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INTRODUCTION

The cyclotrimerization of acetylenic compounds is a useful method for the con-
struction of three new bonds in a one-step process. Although symmetry-allowed,
there is a paucity of examples of purely thermal [2+2+2] cycloadditions. Berth-
elot reported the first example in 1866 which was the cyclization of acetylene
to benzene.! High temperatures (ca. 400°) are required for this reaction and a
mixture of products is formed. In 1948, Reppe discovered the first transition-
metal-catalyzed version of this reaction in which nickel was used, leading to the
formation of substituted benzenes.? Since then, catalysts based on no less than
seventeen early to late transition metals (for representative examples see: Ti,>*
Zr,5'6 V,7 Nb’S—IO’ Ta’Q Cr,ll,lZ MO,13 W,12’14 Fe’li Rll,16 OS,17 CO,IS Rh,19_21
Ir,2>?3 Ni,* Pd,® Cu?), two lanthanides (Eu, Yb),?” one actinide (U),?® and
aluminum? have been developed for the cycloaddition of substituted alkynes
to benzene derivatives. Alkynes,'®39-34 alkenes,!®3? allenes,* aldehydes and
ketones,>? imines,?? isocyanates,?” isothiocyanates,? carbon monoxide,** carbon
dioxide,*? carbon disulfide,’ and carbenes and carbynes® can take part in related
cyclization reactions to give products with four-, five-, six-, or eight-membered
rings. It is well known that nitriles can also be used as alkyne replacements in
[24+242] cyclotrimerizations to afford pyridines.'®32:36-37 Many of these reac-
tions proceed with good chemo-, regio-, and stereoselectivities and have found
many applications in organic synthesis.

During the last three decades this reaction has been extensively investigated
and the topic has been thoroughly reviewed.!8:30-3237-44 Because of the large
number of publications in this area, it is impossible to present more than a limited
set of examples, and several very interesting topics will have to be excluded from
this chapter. Among them are: cyclizations of acetylenic compounds on low-index
metal surfaces, kinetic studies of cyclotrimerizations, cyclizations mediated by
metal ions introduced into zeolites, cyclotrimerization of nitriles to triazines, and
cocyclization of transient strained cycloalkynes. The latter is mentioned in the
“Comparison with Other Methods” section.
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This chapter is devoted to early to late transition metal-mediated cotrimeriza-
tion of acetylenic compounds directed towards organic synthesis. It addresses the
scope and the generality of the reaction as well as the current state of the art with
regard to regio- and stereoselectivities. In the context of selectivity, a mechanis-
tic overview is provided. Inter- and intramolecular versions of the cyclizations
are presented with an emphasis on applications in synthesis. The literature from
1980 up to the middle of 2004 is covered.

MECHANISM AND STEREOCHEMISTRY

The cotrimerization of alkynes in the presence of transition metals to produce
arenes is probably the most general reaction of these compounds. It is possible
to cyclotrimerize acetylene as well as mono- and disubstituted acetylenic com-
pounds. In addition, selective intermolecular cyclizations involving more than one
type of alkyne are also possible. A wide variety of homogeneous and heteroge-
neous catalysts are available for such cyclizations. Therefore, several mechanistic
pathways have been proposed, which are mainly dependent on the nature of the
catalyst. It seems obvious that the metal may act as a template for the forma-
tion of the arenes, by sequentially binding the alkynes and acting as a channel
through which electrons flow between the ligands. However, debate about the
cyclotrimerization mechanism continues. The emphasis here will be on the most
common mechanism involving the intermediacy of metallacyclopentadienes. This
mechanism is applicable to most of the metals (for representative examples see:
Ti,®> Zr,% Ta,® Mo,**7 Co0,*4° Rh,' Ir,?>2? Ru,’® Ni,’! and Pd>?). It also pro-
vides a useful model for an understanding of the selectivities. Other types of
mechanisms which do not involve the intermediacy of a metallacyclopentadiene
will also be mentioned, particularly the Pd(II)-triggered cascade carbometallation
route and the Ru(IV) metathesis route.

Metallacyclopentadiene Route
Initially, one and then two alkyne moieties sequentially displace two ligands
of the metal to form alkyne complex 1 and then 2 (Eq. 1). Oxidative coupling
may occur to give the coordinatively unsaturated complexes 3 or 4 which have
oxidation states of two or four units higher than their precursor 2.

LyaM — N ~ ;
—— LM — LM —_— LnMij or LHM/\:‘
1 2 3 4

Several pieces of evidence supporting the intermediacy of these metallacycles
including calculations and isolation of structurally characterizable molecules have
been provided.’>33~57 Upon opening a vacant coordination site by ligand disso-
ciation, intermediates 3 and 4 may readily complex a third alkyne unit to give
the metallacyclopentadiene(alkyne) complex 5 (Eq. 2). Compelling evidence for
the accumulation of intermediate S in the catalytic cycle has been reported. It
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has been observed that blocking the empty coordination site in 3 (M = Rh, Ir)
with an ancillary ligand (L = Cl, PR3) inhibits the arene formation or in some

cases slows down the rate.* In addition, isolated examples of structural motifs
such as 5 (M = Co) have been described.’®

path a Q
= =~ path b Q & @
3ord — LM B - LM or
-L = | -LM (Eq. 2)

X 5

path ¢

7

Complex 5 may undergo insertion of the ligated alkyne into a metal-carbon
bond to give metallacycloheptatriene 6 (path a). Reductive elimination may occur
to provide the complex 8, which has been isolated occasionally.?*38-6! Lastly,
decomplexation of the arene generates the benzene ring. The intermediacy of the
metallacycloheptatriene 6, which is frequently proposed, is questionable, because
the reductive elimination converting 6 to 8 is symmetry forbidden.®>®3 This
reaction path is thus expected to be kinetically difficult. Therefore, alternative
processes for the formation of the n*-benzene complex 8 have been proposed. In
path c, a [442] approach is shown to give an intermediate 7-metallanorbornadiene
complex 7 that subsequently leads to 8. Although kinetic studies support the
intermediacy of complex 7,%° it appears from more recent studies that the reduc-
tive elimination giving the arene formation is also symmetry forbidden.’%%? For
CpCo complexes, calculations support a direct [4+2] cycloaddition pathway
(path b) with no intermediate for the conversion of § to 8. This transformation
requires a very small activation energy of 0.5 kcal/mol reflecting an extraordi-
narily large driving force of —81.4 kcal/mol.> A fourth suggestion has been
made for ruthenium.’%3657 A bicyclic ring system 9 is formed from complex
5. This metallabicyclo[3.2.0]heptatriene rearranges into a metallacycloheptate-
traene complex 10, which gives the n%-cyclohexatriene complex 11 after reductive
elimination (Eq. 3). Recently, a relevant iridabicyclo[3.2.0]heptatriene has been
isolated and characterized by X-ray crystallography.®

93— —
i\ Q} / Y (Eq. 3)

It is noteworthy that the metallacyclopentadiene 3 can lead to n*-cyclobuta-
diene complex 12,5 as illustrated in Eq. 4. For some specific metals such as
cobalt, rhodium, and iridium, the mechanism of this transformation has been
probed by means of Density Functional Theory (DFT)/B3LYP calculations.®
A multi-step reaction including a cyclopropylcarbene and a tetrahedrane-type
intermediate was computed, supporting the initial proposal made by Vollhardt
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and co-workers.% It was shown that, as the substituents on the alkyne get larger,
the cyclodimerization reaction becomes easier.%’

—~
LHMQ
3

For many years, cyclobutadiene complexes were proposed to be reactive inter-
mediates in the formation of the arenes,®’ despite the high stability of such
complexes. Experiments using a number of main group and transition metal cat-
alysts have since provided strong evidence that the cyclotrimerization of alkynes
does not take place through cyclobutadiene intermediates.*® These results support
the assertion that complex 12 is an inert byproduct leading to catalyst deactiva-
tion, due to the thermodynamic stability of the metal-cyclobutadiene bond.%%%

Although not fully clarified, the pyridine syntheses from alkynes and nitriles is
thought to proceed according to the same kind of mechanism. The first step would
be the formation of a metallacyclopentadiene from two alkyne units, followed
by nitrile insertion.””

