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1. Introduction

The array of transition-metal-catalyzed cross-coupling
reactions can easily be considered nowadays cornerstones
in the field of organic synthesisz Among them, the
palladium-catalyzed $p-sp coupling reaction between aryl
or alkenyl halides or triflates and terminal alkynes, with or
without the presence of a copper(l) cocatalyst, has become
the most important method to prepare arylalkynes and
conjugated enynes, which are precursors for natural products,
pharmaceuticals, and molecular organic materials (Scheme
1)3
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Scheme 1 unstable aryl or vinyl iodides are used. Moreover, if the
, ___, Pdcat, (Cu’cat) L organic halide system is “activated”, that is, electron-poor,
R-X+ H—=R base RI—=—F? the situation is even more favorable. Thus, deactivated aryl
R’ = aryl, hetaryl, vinyl bromides are difficult starting materials for coupling reac-
R2 = aryl, hetaryl, alkenyl, alkyl, SiR3 tions, whereas the cheapest aryl chlorides, if not strongly
X =1, Br, Cl, OTf activated, represent a real challenge for any cross-coupling
methodology*?

~ The two earlier studies on this topic were reported  Although the most recent reviews about the Sonogashira
independently by Heckand Cassarin 1975. Heck's  reaction are fairly recent, covering up to 2004, simple
procedure was based on the known Mizorelieck reaction  computer search of the keyword “Sonogashira” in chemical
for the palladium-catalyzed arylation or alkenylation of databases reveals a similar amount of citations from 2003
alkenes, and consisted of performing the coupling employing to the present compared to the amount during the period of
a phosphanepalladium complex as a catalyst and triethyl-  time from the discovery of this reaction (1975) to 2002. This
amine or piperidine as a base and solvent. Cassar’s procedurghdicates that in the last few years this has been a really
involved the use of a phosphangalladium catalyst in  fast-moving topic, with a fierce search for better catalysts,
combination with sodium methoxide as a base and DMF as more convenient reaction conditions, and an understanding
solvent. Both methods generally required high temperature of the reaction mechanism, and also with a remarkable
(up to 100°C). In the same year, Sonogashira and Hagihara increase in the use of this cross-coupling reaction for the
reported that addition of a catalytic amount of copper(l) synthesis of interesting or promising compounds.
iodide greatly accelerates the reaction, thus enabling perfor- ~ This review covers the developments in the Sonogashira
mance of the alkynylation at room temperat@ie) observa-  cross-coupling reaction, as well as applications of this
tion related to the already known coupling between copper methodology since 2003, although older works can be
acetylides and phenyl or vinyl halides (the so-called Stephens commented on if necessary. In the cases for which some
Castro reaction). Therefore, the Sonogashirtlagihara  reviews on particular related topics have been published more
protocol (more often simply known as Sonogashira coupling) recently, only the literature after them will be considered.
became the most popular procedure for the alkynylation of when dealing with applications of this methodology, this
aryl or alkenyl halides. It is necessary to note that even review will not be fully comprehensive, although very
primary alkyl bromides or iodidés and secondary alkyl  extensive, as a complete coverage of all the literature
bromide$” have been alkynylated using a Sonogashira containing an application of a Sonogashira reaction is almost
protocol, although this type of $psp coupling is very recent  impossible and would make this review never-ending.
and remains almost unexplored.

The addition of copper salts as cocatalysts in the typical » p1achanistic Considerations
Sonogashira cross-coupling reactions also has drawbacks,
apart from including in the reacting mixture another envi-  The exact mechanism of the homogeneous copper-cocata-
ronmentally unfriendly and difficult to recover reagent. Thus, lyzed Sonogashira reaction is unknown, with some obscure
the in situ generation of copper acetylides under the reactionpoints and not unequivocally proven assertions still remain-
conditions often generates homocoupling products of the ing. Although physical measures suggest plausible mecha-
terminal alkyne (the so-called Glaser couplifigdong with nistic paths based on the identification of some of the
the main reaction product, upon exposure to oxidative agentstransient species formed in the homogeneous catalytic
or air. This side reaction is especially problematic when the reactions, it is a very difficult task to isolate and characterize
terminal acetylene is difficult to obtain or expensive, and the organometallic intermediates from a homogeneous
although it has been shown that the presence of a reductivemixture to validate a mechanism beyond any doubt. There-
atmosphere formed by difficult-to-handle hydrogen can fore, some techniques have been developed to study this
diminish homocoupling® as well as the slow addition of coupling process using heterogeneous catalysts in order to
the acetylené! significant efforts have being dedicated to detect surface transient organometallic intermedidtelew-
develop coupling procedures working in the absence of ever, unexpected findings can add further complications to
copper salts. These procedures generally aim to increase théhe always difficult study of mechanisms. Thus, the always
reactivity of the catalytic system, thus making the presence useful kinetic measures could be in some cases dampened
of copper unnecessary. All these copper-free methodologiesby details such as the recent finding that, in a Sonogashira
are usually called copper-free Sonogashira couplings, butcross-coupling reaction, turnover continues to occur in
(perhaps unfairly) not Heck and/or Cassar couplings. Fre- sample vials prepared for gas chromatography analysis after
guently, these copper-free processes involve the use of excesguenching by commonly employed silica adsorption meth-
amine (often even acting as solvent), something that dimin- ods, because trace quantities of palladium are carried through
ishes to some extent the environmental and economicalthe silica* More complications can arise from the finding
advantages of the methodology. Thus, the development ofthat some commercially available common palladium salts
methods which allow the elimination of both copper and such as palladium(ll) dichloride or palladium(ll) diacetate
amine in the Sonogashira cross-coupling has been pursuedthe starting material for the preparation of many palladium
in the past few years. complexes) contain, in fact, small amounts of copper,

Other important problem to address when dealing with something that would raise reasonable doubts about some
this type of alkynylation procedure is the applicability of “copper-free” Sonogashira processes.
the reaction to different substrates. Thus, the general reactiv- The copper-cocatalyzed Sonogashira reaction is believed
ity order of the spspecies is vinyl iodide= vinyl triflate > to take place through two independent catalytic cycles as
vinyl bromide > vinyl chloride > aryl iodide > aryl triflate shown in Scheme 2, where a tertiary amine is represented
> aryl bromide> aryl chloride; therefore, the Sonogashira as base, with other amines or inorganic bases performing
process usually runs smoothly when the more expensive andsimilarly.=3 The generally accepted catalytic cycle for the
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Scheme 2 phanes and have been suggested as possible catalytic species
Rl—=—_R2 ; in coupling reaction&® In addition, in the presence of anions
Pd’L, RX and halides, some results point to the formation of anionic
\< palladium species, which would be the real catalysts instead
L L of the coordinatively unsaturated ®d. For instance, it is
— g2 R1-Pd-X known that P&PPh), does not exist in solution when
A L generated in the presence of halide anions because they
coordinate the palladium(0) center to form anionic species
of the type [LPPCI]~,*® which can participate in cross-
coupling reactiong?
The mechanism of the copper-free Sonogashira reaction

+y- — P2
Cu'x Cu—=="R is also not well-known. The first step would be the oxidative
A RaNH X- addition of R—X to the palladium(0) complex (Scheme 3).
H—R2 H——R?
E RN Scheme 3
Cu*X

R'——R?

L = phosphane, base, PdoL,
solvent or alkyne )/ \<

palladium catalysis (the Pd-cycle) is based on a usually fast

oxidative addition of R—X (R = aryl, hetaryl, vinyl; X= R™- Pd R- Pd X

I, Br, Cl, OTf) to the real catalyst generated from the initial ,
palladium complex. This is classically thought to be 14- RoNH X R Pd « R
electron P8, formed by reduction of different palladium- RoN + L i 2

(II) complexes under the employed reaction conditions, as H—=—"R

it is known that n-electron donors, such as phosphanes, L = phosphane, base,

amines, and ethers, used as ligands and solvents, can reduce solvent or alkyne

palladium(ll) species typically via-complexatior-dehy-
dropalladation-reductive eliminatior® In the oxidative However, the second step is under debate. As previously
addition step, the characteristics of the-X substrate are  mentioned, the amines generally employed are usually not
crucial, with this step being facilitated if X | or OTf and able to deprotonate the alkyne for the reaction withtthes
if the electronic density is reduced on the-& bond by the RPdXL,; therefore, complexation of the alkyne to the
presence of electron-withdrawing groups. The next step in complex is supposed to proceed first with displacement of
the Pd-cycle would connect with the cycle of the copper one ligand to give intermediate complex*(RC=CH)-
cocatalyst (the Cu-cycle). Thus, a usually rate-determining PdXL,.2* The ligated alkyne would be more easily depro-
transmetalation from the copper acetylide formed in the Cu- tonated by the amine, forming the new compleXP&-
cycle would generate a'Rd(—C=CR?)L, species, which  (—C=CR?L,, which gives the coupling product'RC=
gives the final coupled alkyne aftérangcis isomerization C—R? by reductive elimination. In the absence of any amine,
and reductive elimination with regeneration of the catalyst. a carbopalladation step takes pld€eyhich leads to R—

The second Cu-cycle is still poorly understood. In the C(PdXL)=CH—R! complexes, presumably by formation of
“textbook” Cu-cycle, the base (generally an amine) is (7>-RC=CH)PdXL species.
supposed to abstract the acetylenic proton of the terminal The terminal alkynes involved in the coupling reactions
alkyne, thus forming a copper acetylide in the presence of can also play an important role in the Pd-cycle. Thus, the
the copper(l) salt. It should be pointed out that the generally carbon-carbon triple bond is able to coordinate the pal-
employed amines are usually not basic enough to deprotonatéadium(0) active complex prior to the oxidative addition step,
the alkyne in order to generate the anionic nucleophile that therefore producing a decelerating effect by formation of
should form the copper acetylide. Thereforez-alkyne— unreactive or low-reactingj®-RC=CH)PdL, complexes?
Cu complex as shown in Scheme 2 could be involved in the The stationary regime of a catalytic cycle is more easily
cyclel8 thus making the alkyne proton more acidic for easier reached if the reaction rates of all the elemental steps are as
abstraction. Recently, NMR studies have shown that close as possible to each other. This can be achieved by
m-alkyne—Ag complexes are formed after generation of silver accelerating the rate-determining step (i.e., destabilizing
acetylides in silver-cocatalyzed Sonogashira coupliigs, stable intermediate complexes) or decelerating the fast
something that could be extended to the typical copper- reactions by stabilizing high-energy speci¢¥vhenever the
cocatalyzed reaction. In fact, the always assumed in situ oxidative addition is faster than the ensuing transmetalation,
formation of a copper acetylide as intermediate has neverthe decelerating effect of the nucleophilic alkyne in the
been proven, although recent indirect evidence has beeroxidative addition is in favor of a better efficiency for the
found?® These copper acetylides could also be involved in catalytic cycle, bringing the rate of the fast oxidative addition
the formation of the initial PHL, catalytic species by reaction  closer to that of the slow transmetalation step. However, if
with the starting palladium(ll) complexes, thus forming Pd- the oxidative addition (i.e., of aryl chlorides or activated aryl
(—C=CR?),L,, which after reductive elimination would bromides) is slower than the transmetalation and is therefore
afford active P8, and some amounts of a diacetylene the rate-determining step of the catalytic cycle, it will be
byproduct. even slower in the presence of the nucleophilic alkyne and

Some questions still arise about the nature of the realthe catalytic reaction would be less efficient, with any
catalystt® Thus, it has been shown that monoligated Pd{PR technique which allows maintaining a low concentration of
complexes can be formed when dealing with bulky phos- the alkyne (i.e., slow addition) being beneficial for the



The Sonogashira Reaction Chemical Reviews, 2007, Vol. 107, No. 3 877

efficiency of the catalytic reactioff.The strong complexation  free Sonogashira coupling of iodonitrobenzo&@save

of the active palladium(0) complex by some of the final been reported. In addition, this catalyst has been used recently

acetylenic reaction products may explain why some catalytic in the copper-free cross-coupling of 2-haloselenophenes with

reactions stop before total conversion of the reagents. terminal alkynes, as shown in Scheme 4 with the coupling
A further mechanistic complication has been found in

copper-free Sonogashira reactions. In these processes, th&cheme 4

role of the base is crucial, and specific amines (usually added __ OH

in excess or as solvent) are required, with secondary amines @ = A\ o

such as piperidi holi dii lami i Br  Pd(PPhs),Cl, (10 mol%), “gg =% H
piperidine, morpholine, or diisopropylamine proving sé RN &

to be efficient. It has been discovered that these amines can
react withtransR'PdX(PPh), complexes by substitution of
one triphenylphosphane ligand to generaf@®dX(PPh)-
(amine) complexes in a reversible reaction whose equilibrium
constant depends on'RX, the basicity, and the steric
hindrance of the amin®. Therefore, competition between
the amine and the alkyne for the substitution of one
phosphane group in 'RdX(PPh), complexes may also

occur. The fact that the amine is often used in large excesstriethylamine has been used in the copper-free cross-coupling

or as solvgnt encourages this substitution of the phosphanereaction of vinyl tosylatég or 10-bromoanthracef with
by the amine group; therefore, these complexes could have,

strong influence in the mechanism, at least in the copper- terminal acetylenes, and, more recently, using potassium
9 . . ’ PP phosphate as base, for the coupling of aryl halides.
free Sonogashira reaction.

I . The change of the triphenylphosphane to more electron-
An additional debate has been established on the mechyic hhosphane ligands has been shown to produce an easier
anism operating in Sonogashira coupling reactions when the

. ; : _ oxidative insertion to aryl halides, which is especially
catalytic species are semiheterogeneous palladium nanopari,notant when deactivated bromoarenes or usually low-
ticles, generated by decomposition of some palladium

) . = . reacting chloroarenes are employed. In addition, a ligand with
reagents. In this case, the question remains if the catalyticy gieric demand promotes an easier dissociation from the
cycle takes place at the rim of the nanoparticles or if these

. - . . . PdPL, resting state, which is necessary prior to oxidative
are just reservoirs of soluble palladium catalytic species (seegqition3s Thus, bulky phosphanes such atBe{j; have been

; (78%) )
of 2-bromoselenophenedl)(and propargyl alcohol to give
alkynylated produc®, with large amounts of the catalyst
being required? This copper-free system has been used in
the synthesis of enynyl-substituted thioflavones and fla-
vonesd! or the preparation of supported PyOX ligariés.
Moreover, in situ generated Pd(RJhin the presence of

section 3.7). employed, with the catalyst generally being generated in situ
] - by combination with a weakly ligated palladium source such
3. Catalysts and Reaction Conditions as Pd(OAG), PACL(PhCNY, or Pg(dbay. For example, the
. combination of Pd(PhCNEI,/Cul/P¢-Bu); has been found
3.1. Palladium —Phosphorus Complexes to be a catalytic system for the Sonogashira reaction of aryl

. bromides at room temperature with only an equimolecular
3.1.1. Unsupported Palladium—Phosphorus Complexes amount of amine, altrf)ough ugina 3 m%| % galladium
The Sonogashira reaction is usually performed using a loading Interestingly, when using this phosphane ligand
palladium-phosphane ligand complex as catalyst in the and Pd(dba}) in a copper-free Sonogashira reaction of aryl
presence of a catalytic amount of a copper(l) salt and anbromides performed at room temperature, the coupling
amine (as a solvent or in large excess) under homogeneougroceeded with only 0.5 mol % palladium and lig&it,
conditions. The traditionally used catalysts are triphenylphos- Something that has also been achieved using the combination
phane-related complexes, Pd(RRhwith the more stable  [Pd(»*-CsHs)CL]/P(tBu)s, although the catalyst loading was
and soluble Pd(PRJRCI, being the most common, although higher (2.5 mol %§™ This air-sensitive and pyrophoric
catalysts with bidentate ligands such as Pd(dppe)ed- phosphane can be replaced with the air-stable phosphonium
(dppp)Ch, or Pd(dppf)Ci have also been employed. Most  salt [(t-Bu)sPH]BF,, although a loading of 3 mol % palladium
frequently, rather high loadings of palladium (usually up to and the presence of 2 mol % copper(l) iodide were also
5 mol %) and larger amounts of the copper(l) salt are necessary® The combination Pgdba)/P(-Bu)s (3:10 mol
required when these palladium species are employed, thug%) has been found to be the most appropriate for a recent
boosting the search for a more active catalyst for simpler, palladium-catalyzed desulfitative cross-coupling of arene-
milder, and more effective reaction conditions. sulfonyl chlorides such gstoluenesulfonyl chlorided) and
However, examples of copper-free procedures using thesg€rminal alkynes to give the corresponding alkyheising
“normal” catalysts can be found. For example, in 1986, the K2COs as the most convenient base in refluxing THF, with
coupling of enol triflates with terminal alkynes under copper- the presence of copper cocatalysis being necessary (Scheme
free conditions using 5 mol % Pd(OA€PPh), at 60 °C 5).%
was reported® and in 1993, it was found that cyclic amines
such as pyrrolidine and piperidine as base and as solvent>c"eme 5

enhanced the reaction rate to promote the coupling of aryl = Bu .

or vinyl halides or triflates with terminal alkynes at room MGOSOZQ Pdz(dba); (3 mol%) MGO%'B“
temperature using also 5 mol % of the palladium complex. 05(?1851?5 é;,}’)m}g"é’g

More recently, copper-free Sonogashira methodologies for THF, efiu

coupling aryl iodides and activated aryl bromides with the 3 (60%) 4

traditional palladium complex Pd(PR$Cl, (4 mol %) at 70
°C in neat piperidin&® for the preparation of 4-substituted Copper-free methodologies using also bulky phosphanes
aryl-1-butanones from aryl bromidé¥,or for the copper- can be shown with the recent example of the use of RdClI
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(PCys),, which has allowed the coupling of aryl chlorides of copper, with the reaction usually taking place at 200
using cesium carbonate as base in DMSO as solvent at 100 Alkynols* and propargyl aminé¥ have also been coupled
120°C.*%21n addition, the in situ generated catalyst formed using this catalytic system. Propargyl amines have also been
by mixing Pd(OAc) andrac-BINAP has been shown to be  employed as allenyl anion equivalents when coupling with
reactive enough for the copper-free coupling of a 4-chloro- aryl iodides using a one-pot Sonogashira reaction combined
pyridine related to camtothecins with terminal alkynes using with a hydride transfer, with the catalytic system being a
potassium carbonate as b4¥d&Related to these more reactive combination of Pg(dba}CHCl; and the 1,2-bis(diphen-
catalysts is the unexpected observation that the presence oflphosphino)carborané&0 in the presence of copper and
the copper(l) cocatalysts can sometimes inhibit product triethylamine as solvent at 8@.00 °C.#° Furthermore, bis-
formation?! Thus, aryl chlorides and even aryl tosylates can (tert-butyl)aminomethylphospharid reacted with Pd(OAg)

be coupled with alkynes using the combination of Pd- to give a palladium(ll}-phosphane catalyst which has been
(PhCN)CI; (0.1 mol % for aryl chlorides, 5 mol % for aryl  used for a copper-free Sonogashira coupling of aryl iodides,
tosylates) and bulky electron-riatvbiphenylphosphané bromides, and chlorides in neat triethylamfi& he phos-
using cesium carbonate as base at-98 °C, with the phanel2 has been employed recently in the cross-coupling
efficiency of the process being lowered when adding copper- reaction of p-bromo- or p-iodoacetophenone op-bro-

(1) iodide 4t moanisol with phenylacetylene or 2-methylbut-3-yn-2-ol
using Pd(PhCNXLI; as palladium source, diisopropylamine
iPr /@\F’th as base, and dioxane as solvent at 10palthough copper
o O O tBu =~ PPh, cocatalysis was required.
= A problem with palladium(0) complexes is that the ligands
iPr PCy, P(iPr), needed to stabilize palladium(0) invariably have coordinating
properties, which would hinder the formation of the active
5 6 palladium(0) catalyst. The palladium(ll) salts Pd(OA®d-

(PPR).Cl,, or PACLPhCN) are alternatives even though

M\ they require a preactivation to generate the active palladium-

p<Q\> Me (0), with amines or phosphanes acting as reducing agents.
S 2 o7~p These salts still have coordinating ligands that might interfere
Fe Me (v with the formation of the active species. Therefore, a more
@P I\ e active catalyst should be formed when the palladium(il)
o A Me source contains ligands unable to stabilize palladium(0), with

7 8 the only examples being chloride-containing palladium salts
such as NzPdCl, or PdC}. Thus, a catalytic system for the

PhaR PPhe Sonogashira coupling of activated and nonactivated aryl
Phpgzp PPh; @ «=BH chlorides with terminal acetylenes at 100 using sodium
2 PPh;, carbonate as base, based on the combinaticPdz, (2
mol %)/(1-AdxPBn/Cul (1-Ad= l-adamantyl; Bn= ben-
9 10 zyl), has been presentétiThe benzyl group in the ligand
(1-Ad),PBn has been exchanged by triethylammonium- or
e Bu triphenylphosphonium-containing benzylic groups, which are
N~ “P(Bu), Me  p_ Me used as cationic phase tags for the coupling of aryl bromides
P(tBu), MGUMB and chlorides in DMSO/heptane, thus allowing recycling the

DMSO-soluble catalyst¥.In addition, the former procedure,
applied to the coupling of aryl bromides, has been modified
using the mixture N#dCl/Cul/[(t-Bu)sPH]BF; in diiso-

1 12

Thermally stable and insensitive to air or moisture, - ; . ;
multidentate ferr_ocenyl phosp_harﬁe has been us_ed to eg?g)fgwgnae”:gijﬂvlgggi;guﬁoéggéwr?%le;ﬁ%.e"ent yields with
generate the active Sonogashira catalyst when mixed with ) ’ ) ) )
[Pd(73-CsHs)Cl;] in the cross-coupling reaction of aryl An air-stable and easy-to-handle dative ligand is tri-
iodides, bromides, and chlorides, with and without copper- Phenylarsine, which, in spite of its toxicity, has allowed the
(I) iodide at 130°C and 0.:0.0001 mol % catalyst COPper-free Sonogashira coupling of free-base porph¥fins,
loading?22 The same catalyst loading has been employed With recent examples of its use combined with,(@da)
when bis(2-furyl)phosphaneferrocef@as been mixed with ~ being frequent” The absence of copper in this kind of
the same palladium complex for the arylation of phenyl- chemistry is important, as copper readily inserts into free-
acetylene 4-bromoacetophenone and 4-bromoanisole in th?@se porphyrins, with the classical Sonogashira coupling only
presence of copper(l) and potassium carbonate as base df1en being possible for metalloporphyrins. Other examples
130 °C4? |n addition, the phosphadamanta@éas been  Of strong dative ligands are aminophosphanes, which,
used mixed with Pgdba):CHCI; for the in situ generation ~ together with Pd(OAg)as the palladium source, have been
of the corresponding catalyst, which has been used for theUSed in copper- and amine-free Sonogashira reactions using
copper cocatalyzed coupling of aryl iodides at room tem- inorganic bases:
perature or the copper-free coupling of aryl chlorides and The presence of copper as cocatalyst in Sonogashira

bromides at 50°C.** Moreover, the combination [Pgif- couplings has also been avoided by using silver(l) oxide as
C3Hs)Cl] /tetraphosphan@ (Tedicyp) has been employed for  cocatalyst in the case of the coupling of aryl or vinyl
the copper cocatalyzed coupling of aryl bromid&<,het- iodides?*® with the procedure being rather sluggish and
eroaryl halideg!°vinyl bromides*?or aryl chlorides’*¢with copper(l) iodide having to be added in a further improved

only 0.01 mol % catalyst loading and without the addition proceduré?® In spite of this, this copper-free (but stoichio-
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metric in silver) protocol has been used recently in the
coupling of a iodobenzamid#&4 to a ethynylestradiol 3 to
give compoundl5, which can be used for the synthesis of
an estrogenic malonatglatinum(ll) complex with cytotoxic
activity (Scheme 6%° It is interesting to remark that the use

Scheme 6
OH H
Mel" —= 0. _N.__CO,Et
CO,Et  Pd(PPhy),Cl, (5 mol%)
.
Ag20, THF, 60 °C
HO (61%)
i
13 14
0
NH
MeOH ﬁ
"
Et0,C” "CO,Et
HO 15

of an excess of silver(l) oxide has allowed the coupling
reaction between arylboronic acids and terminal alkynes
using Pd(dppf)Glas catalyst in dichloromethane and at room
temperaturé® In addition, good results have been obtained
in coupling 1-(trimethylsilyl)alkynes with vinyl triflates and
aryl iodides when using the combination Pd(B&kAgl or
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related to silylated acetylenes involved in Sonogashira
reactions is the coupling of aryl or vinyl nonaflates and
terminal alkynes under palladium(0) catalysis at room
temperature facilitated by the presence of an additive such
as polymethylhydrosiloxane (PMHS) in combination with
cesium fluoride, although the presence of a copper cocatalysts
is necessar§? The reaction probably takes place by in situ
formation of an alkynylsiloxane with subsequent transmeta-
lation between silicon and copper.

