Negishi (M = ZnBr) 
Procedure Zn-ne’ 

Product Yield,4’ % 
-’ Sonogashira (M = H) �i 
Procedure Cu-1a’ Modified Cond. 

Aryl Eiecfropl,11es204 

- 

MeOOC --M IPh 95(99) <1 

MeOOC_=_M C6H48r.m 91(94) .d 33’ 

MeQOC -M C6H3(Me-2)(OMe-4) 87(89) <1 

nPentOC M P11 95(98) <1 

oHexOC_= M IPh 82(85) <1 65 

PhOC M 1ph 94(95) ’ci 70 

Alkenyl E!ectropflllcs1 94 

EtOOC_= M (E)-ICH=CH1-jex-n 87 <1 454’ 

EIOOC_= M (E).iCHC(Me)Hex-n 84 <1 234’ 

EtOOC_= M TtO-() 86 

EtOOC_= M it-() 83 

EtOOC_= M 

Md 

88 ’ci 27 

EIOOC_= M <1 

Alkynyl Elegtrophfles194 
EtOOC_= M I_= Hex-n 86 4’ 424’ 

4’ Isolated yields. The numbers in parentheses are GLC yields. b Zn-Il = 3 mel % Pd (PPh3)4, 23 °C. C
 Cu-1a = 5 mel % 

Cl2Pd(PPh3)4, 10 mel % Cul, Et2NH. ’K2CO3 used as 
a 

base (ref 202a). eNot performed. ’Diphenyllodonlum salts used in place 
of Phi. K2CO3 used as a base (ref 71). 8Cs2CO3 used as a base (ref 202b). 

Scheme 42 -CC-C-OR -CaC-C-OR I I 08-  II to8- Nucleophilic 

Nucleophilic 

Electrohilic Electrophilic 

tx-X Derivatives frM or frH Derivatives 

� C=C-C-01‘1 M(H)CC-C--OR I III II xo 0 

Unfavorable electrophiles Unfavorable nucleophiles, 
but HCCCOOR can serve 

3-X Derivatives as favorable electrophiles 

-cc-c-oi M = a metal group. 
I1 11 X 0 

Favorable electrophiles 

be predicted as indicated in Scheme 42. As amply demonstrated in section ILC.2, fi-halo-ct,fl-unsatur-ated carbonyl and related derivatives serve as gener-ally favorable electrophilk: cross-coupling partners In the Pd-catalyzed cross-coup]Ing. By the same token, propynoic esters and related alkyne derivatives con-taining 

fl -electron-withdrawing substituents as well as their 
fl -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 alkynylatlon. 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-nylmetais, as demonstrated by the sharply contrast-ing results shown in Scheme 4357 Scheme 43 cat. Pd(PPh3)4 FC -- F3CCCH + Phi EtNiH F3CCECPh + NEt2 1. n-Butt 0% 25% 2. Zn012 cat. Pd(PPt)4 I2CCSCZnCI 

+ Phi F3CCSCPh 96% Despite a number of attempts to overcome difficul-ties encountered in the use of propyonic acids and other related derivative In the Sonogahira reac-tion,201203 there do not appear to be generally satisfactory solutions except for the use of the cor-responding 

fl -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 countercatton of choice, although Sri 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 12.24,204 
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Table 13. Comparison of Zn and Sn in the 
Pd-Catalyzed Arylation of MCCCOOEt 

cat, Cl2Pd(PPh )2 
Art - MCCCOOEt ArCC000EI 

RI, 95 

Ar M 
Additional 
Reagent Solvent 

r Product Vield, 
M = ZnCI M _SnBu3 

Ph ZnCI none THF 56 - 

Ph SnBu3 Et4NCI THF - 48 
Ph S1BI13 EI4NCI DMF - 94 

p-Thl ZnCI none THF 67 - 

p-Tol SnBu3 Et4NCI DMF - 25 

p-MeOC61›14 ZnCI none THF 54 
p-MeOC6H4 SnBu3 Et4NCI DMF - 3 

P-02NCaH4 ZnCI none THF 61 - 

p-0?rC8H4 8nOu3 EtNCl DMF - 27 
p-02NCI-44 SnOu3 Et4NCI benzene - 47 

a isolated yield. 

In some cases. B113SnCCCOOR, where R is Me 
or Et, has also been used in place of Zn derivatives. 
The results of a comparative studyOl 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 Phi observed with DMF 
as a solvent. The same solvent, which has been shown 
to he 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 HCCC(OEt:i 
was also reported,95 but it does not appear to be a 
superior alternative to the alkynyizinc 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 alkynylzthcs are generally satisfactory. 
Although the corresponding alkyn’,fltins can provide 
the same products, their reactions are significantly 
Inferior to those of aikynyizincs in most cases. 
Preliminary results obtained In the authors’ kthora-
tories also indicate that the use of Mg, B, Al, and In 
does appear problematical, 194 thereby making Zn the 
courjtercation of choice. 

4. a.-My of a-HaIo-aJ3 -unsaturated Carbonyl 
Compounds 

As discussed in sections TLC and I11.13.3, a-halo-
a.j9-unsaturated carbonyl derivatives are generally 
unfavorable electrophiles. An explicit comparison of 
2- and 3-iodo-2-cyclohexenones in the Pd-catalyzed 
reaction with (n-BuCHCH)Zn reported in -1156 

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 PPh3 or P(2-furyl):i as a ligand, and DMF as a 
solvent would lead to the most favorable results in 
a-alkenyiation. Some other metals, such as Al, Sn, 
and Zr, were shown to be inferior.’ 511 

This seminal investigation of a-substitution of 
a-haloenones by Pd-catalyzed cross-coupling156 trig-

Scheme 44 

0 0 
i 

Izn
 

n-Bu) 
0.55 equlv .JL 
3  % Pd(PPh3)4 - 

+ THF, 25 °C 

1 equiv 1 equtv 

Bu 

n-Bu’,?",6 
+ 

62% 0% 

+ 

+ k 

gered extensive investigations in the 1990s205 and led 
to the development of the first highly satisfactory 
method for a-alkynylation of u,fi-unsaturated 
ketones205208 (Scheme 45) and esters2 (Scheme 46). 