LM

12

(Eq. 4)

Regioselectivity. Whatever the mechanism, the major regiochemical conse-
quence is that the trimerization of unsymmetrically substituted alkynes leads to
arenes which display exclusively 1,2,4- or 1,3,5-substitution patterns. In the pro-
posed mechanism, regioselection occurs at two stages: in the formation of the
metallacyclopentadiene and in its subsequent reaction with a third alkyne equiva-
lent. The preference for formation of the metallacyclopentadienes 13—15 clearly
depends on the catalyst, the substitution pattern on the alkyne, and the reaction
conditions (Eq. 5).

R R
R
N N
LnM\/ LM LM . LM
/ —
R//// R R
13 14 15
|
R—= { R— (Eq. 5)
R R
R 17
16

Complexes 13 and 14 must lead exclusively to the 1,2,4-product 16, indepen-
dent of the orientation of the final insertion. The formation of the 1,3,5-compound
17 requires the intermediacy of the metallacycle 15. However, complexes of type
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15 can also give rise to 1,2,4-products.” Although products of type 17 seem sta-
tistically disfavored, many reports dealing with the selective formation of these
compounds can be found (see Scope and Limitations).

Bimolecular and Intramolecular Cotrimerizations. The bimolecular cycli-
zations combine a diyne and a monoalkyne. Depending on the substrates, the
initial bis-alkyne species is a complex of both alkyne units of the diyne (path
a, complex 18) or a complex of the monoalkyne together with one free alkyne
unit (path b, complex 19) as described in Eq. 6. Either pathway would afford the
same arene products. Chemoselectivity is also a potential problem because the
cyclizations could involve exclusively the diyne, or exclusively the monoalkyne,
or one diyne unit and two monoalkynes. Those could compete with the desired
process. In practice, chemoselectivity is readily achieved by employing sterically
hindered monoalkynes, for instance, bis-trimethylsilylethyne, which is reluctant
to undergo autocyclotrimerization.

path a = RI—R2 =
(c&_/ ML, (CHy, |_ MLy

/_:
(CHy)y 18
N

Rl

R! R?
| =ML [ =
< —— oM

RI-——R? R2 K(
19 (CHy), CHyJy

path b ‘

(Eq. 6)

Cascade Carbometallation Route

A cascade carbopalladation often occurs with Pd(II) complexes.”!"?

Intermolecular Cascade Reactions. Many palladium(Il) complexes are
reactive towards alkynes. In intermolecular versions, these Pd-catalyzed cycliza-
tions are complex processes and appear to operate differently from those described
above, even though the formation of the arenes is the end result in some of these
processes.*®7® Different intermediates are possible depending on the size of the
alkyne substituents or even on the polarity of the solvent in which the reaction is
carried out. Metallacyclopentadiene intermediates are not necessarily involved in
these sequences. The proposed mechanism presented in Eq. 7 is based on several
isolated intermediates.”* The first step is the formation of the m-acetylene com-
plex 20 after ligand exchange. A second ligand exchange with another alkyne unit
provides the transient complex 21, which is believed to be in equilibrium with
the o-alkenyl intermediate 22. The irreversible insertion of the second coordi-
nated acetylene into the Pd—C bond then occurs, giving the o-butadienyl complex



8 ORGANIC REACTIONS

23. With small R? groups, the next step is an anti-Markovnikov cis-insertion of
another acetylene into the Pd—C bond giving a o, 7-hexatrienyl complex 24. The
terminal double bond coordinates the metal in such a way that internal cycliza-
tion leading to complex 25 becomes straightforward. Palladium in the complex
25 coordinates a cyclopentadiene double bond, which is sterically constrained.
Ring expansion in complex 25 will be followed by its decomposition to give the
expected arene product regenerating PdCl,.

R! R!
L,PdCl, RI—=R? s o
l —_— LCI,Pd—]| [Pd(R'C,R?),LCI*CI
R2 20 21
RI—R?2 R! R?
R? —\_R
LPCL LCIPd*--__ )
RN 1 |
CﬁfR
al cl” R!
22 23
1 Rl
ClR2 N T = R?
T Mot —LoPdCly .
RIRZ Pd R R R
Cl/, R?
25

(Eq. 7)
It is noteworthy that the cyclobutadiene complexes 26, which are inert to fur-
ther reaction with alkynes, can be obtained from the o -(n?-butadienyl)complexes
23 when alkynes are substituted by sterically demanding R! groups as shown in
Eq. 8.7
Rl _ R2Rl Rl R2 Rl R2
LClPd\\\' CIJ:'[PdCIL Sy Eqg. 8
o g2 R (Eq. 8)
23

R? R!
26
Rl, R? = various Ar, t-Bu

Intramolecular Cascade Reactions. The use of palladium(Il)-mediated
cyclotrimerizations had been scarce until the development of the intramolecu-
lar versions. Although the mechanism is not very clear, it is likely that 27 is a
putative intermediate as shown in Eq. 9. It is generated by hydropalladation of
the less-substituted alkyne function followed by two carbopalladations. The ring
closure to the benzene derivatives might occur through a 6-endo-trig cycliza-
tion (path a) or an electrocyclic pathway (path b), both followed by a S-hydride
elimination.”®”’
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Pd(PPhs)4 (3 mol%), HOAc (5 mol%),
MeCN, reflux, 12 h

(0}

_ l __ o0 o
E — l E PdL, |\ E ~ PdL,,\\
E = CO,Et E ~
27
0
(0] path a E><:Kﬁ 0
E Y
E
)

A

PdL,
\ PdLn O _uPd_Hn E
pathb o (67%

—

E
PdL,

(Eq. 9)
Metathesis Route

The Grubbs catalyst, Cl;((C¢H;)3P);Ru=CHPh, which has been widely used
for the olefin metathesis reaction, is very efficient as a mediator for the cyclo-
trimerization of alkynes.”®”® A cascade of four metathesis reactions has been
proposed as a mechanistic rationale (Eq. 10).”® The ruthenium benzylidene com-
plex is proposed to add to the first alkyne to afford the vinylcarbene complex 28
which consecutively adds to two other alkyne units to produce the intermediate
vinylcarbene complexes 29 and then 30. Finally, the intramolecular ring-closing
metathesis reaction from 30 gives the corresponding benzene derivative.

Ph

R Ph R Ph _
‘ Cly(Cy3P),Ru=/ W R~ R—=
l [Ru] x

[Ru]
o Ph R
- R~ [Ru] R
o L
\ /
R
29 R 30 R

28
(Cy =CeH11)

(Eq. 10)

SCOPE AND LIMITATIONS

Cotrimerization of acetylenic compounds can be performed under many dif-
ferent conditions, some mild, others quite harsh (see Experimental Procedures).
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Catalysts based on a very large number of metals have been developed (see Intro-
duction). Polar, non-polar, or even supercritical solvents have been successfully
used. This reaction exhibits a high chemoselectivity toward triple bonds and is
therefore tolerant of many functional groups (see examples that follow in Eq. 11
and in the Tabular Survey).

