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En primer termino, la destilacion de via corta o camino corto con aplicacién de
vacio (Short Path Vacuum Distillation (SPVD)) es un proceso extensamente
aplicado y ampliamente reconocido como una técnica de separacion utilizada
con frecuencia en la purificacibn de compuestos de baja volatilidad y
termosensibles, la descripcion de la misma en el afio de 1969 por R.
Habendorff et al.,, tal como consta en la patente americana US 3,434,935
publicada el 25 de Marzo del mismo afio y titulada “APPARATUS FOR
VACUUM AND SHORT-PATH DISTILLATION" y lo consignado en Lanzani y
Bondioli, 1994; Cvengros, 1995; Hernandez y Rathbone, 1998; Ooi et
al., 1994, en donde las sustancias a destilar se exponen un tiempo mas corto
y a temperaturas mas bajas. Ademas, existe una gran cantidad de referencias
de estos destiladores que permiten un proceso continuo, lo que los hace Utiles
a nivel industrial’, especificamente en la industria farmacéutica y quimica.

La patente europea EP 1 236709 titulada “A PROCESS FOR THE
PREPARATION OF TERBINAFINE” revela un proceso para la preparacion de
Terbinafina (E)-N-(6,6-dimethyl-2-hepten-4-ynyl) -N-methyl-1- naphtalene
methanamine, que comprende la reaccion de Tert butilacetileno con un
compuesto de formula (1)

y que se caracteriza por que la reaccion se lleva

a cabo en presencia de cobre (I) sale o base en ausencia de paladio, lo que hace

posible que el trabajo y los pasos de purificacion sean mas faciles, previniendo

que el producto final esté contaminado con paladio, ademés, es ventajoso en

términos de rendimiento y selectividad.

! http://www.avta-us.com/index.html,

hitp://www.technoforce net/design/short_path.htm

hitp://www.chem-group.com/processing/short-path.tpl

httn://209 85 165. 104/search?a=cache:4k04hcQ1Gi8J.www.oiltek.com.my/process-

equip.himi+short+path+distillation&hl=en&ct=cink&cd=8§
hitp.//209.85.165.104/search?g=cache:6p_cNVDr15sJ.www.reactorvessels.demon.co.uk/Short Pat

h_Distillation/short_path_distillation.html+short+path+distiliation&hl=en&ct=cInk&cd=13

s
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Este documento también ilustra la forma de preparacién y el uso de Terbinafina
Cruda como material de partida la cual es preparada segin su capitulo
reivindicatorio y tal como se menciond antes, por reaccidén del compuesto (1)
que podria llamarse (E)-N-(3-Chloro-2-propenyl)-N-methyl-N-(1-naphthyl
methyl) amine con Tert-butilacetileno (que también podria llamarse 3,3-
dimethyl-1-butyne), y que si se compara con la solicitud colombiana en tramite,
estariamos hablando de procesos idénticos. Entonces, es evidente que las
caracteristicas asignadas al proceso de sintesis de terbinafina de la solicitud
colombiana en tramite, especificamente lo que se refiere con los materiales de
partida, intermediarios, reactivos utilizados y los catalizadores de la reaccién ya
habian sido revelados en la EP 1 236709, ademas, y es importante resaltar
que dicha anterioridad describe que su proceso no uliliza catalizadores de
paladio en el proceso y por tanto no requiere de una posterior etapa de
purificacién, con lo que aventaja al proceso de la solicitud colombiana ya que
en ella si se incluye una etapa de purificacion, (implicaria mas tiempo y mas
costos en comparacién con lo.savelado en la EP 1 236709) y, que como se
demostro anteriormente, dicha forma de purificacibn (mediante short path
distillation) ahora incluida en esta solicitud en colombiana y conocida en el
estado del arte, nos permiten afirmar que lo que ahora se pretende patentar en
la actual solicitud en tramite no cumple con los requisitos de patentabilidad.

» Como se observa, la solicitud colombiana en tramite da una solucidén menos ‘
practica que sus anterioridades a un problema técnico ya resuelto, utiliza un
proceso de obtencidn de terbinafina descrito con anterioridad en el estado de la
técnica en todas sus caracteristicas y ademas, busca reivindicar un proceso de
purificacién reconocido y estandarizado en su uso, y que resulta obvia su
aplicacién en el caso.

IIl. COMPLEMENTO DE INFORMACION.

Por si no fuesen suficientes los argumentos expuestos en la oposicion presentada
en su momento, se puede demostrar que existe aun mas informacién de caracter
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cientifico que incluye las mismas caracteristicas del proceso de obtencion que
busca reivindicar ia solicitud colombiana en tramite, veamos:

» (La publicacién cientifica “PALLADIUM-CATALYZED ALKYNYLATION® revela |
absolutamente todo lo relacionado a las posibles reaccrones de alqutm_lacnon

entre diversos compuestos con la participacion de catahzadores de paladio y

relacmnados} ademas de revelar informacion de los antecedentes de este tipo
de reacciones, se encuentran varios protocolos en donde se ha utilizado la
alquinilacion catalizada por paladio; comparaciones entre diversas de estas
reacciones de alquinilacién contra las planteadas por Sonogashira et al.;
sintesis de alquinos terminales a partir de etino o etinilmetales; R-alquinilacion
de compuestos de carbonilo R-halo R-alfa-insaturados; alquinilacion de 1,2-
dihaloetilenos; alquinilacion de electréfilos organicos; procesos en cascada
que involucran una alquinilacion catalizada por paladio; alquinilaciéon
catalizada por paladio con 1-halo-1-alquinos y recientes modificaciones a
los protocolos de alquinilacion de Negishiet al. Y Sondgashira et al.

Ademas revela explicitamente:

As in most of the other cases, the Pd-catalyzed alkynylation of alkeny! {
electrophiles were initially achieved by and large by using the
Sonogashira coupling and the Negishi coupling with alkynylzincs, 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 alkynyltins was reported as early as 1978, its_earliest
application to alkynylation of alkenyl electrophiles was most probably that
reported in 1986 and shown in Scheme 15. Also shown in Scheme 15 is{
another earlier example in the synthesis of terbinafine.

? Ei-ichi Negishi* and Luigi Anastasia. Palladium-Catalyzed Alkynylation. 2003 American Chernical
Society Received July 29, 2002 Published on 04/15/2003.
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Scheme 15

Este esquema permite tal como se menciond antes, "Bﬁservar un proceso de

sintes:s de la sustancia Terbinafina, en donde se emplea un compuesto de tipo|, -

(E)-N- (3 halo—2~propenyl)-N-methyI~N (1-naphthyl methyl) amine con un

terbutilacetileno en presencia de catalizadores de Paladio y cgl_)rt_é ara obtener
Terbinafina como producto final, en consecuencia, se puede inferir que la
sintesis planteada por la solicitud Colombiana en tramite involucra reactivos e
mtermedlanos ampliamente descritos en el estado de la técmca y cuyas
condiciones y mecanismos de reaccién pueden derivarse obviamente a partir

de la informacion suministrada en esta anterioridad.

En conclusnon \el metado de obtencion y purificacién de Terbinafina que contlenea

la sohcutud Colombiana en tramite carece por completo de novedad y de mvel
inventivo, si se tiene en cuenta que los intermediarios empleados ((E)~N-(3-halo—2—
propenil)-N-metil-N-(1-naftimetil)Jamina y 3,3-dimetil-1-butino)  'se encuentran
descritos con anterioridad en el estado de la técnica, asi como \I-os catalizadores
(de paladio o similares) empleados para la reaccion que se describe; y ya ya que
finalmente utiliza una técnica de purificacion (destilacion de via corta) amphamente;‘;

utilizada en la industria farmacéutica y descrita con anterioridad para procesos !
quimicos del mismo tipo, con el agravante que se conocen métodos que no
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requieren de dicha etapa de purificacion, con lo cual, ademas de todo, dicha
solicitud da una solucién a un problema técnico de una manera menos eficiente
gue otros procesos incluidos en el mismo estado de la técnica.

Por todo lo anterior, ruego se analicen los argumentos expuestos con el rigor y
detenimiento habituales y que en consecuencia se decrete, ademas de la
negacién de la solicitud en comento, el archivo del expediente que la contiene.

. ANEXOS

> La publicacion cientifica “PALLADIUM-CATALYZED ALKYNYLATION".

Sefior Superintend

JOSE LUIS REYES VILLAMIZAR
C.C. 79.162.473 de Usaquén
T.P. 44655 del C. S de la J.
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{ Introduction: Historical Perspective and
Overview of the Scope with Respect lo Metal
Countercations

QOver the past few decades, the Pd-catalyzed alkyn-
ylation has emerged as one of the most general and
reliable methods for the synthesis of alkynes.'*
Currently, the most widely used by far is a hybrid of
the Cu-promoted Castro—Stephens reaction® and the
alkyne version of the Heck reaction,® which is known
as the Sonogashira reaction® ' originaily reported
in 19755 (Scheme 1). The latter reaction has bern
cited well over 1000 times.! This reaction is consid-
ered generally superior to either the Castro—3Stephens
reaction® or the Heck protocol® without the use of a
Cu salt, and it is normally used without checking the
comparative merits aroong theoy, even though the
Hack protocol, which is inherently simpler than the
Sonogashira reaction, has been shown to be highly
satisfactory in a number of cases. ' Moreover, despite
its wide applicability. convenience, and averall excel-
lence, the Sonogashira reaction has also revealed
some sigaificant limlfations, <

Scheme 1
Castro-Stephens reaction
R'CZCCu + XR? ——= RICECR?

Heck alkynylation reaction

RICECH + XR2 cat. PdL,, base

~ RICECR2

Sonogashira alkynylation reaction

RICZCH + XR2 cat. PdL,, cat. Cul ~ R'CZCR2
base

During the 1977--1978 peried, Negishi and co-
workers reported the Pd-cataivzed alkyoylation reac-
tions of alkynylaines’® 17 (Scheme 2) and of -halo-
{-alkynes.’ Ajthough the Pd-catalyzed alkynylation
with alkynylsodiums has been known since (975,19
it is a sluggish reaction of lmited scope, requiring
refluxing MeOH, and relatively litle use of this
reaction has been reported. Similarly, alkynylmetals
containing other alkali metals, e.g., Li, are generally
unsatisfactory. It has been demonstrated that atky-
nyllithiums are at least as reactive as the corre-
sponding alkynylzincs, if the stoichiometric amount
of a Pd comples, such as CLPA{(PPha},, is used, but
that they hardly produce the desired alkynylation
products in the presence of a catalytic amount of the
same Pd complex. At least in one case, the formation

© 2003 American Chemical Society
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of a palladate, which is best represented by LiPd-
{C=2CRY4, was observed (Scheme 3}.%° Evidenily, the
excessively nucleophiiic alkynyllithiums serve as
catalyst poisons by displacing phosphine ligands.
Stmilar difficulties may be anticipated with Na, K,
and other alitali metals.

The Pd-catalyzed alkynylation reactions with alkyn-
ylmetals containing Mg, 52! B,1% A} 8222 and Sp'?

Negishi and Anastasia
Scheme 2
RICECM + XR? Lt P, riczcrR?
M= Zn, Mg, B, Al, Sn, elc.
Me Me
mPent—==—M + | 4 .,._\ ﬂﬂ%_d-}—f-‘——- n-Pem—~”::—©
M of Reaction Gond.? Produet Hss?u;
Entry n-PentCECM Temp(°C)  Time (h) Yield (%) Arl (%)
1 Li ———“; 1“ T trace 88—.‘
2 Lt 22 24 30 80
3 Na refiux 24 58 41
4 MgBr 22 1 2y 55
5 MgBr 22 24 49 a3
6 Znct 22 1 91 P
7 ZnCl 22 3 a8 2
8 HgCl 22 1 irace 0
9 HQCl reffux [+ trace 88
10 BBu;Li 22 3 10 76
(11~ BBugi reffux 1 92 5]
12 AlBugLi 22 3 4 80
13 AlBugLi reflux 1 38 10
4 AlBuy 22 3 49 48
15 SiMey reflux 1 trace 94
l?e SnBug 22 1 % 14
17 SnBug 22 6 83 ;l
18 ZrCpCl reflux 3 .. V

21n all cases except entry 3, 5 mol % of C,Pd(PPhy), treated
with 10 mol % of i-BupAlH was used as the catalyst. In entry 3, 5
mol % of Pd(PPhs)s was used as the catalyst.

Scheme 3

2HCZCR | pozC-GZCR + (LICH,PA(PPhg),

CloPd(PPhy) > 95% netor

\_8LiCECR Li,PHCECR), + 4 LICECH + 2 PPhy

R=tBu > 95%

were also reported by Negishi in 1978, even though
the B'824%7 and Sn'%8# versions have sometimes
been labeled as the Suwiki and Stille alkyoyiation
reactions, respectively. More systematic investiga-
tlons of Pd-catalyzed alkynylation with alkynylistan-
nanes were performed in the early 1980s by Burna-
gin, Beletskaya, and their co-workers® and later by
Stille.® Boron and alurainum were hardly used for
alkynylation for almost two decades afier the initial
discovery.’s In the meantime, the Pd-catalyzed reac-
tien of haloalkynes with alkenylalanes and alk-
enylboranes were also reported by Negishi'® and
Suzuki-~Mivaura,® respectively. More recontly, the
Pd-vatalyzed alkynylation with alkynyiborern deriva-
tives has been further investigated. ™ 57313 While the
reported results are generally satisfactory, essentially
all of the products that have thus far been prepared
by the alkynyiboron reaction are also readily prepa-
rable by either the Sonogashira reaction or the
alkynyizine reaction. Further investigation of the Pd-
catalyzed alkynylations with atkynyimetals contain-
ing B and Al would be necessary to delineate their
scopes, especlally their special merits relative to the
others.

2
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Palladium-Catalyzed Alkynylation

As indicated earlier, magnesium is often inferior
to Zn for a variety of reasons, including its signifi-
cantly lower chemoselectivity, Jower catalytic reactiv-
ity, and lower “pair” selectivity in the direct ethyny-
lation® {vide infra). Tn a number of less demanding
cases, however, it is as satisfactory as any others,
including Zn. Inasmuch as most of the other alkyn-
yimetals are prepared via alkynybmetals containing
Mg, Li, or Na, the reaction of alkynylmagnesium
derivatives in particular should be considered first
before converting thero into other derivatives. It
shouid also be noted that some alkynylmagnesium
derivatives including HO=CMgBr are commercially
available.

Among other main group metals tested in the
initial tnvestigation,'” Hg and 8 were totally inef-
fective probably for very different reasons (Scheme
2}, Although there are some Pd-catalyzed cross-
eoupling reactions of organomercurials known in the
literature,™ theic scope Is very limited. In view of the
relative ease of Hg{ll)-to-Hg{0) redurtion,3 organc-
mercurials may interfere with Pd catalysis involving
shuttle between Pd{() and Pd(Il) complexes. The
inherent toxiclty associated with Hg is another
sertous concern. The inability of alkynylsilicon de-
rivatives t undergo facile alkynylation'>® nust be
due to their intrinsically low reactivity. In fact, §i
has been used as part of alkyne proteciing groups,
such as MesSi, and of precursors to alkynylmetals
containing other metal countercations. In some cases
where fluoride and oxy bases are used as activators,
however, it is likely that alkynylsilicon compounds
containing a hypervalent 5§ are generated as actual
reactants. 54

Over the past fow years, the Pd-catalyzed cross-
coupling reaction of tris{faikynylindiums to give
disubstituted alkynes in excellent yields has been
reported.’%¥ All three alkyny! groups participats 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
Ca.® Ge®s Ph3 % and By, have been employed
in the Pd-catalyzed cross-coupling, little or nothing
appears to be known about their use in the Pd-
catalyzed alkynylation.

In the countercation screening reported in 1978,
Zr faileg io serve as an effective metal countercation.
As mentioned earlier, the stoichiometric amount of
Cut has been used in the Castro-—Stephens reaction®
without the use of Pd catalysts, while a catalytic
aroount of Cis is used in the Sonogashira reaction 10
Recently, the corresponding Pid-catalyzed reaction of
preformed alkynylsilvers with alkenyl trifiates has
been reported. % In view of the relatively high cost
of Ag vis-a-vis other less expensive metals mentfoned
above, the practical synthetic value of the Pd-
catalyzed alkynylsilver reaciion may be guestionable.
Among relatively inexpensive transition metals, Mn
and some other first transition series metals, such
as Ti, Cr, Mo, Fe, Co, and Ni, as well as some
lanthanide metals might be shown to be useful.
Indeed, one reaction of an alkynylmanganese with
an aryl bromide catalyzed by Cl;Pd{dppf) has recently
been reported as shown in eq 1.5 However, little or

Chemical Reviews, 2003, Val. 103, No. 5 1981
nothing appears to be known about the use of other

transition metal countercations in the Pd-catalyzed
alkynylation.