Scheme 45 
BrZn�� Bu-rr 
5% Pd(dba)2 0 Bu-n 
10% P(2-furyl)3 
DMF 

Ref. 206 L,,,,.-J 90% 

o / _< , I.Pr2NH, THF 0 

ctrt 5% C12Pd(PPh)2, 10% Cut 

Ref. 207 LJJ 

Bu3Sn Bu-t 
5% Pd(PPh3) 

Ref. 208 37% 

Scheme 46 
’-It 

cat. Pd(PPha)4 Rd2l R Br THE 
_= 

H><COOMe 
+ CZn A1  Ret. 209 H COOMo 

Rl Yteld,% 

n-Au n-Hex 62 

i-Bu Ph 71 

35-Cl 2C6H3 4-MeC6H4 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 
alkynylatlon substantially more favorable. invai-I-
ably, a-haioqulnones are at the same time fJ-halo-
qulnones 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 a-mta1-substi-
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tuted ct,/3-unsaturated carbonyl derivatives would 
readily undergo Pd-catalyzed a-alkynylation. Al-
though there dots not appear rt be any report on this 
reaction, a.stanno..2O42tOt3 and ct�7inco-a,/3-unsatur-� 
ated carbonyl derivatives2145 have indeed been 
shown to undergo Pd-catalyzed ct-aiylation and a�-alk-
enyiation.OS The corresponding a-alky-nyiation ap-
pears to be feasible. 

The synthetic usefulness of the Pd-catalyzed a-
alkynylation of a,fl-unsaturated carbonyl compounds 
has been eloquently demonstrated in the synthesis 
of harveynone and tricholomenyn  
(Scheme 47). 

Scheme 47 

+ 

OTOS 

deprolection 

OTBS OH 
harveynone 

Procedure Yield, % Reference 

M=H 
cat, Cl2Pd(PPh3)a 52 207 
cat. Cut, .Pr2NH 

MZn 
cat. Pd(dba)2, p-V’s0-’)3 73 206 
DMF 

0 

+ tiaO 
M 

OTOS 

o 
1. Odaprofaction 
2.HOAc 

DCC 
OTRS OAc 

tflchoiomenyrl A 
. Procedure Vied, % Reference 

M=H 
cat. Cl2Pd(PPH3)2 54 207 
cat. Cul, i-Pr2NH 

M = Zn 
cat, Pd(dba)2, 80 206 
DMF 

5. Alkyrlylation of 1,2-L)ihaIoethyknes 

i’h.ere are six different I ,2-di.haloethylenes contain-
ing Cl, Br, and/or I, each of which can exist as the if 
and Z isomers, Of these, (E)- and (4-I .2-dichioro-
ethylenes are the only two that are commercially 
available as isomerically pure compounds. I ,2-Dibro-
moethylene Is also commercially available but only 
as a mixture of the if and Z isomers (typically .E/Z 
2/1). The others are also known, and (E)-ICHCHCi 
and (E’)..ICI-l=C}-lBr have been shown to be of con-
siderable synthetic utility, as discussed below. On the 
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other hand, the Pd-catalyzed aikynyiation of their Z 
Isomers as well as of BrCHCHC1 and ICH’CHi 
remains largely unexplored. 

The Pd-catalyzed alkynylation of 5 equiv of corn-
mercial.ly available (.) - or (2)- 1 ,2-dichloroethylene 
under the Sonogashir-a conditions was Shown to 
produce the corresponding chioroenynes in 80--95% 
yields as early as 1981 (Scheme 48). Under the 
conditions used, the extents of dialkynylation must 
be insignificant.. 

Scheme 48 
(5 equiv) 

cat. Pd(PPh3)4, Cut 
piperidine 

RCCH cC, (5 equiv) 

cat. Pd(PPh)4, Cut 
\n-BuH 

CI 

 

80-9b% 
n-Pent, CH20THP, CH20Ac, CI428Me, etc. 

As satisfactory as the results shown th Scheme 48 
are, the need for the use of 5 equiv of dichloroethyl-
CISOS is at best somewhat inconvenient. It would, for 
example, preclude in situ generation of ch loroenynes 
and their use as Intermediates in the same pot: 
without the removaL of the excess of dichioroethylene. 
In 1984, the Pd-catalyzed reaction of alkynyizlncs 
with (E)-JCHCHCi. readily preparable in 83% yield 
from acetylene and IC] was reported as a cleaner 
and selective alternative permitting direct use or the 
chioroenyne products in the same pot.59 (Scheme 49). 

Scheme 49 

1. n-BuLE 
1_,.-i_.Ct (1 equiv) 

ROaCH 
2. ZnCI3 

- £ Rcecznctl 
cat. Pd(PPh3)4 

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

(E)-Chloroenynes prepared above cart be further 
substituted with alkenyl. aryl, and alkynyl groups 
by the Pd-catalyzed cross-coupling2 222 (5 hetre 50). 

Scheme 50 
P2 

cat. Cl2Pd(PPI13)2 
NEt3, THF 

Ref, 220 55-90% 

XMgAr 
cat. C12Pd(PPh3)2 
N0i3, TI-tP Ar 

Ret, 220 51-95% 

\jat. 