R R
catalyst R
=R — +
conditions
R R

R B

A
R Catalyst Conditions A:B
CO,H  [Rh30(0Ac)(H,0)3;]0Ac  H»0,65°,5.5h 83%) 95:5
CH,OH CpCo(CO), scCO, (180 bar), hv, 90°,24 h 60%) 3:1
COMe  Rhy(0,CC3F7-n)4 HSiEt3, CO, CH)Cl,, 1t, 16 h B0%) 0:1
CO,Me  CoCl(PPh3); THE, 65°,24 h 97%) 7:1

(Eq. 11)

In the following section, an overview of the synthetic potential of the cotrimer-

ization of acetylenic compounds is given. A choice of relevant examples extracted

from the recent literature is presented to emphasize the modern applications of

this chemistry. Applications for the synthesis of natural products will be described
in a separate section.

Intermolecular Reactions

Cyclotrimerization of Symmetrical Alkynes. Symmetrically hexasubsti-
tuted benzenes have found applications in many fields such as main-group chem-
istry, organometallic chemistry, and organic material science. They are readily
available from cyclotrimerization of symmetrical alkynes. An example
is the cobalt- or nickel-catalyzed cycloaddition of diborylacetylenes for form-
ing hexaborylbenzene derivatives (Eq. 12).8° These compounds are the only
hexa-heteroatom-substituted benzene derivatives obtained by cycloaddition of
alkynes.

Oo. .0
o o QO b o@
B | ]

_B B

CpCo(CO); (5 mol% h
‘ ‘ pCo(CO); ( o) O (6] (75%) (Eq 12)
toluene, reflux, 48 h O\B B/O
B
00 O B_ O



COTRIMERIZATIONS OF ACETYLENIC COMPOUNDS 11

The quest for novel metal-mediated molecular devices has required the prepa-
ration of new m-ligands. In that respect, the cobalt-mediated cyclotrimerization of
1,2-bis(2-thiazolyl)ethyne has granted access to the hexa(thiazolyl) disk-shaped
ligand L' which takes part in the formation of sandwich-shaped heterotopic tri-
nuclear silver(I) complexes of great theoretical interest because of their molecular
gear behavior (Eq. 13).8!

—
S.__N
Co,(CO)g (15 mol%) L2 MeSO3A
H .2 8 3ALZ Ag3L1L2
dioxane, 100°, 10 h
N s
U P L? = 1,3,5-tris(thiazolyl)-

2,4,6-tris(p-tolyl)benzene
L! (56%)
(Eq. 13)
In recent years, the cyclotrimerization of monoalkynes has been employed on
many occasions for the short convergent synthesis of dendrimers (see Tabular Sur-
vey). Precursors of nanometer-sized dendrimeric materials such as the 6-fold sym-
metric starlike silylated polyphenylene shown in Eq. 14 have been prepared.®?

SiMe3

Hg[Co(CO)4]»

dioxane, 100°

SiMe3

(Eq. 14)
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Regio- and Chemoselectivity in Cotrimerizations of Unsymmetrical Alky-
nes. The selective synthesis of polysubstituted benzenes and pyridines from
the intermolecular transition-metal-catalyzed [24-2+2] cycloaddition reaction is
a challenging problem. Indeed, the cyclotrimerization of an unsymmetrical mono-
alkyne usually leads to two regioisomers, 1,2,4- and 1,3,5-trisubstituted benzenes
(see Eq. 5, Mechanism Section). Cotrimerization of two different unsymmetrical
monoalkynes may give up to 9 isomers and cotrimerization of three different
unsymmetrical monoalkynes, up to 38 different ones. As illustrated in Eq. 15,
a complex mixture was obtained from the cocyclization of ethyl 2-butynoate,
methyl propiolate, and 3-hexyne.?3 Recent efforts directed toward selective inter-
molecular cotrimerization reactions are presented in this section.

El0,C——= Ni(COD),, PPhs, COMe CO,Me
+ AlMe;, PhOH Et Et EtO,C Et
MeO,C——= + + +
- THE, rt, 1 h B o . Et0,C Et
Et———"FEt CO,Et
31 32 33
CO,Et
EtO,C Et EtO,C CO,Me EtO,C CO,Me CO,Et
+ + + +
Et  R0,C
CO,Et CO,Et CO,Et
34 35 36 37
CO,Me COMo
MeO,C B /©i
e t MeO,C CO,Me
Et
38 39
31+ 32 (27%), 33 + 34 (2%), 35 + 36 (7%), 37 (13%), 38 (5%), 39 (3%)

(Eq. 15)

Cyclotrimerization Reactions. Only a few methods seem general for success
in the selective formation of 1,2,4-trisubstituted benzenes. Among them are the
highly selective preparation of 1,2,4-trisubstituted benzenes using a calixarene-
bound titanium complex (Eq. 16).3% The high selectivity may be understood in
terms of the directing influence of the DMSC ligand (DMSC = 1,2-alternate
Me,Si-bridged p-tert-butylcalix[4]arene). In the 1,2-alternate conformation, the
DMSC ligand favors the formation of the «,8’-substituted titanacyclopentadiene.
It also exerts steric control over approach of a substrate to the «,B’-substituted
titanacyclopentadiene; the less hindered end of an alkyne is directed into the
calixarene cavity.
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Tol-p
. DMSC (5 mol%) Tol-p
=—Tol-p CDo 1t
6176,
p-Tol
(100%)

(Eq. 16)

Selective formation of 1,3,5-trisubstituted benzenes has been described (for

selected examples see: Ti,> Nb,® Co,%° Rh,30 Pd®’). There are quite a few examples

where the reaction produces the 1,3,5-isomer exclusively, or almost exclusively

from HC=CR where R is SFs5, CF3;, CO,Me, C(=CH,)Me, TMS, Ph, and

CHMeBu-¢. In all examples where R = COAr, only the 1,3,5-isomer is formed,
no matter what the conditions (Eq. 17).88-9

R
(0]
= (0]

DMF
R R
e Vele
(6] (6]

R
3-OMe (70%)
4-OMe (69%)
3-NO, (59%)
4-NO, (72%)

(Eq. 17)

Cotrimerization Reactions. Catalytic regio- and chemoselective assembly of
two or three different acetylenic compounds remains rare. The same tendency
is observed for the assembly of two different alkynes with nitriles. Recently,
an iridium-complex-catalyzed highly selective cotrimerization of two different
monoalkynes has been published (Eq. 18).°! Chelating diphosphine ligands were
used and the structure of the ligand had considerable effect on the chemoselec-
tivity of the reaction. Indeed, 1,2-bis-(diphenylphosphino)ethane (dppe) promoted
the 2 : 1 coupling of dimethyl acetylenedicarboxylate (DMAD) with monoalkynes,
whereas with 1,2-bis-(dipentafluorophenylphosphino)ethane, the 1:2 coupling
products were obtained. In the case of the 1:2 coupling however, the level
of regioselectivity is moderate.
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1 Rng p R?
MeO,C———CO,Me [Ir(COD)Cl], R = /P/ R! CO,Me
¥ i J——
JR— / \ S ‘\
RISZ="R? (CFshP P(CeFsh [RT QIR R! CO,Me
R° Pf R2
1:2 coupling Pf = C¢Fs (up to 96%)
 Ph ph cone1
[I(COD)CI], AP MeO,C R
Ir, j
dppe GR MeO,C R2
E PhPh CO,Me
2:1 coupling  E=COMe (up to 98%)
R!, R? = H, alkyl, alkynyl, aryl, CH,Ph, (CH,);Cl, CH,CH,CN,
CH,0Me, SiMes, CH,NMe,, CH,NHCO,Me, CH,OAc
(Eq. 18)