= 1% ClPd(dppf]
mPemt—==—MnCl + Br—@—CN -O—*ZT;,U?EL

n-Pent—== Q-CN (R0
912

In summary, Zn, Mg, and Sn, it addition to Cu
used in catalytic quantities, have been widely user
as part of atkynylmetals, while B, Al In, and 5i have
been shown {o be of promise, although their use has
thus far been rather limited (Scheme 4).

Scheme 4
B
. Widely used
Mg| Al | si ]
J
CulZn Promising
In {Sn

In the following section, a brief overview of the
scope of the four major protocoels, Le., the Sonogashira
reaction and those invelving Zn, Sn, and Mg, with
respect to the electropbilic 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 coroparisons
among the four protocols mentioned above will be
made. The topics o be discussed in these critical
comparisons nclude (a) direct ethynylation for pre-
paring terminal alkynes, (b) use of electron-deficient
alkynes, {c) use of stericaily demanding organic
electrophiles, {d) selective monoalkynylation of diha-
loalkenes and di- and polyhaloarenes. (e} a-alkyny-
lation of a-haloenones and related derivatives, (f)
strictly pair-selective synthesis of corjugaied diynes,
(g) B-halvalkenoic acids and related reactions, (h) use
of {-haloalkynes, and (i) in situ generation of alkyn-
ylzines. Also discussed briefly will be some recent
methodelogical developments with cmphasis on
searches for superior phosphine and other Hgands as
well as some mechanistic aspects of the Pd-catalyzed
alkynylation.

#. Scope with Respect to Organic Electrophiles

A, Qverview

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 lemited to those cases
where the above-mentioned oxidative additien can
occur to synthetically usetul extents. In this context,
organic electrophiles may be classified as follows
according to the hybridization state of the carben
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Negishi and Anastasia

Table 1. The Current Scopes of the Pd-Catalyzed Alkynylation and Other Methods of Alkynylation with Respect

te Organic Electeophiles

Current Scope 1

—
Class of X Rof BX  Pd-Catalzyed Alkynylation Cu-Catalzyed or Uncatalzyed Alkynylation
without Pd Catalysts
Cgp2~X Aryl »Widely applicable and satisfactory | » Generally inforior or unapplicable
Alkenyl « Widely applicable and satistactory § » Generally inferior or unapplicable
Acyl » Widely applicable and satisfactory | » Alkynylcopper reactions may be competitive
Cop Alkynyi « Not widely investigated « The Cadiat-Chodkiewicz reaction®®is currently
. most widely used but often problematic.
= Cross-homo scrambling is a
otential problem.
[v¢t. ingirect altemative™/90 l
Cgp3—X Aliyt = ttle appears 1o be known » The Cu-Catalyzed alkynyimagnesium
reaction is generally satistactory.

Benzyl * Benzylation of alkynylindiums is

proising.*”

s Sge above

Propargyl | « Appears to be widely applicabls,
producing selectively allenynes.

= See above

Alky! » Generally not applicable due
to stow oxidative addition

» Primary and some secondary alkyt
halides can be alkynylated with atkynylmetals
containing Li and other electropositive metals.
« Soma tertiary alky! halides react welt with
alkynylalanas.58

atg’)m bonded to a halogen or a related leaving group
X

Class Cy,—X: aryl, alkenyl, and acyl
Class C,~X: alkynyl

Class Cy,—X: allyl, benzyl, propargyl, and alkyl
Of these, atkyl electrophiles lacking a g.y-unsatur-
ated bond are the only subclass of organic electro-
philes that do not generally undergo synthetically
useful oxidative addition with Pd. As detailed below,
the Pd-catalyzed alkynylation has been shown to he
widely applicable and generally satisfactory in cases
where class Cg*~X electrophiles are employed.
Although alkynyl halides, L.e., class CpX electro-
philes, readily undergo oxidative addition with Pd,
the scope of their Pid-catalyzed alkynylation has been
surprisingly hmited due in part to the formation of
pixtures of ceoss- and boroo-coupled diynes. Another
reason for the fact mentioned above roight be that
the alkynyl-alkynyl coupling bas traditionally been
achieved often satisfaciorily by the Cadiot—Chodk-
lewicz reacilon involving the use of Cu catalyst.™ [t
should also be polnted out here that an alternative
Pd-catalyzed route to conjugated diynes via alkynyl-
alkenyl coupling with ICH=CHBr or [CH=CHCP#
provides a widely applicable and selective method for
the synthesls of conjugated diynes, as detailed later.
Whereas the Pd-catalyzed alkynylation of pro-
pargyl and allenyl electraphiles with alkynylmetals,
especially those containing Zn or Cu, Is generally
satisfactory, relatively little has been reported on the

Pd-catalyzed alkynylation of allyl and benzyl elec-
trophiles, which are known fo readily underge not
only oxidative addition with Pd but also cross-
coupling with organometals containing aryl
aikenyl,®-% and other groups, including metal eno-
lates.® Fortunately, alkynyladon of allyl, benzyl, and
propargy! electrophiles can often be satisfactorily
achieved by the Cu-catalyzed reaction of alkynyl-
magnesivm derivatives with these electrophiles ¢

Inn summary, the Pd-catalyzed alkynylation is
largely complernentary with the previously developed
alkynylation methoeds invelving Cu-catalyzed or un-
catalyzed reactions of alkynylmetals containing Mg
and alkali metals, such as Li, Na, and K, as well as
the Cu-catalyzed Cadioi~Chadkiewicz reaction of
terminal alkynes with alkynyl halides, as indicated
in Table 1. Currently, its main usefulness lies in the
atkynylation of aryl, alkenyi, and acyl halides as well
as their related clectrophiles. The Pd-catalyzed alky-
nyl—alkynyl coupling remains to be systematicaily
investigated, but cross-homo scrambling appears to
be a problem o be overcome. In the meantime, the
alternate method invelving Pd-catalyzed alkynyi—
alkenyl coupling mentioned above™® has beon shown
to be superior to the Cadict~Chodkiewlcz reaction®
in various cases, The Pd-catalyzed alkynylation of
allyl and benzy! electrophilos remains as a puzzle to
b selved by future investigations, even though that
of propargyl and alleny! electrophiles is generally
satisfactory for the synthesis of allenynes but noc 1,4
divnes.

As in the other Pd-catalyzed cross-coupling reac-
tions, the general order of reactivity of organic

/‘OI }%
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Table 2. Some Representative Procedures and Reaction Conditions for the Sonocgashira Alkynylation and the

Pd-Catalyzed Alkynylation with Zn, Sn, and Mg

reaction
syrbol? catalystis) atdded reagent solvent and others

Senagashira

Cu-ia CLPA{PPhsje-Cul” EtzNH and othey RyNHC Bi,NH, ete.”

Cu-Ib ClPd(PPhg - Cul® EtsMN and other RaN¢ Ei:NH, etc.”

Cu-lc CLPd{PPhg)-Cul” 7-BuNH; and ather RN n-BuNH,, ote.”

Cu-1d CLPd(PPhu)z-Cul® piperidine and other cyclic amines piperidine, ete.*

Cu-le CLPA(PPhy)-Cul® Kol20s d

Cu-If CLPA(PPhy).-Cud? Cs,Cy d

Cu-Ix ClaPd(P i) - Cul® athers i be specified d

Ca-Iia Pd{PPha)y-Cul? EtN and other RN FiNH. etc.c

Cu-Iib Pd{PPhy),-Cul? Et:N and other RaN¢ BN, ete.f

Cu-¥Yia CLPARCN)-Culs -PryMNH and other RyNHT R,NH, dloxane, tolnens, ete.*
Alkyriylation with Zn

Za-X ClaPd(PPhu)s Dot THF, DMF, aie.

Za-ia CLEBAPPha): DIBAHe THF, DMF, ate.

Zn-ib CLPAPPhas n-Buld THFE, DMFE, ete.

AT Pa{FPhals none THE, DMF, ete.

Jkyvnylation with Sn

Sn- CLPdPPho)y, o THY, toluene, ete.

Su-ia ClLPd({FPha), DBAH® THE, toluene, etc.

SnIl Pd(PPhaj, none THF, inluene, eic.

Sn-Vin RPI{PPIn) none THF, DMF, (CHUY:, ete,
Alkynylation with Mg

Mg-X ClPd{iPPh) note THE, ete.

Mg-ia CLPa(PPhy), DiBAbe THE, ete.

Mg-11 C{PPha), none THF, ate.

“The symbal indicates the meatal countercation, the Pd complex, and one critical reagent, cocatalyst. or additive. The bold

Eoman numeral lndicates one of the following Pd complexes.

Pd complexes comtaining monophosphines
and these without phosphines

Pd complexes contalning bidentate
phosphines

1= ChPd{FPhaz

= Pdfpph’s).:

T = PA{DA),

IV = LipPdC,

V= Pd{dba}, (n=15or 2}
VI = CLPJRCNY,

VI == CLPA(YFP,), where TEP = tris2-furyhphosphine

YIII = RPA(PPha)aX, RX to be specified

IX = Pd{¢+BusP),

X = Other monophosphine-containing Pd
complexes to be specified

X1 = Cl,Pa{dppl

X171 = Cl,Pdi{dppp)

XU = ClPd(dppb)

XTIV = CLPd(DPE phos) .

XX = other chelating phosphine-containiog
Pd complones

5The PdiCu ratio is typleally 1/2. © Bases and solvents ave often the same. Tu some cases, cosefvents, such as benzene and
pyridine, are used. * For the definition of a-z, see Cu-Ta~Cu-Ix. ¢ The Pd/Al ratio is 1/2. Use of DIBALT may he amitted, but some
reactants andior other reagents will be consumed to generate active Pd{0) catalysts, Other added reagetns, such as arBulld, may
alse be used. 'R = Ar, such as Ph, B, ete., to be spenificed In parentheses.

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

Reactivity of teaving group (X):1> OTfz Br> Cl
Reactivity of substituent: EWG > 1 = EDG
(EWG == glectron-withdrawing group.
EDG = eleciron-donating group)

These orders are In line with those observed in the
oxidative addition of Pd{0) complexes to organic
electrophiles. Recently, lodontum cations have been
used as leaving groups of superior reactivity,®-71
although their practical synthetic utility remains to
be further delineated. Some other important features
of organic electrophiles include steric effects and
chelation. As important factors other than those
assoctated with organic electrophiles, (8} substituents
in alkynyl groups, {b) metal countercations discussed

in the previous section, () cacaialysts, such as Cul,
{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, CloPd-
{PPhg), and PA{(PPhy); bhave been most frequently
used. It has, however, brecorae increasingly clear that
the use of other Pd catalvsts is destrable in some
highly demanding cases. In the following discussions,
the numerical symbols listed as the footnote a in
Table 2 may be used for representing Pd catalysts.
Varicus protacols and procedures may also be indi-
cated by using the abbreviation symbols also shown
in Table 2.

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

Countercations
R'CECH or pre-——m-ee—  Reaotion Conditions  ~=——-==—y produpt
RC=CM ArX Procedure” Solvent Temp,°C Time,h Yield, %® Ref.
Sonogashira alkynytation
PhCECH 0-NO,Cah B Cu-ta E1NH n 3 0 5
HOCH,CECH O-NOCaHBr Culn Et,NH n 3 86 5
MegSICECH NOCH,Br Cu-Ib EiN n 4 70 8
Me SIGHCH PNOLCaH B Cu-th Bt n 4 88 8
Me BICECH P-NGCH,Br Cu-fb EtN t 4 82 8
MeSICECH PMED,LCMBr  Culb EgN it 4 80 8
Me,SICECH PHNCCH,! Cudp EWN 40 4 83 B
MeSICECH B-Naphl Cu-lh EtsN n 4 85 8
MeSICECH :—@—x Culs EtNH n 4 80 8
1 .
Mz;SICECH @ Cueld piperidine n 4 85 8
§
MeSICECH (:——@-}; Cu-a ELNH, CHg 1 4 & 8
Me,
Mo SICECH ﬁrQBr Cudd pipariding 2t 4 8 8
Me
Atkynylation with RCZCZnX
nPentCECZGI o-MeCgHl Zn-fa (DIBAH) THF ft i ~ (88) 14,18
PemCECZnCl a-MoGghyl Zn-la {(DIBAH) THF 11 1 78 (89) 15
nPentCECZnC pMeCgh,l Zn-1X THF rt 0.5 70(82) 14
APenICECING  pNGCaHY Znnt THF nt 4 - (@3 4
mPeMCECZn POMNCgH, Zn-tn (DIBAH) THF 13 3 64 (94} 14
PhC=CZNCI £hi Zn-n THF st 0.5 74 (93) 14
PHCECZnCl m-MaCgh ) Zn-In (DIBAH) THF 114 1.5 B0{87; 14
Alkynylation with RCECEnX,
-PentCEC3nBu, o-MaCgHyd Sn-la (MBAH) THF " § ~ {83) 15
Alkynylation with RCZCMgX
PemCECMGBr o-MaCaH ¢ Mg-la (DIBAH) THF n 24 49 15

2 Sae Table 2. An added reagent is indicated in parentheses. I = cat.Clo;Pd(PPhg)s. II = cat. PA{PPhg)s. Cu-l = cat.CLLPd(PPhg),.
+ cat.Cul. ? Isolated yield. The numbers in parentheses are yields by GLC or NMR spectroscopy.

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

B. Aryl Electrophiles
1. Carbocyclic Aryl Electrophiles

Some of the eacliest prototypical examples of the
Pd-catalyzed alkynylation of aryl eleciraphiles by the
Sonogashira reaction®® as well as by the reaction with
alkynylmetals containing Zn'"¥ and Sp!5!828 ce.
ported in and before 1980 are shown in Table 3.
These results indicate that the Pd-catalyzed alkynyl—
aryl coupling may satisfactorily be achieved in many
less demanding cases by using aryl lodides or bro-
mides including those containing elther electron-
withdrawing or electron-donating substituents.

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

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

An interesting application of the Pd-catalyzed
alkynylation with alkynylstannanes is the synthesis
of various alkynyl-substituted z-arene—metal cont-
plexes containing m-arenes of various ring sizes
{Scheme 5).

A relatively fow applications of the Pd-catalyzed
alkynyl—aryl coupling to the natural products syn-
thesis have been reported. Recent synthesis of dehy-
drotremetone® and lunularic acid® via Pd-catalyzed
alkynylation of carbocyclic aryl bromides and wiflates

IZW§
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Table 4. Representative Examples of the Pd-Catalyzed Alkynylation of Aryl Elecrophiles Reporvted since 1981

—————=  Reaction Canditions ——————~—"1 o

R'CECH or
R'CECM ArX Procedure? Salvent T,% Time, b vietd, %% Rel.
Sonogashira slkynylation
MeC=CH o-MeGCgH,Br Cu-lb EtN 24 418 8 72
+BuCSCH Pl Cu-Th (EtyN) MsCN .25 3 88 73
nBuGECH P-ACCgHBr Cu-Ib (EtyN) THF 26 18 9t 74
nPantCECH P-ONCgH Cu-VHIb (EtyN)  CHOls 60 1 100 75
nPentCECH p-ONCeHyt Cu-tib Et.N 90 24 a5 76
PhCECH P-MeCgHyt Cu-X'b (Et,N) MeCN, HO 23 5 i 7?7
PNCECH p-MeCgH Br Cu-Ih (EtzN) THF ‘26 18 87 74
PRCIOH 2,6-Me,Coblyl Cu-Via (iPr.NH)  dioxane 23 0515 63 78
HOCH,CECH 2-MeQUH,I Cu-lla (ELNH)  Et,NH 25 2 82 128
MeCH(OHICECH 0-MaOCgH Cu-Via (+PENH)  toluene 2 24 s 79
HOMe,C=CH 0-MaOCgH,Br Cu-Via (iProNH}  dioxane 20 23 84 80
HOMe, CECH 2,8,6-(MeQ);CeHat  Cuelb DMF 80 21 67 81
RSCH,CECH MaOCgH,l Culb (LN} MeCN 25 24 77 82
MeHNCOGEGCH o-MeOCH,! Cu-X? (Et;N) DMSO 23 18 95 83
Me;SiCECH o-MeCgH,l Cu-Hix (TEBAC)  benzene, NaOH 40 48 46 84
MeySICECH p-AcCaH B Cu-Ib (Et3N) THF 25 18 92 75
Me,SiCECH PMOCH,Br Cu-Via {iPr,NH)  dioxane 20 8§15 00 78
Ma3SICECH 0-CaHAOTH), Cu-lh (EtN, K)  DMF 70 4 91 84
Alkynylation with RCSC2ZnX
+BUCE02ZNC Pl Zn1l THE 22 0.1 92 85
+-BuGECZnCl a-NaphBr Zn-1% THF reflux & 87 86
F,CCECZnCl Pht 201 THF 50 4 %6 87
MeOCH,CSCZnCH PhOTH Zn-1k DMB-benzene 90 8 67 &8
EtOCSCZnGH Phi Zn-l THF 23 4 65 89
EtOCEC2nCI 6-CIC M, OTH Znk THF 23 4 8 89
Mel  Me
C=CZnGl Mo 1 N THF 50 7 73 80
B"O\)/ Me  OMe
Alkynylation with RCESnXg
nPrCECSnBuy  0-AcNHCgHBr Sn-lf toluene 100 25 77 91
PhCECSnMe;  p-NCCaHy! sn-viny' DMF 20 017 85 92
PHCECSNBuy  p-AcCgH,Br sn-x? toluene 90 72 9% 93
PhCECSnBuy  6-CFyCgHal an-x? toluene B0 @2 82 93
PHCSCSNMe;  p-OaNGeHal Sn-vir’ DMF 20 0.1 93 92
PhCECSNBUs  2.4,6-(0aN)sCeHal  Sn-VIN? {CHaCl, 130 1.8 8 94
Et0,CCECSnBY;  Phi Sn-1 (E4NC) DMF 23 2 94 95
MesSiCEC),SnBl;  0-OHCCgH,Br Snel toluene 110 2 91 96
EtOCSCSnMes  Phi Snl{ELNCD - DMF 28 B 53 97
EtOCECSnMe;  p-OpNCgHdl Snf (E4NCH  DMF 20 ot 8 o7
EtOCECSnMe;  p-MeOCgH,! Snd {ELNC)  DMF 23 15 68 .97
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Table 4 {Continued) , {; ?%‘

R'CECH ot ———— Reagtion Conditions ==——==~—  Draduct
riczoMm ArX Procedure® Salvent T,°C Time, b Yield, %° Ref.

