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Cal’l Glasel‘ was born in 1841 in Kirchheimbolanden in
the Rheinpfalz. He started his chemistry studies at the University
of Erlangen, where he rapidly developed an interest in the synthe-
sis of tar dyes, which were in high industrial demand at that time. In
1864, he moved to the University of Tiibingen to work with
Adolph Strecker and, in the same year, obtained his doctoral de-
gree for his experimental investigations of new derivatives of naph-
thalene. Upon recommendation by Strecker, a former teacher of
August Kekulé, Glaser joined the group of Kekulé and participat-
ed for several years in the ongoing intensive research on benzene
and its derivatives—a field that had just been started with the ben-
zene theory. In 1867, Glaser moved with Kekulé to the Rheinische
Friedrich-Wilhelms-Universitdt Bonn, where he continued his in-
vestigations on derivatives of cinnamic acid that he had already
started in Tiibingen. During this work, he discovered the oxidative

coupling of copper alkynylbenzene, the reaction later named after
him and which is at the center of this review. Following his habili-
tation in 1869, Glaser joined the Badische Anilin- & Soda-Fabrik
(BASF) and became responsible first for the development, then
for the direction of the technical synthesis of alizarine. During
his highly successful industrial career, he was in charge of the de-
velopment of technical production processes for a large series of
dyes, including the milestone implementation of a technical syn-
thesis of indigo. He joined the executive board of directors of
the company in 1883 and, after his retirement from this position
in 1895, was elected to the control board (“Aufsichtsrat”), which
he chaired from 1912 to 1920. He died in 1935. (For a more detailed
description of the scientific career of Carl Glaser see: R. Anschiitz,
C. Miiller, Angewandte Chemie 1927, 40, 273 -300.)
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Acetylenic Coupling: A Powerful Tool in Molecular Construction

Peter Siemsen, Robert C. Livingston, and Francois Diederich*
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Acetylenic coupling is currently expe-
riencing some of the most intensive
study of its long history. Rigid and
sterically undemanding di- and oligo-
acetylene moieties, which are frequent-
ly encountered in natural products, are
finding increasing application as key
structural elements in synthetic recep-
tors for molecular recognition. Inter-
esting electronic and optical properties
of extensively m-conjugated systems
have spurred research into new linear
oligoalkynes and acetylenic carbon
allotropes. The synthetic challenges
associated with these efforts have in

turn spawned new methods. While
classical Glaser conditions are still
frequently used for homocoupling,
the demand for increasingly selective
heterocoupling conditions has provid-
ed the focus of research over the past
decades. These efforts have undoubt-
edly been hampered by a relatively
poor mechanistic understanding of
these processes. More recently, palla-
dium-catalyzed coupling methods have
led to improvements in both the selec-
tivity and reliability of acetylenic ho-
mo- and heterocouplings and paved

more complicated systems. The variety
of acetylenic coupling protocols, the
current mechanistic understanding,
and their application in natural prod-
uct and targeted synthesis are dis-
cussed comprehensively for the first
time in this review, with an emphasis
on the most recently developed meth-
ods, and their application to the syn-
thesis of complex macromolecular
structures.

Keywords: alkynes -
synthetic methods

C—C coupling -

2 the way for their application to ever

J

1. Introduction—A Brief Historical Survey

The history of acetylenic coupling began at the University
of Bonn with the 1869 observation of Carl Glaserl!l (see
p. 2632) that copper(l) phenylacetylide (1) exposed to air
underwent smooth oxidative dimerization to diphenyldiacet-
ylene (2; Scheme 1).

Later the Glaser coupling was extended to various organic
compounds possessing a terminal ethynyl group. Baeyer[?

2 CuCl,
2 N — H 2 @%cul
— NH4OH, EtOH

Scheme 1. The first acetylenic coupling described by Glaser.[!]
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provided an early demonstration of the synthetic utility of the
method in his 1882 synthesis of indigo (3; Scheme 2). With the
use of potassium ferricyanide as the oxidizing agent,” he
simultaneously showed that dioxygen itself is not necessary
for the coupling process.

_ P 1) H0, A ) N
: OH 2) EtOH, CuCl, =

NO, NH,OH NO,
l Ka[Fe(CN)el,

H
Y = N~ | H2S04, (NHq)2S
B S —
= N Y
H o NO, O,N
3

Scheme 2. Indigo synthesis by Baeyer.*

In 1885, Baeyer employed this modified procedure in the
preparation of diacetylene and its diiodo and dicarboxylic
acid  derivatives.’!  Tetraacetylene dicarboxylic  acid
(HOOC—(C=C),~COOH) was also likely generated in these
experiments.?] In the following years other groups showed
that oxidizing agents besides dioxygen! or potassium ferri-
cyanideP! can be employed, including cupric salts,[*!! potas-

1433-7851/00/3915-2633 $ 17.50+.50/0 2633
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sium permanganate,’? and peroxides.'> ¥l In 1905, Straus
observed that heating copper(l) phenylacetylide (1) in acetic
acid under inert gas (CO,) gave linear enynes 4a and 4b
instead of the expected diphenyldiacetylene (2; Scheme 3).[%]
Now termed the Straus coupling, this reaction has since
become quite generalized,[' 7] and has even found industrial
application in the production of vinylacetylene and divinyl-
acetylene.[': 1

H H

Ph \\
4a Ph

A
Ph———~Cu +
CH3COOH,

1 inert gas (CO,) Ph H

H \\
4b Ph

Scheme 3. The Straus coupling reaction.'¥)

The original Glaser reaction failed to see broad application
because of the apparent need to isolate the potentially
explosive copper acetylide before oxidation, which was often
tedious in view of the poor crystallization properties of most
copper salts.?! Particularly important then was the observa-
tion of Zalkind and Aizikovich in 1937 that tertiary alkynols
coupled directly in the presence of copper(l) chloride and
ammonium chloride to afford the corresponding diacetylene
dicarbinols.?] This method initially failed in the case of
primary and secondary alkynols.?? In 1955, however, Reppe
succeeded in the preparation of diprimary and disecondary

alkadiynediols by treating the mixture of primary or secon-
dary alkynol, CuCl, and NH,CI more intensively with air or
dioxygen.?l Addition of copper(i1) acetate was also found to
accelerate the reaction, which indicated participation of
copper(i) ions in the coupling process. The possibility of
forming the copper() acetylide in situ paved the way for
intensive investigations of the factors influencing the oxida-
tive coupling of various substituted acetylenes,> 12 13.23-31]
which ultimately led to improved convenience and scope of
the reaction, and to industrial applications.

A further milestone in the evolution of oxidative acetylenic
coupling was the copper(i) salt oxidation in methanolic
pyridine introduced in 1956 by Eglinton and Galbraith*
(Scheme 4). This method proved of great value within a few
years of its discovery, and led to the preparation of a variety of
new unsaturated macrocycles,® including the pioneering
annulene syntheses of Sondheimer and co-workers.[?

a

Scheme 4. Acetylenic coupling with copper(tn) salts in pyridine according
to Eglinton and Galbraith.l*?]

MeOH, pyridine,
high dilution

+ Cu(OAc)
(OAC), 20-40%

(excess)
X Z

Another important modification was reported in 1962 by
Hay, who performed oxidative acetylenic couplings with O, in
the presence of catalytic amounts of the bidentate ligand
N,N,N',N'-tetramethylethylenediamine (TMEDA) and cop-
per() chloride (Scheme 5).%1 Enhanced solubility of the
reactive species is one major advantage provided by this

-
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CuCl. TMEDA (cat.)
2R—=H + 050, R—=——==-R + H,0
solvent

Scheme 5. Hay coupling conditions.”!

method. For example, whereas the copper(l) acetylide of
propargyl alcohol precipitates from solutions of copper(l)—
pyridine complexes, the use of the soluble copper(l)-
TMEDA complex allows the coupling reaction to proceed
satisfactorily.

Parallel to the evolution of oxidative homocoupling pro-
cesses, Chodkiewicz and CadiotP reported in 1957 a potent
heterocoupling protocol involving terminal alkyne and 1-bro-
moacetylene partners in the presence of an amine and
catalytic amounts of copper(i) salt (Scheme 6).

1) CuCl, NH,0H - HCl,
EtNH,, MeOH, N,
R——H R——=—R'
2)Br—=—R', MeOH

Scheme 6. Cadiot - Chodkiewicz heterocoupling conditions.?*]

In Chapter 2 of this review, the scope and limitations of the
various acetylenic homo- and heterocoupling methods will be
discussed. It will become apparent that, despite the introduc-
tion of new methods, the variants of the Glaser homocoupling
discussed above and the Cadiot — Chodkiewicz heterocoupling
remain the most utilized. Chapter 3 summarizes the current
mechanistic understanding of these reactions. Chapter 4
provides selected examples illustrating the wide application
of acetylenic coupling in natural product synthesis, construc-
tion of molecular receptors, and formation of acetylenic all-
carbon and carbon-rich matter.

2. Methods for Acetylenic Homo- and
Heterocoupling: Scope and Limitations

Several reviews, now quite outdated, have been published
on the Glaser and Cadiot—Chodkiewicz coupling reac-
tions.’’-* In the meantime, a number of new methods for
the synthesis of symmetrically and unsymmetrically substi-
tuted 1,3-diynes have been described.

2.1. Copper-Catalyzed Oxidative Homocoupling
Reactions—The Glaser Reaction and Related Methods

The oxidative coupling of terminal acetylenes has been
most extensively investigated. In the original procedure
(Scheme 1) a copper(l) acetylide was isolated and subsequent-
ly oxidized in air. The method became widely applicable with
the finding that the copper() derivative, often characterized
by poor crystallizability and a tendency to explode in the dry
state, can be formed in situ. The influence of various factors,
such as the proportion of copper(l) salt, oxidizing agent, pH,
time, temperature, solvent, and character of the alkyne, was
the subject of numerous investigations. These efforts were
reviewed exhaustively by Eglinton and McCrae in 196357 and
six years later by Cadiot and Chodkiewicz.*’]

Angew. Chem. Int. Ed. 2000, 39, 2632—-2657

The modification by Hay®®! (Scheme 5) presumably repre-
sents the most important method for the oxidative coupling to
provide linear oligo- and polyacetylenes. In one procedure,
the alkyne and catalytic amounts of a copper() salt (usually
CuCl) are dissolved in the presence of dioxygen in a
complexing tertiary amine solvent such as pyridine. More
commonly, the coupling is performed in an appropriate
solvent such as acetone or o-dichlorobenzene using catalytic
amounts of the bidentate complexing ligand TMEDA. The
latter protocol (O,, CuCl, TMEDA) is commonly referred to
as standard Hay coupling conditions.

By adding a small amount of the strong base 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU), the reaction rate can be
accelerated, #1 making it possible to couple even weakly
acidic terminal alkynes efficiently. For example, 5-ethynylpyr-
azole underwent oxidative dimerization under Hay conditions
(0,, Cu(l, pyridine) whereas 2-ethynyl-1-methylpyrrole did
not, presumably because of the lower acidity of its ethynyl
proton.™! In the presence of catalytic amounts of DBU,
however, quantitative dimerization occurred, since the stron-
ger base is more efficient in the deprotonation of the alkyne.