Cl2Pd(PhCN)2 
Cut, piperidne 

Ref. 221,222 
62-80% 

Another notable use of chioroenynes is their con-
version to terminal and internal 1,3-divnes, as shown 
In Scheme 51 and ’table l4.,60 i’he same overall 
conversion of terminal alkynes into unsymmetrically 
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Scheme 51 
HX 

= 

cat. PclL 
RI_= 
 n-BuLl 

/Rel. (A) 
C4

RZnX !R1_= -u1 MOaSIGI 
R1_= = SlMe3 

Ref. 59 

\oat._PdL - WA 
/ ; 

_______ L.R
XRef. 60 Br 

\ 

Pd(PPh)4 = = 
RR 

net. 60 (C) 

Table 14. Conversion of Terminal Mkynes Into Unsymmetrical 1,3-Dlynes via Double Pd-Catalyzed Alkynylatlon 

R’ of X of Yield,,/, 
Yield, %. 

Bascdon 
of tCi 
13thed on 

R1CCH X of I At or I B  - WoFR21 Base ti or (11) R1CCCH 

Ph Cl 91 o-EtOOCH4 n-BuLl 85 ii 

p.?frC6114 Cl 90 1McOCH1 n-BuLi 74 67 

p-MCC(H4 Cl 90 p-EC5FI4 /?-BuLt SS 79 

/)-FC(,114 CI SI p-MeC,-,H. n-BuLl Ill (l 

p-CF-CH.1 Cl 84 p-NO2C6H4 u-BuI.i 7 73 

11-1 le.N Br 

74 
Ph LDA 90 67 n-I-lax Br 74 

HOOC(MelCCH- 
LDA - 58 - (15 dlisubstituted conjugated dlynes can also be achieved by the preparation of bromoenynes followed by their conversion to conjugated diynes.ao 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° Both methods require 

Scheme 52 
Cadlot-Chodkewlcz Protocol - bromination Br---- 

cat. 
PdL-

cat. CuCI __= HH 1-0 MeOH,DMF 30% Pd-Catalzyetl Double Alkynylatien Protocol 1, n-BuLl 2. ZriBr2 cat. Pd(PPH3) a 1.WA I 

oat. PdIPPSa>4 

4 ZOBI2 78% three synthetic operations starting from (h)-3-penten-1-yne1 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.60 The corresponding reactions of (2)-ClCHCHCl have yielded similar results, as those shown In Schemes 49 and 50,2 Particularly noteworthy is the use of (4-CICH°’CHCl in the synthesis of complex natural products containing a (-enediyne moiety, such as eallcheamk.in y, esperamicin All, and dyne-roicin A22411 (Scheme 53). This approach to the synthesis of enedlynes should be compared with an alternative approach Involving the use of lodoalkynes Scheme 53 

eafteheemloln yj’ 
total synitmele 228. 225, 225 

model compounds 221 

-Nl-lCO2Me Mmem�o Me sO_ OMe OH OMe MoO OH 

MeO 

model cer--’-- 524. 228. 227 MeO esperamlcln A1  

dynen,tcfri A 
total synthesis of 
a-methyl derivatives 
model campounds220422 

IL cs-t 0 HN .. COOlI OH 0 OH 
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yjj (4�1e3SriCI+CHS442  discussed later in 
section IIL}3.8. 

Also interesting Is the synthesis of 12--membered 
trieneirlynes. as shown in Scheme 54,7 

Scheme 54 
I. �SiMe3 

CI Cl .- ’ cat. PdL, CuX 
cat. PdL, CuX ’. CI 2, KF 

C 
"Cl

 
- 

66% 

icriIIcat.
 PdL,,,CUX 

J I\\ 
› � 

<, 

1 

21% 

SiMe3 Me3511
1. cat. PdL,, CuX dL_ + Br�_, 
2.KF

 

/  

CI CI 
cat. PdL, CuX 

11% 

Although the results obtained with (k)- and (2)-
CICI’J=CHCI and (b)-ICH=CHCI described above are 
generally favorable, the scope of Pd-catalyzed cross-
coupling reactions of chioroenynes Is nevertheless 
limited due to the intrinsically low reactivity of the 
C�Cl bonds In Pd-catalyzed cross-coupling. it is 
therefore desirable to generate bronioenynes by Pd-
catalyzed alkynylation of BrCHCHBr or 
CHBr. 

Te Pd -catalyzed reaction of a commercially avail-
able mixture of (- and (2)-1 ,2-dibromoethylenes, 
typically a 2:1 mIxture of the E and Z isomers, with 
alkynyizinc 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-
I ,5-diyrte, both of which are >99% Li So, the reaction 
takes place nearly exclusively with. (-1,2-dibrorno-
ethylene. Thus, the reaction is highly stereo.selective, 
but. It generally produces the desired bromoenynes 
In low yields largely due to the formation of 1,2-
diaikynyl.ated products, as shown in Scheme 55.238 

In contrast with. 1 ,2-dlbromoethylene. (L)-i -bromo-
2-10doethylene can selectively be monosubstituted to 
give the desired (1)-bromoenynes In high yieids6529-0 
(Scheme 56). Particularly noteworthy are the reac-
tions of Me3SiCCZnX and TBSCCZnX, where X 

Br or Cl, 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% yield. Also Important is the 
development of a vastly Improved method for the 
preparation of ?99% (E) -104=0-113r in 76% yield by 
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Scheme 55 
cat. Pd(PPh3)4 

a RCCCZnCI + a Br’’+ (1-a) Br Br 
THF, rt,16 h

 
u = traction of 

(E)-BrCH"CHBr 

R + Sr 
(A) (B) - 

R (A) 