Alkynylation with ACECBX ;M

n-PentCECBBuL o-MaCghy! B-1 (DIBAH} THF reflux 1 ~ {92) 15
n-HexCECB(OPrjali  o-MeCgHyl B-l THF 80 15 75 31
MBUCECB{OPr-jall  p-MeCgHyl B3 {Cul) DMF 80 5 g7 33
n-BuCECB(OPr)ali  p-OsNCeHgl B-11 {Cut) DMF 8 5 97 33
PBUCECB(OPr-ld  2,4,6-(Me0})CgHal  B-1I (Cul} DMF 80 48 27 33,
PhCEOB(OPrHizli  oMeCgHgl 8-1 (Cul) . DMF 60 15 96 33
PhCZECRB(OP-)gli  p-MeCgHyl B-1X (Cul) DMF 23 24 80 33
PhCECB(OPr-)gll  p-O,NCgH,! B-11 (Cul) DMF 60 15 28 33
PRCSCBRy(OMe)K® p-OHCCaH,Br 8-xi THF reflux 1 77 26
PRCECBR,{OMe)KE p-NCCgHBr 8-X1 THF refiux 1 83 26
PHCECBRA(OMe)KS p-NCCaH,Br B-X1 THE refiux 1 89 26

Alkynylation with RCECAIXy
-PentCECAIBU, o-MaCgHyl A-I(DIBAH)  THE o3 - (49) 15

Alkynylation with (RCZC)in

{PhCEC)zin p-MaCgh,! in-f THF reflux 0.5 90 46,47
{PhC=C)sin p-AcCsHOTT in-1 THF refiux 4 84 46,47
(Me3SiCEClyin P-MeCaH,0T? in-t THE reflux 1 93 46,47
{MagSICEC)gin P-AcCgH4OTT ind THF reflux 1 91 4647

Alkynytation with RCSCSIX,

PhCECSiMey p-AcCgHal SHI(CuC)  DMF 80 12 - (84) &5
PhCECSiMeg P-ArCgH4Er SL(CuC)  DMF g 12 -~ 27 38
PhCECSiMeg P-ACCgHOTE SHI(CuC)  DMF 80 24 8 (7 37, 38
PhCECSiMeg &NaphOTt SHEE(CUC)  DMF 80 14~ (84) 38
PRCECSiMes SNaphOT! SHH(CUC)  DMF B 12 - (65) 38
-NCCgH,CECSMeg P-ACCeHOTH SHI(CUC)  DMF 80 324 52 {98) 87
PMeOCH,CECSMe, D-ACCeHOTS SHE(CUC)  DMF 80 324  65(-90) a7
P-MeOCZCsiMes  P-ACCeHLC! SIXM(CUC)  DMF 120 12 56 38
chcsuwea PNCCgHOTt  SHICUCH OMF 8 324 52 (71)  ar
PhC=CSMe;OH Phi SHIL{CsF) THF g 12 <5 42
PhCECSMe,0H Phi SMI(Ags0)  THF 60 2 78 42
PhCSCSiMe,OH Phi SHI(TBAF)  THF 60 2 90 42
PRCECSIMe,OH mMeCqHyl SHI(TBAF)  THF 6@ 25 95 42
PhCECSMe,0H p-AcCsHy! S (TBAF)  THF g 2 78 42.
PRCECSiMe,OH m-BrCeHal SHIK(TBAF)  THF 6 2 73 4
PRCECSiMe,OH fNaphi SHIL(TBAF)  THF & 3 71 42

#See Table 2. All Cu procedures use cai.Cul. An additional reagent is indicated in parentheses. I = cat.CLPd(PPhy),. I =
cat.Pd(PPha}s. VI = cat.CLPA(RCN),. VII! = cat. p-NO2CeHyPdl(PPhy),. VIIT? = cat.CeHsPdI(PPhg)z. X! = cat.Pd(PPha),(m-
CeHy803Na). Hy0. X2 = cat.Pd(PPhg)2(0Ac)z. X¥ = cat.PACI(x-C3Hs)2. XTI = cat.CLPd(dppf). 2 Isolated yields. The numbers in
parentheses are GLC or NMR yields. ¢ BR: = 9-BBN.

with alkynylborates shown in Scheme 6 are repre- On the other hand, a fair number of its applications
sentative. Also noteworthy are the syntheses of to the synthesis of polymers and sther compounds of
enantiopure chromane molety of vitamin E.% material chemical interest have been reported©.103-1%8
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(Scheme 7). For the synthesis of polymers, the
Sonogashira reaction and those employing thermally
and hydrolytically stable alkynylmetals, such as
alkylboranes, alkynylsilanes, and alkynylstannanes,
may offer an advantage in terms of ability to purify
alkynyl reagents.

2. Heteroaryl Electrophiles

Despite the presence of proximal heteroatoms,
including N, O, and 3. that might be expecied to
significantly affect the course of the Pd-catalyzed
alkynylation of heteroaryl electrophiles, a wide va-
riety of heteroaryl electrophiles have been success-
fully alkynylated, as indicated by the results shown
in Tables 5 and 6 as well as Schemes 8—~13.

a. Five-Membered Heteroaramatic Electro-
philes Containing One Hetervatom. Both ¢- and
B-halo and related derivatives of pyrrole, furan, and
thiophens have been satisfactorily alkynylated by
using either the Sonogashira coupling or the Negishi
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coupling with alkynylzincs. Although the number of
examples involving the use of other metal counter-
cations is limited, alkynylmetals contalning Mg.'®”
Sn, '8 51,3 and B% have also been employed in some
cases (Table 5 and Scheme 8}.

in the Pd-catalyzed alkynylation of ¢.f-dihalo-
thiephenes and related furans, alkynylation can be
achieved selectively in the o position, indicating that

£

‘P
N j’g,
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Table 5. Pd-Catalyzed Alkynylation of Five-Membered Heteroaryl Electrophiles Containing One Hetercatom

TCECH o ————  Raclion Condions ——————1 b
ACECM ArX Procedurs” Solvent T,°C Time,h  vigy, ot Aet
MegSCEOH )i " ) Cu-th (Liie) EINITHF 076 3 9 2
Mo
HCECZNBY g i THF 23 4 e 108
(]
MegSCECH I Curlb LiB) EtNITHF reflux 1 74 2
T
MCECZOBr I 0 j Zna THE 3 4 (97 109
HC=CZnBr q m Zn-11 THF 23 4 72 (78) 109
Ba
HO-*—CECH W Cuda (LiBr) (HEONHY mhx 5 7 2
(% piperidine/THF
)
mpo”‘f\cacz:\sr 1 5 j Znn THE 23 1 82 110
MeoSCECH { . 1 Cu-th 11.B5) EtNITHE %085 2 75 2
T
HO-—{—CECH . f s i Gu-th (LiBo) EtNTHF sogs 2 8 2
i
MeCECZUBI I s § Znn THE n 1 82(98) 14
n-PenlCECZnBr ' ,E:] Znela THF "t 2 0{85) 14
PPemiCzCZIBr I < § Zall THE a a8 N
14
HO=GZnBr M Znar THE 23 1 80 @E7) 109
1 8" Me
HesCZOBr ,E;@ Zreit THF 229 1 7102 109
Br.
MogSICECH L . J CueTta (Lin) pperdingTHE  reflux 05 88 2
| Site
BuzSnCZECSnBug [l 5 jl Snet dioxans refiux [] 88 108

2See Table 2. All Cu procedures us cat.Cul. An additional reagent is indicated in parentheses. I = cat.Cl:Pd{PPhg). II =
cat.Pd(PPhg)s. £ Isclated yields. The numbers in parentheses are GLC or NMR yields.

the e-carbon—halogen bend is substantially more
reactive than thet in the § position (Scheme 9). Also
shown in Scherne 8 are a couple of examples of the
ase of heteroaryl triflates}1?

b. Five-Membered Heteroaryl Electrophiles
Containing Two or More Hetersatoms. The Pd-
catalyzed alkyrylation of five-membered hetercaryl
electrophiles containing twoe or more heteroatoms
have thus far been mostly achieved by the Sonogash-
ira reaction, which appears to be satisfactory in a
variety of cases. Although the currently available
data on the use of alkynlzines and other alkynylmet-
als are very limited, they might also be expected to
be widely applicable, judging from the results shown
in Table 5 and Scheme 8. Suffice it {0 indicate, most
of the five-membered heteroaryi electrophiles con-
taining {} two nitrogens, {il} one each of N and O,
and (i1i} one each of N and 5 bave been alkynylated
by using mainly the Sonogashira reaction. Those
parcent hetergaryl frameworks indicating the position
of the leaving with X that are shown in Scheme 10
have been successfully alkynylated, and the readers

are referred to some recent reviews for further
details.'" A few notable applications t¢ the synthe-
sis of structuraily complex hetercarylalkynes con-
taining two heteroatoms in a five-membered het-
eroaryl ring are shown in Scheme 11.

c. Six-Membered Heteroaryl Electrophiles.
The Pd-catalyzed alkvnylation of six-merobered het-
eroaryl electrophiles has been mostly achieved by the
Sonogashira reaction and the Neglshi coupling with
atkyoylzines. The electron-deficlent nature of siv-
roembered hetercaryt groups roight be expected to
favor the desired alkynylation. In reality, however,
the hetercatoms can aiso exert rate refardation, as
in the cases of other heteroaryl electrophtles. Despite
these potential complications, a number of favorable
vesults have been ohserved, as ingdicaied by the
results shown in Table 6. Additional results obtained
with six-membered heteroaryl electrophiies 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

G
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Table 6. Pd-Catalyzed Alkynylation of Six-Membered Heteroaryl Electrophiles Containing One M Atom

RICECH or e Roaction GOndiong ~emmmmemy
RICECM ArX Procadure® Sgivent T.%C Time. b vigld, % Ref.
2-Pyridyi T
PRCECH P Cuts EtNH d 3 9 5
Br” N
MesSICECH D Cu-tb EtsN 120 12 80 "7
17 N
R
HC=CZnBr - Zni1 THF 22 5 - {70y 109
¥ N
Ny
nHexCECZnBr i Znut THE 23 5 79 118
Br™ N
BanO-—{- =CZnBr @ Zn-1g THF 22 8 76(83) 109
Br N
3-Pyridy!
Br. N .
MeySICECH - Cu-lb EtN refiux 1 94 2
N
B
erno—l—- =0ZnBr \fj 2zt THF 22 8 83 109
N
! s
BI00CCECZNG) - 20t THF-hexane 60 2 3g 85
N
L) - -
B Sy CZCZnCH o iN, znnx ¢ ¢ ¢ ) 119
TIO
MezSICECSnbuy Ij Snelt dioxane 80 2 83 120
eOC” N
4-Pyridyt
A
PhCECZnCt 8r / N Zoeti THF raflux ovemight 84 121
Quinolyl! a@r N
HC2CZnBr m Zn-i THE-DME 50-55 24 55 109
N
PHCSCSnBuy 1 = SA-ICLICH dioxane 80 16 65 122
I N
Isaquinoly! Br
R
HO=CZnBr L Znlt THR.DME 50-58 24 58(62) 109

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

heteroarenes synthesized by Pd-catalyzed alloynyla-
tion is still very small, and the target molecules have
been largely llmited to simple ones, such as 5-(3-
buten-1-yny()-2,2-bithienyl,'” junipal,?® a thiophene-
lactone, ™ and freclingyne''? (Scheme 13).

C. Alkenyl Electrophiles
1. Background and General Discussion

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

electrophiles containing the same leaving groups.1311%
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 leafworm,
Spodoptera littoralis)® shown in Scheme 14.
Along with many favorable consequentes of the
generaily high reactivity of alkenyl electrophiles,
however, there are a number of coroplicating and
often negative consequences associated with alkenyl
electrophiles, as discussed later. Their cross-coupling
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Schemse 9
Br Br

/N t. PA(QAC)a, PPh, ﬂ
MeCECZnCl + XQ ot PAOR) P75, meczcNg

Ret. 111
X = Br (70%), X = | (80%)

Br,

Br,
at, PAOAC), PPhg,
Z/ B
RCZCZaCl + | S>‘Me e e

Ref. 112
R = MeySi (579%),
R = Ph {70%),
A= +BU (72%)

Q  on Q  GECCHZNHCOCFs
wom., AL

MOM.
N ' N\
A ) N = CHNHGOCF, P .
07N cat. Pd(PPhg),. Cul o7 N
BOM NEts, DMF, 1t, 4h BOM

TolO — e - TaD
O. Ref. 113 O

OTol QOTol

Scheme 10

X X
O O, T L0

o 0 0
X
N N N N N
n, oo O, O
Q»)\ X & X’Q) Ea/l“x s’l“x
Scheme 11
NoCONH;
¢TI
e cat. ClLPA(PHCN),
__? + BugSnC=Csive, MEN .
) Ref. 115
AcO Ohc
N-.-CONHp
¢ 1
Ao~ o N N
SiMey
AcO Oac 77

oat. Pd{PPhg)s, Cul,

zZn oy Q
EtaN, DMF
jl: [ N . 1 = e B5-105°C, 318 h
7227y ﬂ & 7 (\-COOMS Rel. 116

COOMe
X 2 Br, L Z' = OH, NHa, 22 = H, Me. NH;

N
H 43:7:3%

reactions are generally more varled, more sensitive
to practically all factors pertaining to their reactions,
and hence often more capricious and unpredictable
than those of aryl electrophiles.