The same work that reported that copper(l) could be
substituted by silver(l) oxide in the copper-free Sonogashira
reactiort*?also studied the effect of avoiding the copper salt
by adding substoichiometric amounts of TBAF or tetra-
butylammonium hydroxide (TBAOH) together with the
catalyst-forming mixture Pdba)/PPh.5* The effect of these
ammonium salts could be twofold, with the salt acting as a
base and also having an effect in the stabilization of possible
active palladium nanopatrticles generated in the decomposi-
tion of the catalyst, something observed when working with
palladium-derived catalytic speci&s.It is known that
ammonium salts can stabilize transition-metal nanoparticles
by electrostatic and steric factd®=3® thus repelling the
neighboring nanoparticles and preventing their aggregation
with nonactive species such as palladium black. A recent
example of the use of one of these ammonium salts as an
additive is the copper-, amine-, and solvent-free Sonogashira
alkynylation reaction of aryl iodides, bromides, and even

AgCl as catalytic system, in the presence of potassium geactivated chlorides in the presence 3 mol % Pd{R€h
carbonate and methanol at room temperature. This reactionyng 3 equiv of TBAF at 80C.5” The tetraalkylammonium
takes place by displacement of the in situ generated silicatecation could also act to stabilize possible anionic catalytic

by the more electropositive silver ion, creating a silver
acetylide that takes the role of the copper acetylide in the
classical Sonogashira reacti®rgs it has been demonstrated
that trimethylsilyl acetylenes can be deprotected by silver
salts®® A similar process is the coupling of vinyl triflates
with 1-(trimethylsilyl)alkynes using catalytic amounts of the
combination Pd(PR)w/Agl, but in the presence of tetra-
butylammonium fluoride (TBAF). The fluoride anion acts

in this case as an activator to form a pentacoordinated

organosilicate, which is again displaced by the silverson.
It has been observed that aryl or alkenyl triflates can be

coupled directly with alkynylsilanes just by using the

combination Pd(PR/CuCl as catalyst, in DMF as solvent

at 80°C. This process has been called a “sila’-Sonogashira

cross-coupling and avoids totally the formation of the alkyne
homocoupling Glaser-type prodifétin this type of coupling,
a transmetalation from silicon to copper has been propose
when using copper(l) cocatalysisHowever, the copper-
free version of this “sila’-Sonogashira cross-coupling reaction

has been achieved using a palladium/imidazolium salt system

(see section 3.4.2%. This process has been applied more
recently to the coupling of electron-poor aryl and hetaryl
bromides or iodides, such as 5-bromopyrimididé)( and
1-aryl-2-(trimethylsilyl)acetylenes, giving compoutd by
using the combination Pd(OAZP (o-tol); as catalyst in the
presence of tetra-butylammonium chloride in DMF at 100
°C, with use of microwave heating to improve the coupling
yields in reaction times up to 15 min (Schemé&Z3omehow

Scheme 7

N
¢ N
_
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Me;Si—=—Ph
Pd(OAc); (5 mol%),
P(o-tol)3 (10 mol%), nBusNCI,
DMF, MW, 100 °C
(60%)

palladium species (see section 3¥}jherefore, its role as
an additive could be multiple and difficult to elucidate.

Increasing environmental awareness has led to a tremen-
dous interest in the use of alternative solvents to traditional
organics for metal catalysis. Among them, water is an
especially attractive option because it is inexpensive, non-
flammable, nontoxic, and environmentally sustain&blie.
addition, the use of water as part of a biphasic solvent system
can simplify the separation if homogeneous hydrophilic
metallic catalysts are used, something quite valuable in
pharmaceutical synthesis.

The conventional copper-cocatalyzed Sonogashira cou-
pling of iodoarenes has been achieved using Ré€h),
and trin-butylamine in aqueous potassium carbonate at room
temperaturé? and more recently Pd(PBh has been used

dfor the coupling of aryl iodides and bromides in water at 70

°C.”* In addition, agueous organic solvents have been used
for the Sonogashira reaction using isolated or in situ
generated Pd(PB)ain the presence of quaternary ammonium
salts (Jeffery’s conditionsy.

Homogeneous aqueous-phase Sonogashira couplings, simi-
lar to other transition-metal-catalyzed—C bond-forming
reactions, can be achieved employing hydrophilic palladium
complexes? As phosphanes are the typical ligands in
palladium catalysts, an obvious way of getting water-soluble
palladium complexes is the development of hydrophilic
phosphanes. The sulfonated phosph®én = 1, TPPMS)
was employed for the preparation of the water-soluble
palladium(0) complex Pd(TPPM$)wvhich was pioneeringly
used for different coupling reactions such as the Sonogashira
cross-coupling of aryl iodides and bromides with terminal
alkynes in a mixture of 50% aqueous acetonitrile at room
temperature and in the presence of Cul as cocatalyst and
triethylamine as bas#.Since its first application in different
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cross-coupling reactions in aqueous me8ighe higher Pr
sulfonated phosphari8 (n = 0, TPPTS) has been used in BULP

the in situ generation of the catalytic palladium species for (B2 ~ONMeger A0S O O
Sonogashira reactiorias recently, where mixing Pd(OAc) Pr PCy,
(2.5 mol %) and18 in 50% aqueous acetonitrile, with or 22 23

without copper cocatalysis at 3€ and using diisopropyl-

amine as base, allowed the coupling of 4-bromotoluene and The conventional palladium catalysts can also be used in

phenylacetylene although in rather low yieldS his ligand homogeneous catalysis under aqueous conditions if a proper

has also been used recently under similar reaction conditionsadditive is added. Thus, as the effect of TBAOH in

in the copper-free coupling of differently metalated porphy- promoting the Sonogashira coupling reaction is knétin,

rins and phenylacetylen@. was supposed that the simpler ammonium hydroxide could
perform similarly. Therefore, it was found that diluted

aqueous ammonia (02 M) promoted the reaction of
Ph"P@>3_n P >3 terminal alkynes with aryl iodides and bromides at room
SO;Na COo,Li temperature using PdgPPh), as catalyst and copper(l)
n=012 iodide as cocataly$t:23The reaction was found to decrease
18 19 the yield as the concentration of the employed ammonia

) ) solution increased, and its role could not be exclusively to
_Related to the TPPTS ligand& n = 0), although with ¢t a5 a base, as other inorganic bases resulted in lower yields
higher basicity, is the lithium carboxylate-containing phos- of the coupled producf8. Moreover, the addition ofS)-
phanel9 (m-TPPTC), which combined with PA(OACJ1  prolinol to the typical Sonogashira catalytic mixture PECI
mol %) has allowed the Sonogashira copper-free cross-(ppp),/Cul has allowed the coupling of terminal alkynes to
coupling of aryl iodides, even sterically hindered, in a 3.jodoflavones in 20% aqueous DMF at room temperature,

mixture of aqueous acetonitrile as solvent and using triethyl- a5 shown in Scheme 9 with the cross-coupling of iodoflavone
amine or diisopropylamine as base at®€D’® An example

is shown in the coupling reaction af-iodinated benzyl Scheme 9
alcohol20 and phenylacetylene to give alkynylated product

OH
21(Scheme 8). It is interesting that this catalytic system can = e
Me
Scheme 8 Pd(PPh),Cl, (5 mol%),
Ph Cul (10 mol%), (S)-prolinol,
| _ &7 DMF, H,0, 1t
@[/ ——Ph (81%)
OH  Pd(OAc), (1 mol%), OH
19 (4 mol%),
20 EtsN, MeCN, H,0 21

(87%)

be recycled, transporting the acetonitrile/water medium to a
biphasic system, which allows the separation of the final
coupling products and the reuse of the catalyst-containing
aqueous systerfi.

Another active and recyclable in situ generated water-
soluble palladium catalyst for the Sonogashira reaction is 24 and 2-methylbut-3-yn-2-ol to give compou28. It has
that obtained by the combination of Pd(OA€2.5 mol %) been suggested thag){prolinol stabilized the possibly
and ditert-butylphosphane22, which can couple aryl  generated catalytic anionic species and facilitated the reaction
bromides in aqueous acetonitrile in the presence of copperin aqueous media due to its interaction with water molecules
iodide and diisopropylamine as base at 8D, with an via the hydroxyl groug*
activated aryl chloride even being used, although with low  There is also a reported example of the use of palladium

yield and increasing the palladium loading (5 mol %)n submicron powder for generation of the catalytic species in
addition, biphenyl sulfonated phospha2®&creates a quite  Sonogashira couplings in aqueous media. Thus, aryl iodides
active catalyst when mixed with Pd@¥eCN), (2.5 mol %) and bromides and also a vinyl iodide have been cross-coupled

in aqueous acetonitrile, thus allowing a high yielding copper- with aryl and alkyl terminal acetylenes in the presence of
free Sonogashira reaction of activated and unactivated arylpalladium powder, copper(l) iodide, and triphenylphosphine
bromides and chlorides with terminal acetylenes, using in aqueous THF at 60C.8°

cesium carbonate as base at—@@0 °C2 Moreover, Room temperature ionic liquids have also been considered
phosphinous acids have been shown to be suitable ligandsn recent years as an alternative to volatile organic solvents
for the aqueous Sonogashira cross-coupling reaction. Thusfor numerous catalytic transformatioffsyith advantages
the palladium-phosphinous acid complex Pgi@Bu),P- also derived from the frequent ionic liquid ability to contain
(OH)]2 (10 mol %) has been employed in the copper the catalytic system, thus allowing its reuse after separation
cocatalyzed coupling of aryl halides, including chlorides, of the final products. However, few examples can be found
using pyrrolidine as base and tetrdbutylammonium bro-  where a usual phosphane-containing palladium catalyst had
mide (TBAB) as additive in water at 140C, with the been employed for Sonogashira reactions in ionic liquids.
positive effect of TBAB being also attributable to an Thus, the system formed by the combination of Pd(QAc)
enhancement of the solvation of the organic compodhds. PPh as catalyst and also copper(l) iodide and triethylamine
However, the absence of the copper cocatalyst drove to lowerin an ionic liquid such as 1-butyl-3-methylimidazolium
yields. tetrafluoroborate ([BMIm][PE]) at 80°C was able to perform
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the Sonogashira coupling of aryl iodides with different
alkynes in good to moderate yiel®fsA copper-free version
using this ionic liquid as solvent at 61, but employing
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bidentate phosphanated palladium(ll) polyamino dendritic
catalysts have been used solubilized in triethylamine (1 mol
% catalyst) for the coupling of aryl iodides and bromides at

PdCL(PPh). as reusable catalyst and diisopropylamine as 25—120°C, and of aryl chlorides, but in very low yields.
base, has been employed for the coupling or aryl iodides or The dendrimeric catalysts could usually be recovered by
a vinyl bromide and terminal alkynes in high yief#sThis simple precipitation and filtration and reused up to five times,
reaction has been applied successfully to a microflow system.with diminished activity produced by dendrimer decomposi-
The use of microwaves for achieving local overheating tion and not by palladium leaching being observed. These
often results in considerable lowering of reaction times, dendrimeric catalysts showed a negative dendritic effect; that
which also drive to higher purity of the final products and, s, the catalyst efficiency decreases as the dendrimer genera-
consequently, higher yields. Therefore, their use in organic tjon increases. In addition, recyclable polymeric phosphane
synthesis is now frequefit.The procedure can usually be |igand 28, obtained from ring-opening metathesis polymer-
applied to Sonogashira coupling reactions, as, many times,jzation of a norbornene derivative, has been used in the
the solvents employed for this reaction are polar molecules, copper cocatalyzed Sonogashira reaction of meibyl
being, therefore, microwave active. Thus, microwave heating joqobenzoate and phenylacetylene using Pd¢dbiar; (2.5
has been used in homogeneous-phase Sonogashira reactiopgo| o4) as palladium source in refluxing triethylamitfelhe
under typical reaction conditions [Pd(PfBIo/Cul, diiso- 54 ymeric catalyst was recovered by filtration, although its

propylamine, DMF as solvent, 12C] for the coupling of IVt o ; % i h
different aryl iodides, bromides, triflates, and also 2-chlo- f:é?gfelcei(glevrli%gﬁf reased by approximately8#6 in eac

ropyridine with trimethylsilylacetylene, affording excellent
yields in only 5-25 min?° Essentially the same experimental
protocol has been used for other homogeneous Sonogashira
reaction®! such as the case shown in Scheme 10, where

g

erp—{ ) &,
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o ; ;
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PdCl,(PPhg), (5 mol%), Cul (5 mol%),
PPh;, Et,NH, DMF, MW, 120 °C
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the bromoaryl boronat26 is coupled to trimethylsilylacety-
lene under microwave-facilitated Sonogashira reaction condi-
tions to give acetylen27 in almost quantitative yield in only

25 min?2 The same reaction carried out in refluxing DMF
for 6 h failed, whereas heating at 13C during 30 min
afforded only a 60% yield.

The microwave-assisted procedure can be especially
interesting when working under heterogeneous conditions,
as usually these reactions take place in longer reaction times
than their homogeneous counterparts. Examples of applica- Soluble polymers can be used for the attachment of
tions of this microwave technique to Sonogashira coupling Phosphanes, which can drive to phase-tagged biphasic
reactions can be seen in the rapid coupling reaction of solid- catalytic species suitable for separation and recycling. Thus,
phase supported aryl iodides and bromides to acetylenelinear poly(4-methylstyrene) has been used for this anchoring,
derivatives®® or the coupling of PEG-supported iodobenzoic as can be seen in the case of polymeric bis-adamantyl
acid with terminal alkyne® In addition, microwave heating ~ phosphonium sal9, which generated the free phosphane
allowed the high yielding, solventless Sonogashira coupling in the presence of diisopropylamine and combines in situ to
reaction between aryl or alkenyl iodides and terminal alkynes Pd(PhCN)Cl, (1 mol %) to give a catalyst employed for
on palladium-doped alumina in the presence of tri- the copper-cocatalyzed Sonogashira reaction of aryl bromides
phenylphosphane and copper(l) iodfe. and terminal alkynes in the biphasic mixture cyclohexane/

, DMSO at 60°C.?° The catalyst remained dissolved in the
3.1.2. Supported Palladium—Phosphorus Complexes nonpolar phase with very small loss (2%) to the polar phase

The problem associated with the recovery of the often and could be separated and reused. The reaction using this
expensive catalyst after product formation poses a seriouscatalyst has also been performed in toluene as solvent, and
drawback for large-scale application of homogeneous ca-in this case nanofiltration techniques have been used for the
talysis. Metalodendrimers combine the advantages of ho-polymer recovery® This bis-adamantyl phosphonium salt
mogeneous and heterogeneous catalysts, as they are solubkas also been attached to monomethyl PEG (MeOPEG) to
and well defined on the molecular level, and yet they can give polymer30, which after in situ deprotonation with an
be recovered by precipitation, ultrafiltration, or ultracen- amine and combination with MadChL (1 mol %) as
trifugation® Some recent examples can be found about the palladium source allowed the copper cocatalyzed coupling
use of dendritic palladium complex catalysts for the copper- of aryl bromides to acetylenes in the biphasic mixture
free Sonogashira reaction. Thus, several generations ofn-heptane/DMSO at 60C.2°12An example of its use is the

fo) Ph
FI’\’Ph
b )
Cl
31
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cross-coupling of 4-bromoanisol83) and phenylacetylene
to give the corresponding produdB8 (Scheme 11). The

Scheme 11

Ph
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30 (2 mol%), Na,PdCl, (1 mol%),
Cul (0.7 mol%), iProNH,
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OMe
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palladium catalyst able to perform the copper-free coupling
of 2-iodothiophene with phenylacetylene (0.5 mol % catalyst
loading), using triethylamine as base in acetonitrile at 100
°C.197The catalyst provided sufficient activity until the fifth
run, with less than 0.1% of palladium leaching being
observed.

3.2. Palladium —Nitrogen Complexes

3.2.1. Unsupported Palladium—Nitrogen Complexes

Pyridines and pyrimidines have shown good complexation
properties for palladium and have been employed in the

palladium and copper catalysts remained in the polar phaseformation of catalysts suitable for Sonogashira couplings.

after extraction of the low-polarity layer with total retention,

Thus, the dipyrimidyt-palladium complex36 (prepared by

but their activity showed a small but noticeable decrease aftermixing the corresponding ligand with ,AdCl) has been

five runs. The initial activity was, however, recovered after
addition of new copper(l) iodide. This catalyst has been
applied to a continuous biphasic flow procé¥8In addition,
amphiphilic polystyrenepoly(ethylene glycol) (PSPEG)
resin-supported palladiurphosphane complexes such3s
have been used in water for copper-free Sonogashira reac
tions 102

Immobilization of the palladium catalyst on a solid and

insoluble support can drive to advantages related to its easier

isolation and recycling compared to the cases of soluble
counterpartd®® An example of an insoluble phosphane
palladium complex applied to the Sonogashira reaction is
catalyst34, anchored to a cross-linked aminomethyl poly-
styrene. This supported complex, generated after reaction o
the corresponding anchored diphosphane with Pd(CGD)CI
has been employed in the overnight copper cocatalyzed cross
coupling reaction of aryl iodides with terminal alkynes (4
mol % catalyst loading) in the mixture dioxane/piperidine
as solvent at 60C, with the catalyst being recovered by
filtration and reused up to four times without any loss of
activity.1%4 It is interesting to note that a quite similar
supported palladium complex, now anchored to aminopro-
pyltrimethoxysilane, has been employed (1 mol % catalyst
loading) in the coupling reaction of aryl iodides and alkynes
in piperidine at 70°C, but now in the absence of copper
cocatalyst and in only 10 min, although a reduction in the
yield of the coupled product and longer reaction times (up
to 50 min) were observed using the recycled catdfpst.

v
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employed in the copper-free coupling of iodo-, bromo-, and
chlorobenzene with phenylacetylene usingntiiutylamine
as base in THF at 63C.1% More recently, the dipyridy+
palladium complexd7 has been obtained and has been used

3 o}
MeYO CyHN” “NH
s Y
| | |
_N._ N_~ =N N~
Pd Pd
cr’ ¢l Cl” ¢Cl

36 37

fin the copper-free Sonogashira coupling reaction of aryl

iodides and bromides iN-methylpyrrolidinone (NMP) using
tetran-butylammonium acetate (TBAA) as base at P

or at room temperatur€? It is interesting to note that this
complex 37 has also been used for the coupling of aryl
iodides and bromides in refluxing water as solvent and in
the presence of air, using pyrrolidine as base and TBAB as
additive]% although its efficiency was higher iN-meth-
ylpyrrolidinone (NMP) as solvent. An example of use of
complex37 is shown in the double coupling afdiiodo-
benzene 38) and phenylacetylene to give dialkynylated
benzene9 (Scheme 123%°° Complex37 (0.1—-1 mol % Pd

Scheme 12
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loading) has also been recently employed in the preparation
of symmetrical diarylakynes by direct diarylation of al-

A curious example of supporting a phosphane ligand on kynylsilanes, such as mono- and bis(trimethylsilyl)acetylene
a silica gel-derived solid support without covalent bonding (TMSA and BTMSA), in water using pyrrolidine as base
can be seen in the case of perfluoro-tagged palladiumand TBAB as additive. This reaction probably takes place
complex 35, which has been immobilized on a fluorous- by succesive protiodesilylatierSonogashira coupling.
modified silica gel and employed in the Sonogashira coupling Alternatively, the process can be performed in NMP as
of p-bromonitrobenzene and phenylacetylene in the presencesolvent in the presence of tetrebutylammonium acetate
of copper(l) iodide and di-butylamine in dimethoxyethane (TBAA) as base, with even lower palladium loading (0.601
as solvent at 100C.1% The leaching was 1:61.9%, and mol %). Finally, an example of a pyridine-derived complex
high yields were obtained with 2 mol % catalyst loading for is also the in situ species formed by combination of Pd-
three successive experiments using the recycled catalyst(OAc), and 2-aminopyridine-4,6-diol, which has been em-
whereas with 0.2 mol % loading the yield dropped when ployed in a copper-free coupling of aryl iodides and bromides
the catalyst was reused. Finally, a Nafion membrane, using cesium carbonate as ba&ke.
reinforced with Teflon, has been used for supporting a An example of a bis-imidazolyl-derived palladium cata-
diphenylphosphane ligand, which after treatment with Pd- lysts is complex40, which performs a rapid copper-free
(OAc),, allowed the preparation of a recyclable supported Sonogashira coupling of aryl iodides and terminal alkynes
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(0.02 mol % catalyst) in ionic liquids in the presence of transmission electron microscopy (TEM) determinations. The
piperidine at 120C 1! The products could be extracted from palladium loading could be decreased to 0.001 mol % in
the ionic liquid, which after washing with water to remove the coupling of phenylacetylene and 4-chloroiodobenzene
the formed piperidine salt, could be reused. There is also an(45) to give alkyne46 (Scheme 13), although longer reaction
example showing the use of a bis-oxazoline palladium Scheme 13

complex in a Sonogashira coupling reaction. Thus, complex

C =—Ph
N A M~ “ I 44 (0.001 mol% Pd) “ C =
B = . mol%
HN NH o} o) e '
\=N Pd Nx/ ~N Pd Nx 45 pyrrzlgél)n;ﬂBEAB. 46
Cl' Me Et CI" Cl Et (99%)
40 “1 times were needed. This polymeric catalyst showed a higher
mBu. Me e efficiency than its monomeric counterp@i, and also higher
‘Né( WMe T recyclability than that when using a polyurea-encapsulated
K/N\ C'\PdN‘NL 2 palladium(ll) catalyst such as Pd EnCat 40, being reused up
N‘\N’ cl N@ to five times without appreciable lost of catalytic activity.
Me™N Me Me>/ “nBu In addition, this polymeric complext4 has performed

similarly to complex37 in the direct diarylation of TMSA
and BTMSA using the same reaction conditidhs.
Supported dinitrogenated ligands useful in Sonogashira
coupling reactions have been recently obtained by reaction
of amino-containing silanes with silica gel. Thus, recyclable
pyridine-oxime-containing palladium cataly€g (R* = Me;
R? = H, Me) supported on silica gel have allowed the
coupling of electron-poor aryl iodides and terminal alkynes
(0.1-1 mol % Pd loading) in the absence of copper, using
triethylamine as base in undecane as solvent at@g?®
These catalysts could be filtered and reused, showing a partial
loss of performance after the third cycle. No catalytic activity
have been used for the coupling of 2-iodoaniline and was observed _in the solution after filtration _of supported
phenylacetylene, although the catalysts are deactivated b)patalysts, proving Its he;te_rogengous_behawor. A related
air during the extraction procedutt. Finally, bi- and Palladium complexd7 (R* = OEt;, R = Me) has been
trinuclear oxalamidinate complexes of palladium have been anchored to the surface of expanded corn starch and used in

used in the copper-free Sonogashira reaction between 4—bro-the s_olventless, copper-free coupling re_action of electron-
moacetophenone and phenylacetyl&fie poor iodoarenes and phenylacetylene, using DABCO as base

at 100°C or microwave heating, achieving TONs up to 384

3.2.2. Supported Palladium-Nitrogen Complexes (thermal heating) or 326 (microwave heating) and giving no
palladium leaching?® In contrast to silica-gel-based materi-

42

41 has been employed (0.055 mol %) in a rather low-yielding
cross-coupling of iodobenzene and phenylacetylene in pyr-
rolidine at 90°C, with a large amount of copper(l) iodide
(50 mol %) also being necessafy Similarly, ionic liquid-
soluble bis-pyrazolyl-derived palladium complké2 has also
been used for coupling of aryl iodides and phenylacetylene
(1 mol % catalyst loading), with the ionic liquid with the
catalyst being reused up to six reaction cycles while
maintaining its activity:’®* Furthermore, hetero-bimetallic
palladium-copper catalysts with 2-hydroxypyridine ligands

Dipyridyl-based, ROMP-polymer-anchored palladium com-
plex 43 (X = CH) has been used in an example of copper-

o)
; . . OH R! SaSN U
free Sonogashira coupling between iodobenzene and oZSi HN NH

TMSA 116 whereas related dipyrimidyl-derived polymeric 8H 2N\fco/‘pd?A° S3. _ Pddn
catalysts43 (X = N) exceeded its nonpolymeric counterpart NG N= GISINHN__NH
36 in terms of reactivity when coupling iodo-, bromo-, or  o1_ e og e \_7/
chlorobenzene to terminal alkynes usingriiputylamine as [Rz =H, Me
base in THF as solvent at 6%.1% Dipyridyl-based poly- 47 48
CMe,Ph als, which have been proven by XPS to have all palladium-
A n (1) (therefore bound to the ligand), this starch-derived
o Ph catalyst has been shown to contain palladium(0) nanoclusters
07 °NTT0 o .
produced after conditioning of the surface, which are
X\YNTX\ i stabilized by the support material and able to act catalytically.
@N.Pd NJ NNz Also immobilized on silica gel is the 3-(2-aminoethylamino)-
cr cl cl ¢l propyl-functionalized palladium catalyst with the uncertain
[X=CH,N]| structure 48, prepared by reaction of the corresponding
43 44 supported diamine with Pd(OAc)This supported catalyst
has been employed in the copper-free Sonogashira reaction
(styrenealt-maleimide)-anchored palladium complé (1.2 of aryl iodides and bromides with acetylenes (1 mol % Pd

mmol/g of Pd) has been shown to be more efficient and hasloading) using potassium carbonate as base in ethanol as
been used as a recyclable catalyst in copper-free Sonogashiraolvent at 80°C, being recovered by filtration and reused
couplings of electron-rich or -poor aryl iodides and electron- up to 30 times without any decreases in the actitity.
poor aryl bromides (0:20.2 mol % Pd loading) in refluxing  Related mesoporous molecular sieves of the type MCM-41
water or under microwave heating using pyrrolidine as base have been recently used for supporting palladium(0) com-
and TBAB as additive, achieving TONs up to®1&' Under plexes in the copper-cocatalyzed Sonogashira reaction of aryl
these conditions, the formation in the polymer surface of iodides with terminal alkynes in piperidine at room temper-
stabilized active palladium(0) nanoparticles was observed byature!?!
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Zeolites have been used for the immobilization of nitrogen- using triethylamine as base, although the presence of catalytic
containing palladium complexes applicable to Sonogashiraamounts of copper(l) iodide and triphenylphosphine was
couplings. Thus, when NaY zeolite was ion-exchanged using necessary?® Tridentate bis-carbene-pincer compeX has
a solution of [Pd(NH)]?"ClI-, the palladium zeolite [Pd- been also used in the copper-cocatalyzed Sonogashira
(NH3)]—NaY was obtained?? This heterogeneous catalyst reaction of iodobenzene with phenylacetylene in boiling
was employed for the copper-free cross-coupling reaction pyrrolidine, affording a high yield, although a small amount
of aryl iodides (quantitative yields) and activated aryl of addition of the alkyne was necessary when aryl bromides
bromides (moderate yields) with terminal alkynes (1 mol % were employed in order to avoid alkyne homocoupfifyg.