Alkoxyalkynes Sa-f were found to undergo smooth
oxidative dimerization to diynes 6a—f when a catalyst system
consisting of Cul and two equivalents (with regards to Cul) of
TMEDA in acetone was used (Table 1).1%1 This was attributed
to the improved solubility of this catalyst in acetone. Under
standard Hay conditions (O,, CuCl, TMEDA) the conversion
was quite inefficient.

Table 1. Preparation of 1,4-dialkoxybuta-1,3-diynes 6a—f by oxidative
coupling 1]

Cul - 2 TMEDA

RO——H RO——=-0OR

O,, acetone,

20-60 min, RT
Sa R =tert-butyl 6a 77 %
5b R =1-adamantyl 6b 85%
Sc R =decyl 6¢ 78 %
5d R =cyclohexyl 6d 95 %
Se R =1L-menthyl 6e 76 %
5f R =2,6-dimethylphenyl of 65 %

In their investigations of the oxidative dimerization of
heterocyclic alkynes, Fritzsche and Hiinigi*"! found a strong
dependency between yield and solvent, and reported the
advantageous use of 1,2-dimethoxyethane (DME). Havinga
et al.*® found o-dichlorobenzene (ODCB) to be a superior
solvent for the oxidative polymerization of 1,8-nonadiyne
under Hay conditions (O,, CuCl, TMEDA) to yield polymers
with a molar mass of greater than 20000. Presumably ODCB
keeps higher molecular weight oligomers in solution better,
thereby ensuring the growth of longer polymers. We observed
a similar advantage using this solvent in the oligomerization of
platinum-bridged tetraethynylethenes under Hay conditions
(Section 4.3). Dichloromethane has been found to be another
good solvent for both the oxidant and the polymer formed.[*!
In the presence of oxygen-sensitive products or reactants,
large excesses of the Hay catalyst (CuCl, TMEDA) have been
used to shorten the reaction time.[ #]

An interesting procedure, reported by Mori, Hiyama, and
co-workers, allows direct coupling of trimethylsilyl-protected
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alkynes without previous removal of the protecting groups.™!
A solution of the acetylene is heated together with one
equivalent of CuCl in DMF under air or dioxygen to give the
coupled product in high yield (Scheme 7). No activator such
as fluoride ion was needed to remove the silyl protecting
group. This technique allows the efficient dimerization of
alkynes which decompose after deprotection, and is also
applicable to the synthesis of unsymmetrically substituted
diacetylenes (Section 2.2).55

. CuCl, DMF, O,
R———SiMes3 R———=—R
60°C,3-6 h

R =Ph 100%
R= C6H13 80%

Scheme 7. Cu'-promoted oxidative homocoupling of alkynylsilanes.*!

Oxidative coupling reactions are usually the method of
choice for the construction of macrocyclic oligoacetylenes
containing buta-1,3-diynediyl fragments. In particular the
modification by Eglinton and Galbraith (Scheme 4)B2 has
been heavily used for this purposeP? (and less for the
construction of linear oligomerst®>34). Typically copper(ir)
acetate is employed, either using pure pyridine as the
coordinating solvent, or using cosolvents such as methanol
to prevent precipitation of the copper(l) derivatives formed in
the course of the reaction.’™ The rate of reaction increases
with the concentration of the copper(1) salt.

Several variations of the original Eglinton protocol have
been reported, and notably show that pyridine can be
substituted entirely. Staab and co-workers used Cu(OAc), in
pure DMF to form buta-1,3-diynediyl linkages in the key
macrocyclization step on the way to benzo-annellated [14]-
and [18]annulenes.® Berscheid and Vogtle reported high-
yielding oxidative cyclodimerizations using Cu(OAc), in pure
acetonitrile.[’!

A large excess of both CuCl and Cu(OAc), in pyridine
proved to be highly efficient in intramolecular oxidative
dimerizations leading to dehydrobenzo[18]annulenes, as re-
ported by Haley and co-workers.’®! The same group also used
potassium carbonate for the in situ deprotection and coupling
of trimethylsilyl-protected alkynes. The application of both
methodological advances is illustrated in the synthesis of the
dehydrotetrabenzo[32]annulene 7 (Scheme 8).0%

Very recently it was shown that Glaser couplings can be
carried out smoothly and in high yield in supercritical carbon
dioxide using solid NaOAc instead of amines. Thus, the
conversion of phenylacetylene (1 equiv) with CuCl, (2 equiv)
and NaOAc (2 equiv) in supercritical CO, in the presence of
methanol afforded diphenylbuta-1,3-diyne (2) in quantitative
yield. Aliphatic alkynes also underwent homocoupling in
greater than 90% yield. Control studies showed that the
presence of methanol led to large rate enhancements and that
reaction rates increased with higher pressures of CO,.

Oxidative copper-mediated coupling reactions are not
limited to homogeneous solutions. Toda and Tokumaru have
found them to proceed efficiently and selectively in the solid
state.®) For example, keeping a mixture of powdered
copper(l) phenylacetylide (1) and CuCl,-2H,O for 3 h at
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Scheme 8. Synthesis of dehydrobenzo[32]annulene 7.5

room temperature gave diphenylbuta-1,3-diyne (2) in 60 %
yield, whereas the yield of the Glaser reaction in water was
only 40 %. A remarkable result was observed when the solid-
state conditions were applied to the Eglinton procedure.
Although the reaction rate was slower in the solid state than in
solution, the resulting products differed in some cases.
Whereas, for example, the coupling of rac-8 in pyridine (Py)
gave the corresponding cyclic dimer rac-9, the solid-state
procedure using the Cu(OAc), - 2Py complex afforded exclu-
sively the linear coupling product rac-10 (Scheme 9). The
reaction of optically pure (—)-8, however, provided longer

! tBu_ OH rac9
X XX
tBu” OH
rac-8

rac-10

Scheme 9. Oxidative coupling under Eglinton conditions in solution and
the solid state.[*"]
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polymers (> 100 monomer units) in solution and only low
molecular weight oligomers in the solid state.

In 1995, Baiker and co-workers described another hetero-
geneous route for the dimerization of phenylacetylene.®!l The
coupling was carried out in an autoclave in the presence of
sodium hydroxide under enhanced oxygen pressure using Cu-
Mg-Al hydrotalcite (a hydroxycarbonate) as the catalyst. This
route led, depending on the initial pressure, to yields of
diphenylbuta-1,3-diyne (2) comparable with those achieved in
the conventional Hay synthesis (>80%).

2.2. Heterocoupling of Alkynes with 1-Haloalkynes—The
Cadiot — Chodkiewicz Reaction and Related Methods

The Glaser reaction and related methods normally give
unsatisfactory results for unsymmetrical coupling because of
the simultaneous and rather predominant formation of the
symmetrical products. Therefore, these techniques have seen
little recent application in the synthesis of nonsymmetrical
diynes.[®] A solution to this problem, provided by Chodkie-
wicz and Cadiot,? consists of the condensation of terminal
alkynes with 1-bromoacetylenes in the presence of a copper()
salt and a suitable amine (Scheme 6). This method has been
used extensively to synthesize a wide range of diacetylenic
compounds, and the influence of various factors such as the
nature of the base and acetylene, solvent, time, and temper-
ature on the reaction has been investigated in great detail.’” ¥
The method has been applied to the synthesis of numerous
aliphatic and aromatic buta-1,3-diynes[®! and tolerates a wide
variety of functional groups, including alcohols and polyols,[*]
peroxy substituents,®] quinols,[* epoxides,[”) amines, ! ace-
tals,®! carboxylates,™ carboxylic esters”!! and amides,
disulfides,[? acetylenic silyl-protecting groups,’¥ and even
nitroxyl radicals.

Aromatic buta-1,3-diynes® are generally obtained in high-
er yields than their aliphatic counterparts.’*} The terminal
alkyne partner for the heterocoupling is particularly suitable
if it bears hydrophilic functionality such as hydroxyl, amino,
or carboxylate groups.? Conjugated alkynes such as buta-1,3-
diyne are also suitable as the terminal alkyne component.
Apart from bromoalkynes, iodo derivatives™ 7% have also
been employed to a minor extent, whereas chloroacetylenes
are of little practical importance because of their low
reactivity. The former are strongly oxidizing toward copper())
ions and normally favor self-coupling. This “secondary”
Cadiot — Chodkiewicz coupling, often observed with bromoal-
kynes as well, is considered to proceed by halogen-—metal
exchange, and can be applied to the synthesis of symmetrical
polyacetylenes (Scheme 10).5]

R—=—Br + 3Cu* R Cu

-Br~ — 2 Cu?*

|
R————
+ Cu* + Br

Scheme 10. Halogen—metal exchange and subsequent homocoupling are
undesirable side reactions of the Cadiot—Chodkiewicz heterocoupling.[*’]
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This variant, which occurs primarily as a disturbing side-
reaction to the heterocoupling process, can be suppressed by
amines and by the use of low concentrations of the copper()
ion and the haloacetylene.””#1 The separate preparation of
the copper(l) acetylide proved useful in some cases.*!: 8081
Kurth, Schore, and co-workers recently described an interest-
ing polymer-supported technique which inhibits the mutual
interaction between haloalkynes and efficiently reduces the
self-coupling.®?) The coupling of immobilized chloro- or
bromoalkynes with 1-octyne under Cadiot—Chodkiewicz
conditions proceeded in high yield and without formation of
homocoupled product (Scheme 11), whereas the correspond-
ing conversions in solution gave up to 34 % homocoupled side
product.

1) =~~~
CuCl, NH,0H - HClI,
EtOH, nPrNH,

2) KOH, THF, H,0,
nBuygNBr

3 i:: io /Br
O/\/

HO S T

71%

O = 2% cross-linked polystyrene-divinylbenzene (Merrifield resin)

Scheme 11. Polymer-supported Cadiot — Chodkiewicz heterocoupling effi-
ciently suppresses the self-coupling of the haloacetylene as an undesirable
side reaction.®?!

Besides the original Cadiot - Chodkiewicz coupling, which
is still important for the synthesis of unsymmetrically
substituted di- and polyynes, a number of interesting and
complementary variations exist. In 1996, Alami and Ferri
reported an efficient copper(l) iodide catalyzed cross-coupling
reaction between 1-haloalkynes and terminal alkynes in
pyrrolidine (Scheme 12).151

. o, 10 mol % Cul o
R—="H + X—=R pyrrolidine, 20 °C R—=—=TR

61-98%

X=1Br
R = CgHs, CsH11, CsH11CH(OH)

R' = CH,0H, (CH2),0H, (CH2)40H, (CH2)3Cl, (CH,),COOMe, CgHs, CsHi1,
CH,;NMe,

Scheme 12. Copper-catalyzed heterocoupling in pyrrolidine.®*!

Analogous to the Cadiot—Chodkiewicz protocol, they
observed low reactivity for the chloro derivatives, whereas
the corresponding iodides gave good yields. The reactivity of
bromoalkynes could be enhanced by the addition of
[PACL,(PPh;),] as a cocatalyst. The use of pyrrolidine as the
amine solvent gave superior yields and reaction times. Other
aliphatic amines gave poor yields, even in the presence of a
palladium cocatalyst. The advantages of this procedure are its
simplicity and high efficiency, even in the case of acetylenic
alcohols, which normally give low yields of cross-coupled
product.
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Avery mild and efficient cross-coupling of alkynyl(phenyl)-
iodonium tosylates such as 11 was described by Kitamura
et al.’ The addition of these tosylates to soluble lithium
dialkynylcuprates led to the desired unsymmetrical diacety-
lenes in good yields and reasonable selectivity with respect to
homocoupling (Scheme 13). This mild procedure provides a
general alkynylation method for organocopper reagents and
is of particular interest for the coupling of highly sensitive
alkyne derivatives.