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

,:,%@’
Negishi and Anastasia
Scheme 12 . 1 ZJ(

cat. P
AescH ¢ tf Dz oo ncacﬂz
N=N Ref, 123

N=N
R = Ph, CH,OH. Z = Nie,, OMa, F 63-93%
M Me
8 ca N
PRCSCH + | Y- i PSR ) =
N Ret. 124 =N
o
@ 66%
O8iMey BiMa,
N cat. P N—f
RCECH + 1 /—\<N 20 pese~¢ W
- Ref. 125
o o

= p-Bu, Ph, CH,OTHP, SiMe, %

o o
RCECH + !\f\,‘t‘ S HCﬁC\E‘Li:,
' Piet, 126
e © Mo ©

B = nBu, CH,CH,0CH Ms-p 80-84%

Me, SO NT 0 b, ChPd(PPh Ma,SiI0 o N” 0
cat,
PhOECZ0! + _....._..-—-_32’»...
Ret. 127

95%
OSiMe; OSiMe,
! NH RC=C NH
LA, LA
AcO o NN sl CLPA{PPh), Cul agyy o NTVD
NEt, 50°C, 20
RCECH  + Ref. 126
R= nBu '
ol Ohc QAc
Ma Si
NH, N,
NS Y
Ax PN
oNTTN N N
HO— o | cat PAPPhy),, Out MeSI” HO—
NEt, DMF, 80°C, 1 h
Ma,SICECH + et
Flet. 128 64%
HO HO OH
ol GC=C8u-n
d‘*n ﬁaetiac"Padt(x b O N
[
ABUCECH + B o
Nél\c, Ret. 129 N"i‘c;
55%
8% Pd(PFiy),
RLN KOAc, DMF RL_N
RCECH + I l 109G s l
o N7 R Ret, 130 i NT R
R = n-Bu, Ph, CH,OH R 61-84%

' = Ma, B, Py, 1Bu

achieved by and large by using the Sonogashira
coupling® and the Negishi coupling with alkynyl-
zines,'® as indicated by the results shown {1 Table 7,
The use of Mg was also introduced in the late 197059
Although the Pd-catalyzed alkynylation of aryl
halides with alkynyltins was reported as carly as |
1978,%* its earliest application to alkynylation of
alkenyl electrophiles was most probably that reported
in 1986'* and shown in Scheme 15, Also shown s
Scheme 15 is another earlicr example in the synthe-
sis of terbinafine 14 ,
Activation of alkynylsilanes for the Pd-catalyzed
alkynyl—alkenyl coupling with the stoichiometric




Palladium-Catalyzed Alkynylation

Chemical Revisws, 2003, Vol. 103, No. 5 1991

Table 7. Representative Early Examples of the Pd-Catalyzed Alkymyl—-Alkeny! Coupling

o= Reaction Canditions ~———————"""7 4.4

RICECH or )
R'G=CM ArX Procedure® Solvent T.%C  Time.h  yielg wb-  Rel
Saenogeshirn coupling
PROECH BICH=CH, Cuda BtgNH f 3 o1 5
HOH,CCECH BICH=CH, Cula EtNH n 3 40 8
PROZCH B Ph Cu-la EtyNH " 3 90 5
HOM,COECH BP0 Cu-ta Et,NH n 3 70 5
PRCECH Br Sy Ph Cu-ln EtsNH n 3 e 5
Ph
PROSCH Br—@ Cu-ta EtNH n 3 98 5
HOH,CTECH Br—-@ Cu-la EtNH n 3 0 5
Negishi coupling with RCECZnX
n-PentCECZnCi e L % THF 28 NAE 76(87) 13
mPentECZnCl | 1 Zn-n THF 25 NA® ~(82) 13
31
" Bu-n
NPeMGECZACH L Zola (DIBAH)  THF 25 NA® ~ @0 13
COOMe
nBUCECZnCH '/m Znit THF 25 NAC 857 13
Alkynylation with RCECMgX
MeCECMgOH prSeteen oy THF 1 2 83 21

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

(7

AT

Scheme 13
Mg-T1 B-XI
5 Yy 3
/“‘— : Mo—= EQ—CHO
5-(3-buten-1 -ynyl)~2,2'«blthlenyl‘°7 junipal?®

Cu-TIb (EtgN)

O./——(\Fo

Me
a thiophenelactone from freelingyne'!®
Chamaemelum nobile 1,109
Scheme 14
cat, Pd(PPhg)s, Cul
nPrNH,, benzene
Bty 4+ 5= fn, 10h
X Ret, 133
(2 equiv)
Bt~ 1. SiapBH
il ., 2. HOAc
(CHygOAc 2 HOAC gy (CHa)gOAC
X = Gl (76%)
X =1(86%) the sex pherormone of Spodoptera laltorais

amount of tris(diethylaminc)sulfonium difluorotri-
methylsilicate (TASF) was reported in 1988.% Since
then, attempts have been made o develop alternative
procedures for the Pd-catalyzed alkynylation with
alkynylsilanes. One recently reported procedurs, for

Scheme 15
LN
| Cabiy

L O 5

cal Pd(PPhsh

Fle! 1&4

cat. CLPAMaCN); ¢
DINF, 046
M SnBuy, X ol

10
HBUCECM ¢ X N / ot 136, 60%

" — erw cal, P(PPhag, Cul W
- SnBug Cr - )al

Me
FBy—==x \_‘4,‘.,‘_ N\

tatbinating f [ ‘j
DM, 60 °C. 36h
e N M = B0 x=Br/'
Ref. 33,98%
Scheme 16
10% Pd(PPhy),
20% Agl

1.5 equiv TBAF-3H,0

DMF, 1t
R1—==— iR+ T(O—@ | -
l Ret. 56

p=—(

66-99%

Me o}
R'« By, HG=G— , HOT Y
Me
example, involves the use of 1.5 equiv of TBAF in
place of TASF and 20 mol % of Agl as a cocatalyst™
{Scheme 16). Since alkynylsilanes can be readily
desilated by using inexpensive reagents, such as K-
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Table 8 Representative Examples of the Pd-Catalyzed Alkynylation of Alkenyl Electrophiles Reported sluce 1980 23

A'CZCH or Alenyl r——==-— Reaction Condilions ~=———=—""""-3  prodiat
A'CECM Electrophile Procedura? Selvent T,°C Time,h Yield, %9 Hef.
Sonoyashira alkynylation
PentCSCH oy Pentn Cu-ld pipariding n 20 93 138
HOHC),CECH N Ponten Cu-hd pywoliding = o2 80 i2a
Mo SICECH 8’ Ne=—th  Cuap PR NEL ¢ ¢ 70 187
PROSCH er@ Cu-td pyrroliding c ¢ 87 138
AcO

= Ph
HOM,CCECM m?ﬁ Culid piperidine < ¢ 62 139

Negishi caupling with RC=ZCZnX

PHEXCECZNG B PR 704 pentana-THF it c »63 140
Q—CECZ:\CI Brf“\\fsma Zna THF 0 15 87 141
O—caczm BN S Znh THE 0 4 B1 141

N
MesSICECZnCl g " 8 Zn-U THF a 8 86 142
n-Hax H .
#BUCECZNG! == Zna1 THF @ ¢ 85 143
| SiMe,
Me,Si n-Hex
HBUCECZRCH ):—.( 1K THF ¢ ¢ 73 143
Y
[ Me
N-HexC=CZnG) m— Zn THF 1 e 78 {81) 144
NHEXCECZACH  ICF=CF, - THE ¢ ¢ 62 145

Atkynylation with RCZCEnX,

PhCSCSnMe, n—@ Sn-H ¢ “ ° g0 146
PhGECSnMe; Tto—o-if snt ‘ o s g0 147

£BUCECSNBU, l@ Snn ¢ < ¢« 148
o -

Lo
Br
0
HCECSnBu, >< Sn-1t benzene x 05 74 148
(]
ones
HCECSnBu; l,J\\/'\/OH Sat THF e S 3 150
Bt
Tio, S NCo0B-t
MesSICSC8nBu; i Sn-va(ZnCl;)  NMP.ELO ¢ £ 44 154
N COOBu-t
COPh

BusSnCECS8nBu, ’ OBr Sn-v THF t 24 45 152

Alkynylation with RCZCSIX,

APOECSMEy g ST Bixe THF-HMPA a e 86 35

Meo—@—c;—-csmma Tro—@—lf Sieita! DME 80 12 90 (»99) 37
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Table 8 {Continued)
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——————  Reaction Conditions —==——————1 . prodic!

R'C=CHor Alkenyl
RICECM Electrophile Protedure® Solvent T.°C Time,h - Yield, % Rel.

Alkynylation with RC=CBX M
+BUCZCBXyLi ¢ Br/MX\ B-11 THF -MeQH rix ¢ 56 24
Me,SICECBXLI /0 B-1 THF ik © 83 2

Br Bu-n

Me,SICECBXaLi ¢ Br X BU? B0l THF M c 55 24

Ph
Me;SiCECBX LI Br ™ ™ B-it THF X ¢ 85 24

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

4V = Pd(dba),
"BX3 = Me0B—0Q

P, ZnClp. * X =

(7*-CsHsPdCl)2, TASF (1.3 equiv), P(OEt)3 fTla = Pd(PPhg),, CuCl. 2 BXs = B-MeO-9-BBN.

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

Scheme 17

(Ph-—-‘f:-—);ln -~ 3 "rfo—@

CloPd(PPha)y
THF. reflux

3 Phe~==
95%

CloPd(PPh3),

(MSgSI——%—]n + 3 Tio—@ i THF, refiux

3 MegSi

93%

While recent developments involving the use of 8i,
B, In, and other metals are interesting and promising
in some cases, most of the currently known examples
of the Pd:catalyzed alkynyl—alkenyl coupling involve
the use of Cu, Zn, and Sn. In some cases, Mg has
also been shown to be satisfactory and competitive.
In many less-demanding cases, these reactions ap-
pear to give roughly coraparable results, and once
again, some ofther factors, such as cost, ease of
operation, and foxicity, may prove to be decisive
factors in the final selection. This generalization may
be supporied by the results reported over the past
two decades shown it Table 8 and Schemes 1820,
Qther more delicate and demanding cases will be
discussed in section L

Despite the very favorable resulis obtained with
both alkenyl chiorides and lodides shown in Scheme

14,' the Sonogashira alkynylation has been shown
to be very sensitive to various factors. For example,
under the conditions of the original procedure for the
Sonogashira coupling,® the reaction of 1-heptyne with
(#)-1-1odo-1-hexene and {Z4-1-bromo-1-hexene gave
the desired products only in 30% and 32% yields,
respectively. The former yleld was improved to 50%

|

Scheme 18
R . R
R
Pd(PPhg)4
Me;Sn—==—8iMey e
Ret. 36
I R®
R? R'
He R1 Rd R5 _
)zL TASF R? = RS
R ==—_8iMeg =
R4 H5
R2 R! 1. R®
R® R* RS Product Yield, %
l>_ ]
7=\ =] 85
nOct 1 nBu
OL ‘\/‘"Hex-n 72
i
Scheme 19
RICECSNBu,
cat. Pd(PPhg)g
RI= 4 ISiMag -H0xaNe
" Ret. 153
R H R H
I SiMes R‘T——)—-(SiMEG
70-87%
Scheme 20
cat. Cl,Pd(PPha)s + 2 Buli
2
Ph=ezngl + 17 DMF, 25 °C, overnight /L
Ret. 154 L
0ZnC!
90% (> 98“’
ZnCl .
cat. ClPA(PPhylz + 2 Buli P \L
JW\ DMF. reflux, 5h .
OH
Ref. 154

88% {» 96% 2t

through the use of 10% aqueous NaOH in place of
Et;NH and BnEt;NC] as a phase transfor catalyst!®
(Scheme 21).

1Wia
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Scheme 21
cat. CloPd(PPhg)s, Cut
Et:NH, rt Pent—m= - U7
30%
PPent—= ¢ 17 " Pd(PPhg)s, Cul
\ g%ETEIl\%-I‘ benzena Bu-n
\EMELINOL DENZENE . pPent—=
50%
cat, CLPd(PPha)y, Cul
nPent-—== Br"“ﬁ EtoNH, t n-Pem—:/ﬁ
Bl-n 329, Bu-n

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

Scheme 22
5% PdL,,
10% Cul
e Amine, rt -
nPent—== + CI/“‘\’Pem n _Amne.n mPent _..__:_/\WPent 4l
Ret. 136
Pd Complex Amins Product Yield, %
Pd(PPha)4 piperidine 1
Pd(PPhaly nPINH, 82
ClaPd(PPhs), piperiding 83
ClPA{PhCN);  piperiding 93
5% PdlL,
Cocatalyst
H 0/\/—-: w0 Xy Pent-n _Amine, 25 °C /\/ZA,Pent-n
Ret. 12a HO
Pd Complex Cocatalyst Amine Product Yield, %
Pd(PPhg)y none LProNH 3
Pd{PPhg)y 10% Cul +ProNH 81
Pd(PPha)s none piperiding 23
Pd(PPhs), 10% Cul piperidine 90

2. Conjugate Substitution with B-Halo-,B-unsaturated
Carhonyl and Related Derivatives

The Pd-catalyzed cross-coupling of o- and §-halo-
wfunsaturated carbonyl and related derivatives
commands speclal attention. It has heen clearly
demonstrated that, whereas that of o-hale-substi-
tuterd derivatives is sluggish and often problemati-
cal, '™ the corresponding reaction of 8-halo derivatives
is generally facile and very favorable. Since the latter
process is the substitution analogue of conjugate
addition, it has conveniently been termed “conjugate
substitution™ ¥ (Scheme 23},

Scheme 23
[0} I HO
|
M + — ?: (]3_ E‘:— conjugate addition - R ?" ?_ 8 .
g_ conjugate substitution Q

BM + X-C=(']3"‘

R-C=C-C—
i [

The reaction shown at the top of Scheme 24" most
probably was the first example of the Pd-catalyzed

2T
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Scheme 24

Me cat. PdL, Me
PICEOZIC + B oo el 15~ TSNP coowe
= 5% (87% by GLC)
' COOH
ClaPd(MeCN)a
DMF, 1 =
—DMFether. 1t n-Bu—::—/—\ COOH
-BuCSCZnCl Ret. 158 I\f"‘COOH
Cl&Pd(MeCN)g
DMF, ether, rt
By~ COOH
Br
B'\/Lcoosz
cal, Pd(PPhg),; Br
..Iﬂ'i.ﬁ_-.-..__..-. MegSi_':\)\COOEt
Me,SICECZnCI Ref. 159 (5’ 1%
B’ COOEt
cat. Pd{PPhg)s Br
O —
THF. 0% MegSi—=—=" COOEt
62%

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

Scheme 25
- ol PRHPPRY,
?N =—8nBuy + l/%,CHO.__ ‘N_E/&},‘/CHO
A Rel 160 n? 45-85%
oTt o  CAl PdiAsPhg, \/ILD .
<at, Cul, NMB
= _SoBu; - R Lot bl P .
U3 \)“\‘/[L‘osz Rat. 161 R J‘oer

3%

cal. ClPd{PPha)y
THF

MeOCC,  Br MeOOC  Ti—Ph
2 Ph—==—8nBuy + = o
8’ GooMme Pel 162 Ph—=/  COOMs
$2%
Me0OC, o CALPUPPR, MeQOC
Licl, / -
Pr—E=—-gndug + T@‘@( j r—-———-—RTfﬁs n‘Pr-———-<\: % >( ]
o, -
© 98%, 0
0. o catBnPaFPhgLCl Cul o o
MaGN, 70 °C 4
reBy—EE—GnBy, + e
&’ opg  Reb184 mBu—="oPri
;3
cal.PA{PPhy),
°)\:t° CICHCHA RN
2 Py - R _
2Pn SnBus + ol N\ e e —pn
T 0%
ar cat. Pa(PPh,,, Cul o
_ PENEL DMF, 0°C
Maghi—= B, = - . ,)».,f
38 * COOE et 166 MaySi COQE!
MW
NHCOOMe ‘é*“ Pgt(PPha)MCul NHCOOMe
R & Bragie BN L = A
COQEL Rel. 167 COOEL
R = Ph, CH;OH. SiMe; 60-80%
T cat. GlFd(PPhyly. Cul —
_ o 2,6-utidine i
A== 4 [y oyl S
Raf. 168 7

ErCOC E100C

TIO 9 el Pa(PPhg. Cul  Lpsg—iss

. \xé ElsN, MeCN, 0 “C -
Fret. 169

THY (96% )
25 indicate that Sn and Cu have served as satisfac-
tory metal countercations in addition to Zn. Unlike
B-alkynylation, the more sluggish and demanding

P8 —==
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Pd-catalyzed a-alkynylation of «,f-unsaturated car-
bomy! cormpounds is of more recent origin, and it will
be discussed in section HLB.4.

3. Alleny! and Propargyl Electrophiles

Allenyl and propargyl electrophiles also deserve
special attention. When they are converied to orga-
nopalladium derivatives, they can be engaged in
alienyl—propargyl equilibria that can lead to the
formation of conjugated allenynes and/or 1,4-diynes
upon atkynylation (Scheme 26). In reality, however,
the reaction has produced exclusively or nearly
exclusively allenynes, thereby providing an excellent
route to ajlenynes, 1707178

Scheme 26
H2 Hl H2 H‘
., -
H X PdL, H o PdlX M—==—R
or [ —
R? R?
Y=gt = R!
X Pdl.,X

R2 At
H>=.=&::—'R
and/or
RZ

33

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

Scheme 27
Br =GiMe,
2% Pd(FPh 3
= + ClZn—=—=—5iMe; o P s _"_f;;);
(d
/S 1% Pd(PPhg)s
fe== ¢ CZn—EE— e e
Me Br N Me =
80%
1% Pd(PPh
—== 4 ClZn—==—Ph b PA(PPIg)s ==—Ph
4 —_—
Br 95%
n-Pant o ¢z — 1% Pd(PPh3)4 /:.-:\:
; = v Lbenm= n-Pent =
MeO 95%

indicated that Zn and Cu are the two most satisfac-
tory metais, even though Ag and Mg have also been
shown to he satisfacmry in some cases. 7171 Another
point of note is that propargyl derivatives are sig-
nificantly more reactlve than allenyl derivatives.
‘Thus, not onty propargyl bromides (and presumably
chlorides} but also acetates, mesylates, and even
phosphates are satisfactory (Scheme 28). Some re-
lated reactions of alkynylalanes and alkynyl ep-
oxides'® are also known {Scheme 28),

B. Acyl Halides and Related Electrophiles

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

3
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Scheme 28
- 4% PA{PPhy)y
==z . M—==—SiMes P
—\x | ==SiMey

Produet yield (%) —

M= Ag I‘\A;Ei'1

X l M=2ZnCl M= (Culi)yz; M=Cu M=MgCl
Br 100 100 33 80 23 3
OAc 7 - 4 34 - [+
. M " 4% PA(PPha), >
a‘—‘*— + M—==—58iMe, =N
X ==—8§iMe3
Product yield (%) —
X M = ZnCl M=Cu M=MgCl M=Ag M=Li
Br o8 . 70 ) o
OAc 08 ! 98 75 86 [
080;Me 08 | 98 90 <5
OPO(CE), 98 4 98 80 20
Scheme 29
EtoAl—-ZZ=—Pent-n i
Ph _ cat. PdL, PR~ e
. :_-___Me —_— AT
\;;?d Ref. 176 —.:Kx_,:em_,,

"2 ClZn SiMey -
o I cat. Pd(PPh3)4
o Hef 172 Me38|—-—/‘ \“OH
R R =HorMe
e e
2. %0 304
3. AgNO3 NaGN
- —_— i ==
67 Ref. 172 ‘“_\OH
a metabolite of

Gortineilus harkelyames

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

metals, such as A" and In.?