Pd loading), using triethylamine as base in DMF/water at The formation of palladium black was observed when using
80 °C. This catalytic system showed recyclability after five this catalyst if the temperature was maintained when all the
runs and no palladium leaching, with only a slight deactiva- substrates had been consumed.

tion during the first run, which could suggest a change in

the state of the catalyst during the first process. ON—=®
NN
3.3. Palladium —P,N- and Palladium —P,0 &} de
Complexes cIg <
2
P,N-Donor bidentate ligands exhibit hemilabile behavior 53

when coordinated to palladium, with the soft phosphorus . . .
atom coordinating strongly whereas the hard nitrogen donor _ AISO, copper cocatalysis was necessary in the promising
is weakly bound. To this category belongs the palladium(ll) SOnogashira-type reaction of unactivated alkyl halides, which
complex49, containing a ferrocene-based phosphinimine = 1as been achieved by means of NHC-derived palladium
phosphane ligand, which has been used in the amine- an(ﬁomplexes?.Thus, primary alkyl bromides and iodides have
copper-free Sonogashira coupling of aryl iodides and aryl P€€n coupled to terminal alkynes using a catalytic system
bromides in NMP as solvent at 11G (1-0.1 mol % catalyst ~ 0ased on the combination of [R&{CsHs)Clo], N-bulky-
loading) and in the presence of TBAZS In addition, substituted d.|hy_dr0|m|dazole-der|ved IlganQS,amgh amount
complexes50 containing P,O-bidentate 3-oxo-1,3-diphos- of copper(l) iodide (22.5 mol %), and cesium carbonate as
phapropene ligands have been assayed in the copperP@Se at 45C.More recently, the coupling of secondary
cocatalyzed coupling of iodobenzene and phenylacetylene, /Kyl bromides, such as bromoestst, has been achieved

using triethylamine as base and solvent at room temperature USing the same base and a combination of Nt@lladium
with yields up to 68% (R= p-MeOGsHa).124 complex53 (2 mol %) and copper(l) iodide (8 mol %) in a
mixture of DMF and DME as solvent at 6@, giving the

COMEt aMe corresponding alkynylated compous8when 1-octyne was
e ! 2/'352 used as terminal alkyne (Scheme %),
d_<"‘ Ph Pd
e Cl-pd. cl ¢l Scheme 14
o P But tBu
Phs [R = p-MeCgH., p-MeOCgH,, nBu] \/\)M\e =—nCeH13
=P 6'14, P 6" 14, EtO-,C
49 50 102 Br 53 (2 mol%), Cul (8 mol%),
54 Cs,CO3, DMF, DME, 60 °C
. . (76%)
3.4. N-Heterocyclic Carbene (NHC) Palladium Me

Complexes EtOZC\/\)\
X

3.4.1. Unsupported NHC Palladium Complexes o nCeHia

NucleophilicN-heterocyclic carbenes (NHCs) behave like
typical o-donor ligands that can substitute classical 2-electron  Copper-free Sonogashira protocols have also been devel-
ligands such as amines and phosphanes in metal coordinatiowped using these types of carbene complexes. This is the
chemistry, sometimes even more efficiently; therefore, they case of the procedure described for the direct coupling of
have found application to numerous areas of organometallicaryl bromides and alkynylsilanes using an in situ generated
homogeneous catalysi® The most easily available are palladium carbene from Pd(OAc)3 mol %) and an
stable carbenes derived from imidazole, not the least becausémidazolium salt, in DMA as solvent at 82C.5! Also a
numerous imidazolium precursor compounds can be madecopper-free procedure is involved in the case of the NHC-
along various reliable routes, with the combination of the derived catalysb6, which has been used (1 mol %) for the
imidazolium salt with a palladium source under basic coupling of 2-bromoacetophenone with phenylacetylene in
conditions generating the NHépalladium complex. NHC-  triethylamine as solvent at 90C.1?8 The carbene-derived
derived palladium(ll) comple%1 (1 mol %) has been shown palladacycle§7and58 (0.1 and 0.2 mol % catalyst loadings,
respectively) were used for the same coupling under identical

Me N/:\N reaction conditions, although achieving lower yieltfBulky
1 N “R . . - _ .
N ~ _ phenanthracenyl imidazolium-derived salts such@have
[N>_P.d‘N\\/NMe \ N—Pd-Br been investigated as ligands (3 mol %) in copper-free
pu : ] Sonogashira coupling of aryl iodides and bromides in
o NQ AV combination with PdG[(PPh), (3 mol %) with potassium
(R = Me, nBu, Bn| tert-butoxide as base and 18-crown-6 in THF at’€5%0In
51 52 addition, a recent example of application of an acyclic

aminocarbene-derived complex, generated by deprotonation
to promote the coupling of aryl bromides at 80 in DMF of amidinium salt60 with LDA and combination with [Pd-
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reactions such as the Sonogashira coupling of electron-rich

\—7
A N-Me (\N’Me Me SHO —
N(‘j | N~ Me N Me N g 8;8'\/\/NYN‘M6
( Pd Pd [%Rd{] Cl-Pd-C
N=( | =N_Cl N ¢ N ljﬁ !
&/N‘Me \ /7 Me N Me”™ "Me
/N 63
56 57 58 ~ and poor aryl iodides and electron-rich aryl bromides with
phenylacetylene (7.3 mol % complex loading) using sodium
Cy ) carbonate as base at 5@, although using copper as
PFs oy cocatalyst3* Interestingly, this catalyst was separated from
N/_,\N" the reaction mixture just by using an external permanent
O ~ OO PrPr 1ior magnet, being reused up to three times without any loss of
O Cy O PN Nap, catalytic activity.
Cy

3.5. Palladacycle Catalysts

59 60

3.5.1. Unsupported Palladacycles

Palladacycles have emerged as a very promising family
of organometallic catalyst precursors ir-C bond-forming
processes, often showing interesting mixed characteristics
such as high catalytic activity and, at the same time, high

butylimidazolium tetrafluoroborate during the copper-free Stability***It has been proven that palladacycles are not the
Sonogashira coupling of aryl iodides under ultrasound ‘true” active catalyst, but rather the precatalyst that undergoes
irradiation at 30°C. Once generated in the reaction media, @n activation process acting as a source of low-coordinate
and not only under the sonochemical conditions, this complex Palladium(0) such as palladium nanoparticte¥* Some of

61 gives rise to stable, crystalline, and polydispersed pal- these palladacycles have been employed in copper-free
Sonogashira reactions, with the precursor being phosphapal-

(73-C3Hs)Cly] (1.5 mol %), for the room-temperature copper-
free coupling of aryl bromides can be foutd.

The palladium-biscarbene comple&l has been charac-
terized after being generated in situ by mixing Pd@Imol
%) and triethylamine as base in the ionic liquid 1,3Adli-

nBu nBu =\ ladacycle64, which performed the coupling of aryl bromides
N I|3F4i\| Me’NYN‘nBu
L Re< T Cl-Pd-CI 1ol 1ol Me
N BF, N ! R™ oAc S 0O
nBu nBu PPhs Pds\ e @Me
Pd
/
61 62 2 o %

ladium(0) nanoparticles as the real catalyst for the reaction
between aryl iodides or electron-poor aryl bromides and )
terminal alkyne$2? This recent work raises again the open N
question of whetheK-heterocyclic carbene palladium com- / v O
plexes are the real catalytic materiél$5® In addition, the P(4-F-CeHa)s
palladium—-carbene compleX2 has been employed in a O

parallel Sonogashira coupling reaction of aryl iodides under 66
copper-free conditions in ionic liquids using piperidine as

base at 80C (5 mol % catalyst loading®? and phenylacetylene in triethylamine at 9D, achieving an

. up to 8x 10 TON.1¥ Sulfinimine palladacyclé5 performed
3.4.2. Supported NHC Palladium Complexes less efficiently, being employed for the coupling of aryl

An example of a Sonogashira cross-coupling reaction iodides in triethylamine at 80C with TONSs just up to 352,
achieved by supporting a palladium carbene ligand on anwith the couplings of bromobenzene and especially chlo-
insoluble phase can be found in the immobilization of the robenzene affording low yields! In addition, the cyclopal-
mentioned palladium tridentate pincer bis-carbene catalystladated compoun€6 has been found to be the most effective
52 in smectite clays, which makes it recyclable and now from a series of related complexes in the Sonogashira
highly stable, with no palladium black being formed upon reaction ofp-bromoacetophenone and phenylacetylene, using
heating*?” The reaction is performed with iodobenzene and triethylamine as cosolvent at 10C, although the presence
activated aryl bromides and phenylacetylene (6 mol % of copper(l) enhanced the reaction réte.

complex loading), with pyrrolidine as base and solvent or
with piperidine andN,N-dimethylacetamide (DMAC) and
solvent at 87106 °C, with the presence of copper(l) as
cocatalyst being necessary.

A palladium-carbene complex has been used anchored Me; R?

to nanoparticles of magnetic maghemiteRe,Os) coated
with oleate, to form the iron oxidepalladium supported

However, oxime-derived palladacyclé®-13°have been
shown to be the most efficient for this type of cross-coupling
reaction. Thus, several benzophenone- and acetophenone-
derived palladacycle87 (R = Ph, p-CIC¢H,, p-MeOGsHy,

H, Cl, OMe) have been employed first in a
conventional copper-cocatalyzed Sonogashira coupling of
iodobenzene and phenylacetylene in pyrrolidine at@@&*°

complex 63. These superparamagnetic nanoparticles are However, a subsequent modification of the coupling protocol
partially soluble in organic solvents such as DMF and have (TBAA as base and NMP as solvent at 1°IT) allowed the
been used as catalysts in homogeneous cross-couplingise of palladacyclé7 (R* = p-CIC¢H,; R> = CI) for the
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ol
HO,
N—Pd},

|
R1
RZ

[R1 = Ph, p-CICgH,, p-MeOCgHa, Me}
R? = H, Cl, OH, OMe

67
copper- and amine-free coupling of aryl iodides and bromides
and also vinyl bromides with terminal alkynes in high yields,
with only 0.001 mol % Pd loading (for the coupling of
4-chloroiodobenzene and phenylacetyleff€An example
of its use is the coupling of 1,3,5-tribromobenze@8) (vith
1-octyne, to give trialkynylated benze6@ (Scheme 15410

Scheme 15
nCeHy3

Br
Br~ i Br

68

nCeHiz

67 (R' = p-CgHa, R2=Cl)
(0.05 mol%), TBAA,
NMP, 110 °C
(73%)

nCgH13 nCeH13
69

Palladacyclés7 has also been used as an effective promoter

Chinchilla and Najera

polystyrene-supported phosphapalladacy@bas been used

in the almost quantitative, copper-free Sonogashira coupling
of 4-bromoacetophenone and phenylacetylene in triethyl-
amine at 9C°C (0.2 mol %), although with a reaction time
of 3 days!*® The polymeric catalyst was precipitated by

@
(J

72

Ph ph
R oAc

Pd
%

Me Me
o5© O o
F/’d O/\é/o\%:\o P(‘j
Cl Cl

73

addition of ether and reused up to four times, keeping
conversions of more than 90%, although the amount of
recycled catalyst had to be increased to 5 mol %. No
palladium leaching studies were performed. In addition, an
oxime palladacycle was anchored to soluble PEG and the
resulting polymer73 was used as a catalyst solubilized in
PEG for a copper-free Sonogashira reaction using cesium
acetate as base at 150.16 The catalyst was effective in

of the direct coupling between alkynylsilanes, such as TMSA he coupling of a substrate such as 4-bromoacetophenone
and BTMSA, and i%' iodides and bromides in the presence gnq phenylacetylene and can be reused after precipitation
of copper or TBAB*“Thus, diarylation was observed under of the PEG in ether. The PEG-anchored carbopalladacycle

copper(l) cocatalysis when the reaction was carried out with
BTMSA in pyrrolidine as solvent at 90C, whereas the
silylated alkyne was the main product in NMP as solvent in
the presence of pyrrolidine and TBAB at 11W.24%
Palladacycle67 (R = Me; R? = OH) has also been
employed in the Sonogashira reaction using ionic liquids or
PEG as recyclable solvents, which has been studied unde

was stable on heating in PEG, but it mostly decomposes
during the first catalytic cycle, forming palladium nanopar-
ticles stabilized by PEG, thus keeping its catalytic properties
and avoiding palladium leaching from the PEG phase.

3.6. Ligand-Free Palladium Catalysts

r

copper-free conditions using cesium acetate as base and.6.1. Unsupported Ligand-Free Palladium Catalysts

heating in ionic liquids at 120C, generally giving extensive

palladacycle decomposition. This does not occur upon
prolonged heating in PEG. Decomposition instead occurs
under the real reaction conditions, giving rise to PEG-

stabilized active nanoparticles in a homogeneous recyclable

systemt*?

There are also examples of the use of palladium pincer
complexes in Sonogashira couplings, such as the PCP pince
complex70, which was shown to be reactive enough to cross-
couple a wide range of activated and nonactivated aryl
chlorides with phenylacetylene using cesium carbonate as
base, although Znglshould be added as additive and the
reaction was performed in DMSO at 18Q.1*3 Moreover,
theN-heterocyclic NCN pincer palladium complexgshave
been recently employed in the coupling of aryl and naphthyl
iodides and terminal alkynes (0.1 mol % catalyst loading)
in pyrrolidine as solvent at 100C.144

R
~
O-P(iPr), N@
Pd-ClI MeOZC Pé-CI E
/N\
O—P(iPr), N _
[R=H,Me] R

70 7

3.5.2. Supported Palladacycles

Few examples of the use of supported palladacycles in
Sonogashira reactions can be found. Thus, soluble linear

The use of simple palladium salts as catalysts has
advantages related to cost and to avoiding possibly sensitive
ligands, although it also has some disadvantages related to
the rather usually high amounts of palladium required. Some
successful examples of the use of ligand-free palladium salts
as catalysts are the copper-free Sonogashira coupling reac-
Fions of aryl iodides and bromides using Pd(OAa3 catalyst
at room temperature in DMF as solvent in the presence of
TBAA as basic additivé?” This catalytic system probably
generates highly reactive palladium(0) nanoparticles, as
carboxylated tetrabutylammonium salts are known to facili-
tate the reduction of Pd(OAc}o catalytically active pal-
ladium(0) specie’*® Recently, it has been found that 1,4-
diazabicyclo[2.2.2]octane (DABCO) can act as a superior
ligand for the palladium compared to the cases of other
tertiary amines in the copper-free Sonogashira cross-coupling
reaction. Thus, the combination Pd(OAd]3 mol %)/
DABCO (6 mol %) has been employed in the coupling of
aryl iodides and activated bromides in the presence of cesium
carbonate as base and at room temperatfifigne palladium
loading could be reduced to 0.0001 mol % (in the case of
aryl iodides), keeping good vyields, although with longer
reaction times. The same catalytic combination also gave
good yields in the absence of a base and even in the presence
of air.*0 However, when the copper-free Sonogashira reac-
tion using this catalytic system was attempted in agueous
media in the presence of polyethylene glycol-400 (PEG-400)
as phase-transfer catalyst, rather low yields were obtdfied.
More successful results using water as solvent have been
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reported. Thus, neat water has been used as solvent in théyzed coupling ofN-protected propargyl amines to nucleo-
copper-free coupling of aryl and heteroaryl iodides and side-containing 5-iodouracil, 5-iodocytosine, and 2-bromo-
terminal acetylenes using PdGIL mol %) as catalyst and  guaninel®® as exemplified in the cross-coupling reaction of
pyrrolidine as base at room temperature (for activated aryl iodinated dideoxyuridine derivativé5 and propargylated
iodides) or at 50C, with an illustrative example being the trifluoroacetamider6 to give compound/7 (Scheme 17).
coupling of p-iodoanisol and 1-ethynyl-4-methoxybenzene

to give diarylacetylen@4 (Scheme 163%? It is interesting Scheme 17

Scheme 16 Q J J o
;QOM \ﬁLNH ///\H CFs FiCT NN “
— e
HO N/&O 76 o .
MeO [ " o 10% Pd/C (5 mol% Pd), N" 0
PdCl, (1 mol%), Cul (20 mol%) koj

pyrrolidirz:,sgz,)o, 50 °C amberlite-IRA-67,
o DMF, 50 °C
75 (69%) 77
MeO O — O OMe . i
Palladium on charcoal has also been used for ligand- and
74 copper-free processes. Thus, very recently, aryl bromides and

even aryl chlorides have been coupled with phenylacetylene

to note that other typical Sonogashira catalytic combinations employing a combined halogen-exchangepper-free So-
gave only trace amounts of the desired products under theseyogashira procedure, consisting of the one-pot treatment of
aqueous conditions. Similar reaction conditions, although in the aryl halide and the acetylene with potassium iodide,
the presence of TBAB as additive and at 10D, have  potassium fluoride, or TBAF as base and palladium on
allowed lowering the amount of PdGlown to 0.01 mol % charcoal (3 mol % Pd), in the absence of solvent at°T366
in the case of the coupling of 4-chlorophenyl iodide and Aqueous organic solvents have been used with this palladium
phenylacetylen&®®® Finally, PdC} has also been used source, as in the case of the coupling of aryl bromides with
recently as an efficient precatalyst for the direct di- and an N-propargy| amino acid, under copper Cocata|ysis and in
monoarylation of silylated alkynes either in water or in NMP  the presence of triphenylphosphane, in 50% aqueous di-
as solvent, using pyrrolidine or TBAA as base, respectitely. methoxyethane as solvent at 80157 In addition, a copper-
In the case of TMSA and BTMSA, the double arylation took and ligand-free coupling of aryl iodides and alkynes using
place affording symmetrical diarylated alkynes, whereas sodium phosphate as base in 50% aqueous isopropanol as
silylated terminal alkynes gave unsymmetrical systems.  solvent at 80°C with low catalyst loading (0.2 mol % Pd)
. . . has been reported, with the presence of air not affecting the
3.6.2. Solia-Supported Ligand-Free Palladium Catalysts final yield.5® Moreover, neat water can be used as solvent

Palladium on charcoal has been employed several timeswhen the combination formed by palladium on charcoal (3.8
as a heterogeneous catalyst in Sonogashira cross-couplingnol % Pd), copper(l) iodide, and triphenylphosphane was
reactions under different reaction conditions. Although employed in Sonogashira proces¥&slthough the presence
certainly this is a “ligand-free” species, in some cases, of amino alcohols such aS)¢prolinol***2or 2-aminoethanét®
triphenylphosphane is added to the reaction medium and awas necessary.
palladium-phosphane complex is formed. Thus, the first The use of the Pearlman’s catalyst [Pd(@8] in
work which demonstrated the catalytic possibilities of this heterogeneous cross-coupling reactions can be a safer
palladium source for Sonogashira reactions showed that thealternative to palladium on charcoal due to its nonpyrophoric
treatment of aryl bromides with monosubstituted acetylenes character, although the presence of copper(l) iodide was
in the presence of palladium on charcoal, copper(l) iodide, necessary. There is an example of the use of this recoverable
and triphenylphosphane in triethylamine/DMF gave cross- catalyst (0.5 mol %) in the Sonogashira reaction of 3-bro-
coupled product$® In this work it was claimed that the  mopyridine with phenylacetylene or 2-methylbut-3-yn-2-ol
palladium on charcoal was only a source of soluble pal- in the presence of triphenylphosphane and potassium carbon-
ladium, as the reaction in the absence of the aryl halide andate, using aqueous dimethoxyethane as solvent 4C86°
the acetylene gave Pd(P§h The use of this palladium The so-called perovskites are a large nhumber of natural
source has proven effective in the case of the coupling of and synthetic materials with the same structure as that of
iodobenzene and phenylacetylene (0.125 mol % Pd) in thecalcium titanate, which can be modified by exchanging
absence of copper cocatalysis, using pyrrolidine as base ametalst®* Copper- and palladium-containing perovskites have
room temperature at 100, with the addition of copper(l)  found application in cross-coupling reactions, such as the
iodide not affording higher conversiofs2This process has  Sonogashira reaction of electron-rich or -poor aryl iodides
been investigated more extensively in aryl and hetaryl or p-bromonitrobenzene with aryl acetylenes (0.125 mol %
bromides and chlorides (5 mol % Pd) in aqueous DMA as Pd), using triethylamine as base in 5% aqueous DMAc or
solvent!>** proving that certainly the palladium that leached DMF as solvent at 1260C.1%? In addition, magnesium oxide
into the solution was catalytically active. The filtrated and mixed aluminumrmagnesium oxides derived from
palladium on charcoal after the coupling reaction has hydrotalcites containing variable amounts of palladium and
comparable activity to that shown by a “new” catalyst, which copper have been used as reusable solid catalysts for the
suggests that only a minor portion of the bound palladium Sonogashira coupling of iodobenzene and phenylacetylene
is released into the solution (less than 2%), although this isin DMF/water as solvent using triethylamine as base at 100
enough for contaminating the reaction mixt&t# Palladium °C (TONSs up to 24738 Metal-leaching experiments showed
on charcoal can be employed, combined with a resin-boundthat these systems were purely heterogeneous, with no
tertiary amine (Amberlite IRA-67), for the copper-cocata- palladium being detected in the reaction mixture.
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An air- and moisture-stable Pd/MgLa mixed oxide, also presentin nanoparticle-catalyzed reactions creates further
prepared by ion exchange of the MglLa mixed oxide with questions related to the nature of the catalytic species in many
NaPdCl, and further reduction with hydrazine hydrate, has transition-metal-catalyzed cross-coupling reactions.
been used as a filtration-recoverable and no-leaching sup- As the surface of the particles is the crucial area for the
ported palladium(0) catalyst in the copper-free Sonogashiracatalytic activity, recent work has shown that it is also
reaction of aryl iodides, bromides, and even unactivated aryl possible to economize expensive palladium metal in the
chlorides (1.5 mol % Pd), with the coupling taking place by preparation of active palladium nanoparticles by preparing
heating in DMF at 80C in the presence of triethylamine as nickel/palladium core/shell bimetallic species, obtained from
base's* There are also recent examples of a copper-free the consecutive thermal decomposition of metalrfactant
triethylamine-promoted Sonogashira reaction of aryl iodides complexes. These bimetallic nanoparticles show even higher
and phenylacetylene in DMF as solvent at PZDusing as catalytic activity in Sonogashira coupling reactions than
recyclable catalyst palladium(0) supported on cellulose (1.9 nanoparticles containing an equal amount of palladium,
mol % Pd), which was obtained by suspending a methanolic although copper cocatalysis is necessatyin addition,
solution of palladium(ll) chloride with microcrystalline  bimetallic hollow palladium-cobalt nanoparticles have been
cellulose and reducing the formed solid with hydraZitte.  used as catalyst in aqueous media for the coupling of aryl
TEM analysis showed small palladium nanoparticles along iodides or bromides and phenylacetylene, with the presence
with larger aggregates, with more aggregation being observedof copper iodide still being required:
in the recycled catalyst. A 2.22% palladium leaching was  Palladium(0) nanoparticles generated by heating a mixture
detected in the reaction mixture after the fourth catalytic of Pd(PPh),, tetra(ethylene glycol), and tetramethoxysilane

cycle. [or titanium(IV) isopropoxide] were encapsulated in a silica
. _ matrix (or a titania matrix) by the subsequent treatment with
3.7. Palladium Nanoparticles as Catalysts water. These filtration-recyclable encapsulated nanoparticles