Bu—=——IPh*OTs™ Bu—==—=—=—Ph
11 THF 71%
+ —-70°C - RT +

(Ph—==),Cu(CN)Li,
8%

Scheme 13. Cross-coupling of alkynyl(phenyl)iodonium tosylates with

alkynylcopper reagents.*

In addition to the homocoupling of trimethylsilyl-protected
alkynes, Hiyama and co-workers described an analogous
heterocoupling of alkynylsilanes and chloroalkynes.’!! The
cross-coupling was carried out using catalytic amounts of
CuCl and an excess of the haloalkyne in DMF at 80°C and
gave the corresponding unsymmetrically substituted diynes,
by silicon to copper exchange, in moderate to high yields
(Table 2). Homocoupling of the haloalkynes is clearly sup-
pressed under these conditions and occurs only to a minor
extent.

Table 2. Heterocoupling of alkynylsilanes with chloroalkynes.!!
10 mol % CuCl

R—==—SiMe; + CI———R' . R————=—VR
1 equiv 1.5 equiv DMF, 80 °C
R R’ Yield [% ]
4-MeOC4H, C¢Hs 90
4-MeOC¢H, 4-MeOC¢H, 97
4-MeCOC¢H, C¢Hs 69
4-MeCOC¢H, 4-MeOC¢H, 60
C¢H; 4-MeCOC-H, 62
C¢H; 4-MeOC¢H, 43

[a] GC yield based on the alkynylsilane.

This result is quite remarkable considering that reactions of
1-chloroalkynes with terminal acetylenes often furnish cross-
coupled products in poor yields. Since the method can be
carried out under neutral conditions without base, it seems to
be promising for future applications in modern acetylenic
chemistry.

2.3. Coupling Reactions of Alkynyl Grignard Derivatives

Couplings of alkynyl Grignard reagents can be classified as
oxidative homocouplings, related to the Glaser coupling, or as
nonoxidative heterocouplings with a haloalkyne, analogous to
the Cadiot— Chodkiewicz method. These techniques are less
widely used than the classical methods, but nevertheless they
have led to some significant results in specialized applications.
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2.3.1. Oxidative Homocoupling Reactions of Alkynyl
Grignard Derivatives

The dimerization of alkynyl Grignard reagents® 3 in the
presence of oxidants such as iodine,’®>*7 copper(i) and cobalt
salts,¥-%1 or nitrobenzenel®! is well known (Table 3), but in
view of its limited scope and low tolerance to functional
groups, it remains largely of theoretical interest. A small
improvement of the limited applicability was reported by Luo
and co-workers using 2,3-dichloropropene as the oxidizing
agent.[”

Table 3. Preparation of oligoacetylenes by the oxidative homocoupling of
alkynyl Grignard derivatives.

R{%}MgBr oxidant R <: :LR
Oligoacetylene Oxidant Yield [%] Ref.
HyC—=—=—=—=-CH; C¢Hs;NO, 58 [91]
HsC {E}Z CHs CuCl, 78 [88]
HyC{=—=},CHy I, 66 [87]
C4Hg—=—=-CsHy I, CuCl 70 [89]
CeHs {E}Z CeHs CuCl, 47 [88]
CeHs —==—==""CgHs 2 CoCl, 42 [88, 89]

The transition metal catalyzed oxidative homocoupling of
acetylenic Grignard derivatives has opened up this concept to
a larger number of alkyne derivatives. In 1988, Ito et al.
described a palladium-catalyzed oxidative coupling reaction
of Grignard reagents in the presence of N-substituted
isocyanide dichlorides (R—N=CCl,) as the reoxidant, which
afforded conjugated diynes in high yields (Scheme 14).1%]

Cl  [PdCla(dppf)]
N= THERT Ph—=—==—Ph + PhNC
h cl ' 2 (91%)

2 Ph—==—MgBr +
P

Scheme 14. Palladium-catalyzed dimerization of alkynyl Grignard deriv-
atives.”? dppf = 1,1’-bis(diphenylphosphanyl)ferrocene.

Treatment of bis(phenylethynyl)magnesium with iodine in
THF in the presence of catalytic amounts of [Pd(acac),]
(acac = acetylacetonate) and PPh; (4 equiv with respect to the
Pd catalyst) also forms diphenylbuta-1,3-diyne (2) in 94 %
yield." Quite recently, Hirao and co-workers reported that
the homocoupling of various lithium (Section 2.4) and mag-
nesium acetylides is effectively induced by oxidation with
oxovanadium(V) compounds of the type VO(OR)CI, under
mild conditions (Scheme 15).1%)

3 VO(OEY)Cl,
Et,0, —78 °C
89-98%
R = Ph, MesSi, CgHis °

Scheme 15. Oxidative coupling of alkynyl Grignard derivatives in the
presence of oxovanadium(v) compounds.’!
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None of these procedures for the oxidative coupling of
alkynyl Grignard derivatives has seen widespread application
to date.

2.3.2. Heterocoupling of Alkynyl Grignard Derivatives with
1-Haloalkynes

This variant of the Cadiot — Chodkiewicz coupling has been
catalyzed by copper() and cobalt(i) salts?*3) and was
examined in some detail by Weedon and co-workers (Ta-
ble 4).1%

Table 4. Heterocoupling of alkynyl Grignard derivatives with 1-haloal-
kynes.

MY
R———MgBr + X—R' R————R’
Et,0
R R’ X MY Yield [%] Ref.
C,Hy C¢Hs Br CoCl, 31 [89]
CeH; C,Hy I CuCl 35 [89]
C H,le! Cl Cl - 33 [96]

[a] CqH;CCMgCl was used as the Grignard derivative.

An interesting example was described by Viehe in which
dichloroacetylene was coupled with phenylethynylmagnesium
chloride to afford the corresponding chlorodiyne in the
absence of a catalyst (Table 4).°°! A general problem of the
method is homocoupling arising from halogen —magnesium
exchange. This lack of selectivity, together with the general
disadvantages inherent in the use of Grignard reagents, has
hindered the wide use of this cross-coupling protocol in
modern organic synthesis.

2.4. Coupling Reactions of Other Organometallic
Acetylides

A variety of other organometallic acetylides represent
interesting alternatives to the magnesium acetylides discussed
in Section 2.3. For early work on oxidative dimerizations of
alkali acetylides, the reader is referred to previous review
articles.’” 1 Out of the variety of oxidizing agents employed,
thionyl chloride is particularly efficient for the oxidative
dimerization of phenyllithium, as described by Oae et al.
(Scheme 16).7 In this conversion, the yield of diphenylbuta-
1,3-diyne (2) is highest (96 %) if the molar ratio of phenyl-
ethynyllithium to SOCI, is 3:1. This finding was explained by
the formation of a hypervalent, trigonal-bipyramidal sulfu-
rane intermediate 12 which undergoes reductive elimination

OLi
socCl, | e
3Ph—=—Li Ph—— s\ — Ph—==—=—"Ph
\
0,
\|| ~~pn 2 (96%)
Ph 12

Scheme 16. The homocoupling of phenylethynyllithium in the presence of
SOCI, presumably involves the intermediacy of the hypervalent sulfurane
12.07
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through coupling between one equatorial and one axial
alkynyl ligand.

Another strategy for the dimerization of various lithium
acetylides involves their addition to nickel or palladium
complexes (Scheme 17). Negishi and co-workers found that
the reaction of [PdClL,(PPh;),] with two equivalents of fert-
butylethynyllithium gave the desired buta-1,3-diyne 13 in
greater than 95 % yield.”®! Similarly high yields are obtained
with nickel complexes.” %! The intermediate trans-dialky-
nylnickel complexes 14a (R = SiMe;) and 14b (R =¢Bu) can
be isolated and undergo reductive elimination upon heating
under argon.

PhsP__ _Cl 2 tBu——=—Li
3 j \C tBu———tBu
cl PPhs THF, RT
13 (>95%)
. R
M83P\N./c| 2 R——1Li ME3P\N'/
NI S —— 1.
Cl PMe; THF, =78 °C - RT =" "PMe;
R
14
A
R——=—R
R = SiMes 99%
R=tBu 90%

Scheme 17. Homocoupling of alkynyllithium derivatives using palladi-
um® and nickel®: %I complexes.

Lithium acetylides are often used as precursors for trans-
metalations which yield alkynyl derivatives that can partic-
ipate in coupling reactions to provide the corresponding
diacetylenes. Among the main group elements, boron, [ 1021
tin,!'%] antimony,'*! selenium,'%*! and tellurium!'%- 17} are well
known to provide metalated alkynes which subsequently
undergo coupling. Some of these provide potent alternatives
to the more established methods. For example, the addition of
alkynylstannanes to one equivalent of Cu(NO;),-3H,0 or
AgNO; affords the corresponding symmetrical 1,3-diynes in
good yields under mild conditions and in short reactions times
(10-30 min; Table 5).1l The 85% yield obtained using this
procedure for the dimerization of 3-(tetrahydro-2H-pyran-2-
yloxy)-1-propyne contrasts sharply with the 34% yield
obtained under standard Glaser conditions. The Stille-type
palladium-catalyzed carbon-carbon bond formation with
alkynyltin compounds!'® will be presented later (Sec-
tion 2.5.2).

Table 5. Formation of 1,3-diynes by a copper(11) nitrate mediated coupling
of alkynyltin compounds.!'**!

CU(NO3)2 -3 H,0

R—==—SnBu3 R————=—R
THF, 23 °C
R Reaction time [min] Yield [%]
THPOCH,?! 10 85
C,Hy 10 60
CsHs 30 50
4-MeCgH, 10 67
[a] THP = tetrahydro-2H-pyran-2-yl.
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Oxidation of lithium dialkynyldialkylborates provides
an efficient and selective cross-coupling method.[01>102]
Unsymmetrical lithium dialkynyldialkylborates
Lif[RyB(C=CR)(C=CR")]~ are prepared by the stepwise
addition of two different lithium acetylides to dicyclohex-
yl(methylthio)borane.['!* The subsequent action of iodine on
the borates yields the unsymmetrically substituted conjugated
diynes. Symmetrical diacetylenes can also be synthesized by
this methodology.'"!?] Alternatively, methyl disiamylborinate
can be used for the boron-mediated cross-coupling, as
demonstrated by Sinclair and Brown (Table 6).1'21 This
technique provides a procedurally simple alternative to the
Cadiot — Chodkiewicz reaction, which requires the prepara-
tion of 1-bromoalkynes and is not efficient for the coupling of
higher alkynes.

Table 6. Synthesis of conjugated diynes via disiamylalkynylboranes.['"?]

1)R—=—Li 1)R'—=1Li
Sia,BOMe Sia;)B——R R———R
2) BF3 . OEt, 2) 1,
R R’ Yield [% ]t
n-CgHy3 C,H; 95 (61)
n-CeHys CHy, 80 (73)
n-CgHy3 C,H, 79 (60)
n-CgHy3 C¢H; 79 (61)

[a] The first number refers to the yield obtained by isolation of the
intermediate Sia,BCCR. The yield in parenthesis refers to a one-pot
procedure not involving isolation of any intermediate.