+ (1-(x)B(Br 

(B) 

n-Bu 34% 17% 

MO3SI 5% 55% 

Scheme 56 
-IC3CH 

Me3Si_= ZnBr 
HBr, Or 2% Pd(PPh3)4 

48,31 Ref. 239 
Ret 240

 
81%, a99% E 

TBS�---ZnBr 
78%, 99k E N, 2% PcI(PPh)4 

- Ref. 239 

70%, Z! 991,,. E 

1. BrZn-
2% Pd(PPh3)4 

2. n-BuLl 
3. 1%e, 2% P(PPh _1�er 

Ref. 239 76% overall 

I. WA 
2. ZnBr2 
3. ’%-, 2% Pd(PPh3)4 - 

-.Br 
65% overall 

PhMeN-----ZrtCl 
+ .-_Br cat. Pd(PPh3)4 

Ref. 242 

PhMeN�–--

48% 

the reaction of acetylene with commercially available 
IBr and HBr.60’239°  Its previous synthesis using a 
mixture of 12 and Br2 produced ICWCHBr only in 
45% yie1d. 

Both (E)-M3SiCCCHCHBr and (.TBSC 
CCH’CHBr have proved to be very useful C4 syn-
thons in the synthesis of carocenoids, rel:inoids240 
(Scheme 57), conjugated ol igoenes that can serve as 
Intermediates for a number of oligoene macrolide 
antibiotics,248 such as amphotericin B (Scheme 58), 

and many other complex natural products, such as 

xerulln239 (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 alkynylatiorr of (L-ICHCHBr but also 
revealed that these compounds cannot be prepared 
by the Sonogashira reaction (Scheme 60).194 

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 (-1C1"’CHBr despite many favorable 
results obtained with 1 ,2-dlchloroethylene’18 (Scheme 
48). As indicated earlier In Scheme 34, (E)1CH 
CHBr may not be readily used in the Sonogashira 
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Scheme 51 

Scheme 58 

&?o 
1. LOA 
2. C1PO(OE0 
3. LDA 

lv.)x2 

620/6 

} 

Jj 
vitamin A 

670/6. 299% all-S 

68%, 299% all-E 

JX 

7-carotene, 53%, 980/. all-S 

I. MeA1 (2 equlv), CpZrCl2, (Ct42Ct), 23 °C, 4 h. 

/A evaporation at 50°C  and .r 0.5 mmHg, 

Ii,. ZnCI, TI-IF, 2.5 mol% Pd2(dba), 10 mot%P)3, DMF, 23 °C, 8 h. 
- 

iv. KCO3, MeOH, 23°C, 3 h. 
v. TI-IF, n-BuU, 23 °C, 0.5 It 
vi. (CHO) (3 euiv), 23 °C, 5 Ii. 

vii. (0.5 equiv), ZnCI. THF, 2.5 moI% Pd(dba),10 mot%P(,, DMF. 23°C, 8 h. 

(1.05 aquiv), Zr%8r, TI-IF, 5 mol% Pd(PPh, OMF, 23°C. 2 h, 

ix. ZnCl2. TI-IF. 2.5 rnol% Pd(dba)3,10 mot% P,, DMF, 23°C, 6 It 

TBSOU’ 
’"" 

TBSO 

797.,>98%, all-S 74%. >98%, alt-S 

amphotericin 8 

- 74%, >98%, alt-S 

i. (a) HZrCp2CI, THF, (b) ’....,,_�SiMe31. 5 mol% C12Pd(PPh3)2 + 2 DIBAH, ZnCl2. THE 

- ii. I(2003 (1.2 squta), MeOH. 

ii,. Coo"- 5 mot% Cl2Pd(PPh3)2 + 2 DIBAH, ZnCl2, TI-IF. 

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

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

Negishi and Anastasia 

6. Alkynylation of Sterically Demanding Organic 
Electrophilos 

It has already been discussed in section 111.8.2 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 Sri. A recent report on 
the synthesis of hexaai.kynythenzenes244 (Scheme 61) 
suggests that the Negishi protocol Is also superior to 
the Sortogashira reaction In coping with problems 
stemming from steric hindrance. 
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Scheme 58 

BrZn�
Icat.Pd(PPh3).=----TBS (2 Br 

JHZrCp2CI 

{ C1Cp2Zr’ 
2 eu)v)} 

Zn-11 
Cu -11b 

xerulin, 70% 0 

1. ZnCl2, 5 mol% C12Pd(PPh)2 + 2 DIAH. 

ii, BU4NF 

W. ’"coOH 5 mol% Gui, NEt3 (4 equiv), 1 moi% BHT, degassing. 

Scheme 60 
BrZn�’-- COOEt 
cat. Pd(PPh)4, 23 Or, 

Br"4zltl’_COOE’ 
NegsMi 82% ’99% E 

�c0CEt (1,2equiv) \catpd(PPh3)4 
EtNH. 23 C + 

Sono9aaParo trace 92% 

cat, Pd(PPh5)4, 23 C GOOEI 

(1.2 eqI3Iv) Cat. Pd(PPh, Cut cOoEt 
\.,Et2NH, 23 C 

Sonogashfra 
0.28% 

5% Pd(PPh3)4 

er + SrZn .1006t THF, 23 ’C, 5 h 

99% aIl-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 alkynylatlon 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 last nor too slow, for 
each step. 

a. Catalytic Carbopalladatlon�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 

91% 

Ph 

Ph 

c?::#o

 

cl C1 Pd(PPh3)4 
Cut, (i-Pr)2NH 

Sonogashira 

Cl Ph Cl Ph 

47% (average 78% each) 

Ph 

TMS TMS 
TMSZnCl  

Pd(PPh3)4 

Negishi 

Ph 

TMS 
81% (average 93% each) 

It-shed in the late 1981-.6,,246›248 critical factors re-
mained to be clarified. A systematic screening of 
metal counteractions summarized In Scheme 62249 

Indicated, for the first thne, that the desired cat-be-
palladation--alkynylation cascade process is disfa-
vored by fast Pd-catalyzed alkynylatlon reactions 
involving Zn or Cu but favored by slow alkyriylation 
reactions Involving Sn and B. It was also clearly 
shown that premature’ alkynylatiori before cyclic 
carbopalladation was the origin of difficulties with 
Zn and Cu. 