. ) _ ) were active as catalysts in the coupling of methyl
Transmon-metal nanppartlcles are especially active cata- joqdopenzoate and phenylacetylene in triethylamine/DMF,
lytic systems due to their large surface a€Bhese catalysts  githough copper cocatalysis and a reaction temperature of

can be considered rather at the border homogereous 110°C were necessaif? In addition, colloidal palladium
heterogeneous, depending on the particle size, and could bg,as peen stabilized and supported on poly(vinylpyrrolidone)
named as semlheterogene_o_us systems. As mr—.jr)tloned abovgpvp) by heating Pd(OAg)in the presence of PVP. The
nanopartlcles can be stabilized by some additives _such aSypported nanoparticle palladium(0) catalyzes the copper-
trialkylammonium salts or PEGs which can act as ligands g |igand-free Sonogashira reaction of aryl iodides and
surrounding the dispersed nanoparticles and therefore mini-pomides with terminal alkynes using potassium carbonate

mizing their tendency to undergo agglomeratidriThe as base in ethanol at 8C, with the palladium metal being
nanoparticle size is associated with its reactivity; thus, small jecovered by decantation of the reaction solution and
nanoparticles would allow, for instance, more favorable .o sed73

oxidative addition of the metal to the carbehalogen bond

at the rim of the nanopartich® As hgs k_)een mentioneq, 3.8. Other Transition-Metal Complexes

nowadays there are real proofs or indications that palladium-

(0) nanoparticles can in fact be the real catalyst in many of  Nickel is a well-established partner of palladium in other
the processes already described, as a consequence afross-coupling reactions, but there are very few examples
decomposition of the original palladium salt or complex. of its use in the context of the Sonogashira alkynylation
However, it has recently been demonstrated by TEM and reaction. The reason is most likely the nickel inactivation
kinetic studies that soluble palladium species can also bedue to coordination to the triple bond, as was observed by
present when these palladium nanoclusters act as cataCassaP.However, the nickel-catalyzed Sonogashira coupling
lysts167.168 Thys, the copper-free Sonogashira reaction of has been carried out for activated aryl iodides and aromatic
4-bromobenzonitrile and phenylacetylene using palladium terminal alkynes using Ni@IPPh), (5 mol %) in the
nanoparticles, generated by reduction of Pd¢NQvith presence of copper(l) iodide (10 mol %), with triethylamine
tetraoctylammmonium glycolate, as catalyst and TBAA as as base and aqueous dioxane as solvent atL60 °C.174
stabilizer showed similar kinetic profiles to that using a More general results for the coupling of terminal alkynes
homogeneous Pd(dbajomplex. The palladium clusters were with aryl iodides, a vinyl iodide, and aryl bromides have
also prepared using other palladium salts, showing that thebeen obtained in heterogeneous conditions using recyclable
coordinating ability of anions to the cluster surface affects ultrafine nickel(0) powder in the presence of copper(l) iodide
its stability (activity decreasing in the order NO> CI~ > and triphenylphosphane, using potassium hydroxide as base
OACc"), thus rendering the clusters more or less susceptiblein refluxing isopropanot/> A solvent-less version of this

to leaching. The similar reactivity of the nanoparticles from procedure has been developed using nanosized nickel(0) on
Pd(NQy), to that of the soluble catalyst reflects the weaker potassium fluoride-alumina under microwave heatifg.
coordination of N@™ and therefore the increasing palladium  The palladium-free alkynylation of aryl halides has also
leaching rate. The solubilized palladium can be reclusterized been performed under copper catalysis. Thus, the catalytic
after the catalytic proced&’ Although all these conclusions  system copper(l) iodide/triphenylphosphane in the presence
are based on circumstantial evidence, experiments based owf potassium carbonate in DMF or DMSO at 120 has
two-compartment membrane separation of the palladium allowed the cross-coupling reaction of aryl and vinyl iodides
nanoparticles from the reaction mixture in Heck couplings and terminal alkyne¥” with the reaction being performed
have proved that leached catalyst-acting palladium speciesfaster under microwave heatit§.Copper(l) iodide in the
diffuse from the nanopatrticles, with the results most probably presence of sodium carbonate catalyzes the coupling of
being extendable to the Sonogashira react®mhe dis- terminal alkynes and hypervalent iodonium salts to afford
covery that reactive soluble catalytic palladium species are arylalkynes or enynes in aqueous dimethoxyethane at room
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temperaturé’® whereas a copper(l) bromide complex of copper-promoted or copper-free Sonogashira reaction. The
triphenylphosphane and 1,3-phenanthroline has been usegyerformance of practically all the catalysts and reaction
as catalyst in the reaction of aryl iodides and phenylacetylene,conditions presented in section 3 has been determined for
using potassium carbonate as base in refluxing told®ne. the coupling reaction of acetylenes with differently substi-
Copper(l) iodide has also been shown to catalyze the tuted halogenated arenes; therefore, many examples have
coupling of aryl iodides or bromides and terminal alkynes already been presented. In addition, other parts in this review
when N,N-dimethylglycine was used as additive, using will show many Sonogashira reaction-obtained alkynylated
potassium carbonate as base in DMF at @8 In arenes that have been transformed into different systems. This
addition, copper nanoclusters have been used in the presencsgection will shown some examples of this key transformation,
of TBAA in the reaction of aryl iodides or activated aryl also pointing out some aspects about reagents employed
bromides'®? whereas copper(l) has been immobilized on a profusely in the rest of the review or, on the other hand,
functionalized silica gel and performed efficiently as a less commonly employed substrates.
recoverable catalyst in the presence of triphenylphosphane The list of cases where the typical Sonogashira reaction
for the coupling of aryl iodides or activated aryl bromides using aryl halides has been employed is large, and choosing
and terminal alkynes in DMF at 108C.!83 Moreover, a illustrative examples is rather difficult. A recent use of this
copper(l>-1,10-phenanthroline complex equipped with an methodology is shown in Scheme 18 for the coupling of
affinity tag has been used in the synthesis of 2-phenylben-
zofuran via a tandem Sonogashiraftdodig cyclization (see ~ Scheme 18

section 4.6), being recovered from the crude reaction mixture [ NHBoG

on the basis of hydrogen-bonding interactions using a resin s \(j\A

functionalized with complementary affinity ta¥. TR AN S 79 CO,Me
Ruthenium-supported on alumina (5 wt %, 5 mol %) has BocHN. NHBoc PA(OAC), (1.3 mol%).

also been able to carry out the copper-free Sonogashira hig PPh; (2.6 mol%), Cul (2.6 mol%),

coupling of aryl iodides and different acetylenes using o EtoNH, 1t

triethylamine as base in acetonitrile as solvent af©@@85 78 (91%)

The heterogeneous catalyst has been filtered off after the s

coupling and used in a second cycle, keeping almost the same 5 X

catalytic activity. He—{"H NHBoc

BocHN_ _NHBoc :

3.9. Transition-Metal-Free Reactions I COMe

There have been two independent reports that have shown 80

a transition-metal-free Sonogashira coupling, both dealing
with microwave irradiation using water as solvent and a iodinated phenylalaning9 with a terminal alkyne derived
phase-transfer cataly’$S€ Thus, one group reported that when from d-biotin 78 using an in situ generated palladium(0)
different aryl or heteroaryl iodides and bromides were heated species as catalyst, which allowed the preparation of alkyne-
and irradiated in water at 170C in the presence of linked phenylalanine derivativ@0 for bioanalytical applica-
phenylacetylene, 1-hexyne, or trimethylsilylacetylene, as well tions!®® Other recent examples involving aryl iodides or
as PEG and sodium hydroxiéfathe coupling products were  bromides and arylateld? alkylated!®! or conjugate alken-
obtained in good yields except in the case of nonarylated ylated®? acetylenes, even with the aryl halide supported on
acetylenes. In addition, the other group reported that whena solid® or PEG-solubl&* phase, can be found. There are
the microwave heating was performed at 1°I& for aryl also examples of the coupling partners both being attached
iodides or bromides and phenylacetylene, using TBAB and to allyl resins, with the palladium(0) catalyst effecting
sodium carbonate as base, the corresponding couplingcleavage of the substrates and subsequent Sonogashira
products were obtain€d® The mechanism of this rather coupling in solution*
surprising Sonogashira coupling reaction is unknown. How-  The generation of terminal arylalkynes is an important
ever, serious doubts have been raised about the “transition-application of the palladium-catalyzed alkynylation reaction,
metal-free” nature of the coupling because recent studiesas the final products can be of interest by themselves or can
from the second research group have shown that palladiumbe used in subsequent couplings driving to diarylalkynes with
contaminants down to 50 ppb found in commercially frequent applications such as building blocks in electrooptical
available sodium carbonate are responsible for the generatiordevices and material sciences (see sections 4.8 and 4.9,
of biaryls in a related “transition-metal-free” Suzuki cross- respectively)}?® Although aryl and hetaryl iodides have been
coupling reactiort®” coupled with the toxic and difficult to handle acetylefiéa

A transition-metal-free Sonogashira reaction can also be frequently applied strategy is the coupling of the arene with
considered that was achieved by addition of 1 mol % indium- TMSA or 2-methyl-3-butyn-2-ol, followed by desilylation
(1N trichloride as catalyst, which has been shown to promote or base-promoted elimination of acetone, respectively. A
the cross-coupling of activated and unactivated aryl iodides, typical example showing the use of TMSA as acetylenic
bromides, chlorides, and even fluorobenzene to phenylacety-counterpart for the introduction of a terminal alkyne moiety
lene in dry benzene as solvent at°@)*® with no suggestion s the preparation of amiré8 for structure-activity relation-

of the possible mechanism being given. ship investigations (Scheme 19). Thus, trifluoroacetylated
L iodophenethylamin&1 was alkynylated with TMSA under
4. Applications the typical Sonogashira conditions to give silylated acetylene
. 82. Further desilylation and trifluoroacetamide hydrolysis
4.1. Alkynylation of Arenes droved to the final phenethylamir8.1% Many examples

The coupling of a terminal alkyne and an aromatic ring is of the synthesis of terminal alkynes of inter&8tor for use
the pivotal reaction when talking about applications of the as starting materials for diarylacetylene syntheses, using a
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Scheme 19 Scheme 21
H Me;,N
MeomNTCF3 =—SiMes OH
| ome © Pd(PPh3),Cl, (2 mol%), o | =
Cul (4 mol%), Et;N, THF, rt Pd(PPhs),Cl, (10 mol%),
81 (97%) Cul (10 mol%), EtsN, THF, rt
86 (83%)
H
MeO N__CF, MezN
11)/ 1. TBAB, THF, rt Me:N 8
= OMe 2. ag NaOH, MeOH 8 OH o &
Me;Si (88%) OO%/ —_ {
82
Ph Me
4 OMe . .
have been coupled with methgtiodobenzoates for the
83 synthesis of acetylene-containing macroliéf&s.
. Propargyl halides have been used in combination with an
silylacetylene such as TMSA can also be fodffd. aryl iodide and a secondary amine in a tandem amine

The desilylation can be achieved in situ, which allows nopargylation-Sonogashira reactidi® For example, when
subsequent coupling, as in the case of performing the hropargyl bromide ang-iodonitrobenzene reacted under
Sonogashira reaction of aryl halides and TMSA in the gonogashira conditions in the presence of diethylamine as
presence of an amidine as base and a substoichiometrigg|yent, the propargyl amin€0 was obtained through

amount of water, yvhich gives ris_,e to protodesilylgtion and jntermediateS9 (Scheme 22). In additiorly,N-dialkylated
subsequent coupling to afford diarylacetyleff&sThis de-

silylation in the reaction medium has allowed the use of gcheme 22

TMSA and BTMSA as acetylene equivalents when using Br

nitrogenated comple87'° (see section 3.2.1), palladacycle = 7
67 (R = p-CsHy; R? = CI)1418 (see section 3.5.1), or even <:> N Pd(PPh3),Cly (5 mol%),
PdCb'® (see section 3.6.1) as catalysts in the preparation of Cul (10 mol%), Et;NH, 60 °C

symmetrical as well as unsymmetrical diarylacetylenes.

The use of 2-methyl-3-butyn-2-ol as acetylene source has Br EtoN
also been frequent in Sonogashira couplings (see below). An \%QNOZ (94%) \%QN%
interesting modification in the use of this reagent for the
preparation of diarylalkynes has been the tandem Sonogashira 89
coupling of an aryl halide such as 3-iodotoluene with . .
2-methyl-3-butyn-2-ol to give the alkynylated intermediate Propargyl amines have been used for double Sonogashira

84, which is deprotected using a strong base and coupledcoupling to diiodinated fluorenes in the synthesis of metal
again in the same pot to a second aryl halide such asligands®” and also have been used as allenyl anion equiva-

90

iodobenzene to give diarylalkyr@5 (Scheme 203°2 lents after coupling with aryl iodides and palladium-catalyzed
hydrogen-transfer reactiod® Moreover, 1,3-oxazolidin-2-
Scheme 20 one-containing homopropargylamine has been used in cross-
OH coupling reactions with aryl iodides in the preparation of

Me

Me — . . L
= non-nucleoside reverse transcriptase inhibitétsurther-
O | O
) —

- more, ynamides bearing electron-withdrawing groups such
Pd(PPh3);Cl, (2.8 mol% as urethane and sulfonamide groups have been recently

Cul (2.8 mol%),

Pr,NH, PhMe, 80 °C 84 coupled to aryl iodidest®
Macrocyclizations have been achieved using the Sono-
Me gashira procedure, having found application in naturally
'@ I\ = occurring compounds (see section 4.7) or in the synthesis
NaH, 110°C \—/ @ of pharmacologically interesting cyclic pepticds. An
(84%) 85 example of this second case is the conformationally con-

strained tripeptid®2, prepared by intramolecular coupling
The use of propargyl alcohol as acetylenic counterpart in of aryl bromide91 employing in situ generated palladium
the Sonogashira coupling allows the synthesis of arylated catalysts with an electron-rich phosphane ligand which
acetylenic alcohols that can be interesting for the preparationeliminates the use of copper cocatalysis, although employed
of useful compounds containing an allylic alcohol moiety in large amounts (Scheme 235

after the corresponding triple bond reductf@hAn example Enantiopure ferrocenes such @ have been coupled to

is the synthesis of the estrogen recepirtamoxifen 88) 7a-ethynylestradiol 93) under the typical Sonogashira
via Sonogashira cross-coupling reaction of aryl iod&fe conditions [although using copper(ll) acetate monohydrate
and propargyl alcohol, giving the acetylenic sys@mwhich instead of the usual copper(l) iodide], giving [(ferrocenyl)-

after several steps is converted into the final product (SchemeethynyllestradioB5 (Scheme 24), with the incorporation of
21)2%3%a|n addition, homopropargylic alcohol has also been the ferrocenyl system being useful for organometallic label-
used in Sonogashira coupling reactions with aryl halides in ing of biomoleculeg!? In addition, alkynylated ferrocenyls
order to incorporate an enyne moiety onto the aromatic ring have also been attached to an iodophenylalanine-containing
after dehydratiod? and longer chain acetylenic alcohols dipeptidé'#or to iodinated bis(dimethylamino)benzenes, in
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Scheme 23 Although examples of alkynylation of pyrroles at the 2-
o iPr and 3-positions can be foult more frequent is the
oh N o} alkynylation of indoles. Thus, 2-iodoindoles and thisir
H protected derivatives have been exploited for the synthesis
HN-O HN of 2-alkynyl indoles following the Sonogashira protoét#

Pd(OAc), (40 mol%)

07 NH  P(o-tolyl); (80 mol%),
iPr,EtN, MeCN, 110 °C

with good results also being achieved when using 2-triffafés.
Indoles have been successively alkynylated at the 3- and

| Br (35%) 5-positions starting fronN-Boc-protected 5-bromo-3-iodo-
indoles. For example, dihalogenated ind@tawvas employed
91 for the coupling withN,N-dimethylprop-2-yn-1-amine under
o Pr Sonogashira conditions affording bromoind®ié which was
Ph N 0 coupled again with phenylacetylene under more strict reac-
H tion conditions giving dialkynylated indol®8 (Scheme
HN-—-0 HNI 25)220 |In addition, furans, as well as thiophenes and also
B 0P M Scheme 25
A Me,N
[ /l
92
Br { — ,NMe, Br
Scheme 24 N Pd(PPh3),Cl, (5 mol%), ,\}
: Cul (10 mol%), !
I~—CH° Boc Et,N, DMF, rt Boc
Fe 96 (98%) o7
94
Me,N
Pd(PPh3)20|2 (5 mo'%),
Cu(OAc), H,0 (10 mol%),
iProNH, reflux =—Ph Ph //
(60%) Pd(PPh3),Cl, (10 mol%), \\
Cul (20 mol%), PPh; (10 mol%) N

Et;N, DMF, 70 °C N
:—@F (78%) Boc
= o
their benzo derivatives, show C-2 as the most reactive
position, with an example being the selective C-2 alkynyla-

the last case for the creation of ligands for biferrocene NCN tion of 2,3- and 2,6-dibromobenzofurafisyhereas 4-chloro-

pincer palladium and platinum complex&as. 5-alkylidenebutenolides have been alkynylated in aqueous
. media under liquietliquid phase-transfer conditioR%
4.2. Alkynylation of Heterocycles Moreover, a recent example of the Sonogashira reaction

The alkynylation of aromatic heterocyclic systems by between a 4-iodoindazole and phenylacetylene has been
means of a transition-metal-catalyzed reaction where theeported:® o _
oxidative addition is the rate-determining step is governed An example of the application of the Sonogashira meth-
(as in carbocyclic systems) by the higher or lower electro- odology to the alkynylation of an iodinated pyrazole ring is
philicity of the carbon atom at the heterocycle. This means the double alkynylation of the 2,6-bis(pyrazol-1-yl)pyridine
that electron-rich halogenated heterocycles would experienceSyStem99 with TMSA, which afforded the bis-alkynylated
a more facile Sonogashira coupling than electron-deficient System100 useful in coordination chemistry (Scheme 2%).
ones, whereas the more electrophilic position would be more Scheme 26
easily alkynylated when dealing with polyhalogenated sys-

tems. However, it is necessary to remark that even cross- ﬁ o

coupling reactions which proceed by a fast oxidative addition N-N">NTN-N = SiMes

can exhibit unexpected selectivities if the subsequent steps S& gg Pd(PPh3),Cl, (10 mol%), |

counteract the selectivity in the first step. The oxidative | ,  FPhs 20 mati), Cul (13 Tol%),
. - . . 3Ny ’

addition can also be facilitated by coordination of the 99 (91%)

palladium(0) to a heteroatom, such as in nitrogen-containing

heterocycles, thus making easier reaction at the C-2 position. \ \/

The transition-metal-catalyzed cross-coupling reaction of N-NTNTNN
multiple halogenated heterocycles has been recently re- = =
viewed?'627and examples of alkynylation reactions of some Il \
heterocycles (i.e., halogenated thiophenes) using the Sono-

gashira methodology will also be shown below when dealing Me;Si 100 SiMe,

with some applications (see sections 4.8 and 4.9). This

section presents some recent examples of the use of this The most electrophilic position for cross-coupling reactions
heteroaryt-acetylene formation. Since the benzo derivatives in imidazoles is C-216Not many Sonogashira cross-coupling
often present similar reactivity to that of the the monocyclic reactions involving this position have been found. However,
compounds, they will be discussed together. this palladium-promoted alkynylation reaction has been
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employed recently on 4-iodo-substituted imidazoles such asScheme 28

101 for the preparation of potentially useful drugs for the
treatment of rheumatoid arthritis such as imidazod2 by
reaction with ethyl propiolate (Scheme 28 In the case of

Scheme 27
! | N\> =—CO,Et
Me. -~ N Pd(OAC), (5 mol%),
SO,NMe,  Cul (5 mol%), PPhs (10 mol%),
Me Et,;N, DMF, 80 °C
101 (78%)
Et0,C
N
N | N>
A\
Me = N‘
Me SOzNMez
102
Ph. N _ Ph N,
T = o [ n
1 N
N Pd(PPhs),Cl, (10 mol%), y
| 3)2V12
\ph KoCO4, THF, 70 °C 7" \—pn
(99%) nC4Hg
103 104

1-methyl-4,5-diodoimidazole, the corresponding dialkynyla-

ted systems have been employed as substrates in Bergman’

cyclizations??® In addition, polyhalogenated thiazoles have
been alkynylated preferentially at the 2-posittéfRecently,

a copper-free Sonogashira reaction has been applied to the I

alkynylation of 1,4-disubstituted 5-iodo-1,2,3-triazoles, as
shown in Scheme 27 for the reaction of iodotriaza@S3
with 1-hexyne to give alkynylated triazol®04 in almost
quantitative yielc??8

As electron-deficient heterocycles, pyridines usually react
smoothly in Sonogashira reactions. Of course, if electron-
releasing groups are present on the ring, the alkynylation is
somewhat more difficult or lower-yielding. Examples of
alkynylation on halopyridines when dealing with the prepa-
ration of conductive materials or metal ligands can be found

__ OH
Pd(PPh3),Cl, (0.3 mol%),
Cul (0.4 mol%), PPh; (1.6 mol%),

L
" o™

N T
Me

105 EtsN, 90 °C
0,
OH (50%)
X
| X
N/ o/\:/Et
Me
106
Br B = SiMe,
N >cHo Pd(PPh3),Cl, (0.2 mol%),

Cul (0.4 mol%), PPh3 (0.4 mol%),
Et;N, THF, 80 °C
(64%)

Me;;Si

4

108

(Scheme 293%%2Bromopyridines have been used in a similar
coupling reaction with trimethylsilylated acetylenic thia-
Foles23ebc

Scheme 29

AN

P

N
Pd(PPhs)s (5 mol%),

e}
Me—<\ |
N

X

SiMe; Cul (9 mol%), nBuyNF,
109 EtzN, DMF, 85 °C
(52%)
o]
Me—<\ |
N
X
A
P
N

110

(see section 4.8), Some illustrative cases are the coupling of

2-bromopyridine for the synthesis of pincer ligariéa
chiral 4-bromopyridine-bis(oxazolinéy® or a 2,6-dibro-
mopyridine in the preparation of polypyridyl bridging

The regioselective Sonogashira cross-coupling reaction
performed on 2,4-dihaloquinolines was achieved mainly by
using different halides such as iodide and bromide, which

ligands?*' Two recent applications of the Sonogashira drove to different reactivit§3® When the reaction was
coupling using 3-bromopyridines can be shown in Scheme performed on quinolines bearing the same halogen atom,
28. Thus, when 3-bromopyridird5was alkynylated using  such as 2,4-dibromoquinoline, the C-2 alkynylated product
2-methyl-3-butyn-2-ol as the acetylene equivalent under the was the only one obtain€® In addition, brominated
typical Sonogashira conditions to give pyridih@6 a 50%  quinozilium cations have been alkynylated at the 2- and
yield in the alkynylation step was achievéd.However,  3-positions under typical Sonogashira conditions to give the
3-bromopyridinel07, bearing an electron-withdrawing group,  corresponding aryl- and heteroarylethynyl quinozilium cat-
gave a 64% yield in the alkynylation reaction with TMSA, jons24!
giving compound108 at lower temperature and catalyst  The functionalization of the pyridazine nucleus via pal-
loading?* Other recent examples of the use of this alkynyla- |adium-catalyzed reactions has been reviewed recéfthn
tion in pharmacological studi&$ or in the preparation of  jllustrative example of application of the Sonogashira
heterocyclic allené®> can be found, as well as solid- coupling reaction on a pharmacologically interesting py-
supported versior®8® Moreover, halogenated pyridines have ridazine ring system is shown in Scheme 30, where the
also been prepared using heterogeneous palladium oryeaction of triflate-containing pyridazino[4/§psoralen de-
charcoal as catalyst’ rivative 111 with but-3-yn-1-ol under Sonogashira conditions
A recent example of an alkynylation reaction of 3-iodopy- gave the alkynylated derivativEl2 in high yield?43
ridine can be seen in the preparation of compaolt@ which The preference for the more electrophilic pyrimidine
is an antagonist for use in the treatment of drug abuse. Thus position is illustrated by the reaction of 2,4-dichloropyrimi-
in situ TBAF-promoted desilylation of oxazole derivative dine (113 with TMSA under Sonogashira conditions,
109 and a subsequent palladium-copper-catalyzed cross-affording only the 4-alkynylated produdti4in good yield
coupling reaction with 3-iodopyridine gave alkyrilO (Scheme 313 Other examples of this selectivity using
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Scheme 30
HO