Acylation of an alkynylzine chloride by the Negishi
alkyoylation has been applied to the synthesis of
modhephene, ' as shown in Schere 30.

E. Pd-Catalyzed Allynyl-Alkynyl Coupling

Currently, the most widely used method for alkyn-
yi—alkynyi coupling is the Cadiot—Chodkiewicr reac-
tion of terminal alkynes with 1-haloalkynes in the
presence of a_Cu catalyst without the use of a Pd
_complex.™® In view of the facile oxidative addition of ~
Pdto 1-haloalkynes, the Pd-caialyzed reaction of
terminal allynes or alkynylmetals with 1-haloalkynes
might be expected to proceed readily to provide a
satisfactory alternative to the Cadiot—Chodkiewicz

1%%
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Table 8. Pd-Catalyzed Alkynylation of Acy! Halides “

r—— Reaction Conditions ——  vield of

RICECH or

R'CECM A'Coc! Procedure® Others Produet, %®  Ref.
Sonogashira Alkynyiation
BUCECH FPYCOCH Cu-Th EtgN, 50 °C, 3h 81 7
PRCECH +BuCOC!H Cu-1b EtsN, 1t 15 1 79 7
PhCSCH 1 Cu-b EtyN, benzene, i, 16 8 80 7
o Ccoc
PhCECH PHCH=CHCOCI CueIh EtaN, benzene, 1, 15 h 75 7
PhCECH MeyNCCOCH Cu-Xb EgN, B, 80°C, 6 h g2 7
Negishi Coupling with RCZCZnX
nPentCECZNGI  MeCOG! Znu THF, 26 °C s1gn 177
n-PentCECZNGE  MeCOCI Zn-1f THF, 25 9C 789M 177
PRCECZnCi  HC=CHCOC! Zn-0 THF, 10 °C, 10 min 56 179
APENCECZNCI Mg 00 Znil THE, 259G 92 177
mHBXCECZNCI  CICOOMa Znu THF, 25 °C 72 177
PhCECZNCI  +BUCOC! Znl THF, 25°C 78 179
Alkynylation with RCECSnBuj
PRCECSnBuy  LPrCOC Snt {CH;C, 84 <C 69 178
PHCECSnBuy  PRCOC Sn- {CHyCl, 84 °C 94 178
MesSICECSnBuy  FPrCOCH Snel (CHClyp, 84 °C 71 178
Mg SICECSnBuy  PhCOCH St {CHoCYy, 84 °C 84 178
MesSICECSNBuU; 7 (CHp),COCH snt (CHaCll 44 180
1o
NBuSCEnBug Meoac/\j.\-olcocs Sn-vE PRGN, PPhy, CHaClo 80 181
PRCECSnBu  EIC=NPh Sni PHEL 7090, 5 h 69 142
G
mBUCSCSNBu  PhN=CCly Snt PhH, 70 °C 70 183
PHSCSnBu;  PhN=GC! Sn-l PhMe, 50°C, 5 h 50 184
PAN=CCI
Alkynylation with RCECAIX,
n-BuCZCAIEt,  PhCOC) AR THF, 25 °C 87 185
FBUCSCAIE;  PhCH=CHCOC! ALl THF, 25 °C 74 185
PRCECAIEt,  m-HeptCOCH Al THF, 26 °C &1 185
MegSICZCAIEY,  HaC=CHICH,),COCH Al THF, 25°C 51 185
Alkynylation with (RCZC)sin
13 (PRCEC)gln PHhCOCH Il THF, reflux, 1 h 94 a7
Y3 (PhCEC)3in MepC=CHCOC! In-11 THF, reflux, 2 h o0 47
173 (Me3SICEC)gin Me,C=CHCOC! in-I1 THF, reflux, 3 h 90 47

“See Table 2 for procedure symbols. # [solated yields. The numbers in parentheses are GLC or NMR yields.

Scheme 30 statistical mixtures of the desired cross-coupled two
 .CEZn-E—SiMes . horac-coupled products'® {eq 2). Although there have
§  2.cat Pd.(PPhy),, THF L PdL
<j:> DM n-PentCECZNGI + XCSCBu-n S0,
e Ref. 186 X=lorBr
SN

n-PemCEC~CECBuU-n + n-PemCEC-ia + n-BuCEC-}E {23
~ 50% ~ 25% - 25%

1, MeaSH § BugBnH, AIBN
2. iPr,NEt DFPE
" been some reports on preferential formation of un-
& ~ symunetrical conjugated diynes'3$ 19 (Table 10}, it is

not clear if ihe favorable results are due to favorable
substrates or due to favorable procedures. Thus, for
example, the use of PhC=CH and IC=CCH,0OH led
to the formation of PhC=CC=CCHO0H in 79% yield,

o
72% from acyl chioride 88%

reaction. Some preliminary resulis obtained in the
authors’ laboratories in the 1970s indicated that the

Pd-catalyzed coupling reaction of alkynylmetals,
including those containing Zn, with l-bromo- or
1-iodosalkynes proceeded readily and almost quanti-
tatively in some cases but that it led to nearly

but the reaction of PhU=CI with HC=CCH0H gave
the same diyne only in 54% yield'®™® (Scheme 31).
Further systematic investigation would be needed to
fully clarify this point. In the meantime, a strictly
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Table 10, Pd-Catalyzed Alkynyi—Alkynyl Coupling
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R'CECH or r—— Reaction Conditons ——1  vialg of

R'CECM XCECR? Procedure?  Others Product, %° Rel.

r-HeptC=CH ICZCCH,OH Cu-la (iPrzNH) THF 73 188

-OctCECH BrCECPent-n Cu-fa pyrrolidine, 20 “C &1 192

PhGECH BICZCPent-n Cu-la pyrroliding, 20 °C 66 192

HO(H,C),CECH BICECPent-n Cu-ln pyrrolicine, 20 °C 91 192

MegNH,CCECH BrCECPent-n Cu-la pyrrolidine, 20 °C 82 192

n-PentCH=CH ICZCCEt,NH, Cu-XC({NEty)  MeCNH0 65 191

OFlom omoysmec‘
TIPS~ = MOM-,

MesSi 882075 5 M- 'g;, Cu-itb EtaN 64 180

Meo—</:\>—czn:31Me3 CICECPh S-1(CuCh  DMF 80 193

PRC=CSIMey cncm—@—owm SH(CuCh  DMF 62 193

EIOOCCECZnBr ICECHex-n Zn-1 THF, 23°C 88 194

# See Table 2 for procedure symbals. 2 Isolated yields.

Scheme 31 ever, an increasing number of difficulties associated
cat. GloPd(PPhig)s, Cul with these reactions, especially the most widely used
PhCECH + IGEC—, ProNH, THF > PHOEG-C=C— Sonogashira reaction, have also been reported, as
oH 79% OH discussed in section HIL.B. In many cases of difficul-
ties encountered in the Sonogashira and related
g;‘;zﬁﬁp‘ir‘(l{{’lf hg)z. Cul reactions, the alkynylzinc protocol and other related
PRCZCI +HOZC : = Phosc-Czo—, reactions of alkynylmetals have been shown to pro-
1.2 ey 54% vide satisfactory solutions. Although less frequently

pair-selective and satisfactory procedure for the
synthesis of conjugated diynes via g-haloenynes has
been developed,®™® as discussed in section [LB.5.

F. Aliyl and Benzyl Electrophiles

As discussed in section WL.C, propargyl slectro-
philes, which can serve as synthetic equivalents to
allenyl electrophiles, are generally favorable reagents
for the Pd-catalyzed synihesis of allenynes. Although
very little is known, a very recent report on the
reaction of tris{alkynyl)indiurs with benzyl bromide
catalyzed by CLPd(dppf)*" shown in Scheme 32 is
nateworthy.

Scheme 32
1% ClaPd(dppf)
- THF, reflux, 25 h o
(Ph—== Hin 4 3Br—, |~ 3Ph—E=
P oq%
1% ClyPd(dppt)
THF, reflux. 2.5 .
(Messi—==)-In+ 38— THE, el 250 4 MagSi—a=—
8 Ph Ph

84%

i, Wmfaﬁsan of Yarious Protocols in More
Demanding Cases of the Pd-Catalyzed
Alkynylation

A. Background

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

encountered, the opposite may also be true in some
cases. Listed below are some of the frequently
encountered difficulties in the Sonogashira reaction:
1. alkyne homodimerization,
2. difficulties in the direct synthesis of terminal
alkynes from ethyne due to predominant 1,2-disub-
stitution,
3. failure to produce the desired alkynes in practically
usefud yields in cases where the starting alkynes are
substituted with clectron-withdrawing groups, such
as carbonyl-containing groups and CFs,
4. failure to produce the desired alkynes in practically
usefidl yields ehserved with various organic electro-
philes, such as ICH=CHBr, and
5. limitations associated with sterically demanding
organic electrophiles.
6. Although it roay not be considered as a difficulny,
Pd-catalyzed alkyaylation with 1-halo-1-alkyres is
not an alternative available to the Sonogashira
reaction except in the alkynyl—alkynyl coupling.
These and some other noteworthy topics, such as
a-alkynylation of o-halo-o.SB-unsaturated carbonyl
derivatives, are discussed in this section with em-
phasis on differences among various Pd-catalyzed
atkynylation protocols.

B. Critical Comparisons between the Sonogashira
Reaction and the Pﬁ-ﬂamlxzed Allynylation with
Alkynylzincs and Related Alkynylmetals

1. Alkyne Dimerization

Alkyne homodimerization is a freguent and often
serious side reaction in the Sonogashira alkyrylation.
Although mechanistic details are not clear, minimi-
zation of alkyne dimerization through degassing and/
or addition of radical inhibiters points to radical

MU |
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processes in such cases. Some reprosentative results
are shewn in Scheme 33,119

Schemes 33

cat. Pd(PPhg),
EtsN, MeGN
23 °C

degassmg or
X COOH radical inhibitor

Me

Ph—== +

Me
f(_i +  Ph—=—=—ph
Ph T B
A
r Yield, %  Yield, % -1
X Modification A B X Modification A B
1 none 5 50 Br  none 50 34
[ degassing 78 16 Br  dagassing 74 20
| Galvinoxyl 66 23 Br  BHT 77 13

In some other cases, such as that shown in Schems
34, however, Hifle effects of added radical inhibiters

Scheme 34

cat. Pdly, Cul R—==--2=—R
o = —
A== 4 I/Q\\/Br M major
1.2 equi o R—=
traces
cat. Pd{PPhgz),
THF, 23°C
R ZnBr + (B . R—==
| B

1.2 equiv
R = n-Hex (84%)

have been observed.'*1% It is therefore conceivable
that allkyne dimerization in such cases may arise via
nonradical processes. In any event, the corresponding
reaction of alkynylzines provides the desired enynes
in excellent yields (Scheme 34}.7% Regardiess of the
precise mechanistic details, the Sonogashira reaction
dors appear to be much more prone to alkyne
homodimerization than the alkynylzmc reaction.

2. Direct Synthesis of Terminal Alkynes from Ethyne or
Ethynyimelals

The Sonogashira reaction of ethyne itself with
organic elecirophiles was reported to produce pre-
dominantly 1,2-disubstituted alkynes even in cases
where the molar ratic of the organic electraphile o
ethyne is 1.5 and this has been confirmed by
others.® Consequently, the synthesis of terminal
alkynes by the Sonogashira reaction has required {(a)
preparation of moenoprotected ethynes, such as Mes-
SiC=CH and HOCMe,C=CH, (b} their Sonogashira
coupling,? and (c) deprotection.! 19 Deprotection of
the MesSi group can be achieved by various methods,
including treatment with methanelic KxCO; at room
temperature, whereas removal of the hydroxyalkyl
groups usually requires stronger bases, such as KOH,
and higher temperatures. These three-step proce-
dures are at best circuitous, often leading to modest
overall yields of the desired terminal alkynes, as
indicated by the results shown in Scheme 35,196

1n marked contrast with the Sonogashira reaction,
it has been known since 1977 that the Pd-catalyzed

26
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Scheme 35
cat. PA{OAc)s. PPhy

3P EtN, 80-90°C
Me,Si—= + Br——@ BB
R KoCO3,
_MeOH, 25°C 7R
M3381~—~w< = Y
[~ Yield, % 3
R iA) (BY  Overall
o-CHO 75 80 60
m-CHO 80 84 67
pCHO 99 100 99
m-COgMe 70 71 50
pCOzMe 69 73 50

cross-coupling with ethynylzine chlorides and bro-
mides produces selectively terminal alkyoes in high
yields (Scheme 36).13-17 The use of ethynyltin deriva-
tives was also reported later!i6.149.15¢ (Scheme 37).

Scheme 36

ArX
cal. PA(PPhg)y
THF, rt

=ar
/ Ref. 14 At = Ph {87%), 0-Tol (71%),
p-An (66%)

=—27nCl LR
\ Yo L Pd{PPhg)y
H g2 THF,25°C £ R!
T

Ref. 13 H RZ
R R Yield, %
nBu H 83

H +Bu 76
Et nBu 70

Scheme 37

=S8nMe; - 1«@
0%

B I
— O Rty
=—8nBuy + ©‘O>< | /?[0/<
14%
cat. PA(PPha)y

OT|PS THF QT,PS
Ret 180 gz SO
E 91% E

cat. Pd(PPhy),

-

Ref. 146

cat. Pd{PPha),
benzene

“Ret. 149

Recent coraparative studies using commorclally
available HC=CMglir and HC=CNa as the starting
alkynyl ;gsaofems" 9 have indicated that not only
HC=CZnX (X=Br or Cl) and HC=CSnR; {R=Mc or
nBn) but also commercially available HC=CMgbr
are all comparably satisfactory in less demanding
cases, as shown in Table 11,9299 On the other hand,
the use of ethynylmetals containing Li, Na, or
BBuM, where M is Li or Na, do not produce the
desired terminal alkynes.® In view of successful
results observed with various alkynylborates,!521-27.3
some side reactions unique to ethvnyi{trialkyl)-
borates, such as 1,2-migration, may be suspected for
the ethynyl{trialkyl}borate reaction.



Palladium-Catalyzed Alkynytation

Table 11. Pd-Catalyzed Ethynylation of Organic
Electrophiles with Ethynyimetals Coniaining Zn, Mg,
and Sn

cat. Pd(PPhg)4

A M= e
= #% —
Organic Electrophile ZnBr MgBr SnBuy  Ref.
Aryl Electrophiles T

Phi 95-98 96 96 32
p-MeCgHgl o 92 (86) b 32
P-MeOCgH,4! 95 96 2 32
PFCgH4l 94 97 (72) b 32

Heteroaryl Electrophlles

@l 92 b b 109

(o}
rd
M ! 78(72) *® b 109
o7 ™
(/ 3\ 85 (71) b e 108
g i
7\ 87 (80) 35¢ o 109
Me~ Ng” i
T 92 (71) b b 100
s
Alkeny! Electrophiles
(B)-n-HexCH=CHI 96 95 95 32
{E)-n-PrCH=C()Pr-n 98 98 o 32
{E)-n-Hex(Me)C=CHI 94 94 o a2
(E)-n-Pr(MejC=C(l)Pr-n 85 82 b a2

#By GLC or NMR. The numbers in parentheses are isolated
ylelds. ? Not reported. ¢ The 1,2-disubstituted alkyne product
was produced in 24% yield.

Upon further exsmination, however, some niotable
differences among Zn, Mg, and Sn have become
apparent. First, it is well-known that erganomagne-
stum reagents, including HC=CMgBr are vory reac-
tive toward various carbonyl, nitro, and other elec-
trophilic functional groups and hence mostly incom-
patible with these functional groups. Perhaps less
well-known s the ability of srganczines to tolerate
many such clectrophilic functional groups® (Scheme
38).