Although bis(alkynyl)mercury compounds emerged early
as convenient crystalline derivatives for the characterization
of terminal alkynes,'””! their deployment as alkynyl-transfer
reagents started relatively late, and has not been extensively
studied. Hill and co-workers noted in the course of trans-
alkynylation experiments with bis(alkynyl)mercury com-
pounds that certain platinum group metal complexes catalyze
the elimination of mercury under mild conditions to provide
buta-1,3-diynes (Scheme 18).[11%

[ R) [MHCI(CO)(PPh3)3] (M =0Os, Rh)
2

Ho{= =———R
9% A, toluene
Hg®
[RUHCI(CO)(PPhg)3],
toluene A
— [Ru{C(=CHR)C=CR}CI(CO)(PPhgz),]
Hg°

R =Ph, C4Hg, 4-Me-CgHg4

Scheme 18. Catalytic demercuration of bis(alkynyl)mercurials to provide
buta-1,3-diynes.!"!"]

Other transition metals are also known to form alkynyl
complexes possessing interesting coupling properties. As
early as 1969, Tsutsumi and co-workers reported the forma-
tion of diphenylbuta-1,3-diyne in moderate to good yield by
treatment of lithium phenylethynylnickel carbonylate
(Li[PhCCNi(CO),]), prepared from PhCCLi and [Ni(CO),],
with iodine or bromine.!!!]

The 1,2-migration reaction of alkynylzirconocenes, descri-
bed by Negishi and co-workers,['"?l represents an efficient
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carbon—carbon bond formation process which gives sym-
metrically substituted 1,3-diynes in good to excellent yields.
Thus, reaction of zirconocene 15, formed by treating Cp,ZrCl,
with three equivalents of the corresponding lithium acetylide,
with iodine (2 equiv) produced buta-1,3-diyne 16 in almost

quantitative yield (Scheme 19).
Z
Li*Cpyzr~l

R
I

R
15 R = C(Me)=CH,

I

R————=——R
R =Ph (2) 61%
R= CgH13 60%
R = C(Me)=CH, (16) 100%

CpoziCl, SN =R, |i*Cp,z(C=CR)s

Scheme 19. Buta-1,3-diynes by 1,2-migration reaction of alkynylzircono-
cenes.?]

The oxidation of alkynyltitanium compounds generally
does not provide diacetylenes in reasonable yields.'®! Two
remarkable exceptions were reported quite recently by Hay-
ashi et al.l" and by Lang and co-workers!'" using titano-
cenebis(metallocenylacetylide) complexes (metallocenyl=
ferrocenyl or ruthenocenyl). The former authors found that
complexes such as 17 are readily oxidized with two equiv-
alents of AgPF, or electrochemically to yield cleanly the
acetylenic coupling product (Scheme 20). The electrochem-
ical studies suggested that the reaction is induced by initial
oxidation of the metallocenyl units followed by reductive
coupling of the two titanocene-bound alkynyl units.

™S ﬁ \/@@
K\ Sy

2 AgPFg
= = = =
Fe Fe
= 90% =3

Scheme 20. Reductive coupling induced by metallocene oxidation.!'"]

2.5. Palladium-Catalyzed Coupling Reactions of Alkynes
and Alkynylstannanes

2.5.1. Palladium-Catalyzed Couplings of Terminal Alkynes

The discovery of palladium-catalyzed coupling reactions
more than 30 years ago['®l has initiated explosive growth in
the field of organometallic chemistry. An early observation
was the formation of symmetric diynes, via dialkynylpalla-
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dium intermediates, during couplings between terminal
alkynes and aryl or vinyl halides.'' In 1985, Rossi et al.
optimized this process as a homocoupling method for terminal
acetylenes.''”®! Diaryl- and dialkylbuta-1,3-diynes were ob-
tained in moderate to good yields using chloroacetone as the
oxidant and a mixture of [Pd(PPh;),] and Cul as the catalyst
together with triethylamine (Scheme 21). Whereas aryl-sub-
stituted alkynes react exclusively to give the corresponding

R =CgHs (1)
A) R—————R
[Pd(PPhs),], 2 (94%)
CU|, CGH(;,
R——H
CICH,COCHa,
Et3N, Np, RT
s 2 R = alkyl
R———R
R = n-CsH; 50%
R =n-CgH13 48%
R R
N\ 7
. _
R \\
R
R = n-C3H; 28%
R = n-CgH1z 51%
B)
[(lide(PCPrlIIS)A]'
1 = H CIL(J:;-I ;OGC’IH ‘ = | ‘
N 2 3 N N
OHC™ H EtN, N RT. OHC { p CHO

92%

Scheme 21. A) Pd-catalyzed oxidative coupling of terminal alkynes!'”"]
and B) application to the oxidative dimerization of an alkynylpyrrole.l''®!

diynes, aliphatic acetylenes also form 4-alkynylhexa-1,5-diyn-
3-enes under these conditions (Scheme 21 A). The efficiency
of this method has been underlined quite recently by Kim and
co-workers, who reported the oxidative dimerization of an
alkynylpyrrole in a notable 92% yield (Scheme 21B).[!!8]
Consequently, it may represent a good alternative to the
Glaser reaction for couplings in nonpolar organic solutions.

A variant of this procedure was described by Kundu
et al.l"”! These authors used a mixture of [PdCL,(PPh,),] and
Cul as the catalyst in the presence of diisopropylamine while
either 4-iodo-2-nitro-resorcinol or dimethyl sulfoxide served
as the oxidant. It was found that the reaction proceeds in the
absence of Cul, whereas the absence of the palladium catalyst
almost completely suppressed the coupling process. Using the
same catalyst system but with I, as the oxidant proved
superior for the homocoupling of aliphatic and aromatic
alkynes, as was recently described by Liu and Burton
(Scheme 22).[%1 A similar system was applied by Kijima and
co-workers to the polycondensation of acetylene to yield
carbyne fragments (-[C=C],-).l""

Acetylenic heterocouplings using palladium catalysis are
also known. Precedence for the use of 1-haloalkynes in

[PdCI,(PPh3),], Cul
iProNH, 0.5 equiv I,

R=Ph (2) 88%
R = n-C4Hg 86%

Scheme 22. Convenient Pd-catalyzed oxidative coupling of both aliphatic
and aromatic terminal alkynes.!'2]
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palladium-catalyzed reactions was established by Suzuki and
co-workers.['? In 1991, Wityak and Chan realized a mild and
efficient palladium- and copper-mediated coupling of 1-al-
kynes with 1-iodoalkynes (Table 7).['% Yields were good to
excellent, without any detectable amounts of homocoupling
products, even when dioxygen was not rigorously excluded.

Table 7. Pd’-catalyzed heterocoupling in homogeneous solution.!'?’!

[PACIx(PPhg),],
Cul, iPr,NH
R—H + |— R——=—R

THF, RT
R R’ Yield [%]
Ph HOCH, 79
CHis HOCH, 73
HOCH, Ph 54
Me,Si Ph 91

The design of water-soluble catalytic systems is currently of
great interest, since they offer an opportunity for simple and
complete product separation from the active catalyst, which is
still one of the greatest drawbacks of homogeneous catalysis
using transition metals. While studying the reaction between
4-iodobenzoic acid and p-carboxyphenylacetylene under
aqueous Heck conditions, Dibowski and Schmidtchen found
that the conversion in a mixture of acetonitrile and water (1:1)
in the presence of the strongly basic guanidinium phosphane
ligand 18 provided mainly homocoupled product 19 and only
minor amounts of heterocoupled 20 (Scheme 23).114

NH, 0Ac™

HOOC —< >—: H

+

HOOC@—I

(equimolar)

HOOC COOH
19

PhP” ™""N" " NH,

18 H

Pd(OAc),, Cul, EtsN, 3 h,
50 °C, H,O:MeCN 1:1

ratio of 19:20 = 8:1

Scheme 23. Pd-catalyzed homocoupling in aqueous solution is preferred
under specific conditions over the Heck cross-coupling.['4]

Amatore etal. reported in 1995 an acetylenic cross-
coupling reaction with a water-soluble palladium catalyst
prepared in situ from palladium(i) acetate and sulfonated
triphenylphosphane P(C;H,-m-SO;Na); (TPPTS; Table 8).1%3]
This method works without any copper(i) promoter and is well
adapted for the synthesis of unsymmetrically substituted
diynes from alkynyl iodides and terminal alkynes.

There have also been a few applications of phase-transfer
catalysis in the presence of Pd(0) to the synthesis of 1,3-diynes
by acetylenic homocoupling.['? 127l The use of heterogeneous
catalysts is a further strategy to avoid separation problems.
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Table 8. Pd-catalyzed cross-coupling in aqueous solution.[!>’]

o o Pd(OAc),: TPPTSIA 1:2 L
R—=-H + |——=—R' R—= =R
EtsN, CH3CN:H,0 6:1

R R’ Yield [%]
HOC(CH;), CH;(CH,); 60
HOC(CHs), Me;Si 57
CH,(CH,),CHOH Me;Si 43
CH,(CH,),CHOH H,NC(C;Hs), 65

[a] TPPTS = P(C4H,-m-SO;Na)s.

Strauss and co-workers reported the homocoupling of phenyl-
acetylene in 71% yield using palladium on porous glass
tubing.['?8! This heterogenous catalyst system obviates the use
of potentially air- and temperature-sensitive phosphane
ligands.['*’]

2.5.2. Palladium-Catalyzed Coupling of Alkynylstannanes

The palladium-catalyzed cross-coupling of organostan-
nanes with organohalides or triflates, originally described by
Stille and Groh,!*" provides a powerful method for carbon —
carbon bond formation.[*!) During the total syntheses of the
manumycin antibiotics alisamycin!'*? and limocrocin,!'3*! Tay-
lor and co-workers found that the Pd-catalyzed homocoupling
of vinylstannanes proceeded smoothly and in high yield under
dioxygen or air.l'%! This method can also be transferred to
alkynylstannanes, as the authors demonstrated with the
dimerization of phenylethynylstannane to give diphenylbu-
ta-1,3-diyne (2) in 89 % yield (5 mol % Pd(OAc),, Me,SO, O,,
RT).

2.6. Other Transition Metal Mediated Alkyne-Coupling
Processes

Other transition metals have been applied to acetylenic
couplings; however, none of these reactions has gained wide
applicability so far. Only one example of a platinum-catalyzed
acetylenic coupling has been reported. While investigating
carbonylations of alkynyl iodides using a [PtCl,(PPh;),]/Et;N
system, Watanabe and co-workers observed that 1-iodo-1-
octyne underwent sp—sp homocoupling to yield hexadeca-7,9-
diyne in 59 % yield.['34]

Takai et al. reported the reductive dimerization of 1-iodo-
and 1-chloro-1-alkynes in the presence of two equivalents of
chromium(i) chloride.'* Thus, phenylethynyliodide gives
diphenylbuta-1,3-diyne (2) in 66% yield. The reaction is
assumed to proceed via intermediate alkynylchromium(I1I)
and dialkynylchromium(IV) compounds, with the latter
undergoing reductive elimination to yield homocoupled
products.