Pd(PPh3), (4 mol%),
Cul (15 mol%), iPryEtN,
DMF, 55 °C
(94%)

Scheme 31
_ SiMes
= I cl =——SiMe; = | ~
Ny N Pd(PPhs),Cl, (0.5 mol%), Ny N
E Cul (0.5 mol%), E

EtsN, THF, reflux

(87%) 114

113

HZNIN\ __—COst HaN._ N
P [
B N7 Br Pd(PPho) (Gmoi), 020 N e
Cul (12 mol%),
115 Et;N, DMF, 120 °C 116

(74%)

dibrominated systems have also been repdftethe prefer-

ence for this position has also been demonstrated by the,

alkynylation of 5-bromo-4-chloropyrimidines using pal-
ladium on charcoal as catalyst, which gave rise to reaction
at the chlorinated 4-position, with the 5-position being
preferred only if iodinated*® Cytostatic mono- and bisal-
kynylpyrimidines have also been obtained from 2,4-diamino-
6-iodopyrimidine and 2-amino-4,6-dichloropyrimidine, re-
spectively, and appropriated terminal alkynes under these
reaction conditiond?” In addition, the 3-position in 3,5-
dibromopyrazin-2-amine 115 has been regioselectively
alkynylated using ethyl pent-4-ynoate, affording derivative
116, which has been used in the synthesis of compounds
with chemiluminiscent properties (Scheme 3%£Moreover,
substituted chlorotetrazines have been alkynylated in moder-
ate yields, with the electron-donating properties of the
substituent on the tetrazine core having a significant influ-
ence?*®

3-Alkynylpyrazolo[1,5a]pyrimidines have been obtained
from the corresponding 3-iodopyrazolopyrimidines using the
Sonogashira methodology, with an example being the
synthesis of pyrazolopyrimidind18 by reaction of the
corresponding iodinated derivativé17 with propargyl
alcohol using palladium on charcoal as palladium source
(Scheme 325%° In addition, two recent examples of Sono-

Scheme 32
OH
Ph =/ Ph
Pd-C (4 mol%),
= N—N\ PPh; (1.6 mol%) Z7INTIN Ph
< )Qg":h Cul (10MOl%), eSS
Me”™ N K,CO3,
! DME, THF, 80 °C \
(72%) on
17 118
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gashira reaction on 7-bromo-2,3-diphenylpyrido[B]Byra-
zine®and on 4-iododihydrodipyridopyrazines can be fotd.
The purine heterocycle occurs in nucleosides and, there-
fore, has particular relevance for chemical modifications.
Thus, 2,6-dichloro-9-isopropylpurine has been cross-coupled
with (4-methoxyphenyl)acetylene under Sonogashira condi-
tions to give the corresponding dialkynylated product in the
search for analogues of the cytostatic myosev&#iThe
order of the alkynylation was not determined, although the
6-position is probably alkynylated first, in line with the
observed preference for a cross-coupling at C-4 in pyrim-
idines. In addition, 6-chloro-9-tetrahydropyranylpuriid 9
has been alkynylated using the terminal acetylE2@to give
purine 121 in the search for cytokinin analogues and
inhibitors of 15-lipoxygenase (Scheme 33)6-Halopurines

Scheme 33
OTBDS
cl ///\r\OTBDS I
N7 I N\> 120
l\\N N Pd(PPhs),Cl, (8 mol%), N7 N\
fyp  Cul (16 mol%), iPrEN, \l %
DMF, 80 °C N~ N
THP

0,
119 (85%)

have also been alkynylated recently withalkynylphenols
or o-ethynyl(hydroxymethyl)benzer&>

Interest can also be found in the C-8 alkynylation under
Sonogashira conditions of the bromide-containing purine
nucleus in adenosine-based nucleosid&én example is
the Sonogashira alkynylation of unprotected 8-bromo-
adenosine 22 with (4-methoxyphenyl)acetylene to give
alkynylated nucleosid&23(Scheme 34), with the procedure

Scheme 34
NH,
N7 N\
BN v
H,N” N7 N = OMe
HO o
Pd(PPhs),Cl, (1 mol%),
Cul (2 mol%)
OH OH

EtsN, DMF, 110 °C
(80%)

NH,
NZ N
N N

o

OH OH
123

122

H,N
HO

also being applied to 8-bromoguanosthe.

Halogenated 2-(3)-furanones show the most electrophilic
4-position as the preferred one for Sonogashira alkynylations,
and they are considered as and S-acylvinyl cation
equivalent$?® as was demonstrated by the cross-coupling
reaction of 3,4-dibromo-2-()-furanone {24) and 1-hexyne.
The addition of an electron-rich phosphane such as P(2-
furyl); to the catalytic system allowed the high yielding
preparation of the 4-alkynylated produ@5 (Scheme 353%°
Subsequent 3-alkynylation 425 proved more difficult, and
a low vyield of the dialkynylated produdi26 was obtained,
even when AsPhwas added as a ligand.
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Scheme 35
nCy4Hs
Br. Br
I e
o0 Pd(MeCN)Cl, (5 mol%), -
0 Cul (10 mol%), o 0
P(2-furyl); (10 mol%),
124 KF, PhMe, 60 °C 125
(91%)
I‘IC4H5 nC4H5
= nC4H5 \\ //
Pd(MeCN),Cl, (5 mol%), -
Cul (10 mol%), o O

AsPh3 (10 mol%),
KF, PhMe, 90 °C
(31%)

126
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and the increment of pharmacological activity, for instance,
against herpes simplex virus (HS%9 or mycobacterigs®
An example of this last case is illustrated in Scheme 38,

Scheme 38
0 nPr S (0]
I
T o
HO N~ 0 =—nPr HO N/l*o
°© Pd(PPhj), (10 mol%), o
Cul (20 mol%)
OH OH iPr,EtN/DMF, rt OH OH
(48%)
132 133

with the cross-coupling reaction of 5-iodinated uridit&2
(ana-acylvinyl cation equivalerdt®) with 1-pentyne to give

An example of a Sonogashira cross-coupling reaction using 5-pentynyluridine133 This methodology has also been
a vinyl phosphate is shown in the alkynylation reaction of applied to 2deoxycitidingZ®® Similarly, 3-iodoguanosine has

chiral 3,4-dihydropyridin-2(#H)-one 127 with phenylacety-
lene, which gives the 6-alkynylated heterocyclic derivative

also been alkynylated under Sonogashira conditi¢hs.
The 2-pyrone motif is quite biodiverse and has many

128 (Scheme 36), a compound being used as a diene inSynthetic applications; therefore, its derivatization using

Scheme 36
n =—Pn |
© /’1 OPO(OPN) 5 PPhs)aCl, (5 mol%). /"t A
Me™ ph Cul (10 mol%), Me Spn N

Ets;N/CHCl3, 50 °C

127 (87%)

128
Diels—Alder cycloaddition reactions, after partial hydrogena-
tion of the triple bond®®

5-Bromopyridazinone&§'2and 4,5-dihalopyridazinonga®

have been transformed into chalcones employing a Sono-

gashira alkynylation reaction using propargyl alcohols. For
example, when the highly reactive 5-iodopyridazint3)2
one 129 (a S-acylvinyl cation equivaleitd) is alkynylated
with 1-phenylprop-2-yn-1-ol employing the Sonogashira
procedure at room temperature, the fing)-Chalconel31
was obtained, with its formation being explained by a
postcoupling base-promoted isomerization from intermediate
130(Scheme 37352 In addition, 2-amino-6-chloropyrimidin-

Scheme 37

o]

N
N\I

129

Bn.

Pd(PPhs),Cl, (2 mol%),
Cul (2 mol%), EtsN,
DMF, rt

70%
(70%) Ph
131

4-one derivatives have been alkynylated with TMSA, with
the resulting products being used in molecular recognfidn.
The 5-iodouracil ring (ax-acylvinyl cation equivalerit®)

different methodologies, such as the Sonogashira cross-
coupling reaction, has been widely studied. For this reaction,
the most reactive point in the 2-pyrone system is the
3-position, as has been shown in the competitive alkynylation
of 3,5-dibromo-2-pyronel(34) (ano- andy-acylvinyl cation
equivalent®® with different alkynylated tethers such as
acrylate 135 at room temperature, driving exclusively to
monobrominated pyron&36 which is suitable for intra-
molecular Diels-Alder reactions (Scheme 3%} Obviously,

Scheme 39
o)
o) ///\/ T(\
Br O
o | 135
X Pd(PPh3),Cl, (10 mol%),
Br Cul (20 mol%),
Et;N, DMF, rt
134 (73%) 136

the reaction turns more difficult when electron-releasing
groups are present, as was the case for the alkynylation of
3-bromo-4-methoxy-6-methyl-2-pyrone, which gave very low
yields?7? In addition, other alkynylations at the 5-position
starting from 5-bromo-6-methyl-2-pyrone using the Sono-
gashira cross-coupling reaction have been recently re-
ported?”3as has exchanging the bromo group by chloro, iodo,
triflate, or even tosylaté’* In addition, 4p-tolsyloxycou-
maring’® and 6-iodoisocoumarid® have been alkynylated
using the Sonogashira reaction, as well as 7-iodocou-
marins?’’ 3-iodoflavones, and 3-iodothioflavonés.

4.3. Synthesis of Enynes and Enediynes

The 1,3-enyne moiety is an important structural unit for
biologically active and natural compounds (see section 4.7),
and also new functional materials (see sections 4.8 and 4.9).
Its generation from vinylic systems and terminal acetylenes
is quite obvious by using a configuration-retention stereospe-
cific procedure such as the Sonogashira methodology.
Examples of recent applications of this cross-coupling

is quite reactive and can be alkynylated easily under reaction in the preparation of this unit for compounds of
Sonogashira conditions at room temperature, something thaiparticular interest are quite numerous when dealing with new
has been applied to the derivatization of nucleosides. Recenimethodologies and specific applications, and some more
examples are the incorporation of fluorescent polycyclic general recent illustrative cases are shown in this section.
aromatic systen®&* and porphyring® the formation of As already mentioned, vinyl iodides are the most reactive
oligonucleosided$ the introduction of lipophilic moietie®’ vinyl halides to palladium(0) oxidative addition, and their
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use is therefore most frequent for Sonogashira cross-couplingscheme 41

reactions due to the usually milder conditions employed.

Some examples are the coupling of 2-iodo-prop-2-ebdr)

with a wide range of acetylenes such as TMSA to give

enynyl alcohol1382"° which can be oxidized to the corre-

spondinga-alkynylated acroleins, and the preparation of

selenated allylic ethet40from the cross-coupling of vinyl
iodide 139 and phenylacetylene (Scheme 4%).Other

Scheme 40
:—SiMe3 OH
OH .
I Pd(PPh3), (1 mol%), Me-Si z
137 Cul (3 mol%), EtsN, THF, rt 3 138

(96%)
Ph

PhSe | =ph PhSe \_{
\_<_0Et Pd(PPh3),Cl, (5 mol%), Ot

Cul (10 mol%), Et,NH,
139 MeCN, rt 140
(66%)

bh Ph Ph._Ph
= pn |
Pd(PPh3)4 (10 mol%),
Cul (20 mol%), EtoNH, reflux Ph
(90%)

=

=
142

examples can be fourté! including the formation of an

enyne moiety for the introduction of a fluorescent probe in

a phorboxazole analogd@. Alk-2-ynylbuta-1,3-dienes such
asl42can be obtained from the corresponding diiodidé

by using the Sonogashira methodology combined with an

in situ hydrogen iodide elimination reaction (Scheme %9),

and a similar procedure is applied to the enynylation of

2-iodo-4-(phenylchalcogenyl)-1-buteri@$.In addition, a-

iodovinyl sulfoxides have been alkynylated under the typical

Sonogashira reaction conditiof#8,as well as perfluoroal-
kylated vinyl iodides®

Me Me __Ph
[ =ph
o Pd(PPh3),Cl, (10 mol%),  ©! Y~
3)2012 mol),
COEL "yl (15 mol%), iProEtN, CO,Et
143 dioxane, rt 144
(78%)
= Me Ph
=—ph
=
Pd(PPhs),Cl, (10 mol%), Z
Cul (15 mol%), iPraEtN, Ph CO,Et

dioxane, rt
(55%)

Scheme 42

=—nCqoHa1

Pd(PPhs),Cl, (5 mol%),
Cul (10 mol%), Et,NH, rt
¢ (93%)

S

N

o WCOZMe
FF

Br 149
Pd(PPh3), (5 mol%),
Cul (6 mol%), EtsN,
PhMe, rt
(84%)

nCsHy4
148

(o}

I~
X
CO,Me

nCsHyy FFF
150

though, in the case of the alkynylation of (2,2-dichlorovinyl)-
benzene with TMSA, theis-alkynylated enyne was the main
compound when Pd(PBlhwas used as cataly®t Examples
of vinyl triflates and other perfluoroalkanesulfonafésor

The effect of viciny! olefinic halogens on the Sonogashira €Ven activated tosylat€s as alkene counterparts in Sono-
cross-coupling reaction has been determined using a serie§ashira coupling reactions can recently be found.

The diethynylethene (DEE) moiety is quite common in

of transdihalogenated olefins such as 1-chloro- and 1-bromo- , - | - i
2-iodoethylene as well as 1,2-diiodoethylene when coupled COmMpPounds with electrooptical properties or interesting
with 1-hexyne, showing that the best substrate for the Structural features (see sections 4.8 and 4.9). Thesy
monoalkynylation reaction was 1-chloro-2-iodoethylene, with DEES (the so-called Y-enynes) have been prepared by the
1,2-diiodoethylene being surprisingly unreac¥&These  Sonogashira procedure when starting from gem-dihaloal-
types of vicinyl olefinic halogens have been used for the K€nes. An example of this type of synthesis is the preparation
preparation of tetrasubstituted alkenes when starting from ©f dehydroamino acid derivatives such 852 by double
pB-chloro<-iodo-a,8-unsaturated esters, which can be con- cross-coupling reaction of dibrominated dehydroalanine
sidered asx- and B-acylvinyl cation equivalent®8 Thus, derlz\gi\tlve 151 with 1—bromo-4-et_hynylbenzene (Scheme
unsaturated estdd3reacted smoothly with phenylacetylene 43)~* Obviously, the double coupling of these typegefr
under Sonogashira conditions at the more reactive carbon
iodine bond to givgs-chloroacrylatel 44, which can be used
in different palladium-catalyzed cross-coupling reactions such }er

Pd(PPh3),Cly (10 mol%),
Cul (20 mol%), Cs,COs,

Scheme 43

BocHN.___CO,Me

as an additional Sonogashira coupling with phenylacetylene I
to give tetrasubstituted alkeriet5 (Scheme 41558 B~ “Br
Examples of the preparation of enynes from vinyl bro-

mides can be seen in Scheme 42, which shows the alky- 151 M
nylation reaction of brome@xoglycals, such ad46, with

terminal alkynes, such as 1-dodecyne, to give eryhiB®® BocHN . _CO,Me
(although slightly higher yields were obtained using the |
corresponding iodides). Scheme 42 also shows the reaction Z X

of dienyl bromide148 (a 6-acyldienyl cation equivaleff) O O
with difluorinated alkynel49, affording compound.50, a Br Br
precursor of 5,5-difluoro-(1R)-leukotriene B.2%°
1,1-Dibromo- and 1,1-dichloro-1-alkenes have beans
monoalkynylated using different palladium catalysts, al- dihalides with the same alkyne does not present any problem

152
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related to stereochemistry, nor was a problem presented wherscheme 45
the double coupling was performed sequentially with two

o)

different terminal alkynes. However, an unusual solvent- C’)km =—SiMe, ~ “
A X ) N

dependent stereochemical inversion has recently been ob \_4 PA(PPha)Clp @ mole), \_§ SiMe,

served in the Sonogashira reaction of sonz®-2A-bro- Cul (4 mol%), Et;N,

moenyneg>® 157 THF, it 158

(E)-DEE is a structural motif with an extended conjugation (82%)

that has been synthesized profusely using the Sonogashir
procedure when dealing with species that may find applica-
tions in molecular electronics (see section 4.8). However
the ©)-DEE moiety®® has frequently been the starting
material for the Bergman cyclizatiéfi leading to 1,4-
dehydrobenzyne diradicd?8 capable of abstracting two
hydrogen atoms from DNA, as in natural enediyne antibiot-
ics, as well as employed in the preparation of polymeric
materials or polycyclic compounds (see section 4.6). An
example of the preparation of @)¢(DEE moiety by means
of the Sonogashira methodology is the double alkynylation
reaction of g)-1,2-dichloroethylene in the synthesis of an
enediyne-containing-amino acid for studies on the thermal
reactivity toward Bergman cyclizaticfi? Another illustrative
example is the synthesis of enediyne analogues of the
cytotoxic natural stilbene combretastatin, such &s6
(Scheme 44). Thus, trimethoxyaryl alkyd&3 was cross-

% a Michael addition fashion with nucleophiles such as
amines or alcohals, furnishing enaminonesfeketoenol

' ethers, respectively, after protodesilylation. This catalytic
combination has also been used for the generation of ynone
intermediates in a one-pot synthesis of carbofitfesr in

the preparation of the microtubule depolymerization agent
allocolchicinoid3®® Moreover, the same catalytic mixture has
been employed for the room-temperature Sonogashira cross-
coupling of ferrocenylethyne and arenecarbonyl chlorides in
triethylamine as solverif? or in the coupling of (hetero)-
arenecarbonyl chlorides with terminal alkynes using an
excess of triethylamine as base in an approach to indoliz-
ines%” Furthermore, if DIPEA is used as base, not only aryl
chlorides can be used as starting materials, but also isobutyryl
chloroformate or methyloxalyl chlorid®® If sodium lauryl
sulfate is used as surfactant, the ynone formation using this
catalytic combination can be carried out in water as solvent
employing potassium carbonate as b#¥3e.

Scheme 44 The coupling or acid chlorides and terminal alkynes can
MeO = c a MeO 2 also be perfo_rmed un_der copper-free Sonogashira conditions.
=/ cl Thus, the oxime-derived palladacy®& (R* = p-CICsHy;
Me0j©/ PA(PPRaClz (4 M%), 1o R? = Cl) has been shown to be quite efficient for the
MeO ‘j,éum",’z o) MeO acylation of terminal alkynes, using a very low catalyst
153 (77%) 154 loading (0.2-0.5 mol % Pd) in refluxing toluene as solvent
and using triethylamine as ba%€ with an example being
NH, the coupling of cinnamoyl chloridel9) and phenylacety-

lene to give ynon&60(Scheme 46). Acid chlorides can also

Scheme 46

PA(PhCN),Cl, (5 mol%), Ho, ¢ )
Cul (10 mol%), piperidine, rt N—~Pd >

|
(61%) — pn, (0.1 mol%)
2 Cl 67 Cl

coupled with Z)-1,2-dichloroethylene under Sonogashira Ph/\/lkc' Et;N, PhMe, 110 °C

conditions to give Z)-chloroenynel54, which was cross- 159 (77%)

coupled again with alkynylated anilinks5 (also prepared

by Sonogashira alkynylation) to give enediyh&6.3% e
PhA\)Jx

4.4, Synthesis of Ynones Ph

160
Conjugated alkynyl ketones are useful intermediates,

particularly for the synthesis of heterocycles (see section 4.6),be cross-coupled with terminal alkynes using Pd(QA®
which have been prepared by palladium-catalyzed coupling catalysts, affording similar results ®7 (R! = p-CIC¢Hy,;

of a thiol ester and a terminal alkyd®.However, the most R? = Cl) when working at room temperatut¥. More
usual method is the coupling of an aroyl chloride with a recently, Pd(OAg) has also been used as catalyst (0.2 mol
terminal acetylene as was shown originally by Sonogashira %) at room temperature under solvent-free conditions, using
et al. using the combination Pd(PJCI/Cul as catalystin  triethylamine as basg!

triethylamine at room temperature, a procedure employed Ynones can also be prepared by a convenient procedure
also for the synthesis of 2-alkynamides when starting from developed for the coupling of aryl iodides and terminal
dimethylcarbamic chlorid&? An example of the preparation  acetylenes, using Pd(PPICI, as catalyst in a mixture of

of ynones using the Sonogashira procedure is the couplingaqueous ammonia and THF as solvent and in the presence
of different aryloyl or heteroaryloyl chlorides, such as of carbon monoxide (1 atm) at room temperature. When this
thiophene-2-carbonyl chloridd %7), with TMSA using the procedure was applied to the coupling of 4-iodoanisol and
original catalytic combination but with only 1 equiv of phenylacetylene, the correspondimg-alkynyl ketonel61
triethylamine in THF at room temperature (Scheme#%).  was obtained (Scheme 4%%.In this reaction it is interesting
The obtained trimethylsilyl alkynones, such Hs8 are in that the addition of copper(l) iodide as cocatalyst inhibits
fact synthetic equivalents @Fketo aldehydes and can react the formation of the desired ynone, with the usual Sono-
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Scheme 47
Ph

I Xx_o

=—Ph
Pd(PPh3),Cl, (1 mol%),
o CO (1 atm), aq NH; (0.5 M),
e

THF, rt OMe

(72%)
161

gashira coupling alkynylated product being the major

product. The carbonylative Sonogashira reaction leading to
ynones can also be performed using carbon monoxide at high

pressuré!® although the conventional copper cocatalyzed
coupling using Pd(PRJCI, has also been employed with

3-iodoindoles under an atmospheric pressure of carbon

monoxide3! This carbonylative reaction starting from aryl

iodides has also been developed in water as solvent at room

temperature when using the combination RRFh as
catalyst and triethylamine as bade.n addition, copper

cocatalyzed Sonogashira couplings with aryl iodides have

recently been performed in an ionic liquid using a multiphase
microflow system and the NHC palladium catalys316

4.5. Synthesis of Carbocyclic Systems

Enynes prepared by the Sonogashira coupling reaction (see

section 4.3) can be used in the palladium-catalyzett [
benzannulation reaction to enynophiles, leading to the
construction of polysubstituted benzedEHA recent example

of this cycloaddition is shown in Scheme 48, where the

Scheme 48
OMe Me

)NI; — \/\
S yZz
: Pd(PPhy),Cly (1 mol%),  MeO_~Z~ CO,Et

COEt Gyl (2 mol%), EtsN, rt
162 (68%)

163

Me
nBu—=—=——=—=—nBu MeO
Pd(PPh3)4 (5 mol%), // CO,Et
Et;N, PhMe, 100 °C
3 (T4%) nBu nBu
164
MeO,C
Br ——Ph
Pd(PPhy),Cl, (2 mol%)  Ph Ph
COMe  cul (1 mol%), EtsN,
THF, 50 °C
(85%) CO,Me

165 166

B-acylvinyl cation equivaleit® S-iodobutenoatd 62 reacts
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An illustrative example is the synthesis of [4]helicedé9),
which has been achieved starting from dibrominated di-
phenylethend67. Thus, double Sonogashira cross-coupling
reaction of this compound and TMSA givgemenediyne
168 which was desilylated and cyclized under transition-
metal catalysi”’ using a ruthenium complex to give PAH
169 (Scheme 49§2' Other PAHs and also heteroatom-

Scheme 49

Br Br

| =—S8iMe;

O O Pd(PPhs3),Cl, (5 mol%),
Cul (10 mol%), EtzN, 95 °C
167 (94%)
Me;Si SiMe;
N4

1. TBAF, CH,Cly, t

2. Ru(PPh;)Cly(n®-p-cymene),
CH,Cly, 75 °C
(60%)

169
containing polycycles have been prepared using this meth-
odology?®?!