The cyclic carbopalladatlon�alky.nylatlon cascade 
process involving alkynylations has since been ap-
plied to the formation of the A ring of neocarzino-
statin chromophore, as shown in Scheme 63.2250-252 

b. Catalytic Alkynylation�Lactonizatlon Cas-
cade Processes.. The Pd-catalyzed alkyrtylation of 
(2-fl-haloacxyitc acids containing I or Br under the 
Sonogashira coupling conditions does not produce the 
expected cross-coupling products to any detectable 
extent. It instead produces (2)-y-alkylidenebuteno-
i1des,9 thereby providing an unprecedentedly ef-
ficient and attractive route to (2-y-a1kylidenebuteno-
ildes. The use of at least 4 equlv of PPh3 relative to 
Pd and McCN as a solvent was shown to be desirable 
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Table 15, Current Scope of the Pd- Catalyzed Alkynylation with I.2-Dflialoethylenes --

commercial availability or method 
1 ,2-dihaloethylene of synthesis scope and limitations 

(1-CiCH=’CHCl and � both isomers commercially available ’selective I-nortasubstitution, with an excess 
(-001C}-JCl (5-fold) of the reagent generally satisfactory 

� widely used 
� second substitution of Cl by cross-coupling 

potentially problematic: 

81-CH=C}-1Cl � not commercially available 
� preparable by treatment of 

Rr2CCC12 with Zn 

ICf-ICHCi a not commercially available 
� the £ Isomer preparable by treatment 

of HCCH with IC! (83% yield 

BrCHCHBr e commercially available as an Eand 
Z mixture 

lCIICHBr � commercially available (E isomer) 
the E isomer preparable by treatment 
of 1-lCC1-! with lBr and HBr (76% yield) 

lCH’CHI � not commercially available 
the I? Isomer preparable by treatment 
of F1CCH with 12 and A1203 (33% yield) 

little or nothing known about Its cmss-oupling 

� monosubstitutlon potentially more selective and 
favorable than with ClC1-iCHCl 

� wide application expected 
o same limitation In the second cross.coupitng as 

observed with C1CF{’CFf Cl 

� selective moratsubstitution problematic and 
hence of limited synthetic usefulness 

� selectIve monosubstitutlon with RCCZnX 
� wide synthetic scope and considerable utility 

expected 

little known about its cross-coupling 

Scheme 62 Scheme 63 ""_’ E cat. Pd(PPh)4 
[I I E ,.Bu �---M - 

n-Bu’t � 
+ 

Me Ref. 249 

E = COOSt 

,

 

Me 
Bu-n n-Ru 

(A) (B) 

Conditions 
F� Yield, % 
(A) 

- 

(B) 

(n-Bu---Zn THE 25°C 8 

n-Uu_= H Cul (5 rnol%) 16 40 
n-BuNt-I2 (5 equiv) 
benzene, 25 °C 

n-Bu BBu3U THF, 25°C 45 

n-Bu_= SnMea THF-HMPA, reflux [] 
41 Not determined 

Me3SICCCSnSu3 
cat. PdL-J. DMF 

� 45%(n=1) 
0Tf 

Ref. 248 
54% (n = 2) 

Me5Si 

for high yields of 4-y-alkylidenebutenolldes.200 As 
already discussed In sections IILB. 1 and II1.13.2, this 
cascade process has been applied to the synthesis of 
a number of natural products containing (2)-y-
alkyl!denehutenol ides.’°9"10’200’239253’254 

In sharp contrast with the cascade process men-
tioned above, the Negishi alkynylation of zinc salts 
of (-ha1oacrylic acids with alkynyizinc derivatives 

Br
  OBn 

r 
TB ,90?J:’?’ 

BuSn_= 
cat. Pd( 34 OTB$ 3)h  

V 7� 1 TBSOOBn Ret. 250 
75% 

L

Ru3Sn_= 
cat. Pd(PPh3)4 0188 
THF 

-  LJ.X 
i-f Ref.251 

, 
HO  

X = I or Br 70-80% 

Bu3Sn10,  

Br 
0THP 

cat Pd(OAc)2. PPh3bTHP 
THF 

J:BnO’Br / 
Rot. 252 BnO 

51% 

produces the expected cross coupling products In 
excellent yields (Scheme 64).158255 Thus, in cases 
where 2-en-4-ynoic acids are desired, the Negishi 
protocol may be used, even though the use of esters 
in place of free carboxylic acids has been shown to 
permit cross-coupling without lactonization256 under 
either the Sonogashira or the NegishI coupling condi-
tions. 

Although very attractive, the Sonogashira--Lu 
alkynylation�lactonlzatlon cascade process has also 
been shown to be complicated by various Side reac-
tions. Alkvne homodimerization as a side reaction 
was already discussed In section IILB. 1. Another 
widely observed side reaction Is formation of six-
membered 2H-pyran-2-ones. With relatively unhin-
dered aikyl groups as R’, the ratio of 511-furan-2-ones 
to 2H-pyran--2-ones tend to be only 2--4, as shown 
In Scheme 64. 