Conjugated diynes can also be obtained by decarbonylation
of the corresponding dialkynylketones using stoichiometric
amounts of [RhCI(PPh;);] in boiling xylene, presumably
through the intermediacy of dialkynylrhodium complexes.['*]
This method affords symmetrical and unsymmetrical di-
acetylenes, although yields are decent only if the dialkynyl-
ketone bears aromatic substituents. Thus, 1,5-diphenylpenta-
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1,4-diyn-3-one affords 2 in 78 % yield. A rhodium vinylidene
complex has been observed to catalyze the disproportionation
of phenylacetylene to give diphenylbuta-1,3-diyne (2) and
styrene.[3 1381

Takahashi et al. described an intramolecular zirconocene-
mediated acetylenic coupling. Treatment of aryl-substituted
bis(alkynyl)silanes with [ZrCp,Et,] and subsequent addition
of two equivalents of iodine provided symmetric diynes in
good yields.'*! Thus, 2 was obtained in 95% yield in the
conversion of (Ph—C=C),SiPh,.

Acetylenic coupling reactions have also been observed
within the coordination sphere of some organometallic
clusters with the formed buta-1,3-diyne remaining bound to
the metal centers.'*-1421 Although of considerable mechanistic
interest, these reactions have not yet found preparative use.

3. Mechanistic investigations

There have been surprisingly few mechanistic investiga-
tions of alkyne couplings, given their wide applicability in
synthesis, and the potential for improved conditions that a
more complete mechanistic understanding could provide. The
classical oxidative alkyne couplings have been the most
extensively studied, yet their exact mechanism remains
unknown, and the existence of several hypotheses regarding
the oxidation state and structure of the postulated interme-
diary copper acetylides has generated considerable discus-
sion. Here we present an overview of the published inves-
tigations and proposed mechanisms for the most commonly
employed copper- and palladium-catalyzed couplings.

3.1. Oxidative Couplings

The earliest mechanistic proposals postulated the forma-
tion of acetylenic radicals which would then recombine to
afford the corresponding diynes. An early kinetic investiga-
tion by Klebansky et al. demonstrated that copper(i) ions
served as the direct oxidizing agent.['*¥] They also noted that
the rate of coupling was faster in basic media and for more
acidic terminal alkynes. In light of these findings, the
homolytic bond cleavage proposed earlier by Zalkind and
Fundyler('* was discarded in favor of a heterolytic cleavage
followed by the transfer of a single electron to the copper(ir)
salt (Scheme 24).

- +

R—H =—— R—= +H
R— +cwt — » R—=—. +cCu’
2QR=. — . R—=—=-R

Scheme 24. Early proposal for the mechanism of the oxidative acetylenic
coupling.['#]

This radical mechanism evolved further with the study of
Clifford and Waters in 1963 which showed that copper(1) ions
were required for the coupling using Cu(OAc), in pyridine in
the absence of O,.] They proposed the formation of
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copper() acetylides which were rapidly oxidized by the
transfer of a single electron to copper(i) through an acetate
ligand bridge. Decomposition of the resultant copper (i)
acetylide and recombination of the free radicals would give
the coupled products (Scheme 25).

R—H +B =——= R—= + BH
R—= + CuOAc =—= R-—=—-Cu + OAc™
R———Cu + Cu(OAc), R—=+ + 2CuOAc
2R—= - R————=—R

Scheme 25. Mechanism proposed for the oxidative coupling using
Cu(OAc), in pyridine in the absence of O,.'**I The coordinating pyridine
molecules are omitted.

In the following year, Bohlmann et al. published a land-
mark study on the rate of dimerization as influenced by the
electronic nature of conjugated acetylenes.'*! They found
that more acidic acetylenes underwent more rapid dimeriza-
tion under alkaline conditions, which was consistent with the
results of Klebansky et al. However, under acidic conditions
(pH 3), an inverse relationship was observed, and the addition
of a copper(l) salt became necessary. These observations were
explained on the basis of the formation of m complexes
between the Cu' ions and the triple bond, which would
activate the alkyne toward deprotonation (Scheme 26). This
complexation would be expected to be weaker for the diffuse
nt systems of polyconjugated substrates, which indeed react
more slowly. Klebansky et al. had previously hinted at a
similar activation while Clifford and Waters invoked the
reversible formation of nonreactive copper —m complexes in a
competing nonproductive equilibrium to explain the observed
dependence of the reaction rate on the alkyne concentration
in their system.

Scheme 26. Acetylene activation by m-complex formation postulated by
Bohlmann et al.l'#]

Bohlmann et al. also called into question the idea of free
radical intermediates, noting that mixtures of electronically
different alkynes give predominantly the homocoupled prod-
ucts, whereas no such selectivity would be expected of free
radicals. On the basis of the observed second-order depend-
ence of the coupling rate on alkyne concentration, he
proposed an alternative dinuclear copper(il) acetylide com-
plex which would collapse directly to the coupled product
(Scheme 27). Such an intermediate also rationalized the first-
order dependence of the rate on the substrate concentration
observed during intramolecular coupling to generate cyclic
diynes. Most subsequent mechanistic proposals have discard-
ed free radical intermediates in favor of some variant of this
dimeric copper acetylide.'*> 81 Other groups have, however,
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R-C=C + X " X
(or as cd c
Tt complex) B/ AN R

R-C=C
(oras
Tt complex)

2+

+
R———=—R + 2Cu — C 7

Scheme 27. Dimeric copper acetylides were first proposed by Bohlmann
et al. as intermediates in the oxidative acetylenic coupling.'* B = N ligand,
for example, pyridine; X =Cl-, OAc".

observed primarily monomeric species under different con-
ditions.['*]

Studies by Fedenok et al. largely confirmed these results.
They found that the oxidative coupling rate constant for a
range of para-substituted phenylacetylenes correlated quan-
titatively with their Hammett o constants;[*! that is, reactivity
increases with the acidity of the ethynyl proton. The low
experimentally determined activation energy of 21 kcalmol!
provided an argument against radical mechanisms and in
favor of the simultaneous oxidation and C—C bond formation
proposed by Bohlmann etal. However, they found that
copper() ions played no role in the reaction under their
buffered conditions (Et;N, HOAc, pyridine), and therefore
proposed the formation and dimerization of Cu! rather than
Cu' -7 complexes.[>!]

Later, the same group examined the catalytic coupling in
the presence of dioxygen and found that the same mechanism
was operative.l'”? In buffered alkaline solution (Et;N, HOAc,
pyridine), both the reaction rate and the intensity of the ESR
signal for Cul ions reached saturation above a limiting
dioxygen pressure, which provided additional evidence that
all the copper was present in the divalent state, with Cu! only
serving as an intermediate electron carrier. The function of
dioxygen amounts to the oxidation of Cu! and regeneration of
Cu' ions.

For the catalytic coupling in nonbuffered pyridine, how-
ever, they found that reoxidation of Cu! by dioxygen was
significantly slower, and that copper() ions were indeed
involved in the reaction.!'3] While the reaction started slowly,
an autocatalytic effect was eventually observed, and this
induction period disappeared upon addition of copper()
chloride. They found that mixtures of copper(1) and copper(1)
chloride in the absence of dioxygen in pyridine gave no
coupling products unless strong base was added. The use of
copper(11) ions, prepared by air oxidation of CuCl, allowed for
coupling without the need of additional base. Thus some
indeterminate copper(il) salt generated by dioxygen and
copper() chloride, which the authors dubbed the “oxygen-
containing part” of the copper solution, seems to act as the
base during the catalytic oxidative coupling in pyridine.
Fedenok et al. also noted a complex dependence of the rate
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and order of the reaction on the alkyne and copper(1) chloride
concentration.[53%!

Temkin and co-workers examined the kinetics of acetylene
dimerization in aqueous solutions containing copper(l) and
copper(i1) chlorides in addition to various background electro-
lytes (MCl, M=NH,*, Li*, Na*, K*) to ensure constant
activity coefficients of all ions involved.’ As for many
reactions involving copper salts, the presence of other ions in
solution had a strong effect on the reaction rate, and even the
reaction path. This effect was linked to the activity of the
chloride ions, which in turn affects the relative availability of
Cu' and Cu'" ions. The authors proposed the involvement of
three copper ions (two Cu' and one Cu") per alkyne unit in the
rate-limiting stage of the oxidative dimerization.[*] The
existence of such higher order complexes has recently been
demonstrated by X-ray crystallography in the solid state,['>
where an ethynyl residue was found to undergo m coordina-
tion with two Cu! ions and to form acetylide-type bonds with
two other Cu! centers.

Clearly, the current understanding of the admittedly com-
plex mechanism of copper-mediated oxidative acetylenic
coupling remains unsatisfactory. The studies summarized
above document that the mechanism is highly dependent on
the experimental setup, which makes it difficult to compare
the outcome of various kinetic investigations conducted under
different conditions. It can be concluded that the mechanism
proposed 36 years ago by Bohlmann et al. (Scheme 27) still
provides the most reasonable and most accepted picture.

There have been no rigorous mechanistic investigations of
the corresponding palladium-catalyzed oxidative coupling
procedure. Common to all proposed mechanisms is the
formation of an intermediate dialkynylpalladium(II) species
and subsequent reductive elimination to generate Pd® and the
coupled product.l* The catalytic cycle proposed for oxida-
tive dimerization in the presence of iodine is representative
(Scheme 28).01201

2R——H
PdX,(PPh 2 RN
[PdX2(PPhg),] ok
Xz 2 RaNH™X"
R
Va
(Ph3P),Pd (Ph3P),Pd
N\
R
R————R

Scheme 28. Mechanism for the palladium-catalyed oxidative homocou-
pling of terminal alkynes.['")

The dialkynylpalladium intermediate could conceivably be
formed by direct oxidative insertion into the alkyne, ligand
displacement by an acetylide anion, or by transmetalation
from copper() acetylides. The dramatically lower reaction
rates in the absence of copper(l) suggest that formation of
copper(l) acetylides or alkyne activation towards deprotona-
tion by t complexation to Cu'ions (Scheme 26) are important
processes in the catalytic cycle.['>]
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3.2. Nonoxidative Heterocouplings

There have been surprisingly few mechanistic examinations
of the copper-catalyzed heterocoupling of alkynes and
haloalkynes. This may be due largely to the rapid reaction
rates observed for the commonly employed bromoalkynes,
which make classical kinetic studies difficult, although some
attempts to examine the reaction using the less reactive
chloroalkynes have been made.? It has been assumed that
coupling proceeds through copper() acetylides that are
formed through one of the mechanisms described above
(Section 3.1). Subsequent oxidative addition to the alkynyl
halide to generate an intermediate copper(IIl) species has
been proposed (Scheme 29).3I The fact that similar couplings
have been observed for alkynylmagnesium halides, which
cannot achieve higher oxidation states, suggests that nucleo-
philic addition may be a viable alternative.l

Rl——=——cCu + X——R? Rl—cu_

X
N

R2

CuX + Rl———=—R2?