The Bergman cycloaromatizati#i has been one of the
principal uses for 1,2-enediyri€sin order to generate an
aromatic nucleus. For example, aromatic enediynyl systems,
which can be prepared easily by Sonogashira coupling of
o-dihalobenzenes oo-ditriflyloxybenzenes and terminal
alkynes, can be cyclized to PAHs. In Scheme 50 is shown

168

Scheme 50
NO,
Br :—SiMe3 NaOH
Pd(PPh3),Cl, (5 mol%), MeOH
Br  Cul (5 mol%), iPr,NH, 95°C  (68%)
170
NO, NO,

1,4-CHD

PhCI, 150 °C
(70%)

- CO
o CC
171
[ 1,4-CHD = cycloxexa-1 ,4-diene]
the Sonogashira coupling of dibromid@0 with TMSA to
give dialkynylated compound71 after silyl deprotection.

with methyl propargyl ether under Sonogashira conditions Subsequent heating @71in the presence of 1,4-cyclohexa-

to give enynel63 which cyclized with dodeca-5,7-diyne  diene (1,4-CHD) gives 1-nitronaphthalef?é.In addition,
under palladium(0) catalysis to give alkynylated benzoic ester naphthalenes and indenes have been prepared via thermal
164318 Another recent preparation of polysubstituted ben- radical cyclization of sulfonylated enediyn&3,with the
zenes such ad66 has been performed using a one-pot synthesis of other polycyclic systems such as benzoful-
multicomponent regioselective synthesis starting from 2-bro- venes’?* fluoranthrenes, and acephenanthrylétfebeing
moacrylates such a%65 and a terminal alkyne such as recently reported. 1-Fluoro-1-substituted naphthalenes have
phenylacetylene under palladium-catalyzed Sonogashira con-been prepared by base-catalyzed cyclization of Sonogashira

ditions (Scheme 48}°
Polycyclic aromatic hydrocarbons (PAHS) pervade many
branches of chemistry and the allied scien3he Sono-

reaction-obtainedE)-monofluoroenyne%®
1-lodo- and 1-acyl-2,3-disubstituted naphthalenes have
been obtained fromo-alkynylbenzaldehyde derivatives,

gashira reaction can be employed for the preparation of readily accessible by the Sonogashira alkynylation reaction
precursors suitable for the synthesis of some of theseof the corresponding 2-iodobenzaldehydes. These carbonyl
compounds, after cyclization promoted by different methods. compounds can be cyclized using an iodonium source such
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as IPyBF, in a 6-endadig fashion to pyrilium cations which,
after Diels-Alder reaction with disubstituted acetylenes and
carbon monoxide extrusion, gave the corresponding 1-

Chinchilla and Najera

from alcohols related td75 have been used in thermal
cycloaromatizations (the so-called MyefSaito cycliza-
tion).331

iodonaphthalenes, whereas 1-acylnaphthalenes are generated Tricyclic compounds have been obtained following a

when ring opening and HI elimination occurr&d. In
addition, polycyclic aromatic iodides have been prepared via
electrophilic intramolecular cyclization of Sonogashira reac-
tion-prepared 2-(arylethynyl)biphenyls bearing electron-
donating or electron-withdrawing grou.For example,
2-ethynylbiphenyl 172 reacted withp-iodoanisol under
typical Sonogashira conditions to give (arylethynyl)biphenyl
173 which cyclized in the presence of ICI, affording the
polycyclic aromatic iodidel 74 (Scheme 51§28a

Scheme 51

172

173

Pd(PPhs),Cl, (2 mol%),
Cul (1 mol%), EtsN, 55 °C

(74%)
.

l I OMe

174

ICl
CH,Cly, -78 °C

® ;
ome (9%

X

Benzofluorenones have been obtained by intramolecular
thermal dehydro DielsAlder reactions from (arylethynyl)-

phenyl propynones, which are compounds accessible by

means of the Sonogashira methodology, followed by oxida-
tion reactions. Thus, benzifluorenone 178 has been
obtained after cross-coupling of iodinated propargy! alcohol
175to give propynonel77 after oxidation of alcoholl76.
Thermal cycloaddition, followed by desilylation gave benzo-
[blfuranone 178 (Scheme 52§2° The reaction can be

Scheme 52

Se

OH

x
SiMe;
C

OMe

-

SiMeg Pd(PPh3),Cl, (2 mol%),

Cul (4 mol%),
Et;N/THF, rt
175 176 OMe
o
_
MnO, O N SiMe, _1-PhMe, 150°C
CHzclz rt AN 2. I'IBU4NF, THF, rt
(63%) O (59%)
177 OMe
o)

a%05Y

switched to benzaffuranones by introducing different
substituents. A similar cycloaddition has been used recently
for the synthesis of the benjfluorene core of the
kinamycin antibiotic$3° In addition, enyne-allenes, generated

sequence involving Sonogashira coupling of 1-bromo-2-
iodoarenes and acetylenic tosylates, followed by cobalt-
catalyzed Diels-Alder reaction and a final cyclizatiof¥?
Moreover, a platinum-catalyzed annulation reaction of So-
nogashira reaction-prepareehlkynyl benzaldehyde acetals
has allowed the synthesis of inderf&swhereas platinum-
promoted domino cyclization reactions frawalkynyl ben-
zaldehydes have also been used for the synthesis of
naphthalenes with annulated carbocycles or heteroc§les.

4.6. Synthesis of Heterocyclic Systems

A number of synthetic approaches to heterocycles involved
an intramolecular cyclization of an appropriately positioned
nucleophilic heteroatom on the double bond of an enyne or
on the aromatic ring ofortho-substituted arylacetylene
moieties to a carboncarbon triple bond. This cyclization
is usually achieved by increasing the electrophilicity of the
acetylenic system using different electrophilic reagents or
transition metals. As an example of the latter methodology,
complexes able to form palladiumalkyne complexes can
be powerful species for the construction of heterocycles in
a process involving the fast and irreversible complexation
of the alkyne by a palladium(ll) salt. This complex can react
in the presence of an internal nucleophile to give-alkyl-
metal complex, which can undergo different processes
driving to a final heterocyclé®® As the Sonogashira reaction
is a process particularly suitable for the synthesis of enynes
and arylacetylenes, this cross-coupling process combined
with an internal electrophilic cyclization has been profusely
applied to the preparation of many heterocyclic systems.

An example of the use of this methodology is the recent
preparation of pyrrol-2(8)-ones, which have been obtained
from 3-iododienamided 79 (which can be considered as
B-acylvinyl cation equivalent8®) by means of a Sonogashira
coupling with a terminal alkyne (Scheme 53 The resulting

Scheme 53
R1 R1
— 2
L, e
in g PA(PPhg)sCly (2.5 mol%) R anv o
. Cul (5 mol%), EtzN, DMF, rt B
Bn (69-81%)
179 180
R’I
ICI R |~
CH,Cly, 1t N O
(65-80%) ] Bn
181
R'=H, Me, Ph,

|

alkenylamidel80 was cyclized using iodine monochloride
to give (iodoalkylidene)-pyrrol-2(8)-ones 181 as Z/E
mixtures depending on the nature of the substituents.
Furans can also be prepared using suitable enynes fol-

lowing a two-step procedure. A recent example is the
Sonogashira coupling of a vinyl bromide suchl®2 and
phenylacetylene to giveD-silylated enyne183 which
generates furah84 after desilylation with TBAF and internal
cyclization (Scheme 54§7 Moreover, highly substituted

R2 = Ph, Me,Si, (CH,);0H
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Scheme 54 Scheme 56

Fi(>_<Me = pn FsC Me — ( : NMe;
TBDMSO Br Pd(PPh3),Cl; (5 mol%) TBDMSOJ_\ NMe, O

Cul (10 mol%), Et,NH, 60 °C AN @[ 189 T

(96%) oh | Pd(PPh3),Cl, (2 mol%)
182 183 Cul (1 mol%), EtsN, 50 °C
e " 188 (84%) 190
3 e

TBAF vah Me T Me
THF, 0 °C o Ip +\>Me N
(86%)
184 CH,Cly, tt p /

(85%)
furans have also been prepared via cyclization from Sono- 191 192
gashira-obtained 2-alkynyl-2-alken-1-03&s¥°Furthermore,
cis-2-alken-4-yn-1-ones, prepared by Sonogashira couplingon the iodonium-activated alkyne to give initially the
of the corresponding 3-chlorinatedf-unsaturated ketone indolium salt191, which loses a methyl group via either an
with TMSA and further deprotection, dimerize on treatment Sy1 or §2 reaction. This reaction has also been performed
with weak acid to give 1,2-difurylethylené’ using different alkyl groups on the nitrogen, although keeping
2-Halofurans have been prepared by a sequence ofa methyl group, but mixtures of 1-alkyl indoles were
Sonogashira coupling and electrophilic addition to an ynone obtained.
generated by alkynylation of an acyl chloride (see section Indoles can be prepared froNtprotectedo-haloanilines
4.4). Thus, reaction of benzoyl chloride with tetrahydropy- by a one-pot palladium-catalyzed Sonogashira reaction
ranyl-protected propargyl alcohol under Sonogashira condi- followed by intramolecular cyclization. This indole synthesis

tions gave 2-phenyl-4-chlorofura@g7) (Scheme 553 The has been recently performed using copper-cocatalysis and a
palladium-supported source, such as palladium on charcoal
Scheme 55 in the presence of triphenylphosphane and 2-aminoethanol
o OTHP o oTHP in water at 80°C 349 as well as using palladium(H)Nay
= _ zeolites as catalysts, in DMF at 14€.3%° A convenient
Ph™ "Cl Pd(PPhy),Clp 2 mol%), | py/ ligand-, copper-, and amine-free palladium-catalyzed one-
Cul (4 mol%), EtN, THF, rt 185 pot cyclization to indoles starting forniN-tosylated or
N-mesylatedo-iodoanilines has been developed, as shown
cl cl in the reaction of iodinated sulfonamide93 and p-tolyl
NaCl, PTSA OﬁOH ﬂ acetylene affording indol&95 through Sonogashira inter-
Me(()sr;, 02;) °C oh Ph™ o mediatel94 (Scheme 575% The reaction takes place using
186 b Scheme 57

= Hwe

ynonel85 which was solvolized under acid catalysis to give

synthesis can be rationalized as a cross-coupling furnishing i@i
Me

[
rise to ay-hydroxy alkynone which affords chloroalcohol NH Pd(OAC); (2 mol%)
intermediate186 after acid-assisted Michael addition of SoMe  TBAA MeCN, ), it
chloride. Further cyclization gives the final furaB7. When 193 (71%)
Sonogashira reaction-obtained ynones are converted into the
corresponding)-methylated oximes, isoxazoles are obtained Me
after electrophilic cyclizatiod*? 0 O

The synthesis of indoles with the participation of a | Z _ Me O N O Me
Sonogashira reaction can be performed following one-pot O N
methodologies, since it was pioneeringly observed that NH SOMe
treatment of 1-alkynes witlo-iodo-N-mesylanilides under SO.Me
Sonogashira conditions afforded indole products in a single 194 195

operative step through a domino proc&8g he preparation
of indoles has also been carried out in two steps consistingpalladium acetate as catalyst at room temperature in the
of palladium-copper-catalyzed cross-coupling of an presence of TBAA, with ultrasonic irradiation significantly
haloaniline derivative followed by &ndodig cyclization of improving the reaction rates. In addition, 2,3-disubstituted
the resulting 2-alkynylanilines using a variety of methods indoles have also been regioselectively prepared via a one-
which include palladium, copper, metal alkoxides, fluorides, pot, three-component domino reaction including a copper-
electrophilic reagents, eté¢? even performed in watéf> free Sonogashira coupling of trifluoroacetylatedodo-
N-Protected 2-alkynylated anilines, prepared by typical anilines and aryl acetylenes, followed by a palladium-
Sonogashira reactions, have been transformed recently intqgoromoted cyclization and final coupling with aryl bro-
3-iodoindoles by electrophilic cyclizations employing iodo- mides3%? The one-pot, palladium-catalyzed coupling
nium source$?¢ N,N-Dimethyl anilines can also be employed heteroannulation has also been applied to the synthesis of
in this iodine-mediated cyclizatiolt! as exemplified in structures related to indoles, such as 6-substitutéd-5
Scheme 56, where 2-iodoaniliié8 is coupled to alkyne pyrrolo[2,3b]pyrazines®®3
189 under Sonogashira conditions to give aryl alkyirs®), Recently, a one-pot procedure for the synthesis of indoles
which, in the presence of iodine, cyclized to give indole starting fromo-dihaloarenes and using a palladium complex
192348 The cyclization proceeds by an attack of the nitrogen generated from the sterically hinderseheterocyclic carbene



900 Chemical Reviews, 2007, Vol. 107, No. 3 Chinchilla and Najera

iPry iPry gashira coupling-cyclization toward 6-benzylthiazolo[3,2-
Q[N/\N b]1,2,4-triazole¥°® and 3-benzylthiozolo[3,2]benzimida-
\@/ zoles?! such as200 and 201, respectively. Moreover,

iPr, Cr iPry
196

precursorl96 has been developéé The methodology is

NO,
shown in Scheme 58, where-chloroiodobenzene was Q\ {Ph
N- N\
NN
Scheme 58 Me— =L
N’I\S N= 8
@I =—ph @K 200 201
Pd(OAC), (10 mol%),
Cl 196 (10 mol%), Cul (10 mol%), al 0 Oy, -Me
Cs,COs, PhMe, 105 °C
D g
Ph
PANH, = mph
(52%) N

KOtBu
Ph
197

acridines have been obtained via alkynylation of 2-chloro-
coupled to phenylacetylene under Sonogashira conditions toquinolines bearing a ketone moiety at the 3-position followed
give the corresponding chlorinated alkyne intermediate. This by 6-endodig cyclization?*?and benzophenanthridines such
species subsequently reacted with an amine such as anilin@s 202 and naphthochromenes such 283 have been
in the presence of potassiutert-butoxide to afford an prepared by thermal cyclization of Sonogashira reaction-
intermediate acetylene which cyclized under the reaction obtained diarylacetylenic anilides or propiolates, respec-
conditions to give the corresponding inddl@7. Isoindolin- tively.363
1-ones have been obtained by electrophilic cyclization of Indoles have also been prepared in moderate yields via
Sonogashira coupling-preparedalkynyl)benzamides, al-  intramolecular [4+ 2] cycloaddition of suitable conjugated
though is some cases isoquinolin-1-ones were the mainenynes prepared by a Sonogashira reacfibRor example,
products®®® cross-coupling of acetylenic carbama2@4 with 2-bro-

An example of copper(l)-promoted heterocyclization from mopropylene under Sonogashira conditions afforded enyne
a Sonogashira-obtained product can be seen in the recen05 which afterN-acetynylation gave rise to ynami@@6
preparation of 5-amino-7-azaindole, an intermediate in the (Scheme 60). This compound is appropriate for a thermal
synthesis of anticancer agents. Thus, the iodopyrid@&
was coupled with TMSA under the typical Sonogashira Scheme 60
reaction conditions to give a silylated acetylene (Scheme
59) 3% This compound cyclized under copper(l) catalysis and Br

=z y
Br—=—=—SiMe;
Scheme 59 NH  Pd(PPhs)Cly (3 mol%), 1 KHMDS, Cul,
SiMe; | Cul (6 mol%), ) Py, 0°C
O,N | O,N & COMe piveridine, THF, reflux ~ CO2Me (59%)
2 | X =——SiMe; 2 | X 204 (80%) 205
2 Pd(PPhs),Cl, (2 mol%), -
N” NHz 0 cui'(2 mol), N™ "NH,
198 EtGN, THF, DMAc, t _ e
©3%) BHT 4
__-SiMe,
ON HoN NZ PhMe, 180 °C N
Cul 2omor)_| S | Hp PUC_ m CoMe (74%)  MeOL  sime,
NMP, AN T Ay
MW, 190 °C N R 5% N W 206 207

199
cycloaddition reaction, conducted in the presence of 2,6-di-
microwave irradiation to give a nitroazaindole intermediate, tert-butyl-4-methylphenol (BHT) as polymerization inhibitor
which was transformed upon reduction into 5-amino-7- (although perhaps also as a proton and/or hydrogen atom
azaindole 199. 4-Azaindoles have been prepared from donor), to give indol07. Carbazoles have been obtained
N-alkylatedo-chloroarylamines via a one-pot process com- via intramolecular cyclization of anilines alkynylated at the
prising a copper-free Sonogashira alkynylation using the 2-position with an enediyne systefit.
combination Pd(OAg)dppb as catalyst and a base-mediated  Pyrimidines have been prepared following a one-pot
indolization reactior$>” Other indoles have also been pre- strategy consisting of a Sonogashira coupling of an acyl
pared following this procedur®’ Azaindoles have also been chloride and an alkyne and a subsequent reaction with an
prepared by palladium-promoted cyclizationoedlkynylated amidinium or guanidinium saff® An example is shown in
trifluoroacetamidopyridine®? Scheme 61, where benzoyl chloride reacts with 1-hexyne
Other nitrogenated heterocycles, such as isoindoles fusedunder Sonogashira conditions to give the ynone intermediate
with triazoles, have also been prepared in a one-pot Sono-208 which reacted with the amidinium s&09in a Michael
gashira coupling and copper-promoted cyclizafitnin addition—cyclocondensation fashion affording pyrimidine
addition, palladium catalysis has been used for the Sono-210
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Scheme 61 2-iodophenol 213 with 1-hexyne under typical Sonogashira

o} conditions afforded the 4-chlorobenbifuran 214 through

==—nC4Hg Ph

oh Cl - )—=—nCH, the corresponding alkynylated intermediate (Scheme®3).
CZ"&"%&?‘QSZN""?F{"F)’ Al A two-step synthesis of these heterocyclic systems has also
U been achieved from Sonogashira reaction-obtaioed
d _/ o M k_ynylphenyl acetals foIIowed_ by platinum-promoted cycliza-
or YT tion 32whereas furo[2,3]pyridones such ag15have been
HN” SNH, NN obtained by palladium-promoted cyclization, starting from
209 . 5 3-iodopyridones’s
Na,CO3, H,0, reflux ST
(67%) — (o] Ph
210
m—@cozm
5-lodocytosine derivatives can be transformed into fluo- N7 O
rescent 7-deazapurines via a tandem Sonogashira cross- Me o15

coupling followed by an annulation reaction with terminal

alkynes. An example is the reaction of benzoylated 5-  Benzopjfurans have also been prepared froralkynyl-

iodocytosine211with 1-octyne under Sonogashira conditions  anjsole derivatives using non-transition-metal cyclization

affording an alkynylated intermediate, which suffers in situ promoters, such as iodif&? This procedure has been

palladium-promoted heterocyclization to give deazapurine applied to the preparation of furopyridin&42 which also

212 (Scheme 62j°" 5H-Cyclopentapyrazines have been can be obtained from Sonogashira-prepared 3-acetoxy-2-
alkynylated pyridines by basic ester hydrolysis followed by

Scheme 62 ~ ~ in situ 5-endedig cyclization3* Dibenzofurans have been
o o prepared by Sonogashira coupling ofiodoanisol and
L propargyl alcohol followed by several transformations and
HN® "Ph . nCsHiang HN* Ph a benzannulatiof¥> Moreover, a phthalide has been recently
NN — SN obtained by coupling of 2-iodobenzoic acid and dodeca-1,3-
| I PdPPhy), (10 mol%), | diyne and subsequent éxodig cyclization3’® and 6-(2-
N~ 0 Cul (20 mol%), EtsN N~ 0 b . .
DMF, 50 °C L enzofuryl)purines such &&l6 are available by a one-pot
CO,Et CO,Et coupling—cyclization reaction between a 6-iodopurine and
211 - - 2-ethynylphenof’”
I'IC5H13
JNH
SN
- . )
(68%) | Nx&o .
N
415 COE tN/ N\>
\—pPh

prepared by Bergman’s cyclization GN-dialkynylimida- 26

zoles, with the C-acetylenic moiety being introduced by  Nycleosides incorporating the furo[2gyrimidin-2(3H)-
Sonogashira reaction di-alkynylated 2-iodoimidazol®® e ring have been prepared from the corresponding ones
On the other hand, dihydropyrid-2-ones have been prepared;ontaining a C-5 iodinated uracil by a procedure involving
in moderate to good yields by a consecutive four-component he Sonogashira reaction followed byeSedig cyclization.

synthesis, which includes the generation of an ynone by an application of this methodology is shown in Scheme 64.
coupling of an acyl chloride and a terminal alkyne, a

methodology also applied to the preparation of tetrahydro- Scheme 64
B-carbolines’®®

. o)
Benzop]furans are another type of heterocycles which |
have also been prepared by a tandem palladium-catalyzed \fit' [ NH
Sonogashira coupling/éndedig cyclization, now starting HO NSO  =—nCgHqs HO N”l*o
from o-halophenold%®*7%For example, reaction of 3-chloro- 0 Pd(PPhy); (10 mol%), o}
Cul (20 mol%)
Scheme 63 OH iPryEtN, DMF, rt OH
217
Cl Cl nBu

oy 2T

Cul( 4 Ir:';1'\<j|lFAu)E,scg)lcpcerldlne, Cul (20 moi%) |
213 , Et;N, DMF, 75 °C /g
(73%) 3N, , HO

N0
(42%) o)
cl

214 Thus, iodinated bis-deoxy nucleosid®l7 reacted with

=
I =——nBu 4 nCgHy7
on  PAOACK(PPhy); (2 mols) on ?)\
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1-decyne under the typical Sonogashira conditions to give
an alkynylated pyrimidinedione intermediate, which is cy-
clized in situ in the presence of copper(l) iodide, to give the
corresponding furopyridinone-containing dideoxy nucleoside
218 which is as a potent and selective inhibitor of varicella-
zoster virus (VZV) and human cytomegalovirus (HCNVAA.
Other related nucleosides has also been recently prepare
following this methodology’”® Previously, it has been
observed that when the obtained furopyridin@ie (with

the alkyl chain being a methyl group) reacted with hydrazine,

a nucleophilic ring opening and a rearrangement took place

providing pyrimidopyrazin-7-on@19, which can be con-
sidered as a thymidine mim#® The former furane-fused
ring-forming 5exodig cyclization has also been employed
in 4-alkynylated pyridazinones, driving to furo[2¢Ry-
ridazines such ag2038!

Me N
@
NH
| N o CO,Et
HO N" "0 N| ) s
(0] =
TsO

OH

219 220

2-Substituted benzblthiophenes have been prepared via
Sonogashira coupling of terminal acetylenes witiodo-
thioanisole and subsequent electrophilic cyclization of the
resulting o-(1-alkynyl)thioanisole with reagents such as
iodine, bromine,N-bromosuccinimide, or phenylselenium
chloride3822 Following this strategy, thieno[3,Blpyridine
derivatives such a823 have been obtained through cross-
coupling of 2-bromo-3-methylthiopyridin@21) with phen-
ylacetylene followed by treatment of the resulting alkyne
222 with iodine (Scheme 65F%® An almost identical

Scheme 65
SM SMe
N“ B PA(PPh;),Cly (5 mol%), N
Cul (10 moi%), Et;N, 60 °C Ph
221 (66%) 222

procedure has been employed for the preparation of benzo
[blselenophenes starting from-iodo(methylseleno)ben-
zene3®s

2-lodoaniline 224) reacted with propargyl alcohols such
as 225 under Sonogashira conditions in the presence of
aqueous tetra-butylammonium hydroxide to afford the
corresponding 2-arylquinolin@29, probably following a
sequence consisting of initial coupling to form acetylenic
carbinol 226 followed by isomerization t@,S-unsaturated
ketone 228 through allene227 and cyclization (Scheme

Chinchilla and Najera

Scheme 66
Py 'y
! Z 05 o = Ph
@E Pd(PPh;),Cl, (2 mol%),
NHz  Cul (4 mol%), nBusNOH, NH,
d THF-H,0, 80 °C
224 (84%) 226
OH Ph
e ~
©\/ NH, N~ Ph
NH,
227 228 229

prepared by diphosgene treatment of 2-ethynylaniline and
anthranylonitrile, respectively, which were prepared by a
Sonogashira cross-coupling reactise.

Several N-tert-butylimines from o-(1-alkynyl)benzalde-
hydes and analogous pyridine-carbaldehydes have been
cyclized in the presence of electrophilic reagéeftgor under
palladium(11$#¢° or copper(I%¢c catalysis, to give substituted
isoquinolines and naphthyridines, respectively. An example
is represented in Scheme 67, whereromobenzaldehyde

Scheme 67

X

CHO
=—Ph

Pd(PPhs),Cl, (2 mol%),
Cul (1 mol%), Et;N, 50 °C
(94%)

A

Ph

Br

)
l2
NaOAc,
MeCN, rt
(68%)

tBuNH,
rt
(100%)

CHO
Q/\
Ph
230
SN
7 pn
i
231 232

was cross-coupled with phenylacetylene under Sonogashira
conditions, affording diaryl alkyn@30. This product was
condensed witttert-butylamine to give imine€231, which
suffered an iodine-promoted éhdaedig cyclization with
subsequent elimination of isobutene, driving to iodoiso-
quinoline23238aTheseo-(1-alkynyl)benzaldehydes can also
react with nucleophiles such as alcohols in the presence of
alkyne-activating agents to give isochromenes after hydroxy
attack to the triple bond in a éndadig cyclization3®” In
addition, 3,1-benzothiazines have been prepared by cycliza-
tion of Sonogashira reaction-obtained (2-thioformylamino)-
diphenylacetylene®® Moreover, indeno-fused derivatives of
quinolizinium salts have been obtained recently from 1-bromo-
2-iodobenzene via two consecutive Sonogashira couplings,
generation of a pyridinium cation in a benzannulated
enediyne and final cyclizatiof¥?