Scheme 38
cal. PA(PPhg),

ogN—<:'\>--| P ogN—Q—E

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

Meooc—()—:

86%

catl. Pd(PPhg),
H

MeOOC—@/—-—I + Brzn—=

Even in the absence of electrophilic heteroatom
functionalities, steric and other electronic effects can

’__.»-"‘
Chemical Reviews, 2003, Val. 103, No. 5 1899

play some bigmtzmnt roles, leading to clear dlscrimi-
nation of various metal countercations. As in the
Sonogashira reaction, 1,2-disubsticution of ethyne
can be a serious side reaction even in the reactions
of ethynylmetals. This must arise via metal—hydvo-
gen exchange, and the extent to which this takes

place may be expected to be a function of various
factors, including alkynyl--metal bond polarity or
ionicity and relanvv rates of the desired alkynylation
and metal—hydrogen exchange (Scheme 39).% Sterlc
retardation in the reaction of ethynylmetals contain-
ing Mg and Sn relative to that of HC=CZnBr is also
doarly seen in the ethynylation of iodomesitylene 3

Aside from toxicity and other practical issues, it
may be stated that the ethynylzine reaction generally
leads to the most satisfactory results. Hven so,
however, it is not without some difficulties. Thus, for
exampie, in the Pd-catalyzed reaction of HC=CZ nBr
with some bromo derivatives of six-mombered N-
contairiing hetercarenes, the exients of disubstitution
were considerable, although significantly less than
those observed with HC=CMgBr. The use of 2-io-
dopyridine in place of 2-broraopyridine raproved the
product yield from 21% to 70%. Alternatively, sub-
stitution of HC=CZnBr with BrZnOC{Me C=CZnBr
did lead to a high cross-coupling yield of 833%1%
{Scheme 40}.

The direct terminal alkyne synthesis involving
maostly Zn but also Mg in some cases has been applied
to the synthesis of natural products, as shown in
Scheme 41. Since HC=CZnBr is usually generated
from HC=CMgBr or its equivalends, it is advisable
o see if HC=C MgBr or its equivalents might be a
satisfactory reagent for the desired ,a}kjmyldrmn
before their conversion into HC=CZnBr or other
second-generation ethynylmetals. 1t should be noted
that the Sonogashira—Lu cascade cross-coupling-
lactonization protocol!® discussed later in detail has
been used in the construction of the butenolide
moieties shown in Scheme 41,

Tn most of the synthetic tasks, terminal alkynes
are not the uitimate target compounds, and they are
o be further converted to some ultimate targets as
in the cases shown in Scheme 41. In this context, the
synthesis of terminally protected alkynes followed by
their conversion to 1,2-disubstituted alkynes can, in
principle, be a viable aliernative to the route via
terminal alkynes, and the use of HC=(CSiMcoy is
potentially attractive. The required MesSi-protected
alkynes can be satisfactorily prepared by either the
Sonogashira reaction®'® or via Me;5iC=CM contain-
ing Zn,*® Sn,® B2 [n, %47 and others.

Muore critical is the conversion of the siiyl-protected
alkynes into 1,2-disubstituted alkynes. One obvious
option s to carry out desilylation with KCOj or
another suitable reagent and use terminal alkynes
for further substitution, but this would not be com-
petitive in most cases with the two-stage disubsii-
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 o
rompare the relative merits of other protocols, As
presented earlier, various protocols for Pd-catalyzed
alkynylation with alkynylsilanes have beon devel-

A0
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Scheme 39
Me cat. PA(PPhg),

l__g/:\> . ==y JTHF.22°%

Me

MeQ cat. Pd(PPhg)g
! 7N\ . =M THF, 22 °C

Q O Time.h  (A) (B) SM
[zmar 3 2 4 of
48

2

Negishi and Anastasia f‘\g?g

[ Yield, % —

® 60 14
) SnElua, 24 73 6 ' 15
i Yield, % —

_ i Tme,h (A (B) SM
<<:> — ) z:; [ 2nBr 2 77 trace . NAJ

Me

8M = Starting material, /.., aryl halide.
NA = Data not available,

Scheme 10

cat. Pd(PPha),
THF/DMF {1/1)

= o
[,j\ + Z2—=M 50-55°C
N "X
R X 2N
N =2 N — N
{A) (B)

[ Yield, %
z X M Time, b A B
H Br MgBr 24 <2 65
H Br ZnBr 24 21 44
H L1 zmBr 5 70 <2 |
BrZnOCMey;  Br ZnBr 8 83 -

THF/DMF (171} < "}// OH
O
(\J/ + BrZnOCMe,Cacznpr 22.C.80 [
N
83%

oped. Some representative ones invelve the use of
TASF (Scheme 18),%% CuCl as a cocatalyst in
corjunction with aryl triflates,¥ and TBAF in con-

Junction with Agl (Scheme 16).5 While these reac-

tions are intere‘;tmg, they do involve the use of
relatively expensive chemicals, and thelr practical
synthetic values must be judiclously welghed against
{a) the direct disubstitution route via ferminal alkynes
and {b) the conventional destlylation with inexpensive
reagents followed by alkynylation using optimal
cross-coupling procedures. At present, It may be
stated that the successive disubstitution protocol via
terminal alkynes, preferably carried out in one pot,
does appear to be the method of cheice at least in
most cases.

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

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

Me cat, Pa(PPhg), Time,h (A
e, THE.22°C i > q ,
I4©—Me + E=M Me+ Me Q Me | znBy 18 74 10 trace]
MgBr 48 2a 12

MgBr 20 51 NA

T Yield, % —
By &M

SnBus 72 s 8 [s2f
Scheme 41
cat. Pd(PPh
E=—MgGH + {/\Y\OTHP ——ﬁ» ,;;/Y\OTHP

94%

1. n-BuLi ZnBry

N NOTHP
2 o - ot P(PPRg)y _j/\,/\ 4 steps
—— - E 82%

L =" Cu-Tih

T cooH i

cat. P{PPhg)a, Cul f ;

i - N
T dogassing Pk \(_\(

o (A ¢
. o)

o)
freelingyne (5Q%) 110
BrZn—== Br

cat. Pa{PPhy),
u AcQ 7 N
Br, —

aco— N
= Ret. 2°°f BrZn—=—COQE! B
Br . cat. Pd(PPhy),
bl a0~ D= cane
Br (B)
B,
cat. PA(PPhs),
COOH
@y 28 M.O_G__(/_ ¢ (y FaN.MeCN
Elr/ '
mbrolice A diacetate®™
70%
Rubiolide
-- Znt diacetate X ¥
——_\FO A Br Br
] (v} Br H
Zn-11 D H Br
E H H

Scheme 42. For the sake of simplicity and clarity, the
ester {COOR) group is shown as a representative
eleceron-withdrawing group. General effocts of plac-
ing a halogen or a related substituent in the o or
B-position of the alkenyl group and of placing a moetal
{or hydrogen) in the g-position of the alkynyl group
on the Pd-catalyzed cross-coupling, for example, may
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yields. The numbers in dparentheses are GLC
Cl,Pd(PPhg),, 10 mol % Cul, Et;,NH.

- Palladium-Catalyzed Alkynylation
Table 12, Pd-Catalyzed Cross-Coupling of Eleciron Deficient Alkynes with Aryl, Alkenyl. and Alkynyi
Electrophiles
———————  Product Yigld,? % —m-re——————y
Organic Negishi (M = ZnBr) —— Sonogashira{M=H) ——
Alkyne Electrophile Procedure Zn-t” Procedure Cusla®  Moditied Cond.
Aryl Electrophiles®®
MeQOC—==—M IPh 95(89) <1 oa¢
MeOOC—==—M ICgH4Br-m 91(94) <1 33¢
MeQOC~=—M ICgHa(Me-2){OMe-4) 87(89) <1 3¢
n-PentOC—==—M IPH 95(98) «1 e
6HexOC—==-M IPh 82(85) <1 65!
PhOC—==—M iPh 94(95) <1 70f
Alkenyl Electrophiles'®
Et00C—==—M (E)-ICH=CHHex-n 87 <1 459
. EtO0C—=-M {E)-ICH=C(Me)Hex-n 84 «1 239
EI00C—=--M Tfo@ 86 ¢ ¢
EtOOC—=—M TfO-@ 83 e ¢
Me
BOOC—==—M g NS HeXn gy <1 279
BOOC—=—M o o Hen <t <19
Alkynyl Electrophiles'®*
EIQOC—==—M +—==—Heox-n 86 @ 424
4 Isolated elds. 2 Zn-IT = 3 mol % Pd (PPha)s, 23 °C. <Cu-Ia = 5 mol %

K2CO; used as a base (ref 202a). ¢ Not performed. Diphenyliedonium salts used in place

of Phl. K;COj3 used as a base (ref 71). 8 Cs2CO; used as a base (ref 202b).

Scheme 42
8+ & &+ o+ 8 &+
-C=C-G-OR -C=C-C-OR
1 0% o
Nugcleophilic Nucleophilic
Electrophilic Electrophilic
o-X Derivatives f-M or f-H Derivatives

"9=9—§—OR M(H)C=C-G-OR
X o ¢}

Unfavorable electrophiles Unfavorable nucleophiles,

but MCECCOOR can serve

B-X Derivatives as favorable electrophiles

=C=C~C-OR M = a metal group.
t 1
x ' o

Favorable electrophiles

ba predicted as indicated in Scheme 42. As amply
demonstrated in section I1.C.2, f-hale-a.f-unsatur-
ated carboryl and related derjvatives serve as gener-
ally favarable electrophilic cross-coupling partners in
the Pd-catalyzed cross-coupling. By the same token,
propyneic esters and related alkyne derivatives con-
taining f-electron-withdrawing substituents as well
as their f-halo derivatives may be generally favorable
electrophiles but unfaverable nucleophiles.
Alkynes substituted with electron-withdrawing
groups have indeed been generally poor nucleophiles
in the Sonogashira alkynylation. To make the matter
worse, these alkynes can serve as good electrophiles
and readily undergo Michael-type additions as un-

wanted side reactions, e.g.. Scheme 43, thereby
accentuating the difficulty in thelr use as nucleo
philes. In principle, this difficulty may be overcome
or alleviated by generating more nucleophilic alky-
nylmetals, as demonsirated by the sharply contrast-
ing results shown in Scheme 43.87

Scheme 43
cat. Pd(PPhg), FC
. 3!
F4CCECH  + P BNH FCCECPh + =\
H NEtg
1. n-Buli 0% 25%
2. 2nCly

cat. Pd(PPh3)4

F3CCECZnCl + Phl F3CC=CPh

96%

Despite a number of attempts to overcorge difficul-
ties encountered in the use of propyonic acids and
other related derlvative in the Sonogashira reac-
tion, P12 there do not appear to be generally
satisfactory solutions except for the use of the cor-
responding -metal-substituted derivatives. Among
various metals, Zn offers a combination of {a) high
intrinaic reactivity, (b) compatibility with various
carbonyl and related functional groups including
esters, amides, ketones, and nitriles, and (¢} km
toxicity. 1t thus appears to be the metal countercation
of choice, although Sn has alse been used in some
cases. Some representative results obtained with Zn
along with contrasting results observed in the cor-

Fonding Sonogashira reactlon are shown in Table
4,204
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Table 13. Comparison of Zn and Sgi in the
Pd-Catalyzed Aryiation of MC=CCOOE:
cat, ClgPd(PPhg)g

Arl - MC=CCODE! ArC=CCOOE!
Ref. 95

Additional Product Yield,? % —
Ar M Reagent  Solvent M=2ZnCl M= 8nBug
Ph ZnGl none THF 56 -
Ph 8nBu, EG4NCI THF - 48
Ph BnBiy Et4NCI DMF - Qe
p-Tol Zn) none THF 67 -
p-Tol 8nBug EYNCH DMF - 23
p-MeQCsHy  ZnCt none THF 54 -
p-MeOCgHy  SnBugy Et4NCI DMF - Q
p-ONCgHy  ZnCl nong THF 61 -
p-OaNCgH SnBug ELNCI DMF - arz
pONCeH;  8nBuy  E4yNGI  benzene - 47
4 ]solated yield.

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

in summary, the Sonogashira reaction including
varjous medifications of alkynes containing various
electron-withdrawing groups gencrally leads o low
product yields. On the other hand, the corresponding
reactions of allynylzines are generally satisfactory.
Although the corresponding aikynylting can provide
the same products, thelr reactions are significantly
frderior to those of alkynylzines in most cases,
Preliminary resulis obtained in the authors’ labora-
tories also indicate that the use of Mg, B, Al and In
does appear problematical, '™ thereby making Zn the
couritercation of choice.

4. o-Alkynylation of a.-Halo-. f-unsaturated Carbory!
Compoungs

As discussed in sections J1.C and 11LRB.3, o-halo-
af-unsaturated carbonyl derivatives are generally
unfavorable clectrophiles. An explicit comparison of
2- anul 3-iodo-2-cyclohexenones in the Pd-catalyzed
veaction with (#BoCH=CH),Zn reported in 199135
clearly demonsirated thelr highly contrasiing behav-
ior, including the instability of 2-fodo-Z-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 PPh; or P2-furyl); as a ligand, and DMF as a
solvent would lead to the most favorable results in
a-alkenylation. Some other metals, such as Al, 5o,
and Zr, were shown to be inferjor,'5¢

This seminal investigation of a-substitution of
a-haloenones by Pd-catalyzed cross-coupiing?®® trig-
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Scheme 44
Q n-Bu/\')'zn
0.85 equiv
3% Pd(PPhq).,
/@ U THF, 25°C
1 equiv 1 equiv
(o] o]
00
* |
BT ~
62% 0%
(@] (o]
I,
WORER S
]
37% 0%

gered extensive investigations in the 1990s% and led
to the development of the first highly satisfactory
method for o-alkynylation of of-unsaturated
ketones®®—8 (Scheme 45) and esters?® (Scheme 46).

Scheme 45

BrZn—==—8u-n
5% Pd(dba), 0 Bu-n
10% P(2-furyl)s &
DMF
Ref. 208 80%
o) EE—-{ , FPrNH, THE 0 /K
| A
5% GloPd{PPhg)s, 10% Gul ]
Ref. 207 75%
Q Bu-
Bus8n Bu-t =
5% PA(PPha)s
Ref. 208 37%
Scheme 46
Hl
o el PAPPha): V4
= + Cizn Rl ————— =
H  COOMe Ret. 200 H cooMe
R R! Yield, %
rn-Bu n-Hex 62
FBu Ph 71
3.5-ClaCsHs 4-MeCgH,4 84

In this context, it should be pointed nut 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 hetercarene derivatives yoakes their
alkynylation substantially mwore favoerable. Invarl-
ably, a-haloquinones are at the same time f§-halo-
quinones due o the presence of two carbonyl groups,
which must render them eonsiderably 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 presenied in
Scheme 42, one might predict that a-metal-substi-

20
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tuted o, f-unsaturated carbonyl derivatives would
readily undergo Pd-catalyzed o-alkynylaton, Al
though there doesniot 8 g)pear to be any report on this

reaction, g-stannoe-#420-213 ang gzinco-o,F-unsatur-
ated carbonyl derivatives?'4%% have indeed been
shown to undergo Pd-vatalyzed a-arylation and w-alk-
enylation.® The corresponding o-alkynylation ap-
pears to he feasible,

The synthetic uscfulness of the Pd-catalyzed a-
alkynylation of o, f-unsaturated carbony] compounds
has been eloquently demonstrated in the synthesis
of harveynone and tricholomenyn A?W&07.2162070
{Scheme 47).

Scheme 47
0
|
Jo . e —
KM
oTBS
Lo
Y <~ 1
deprotection .
| o —— 0
OTBS OM
harveynone
Procedura Yield, %  Reference
M=H
cat, CigPd(PPhg), 52 207
cat. Cul, ~ProNH
cal Pd tdba)y, P @) 73 208

M
OTBS
1. deprotect:on
2. HOAC
OTBS OAC
tricholomenyn A
_Procedure Yisld, %  Reference
M=H
cat. Cl,Pd{PPhs), 54 207
cat, Cul, ~PraNH
M=2Zn
cal. Pd{dba)y, pl\-((})3 80 208
DMF

5. Alkynylation of 1,2-Dihaloethylenes

There are six different 1,2-dthaloethylenes contain-
ing Cl, Br, and/or I, each of which can exist as the £
and Z isomers. OF these, (B)- and (4)-1.2-dichloro-
ethylenes are the only two that are mmmercxally
avallable as isomericaily pure compounds. 1,2-Dibro-
moethylene is also commercially available but only
as a mixture of the £ and 2 isomers (typically £ 4 =
2/1). The others are also known, and (F)-1CH=CHC!
and (F3-{CH==CHPr have heen shown to be of con-
siderable synthetic utility, as discussed below. On the
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othar hdﬂd 1ht= Pd mtdlyzcd d’lkvny'lation of 'Lhaix 4 43“

mmaim ]arguy urmxplumd.