Scheme 29. Mechanism proposed for the Cadiot—Chodkiewicz hetero-
coupling.*’]

The mechanism of the palladium-catalyzed version was
examined by Bugamin et al.l’” and more recently by Cai and
Vasella in conjunction with the development of a binomial
synthesis of acetylenic oligosaccharides (Section 4.3).1%1 'H
and 3'P NMR investigations in the latter study revealed that
haloalkynes underwent oxidative addition to Pd(0) via the 7?-
palladium complex 21 (Scheme 30). Dramatic acceleration of
the rearrangement of 21 to 22 by copper() ions suggested the
intermediacy of the bimetallic complex 23. Formation of the
dialkynylpalladium complex 24 could proceed through trans-
metalation of the copper(l) acetylide, for which no evidence
was seen in NMR studies, or via complex 25.

Amatore et al. proposed an alternative mechanism, which
involved transmetalation of two alkynylpalladium species, for
the formation of the dialkynylpalladium complex 24 in the
catalytic cycle (Scheme 31).01%7]

Opverall, it becomes apparent that much remains to be
understood about the mechanisms of both the oxidative and
nonoxidative alkyne coupling processes. Although apparently
highly challenging, the search for an improved mechanistic
understanding could prove quite rewarding, and provide
fertile ground for new method development.

4. Applications of Acetylene Couplings

The far-reaching synthetic applicability of acetylenic cou-
pling methods is impressively demonstrated in various fields
of chemistry, such as natural product synthesis, polymer
chemistry, and supramolecular chemistry.! Because of the
size of the subject, it is neither possible nor desirable to give a
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Rl
L. / [CuXLs]
i _Pd
L \\\
|l\ 7 24 g Lo Xt
7
L-Pd—L H cu Pd
1 U x R2
I \ R 23
24c AN
L \ ML x
24a R? NN
Pd\ /Cu\
| 24
i R? 23a
N — 1
e — g2 RsN, H—=—R ﬂ
o / X ,/X /L
X/C“ | “pd ;Cu
—~ U X L
RsN: H \Rz
25 L 23b

Scheme 30. Mechanism proposed by Cai and Vasella for the palladium-catalyzed cross-coupling of

alkynes with 1-haloalkynes.!'>*!

X Rl
Rl—Pd—L H
|
L EtsN
+ H — >  L-Pd—==—R? + EtsNH'X"
| L
R2—=-Pd—L 24

Scheme 31. Transmetalation mechanism proposed by Amatore et al. for
the formation of the dialkynylpalladium complex in the palladium-
catalyzed cross-coupling of alkynes with 1-haloalkynes.['>’]

complete survey of every work involving this preparative
method. Thus, this section presents only an excerpt with the
aim of showing the synthetic utility of alkyne-alkyne
coupling reactions, which penetrate the whole of modern
chemistry. Besides natural product synthesis, we focus on the
field of supramolecular chemistry, where couplings of acety-
lenes have proven a potent strategy for assembling complex,
highly preorganized structures from relatively simple building
blocks.

4.1. Synthesis of Natural Products and Analogues

Natural product synthesis was the first domain to employ
oxidative coupling reactions of alkynes.”? In the 1950s, Glaser-
type reactions were used in the syntheses of a variety of
naturally occurring di- and polyacetylenes.'*) A real break-
through occurred with the invention of the Cadiot- Chod-
kiewicz coupling method, which provided more efficient
access to unsymmetrically substituted diacetylenes.

Compounds containing chains of conjugated triple bonds
represent a fascinating group of natural products. They show
wide distribution in higher plants, from which most natural
acetylenes have been isolated,!'®! but have also been found in
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fungil'®? and bacteria.l'3l Although a
number of excellent reviews have ap-
peared, 3L 160. 1641671 the jsolation and
synthesis of numerous new polyacety-
lenic natural products with remarkably

B2 diverse  functionalization  patterns
makes an update valuable. Many of
m these compounds possess interesting
T L-Pd-X biological properties, such as antibacte-
2"2 rial 193 1681 antifungal !> 191  pestici-
N L dal,’? 170 and antitumor activity.['7% 171
1 ~ For aspects related to biosynthesis and
. L biological activity of polya.cetylenic nat-
“[CuxLa] = Pd-X ural products, the reader is referred to
22';1 the excellent reviews of Bohlmann!'®’]
[CuXLa] ” and BuLock,!"%! and to the more recent
X L oy review by Hansen and Boll.l'"
Pd cu” Quite often extreme instability pre-
L \/ L vents isolation or even spectroscopic
22';2 ] investigation of natural polyacetylenes.

In such cases their preparation in the
laboratory is necessary for structural
and biological activity studies. Before
the introduction of NMR techniques,
Jones and co-workers succeeded in the structure determina-
tion of various fungal polyacetylenes, such as triynoic acid 26,
which was prepared by a Cadiot—Chodkiewicz coupling
reaction (Scheme 32).073]

N — O

HO™~ =H CuCl, ag EtNH,, y

T O NH,0H.HCI Ho'
— 7 on
Scheme 32. Synthesis of trans-10-hydroxy-dec-2-en-4,6,8-triyn-1-oic acid
(26).[173]

0,
Br 26 (70%)

Sometimes, high instability even prevents total synthesis. In
this case, chemical synthesis of more stable analogues is
required to elucidate, by spectral comparison, the structure of
the natural polyacetylenes. Thus, Béuerle, Anke, and co-
workers found the acetylenic metabolites tetraynamide 27
and tetrayne lactone 28 from the fungus Mycena viridimargi-
nata too unstable for isolation and full characterization
(Scheme 33).[7 Therefore, they synthesized stable analogues

HO,
HsC O  HsC
— — — — X — —
HO NH, H o
27 2 HO 0
1_ (= 2
RI—(C C}FR
RY n R2
29 HOCH, 2 CH=C(OMe)-CONH,
30 HO(CHg),C 2 CONH,
31 HO(CH3)CH 3 CONH,
32 HOCH, 3 CONH,
gi g:s 3 CH=C(OMe)-CONH,
3 4 CONH,

Scheme 33. Highly unstable fungal metabolites 27 and 28 and model
compounds 29— 34 prepared for structure elucidation (by spectral compar-

ison).l'74
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such as 29-34 containing substructures of 27 and 28 by
oxidative cross-coupling reactions under Glaser conditions.
The tetraacetylenic chromophore in 27 and 28 was subse-
quently established with confidence on the basis of spectral
comparisons between the natural products and the model
systems.

A fine example of the synthetic possibilities opened up by
combination of acetylenic coupling with selective deprotec-
tion techniques was provided by Yamaguchi et al.l'’l The
authors achieved the total synthesis of caryoynencins (35),
which are polyyne antibiotics with potent antibacterial
activities that can be isolated from cultures of the plant
pathogen Pseudomonas caryophylli. The tetrayne framework
of these molecules was built up efficiently by Hay coupling,
and resulted in the formation of the symmetrical building
block 36 (Scheme 34). The full carbon skeleton of 35 was
subsequently built by addition of lithium acetylide 37, which

OH 35
2 tBuPhySi—= = %2CC _ gppsi—= = = = siphtBu
TMEDA, 88% 36

1) Ph-C=C-Li, THF, -78°C
2) nBuLi, THF, -78°C

tBUPh,Si—=—=—=—=-Li

37

OHC

mcone 61%
38

OH

tBUPh,SI— ===
35

Scheme 34. Construction of the carbon skeleton in the total synthesis of the polyyne

CO,Me

OH HO, OH
o |
’ 39 40
n-C;His n-C7Hs
0SiPhytBu
R——=—Br + H——— CuCl, NH,OH - HCl
- EtNH,, MeOH, 0 °C
‘OSiPh,tBu
R————= \7 4;;' 39,40
R = O",:\ 69% R = ‘ 64%
n-CsHis n-CsHis

Scheme 35. The Cadiot—Chodkiewicz heterocoupling is the key step in
the construction of the carbon framework of panaxydol (39)!'7 and (3R,
8S)-falcarindiol (40).11%]

pheromones,!'8!! diyne-bridged amino acids,'® and
acetylenic retinoids.['33]

Naturally occurring cis-enediynes and unnatural
derivatives have received special attention as
potent antitumor antibiotics in recent years.['8]
Schreiber and co-workers prepared a series of
macrocyclic and acyclic cis-enetetraynes,'®! but
found them remarkably unreactive with respect to
the Bergman rearrangement which transforms cis-
enediynes into benzene-1,4-diradicals, which serve
as potent cytotoxic agents.'*! The cis-enetet-
raynes, such as macrocycle 41 (Scheme 36), were
obtained primarily by palladium-catalyzed alkyne
cross-coupling reactions, which proved superior in
this case to the classical Cadiot—Chodkiewicz
conditions.

Another application of the Cadiot — Chodkiewicz
cross-coupling in medicinal chemistry can be found
in the preparation of the alkynylated benzylamine

antibiotics caryoynencins (35).') TMEDA = N,N,N',N'-tetramethylethylenediamine.

was formed by careful mono-deprotection of 36 with phenyl-
ethynyllithium, to methyl ester 38.

The continuing importance of the Cadiot—Chodkiewicz
reaction for synthetic access to unsymmetrically substituted
natural acetylenes was recently demonstrated by Cai and co-
workers with the syntheses of panaxydol (39), an antitumor
constituent of the Panax ginseng plant,l'’7" '™ and (3R,8S)-
falcarindiol (40),'1 which is found in Umbelliferae and
Araliaceae and exhibits anibacterial properties (Scheme 35).

In addition to the syntheses of natural polyacetylenes
shown above, alkyne coupling reactions have also been
employed as key steps in the preparation of various other
biologically interesting compounds, such as allylamines and
alkadienylamines (antimycotics),l’ alkynylindoles!'”! and
indolocarbazoles (antitumor agents),['”® anacyclin and related
isobutylamides (insecticides),’?! alkynyl-substituted steroids
(antigestagens),l'’” natural unsaturated fatty acids (natural
ionophores and defensive substances in rice plants),!'s]
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o
| o & OMe
- owe -
= OMe = BuyNF,
[sz(dba)3] Cul, | THF, -23° C,
s ><\ |Pr2NH furyl)3P = 75%
Si
/N
= OMe
=
THP
/4 — °
[ _—
Pd;(dba)s], Cul,
N [Pd(dba)s]

iProNH, (furyl)sP,
43%

Scheme 36. Synthesis of the macrocyclic enetetrayne 41.1'51 dba = diben-
zylideneacetone, THP = tetrahydro-2H-pyran.
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derivatives 42a and 42b (Scheme 37),!% which are potent
inhibitors of squalene epoxidase, a key enzyme in cholesterol
biosynthesis and an attractive target in cholesterol-lowering
therapy.['s”]

OH
R W/ R
&\ . cucl, NHZOg .HCl SN
r EtNH,, MeOH, N
76.80% TN OH

s S O

42a R =Me
42b R =0OMe

Scheme 37. Synthesis of inhibitors of squalene epoxidase.['*]

Another fine example of the use of acetylenic couplings in
the preparation of natural products can be found in the
synthesis of the endriandric acids, which are isolated from
leaves of the Australian plant Endiandra introrsa. In a
stereocontrolled synthesis starting from buta-1,3-diynes, Nic-
olaou et al. showed that the biogenesis of the endiandric acids
proceeds from achiral precursors by a series of nonenzymatic
electrocyclizations (Scheme 38).I'8] Such a mechanism had
been proposed previously by Black and co-workers.['®]

SPh
77%H + H—
- ()
N n
Cu(OAc),, COOCH;
Ph pyridine, MeOH
70-72%
SPh
)
COOCH;3
) n=0,1
n
COOCH;3

A | electrocyclization cascade

H
H
COOCH;
Ph __~ H E

H3COOC._~ TS

Scheme 38. Synthesis of acetylenic precursors, from which the methyl
esters of endriandic acids A—G can be prepared in one step by electro-
cyclization cascades.!'*]
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4.2. Molecular Recognition—The Strategy of the Rigid
Group

Synthetic cagelike molecules have received much attention
as binding pockets in biomimetic systems.'*>1%] Three-
dimensional macrocycles are of particular interest because
their binding sites are highly defined, which often translates
into enhanced affinity and substrate selectivity. Preorganiza-
tion of macropolycyclic receptors is conveniently achieved by
introducing rigid buta-1,3-diynediyl spacers. Furthermore,
these systems can be efficiently assembled, often with
remarkable yields, by macrocyclization reactions involving
multiple acetylenic couplings. Breslow and co-workers re-
ported the formation of a hydrophobic macrobicyclic receptor
containing three buta-1,3-diynediyl spacers by a one-pot triple
homocoupling of two ethynyl-substituted 1,1,1-triphenyl-
ethane moieties. They obtained the desired cage compound,
which forms a solid-state inclusion complex with benzene, in a
remarkable 35% yield by conducting the triple cyclization in
O,-free pyridine in the presence of both anhydrous CuCl and
CuCl,."1 Many other groups have taken advantage of the
preorganizing effect of buta-1,3-diynediyl spacers and the
efficiency of acetylenic coupling for the construction of
artificial receptors, and this work has been well reviewed
quite recently.'™ 1% In the subsequent survey we focus on
recent examples which highlight the utility and selectivity of
the most frequently used coupling methods.