2-Substituted 4-iodoisochromenes have been obtained by
iodonium-promoted cyclization from Sonogashira reaction-
obtainedo-alkynylated arylaldehydes, followed by nucleo-
phile trapping®®® Isocoumarins have also been prepared via

66)3%4 2-Aryl-4-aminoquinolines have been prepared by a cyclization from suitableo-(1-alkynyl)benzoic acid8® or
palladium-catalyzed multicomponent reaction of Sonogashiratheir estersy? obtained by Sonogashira coupling. The
coupling-obtained 2-ethynylarylamines, an aryl iodide, a cyclization has been performed following two-step proce-
primary amine, and carbon monoxide, in a process involving dures with preliminary isolation of the Sonogashira product
formation of an ynoné82aThis procedure has been applied and cyclization with electrophilic reagerif23%%or following

also to the synthesis of some naphthyridiff&3.2,4- one-pot procedures employing palladium on charcoal in the
Dichloroquinoline and 2,4-dichloroquinazoline have been presence of triphenylphosphane and copper(l) iodide for a



The Sonogashira Reaction Chemical Reviews, 2007, Vol. 107, No. 3 903

coupling-cyclization proces®* An example of application ~ Scheme 70
of this last methodology is shown in Scheme 68, where o)

o)
Scheme 68 @f‘\m — 9 ©\)‘\Ph
ome  PA(PPha),Clz (2 mol%) oMe

OH COH Cul (1 mol%), Et;N, rt
COH / Me 239 240

233
T o
©i, 10% Pd/C (2.7 mol% Pd), TS\ OH |
PPhs, Cul (5.8 mol%), Ve ici |
EtsN, EtOH, 80 °C CH,Cly, rt
234 byt 0" “Ph

o (96%)

241
o}
W »Z OH Scheme 71
Me Q
235 ,,Nf‘\NH2
N
AcO [ =nC4He

o-iodobenzoic acid reacts with propargyl alcoR883under N
palladium on charcoal-catalyzed Sonogashira conditions to \Q Pd(PhCN),Cl; (10 mol%),
give 3-substituted isocoumar85 after in situ cyclization OAc EtsN, DMP, 155 °C
of intermediate234:3°1® Phosphaisocoumarins have been 242 (52%)
prepared by iodocyclization reactions from Sonogashira o}
coupling-obtained-(alkynyl)phenylphosphonaté®® N NH,
4-Alkynylthieno[2,3€]pyran-7-ones such &38have been ACO N Me,NH
recently prepared from 3-iodothiophene-2-carboxylic acid ¢ N [ H,0, EtOH
(236) and phenylacetylene by a tandem procedure involving \Q nCqHo (%%E/OC)
formation of the alkynylated thiophene intermediag¥ by OAc
the typical Sonogashira protocol, followed by &B6dadig 243
cyclization promoted by a palladium(ll) complex formed by o
insertion of the palladium(0) species into the acetylenidC N«Nﬂ*
bond (Scheme 6994 AcO NTNZ N e H,
Scheme 69 \Q
Ph OAc
| // 244
U\ =—Ph a cross-coupling reaction have been optimized and no addition
&~ ~COH Pd(PPga?z(Cs'in(:lg;”°'%)~ s OH of copper cocatalyst was needed, with no reaction being
Et;N, DMF, 70°C o} observed under typical Sonogashira conditions. Subsequent
236 237 deacylation and ring closure in the presence of aqueous
Ph dimethylamine in refluxing ethanol led to the 8-aza-3-

deazapurin44.3%
I The pyridin-2(H)-one system has been prepared by

— " Ph thermolysis of appropriate carboxylated enyne-isocyanates.
(57%) 8 o For example, Sonogashira cross-coupling of vinyl trifl24&
S with but-3-ynylbenzene gave the corresponding enyne,
0 which, after ester conversion to an isocyanate group by ester
238 hydrolysis and reaction with diphenyl phosphorazidate, gave

rgenyne-isocyanate derivati16 This compound cyclized
upon thermolysis, giving annulated pyridino2#7 (Scheme
72)3%7 In addition, quinolone248 which is a substructure

of a hepatitis C virus protease inhibitor, has been prepared
by a carbonylative copper-free Sonogashira reaction of an
o-iodoaniline and a terminal thiazolyl acetylene in the
presence of carbon monoxide, followed by ar@dcedig
cyclization3%

3-lodochromones and heteroatom analogues have bee
prepared by ICl-induced cyclization of heteroatom-substituted
alkynones, which can be obtained by Sonogashira coupling
of the correspondingo-substituted acid chloride and a
terminal acetylene (see section 4.4). An example of this
methodology is the coupling of 2-methoxybenzoyl chloride
(239 with phenylacetylene to give ynor#10, which gave
3-iodochromon&41 after electrophilic cyclization (Scheme
70)3% o]

When starting from 3-alkynylated allylic amidesg@do
dig cyclizations can drive to the generation of a pyridin- |

2(1H)-one system. A recent example of application of thi; MeO N T N\>_NH,pr
methodology is the synthesis of several 8-aza-3-deazapurine S
analogues of 1,2,3-triazold-8eoxycarbanucleosides. Thus, 248

palladium-catalyzed coupling of iodinated deoxycarba- .
nucleoside242 with 1-hexyne gave C-5 alkynylated 1,2,3- 4.7. Synthesis of Natural Products

triazole243 (Scheme 71). It is interesting to remark that, in ~ Many metabolites found in Nature contain alkyne or enyne
this rather exceptional case, the reaction conditions of the moieties, and therefore, the Sonogashira reaction has found
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Scheme 72 Scheme 74
‘ ||
OTf — / Ph MeQO {:ll |
e OMe
OEt Pd(PPhs),Cl, (3 mol%), 252
Cul (5 mol%), iPraEtN, ‘
o) DMF, rt OFEt
(98%) o) Pd(PPhs)s (0.5 mol%)
245 Cul (6 mol%)
Et;N, 65 °C
(92%)
1. LIOH 1,2-CloCgHy
2.aq H,S0, 180 °C X
3. (PhO),P(O)N; (98%) |
(79%) N" "0
247 —

frequent uses in their syntheses, with some selected examples
being mentioned in more general reviews on cross-coupling

reactions$® This section will cover very recent applications metabolites frustulosin and frustulosirfe?, (—)-frondosin
of this coupling methodology toward the total synthesis of B,*° as well as the plant metabolite with benijéfiran
natural products, with the typical copper-cocatalyzed reaction structure cicerfurafti* and heliophenanthrone, a dehydro-

being employed almost exclusively.
An example of the coupling of an aryl iodide to an aryl
acetylene can be seen in the reaction of the iodinated alcohol

249and the tris(isopropyl)silylacetylene, which gave alkyne Sc¢heme 75

250, an intermediate in the total synthesis of the benzinde-  HO Br

noazepine alkaloid bulgaramin2X1) (Scheme 73J°° There y QCHO N "
e

Scheme 73 OH

256 257

phenanthrone frorhleliotropium asalifolium.'2 In Scheme
75 is shown the cross-coupling of aryl bromi@&6 and

Pd(PPh3), (5 mol%)
Cul (6 mol%)
Et;N, DMF, 70 °C
(92%)

Meoji:['/\ = SiPr,
MeO on  Pd(PPhg);Cly (10 mol%), HO FZ OAc 0

Cul (20 mol%), Et3N, HO O
MeCN, rt M cHo
249 (75%) 5 o}
OH Me

258
SiiPrs 259

—_—

Meo 4-pentynyl acetate267) to give benzylic aldehyde@58

which has been employed in the total synthesis 6j-(
terreinol £59,*° a metabolite isolated fromspergillus
terreus In addition, a 2,4-bromopyridine has been regio-
selectively coupled to TMSA at the 4-position in a conver-
are other recent examples of the use of aryl iodides for the gent synthesis of the visual pigment AZE.
preparation of intermediates under typical Sonogashira Aryl chlorides have obviously not been employed very
conditions, which, after cyclization, afforded natural products often in total syntheses involving the Sonogashira reaction
such as benzylisoquinoliffé or indole alkaloidg?? as well due to their usual lack of reactivity. However, more reactive
as benzofuropyranones such as wedelolact&@ther recent  chlorinated heteroaromatics have been found to be suitable,
examples of the coupling of aryl iodides with alkynes can with an example being the coupling of a dichloropyrimidine
be seen in the synthesis of an immunosuppressive agentvith 1-hexyne under Sonogashira reaction conditions at room
related to sphingosine ISP the phytoestrogenic metabo- temperature to give an intermediate in the total synthesis of
lite coumestrof®the antimitotic agents combrestastatins A-1 the alkaloid from a venom antH)-tetraponerine T8
and B-14° and the spiroketal skeleton gf-rubromycin, Another example uses the highly reactive semiaromatic
where 2-methyl-3-butyn-2-ol as acetylene equivalent has 6-acyldienyl cation equivaleff 6-chloro-2H-pyran-2-one
been employed®” (260 and TMSA, also under Sonogashira conditions at room
lodinated indoles have been used as the halide counterpartemperature, for the synthesis of silylated acetyl@64,
in Sonogashira couplings leading to natural alkaloids, with which has been the starting material for subsequent cou-
an example being shown in Scheme 74, where the reactionplings, leading to the synthesis of the antibacterial, antifungal,
of 2-iodoindole252 with alkyne 253 affords acetylen@54, and cytotoxic basidiomycete metabolite (-)-nitid@62) and
which has been employed in the total synthesis of (-)- also its enantiomer (Scheme 76j.
aspidophytine 255).408 Aryl triflates have also been employed in total synthesis,
Bromoarenes can also be found as starting materials inwith an example being a coupling reaction with TMSA in
the synthesis of natural products employing the Sonogashiraan indole preparation for a recent formal total synthesis of
methodology, as in the recent synthesis of the fungi the Streptomycesnetabolite 023187

2

MeO OH

250 251
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Scheme 76 tionally defined ansamacrocyclic compou67, which is
— sive = the key precursor in the total synthesis of the kedarcidin
ﬂ — 3 | chromophore (Scheme 78). In both cases, it can be
o g PAPPha (B mol%) 0707 N
Cul (15 mol%) SiMes
EtsN, CgHg, rt Scheme 78
260 (85%) 261 NHBoc

Pd,(dba)3CHCly (50 mol%)
Cul (200 mol%)

o)
o OMOM

I OTES

iPr,NEt, DMF, rt
(90%)

262

However, beyond any doubt, the most frequently employed
partners of the alkynes for the typical Sonogashira reaction
driving to natural product synthesis have been the vinylic
halides, as the stereospecifically created enyne moiety (see
section 4.3) is quite frequent in naturally occurring com-
pounds, as well as the dienic moiety, which is easily
generated by partial reduction of the triple bond. Among the
vinyl halides, vinyl iodides have been the most commonly
employed, due to their higher reactivity. The uses of vinyl

iodides in this reaction in natural product syntheses in the
last few years have been numerous, as in the case of the

synthesis of {)-disorazole CZ%!8 (—)-callipeltoside A%
leptofuranin D0 borrelidin#°c annonaceous acetogenft¥,
alkaloids hachijodines F and ©¢ and a derivative of
phorboxazole A% Other examples incude the preparation
of tetrodotoxin'%the polyacetylene bupleuryn8P"muriso-
lin,*'° the maduropeptin chromophaot¥i precursors of £)-
cochleamycin A*¢the autacoid 12),20-dihydroxyeicosa-
5(2),8(2),10(),14@2)-tetraenoic acid®® cilindramide?°™m
murisolins?*®"analogues of solamiti{°the DE ring system
of the marine alkaloid upenamid&p the acetylenic diols
(+)-dipline C and E!*9the marine eicosanoid agardhilac-
tone#'® and tetrahydro-disorazole CG¥ An illustrative
example is the coupling reaction of TMSA with vinyl iodide
263to give trimethylsilylated enyn@64, which after silyl
deprotection with tetrar-butylammonium fluoride (TBAF)
gave rise to {)-isoprelaurefucinZ65), a metabolite isolated
from the red algaLaurencia nipponica(Scheme 77320

Scheme 77

:_SiMeg

Pd(PPhs), (10 mol%)
Cul (20 mol%), Et,NH, rt
(75%)

SiMe3

265

267

observed that the Sonogashira coupling is performed ef-
ficiently at room temperature, although rather large amounts
of palladium catalysts and copper salt are used, something
very frequent when dealing with sensitive starting materials

where mild reaction conditions are needed.

Another example of the use of a vinyl iodide is the
preparation of the/-alkylidene butenolide dihydroxerulin
269 a potent inhibitor of the biosynthesis of cholesterol.
Thus, pentadecatrientriyri#8reacted with theg-acylvinyl
cation equivalerit® (2)-3-iodoacrylic acid under Sonogashira
conditions to furnish dihydroxerulin after a tandem cross-
coupling/palladium-promoted &xadig cyclization (Scheme
79)#2 A similar procedure has been employed in the

Scheme 79
nPr
N | COH
A \—/
I X _Pd(PPh3)Cl, (1.8 mol%),
268 Cul (2.6 mol%), EtzN, THF, rt
(68%)
nPr o
AN o

N~

269

synthesis of related xerulin. In additiory{1-dehydroxyvirol
A has been prepared by a silver cocatalyzed Sonogashira
cross-coupling reaction of thieacyldienyl cation equivalent
270 with silylated diyne271, which previously suffered
desilylation under the basic reaction conditions (Scheme
80)422 The carbonyl group of the resulting compoué?2
was then enantioselectively reduced using a chiRt (
methyloxazaborolidine (the CoreyBakshi-Shibata, CBS,
reduction) to give the natural compound.

Examples of the use of vinyl bromides for this alkynylation
reaction for the preparation of naturally occurring compounds
are not as frequent as the use of vinyl iodides, although some

Another use can be seen in the macrocyclization of iodinatedrecent examples can be found in the synthesis of diene-

dialkyne266, which gave, in excellent yield, the conforma-

containing sapinofuranone % the pigment of a tangerine
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Scheme 80
(0] MeySi————=——nPr
W 2
nCsHq4 I Pd(PPhs), (5 mol%),
270 AgCl (20 mol%),
K,CO3, MeOH, DMF, rt
(69%)
0
=
nCsH44 \\
A

nPr
272

tomato??®> and different straight-chain polyacetylerfés.

Scheme 81 shows a strategy based strongly in the Sono-

Scheme 81
=
= “Br ) Br
Y =—CPDMS | 4
| Pd(PPh3),Cly (5 mol%)
3)2Cl 0),
Br cul (5 mol%), X CPDMS
piperidine, rt
273 (75%) 274
TIPS
B =
X Z
3 275
Pd(PPhs),Cl, (10 mol%),
Cul (10 mol%),
pyrrolidine, rt
(76%)
TBAF
THF

(100%)

277

[CPDMS = (3-cyanopropyl)dimethylsilyl]

gashira coupling reaction for the synthesis of the marine
polyacetylene callyberine A2{7), with other members of
this family also being prepared’ Thus, dibromide273was

coupled under Sonogashira conditions to [(3-cyanopropyl)-

dimethylsilyllacetylene, affording the mono-eny2@4 (al-

Chinchilla and Najera

Even recent examples of the use of vinyl triflates can be
found, as is the case of the cross-coupling between triflate
281 and acetylenic dio282, which gave the corresponding
coupling produc83in high yield, in a synthesis of the right-
hand segment of ciguatoxin (Scheme 83).

Scheme 83

0
BzO 074 Me Pd(PPha), (5 mol%),
| Cul (20 mol%)
Me nPrNH,, rt
OH OH (87%)
282

BzO

283

4.8. Synthesis of Electronic and Electrooptical
Molecules

Extended organic molecules intercalating an aromatic ring
and an alkyne moiety have been the focus of an enormous
amount of attention in the last few years, because, as do all
highly conjugated systems, they have properties of organic
semiconductors and can act as molecularly wired sensors,
polarizers for liquid crystalline displays, and light-emitting
devices® The Sonogashira cross-coupling methodology
represents by far the most usual access to the conjugated
chains of these poly(aryleneethynylene)s (PAEs) and oligo-
(aryleneethynylenes) (OAE&Y The starting materials can
be dihalogenated and dialkynylated arenes, or terminal
halogenated arylalkynes, with the position of the halogen
and alkynyl substituents on the arene rings determining the
polymer or oligomer shape.

When considering the reaction conditions in the Sono-

though 9% of the corresponding di-enyne was also obtained),gashira coupling applied to the synthesis of PAEs or OAEs,

which was coupled again to monoprotected bis(diy2i&)
to give pentayn@76. Final desilylation gave callyberine A.
Less frequent is the use of vinyl chlorides in natural

and particularly to poly(phenyleneethynylene)s (PPEs) and
oligo(phenyleneethynylenes) (OPEs), there have not been
very many changes or improvements in the last few years.

product synthesis employing the Sonogashira methodology, Thus, the commercially available Pd(RRBEI, is very often
although some recent examples can be found, as in the totathe source of palladium, and copper(l) iodide is almost

synthesis of {)-virol C, a toxic component of the water
hemlock Cicuta viscosa*® and also in the preparation of
polyunsaturated aceta280, a potent ant venom, by coupling
chlorinated tetraen@78 and alkyne279 (Scheme 82j2°

Scheme 82
o
PN N . //\M)kMOAc
nBu._~ =z 5 e
278 279
o
Pd(PPha)s (5 mol%) OAc
Cul (15 mol%) PN FZ 5 U2
MBUNH;, Cofe, 60°C
0, nbu. -~
(77%) 280

always added, as it does not seem to harm the progress of
the reaction. Of course, iodoaromatics are preferred in the
coupling, as they react under milder reaction conditions and
lower catalyst loadings are necessary when compared to the
cases of aryl bromides, with the presence of electron-
withdrawing groups facilitating the process, although longer
reaction times are always needed than when dealing with
low-weight molecules. The formation of undesirable amounts
of alkyne homocoupling products in this case can drive to
more serious problems, as it decreases the degree of
polymerization and can induce the presence of several
percent of butadiyne defects. Diisopropylamine has been
traditionally found to be particularly efficient as base in the
synthesis of PPEs in combination with a palladium(0) source
such as Pd(PRh, although cheaper triethylamine can be
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employed®?¢ In addition, piperidine usually outperforms
triethylamine in the case of aryl diiodides, although is not
so good when dealing with bromides, where triethylamine
is also usually the base of choice and di(isopropyl)ethylamine
performs even better. Frequently, the organic base is not the
prime solvent, and the addition of a cosolvent such as THF,
ether, or toluene, as well as chloroform or dichloromethane,
is necessary to solubilize the formed polyrff&e.

An example of preparation of a PPE is shown in Scheme
84, where a typical Sonogashira reaction has been used for

Scheme 84

Me Pd(PPh3),Cl, (0.2 mol%),

Cul (0.4 mol%)
Ethex piperidine, THF, 45 °C
I A (95%)

Ethex

284 285

N3
Ethex i

- >\ /o >\ V4
\\Ethex Me J
n

286

[ Ethex = 2-Ethylhexyl |

a one-pot polymerization reaction, with the diacetylenic arene

284 and the diiodinated compoun2B85 acting as mono-
mers?3The obtained polyme286not only has electrooptical
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Scheme 85
NC
N04©7| |4©78r
1.=—SiMe3 =—SiMe;
Pd(PPh;),Cly, Pd(PPhs),Cly,
Cul, EtsN, 1t Cul, EsN, rt
2. KOH aq,
MeOH/CHCl, NC
NCO{ Me38i%®3r
287 Ne 288

Pd(PPh3),Cly,

Pd(PPhs),Cly, Cul, Et3N, reflux
Cul, EtsN, 1t 2. KOH aq,

MeOH/CHCI,

NC NC NC
e y=Ao ==
289 (57%) 290 (51%)
| |
Pd(PPh3),Cl,,

(53%) | Cul, Et3N, reflux

NC NC NC
ol Y=L = =)

291

has been studied for the synthesis of Riektliethynylen-

properties but also has been employed for generation ofésilylenearylene$ The palladium-copper promoted alky-
permanent bubble arrays creating picoliter holes with a hylation has been used for the incorporation of linear

density of 40,000 holes/minwhich have high potential as
microanalytical tools and as matrices for the fabrication of

aryleneethynyl units on [2.2]paracyclophatfésand in the
preparation of poly(arylpropargyl)ether branctiésr poly-

microlenses. Other examples of use of the Sonogashira(€thynyl) linked aromatic aminé$: Furthermore, alkynylated

reaction for polymerization to PPEs can be foudffd.

fluorescent systems from anthracene or pyréhas well

Frequently, OPEs are prepared by an iterative process oras from 9-(cyclopentatrienylidene)fluoreffé, have been
a convergent methodology, with profuse employment of the prepared and used for the synthesis of fluorescent probes,
Sonogashira reaction, as can be seen in the synthesis of rodas well as binuclear cyclometalated complexes attached to a

shaped polycyano OPE1 (Scheme 85), with the amounts
of catalysts not being reportéef. Thus, p-iodobenzonitrile

is coupled with TMSA under Sonogashira conditions, giving,
after silyl deprotection, the alkyn287. This compound is
coupled with 5-bromo-2-iodobenzonitrile at room tempera-

ture, taking advantage of the higher reactivity of the carbon-

iodide bond, affording diarylacetyler39. This was cross-
coupled with the diacetylen®90 (also obtained from
5-bromo-2-iodobenzonitrile through a route involving So-
nogashira reaction to compou88and subsequent coupling
with 2-ethynylbenzonitrile followed by silyl deprotection),
driving to final OPE291, which has been shown to be a
strongly fluorescent material. Many other representative
examples of the recent preparation of OPEs with multiple

optical properties through Sonogashira reactions can be

found®® as well as other PPE model systetflseven
prepared by coupling vinyl triflates to the terminus of

polyarylacetylenes by using the silver cocatalyzed Sono-

gashira procedur&® Moreover, oligoazulenes with ethynyl

OPE chain for molecular wire’8

The incorporation into the oligomers of electron-deficient
rings such as azaheterocycles develops changes in their
electronic properties. Thus, chains incorporating pyridine
rings have been prepared, such as the democeptor
banana-shaped OAB94, which has been prepared by a
process based on elongation of the oligomeric chain via
Sonogashira cross-coupling of an arylacetyl@3 (also
prepared using a Sonogashira reaction) with 2,6-dibromopy-
ridine, followed by another coupling with TMSA (Scheme
86). Silyl deprotection to give diacetylenic pyridig®3and
final cross-coupling of two units of this compound with 1,4-
diiodo-2,5-dimethoxybenzene afforded the pentameric banana-
shaped systen29444° Other examples of incorporating
azaheterocycles include bipyrimidin®8as well as pyrimi-
dine®™? or pyraziné® rings. In addition, other heterocycles
have been incorporated, as in the recent preparation of a
phenyleneethynylenak-thienyleneethynylene polymés

bridges have been recently prepared using consecutive Oligo(thienyleneethynylene)s (OTESs) incorporating denor

Sonogashira reactiod® as well as ethynylhelicene oligo-
merg“? and anthrylene-ethynylene oligométsin addition,
the copolymerization of diethynylsilane and dibromoarenes

acceptor end groups have, as do other demaceptor
conjugated oligomer®? interesting linear and nonlinear
optical (NLO) properties. An illustrative recent example of
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Scheme 86
Br- N Br
| N
QMe U , Pd(PPh3),Cl, (2 mol%),
1.