Iridacyclopentadienes are postulated as intermediates. When the ligand is dppe,
the coordination of DMAD to the iridium center would be much faster than with
other monoynes. The reaction of the resulting tetracarbomethoxy-substituted iri-
dacyclopentadiene with the second monoyne gives the final product. Because
DMAD and 1,2-bis(dipentafluorophenylphosphino)ethane are both electron with-
drawing, the coordination of DMAD would give an electron-deficient species.
Oxidative cyclization of this species would be a relatively difficult process. The
formation of the intermediate iridacyclopentadiene from two monoynes, electron-
ically richer than DMAD, is thus preferred.

Similarly, ruthenium-catalyzed synthesis of o-phthalates from terminal alkynes
and DMAD is a highly chemoselective intermolecular [24-24-2] cycloaddition
process.”?> Nevertheless, no significant level of regioselectivity is observed. Palla-
dium-catalyzed homodimerization of terminal alkynes and subsequent [44-2]
benzannulation with diynes appears a very promising method for the selective
cotrimerization of three different alkynes.”® Tetra- and pentasubstituted benzenes
were obtained as single products with excellent levels of regio- and chemoselec-
tivity (Eq. 19). A significant acceleration of the sequential trimerization reaction
in the presence of a combined Lewis acid/phosphine system is observed. Mech-
anistic studies suggest Lewis acid catalysis in the isomerization of the E-enyne
formed in the first step to the more reactive Z-isomer. The employment of a conju-
gated diyne as cyclization partner has a dramatic influence on the regioselectivity
of the cross-cycloaddition.’* On the basis of deuterium-labeling experiments,
the following mechanistic rationale was proposed: the reversible coordination of
palladium to the triple bond of the enyne and the diyne produces a o -allenyl pal-
ladium complex, stabilized by the neighboring n3-propargyl moiety. Reductive
elimination occurs affording a strained cyclic cumulene that is transformed into
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the desired arene compound via a sigmatropic H-migration.

——Ph —_ =
s AorB EtOzC\/LK n-Bu————=—Bu-n

Et0,C—— Ph

A gives E-enyne
B gives Z-enyne

CO,Et CO,Et

Ph

Bu-n A (54%)
B (56%)
A: Pd(PPh;3)4 (5 mol%), THF, 100°, 120 h
B: Pd(PPh3)4 (5 mol%), PA(OAc), (5 mol%), tris(2,6-dimethoxyphenyl)phosphine (15 mol%),
Et,AICI (0.25 equiv), toluene, 60°, 24 h

(Eq. 19)
Another way to perform a regio- and chemoselective cotrimerization of acetyl-
enic compounds is to use stoichiometric metal-assisted reactions. The problem of
chemoselectivity is circumvented through stepwise addition of all reagents. The
key step is the regioselective formation of metallacyclopentadienes. For instance,
the cycloaddition reaction of zirconacyclopentadienes to alkynes proved a highly
selective method for forming benzene derivatives (Eq. 20).”>°® (°-Cyclopenta-
dienyl)zirconacyclopentane is formed from Cp,ZrBu, (Negishi reagent) and ethy-
lene. The reagent is regioselectively transformed into a single unsymmetrical
zirconacyclopentadiene after successive addition of two different alkynes. This
is made possible by the presence of trimethylsilyl or aryl groups which are well
known for giving «-silyl- or «-arylzirconium complexes. The reaction of the
intermediate zirconacyclopentadiene complexes with DMAD in the presence of
copper(I) chloride gives hexasubstituted benzenes in good yields.

n-BuLi (2 equiv) ethylene Et———Et Et Et
CpZrCly —MM—— Cp2Zr<j

CpyZrBu, ﬁ» ﬁ»CpZZr =
/T

Et Et
Me;Si—=Bu-n ~El' Me0,c—=-CO,Me, MeOC Et
#’ CpaZr )
_ 4 Bun CuCl (2 equiv), rt, 1 h Me0,C Bu-n
Mes;Si SiMes
(83%)

(Eq. 20)
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Similarly, the selective assembly of two different alkynes and a nitrile for
producing a single pyridine product is worth mentioning.”” A low-valent tita-
nium(Il) alkoxide is generated from titanium(IV) isopropoxide and isopropyl-
magnesium chloride (Eq. 21). It promotes the selective coupling of two unsym-
metrical alkynes to give titanacyclopentadienes regioselectively. Treatment of
these intermediates with tosyl cyanide gives 2-metallated pyridines, which are
treated with different electrophiles such as I, to furnish functionalized 2,3,5,6-
tetrasubstituted pyridines in good yields. The amide group is known to be a
more potent regiocontrolling element than the silyl or aryl group.”® However, no
rationale for this regioselective nitrile uptake was provided.

Ti(OPr-i)4,
i-PrMgCl (2 equiv)
CONEt J CONEt,
: CeHiz__
|| + H + 'Ti(OPr-i)" —— __Ti(OPr-i),
CeH3 Ph Ph
(Eq. 21)
CONE, CONEt,
CeH CeH
TsCN 61113 X I 6113 X
N 2 )
Ti(OPr-i),Ts I
Ph Ph

Finally, totally chemo- and regioselective formal intermolecular cyclizations
of three different monoalkynes via the judicious use of disposable tethers has been
disclosed. For instance, the use of silylated tethers in the sequence of cyclization
followed by cleavage of the silicon group leads to polysubstituted arenes as
unique cycloadducts in good yields (Eq. 22).%

(Pr-i)

— P (0]
OH =—— O—Si—\ v .
OH 0 Ph Si(Pr-i),
/ _ CpCo(CO); (5 mol%)
\ —_— \ Si(Pr-i),
\ > \ xylenes, hv, reflux
Ph // Ph 74 r-Bu
(i-Pr),Si—0Q
Bu-n Bu-n
(67%)
OH
TBAF Ph
THF
n-Bu

(Eq. 22)
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Ru(Il)-catalyzed chemo- and regioselective cyclotrimerization of three
unsymmetrical alkynes has been achieved through a temporary boron connection
(Eq. 23).!% The crude arylboronates are subjected to the Suzuki-Miyaura
coupling with aryl iodides in aqueous toluene to afford biaryls. As a result, a four-
component approach to highly substituted biaryls was successfully established by
combining these two operations in a sequential one-pot process.

i-PrO
. — o — i-PrO Bu-
(i-PrO);B—==—Bu-n  Cp*Ru(COD)CI (1 mol%) B—=—Bun T 5 ur
+ O — > N ,Cp*
— CI(CH,),CL 1t = o || Ru a1
HO
Ac
. Ac
cl  i-PrO Bun (1.5 equiv) Bu-n
— 7 .
— )3 B I
o - - (76%)
c1  Pdy(dba); (2.5 mol%), HO cal
3 PCy3 (] 1 mol%), KzCO}, 3
(crude) toluene/H,0O
Cp* = pentamethylcyclopentadiene
(Eq. 23)

Bimolecular Reactions

The cotrimerization of «,w-diynes or «,w-ynenitriles with alkynes or nitriles
has been successfully employed on many occasions to produce fused carbocycles
or fused heterocycles. Like the intermolecular reactions, the selective bimolecular
cycloaddition of unsymmetrical «,w-diynes with unsymmetrical monoalkynes or
their nitrile counterparts is a challenging synthetic goal.