On the other hand, 2-en-4-ynoic acids preparable 
by the Pd-catalyzed alkynylatlon with alkynyizinc 
derivatives typically in over 90% yields can selec-
tively be converted to 51-I4uran-2 -ones in excellent 

1; 
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Scheme 64 
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R2 H3 cat. Pd(PPh3)4, Cut 
R2 W fj2 

R3 

+ X><C0OH 
EtN, PCN +ctl Rot. 1991 H1 0 0 

RR H3 cat. Pd(PPh3)4, GUI F12 S3 
EtN, MeCN 

+ X’C00ZnX Ref. 158 - - 

cat. Pd(PPh3)4, Cut 

A- + T’C00H --- - _______________ 
ThF,23°C,12h + JCL 

A (A)+(B),% 

Rot. 255 0 0 n-Hex 77 

(A) (B) j.Pr 75 
c-Hex 65 
1-Bu 76 

I’000ZnHr 
cat. Pd(PPh3)4 

H ZnBr THF, 23 00 

Ref. 255 

P/5-10
COOHDMF,

 2300,1 h
 mol%Ag2003 

0 H 00 R 
H 

(A) (B) 

- 5-10 m1%  

COOH 

THF, 2300 
,=ço + 

net. 255 R A 00 H 
(A) (B) 

yields by using Ag2C03257 as a catalys055 (Scheme 
64). Furthermore, it has also been demonstrated 
recently that 2 -en- 4-ynoic acids can selectively be 
converted to 2 Hpyran-2-ones in the presence of a 
catalytic amount of ZnBr2 without any transition 
metal catalyst -55 (Scheme 64). It should be noted that, 
under the Sonogashira reaction conditions. 21-.Ppyran-
2-ones have been obtained only as minor products. 

In summary. the preparation of 2-en-4-ynok acids 
by the Negishi coupling permits their selective and 
high-yield conversion to either (4 -5-al kylldene-5H-
furan-2-ones (A) or 5-aUcyl-2H-pyran-2-ones (B). 

8. Pd-Catalyzed Alkynylation with 1-Halo-I-elk ties 

The use of l-halo-1-alkynes in the Pd-catalyzed 
aikynyiation was reported first by Negishi in 197818 
by using alkenylalanes as nucleophllic reagents. This 
was soon followed by the development of the con-c-
sponding reaction of alkenyiboron derivatives° 
(Scheme 65). It should be clearly noted that this 
option Is net available to the Sonogashira reaction-
based methodology. As might be expected, aryl- and 
alkeny]zln.c derivatives also participate readily in this 
reaction (Scheme 66). More recently, related reactions 
of o.rganotin compounds have also been developed, 
as shown in Scheme 67. 

9.. Recent Modifications of the Sonogashira and Negishi 
Alkynylation Protocols 

One of the commonly perceived advantages of the 
Sonogashira and other Fleck-type alkyriylation pro-

H 

(A): (B) 

64:34 

80:20 
80:20 
97: 3 

(A)+(B),%8
 (A): (B) 

n-Hex 90 96:4 
I-Pr 93 95:4 
n-Hex 88 97:3 
Wit 86 98:2 

R Based on A 

H (A)+(B),%a (A):(B) 

n-Hex 90 6:94 

f-Pr 92 4:96 
o-Hex 88 4:96 
1-Bu 86 34: 66 

,1 Based on H 

Scheme 65 

t-BuAlt n.Pent)H 

H Alnu3 

n-PenICCCH 

n-Pent H CtZ1Cp2 

BrCCCRC 

HB(Sla 
cat. Pd(PPha)e 

R1cncH 
Rot. 30 

tH t.aou - 

H B(SIa)9 Scheme 66 

ICnOBu-n 
cat. Pd(PPh,)4 
ZnCl2 17-pent H 

Dc-n 
921. 

tCnCBu-n 
eeL d(PPh3)4 

-n-Pen1_1l 

M 
71.,-

A1 II 72-100% Me cat, PdL Me THF($>�ZnCi + lCCBu-n Ref. 187 0-900/0 ZnCI cat. PdL = Hex-n THF + 8rCCHex-n Ref. 118 cat. PdL n-Pent H TI-IF n-Pent HU MI’<ZnCt + iCCB-n Ref. 18 Me�Bu-n 95% 

tocols over the Negishi and other related alkynylatlon 
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 

Br0CHl0Ftl 

ca.0 2Pd4MeCN2 
DMF 01-1=02 

Et0)3CH(GH2),(" 
 Ret, 250 

QStPtiBu.t 
OSIPhcBt..t 

n 13r 
OuaSn 0’,0Ms 

06iPh0But 

cat. Pd(PPh , O$Ph2Bu-t 
j. 

0 OMe Rol. 250 
61-71% 

OrCCCEt 61 
-%8nMeO 

benzene, teflux, 4th 

t-BUCOC’ net. 260 t-B.iOOC 
84% 

o 

I 
Me38/7SflMe3 o ,1 

’N 
0-S 

)"OAC cat. Pd(PPh0), .,OAc 
Me0 DMF MaO 

OAC Re 234 ’OAC 

80% 
OSIMecDU-t 

o 

Ij
 

I 

1COOMS 

Ms3S[Sr,Me3 / 

1 

.000Mg cat Pc(PPh&a 
DMF MaO 

N Rat. 238000Ma 

67% 
OS MgBJ-1 0$Ms8u-t 

07:I,\ ..ZO 
o 

Ma,On Sn1a3 

Rat 

cat. Pd(PPh3)4 
o 

Co � 0 
036 

NHCO2Me 
CO 

NHCOtMa 
72% 

Ira reaction, a catalytic amount of Cul or CuC1 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 amities 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 dlme.rization, which appears to he 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 aikynylmetals 
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 
Et3N, have recently been reported (Schemes 68-71) - 