The macrocyclic receptors 43 —45 (Scheme 39) reported by
Lehn and co-workers were synthesized by homocoupling
of the corresponding propargyl derivatives, by using the
Eglinton method under high dilution (excess Cu(OAc),,
CH,CI, or acetonitrile, with or without pyridine, under Ar,
elevated temperatures).°> 1] In these systems the buta-1,3-

S
S H H
H C/R}/‘g H N—_ D e N
/ —N
X ~
I | (- I
2 I I
s == B R e
‘ H 7N\
43a X = CHyCH,OCH,CH, 44
43b X = CH,CH,CH3
H3COZC\N COZCH3
7
HsCO,C Vi
N
\ - COLCH:
NN
N N
\ N —— //
\ N
CO,CH3 y

45

Scheme 39. Macrocyclic receptors 43—45 prepared under Eglinton con-
ditions for the complexation of aromatic substrates by intercalative xt—m
stacking and for association with nucleic acids by Coulombic and
intercalative interactions.!'¥> 13
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diynediyl bridges serve as rigid spacers that provide cavities
for aromatic substrates and nucleotides through intercalative
m—m stacking interactions. Some of these receptors also
interact strongly with nucleic acids, presumably by Coulombic
interactions with the phosphate backbone, and by intercala-
tion into base-pair stacks.

The buta-1,3-diynediyl-linked macrotricyclic receptor (+)-
46 (Scheme 40) was synthesized in our research group with
the aim of providing a deep cavity capable of incorporating
both the tetracyclic A—D ring system of steroids and parts of
the isoprenoidal side chain at C(17).[*] Recent comprehen-
sive binding studies with a range of steroidal substrates
showed that this objective was fully achieved.'®*! Here, the
crucial ring closure was achieved by Hay coupling of the
diethynylcyclophane 47, to give (+)-48 as a single diaster-
eoisomer in a remarkable 42 % yield.

H
4
O 0-(CH2)40 ﬁ
el OMe s
O Voo NEt
(S )
A
//
H

47

CH,Cly, air,

CuCl, TMEDA,
42%

RN

o —

2> 0 ———(CHy)

(+)-48 R = Et
(+)-46 R=Et," CI

Etl, CHClI3, then
Dowex (CI7), 88%

Scheme 40. The Hay coupling of 47 is the key step in the synthesis of the
water-soluble steroid receptor (&)-46.11%

Families of trimeric cyclophane receptors, such as (S,S,R)-
49 (Scheme 41) consisting of three butadiyne-bridged opti-
cally active 1,1’-binaphthalene units, were also prepared in our
group.l'’] The macrocyclic scaffolds were constructed using
the same Hay conditions as described in Scheme 40. The
cavities in these receptors are highly preorganized and
(S,S,R)-49 represents one of the most diastereoselective and
enantioselective artificial carbohydrate receptors known.
Carbohydrate recognition in these systems occurs in non-
competitive solvents by the guest hydrogen bonding to the
convergent array of hydroxyl groups lining the interior of the
receptor.

Whitlock and co-workers were the first to take advantage of
acetylenic coupling in the construction of preorganized
macrocyclic receptors.’!l An elegant recent development
from this group is shown in Scheme 42.1% In the synthesis of
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(S,S,R)-49

Scheme 41. The highly diastereo- and enantioselective carbohydrate
receptor (S,5,R)-49 was constructed under Hay conditions.['""]

/
oOPr

0P
oo
51
Cu(OAc); - H,0,

MeCN, pyridine,
26%

50

Scheme 42. Oxidative coupling under Eglinton conditions in the synthesis
of receptor 50.01°]

50, bis(propargyl) derivative 51 cyclized to 52 by intra-
molecular oxidative coupling under Eglinton conditions.
Receptor 50 is selective for hydroxyindol 53, which binds in
the macrocyclic cavity by a combination of m—m stacking,
C-H--- n(aromatic edge-to-face),'”) and OH --- N(pyridine)
hydrogen-bonding interactions.

Templates have been most successfully used to favor the
formation of macrocyclic products during Glaser couplings.
Their ability to control the size of macrocycles formed in
oxidative alkyne coupling processes was impressively dem-
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onstrated by the work of Sanders, Anderson, and Ander-
son.[”8l McCallien and Sanders observed a dramatic influence
of the template on product distribution during oligomeriza-
tion of the dialkynyl-substituted zinc dioxoporphyrin 5401
(Scheme 43). Hay coupling of 54 in the absence of templating
agents gave primarily the trimeric and tetrameric macrocycles
55b and 55c¢. The addition of bipyridine resulted in exclusive
formation of dimeric 55a, while the presence of 2,4,6-tri(4-
pyridyl)triazine and 5,10,15,20-tetrapyridylporphyrin shifted
the product distribution towards trimeric 55b and tetrameric
55c¢, respectively.

Macrocycle 55b and its analogues with different solubility-
providing lateral side chains on the porphyrin ring feature a
variety of desirable properties, including the binding of
various amine ligands,?"! stereoselective catalysis of an exo-
selective Diels— Alder reaction,”®!l and acceleration of acyl
transfer in a supramolecular ternary complex.?*? The strategy
of templated oxidative coupling has also been extended to the
synthesis of other systems, including a ruthenium derivative of
55b,2%! and more recently of an unusual asymmetric [2]cat-
enane.?*

Thus, oxidative acetylenic coupling reactions not only
provide a simple and effective strategy to create highly
preorganized supramolecular structures, but as well open up
promising synthetic pathways towards artificial enzymes
capable of recognition and catalysis, which remains one of
the key objectives in supramolecular chemistry.

4.3. Synthesis of Linearly n-Conjugated Acetylenic
Oligomers and Polymers

The synthesis and properties of conjugated organic oligo-

mers and polymers has been the topic of two recent
reviews.l20%- 2061 Thys, in this section we restrict ourselves to a

Hay

Template

Scheme 43. Dramatic effects of templates on macrocyclic ring size.!'*]
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small excerpt of this rapidly growing field, and describe only a
few of the most remarkable results of recent years.

Copper-catalyzed alkyne coupling reactions have proven a
potent approach to the preparation of conjugated oligo- and
polyacetylenes. The most widely used procedures are oxida-
tive processes, with a clear preference for the Hay method.?"7)
Controlled polymerization of diethynyl-functionalized mono-
mers to achieve monodisperse oligomers or high molecular
weight linear polymers with a well defined, rigid w-conjugated
backbone is of significant interest for material scientists, since
these systems feature unusual electrooptical properties.?!

A general synthetic problem in the preparation of mono-
disperse oligomers and polymers is uncontrolled chain growth
during the coupling process, which results in the formation of
product mixtures that are difficult to separate, and frequently
contain large amounts of insoluble components. Protecting
group strategies need to be employed to avoid this problem.
This concept was first applied by Walton and co-workers,?*!
who used triethylsilyl-protected terminal alkynes in the
synthesis of individual polyynes of the type H—(C=C),—H
with n=4-10 and 12. Both Hay homocouplings?® and
Cadiot — Chodkiewicz heterocouplingsP*®®! were successfully
applied, in conjunction with protecting group methodology, to
the synthesis of these carbyne fragments. Our research group
succeeded in the preparation of a series of Et;Si-endcapped
monodisperse poly(triacetylene) (PTA) oligomers containing
4, 8, 12, and 16 monomeric units by a rapid and efficient
statistical deprotection-Hay oligomerization sequence start-
ing from an “extended monomer” (Scheme 44). With its
16 C=C double and 32 C=C triple bonds, and a length of
11.9 nm, hexadecameric PTA 56 is currently the longest
linearly fully conjugated molecular wire which does not
contain aromatic repeat units.?'"!

The broad functional group tolerance of oxidative alkyne
dimerizations allows great flexibility in the choice of the
acetylenic building blocks and easy access to multinanometer-
sized structures with electron-
donating and  -accepting
groups that have interesting
nonlinear optical  proper-
ties.?'l Lehn and co-workers
reported the formation of re-
versibly reducible multinan-
ometer-sized molecular rods
consisting of poly(phenylthio)-
benzene subunits linked by
diacetylene bridges.'?l Their
synthesis proceeded under ei-
ther Eglinton or Hay coupling
conditions. Wilson and Ander-
son used the Hay coupling
method to synthesize the con-

Without template:
55a n=0 traces
55b n=1 40%
55c n=2 40%

With template:

A: 55a n=0 quant.
B: 55b n=1 quant.
C: 55¢c n=2 >70%

jugated tetrapyridylporphyrin
dimer 57, which is capable of
binding to two other metal-
loporphyrin dimers to gener-
ate a triple-strand array
(Scheme 45).2531 Compound
57 could find interesting appli-
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1) NaOH, THF/MeOH 1:1,

20 °C, 20 min

2) CuCl, TMEDA, toluene,
molecular sieves (4A), dry

O, atmosphere, 2 h, reflux, 1 h

n yield
4  50%
8 20%
12 10%
56 16 5%

Scheme 44. Synthesis of PTA oligomers by a statistical deprotection and
Hay oligomerization sequence starting from an “extended monomer.”"]

1) CuCl, TMEDA,
Oy, CH,Cly, 91%
H R—=
2) CF3COOH,
94%

R= Si(n-CGng)g

Scheme 45. A conjugated tetrapyridylporphyrin dimer for the self-assem-
bly of a triple strand.??]

cation for templating diverse oxidative alkyne coupling
processes.