Regio- and Chemoselectivity in Cotrimerizations. There are few gen-
eral catalytic methods. Worthy of note is the highly chemo- and regioselective
cotrimerization of unsymmetrical 1,6-diynes with terminal alkynes catalyzed by
Cp*Ru(COD)CI (Eq. 24).°° Excellent meta-selectivities are observed. A DFT
study on the cyclotrimerization mechanism indicates that this reaction proceeds
via oxidative cyclization, producing a ruthenacyclopentatriene (see Eq. 1). From
these calculations, the alkyne insertion appears to take place as a result of the
formal [2+2] cycloaddition leading to a ruthenabicyclo[3.2.0]heptatriene (Eq. 3).
Calculations at the B3LYP/LACVP* level of theory show that the pathway lead-
ing to a meta-product via the lowest trans-anti transition state is both kinetically
and thermodynamically favored.

ST Cp*Ru(COD)CI (1 mol%) Bu-n
0 + =—Bun - +
N CI(CH,),Cl, rt, 30 min 0 o}
T Bu-n

(80%) meta:ortho = 95:5
(Eq. 24)
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Cp*Ru(COD)CI also gives good to excellent regioselectivities in the [24+2+42]
cycloaddition of 1,6-diynes with electron-deficient nitriles'”! and dicyanides
(Eq. 25).192 The desired bicyclic pyridines are obtained in moderate to high
yields with significant chemoselectivities. For the cycloaddition of 1,6-diynes
with electron-deficient nitriles, the predominant isomer depends on the nature of
the alkyne substituents. Electron-withdrawing groups reverse the regioselectivity.

Cp*Ru(COD)C1
EtO,C—=N P « H(lol% )) N R
+ = 777~ MeO,C | SN + MeO,C ><ﬁ(C02Et
MeO,C CR CUCHDLL o0 A com Meosc X
MeOZC —
R x Temp Time
Me 5 60° 2h  (78%) 88:12
Ph 20  60° 6h (50%) 100:0

CO,Me 5 rt lh (78%) 13:87

(Eq. 25)
The electron deficiency of the nitrile lowers the antibonding orbital level of
the C—N triple bond and facilitates the formation of an azaruthenacyclopenta-
diene involving the nitrile and the less-hindered alkyne terminus relative to the
formation of a ruthenacyclopentadiene involving the starting diyne (Eq. 26a).
The subsequent insertion of the remaining alkyne moiety followed by reduc-
tive elimination gives the final pyridine. On the other hand, due to its effective
delocalization of the d-electrons from the ruthenium center, the presence of an
ester group on the diyne directs the oxidative cyclization at the electron-deficient
alkyne terminus rather than the less hindered one (Eq. 26b).

=N, R R
L[[ Ui/ R = alkyl, aryl \% (Eq. 262)
Y Y

EtO,C EtO,C

/N\ N\
—[Ru]_ R! = CO,R? |
R /// RITNF (Eq. 26b)
Y

Y
Y = C(CO,Me),

EtO,C Et0,C._N_R

~

The regiocontrolled one-step synthesis of annelated 3,3’-disubstituted 2,2’-
bipyridine ligands by cobalt(I)-catalyzed cyclotrimerization of 5-hexynenitrile
and 1,3-diynes has also been described (Eq. 27).'% The chemoselectivity was
explained by means of semi-empirical LUMO coefficients and the regioselectivity
by chelation control.



COTRIMERIZATIONS OF ACETYLENIC COMPOUNDS 19

SiMe; SiM
1Vies

CpCo(CO),

<i—N " H hv, heat

SiMC3

(77%) (Eq. 27)

Me3Si

The most common bicyclic compounds obtained by bimolecular cotrimer-
ization reactions are listed in Eqs. 28—32. As illustrated, this powerful strat-
egy allows the preparation of benzocyclobutenes (Eq. 28),'%!% indanes,!8:104
tetralins,'®!% and higher homologs such as benzocycloheptenes.'* Moreover,
nitrogen-containing heterocycles have also been prepared frequently with vari-
ous catalysts. Among them are isoindolinones (Eq. 29),'% isoindolines and 1,4-
dihydroisoquinolinones,'® indolines (Eq. 30),'% 2,3-fused pyridines (Eq. 31),'"
3,4-fused pyridines,'°! and dihydropyrrolopyridines (Eq. 32).1% Among the recent
examples is the synthesis of fused arylboronic esters via cobalt(0)-mediated
cycloaddition of alkynylboronates with «,w-diynes (Eq. 33).!%° Alkynes bearing
heteroatoms are of particular interest because they might give products amenable
to subsequent transformations after the cyclization step. Alkynylsilanes'8:30:104
and alkynylstannanes'!%!!! have been used to produce metallated benzene deriva-
tives that allow subsequent electrophilic substitution or metal-halogen exchange.
Along these lines, alkyl-, aryl-, and silyl-substituted alkynylboronic esters are
successfully converted into arylboronates using Co,(CO)s.

Pz SiMes '
~ ‘ ‘ CpCo(CO); (5 mol%) SiMes I
" 44% .
heat SiM (44%) ( q )
N SiMe iMe;
O}; OMe  NiCL(PPhy); ore
7 N S 59%)
HN ( “n-BuLi, PPhy, %Q (59%) (Eq. 29)

THF, heat

(i RhCI(PPh3); (3-10 mol%) 85% Eq. 30
B 0/ .
/NTPh toluene/acetylene }\I e (ta :

Ts Ph

i — CpCo(CO), (20 mol%) C@[‘ €3 - |
=N * H m-xylene, heat, hv N/ SiM (77%) ( q. 31
SiMe; 1vies
#{ CoCl,/Mn X
HN —— HN || N (98%) (Eq. 32)

; J— MeCN =
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% )
0...0 xylenes, rt, 4 h >2< !

+ Coy(CO)y —m8M ———— o/B}Z(:o(CO)3

Ph Co(CO);

—
TsN 0
= i
B (T1%)
(0]
reflux, 2 h TsNij@[
Ph

Tricyclic and Higher Polycyclic Compounds. The bimolecular cotrimeriza-
tion of acetylenic compounds is one of the best methods for preparing linear
polycyclic compounds. As shown below, the anthraquinone skeleton, which has
been a continuing target for synthetic chemists, proves readily accessible from
bis-ynones (Eq. 34).!%+!12 The [N]-phenylenes have also received considerable
attention both for their theoretical interest and their potential for the synthesis
of fullerenes.'!® Biphenylenes (Eq. 35), linear triphenylenes (Eq. 36), and higher
analogs have been prepared from 1,2-bis(alkynyl)arenes or 1,2,4,5-tetra(alkynyl)-
arenes.!'* Access to angular [N]phenylenes is presented in the “Intramolecular
Reactions” section that follows.