Scheme 68 

Cl cat. Pd(PPh3)4 Cl Ph 
Et3N 

+ [Ph
  THF 

Me ’O o Ref. 261 Me00 
83% 

Scheme 69 
cat. Pd(PPh3)4 
piperidirie 

RCCR + 
cat. additive, rt 

RC=-C�O -  Fief. 262 

R Additive Yield, 
% 

Ph cat. ZnCl2, 12 80-94 

Ph cat, ZnCl2, Na! 94 

Ph cat. ZnCl2, NaN3 100 

Bu cat. ZnCt2, Na! 94 

Me3Si cat. ZnCl2, Nat 100 

HC5C(CH2)4 cat. ZnCl2, Na! 100 

HOCH2 cat. ZnCl2, Na! 100 

Scheme 70 
cat, Pd(PPh3)4 
additive 

BuCCCH + Br_-4fD-_oMe BuC8C�iJ--0Me 
Rot. 262 

AIidftIVa Solvent / Base Yield. 
% 

cat. ZnCl2, Nat pipertdine Be 

cat, ZnCl2. Nat Et3N, DM60, OBU 68 

cat. Zn dust, Na! Et3N, DM60, OBU 100 

Scheme 71 
1. NEI3/ZnBr2(4!I),THF 
2. lAr, cat. Pd(PPh3)4 

RCSCI-1 ------- RC3CAr 
Ref, 201 

RC --CH 1k Yiald,% 

rt.HexCCCH 1ph 95 

Me38ICOCH lPh 97 

n-t-IeXCOCH I._ft_C0Me 95 

n-HexCCCH IC61-140Me-p 87 

n.HeXC3CH 106114NO2.p 89 

Me000000K 

1ph 75 

Two other Pd-catalyzed alkynylation protocols 
reported recently involve the stoichiometric use of 
AgzO and TBAF39 (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(PPh3)4 
A920, THF, 60°C 

/Procedure\ 

R1C6CH + XR2 R1CCR2 

cal. Pd(dba)3, PPh3 
TBAF, THE 60 °C 

Procedure B 

n-Hex 
HOMe2C-
i-Ru 

Ph 

Ph 

Ph 

Ph 

Me3Si 

XR2 A B 

Ph 
iPh 
IC8H4Ao-p 

IPh 

(E)-BrCHGHPli 

IC6H4OMe-p 

IC6H4CN-p 

IPh 

90 59 
73 64 
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number of cases have rarely exceeded 1000. it is 
desirable to attain TONs exceeding 101 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 
PPh3. 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 a.lkyn.yiation 
shown in Scheme 73,63 theuse of a palladia  
was found to lead to TONs ranging from 800 to 8000. 

87 -. 

60 75 Scheme 73 
79 - 0,1 mol% (A) 

Z Et 83 PhCCI-I + Br� 
N,90°C 

- 

- 
j Ref. 263 86  

79 - 

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

IV. Other Topics 

A. Recent Methodological Development. Search 
for Superior Phosphnes and Other Ugands 

As one examines the general equation of the Pd-
catalyzed aikynylation with either terminal alkynes 
or aikynylmetals (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 niajorily of Pd 
catalysts used for alkynylation are Pd�PPh3 coin-

iCXCS, represented by Pd(PPh3)4 and C12Pd(PPh3)2. 
Since 1’11’1h3 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 theme still is considerable room for improvement. 
Thus, the leaving groups in organic electrophiles 
have been mostly I, with Br and OTT accounting for 
most of a relatively small number of the remaining 
cases. In fact, Ci has been used in same cases, but 
the current scope of the Pd-catalyzed alkynylatlon 
of organic chlorides is still rather limited. in this 
respect, (1) optimization of ligands and Pd complexes, 
(II) screening and development of superior additives 
including cocataiysts, and (i-li) 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 

Me Z Time, h Yield, 5, TON 

,o--o A2 

Pd Pd 
p-Ac 5 99 900 

CQ’o,o’ p-Ac 24 80 
82 "Tv p-Cl 16 90 900 

Me 
(Al A o’Tol p-Bu 24 80 800 

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

Scheme 74 
cat. Pd2(dba), Cut, I 

MeO iPr2NEt, n-Btj4Nl 

L?�= 
+ J-_-<fJ)�COOMC 

DMF, -20 °C, 20 min 

Ref. 264 
1.1 equiv 

MeO 

L\ ?=- 
COONle 

L (20 mel 5,) Yield, 5, 

PPh3 32 

(p-Tol)3P 38 

(n-Tol)3P 52 

(Mesityl)3P 100 

optimization of phosphine ligands was conducted at 
�20 T. The results indicate that a scerically hin-
dered phosphine, Le, tris(mesityOphosphh’te, pro-
duces a catalytically more active Pd complex for the 
reaction. Interestingly, Ph3PO, PhOH, an(] 2,6-(t-
Bu)C6H30H are nearly as effective as (mesity03P. 

It. has recently been demonstrated that (t.-Bu) 4Pis 
effective In the Pd-catalyzed cros.s’-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 stericahly hindered andto:r electronically 
deactivated aryl bromides. 

It does appear that sterically hindered phosphines, 
such as (mesltyl)3P and (t-Bu)3P, might prove to he 
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 

Ph��SnBu. 4 

0.5% Pd2(dba)3 
1.1 % (t-Bu)P 
toluene, ft 

Ref. 265 

Yield, % 

p-Ac 97 

o-Me 97 

2,4-(MeO)2 83 

2,6-Me2 95 

B. Mechanistic Aspects of the Pd-Catalyzed 
Akynyaton 

The standard three-step catalytic cycle consisting 
of (1) oxidative addition of a Pd(0) complex with an 
organic electrophile, (ii) transmetaiatlon to generate 
diorganopafladium 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 

FRX PIJ0L 

. R_PdUL2X I red. eIirn.,1 add. 
transmetal.