The Pd-catalyzed alkynylation of 5 equiv of com-
mercially available {(£)- or {(2-1,2-dichlorocthylene
under the Senogashira conditions was shown o
produce the corresp(mding chlorpenynes in 80-95%
yields as early as 19813 (Scheme 48}, Under the
conditions used, the extends of dialkynylation must
be insignificant.

Scheme 48

eSO (5 equiv)

cat. Pd(PPhg)y, Gul

piperidine [

A=\
gy
80-95%
RGECH CI/_\CI (5 equiv) "

cat. Pd{PPhy),, Cul ]

nBuNH, R—= Vi
BO-95%

R = n-Pent, CH,OTHP, CHa0Ac, CHz8Me, etc.

As satisfactory as the resulis shown io Scheme 48
are, the need for the use of § squiv of dichloroethyl-
enes is at hest somewhat Inconrvenient. Tt would, for
example, preclude in situ generation of chloroenynes
and their use as intermediates in the same pot
without the removal of the excess of dichloroethylone,
In 1984, the Pd-catalyzed reaction of alkynylzines
with (E)-ICH=CHCL, readily preparable in 83% yield
from acetylene and 1C),2 was reported as a cleaner
and selective alternative permitting direct use of the
chloroenyne products in the same pet™ (Scheme 49).

Scheme 49

IA\/CI {1 equivy
cal. Pd{PPha)s

1. n-Buti

2.ZnCiy
RCEcH ———2~ | Ro=cznC|

R-—m=-
68-91% (83-95% by GLC)

{E)-Chloroenynes preparad above can be further
substituted with alkenyl, aryl, and alkynyl groups
by the Pd-vatalyzed ceoss-coupling?® 22 (Scheme 50).

Scheme 50

2
XMQA\\/R
cat. ClPd(PPhig)a
NEts, THF NP
Ret. 220 55-90%
AMgAr
cal. CloPd{PPhga)s
— NEt,, THF
R —\\—CI 13 Rl Ny Ar

Ref. 220 51-95%
H~—=--R? .

\cat. CLPA(PRCNY, .
CF)‘u!, plpe_sl_dlr;e A WR

of, 221,222 U

Another notable use of chloroenynes is their con-
version to terminal and internal 1,3 diynes, as shown
in Scheme 51 and Table 14.595 193 ‘The same overall
conversion of terminal alkynes into unsymmetrically
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Scheme 51 35
SO o Al—=z—==—H 1
cat. PdL, ABuLi / Ret. 59
/ Rel 59,60 \
R Znx e Ol v A== Mo,

Ref. 59

,&,Br
\ cat PdL, / 1.ZnX,
2. R®X

Ret. 60 N—gr cat. Pd(PPhg),

Ret. 60

=R

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

R! of Xof Vield.% Basedon  Based on

RICECH | »=eX  oftAror (B R of R Base  (AvoriB)  R'cacH
Ph Cl 9 o-BOOCCH,  n-Buli 8s 77
p-MeCylly Cl 90 ~MeOCH;  w-Buly 74 67
p-MeCH, Cl x) p-FCHy n-Bult 88 74
p-FCGHy Cl 81 p-MeCgH, n-Buli 81 60
p-CF:C,H, Cl 84 p-NO-CeHy #-Bul.i 87 73
n-Hex Br 74 Ph LDA 90 67
n-Hex Br 74 HOOC(MeilC=CH-  1LDA 8 63

disubstituted conjugated diynes can also be achieved Schemes 49 and 50,28 Particularly noteworthy is the
by the preparation of bromoenynes followed by their use of (Z)-CICH=CHCI in the synthesis of complex

conversion to conjugated diynes 8¢ natural products t.anmining a {(J-enediyne moiety,
The high-yielding and strictly pair-selective nature such as calicheamicin y,!, esperamicin A;, and dyne-
of the new protecol in comparison with the Cadiot— micin A?253 (Scheme 53). This approach to the
Chodkiewicz reaction may be seen in comparative synthesis of enadiynes should be compared with an
data shown in Scheme 52.% Both methods require alternative approach involving the use of indoalkynes
Scheme 52 Scheme 53
Cadiot-Chodkewicz Protacol calichaamigin 1

total synthesis 226, 228, 229

— /7 \ _bromination e model compounds 22452/
=) =) w0,

e}
~N|

HCOMe

MOSES sl
=M Meimo i Me H_:\'
cat, PdL,, — | cat CucCl NP s’?’*“o‘“ Q=
A | EtNHp, NH;0H ]l\’j\ 4 HO™
) Meor, DNIF o ow o weKLT
1 m e
i W72 MeG
MaO 6H
esperamicin A MeOy o]
mmoded compounds 223 226. 227 HN OMe

Cl
Pd-Catalzyed Doubie Afkynylation Protocol

1. n-BuLi

;““‘E 2. ZnBray 2 e /,—\: g

3.1\ _g,
cat, Pd(PPh3)4 3 z?gr Y
cat. BdiPPhg),

three synthetic operations starting from (£)-3-penten-

1-yne, lodobenzene, and acetylene, but the Pd-

catalyzed double cross-coupling method is not only cvmemicin A

completely pair-selective but also considerably higher- T et synthesis of

vielding. Similar differences have been observed also c-methyt derivatives 253

in several other comparative experiments. % ol compounds?eC 22
The corresponding reactions of (£)-ClCH=CHCI

have yielded similar results, as those shown in
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section 111.B.8.
Also interesting is the synthesis of 12-membered
trienetriynes, as shown in Scheme 54.%7

Scheme 54

/—\ 1. ==—8iMe,
# C  C # ] cal.PdL, CuX
eat. PdL,, CuX Cl 2.KF
S R 7
¥ Wz
56%
A #
|\ et Pdl,, CuX O |
cl
N A
21%
SiMe;  Me,Si
A\
1. cat. PdL,, CuX
2. KF
+ Br

1%

Although the results obtained with {£)- and (2)-
CICH=CHC! and (¥)-ICH=CHCI described above are
generally favorable, the scope of Pd-catalyzed cross-
coupling reactions of chloroenynes is nevertheless
limited due to the intrinsically low reactivity of the
C—Cl bonda in Pd-catalyzed cross-coupling. {t is
thercfore desirable to generate bromoenynes by Pd-
catalyzed alkynylation of BrCH=CHBr or ICH-
CHBr,

The Pd-catalyzed reaction of & commercially avail-
able mixture of (£} and (2-1,2-dibromoethylenes,
typleally a 2:1 mixture of the & and Zisomers, with
atkynylzine chloride such that the molar ratio of the
alkynylizine chioride to (B)-1,2-dibromoethylene is 1:1
gives a mixture of the desired bromoenyne and 3-ene-
1.5-diyne, both of which are =989% E. So, the reaction
takes place nearly exclusively with (E)-1,2-dibromo-
ethylenc. Thus, the reaction is highly storeoselective,
but it generally produces the desired romeenynes
in low yields largely due to the formation of 1,2-
dialkynylated produsts, as shown in Scheme 55,28

In contrast with 1,2-dibromoethylene, (£)-1-bromo-
2-iodoethylene can selectively be monosubstituted to
give the desired {#}-bromoenynes in high yieldat029240
(Scheme 58). Particularly noteworthy are the reac-
tions of MesSiC=CinX and TRSC=CZnX, where X
= Br or Cl, producing the corresponding (£)-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
praduct only in 5% yield. Alse important is the
development of a vastly improved methed for the
preparation of =99% (£}-1CH=CHBr in 76% yield by
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Scheme 55
cat. Pd(PPhg)
_THE. . 18h
« = fraction of
(E)-BrCH=CHBr

«RCECZNC! + a8 X (BT B

——

e e N U B Br
(A} (8) ~
R (A) (B)

n-Bu 34% 17%
Me;Si 5% 58%

Scheme 56

HC=CH
MegSi—==—2nBr

Herier | 2% Pd{PPhg).:
: ekt il LS.
096, 48h Vs el 240

MeaSi —==
S N
81%, = 99% £

17X Br
- TBS—==-ZnBr

6%, 299% E N\ ag, Pd(PPhg)s

Ref. 239

TE‘S‘:‘—"‘Z“‘-“\\\_Br

70%, = 98% E

1.BZn—=
2% Pd(PPhg)s
2. n-Buli
e 31755 290 PA(PPhy),

Ref. 239

_/—B ﬂBr

76% overall

1.LDA
2. ZnBrp
3, 1%, 29 Pd(PPhy),

vt T T X—pr

65% overall

PhMeN—==—2nC! + t/‘\..-.\\,af m
Ref. 242

PhMeN ~—==—
N—
48% Br

the reaction of acetylene with comynercially available
IBr and HBr 82829 [is grevious synthesis using a

45% yield. 2

Both (&)-Me;SiC=CCH==CHBr and (E)-TBSC=
CCH==CHBr have proved to be very useful C; syn-
thons in the synthesis of carotenoids, retineids®®
(Scheme 57), conjugated oligoenes that can serve as
intermediates for a number of oligoene macrolide
antibiotics,?*® such as amphotericin B (Scheme 58).
and roany other complex natural products, such as
xerulin®™ (Scheme 39).

More recent studies directed toward the synthesis
of sorne other natural products have not ondy vielded
the following favorable results obtained by the Pd-
catalyzed alkynylation of (E)}-ICH=CHBr but also
revealed that these compounds cannot be prepared
by the Sonogashira reaction (Scheme 60).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 {(£)-1CH=CHBr despite many favorable
results obtained with 1,2-dichlorocthylenes®® (Scheme
48). As indicated earlicr in Scheme 34, (£)-ICH=
CHBr may not be readily used in the Sonogashira

RE
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e

1.LDA
2. CIPO{OER),
3.LDA

Scheme 57
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i, i, v., Vi N R Ry 0
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67%, = 99% all-&

é:%)%/\/iuw S S e
85% 70%

Pant

1(1 )x2

4‘,\\\\ R

2%
1;., i

ix.

[ i,y di., vill,
Msr

MEZA’&(WNY ]

i, Me,Al (2 aquiv), Cp,ZrCly, (CH,CH,, 23°C, 4 h,
#.  evaporation at 50°C and < 0.5 mmHg.

'WMQH@

68%, = 99% all-E

S e Ny Ny N Ry R Ny S

y-carotene, 53%, 2 98% all-£

i, B TESMeL a0l THE, 2.5 mol% Pdy(dbals, 10 mal% P@,. DMF, 23°C, 8 h.

1.05 oguv .
v, KyC0q MeOH, 23°C, 8.
v. THF, n-Buli, 23°C,05h.
vi. (CHO), (3 equiv), 23°C,5h.

vil. (0.6 equiv), ZnCl,, THF, 2.5 mol% Pds{dba)s, 10 mol%P @) DMF, 23°C, 8 h.
viil, (1.05 equivy, ZnBrs, THF, 5 mol% PA(PPhy),, OMF, 23°C, 2 h.
X, ZnCl,. THF. 2.5 mol% Pd{dba,, 10 moi% P‘(éoy).. DMF, 239G, 6 h.

Scheme 58
(s)
rBso”\/" TBso’\/\/“\/_ TBSOW S .
; 76%, 08%, all-E 74%, »98%, all-&
USRI o T 0 0 g W S NUZe s - amphotericin B

74%, »98%, al-&

& {a) HZrCpaCl, THF, (b)l Br/%‘\ ~=—8iMag

. 5 moi% ClaPd(PPhy)z + 2 DIBAH, ZnClp. THF,

. KaCOj (1.2 equiv), MeOH.

i BN OO0 o el ClPd(PPhg)s + 2 DIBAH, ZaClp, THF.

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

Very little is currently known about the use of
BrCH=CHC] and ICH=CHI. However, BrCH=CHCI
does not appear to offer any readily expected advan-
tage over either CICH==CHC! or {ICH==CHC]. Judging
from the results obtained with 1.2-dibromoeethylenes
{Scheme 55), competitive disubstitution is likely to
be a serious side reaction with ICH=CHI. The
current scope of the Pd-catalyzed cross-coupling with
various 1,2-dihaloethylenes may be summarized as
shown in Table 15.

6. Alkynylation of Sterically Demanding Organic
Elecirophiles

It has already been discussed in section TLB.2 that
aryl halides in which one or hoth of the ortho
positions are substituted generally suffer from com-
plications in steric origin and that alkynylmetals
comtaining Zn can cope with steric problems better
than those contalning Mg or Sn. A recent report on
the synthesis of hexaalkynytbenzenes?® {Scheme 81)
suggests that the Negishi protocol is also superior to
the Sonogashira reaction in coping with problems
stemming from steric hindrance.

<1 ¢
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Scheme 5% @ %
o
e cat. Pd 3)4 —
Br M——-*TBS l WTBS (2 equiv)
tHZGCQCI
== A =TBS (2equiv)| Lt T =
—7 N—pr | + | ClCpzr "% 7 N
91%
Zn-It
A Znl - Cump
b — ) : : H
i T T IR IS
‘0
xetulin, 70% (&
i ZnCly, 5 Mol% ClLPd(PPha), + 2 DIBAH,
i, BugNF
i 7 Neoou . 5 Mol% Cul, NE; (4 equiv), 1 moi% BHT, degassing.
Scheme 60 Scheme 61
BrZn—==—COOE! Ph
cat. Pd(PPhy),, 28°C g\~ =—COOE! == Il
I —
s 82%, SN & al ¢l ,PAPPh3)e ol al
1 Cul, (i-Pr)aNH
B E=—COOE .
(1.2 equiv) cat, P(PPivg,, Cul I y  Sonogashira H =
\ELNH, 23 °C N O000R | b o (COOR! Gl P cl Ph
Sonogashira trace 82% 47% (average 78% each)
BrZn——=" COOE
) COOEL
cat, Pd(PPhy),, 28°C =
S Negeni ol TMS —==—2nCl
86%, :99% E.E m_.
B! = COOE Negishi
(1.2 equiv) eat. PAPPhy),, Cul
N\EtNH. 23°C o weooar
Sonogashira 'fMS
0-28% 81% (average 93% each)
5% PA(PPhy),

: . 29
B,Wl . Ban—-EM COOE THF, 23°C,5h

N COOE!
= Ry
82%, *99% all-£

7. Cascade Processes livolving Pd-Calalyzed
Alkyniylation '

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
comsidered in this section include one or more Pd-
catalyzed alkynylation steps. The other steps may or
may not be Pd-catalyzed. One aspect of critical
importance in such cascade processes is the correct
queuing of all of the steps, which would require an
appropriate rate, neither too fast nor too slow, for
each step.

a. Catalytic Carhopalladation—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-

lished in the late 19802459 critical factors re-
mained to be clarified. A systematic screening of
metal counteractions surnmarized in Scheme 6224
indicated, for the first time, that the desired carbe-
palladation—alkynylation cascade process is disfa-
vored by fast Pd-catalyzed alkynvlation reactions
involving Zn or Cu but favored by slow alkyniylation
reactions involving Sn and B. Tt was also clearly
shown that “premature” alkynylation before cyclic
carbopalladation was the origin of difficulties with
Zo and Cu.