(Eq. 33)

0
Ph
Cp*RuCl(cod) (5 mol%) Ph co%) (Eq. 34)
I CI(CH,),CL 1t, 1 h °) (Eq.
Ph Ph
0
pZ SiMe; .
~ CpCo(CO); (7.5 mol%) SiMes
= v, heat, 8 b || ©6%)  (Eq. 35)
N SiMes SiMe;
X _~  SiMes . .
h ~ CpCo(CO), (20 mol%) ~ MesSi SiMes
- npn
hv, heat, 6 h Me:Si SiMe
Z N SiMes 3 \
(71%)

(Eq. 36)

Linear para-phenylenes have also been synthesized by bimolecular cotrimer-

ization of alkynes. Indeed, promising light-emitting soluble poly-para-phenylenes

have been prepared from ether-linked para-dialkynylarenes using a rhodium-
containing catalyst (Eq. 37).'">
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RhCI(PPh3); (5 mol%),

=
=—-CH,OH S
0 0] —CH,OH  (66%)
— i-PrOH:THF (10:1), =
— reflux

(Eq. 37)

Finally, linear polycycles can be readily prepared via a homologation pro-

cedure.''® A zirconium-based protocol allows the preparation of soluble acenes
such as naphthacenes and pentacenes (Eq. 38).

b, CpZr(Bun, Prn 1.DDQ
[ — DMAD, CuCl COMe 5 1iamH,
— prn CO,Me 3. P].3r37 .
Pr-n 4. Li——Pr-n (2 equiv)
Pr-n - CpoZr(Bu-n)y, Pr-n Pr-n
el L
Pr-n CO,Me
Pr-n Pr-n Pr-n
(71%)
(78%)
1.DDQ Pr-n Pr-n
e oo
3.PBI‘3 COzMC
4. Li—=——Pr-n (2 equiv) Pr-n Pr-n
(71%)

(Eq. 38)
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Intramolecular Reactions

The intramolecular version of the cotrimerization of acetylenic compounds
allows the formation of angularly fused polycyclic compounds.

Formation of Three Rings. The aforementioned Ru-catalyzed bimolecular
[2+2+2]-cycloaddition of 1,6-diynes with monoalkynes is also applicable to
selective intramolecular alkyne cyclotrimerization (Eq. 39).°° Triyne substrates
furnish tricyclic aromatic compounds fused with 5—7 membered rings.

(0]
s 1 1%
Cp*Ru(COD)CI (1 mol%) C& (82%) (Eq. 39)
DCE, t,2 h O

An application of the ruthenium-catalyzed ring-closing metathesis cascade
reaction (see Mechanism Section, Eq. 10) has also been described (Eq. 40).!'7 as-
Indacene-bridged bis(w-amino acid) derivatives are obtained by the intramolecu-
lar [24242] cotrimerization of triynes.

LO W

COzMC COzMC
AcHN— L NHAc Ru(=CHPh)CI,[P(CgH;1)3]5 (2 x 5 mol%)
\\\ = toluene, 85°, 14 h
AcHN NHAc (Eq. 40)
MCOQCWCOzMC
(58%)

1,2-Diarylacetylenes with two terminal or methyl-substituted tethered acety-
lene moieties have been used as starting materials for the preparation of a new
class of molecules with helical chirality (Eq. 41).!'® Several representatives of
this class have been resolved into enantiomers by HPLC on a chiral column. This
straightforward synthetic approach involving the formation of three fused rings
allows the preparation of a variety of helical molecules.

— (6]
O O/ CpCo(CO); (1 equiv), O
PPhj (2 equiv) O
74% Eq. 41
| ‘ decane, 140°, 1 h O ( ) ( q )
O O/\ o)

Similarly, the Ni(0)- or Co(I)-catalyzed isomerizations of cis-cis-dienetriynes
provide access to [5]-, [6]- and [7]-helicenes (Eq. 42).'" This conversion, which
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creates three aromatic rings in one step, is highly favored thermodynamically.

It
OO % Ni(COD), (10 mol%), CC
PPh; (20 mol%) O Ea 42
H THF, rt, 5-15 min c O ©1%) (Eq. 42)
T o0
l

Formation of Four Rings. Transannular cotrimerizations of triynes are quite
rare (see Tabular Survey). They allow the preparation of tetracyclic compounds
such as triazatriindanes obtained from nitrogen-containing 15-membered triace-

tylenic macrocycles (Eq. 43).120:12!
Ts Ts
PA(PPhs), (1.1 equiv)
Ts—N Il Pl e Ts—N (54%) (Eq. 43)
toluene, reflux
R N N
Ts Ts

Angular [N ]-Phenylenes. In addition to linear [N ]-phenylenes (see above
section on Bimolecular Reactions), numerous angular [N ]phenylenes are avail-
able from the intramolecular version of the cotrimerization of alkynes. For exam-
ple, a Cs;-symmetric [7]phenylene has been synthesized via cobalt-mediated
triple cycloisomerization of a nonayne, albeit in poor yield (Eq. 44).!? This
compound is a promising precursor for Cjp-fullerene (Archimedene). The o-
and m-ring strain in triangular C3-symmetric [4]phenylenes act in concert ren-
dering their cores to behave spectroscopically and chemically as true cyclohexa-
trienes.'?*12* The above methodology has also been employed for the preparation
of helically extended conjugated 7 systems.

=

It
R =

S

| P l CpCo(CO),
// \\ m-xylene, hv, reflux

Il
X

]

N

(Eq. 44)
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Helical [7]-, [8]-, and [9]phenylenes (heliphenes) have been obtained via
cobalt-mediated multiple cycloisomerization of polyynes (Eq. 45).!>>126 The
helices prepared to date are not configurationally robust enough to be resolved
into their enantiomers.

(Eq. 45)

Syn and anti doublebent [5]phenylenes have also been assembled via dou-

ble cobalt-catalyzed cyclization of hexaynes in which the acetylene units are
appropriately positioned (Eq. 46).!%’

CpCo(CO),

m-xylene, hv, reflux

(Eq. 46)

CpCo(CO),

m-xylene, hv, reflux

Enantioselective Reactions

A number of enantioselective cotrimerizations of acetylenic compounds
has been reported, such as the bimolecular cobalt(I)-catalyzed asymmetric
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cotrimerization of «,w-diynes and nitriles (Eq. 47). Enantiomerically enriched
atropoisomers of 2-arylpyridines have been prepared using various chiral cobalt(I)
complexes as catalysts.!?8

_~Ph
|
H || PhCN, [Co] (1 mol%) \ N

OMe THE, hv
=
[Col= (coDp)Co I

Also, the nickel-catalyzed asymmetric synthesis of isoindolines and isoquino-
lines has been described (Eq. 48).!% This cyclization involves a facial
stereodifferentiation between two enantiotopic groups and the selective formation
of a nickelacyclopentadiene as an intermediate. Several chiral ligands have been
tested for this bimolecular process which gives moderate to good enantiomeric
excesses.

(86%) 93% ee

OMe
OO (Eq. 47)

— Ni(COD), (8 mol%), NTr
— (R),(S)-BPPFA (20 mol%)
MeaSt : . (52%) 73% ee
\\ acetylene (4 equiv) SiMes \\
THF, rt
SiMe; : SiMes
) _ @/(NMe
(R),(S)-BPPFA = ]5@ PPh, 2
>\
PPh,
(Eq. 48)

Limitations of the Cotrimerization of Acetylenic Compounds

Limitations inherent to some specific catalysts are described in the following
section.