A 1!tiJ R_= dUL 
M z metal or H 

for both the So.noga.shira reaction5 and the Negishi 
aikynylation with alkynylzincs and related aikynyl-
meta1s)55 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 riu-
cleophilic characteristics of Pd(0) complexes and 
electrophilic nature of Pd(IT) complexes has also 
served as a useful guiding principle. 

An alternative catalytic cycle consisting of (I) the 
same oxidative addition as in Scheme 76. (ti) carbo-
paUadation. and (iii’) reductive f3-dehydropailadatioo 
was also proposed by Negishi In 1.97815-16 (Scheme 
77). Indeed. carbopaliadation of alkynes is a widely 

. Scheme 77 

Pd°L,, 

R -Pdi7X ’’ add. 1.Iik!Th__,1  
-4bornetaL1 

M H�MI  
’L2Pd" M metal or H 

observed process283 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 a bond. Furthermore, fl-metal-
loorganopalladium derivatives thus formed is ex-
pected to undergo facile reductive fl-elimination to 
produce the desired alkyne with concomitant regen-
eration of Pd(0) complex. Thus, this mechanism is 

Negishi and Anastasia 

highly plausible, but it has not: attracted much 
attention. Nor has it been ruled out. 

Since the fitial alkyne product does not retain any 
structural features of pertinent organopailadium 
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. Toni reported in 1991 a cascade 
cyclizatlon reaction of a bromoenyne tmcier the condi-
tions of the Soriogashira reaction shown in Scheme 
78 and interpreted the results by a mechanism 

Scheme 78 
HCECR 
cat. PdL,,, Cul 
EtN ’PdL,,Br J 

E COOMe 

consisting of (I) oxidative addition, (ii) cyclic carbo-
paliadation, (ill) cross -coupling, and (iv) either Pd-
catalyzed or uncatalyzed electrocyclic process to 
producxt a benzene derivative. HoWeVer, no firm 
experimental evidence was presented. Nor was the 
process of the dienyne formation specified and dart-
fled. Only terminal alkynes were used a the second 
alkyne, reagent. 

Two years later Negishi283 reported a related Pd -
catalyzed cyclization of bromoertynos without the use 
of a Cu(I) salt. Not only terminal monoaikynes but 
also Internal alkynes, including alkynylsiianes, were 
used, and at] produced the expected are nes in com-
parable yields ranging from 62% to 83% (Scheme 79. 
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In cases where internal alkynes are used as the 
second alkyne, the mechanism via the formation of 
dlenynes 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 go 
H 

–’d 
:<iiI LBr 

E 
R 

:)Ktdt RlCCR2 

R 
RI 

endo-mode 
:> R, carbometaIv 

BrL,,Pd 
H 

H1 

:X e;t 
A ctrocycl 

H1 BcLPd 
F’ 

PdL,,Br 

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 carbopail.adation 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, he 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 

RCCM X2PdL,, 

metaI. Il-elim. FIG FIGP&1LX 

- / 

AC-C--C--C� MmGtatorH 
I I 

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 sign ifi-
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. 

Condusions 

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 aikynyizinns, have 
emerged as two of the most general and reliable 
methods for the synthesis of alkynes over the past 
quarter of a century by supplanting the Cu-promoted 
Castro Stephensreaction. To 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 
aikynyl metals containing Mg, Zn, B, Al, In, Si, and 
Sn may prove to he highly satisfactory. 

In cases where the starting alkynes are most 
readily available in the frm of free terminal alkynes 
either from commercial sources or otherwise, the 
Fleck alkynylation without the use of a Cu cocataist 
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(I) salt. On the other hand, in cases where the 
starting alkynes arc generated via alkyrtytmetais 
containing alkali metals, such as Li and Na, or Mg, 
alkynylation with alkynyimetals directly generated 
In situ as mentioned above would he 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 alkynyl metals via in situ trans-
metalation, and alkynylzincs appear to be the cur-
rently best option to be considered first. in cases 
where alkvnylmagnesium derivatives are the most 
readily available precursors, however, they should be 
tested before converting them into alkynylz!ncs or 
other alkynylmetais. 

Although aikynyltins 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 III - So, their use must be reserved 
for such special cases and executed with ample 
attention paid w 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 II and summarized in 
Table 1, the Pd -catalyzed alkynylation of class QT 

2�X 
electrophiies, i.e., aryi, heceroaryl, alkenyl, al lenyl 
(propargyl), and acyl electrophiles, has proved to be 
generally satisfactory. A wide variety of organic 
compounds including natural products2 and com-
pounds of material chemical interest have been 
conveniently and satisfactorily synthesized. 

Although aikynyl electrophiles also readily partici-
pate in Pd-catalyzed alkynyl�alkynyl coupling, for-
mation of unwanted alkyne homodixners 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 o 1 -halo-1 -alken-3.ynes (section lH.B.5) 
is not only general but also strictly cross-selective and 
offers a superior alternative In many cases. 

.AiiyJ and benzyl electrophiles are known to readily 
participate in the Pd-catalyzed cross-coupling. Curl-
ouslv, however, little is known about their Pd-
catalyzed alkynylation. Judging from a recent suc-
cessful report on successful alkynylation of henayl 
halides.47 further investigation may prove to he 
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 he problematic in many demanding cases of 
alkynylation, as amply demonstrated in sections 
I1LB.i (Schemes 33 and 34), HLI3.2 (p. 50), HLB3 
(Scheme 4:3 and Table 12), IILB.5 (Scheme 60), and 
IH.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 alkynyizinc 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 (FOR), (ii) other techno-
logical improvements, such as Immobilization of 
catalysts, and (iii) structural and mechanistic inves-
tigation. For example, It is desirable to attain ’IONs 
exceeding 10$_105 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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