The cyclic carbopalladation—alkynylation cascade
process involving alkynylations has since been ap-
plied to the formation of the A ring of neocarzing-
statin chromophore, as shown in Scheme §3.250-252

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

comnercial availability or method
of synthesis

1,2-dihaloethylene

(B-CICH=CHCl and
{A-CICH=CHCL

seope and limitations

o selective monosubstitution with an excess
(5-fold) of the reagent generally satisfactory

s widely used

« second substitution of C by eross-coupling
potentially problematic

o hoth isomers commercially available

BrCH=CHC1 « not cosrmercially available + litile or nothing known about its crass-coupling
» preparable by treatment of
Brel>=CCl; with Zn
ICH=CHCY » not commereially available « monosubstitution potentiatly more selective and
s the E isomer preparable by treatment faverable than with CICH==CHCI
of HC==CH with 1CH (83% yield) » wide application expected
« sarne limitation in the second cross-coupling as
abserved with CICH=CHCl
BrCH=CHRyr » copunercially avallable as an E and o selective monosubstitution problematle and
Z raixture hence of Himited synthetic usefulness
ICH=CHBr « commercially available (£ isomer) ¢ selective monosubstitution with RC=CInX
o the F Isomer preparable by treatinent » wide synthetic scope and considerable uttlity
of HC=2CH with IBr and HBr (769% vield) expected
1ICH=CH1 + not cormmercially available s little known about its cross-coupling

« the # isomer preparable by treatruent
of HUsCH with I and ALO, (33% yield)
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2 72} sroduces the expected cross coupling products in
Bu—==H Cut (5 mol% 45 ¥ y 168,255 T3 :
= o ‘N:"s"; N 6 excellent yields (Scheme 64).2%2% Thus, in cases
UNH, (5 equiv) where 2-en-4-ynoic acids are desiced, the Negishi
benzens, 25 °C .
— ) rotocol may be used, even though the use of cstars
rrBu—==—BBuysLi THF, 25 9C 45 2
in place of free carbokylic acids has been shown to
PBU—E=~GrMey  THF-HMPA, reflux <5 permit cross-coupling without lactonization®® under
4 Not dstermined. either the Senogashira or the Negishi coupling condi-
tions,
7 N : Although very attracilve, the Sonogashira—Lu
| N . al lation—lactonization cascade process has also
2 Ref. 248 45% (n= 1) \
oTf ' i 54% (n = 2) beer: shown to be complicated by various side reac-
2" H tions. Alkyne homodimerization as a side reaction

MesSi” was already discussed in section 11LB.1. Another
widely observed side reaction is formation of six-
raembered ZFHpyran-2-ones. With relatively unhin-

for high vields of (2)-y-alkylidenebutenolides.® As red atl
i dered alkyl groups as R!, the ratio of 5 #-furan-2-ones

already discussed in sections [{1.B.1 and I11.B.2, this

cascade process has been applied to the synthesis of
a number of natural products containing (2)-y-
alkylidenebutenolides.109.110.200.239,253,254

In sharp contrast with the cascade process men-
tioned above, the Megishi atkynylation of zinc salts
of {Z)-haloacrylic acids with alkynylzinc derivatives

to ZH-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 alkynylation with alkynylzinc
derivatives typically in over 90% yields can selec-
tively be converted to SiH-furan-2-ones in excellent
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yields by using Ag,CO2Y as a catalyst®™® (Scheme
64). Furthermore, it has also been demonstrated
recently that Z-en-4-ynoic acids can selectively be
coniverted o 2H-pyran-2-ones in the presence of a
catalytic arsount of ZnBr, without any transition
metal catalyst? (Scheme 64). It should be noted that,
under the Sonogashira reaction conditions, 2F - pyrarn-
2-ones have heen obtalned only as minor products.
In summary. the preparation of 2-en-4-ynoic acids
by the Negishi coupling permiis their selective and
high-yield conversion to either (Z)-5-alkylidene-5 /4
furan-Z-ones (A} or 5-alkyl-2F-pyran-2-ones (B).

8. Pd-Catalyzed Alkynylation with T-Halo-1-alkynes

The use of 1-hale-l-alkynes in the Pd-catalyzed
alkynylation was reported first by Negishi in 1978
by using alkenylalanes as nucleophilic reagents. This
was soon followed by the development of the corre-
sponding reaction of alkenylboron derivatives
{Scheme 65). Tt should be clearly noted that this
option is not available to the Soncgashira reaction-
hased methodology. As might be expected, aryl- and
alkenylzinc derivatives also participate readily in this
reaction (Scheme 66). More recently, related reactions
of organctin compounds have also been developed.
as shown in Scheme 67.

9. Recent Modifications of the Senogashira and Negishi
Aikwylanan Proiocols

Une of the commonly percelved advantages of the
Sonogashira and other Heck-type alkynylation pro-
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tocols over the Negishi and other related alkynylation
reactions involving the stoichiometric quantities of
alkynylmetals is the direct use of terminal alkynes
without stoichlometric metalation. In the Sonogash-
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ira reaction, a catalytic amount of Cul or Culll is
used. What is often overlooked is that the Sonogash-
ira and related protocels do require. an amine or an
alternate base in the stoichiometric quantity. Fre-
quently encountered Michael-type addition reactions
ariaing from the use of amines and other bases should
also be recalled. Another widely perceived advantage
of the Sonogashira protocol s its compatibility with
water and other protonated solvents as well as air.
With respect to air, however, difficulties assoclated
with alkyne diroerization, which appears to be a
radical process at Jeast In some cases, must be kept
in mind, e.g, Schemes 33 and 34, as the use of
degassing andfor radical inhibitors might more than
offset the advantage mentioned ahove.

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

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

Scheme 68
v cat. Pd{PPhg), cl Ph
# ZnBrg, EtsN o
= THF =
| + IPh——— |
Me” 070 Ret. 261 Me” 070
83‘70
Scheme 69
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cat. additive, rt
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R Additive Yield, %
Ph cat. ZnCly, Iz 80-94
Ph cat. ZnClg, Nal 94
Ph cat. ZnCly, NaNg 100
Bu cat, ZnClp, Nal 94
Me;Si cat. ZnCly, Nal 100
HCSC(CHa)y  cat, ZnGly, Nal 100
HOCH, cat. ZnCly, Nat 100
Scheme 70
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cal. ZnClp. Nal  EtaN, DMSO, DBU 88
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Scheme 71
1. NEtg / ZnBrs (4 /1), THF
2. 1Ar, cat, Ph
RCECH r.cat PAiPPhals FCZCAr
Ref. 201
RC=CH IAr Yield, %
n-HexCECH iPh 98
MeySIC=CH iPh 97
nHexGECH I—Q—com 95
n-HexCECH 1CsH,OMe-p 87
mHexGECH ICeHsNOp-p 89
MeOOGCECH 1Ph 75

Two other Pd-catalyzed alkynylation protocols

reported recently involve the stoichiometric use of

Ag:(} and TBAF® (Scheme 72). Since the reagents
and catalysts used in the two pmtomls 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

U
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Scheme 72
cat, Pd(PPh3)4
Ag,0, THF, 80°C
Procedure A
RICECH + XR2 R'C=CR?
\  cat Poidba)s, PPhq
TBAF, THF, 60 °C

Procedure B

i Yield, %~
R! XR2 A B
n-Hex Ph 90 59
HOMe,C- iPh 73 84
+Bu 1CgHaAC-p 87 ~
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Ph {E)-BrCH=CHPh 79 -
Ph 1CgH4OMe-p . a3
Ph ICeH4CN-p - as
MeSi iPh 79 -

widely used methods, such as the Sonogashira reac-
tion, rernain to be deronstrated.

V. Other Topics

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

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

Looking into the future, however, one should note
that there still is considerable room for raprovermendt.
Thus, the leaving groups in organdc elecfropbiles
have bean mostly I, with Be and OTf accounting for
most of a relatively small number of the remaining
cases. In fact, Cl has been used in some cases, but
the corrent scope of the Pd-catalyzed alkynylation
of organic chlorides is still rather limited. In this
respect, () optimization of ligands and Pd compleses,
{il} screening and development of superior additives
including cocatalysts, and (i1i) screening and develop-
ment of solvents and other reaction parameters are
highly desirable. Other more technological develop-
menis, such as immobilization of Pd catalysis, co-
catalysts, and other additives, should also be made.

Closely related are the issues of catalyst turnover
rate (TOR) and turnover number {FON). At present,
product yield is used as a criterion for comparison,
In fact, the twnover numbers determined in a limited
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number of cases have rarely exceeded 1000, [t is
desirable to attain TONs exceeding 104 or 10°.
With these goals in mind, substitution, of PPhg
with other phosphines, such as TFP and dppf, has
heen made but ondy in a limited number of cases. In
some other cases, nonphosphine ligands, such as
MeCN and PhCN, have also been used in place of
PPhy. Nonetheless, systematic and more intensive
search for superior phosphines and other ligands roay
have heent made only within the past several years.
I & recent investigation of the Heck alkynylation
shown in Scheme 73,253 the use of a palladacycie(A)
was found to Jead to TONs ranging from 800 to 8000.

Scheme 73
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EtaN, 80°C

N Z
erozo—{ %

z
PhCZCH + Br—(fz\\_\/)

Ref. 263
Me z Time,h  Yield, %  TON
Ol—\ko Sz -
., Ac 5 99 990
o
E’ ‘OYO' p-Ac 24 80 8000
2
oo pCl 16 90 900
(A R=o-Tol pBu 24 80 800

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

Scheme 74
cat. Pds(dba)g, Cul, L
MeQ FPEoNEL, a-BugNI
DMF, -20 °C, 20 mi
@%H N n@—coom _DWF.-207C. 20 min _
Ref. 264
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MeQ)
a=— ~GOOMe
L (20 mol %) Yiald, %
PPhg az
(p-Tol)aP 39
{o-Tol)aP 52
(Mesityl);P 100

optimization of phosphine lgands was conducted at
=20 °C. The results indicate that a sterically hin-
dered phosphine, ie., tris(roesiiyllpbosphine, pro-
duces a catalytically more active Pd conplex for the
reaction. Interestingly, PhsPQ, PhOH, and 2,6-(+
Bu);CsH3OH are nearly as effeciive as {roesityll,P.

1t has recently been demonstrated that (#Bu)sP is
effective in the Pd-catalyzed cross-coupling reactions
of organic bromides and chlorides.® The resuits
summarized in Scheme 75 indicate that the improved
procedure reported in this study can very satisfac-
torily handle sterically hindered and/or electronically
deactivated aryl bromides.

1t does appear that sterically hindered phosphines,
such as (mesityl}sP and (+Bu};P, might prove to be
useful in further lmproving the Pd-catalyzed alkyn-
ylation, but many more persuasive developments and
examples will be needed to fully justify the use of
structurally more slaborate and/or expensive phos-
phines.
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Scheme 78
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B. Vlechanistic Aspects of the Pd-Catalyzed
Alkynylation

The standard three-step catalytic cycle consisting
of {1} oxidative addition of a Pd(0) complex with an
erganic electrophile, ) transmetalation to generate
diorganopalladium derivatives, and (il their reduc-
tive climination to preduce the desirved alkynes with
concomitant regeneration of the Pd{0) complex
{Scheme 76) has been proposed already in the 1970s

Scheme 76
04
Bl
transmetal.
R—===— e,

M= metal or H

for both the Sonegashira reaction’ and the Negishi
alkynylation with alkynylzines and related alkynyt-
metals. 8 Although this mechanism has never been
rigorously established, it has been repeatedly cited
and profitably used as a basis for various discussions
and predictions. A generally accepted notion of nu-
cleophilic characteristics of Pd{) complexes and
electrophilic nature of PA{(ID) complexes has also
served as a useful guiding principle.

An alternative catalytic cycle consisting of (i} the
same oxidative addition as in Scheme 76, (ii) carbo-
palladation, and (i) reductive f-dehydropalladation
was also proposed by Negishi in 197859 (Scheme
77). Indeed, carbopalladation of alkynes is a widely

Scheme 77
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observed process™® which is kniown to accur with both
terminal and internal alkynes and expecited iobe a
fundamentally favorable process with election-rich
metalated alkynes, provided that it can favorably
corpete with potentially competitive transmetalation
involving the C—M o bond. Furthermore, f-metal-
loorganopatladium derlvatives thus formed is ex
pected to underge facille reductive fS-climination to
produce the desired alkyne with concomitant regen-
eration of PA{0) complex. Thus, this mechanism is
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highly plausible, but it has not attracted much
attention. Nor has it been ruled out.

Since the final alkyne product does not retain any
structural features of pertinent organopalladium
intermediates permitting diserimination of the two
different mechanisms shown in Schernes 76 and 77,
it would be desirable to trap any organopalladium
intermediates that are unigque te one or the other
mechanism. Torit reported in 199197 a cascade
cyclization reaction of a brovosenyne under the condi-
tions of the Sonogashira reaction showa In Scheme
78 and interpreted the results by a mechanism

Scheme 78
HCECR
. cat. PdL,, Cul
E Z EtsN E><f\PdLnBr
£ Br E -
E = COOMe

e
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E R E g

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

Two years later Negishi®®® reported a related Pd-
catalyzed cyclization of bromoenynes without the use
of a Cu(l) salt. Not only terminal monvalkynes but
also internal alkynes, including alkynylsilanes, were
used, and all produced the expected areocs in com-
parable vields 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
dienynes shown in Scheme 78 cannot be operative.
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To accoramodate all of the results in a unified
manner, Scheme 80 was proposed. Although not

Scheme 80
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supported firmly by experimental evidence, this
mechanis 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
altkynes as well, it would amount to a Jong-sought
trapping of the intermediate formed via carbopalla-
dation shown in Scherne 77. This polnt 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 mechanisot showr in Scheme 80.
Thus, the experirental results are consistent with
the carbopalladation mechanisin 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.

e both of the mechanisms shown in Schemes 76
and 77, oxidative addition of a Pd{0) complex with
an organic eloctrophile is considered to be a critical
step triggering the desired catalytic cycle. There can,
however, be some other mechanistic schemes for Pd-
catalyzed alkynylation that may not require the
oxidative addition of a Pd{0) complex to an organic
electrophile. One such mechanism for alkynylation
of alkeny! halides, for example, is shown in Scheme
81. 1t is not clear to the authors if the mechanism

Scheme 81
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shown in Scherne 81 can be ruled out on the basis of
currently available experimental data. Tnasmuch as
such a mechanism goes counter to the currently
prevailing mechanistic notion, however, it wouid be
desirable to settle issues such as this as they arise.
The two alternative mechanisms indicated in
Schemes 77 and 81 pose two fundamenial questions
about two steps, i.e., transmetalation and oxidative
addition, in the widely accepted mechanism repre-
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sented by Scheme 76. There can be many minor
ramifications associated with each of these three
fundamentally discrete mechanisms. Some ramifica-
tions may be of fundamental and general signifi-
carice. Such aspects should be pursued and ¢ laril itied.
Most of the others may be of specific nature and
applicable mainly to those specific cases investigated.
In reality, relatively little is currently known beyond
speculations based on starting material—product
relationships.

V. Conclusions

1. The Heck-type alkynylation with terminal
alkkynes, especially the Sonogashira protocol, and the
Pd-catalyzed alkynylation with allkynylmetals, espe-
cially the Negishi protocel with alkynylzines, 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—Stephens reaction. To less demanding cases,
all or most of the currently known prutocols of Pd-
catalyzed alkynylation including Heck alkynylation,
Sonogashira reaction, as well as alkynylation with
alkynyl metals containing Mg, Zo, B, AL, In, 8, and
Sn may prove to be highly satisfactory.

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

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

Alihough alkynylmetals containing B, Al In. and
Si have also been used, especiaily over the past
several years, thelr scopes and Hmitations, especially
thelr 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 protocels mentioned above.
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2. As detailed in section II and summarized in
Table 1, the Pd-catalyzed alkynylation of class Cp*~X
electrophiles. f.e., aryl, heteroaryl, alkenyl, allenyl
{propargyl), and acyl electrophiles, has proved to be
generally satisfactory, A wide variety of organic
compounds including natural pr oducts®® and com-
pounds of material chemical Interest have heen
conveniently and satisfactorily synthesized.

Although alkynyl electrophiles also readily partici-
pate in Pd-catalyzed alkynyl—alkynyl coupling, for-
mation of unwanted alkyne homodimers has been a
frequently encountered problem, and its general
solution does not appear to have been devised. In fact,
this is also a frequent problem asscciated with the
Cu-catalyzed Cadiot—-Chodiiewicz reaction. On the
othor hand, an alternate method invelving the ire
terraediacy of [-halo-1-alken-3-ynes {section [1LB.5)
is not ondy general but also strictly cross-selective and
offers a superior alternative in marny cases.

Allvl and benzyi electrophiles are known to readily
participate in the Pd-catalyzed cross-coupling. Curl-
ously, however, little is known about thelr Pd-
catalyzed alkynylation. Judging from a recent suc-
cessful report on successful alkynylation of benzyl
halides, ¥ further investigation may prove to be
fraitful. The well-kniown difficulty e the oxidative
addition of atkyl electropliles lacking §.y-unsatura-
tient appears to generally disfavor thelr use in Pd-
catalyzr—:d allynylation.

. Although widely applicable, the Sonogashira
‘,m tior has also been shown either to fail altogether
or to be problematic in many demanding cases of
alkynylation, as amply demonstrated in sections
HL.B.1 (Schemes 33 and 34), IIL.B.2 {p. 50), TIL.B.3
{Scheme 43 and Table 12), TTLB.5 (Scheme 60), and
11LB.6 {Scheme 61). In many such cases, the orga-
nozine protocol has been shown to be significanily
superior and a satisfactory alternative. Besides belng
operationally somewhat simpler in many cases, the
Sonogashira reaction may also prove to be cherolcally
superior to the alkynylzine protocols in some cases,
such as polymerization via Pd-catalyzed alkynyiation.
Clearly, further delineation of merits and demerits
among various alternatives, especially the Sonogash-
ira reaction and the Negishi alkynylation, is desir-
ahle.

4. Some of the important pending issues include
{1) substantial improvement in the catalytic turnover
numbers (TON) and rates {TOR), (i} other techno-
logical improvements, such as immobilization of
catalysts, and (i) structural and mechanistic inves-
tigation. For example, it is desirable to attain TONs
exceeding 10*—10° through development of (8} 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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