Catalyst Deactivation. The formation of stable 18-electron n*-complexes
may impede the turnover of the catalytic process, and may account for low yields
in specific cases. In this context, n*-cyclobutadienyl complexes have already been
mentioned (see Mechanism Section). Catalyst deactivation may also arise from
stable n*-cyclohexatriene complex formation as illustrated in Egs. 49a and 49b.
In addition, the ligands associated with certain catalysts may insert into inter-
mediates leading to side-products such as stable n*-cyclohexadiene complexes
(ethene insertion shown in Eq. 49b).!30
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Ph
Ph Ph Ph Ph Ph
’ ’ Cp*Co(C,Hy), (17 mol%) . CoCot
hexane, 12 h, reflux o-p (Eq. 49a)
T Ph Ph PH Ph
Ph

Ph
(50%) detected

CO,Me CO,Me
CO,Me MeO,C CO,Me  MeO,C CO,Me
| | Cp*Co(C,Hy), (17 mol%) 7C0Cp*
hexane, 12 h, reflux MeO,C COzMe MeO,C COzMe

CO,Me CO,Me CO,Me

(60%) (10%)

Cp*Co, CO,Me
MCOzc X COzM €

MCOzc
(15%)

(Eq. 49b)

Side-products. In addition to high-order polymers and dimers and trimers,
which originate from low regio- and chemoselectivities (see above), some other
frequently encountered products are worth mentioning. Some catalysts, especially
those based on rhodium, may promote the head-to-head and head-to-tail dimer-
ization of the substrates (Eq. 50).'3! Formation of cyclooctatetraene derivatives
is a frequent problem, especially when nickel catalysts are used. These species

contaminate the expected benzene products (Eq. 51).!%

[Rh] cat.
——Ph
toluene, 20°

MeOzc\(YCOzMe

PhsR NN PPhs
[Rh] = Rh  Rh
7/ \ /N

C2H4 N=N C2H4

MeO,C /©\C02Me
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B
_Ni CO,Me
N N COMe CO,Me MeO,C  COMe
I‘I R R
+ +
CO,Me
COMo MeO,C COMe MeO,C CO,Me
N /
hd
R =Pr-i (54%) (32%)
R=CHPr-i); (2%) (98%)
(Eq. 51)

APPLICATIONS TO THE SYNTHESIS OF NATURAL PRODUCTS

The transition-metal-mediated cotrimerization of acetylenic compounds has
been used as a key step in the total synthesis of many natural products and
related compounds. Of particular interest, this methodology has allowed the rapid
construction of polycyclic frameworks from polyunsaturated substrates, illus-
trated by the preparation of the ABCD-ring system of steroids and diterpenoids.
We have excluded from this section the cobalt-mediated approaches to some
steroids derivatives,'? terpenes,'3*13° sesquiterpenes,'>* and alkaloids such as
camptothecin,'3® strychnine,'¥” morphine,'*® and lycorane'3 which involve two
acetylenic partners and an ethylenic partner.

Intermolecular Reactions

Derivatives of 2-Nicotinic Acid. The synthesis of optically active N-protec-
ted 2-[(25)-2-pyrrolidinyl]pyridine from L-proline has been reported.'4’ Cobalt(I)-
catalyzed cycloaddition of the nitrile 40 with acetylene gives pyridine derivative
41 in good yield (Eq. 52). Deprotection of the N-Cbz derivative 41 with 6 N HCI
furnishes 2-nornicotine (42) in 92% yield. Treatment with formaldehyde and formic
acid gives 2-nicotine (43) in 91% yield.

O\CN CpCo(COD) (3.2 mol%) 6N HCl

-~ —
I(leb toluene/acetylene Igb 1\\1 Y% reflux, 1h E I\\I 7
’ 14 bar, 110°,22 h ’
40 Cbz = benzyloxycarbonyl 41 (80%) 42 (92%)
HCHO/HCO,H S
N \
Me N7
43 (91%)

(Eq. 52)
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Bimolecular Reactions

Monocyclic Compounds: Synthesis of Vitamin Bg. The synthetic poten-
tial of the cobalt(I)-catalyzed cotrimerization of «,w-bis(trimethylstannyl)diynes
was demonstrated by the synthesis of vitamin Bg.!!! Cyclization of the diyne
44 with acetonitrile gives bis(trimethylstannyl)furo[3,4-c]pyridine (45) (Eq. 53).
The extreme lability of the tin substituent located on the less hindered position
of this intermediate provides access to compound 46 via monodestannylation
over alumina. Vitamin Bg is obtained in only four steps from the resulting com-
pound 46.

SnMe;
— MeCN, SnMes
Oﬁ— SnMes  CpCo(CO), T X AlLO3 L
= SnMes m-xylene 2 o | N
SnMe;
44 45 46 (44%) (Eq. 53)
OH
—— -~ HO | ~
4 steps HO _N*HCI”
vitamin Bg
Biaryls

Synthesis of 6-Arylpurines. 6-Arylpurines exhibit antimycobacterial and anti-
bacterial activity, among other biological properties. A novel approach to these
compounds based on nickel- or cobalt-catalyzed cotrimerization of 6-alkynyl-
purines with o,w-diynes has been described.'*! In particular, 2,4,5-trisubstituted
6-phenylpurines such as 47 are obtained in high yields (Eq. 54).

Ph (0]

S ‘ ‘ CoBr(PPh3)3 (20 mol%)
(0] +
N — N toluene, 60° p
= Nl S N (Eq. 54)
— N
N I]_;JII’I “\ = \>
N
N Bn
47 (88%)

A—ABC-Ring Formation: Hyellazole. Hyellazole (48) is a marine alkaloid
which was prepared in order to illustrate the synthetic potential of the cotrimer-
ization of o, w-diynes with alkynes for the synthesis of substituted carbazoles.!*?
The assembly of the carbazole nucleus occurs by an A— ABC ring-formation
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(Eq. 55). It was observed that the use of an electron-rich monoalkyne as cocy-
clization partner allows a regioselective outcome of the reaction. Isomerically
pure hyellazole is obtained through hydrolysis of the tosyl group (Ts) with TBAF
in refluxing THF followed by crystallization. The application of the intramolecu-
lar version of this reaction to the preparation of the ABCD core of the carbazole
nucleus has been reported.'4?

OMe
P H —=—=—0Me (10 equiv),
=
RhCI(PPh3); (10 mol%) O
@ 4 toluene, rt O
N N
Ts Ts
(89%)
OMe (Eq. 55)

TBAF @
(2L

toluene, reflux
N
H
48 (98%)

AB—ABCD-Ring Formation: Protoberberines. The protoberberine nucleus
has been a continuing target for synthetic chemists because of the varied phys-
iological activities displayed by molecules containing this moiety. The total
synthesis of tetrahydroprotoberberines such as 49 has been achieved via cotrimer-
ization of a,w-diynes with monoalkynes and nitriles.'** The originality of this
approach lies in the simultaneous construction of the C and D rings (Eq. 56).
The method provides access to varied substitution patterns in the D-ring of the
protoberberine structure.