Terminal alkynes in organotransition metal complexes also
undergo copper-catalyzed couplings.’® 214l Bunz has employed
Hay conditions to prepare molecular rods incorporating
cyclobutadiene and cyclopentadienyl -t complexes that have
a variety of interesting material properties (Scheme 46).121>216]

2650

(OC)sMn

_ ___ Hay coupling N
\C.%COCp L \QCOCP

Me3Si

(f Hay coupling
/ SN @>—:

(OC)sMn

Mn(CO)s

k Mn(CO)s

Scheme 46. Organometallic carbon chains assembled by oxidative alkyne
coupling. 2142161

By using transition metals directly as bridging units, we
prepared platinum-o-bis(acetylide) complexes of tetraethy-
nylethenes.?'] They are potent building blocks for longer
monodisperse oligomers as a result of their remarkable
stability and amazing solubility. Controlled coupling of the
bis-deprotected complex 58 under Hay conditions in the
presence of phenylacetylene as an end-capping reagent
provided oligomers up to the pentamer with a length of
10 nm (Scheme 47).2'81

H SiiPrg

CuCl, TMEDA,
0O,, ODCB, 80 °C

D=

Scheme 47. Oligomers with a platinum —tetraethynylethene hybrid back-
bone.?8l ODCB = o-dichlorobenzene.

A milestone in the application of copper-catalyzed acety-
lenic heterocouplings in oligomer preparation is the binomial
synthesis of acetylenic oligosaccharides developed by Vasella
and co-workers.?”] The synthetic concept consists of consec-
utive cycles of orthogonal dialkyne deprotection, followed by
cross-coupling of the subsequently created haloalkynes with
the corresponding terminal alkynes (Scheme 48 A and 48B).
Two useful sets of orthogonal protecting groups for diacety-
lenes were introduced in this work by using combinations of
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A)

OR'
RO o
M%Ge% o ___SiMeg
RSS o RO e—
RO
OR

RO OR’ CuBr (10 mol %),
RO o o ) THF/MeOH
Heod . _—— SiMe3
= g RO = 95%
RO
OR
OR'
RO o KzCOs,
H_ RO o __GeMe, __ THFIMEOH
o RO 90%
OR
R=CHsOCH, R'=PhCH,
THP-DOPS
B)

R = PhCH, R' = Me3Ge X =Br, |
CH3OCH, Me;Si
iPr3Si
H

Scheme 48. Two sets of orthogonal alkyne protecting groups and applica-
tion to the binomial synthesis of acetylenic saccharides .*""]

independently removable protective groups, namely Me;Si
with either [dimethyl(oxy)propyl]dimethylsilyl (DOPS)E!%><]
or Me;Ge groups.?1d

Quite recently, Vasella and
co-workers succeeded in the
binomial synthesis of a hexa-
decameric acetylenic saccha-
ride (59), which allowed the
evaluation of the structural
role of intramolecular hydro-
gen bonds in cellulose
(Scheme 49).221  Compound
59 shows no sign of aggrega-
tion in Me,SO since the di-
acetylene bridges, a previously
established motif in synthetic

CsF,

DMF:MeOH
5:1

l NIS, AJOCOCFs3, acetone

O . .
iPr3Sio

n=2,4,8

o
iPr3Sio

example of controlled oligomerization underlines the impor-
tant role of alkyne coupling reactions in modern oligomer
synthesis.

4.4. Cyclic Oligoacetylenes—Towards New Carbon
Allotropes

Macrocyclic acetylenic rings have attracted considerable
interest in the past. Dehydroannulenes,?* 362221 and “ex-
ploded cycloalkanes” in which —C=C— ([n]pericyclynes) or
—C=C—C=C- fragments are inserted between each pair of
adjacent sp*-hybridized C atoms in n-membered cycloalkanes
(n=3-6),2 23] were among the first macrocycles incorpo-
rating conjugated oligoacetylene fragments. Our contempo-
rary knowledge of cyclic m-electron conjugation and various
forms of aromaticity have been greatly influenced by funda-
mental studies of these compounds. The Eglinton protocol has
been applied most frequently for the synthesis of cyclic
oligoacetylenes, although Hay couplings are increasingly
used. The size distribution of the cyclic oligomers obtained
by the Eglinton or Hay coupling can vary significantly,22# 216t]
and it is advisable to try both methods to determine which
works the best for a given application. More recently, carbon-
rich oligoacetylenic rings have attracted particular attention
as advanced materials with interesting optoelectronic proper-
ties and as precursors to new molecular carbon allotropes. The
fascinating perspectives of this research, which relies heavily
on acetylenic coupling methodology, has been the subject of
several reviews.[?* 22l Therefore, only a few examples of the
spectacular molecular architecture generated in this field will
be presented here.

In 1995, de Meijere, Scott, and co-workers reported an
efficient synthesis of [n]rotanes, perspirocyclopropanated
macrocyclic oligodiacetylenes that explode violently when
struck in the solid state.?) The synthesis of the hexameric
derivative 60, which in the solid state prefers a chair
conformation, is shown in Scheme 50. The macrocyclization

OR OH
= ] == (e} R Amberlyst 15
RO =" HOA—— —]
iPrzSiO iPrsSio MeOH or
CH,Cly/MeOH

saccharides,!! prevent the
formation of specific intramo-
lecular interresidue hydrogen
bonds. In contrast, such hydro-
gen bonds are present in cellu-
lose and are responsible for the
aggregation of the natural
polysaccaride. This impressive
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R = CHz0CH,
R' = THP-DOPS
R" = MesSi

lo)
iPrsSio

(0]
iPr3Sio

n=2,4,8(59)

Scheme 49. Binomial synthesis of a hexadecameric acetylenic saccharide.?’]
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a) MelLi, Et,0, 0 °C
b) CuCl, THF, 0 °C

systems of conjugated m orbitals. All the

= N Z N macrocyclic precursors to cyclo-Cyg, cyleo-

Br H o g2 MesSi N F SiMes  C,,, and cyclo-C;, were prepared by oxida-
Br SiMes tive acetylenic coupling, and this work has

pyridine, 92% been extensively reviewed.??! Subsequent

aq KF, DMF Fourier transform mass spectrometry inves-

92% tigations revealed that the coalescence of

these cyclocarbons in ion-molecule reactions

CuCl, Cu(OAC), P P gollllld be ([)21310? [l)jllthwa}z1 .to the“ formation of

oyridine, 30% M N A H ullerenes. ore direct “precursor-ap-

60

Scheme 50. Synthesis of [6]rotane 60, a hexameric perspirocyclopropanated macrocyclic

diacetylene.??]

to 60 was performed under Eglinton conditions whereas the
precursor alkynes were prepared through repetitive Cadiot—
Chodkiewicz coupling.

A great variety of two- and three-dimensional perethyny-
lated all-carbon chromophores have been developed during
the past 15 years and are currently being investigated as
precursors to all-carbon networks.?>*l Among the largest all-
carbon surfaces known are the perethynylated expanded
radialenes,??”] which can be conveniently functionalized at the
periphery for optimization of their advanced materials
properties. Thus N,N-bis(dodecyl)aniline-functionalized ex-
panded radialenes with all-carbon cores of 30 (61), 40 (62),
and 50 (63) C atoms, all featuring unusual electronic proper-
ties, were prepared by Hay coupling of the geminally bis-
deprotected tetraethynylethene derivative 64 (Scheme 51).022%
The chromophoric properties of these and other related
systems??2%] revealed a poorly developed understanding of
macrocyclic cross-conjugation.

On the way to pure molecular carbon allotropes, Diederich,
Rubin, and co-workers developed a rational “precursor-
approach” to the cyclo[n]carbons (cyclo-C,), which are n-
membered monocyclic rings of sp-hybridized C atoms with
unique electronic structures resulting from two perpendicular

(C12H25)2N

proaches” to the synthesis of buckminster-
fullerene (Cq4) and heterofullerenes were
undertaken by the groups of Rubin! and
Tobe.?? Rubin et al. prepared macrobicyclic
65 [C4H(CO),,] by the high-yielding (48 %
yield) triple Hay coupling of 66 followed by
acetal deprotection (Scheme 52). Laser de-
sorption mass spectrometric experiments
subsequently showed that the radical anion
65" loses its twelve CO residues as well as the six H atoms and
rearranges into the buckminsterfullerene anion Cg,"~.

1) CuCl, TMEDA, ODCB,
48%
o | 2) CFsCOOH

Ci2Has)oN
(CrzHzs)e (CazHzs)N Scheme 52. High-yielding Hay coupling in the syn-
) N(CioHas) thesis of macroblgycllc 653 which %enerates Cy ions in
SiiPrs = mass spectrometric experiments.>!]
\ / N A5
A 4 1) BuyNF, wet THF 3 4
2) CuCl, TMEDA, A similar “precursor-approach” was de-
7\ 03, CH,Cl, 7N\ . p pp .
sipr scribed by Tobe et al. who provided mass
3 . . .
7\ N(Ci2Hz5)2  spectrometric evidence for formation of both
- 64 Cq"~ 221 and the diaza-analogue CsgN, (2320]
(C12Hz5)2N (C12H25)2N 0 & 8072
61 n=1,8% in the gas phase. In these cases, precursors
62 n=2,10% : s veli :
63 n=3 2% with the same macrobicyclic skeleton as in 65
(C12H25)2N

Scheme 51. Synthesis of perethynylated expanded radialenes.?**!
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(the dipyridine analogue was used to gen-
erate the diazafullerene) were prepared in
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lower yield by Eglinton coupling, which again confirms that it
cannot be predicted in advance which oxidative coupling
protocol will be the highest yielding one.

These examples readily illustrate the rich variety of
molecular construction based on acetylenic coupling that is
currently ongoing in synthetic carbon research. A great
variety of fullerene—acetylene hybrid systems, in which
methanofullerenes are linked by buta-1,3-diynediyl fragments
to generate linear and cyclic arrays, have been prepared.?®!
Dehydrobenzoannulenes®??! have attracted additional inter-
est since the recent finding that they can be used for as
precursors for carbon nanotubes.*! Templates will increas-
ingly be used in acetylenic scaffolding['® to simplify product-
purification protocols by avoiding the formation of oligomeric
mixtures.?*! Clearly, many of the major research avenues in
contemporary organic chemistry rely on acetylenic coupling
methodology.

5. Conclusion and Outlook

The rigidity and cylindrical symmetry of oligoalkynes make
them valuable as spatially and directionally well-defined
structural units in diverse areas of organic chemistry, ranging
from the synthesis of natural products and pharmaceuticals, to
supramolecular construction, to carbon-rich and all-carbon
scaffolding and networking. The applications illustrated
above clearly demonstrate the versatility and high functional
group tolerance which make alkyne couplings an attractive
approach to the construction of complex systems. However,
equally clear is that the full potential of this methodology has
yet to be realized, and that more general and reliable
conditions will be required to meet future synthetic challeng-
es. The optimal conditions for the copper catalyst systems
have typically been determined empirically. There is little
information and virtually no predictability regarding the
control of chain length and the formation of cyclic versus
linear products for the oligomerization of terminal diynes.
Heterocouplings are frequently complicated by poor reac-
tivity in the case of alkynyl chlorides and by halogen —metal
exchange for more reactive substrates. One key to resolving
these issues may lie in an improved mechanistic understand-
ing of these processes. Thus, alkyne couplings provide both
valuable tools for synthesis as well as ample opportunities for
further mechanistic and methodological work.

We thank the ETH research council for generous support of
this work and Dr. E. Zass for help with the literature searches.
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