=
@// Cul (1 mol%), Et;N, rt

OMe

2. =—SiMes, Pd(PPh3),Cl, (2 mol%),
Cul (1 mol%), EtsN, rt

3. KOH ag, MeOH, CHCl,

292 (34%)

OMe

Pd(PPh3),Cl, (4 mol%),
Cul (2 mol%), Et3N, rt
(28%)

the preparation of one of these don@cceptor OTES is
shown in Scheme 87, where iodothioph@9%€was coupled

Scheme 87
.
—
206 S|Me3
C12Hz5S == Pd(PPh3),Cl, (2.5 mol%),

Cul (5 mol%), PPh3 (5 mol%),

EtsN, PhMe, rt
MeOH, CH,Cly, rt

(95%)
C12H253MS|Me3
(93%)
C12H253M - C12H253MH
300

K,CO;3

299 (26%)

Pd(PPhs),Cl, (2.5 mol%),

Cul (5 mol%), PPh; (5 mol%
EtsN, PhMe, rt
(37%)

to alkyne295 under Sonogashira conditions, giving com-

pound 297 and, after desilylation, alkyn2984% Several

Chinchilla and Najera

ing electronic and optical propertié%;*¢° and the Sono-
gashira reaction has been found to be particularly suitable
for their preparation, which has been recently reviedféd.
An illustrative example of the application of the Sonogashira
reaction to the preparation of &¢DEE-based oligomer is
the linear synthesis of oligoenyr&94 starting from iodo-
enyne302 which was cross-coupled to 2-methylbut-3-yn-
2-ol to give intermediate enediyt33 From this compound
and following a series of protodesilylation reactions and
Sonogashira couplings, the final oligoenyne was obtained
(Scheme 88352 In addition, donotacceptor 1,2-divinyl-

Scheme 88
nPr
|
=
Me;Si nPr
302

Pd(PPhs)s (0.3 mol%), Cul (0.6 mol%),
=~ “OH | EtNH, THF, t

(67%)

303

1. KoCOj3, THF/MeOH/H,0, rt
2. 302, Pd(PPhs), (5 mol%), Cul (2.5 mol%),
Et,NH, THF, rt

l 4 times

MesSi npr

304 (34%)

ethynylenes have been prepared by arylalkynylation of
divinylated 1,4-dioodobenzené8as well as by Sonogashira
reaction of the corresponding iodobenzenes and a 3,4-
dialkynylated triene, as is the case of compo@0&.+64

nPr NO,
v QO
=z
Z4
A
=
N
HaN nPr
305

Highly conjugated systems containing themDEE unit
have shown interesting fluorescent properties, with their
synthesis being frequently based on the Sonogashira cross-
coupling methodology®* Scheme 89 shows an illustrative
example of preparation of one of these systems. Thus, bis-

subsequent elongations following the same methodology (genxdibromoalkene)306 has been coupled under Sono-

ended to furnish oligome299, which was finally coupled
with bromothiophene300 to give OTE 301 In addition,

gashira conditions to phenylacetylene, affording bis-enediyne
30765 whose properties as fluorophore are tunable by

different NLO properties have been achieved by preparing changing the dialkene aryl bridge. The syntheses of other
oligomers containing the thiophenylethynyl moieties com- related fluorophores have been performed by initial pal-
bined to aryl systems. Thus, oligomers incorporating the ladium-catalyzed coupling to TMSA followed by silyl

thienyleneethynylene unit and phenyl rirf§%biphenyls?>’

bipyridines?*® and oxadiazol&8® have been recently pre-

pared.

Oligoenynes based on the DEE unit are another type of

deprotection and further cross-coupling to aryl halitfés.
Other Y-enynes with dendrimeric structure and high fluo-
rescency have been prepared similéffy.

The triethynylethene (TriEE) and tetraethynylethene (TEE)

linearly sr-conjugated oligomers showing potentially interest- moieties are also structural modules, which have been used
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Scheme 89 dendrimers with interesting properties as new molecular
Br electronic and photonic materidf$. Some recent prepara-
C />—Bf = Pn tions of these type of dendrons using the Sonogashira cross-
/ " coupling reaction as the key step can be cff@dyith one
Br - Pd("Z'J,?}ﬂ%'ifl&,“{"‘ ). of them being the synthesis of snowflake-like dendriB,
306 EtsN, MeOH, 50 °C which has been prepared by Sonogashira coupling between
(60%) aryl iodide311 (also obtained by Sonogashira reactions) and
1,3,5-triethynylbenzene (Scheme 91).In addition, ex-

Scheme 91

BnO IIl 0Bn

X
for the construction of a large variety of conjugated | & Z N
molecules with interesting electrochemical and photophysical Pd(PPhs),Cl, (30 mol%),
properties' A recent example of employment of a Sono- ~ ®"° I o8n Prei THE 60°C
gashira reaction for creating a dor@cceptor system with (48%)
a TEE core is shown in Scheme 90, where dialkynylated

Scheme 90
Br Br
MeO,C.  CO,Me | @
= = _
2 S |S + ‘ Z N ‘ BnO Il 0Bn
T O5N NO, |8
308 309

BnO Il 0Bn
Pd(PhCN),Cl, (60 mol%),
Cul (20 mol%), P(tBu); {

iPr,NH, THF, PhMe, ))), 30 °C
(97%) f

MeO,C, CO,Me MeO,C CO,Me

312

O2N NO, amples of the preparation of nondendrimeric but radially
310 structured tris¥’? and hexakis(ethylaryl)benzene deriva-
tives?”® polyalkynylated pyrene§? and polyethynyl[2.2]-
gemdibromide309 was coupled under Sonogashira condi- paracyclophené® using this coupling procedure can be
tions to tetrathiafulvalene-derived terminal acetyle&tsS found. Octaethynylphenazif& hexaethynylquinoxalin&/g
furnishing the conjugation-extended TEE derivatB&0 in and benzo[2.1.3]thiadiazdlé with NLO and fluorescence
very high yield?¢” It is interesting to point out that, in this  properties, and also bearing crown ethgfshave been
case, the copper cocatalyzed Sonogashira cross-coupling hagbtained using this methodology.
been performed employing the more effective catalytic  Discotic polycyclic aromatic hydrocarbons such as hexa-
system formed by the bulky electron-rich phosphartBibg peri-hexabenzocoronene (HBC) and its substituted or ex-
and Pd(PhCNJLI, under sonication, although with large tended derivatives have attracted considerable interest in the
catalyst loading, as very low yields were obtained using the last few years, because of theirstacking self-assembling
“conventional” Pd(PP).Cl, palladium source. When starting  propertiest’® These disk-shaped moleculesstack to form
from a monoalkynylated dibromide, a related TriEE deriva- columnar thermotropic liquid crystalline phases which show
tive was obtained®” In addition, the tetraphenylethylene very high charge carrier mobilities along the axis of the
(TPE) core has been alkynylated using the Sonogashiracolumn, and they have found applications as organic field-
methodology for further attachment of donor or acceptor effect transistors (OFETs) and as hole conducting layers in
groups in the four phenyl cornet® photovoltaic devices such as solar cells or light-emitting
The structural rigidity and electronic conjugation of diodes (LEDs). An illustrative example of the use of the
aryleneethynylenes have made them very useful building Sonogashira cross-coupling reaction for the synthesis of these
blocks, not only for the already mentioned preparation of types of polycyclic aromatic hydrocarbons is shown in
polymers and oligomers, but also for the synthesis of Scheme 92. Thus, the HBC derivati®&6has been obtained
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Scheme 92
nCi2H250
= Ph
NC1H250 Br Do o I
Pd(PPhs), (5 mol%),
Cul (10 mol%),
nC12H250 piperidine, 80 °C
313 (85%)  1C,,H,s0 OnCqzHas
OnC12H25
o 314
Phﬁ/‘:h
- - FeCly
PhOPH, reflux MeNO,

(90%) (70%)

nC12Hz50
316

by a method consisting of a Sonogashira coupling reaction
between aryl bromid813and phenylacetylene to give diaryl
alkyne314 Subsequent DielsAlder reaction with 2,3,4,5-

tetraphenylcyclopentadienone and carbon monoxide extrusion

gave hexaarylated benzed#5 which was dehydrogenated
to give HBC derivative316.48° This cycloaddition-including
methodology has been used for the creation of other
substituted HBC4%' as well as branched hydrocarbon
propellerst?

The [N]phenylenes are linear polycyclic aromatic hydro-
carbons formed by alternation of N benzene units fused to
N-1 cyclobutadiene rings, and they are candidates for
molecular electronics because of their extendezbnjuga-
tion. Their synthesis is frequently based on an iterative
sequence including palladium-catalyzed alkynylations fol-
lowed by cobalt-catalyzed cyclotrimerizatiot¥d,with an
illustrative recent example being shown in Scheme 93. Thus,
Sonogashira coupling of TMSA with bis-triflatel7, fol-
lowed by desilylation of both triple bonds, afforded diyne
318 The cobalt-catalyzed [ 2 + 2] cyclotrimerization
reaction of this compound and BTMSA under irradiation

Chinchilla and Najera

Scheme 93

1. =—SiMe;
Pd(PPh3),Cl, (5 mol%),
Cul (5 mol%), Et,NH, 80 °C

OTf 2. KOH, MeOH, rt

(83%)

§9
(9
7\

317 318

Me;Si—=—SiMe; I
CoCp(CO),, o-xylene, CCI4 m
reflux, hv (76%) :
1. =—SiMe;

Pd(PPh;),Cl, (5 mol%),
Cul (5 mol%), Et,;NH, 80 °C

2. KOH, MeOH, rt
(83%)

N\

4

Messi%/
321 m m SiMe;
CoCp(CO),, o-xylene,

reflux, hv
(61%)

and seven-ring fused benzodithiophenes from 3,7-diiodinated
benzodithiophene®?

The acetylene moiety has been incorporated to polynuclear
nitrogen-containing heterocycles by means of the Sonogash-
ira reaction in order to obtain organic and organometallic
compounds for electroluminescent applicatiéf{sAnother
interesting application is the recent synthesis of the conju-
gated donoracceptor-donor molecule325, incorporating
a central moiety of naphthyridine (Scheme 94). This com-

Scheme 94
NN
HO 05eq ¢ >NT N7 el
—\N = 324
\_ 7 Pd(PPh),Cl, (10 mol%),
nd Cul (7 mol%), Et;N, DMF, 80 °C
323 (82%)

325

pound has been prepared from alkynylated anilB&8
(obtained by Sonogashira coupling of the corresponding
iodide with TMSA and further deprotection) and dichlo-

gave a benzophenylene, which was sequentially submittedronaphthyridine324following a Sonogashira protoct The

to iododesilylation to give compoun8l9. Further Sono-
gashira coupling with TMSA and desilylation furnished diyne
320. A new cyclotrimerization with silylated propargyl
alcohol321 gave benzo[3]phenyler&22 a compound that
has been used anchored to & @illerene?®* Double-bent
[5]phenylenes have been previously prepared following a
similar proceduré®® Moreover, other polycyclic systems

resulting product325 showed a high selectivity toward
mercury(ll) ion, showing two-stage color changes, and
therefore, has application as a visual detector. Related
systems have also found applications as fluorescent sensors
for monosaccharide$! In addition, alkynylated bisquino-
lines*®?and interesting electron-accepting polyoxometalated
complexes covalently bonded to terpyridine ligands by means

have been prepared from Sonogashira reaction-preparedf a Sonogashira-created-alkynylated bridge have been

starting materials, such asH4cyclopentaflefphenan-
threnones via benzannulation of enediynyl propargyl alco-
hols 8 atropoisomeric 1,2-bis[5-(H-benzop]fluorenyl)]-
benzenes via benzannulation of enyne-allene precut&ors,

obtained'®® Moreover, aryl alkyne substituents have been
connected to the 4-position of concave pyridines using the
Sonogashira methodology, with the resulting products show-
ing solvatochromism in hydrogen bond creating solvé#fts.
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4.9. Synthesis of Molecules for Nanostructures Scheme 96

Macrocycles having rigid and noncollapsible unsaturated SiPrs
hydrocarbon backbones have attracted great interest in the . /@/ Pd(PPh),Cl, (2.6 mol%)
past few years. Among them, the group formed by acetylene ! Cul (5 mol%), EtzN, THF, 50 °C
and benzene moieties such as phenylacetylene and phenyl- (87%)
oligoacetylene macrocyclé®, and also those formed by
acetylene and other arene moieti¥shas demonstrated CO,Me
tremendous synthetic versatility and the ability not only to 328 Ve

create interesting electronic effects due to their highly
conjugated structure, but also to spontaneously organize into
ordered assemblies. Thus, three-dimensional nanostructures,
discotic liquid crystals, extended tubular channels, guest

host complexes, porous organic solids, and so on have been R OEt co.MeOE g
obtained from these arylenethynylene macrocycles (AEMS). 2

The Sonogashira cross-coupling reaction has obviously 330 (R = SiiPrs)
found a clear field of application in the preparation of these (74%) | TBAF, MeOH/THF, rt
types of systems, with some recent examples being men-
tioned in this section. Thus, the most simple of these 330 (R=H)
benzodehydroannulenes, tribenzohexadehydro[12]annulene, OTHP .
and some derivatives such 887 have been prepared by ESEF(): gar)rfc?l%zigtr;ozg°c
cyclotrimerization of iodoalkyne326 under Sonogashira | | 1%y
conditions in the ionic liquid 1-butyl-3-methylimidazolium 331

tetrafluoroborate (BMIMBE) (Scheme 95)°72lt is interest-

Scheme 95
I Pd(PPhg)s (5 mol%)
Ph Cul (1 mol%)
I8 Et;N, BMIMBF,, 80 °C 332(R=1)
(37%)
=——SiMe;
326 9
(86%) Pd(PPh3)ZCI2 (3 mol%)
ul (6 mol%)

. . " idine, 60 °C
ing to note that, under these reaction conditions, the amount p'pe” e

of copper(l) iodide could be reduced to 1 mol %, therefore 332 (R===—SiMe; )
minimizing homocoupling. The reaction under the same (89%)1}(2003, MeOH, THF
conditions but in THF as solvent afforded just traces of the

final product 327. Related phenylene ethynylene cyclic 332(R==—H)

trimers have also been recently prepared in high yields by

alkyne metathesis from Sonogashira reaction-prepared acyclic (29%) Cur%i,nceumz,
precursorg?’® >

Macrocycles such a333 have been prepared by several
consecutive Sonogashira couplings and a final copper-
mediated Glaser reaction. Thus, when diiodd®8 reacted
with an excess of monosilylated dialkyB&9, the tetraacety-
lene330was obtained. This compound was desilylated and
coupled to iodide331, affording pentaarylated compound
332 (Scheme 96%%8 This derivative reacted with TMSA
under Sonogashira conditions to give a hexaalkynylated
derivative which was deprotected and suffered double
homocoupling in the presence of copper(l) to give macro-
cycle 333 External oligo-alkyl groups can be incorporated
to this structure333, thus exhibiting stable liquid crystalline
phases with a columnar order of the molecules. Other recent
illustrative examples of the application of the palladitm THPO
copper promoted cross-coupling alkynylation reaction to the
synthesis of related phenylenacetylene macrocyclé®’ the
asymmetric synthesis of macrocyclic binaphthol dinté?s,
and the synthesis of phenylenebis(ethynyl)-tethered bis-
BINOL ligand$°®can be found. In addition, the Sonogashira
coupling has been employed recently for the connection of
an iodinated pyrimidinone to 34- or 36-crown-10 for the
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selective self-assembly of some hydrogen-bonded hetero- Other recent examples of the Sonogashira reaction applied
trimers°! and for the alkynylation of dibenzo-24-crown-8 to the preparation of aryler@cetylene macrocycles contain-
ethers for complexation studié®. ing substructures such as coppeyclobutadiene com-
plexes;® cyclopentadiene®¥? allenesi® and enediyné°can
Scheme 97 also be found. An example of the latter type is the synthesis

SifPr. EtoN; P of multicyclic cagelike cyclobutene-containing structGes),
3 iiPrs

/ ION:,EIZ /

\\/ 335 \\/

= Pd(PPh), (9 mol%), =
< Cul (9 mol%), EtzN, rt =
85%
334 (85%) 336

TBAF, THF, rt

Et,N3 Br

C = SN
Br Br
337 338
Pd,(dba); CHClIj,
(90%) ‘ Cul, pentamethylpiperidine,
CSHGv rt

339 (R = N3Ety)

(73%) | Mel, 1,

339 (R=1)

Pd(PPhj), (100 mol%),

339 (R = SiiPr3)| Cul (100 mol%), Et;N,
TBAF, rt

which has been prepared after Sonogashira cross-coupling
reaction of diethynylpropellane derivati@34 with diethyl-
(4-iodophenyl)triazene3@5) (Scheme 97). Subsequent silyl
deprotection and coupling reaction of the obtained compound
337with tris(bromoethynyl)benzen888) gave the tria39
Subsequent transformation of the triazene to an iodo group
gave 339 (R = I). The final Sonogashira cross-coupling
reaction of this compound with an in situ generated terminal
alkyne derived from339 (R = SiiPr;) by removal of the
triisopropylsilyl group yielded the multicyclic systeB840
which, after indane expulsion produced by laser irradiation,
gave anions of & fullerene®® In this last reaction, sto-
ichiometric amounts of the palladium catalysts and copper
cocatalyst were used due to the small scale employed.
Heterocycles have also been incorporated to arylene
acetylene macrocycles. For instance, dehydropyridoannulene-
type cyclophanes with metal ion binding sites have been
obtained, with the Sonogashira reaction being a key step in
their preparatiof® In addition, 2,6-diethynylpyridine-
containing macrocycles incorporatiggmenediyne moieties
have been prepared, as shown in Scheme 98, where dial-

Scheme 98
N Ph.__Ph
| P + 2
// N \\ TfO \\
SiEt,
341 342

Cul (20 mol%), Et,NH, THF, rt

Pd(PPhs), (8 mol%),
(49%)

SiEt SiEt
° 343 ®

1. NaOH, MeOH, THF, rt
2. CuCl, TMEDA, CH,Cly, O, 1t
(62%)

344

kynylated pyridine341 reacted with 2 equiv of diphenyl
vinylidene-substituted triflat842 under Sonogashira condi-
tions, leading to oligome343 Subsequent silyl deprotection
and copper-catalyzed homocoupling afforded macrocycle
34459 Other examples of the use of the Sonogashira reaction
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in the preparation of arylenreethynylene macrocycles con-  Scheme 100

taining amidé'® or thioethet'! moieties can recently be [
found, as well as in the synthesis of indole-based macro-

cycles®? polyenine macrocycled? and indolophanetetrayne

and indolophanehexayne cobalt compleXésn addition,

planar metallocyclophané¥, star-shaped ruthenium com- -“Si O
plexes3'® or arylalkyne-linked metalloporphyrins for su- — ‘ SN
pramolecular assemblf@$ have also being obtained. AcS O O SAc

Calix[4]arenes fixed in theoneconformation are struc-
tures able to bind cations in their bowl shaped cavity. The Il
creation of a relatively deep-electron-rich cavity in the

upper rim of calix[4]arenes has recently been performed by ‘
a fourfold Sonogashira cross-coupling reaction of tetrabro- SAc
minated calixarene45 and phenylacetylene to give tet- 347
raalkynylated calixaren&46 (Scheme 99j* Similarly, they
H2NN02

Scheme 99 N Pd(dba), (5 mol%),

Cul (5 mol%),

PPh; (20 mol%),

=——FPh 348 Et3N3, THF, rt

64%
Pd(PPh3),Cly (5 mol%), I (64%)

Cul (10 moi%), Et;N, 90 °C
(95%)

345
H2NN02
N

7 [
nPrOnPrO  Qnpr OnPr
346

S
have incorporated different pyridinylacetylertésstudying = OOO =
the ability of the formed calix[4]arenes for binding pyri- AcS O O SAc
dinium salts. In addition, other tetraalkynylated calix[4]arenes I

with advanced NLO properties have been prepared in the
same way:® as well as OPE-derived calix[4]arefi&sand

lower rim alkynylated calix[4]arene®! Moreover, the So- O
nogashira reaction has been employed in the derivatization She
of calix[8]arene®?or the alkynylation of calix[5]arenes for 349

fullerene encapsulatior® Furthermore, dipyrrolidineboron been recently prepared and used as single-molecule atomic

difluoride dye pairs have been incorporated to resorcin{4l- ¢,ce microscopy tips for imaging surfaces using Sonogashira
arene cavitand based molecules by means of Sonogashirggations, as well as for photoinduced electron trafi&fer
reaction-created OPE arms, obtaining molecular switches i tast electron injectioff® The synthesis of tripodal

with multinanometer expansion/contraction motiéhand  g,nqgashira-obtained phenylacetylene compounds containing
also OPE arms have been used for the attachment of carbor, .o« cores has also been accomplishéd.

nanotubes to silicon surface®This alkynylation procedure Amide-functionalized phenylethynylthiopher@s2 has

has also been used gor the synthesig-aclodextrin-based  poen prepared by Sonogashira cross-coupling reaction be-

cluster mannosidest tween 2 equiv of brominated pyridine dicarboxam@g0
Caltrop-shaped molecules that could be used as surfaceq tetraalkynylated thiophe8&1, previously obtained from

bound electric field-driven molecular motors have been o apromothiophene by two consecutive Sonogashira cou-

obtained using the Sonogashira coupling as key reactlon.p"ngs using phenylacetylene and TMSA (Scheme 5¢f1).

Thus, the cross-coupling reaction of iodinated tetrathiolo- 11,4 resulting thiophend52 has been used as a gelator to
acetate347and carbazole derivative48 (both incorporating jmmopilize organic solvents via the cooperative effect of

acetylene moieties generated also by Sonogashira alkyny-,o-ovalent interactions (h ; ;
. . ydrogen bonding;r stacking,
lation) gave compoung49 (Scheme 1005 This molecular donor-acceptor) and Van der Waals interactions, with

caltrop can assemble upright on a gold surface in the form gy o ral studies revealing the formation of fiberlike nano-
of self-assembled monolayers, using the deprotected thiolsgi.,ctures.

as adhesion units, whereas the carbazole upper part bearing

donor-acceptor groups can be controllable when electric .

fields are applied, thereby constituting a field-driven motor. 5. Conclusions

Other related nanoscale molecular caltfpsjpodal OPES?® This review has intended to illustrate how the Sonogashira
and tripodal tri2%° and tetrasubstitut& adamantanes have alkynylation reaction is nowadays a key cross-coupling
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Scheme 101
Br
‘ X
o = O
N
2 n012H250 NH HN OnC12H25
nC12Hz50 OnCyoHas
OnC12H25 OnC12H25
350
Phwse. g _—=—Ph
S —
\ /) Pd(PPh3)s (10 mol%),
Cul (10 mol%), iProNH, reflux
7/ \ (47%)
351
OnCqaHys OnCyzHzs
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C12H250n
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methodology with growing applications to many different

areas of chemistry and material sciences. As the discovery

of new products of interest available through this procedure

increased, the search for more convenient reaction conditions

increased dramatically in the last few years. Thus, the typical
reaction conditions involving the use of commercial pal-

ladium complexes as catalysts in rather high amounts,
accompanied by the addition of even larger amounts of a
copper cocatalyst plus the use of an excess of an amine a
base and high temperatures, made this reaction rathe
unfriendly from an economical and environmental point of

view. After reading the first part of this review, where plenty

of palladium ligands and palladium-containing species
employed as catalysts are shown, it is easy to notice the

considerable achievements made by creating more active

catalysts which can perform the Sonogashira coupling under
really low catalyst loadings, as is the case, for instance, for
the new developed palladacycles. The increase in the
reactivity of the catalysts has allowed coupling procedures
which work in the absence of copper cocatalysis and has

even made the presence of an amine and a phosphane
unnecessary. These copper- and amine-free procedures can

be driven closer to environmental perfection when aqueous
solvents or even neat water are employed, with some quite
simple palladium species such as palladium(ll) chloride being
found to work especially well in aqueous media. Moreover,
the possibility of recycling the catalysts is particularly
interesting for industrial purposes, and this review has shown
the profuse search in the last few years for supported
palladium catalysts able to add recyclability and no metal
leaching to the former advantages.

Paralleling all these recent developments and improve-

ments have been discussions about the real nature of the

catalyst performing the cross-coupling reaction. It seems that
many of these new catalysts are in fact just precatalysts, with
nanoparticles formed after their decomposition being the real
catalytic species, which open new possibilities for reactivity
based on their higher or lower stabilization. Taking into
account that the reaction probably not only takes place on

Chinchilla and Najera

the rim of the nanoparticle but also involves solubilized
palladium species, the full understanding of the reaction
mechanism still remains an open question.

In spite of these considerable improvements made to the
Sonogashira procedure by using new catalysts and reaction
conditions, it is rather surprising that the practical applications
of these procedures have been so limited. Thus, from this
review it is easy to notice that the old, typical copper
cocatalyzed Sonogashira procedure is still being employed
almost exclusively for all kinds of synthetic purposes. The
new methodologies are probably so recent that there has still
not been enough time to show their real synthetic possibili-
ties. There is no doubt that, in a few years, an increasing
number of synthetic applications using the more effective
of these methods will be reported.

Although many advances dealing with the Sonogashira
reaction have been made in the last few years, there is still
a long way to go before achieving the ideal procedure. Many
improvements are still necessary in order to fully develop
general coupling procedures which allow good results
regardless of the halide system used and maintaining very
low catalyst loadings, low temperature, and clean reaction
conditions as well as allowing catalyst recyclability. With
all these challenges still present in the battlefield and with
the growing interest in the products that could be obtained,
it is certain that the Sonogashira reaction will still continue
to be a fast-moving topic for the next several years.
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