Rl
RZ——R?,
CpCo(CO), (cat.) R R'=H, OMe
[ xylene R2or R? = SiMes, H, OMe
Rl
DOV ©
R! N\/ — R2
Rl
X PhCN, @ 5
CpCo(CO); (cat.) R! N
T mxylene .
N~ "Ph

49, R' = OMe (74%)
(Eq. 56)
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AB—ABCD-Ring Formation: (X)-Lysergene and (£)-Lysergic Acid Diethy-
lamide (LSD). Due to their various biological activities and structural features,
ergot alkaloids have received great attention from synthetic chemists. The rapid
assembly of the C and D rings of the ergolin skeleton using cobalt(I)-mediated
cycloaddition of «,w-diynes and monoalkynes has been described.'** Reaction
of 4-ethynyl-3-indoleacetonitrile with silylated alkynes and a slight excess of
n°-cyclopentadienyldicarbonylcobalt [CpCo(CO),] followed by protodesilylation
over silica affords cycloadducts 50a and 50b in moderate yields (38% and
17%, Eq. 57). The corresponding regioisomers are also obtained in 11% (R
= CH,;0H) and 33% (R = CONEY,) yields. Upon treatment with methyl tri-
fluoromethanesulfonate and sodium borohydride, compound S0a furnishes (%)-
lysergene (51) in 44% yield, whereas compound 50b furnishes (£)-LSD (52) in
45% yield.

50a

1. MeOTf, THF, 0°
2. NaBHy4, MeOH, rt

NH

R~ 51 (44%
f =N SiMe; N (44%)
1. CpCo(CO),, hv, reflux =

O By T I 2. Si0,
N R N
H

NH

50a, R = CH,OH (38%)
50b, R = CONEY, (17%)

Et,N
50b

1. MeOTf, THF, 0°
2. NaBH,, CD5CN, 1t

52 (45%)
(Eq. 57)

D—ABCD-Ring Formation: rac-Estrone. The cobalt(I)-mediated [2+2+2]-
cycloaddition of 1,5-diynes with monoalkynes provides access to benzo-
cyclobutene derivatives. Thermal rearrangement of benzocyclobutenes into
o-quinodimethane, and subsequent Diels-Alder reaction with an alkene moiety
results in the formation of tricyclic compounds (Eq. 58). This strategy has been
applied to the synthesis of the ABC core of steroid and terpene derivatives.
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H| . — Co(I)
— I I

heat m [4+2] e

I OO N OO
X

One striking example of this strategy is the total synthesis of estrone which is
one of the three naturally occurring estrogens and a primary estrogenic compo-
nent of several pharmaceutical preparations.® Precursor 53 is prepared via con-
secutive cobalt(I)-mediated diyne—monoalkyne cooligomerization and a [4+2]
cycloaddition reaction (Eq. 59). The in situ generated o-quinodimethane under-
goes Diels-Alder reaction giving rise to the formation of both B- and C-rings
with the correct relative stereochemistry in one step. Racemic estrone is then
obtained in two steps in very good yield.

(Eq. 58)

SiMes O
CpCo(CO); (5 mol%
. é PCO(CON, S moltt)
( decane, reflux

SiMe;

MC}Si
53

¢}
[4+2]
Me;Si = Me;Si
decane, reflux |
Me;Si Me;Si

(71% overall yield)

1. protodesilylation %

2. oxidative aryl-silicon cleavage a»
DOL
HO

rac-estrone (80%)

(Eq. 59)

D—ABCD-Ring Formation: Phyllocladane and Kaurane Derivatives. A
bridged bicyclic C- and D-ring structure is common to several members
of the tetracyclic diterpene family of natural products. Such a substituted
bicyclo[3.2.1]Joctane is present in the phyllocladane, kaurane, and gibbane
families. There is a wide distribution of natural compounds belonging to
these groups and they display important biological activities. In the synthetic
approach described in Eq. 60, the cycloaddition reaction occurs between
bis(trimethylsilyl)acetylene and an enediyne having a methylenecyclopentane unit
(54).'% The subsequent [4+2]-cycloaddition reaction affords the basic skeleton
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of the tetracyclic diterpenes 55a («-H9) and 55b (5-H9).

SiMe;

‘ ‘ CpCo(CO); (5 mol%)
+

- decane, hv, reflux Me;Si g CO-M
. , hv, HMe
SiMe3 ::(\/ COZMe :©:(\/

Me;Si
54 (81%)

H CO,Me
MesSi
decane, reflux @

Me3Si

55a (0-HY) (75%)
55b (B-H9) (15%)

(Eq. 60)

Direct ABCD-Ring Formation: Phyllocladane and Kaurane Derivatives.

one-pot access to the ABCD-rings of diterpenes has been described.'* In the
following example (Eq. 61), the e-acetylenic-B-ketoester 56 furnishes, through a
diastereoselective sequence of [ene type], [24+2+2], and [4+42] cycloadditions,
the phyllocladane framework in 42% yield. It is noteworthy that methylene-
cyclopentane 57 is generated in situ via a cobalt-catalyzed Conia-ene type react-
ion.'*” By a subtle change in the position of the B-ketoester substituent relative
to the tether, the sequence could be reversed to give the basic skeleton of the

kaurane family.'*8
O O
S OMe one-pot sequence
(42%)
= 56 X
CpCo(CO),, decane, reflux, 12 h
benzene, hv, reflux, 8 h (94%) a:b = 86:14
S Me3Si%SiMe3,
N Q% CpCo(CO), Me;Si
E? E xylenes, g2 E'
= hv, reflux, 20 min Me;Si
57 (713%) a:b = 86:14 (93%)

a: E' = CO,Me / E? = COMe
b: E! = COMe / E? = CO,Me

(Eq. 61)
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Intramolecular Reactions
In addition to the aforementioned A— ABCD carbazole ring formation, some
relevant examples of intramolecular cotrimerization for the synthesis of natural
products are described below.

Taxoids. Taxane diterpenoids exhibit unusual structural features and consid-
erable therapeutic potential. A short sequence of two consecutive cyclizations, a
cobalt(I)-mediated [2+2+2]-cyclotrimerization followed by a Diels-Alder reac-
tion, has been proposed for the formation of the ABC core of the taxoids from
the acyclic polyunsaturated precursor 58 (Eq. 62).'*° When compound 58 is
exposed to the cobalt mediator, a mixture of benzocyclobutenes 59 and 60 is
obtained in 50% and 37% yields, respectively. Compound 60 arises from a (1,3)-
migration of the double bond leading to an enol which subsequently undergoes
tautomerization to give the ketone. However, the dienophilic alkene is easily
introduced via selenation-oxidation. Oxidation of compound 59 is carried out
using o-iodoxybenzoic acid (IBX). The [442] cycloaddition reaction of both 59
and 60 leading to the formation of the pentacyclic structure 61 is promoted by
BF;+OFEt,.

CpCo(CO),

xylenes, hv, reflux

t-BuMe,Si 7 \ ;
+
/ OH (6]
59 (50%) 60 (37%)
1. [IBX], DMSO 1. LDA, PhSeBr
2. BF3°OEt,, CHCl3 2. NalO4, NaHCO3

3. BFy*OEt,, CHCl;

t-BuMe,Si .ao.
I o

61 (65% overall yield)
(Eq. 62)
Benz[a]anthraquinone Core of Angucyclinone Antibiotics. The angucy-

clines are a large class of antibiotics that display a broad range of biological
properties. They feature a unique benz[a]anthraquinone structure. A general
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method for the synthesis of benz[a]anthraquinone has been reported."® The
key step is an intramolecular cobalt(I)-catalyzed [2+2+2]-cycloaddition of the
triyne 62, which loses the silanol moiety with concomitant aromatization of the
intermediate anthracene 63. Mild oxidation of the resulting compound 64 gives
anthraquinone 65 in 63% yield. This compound is then exposed to visible light
and air to afford substituted benz[a]anthraquinone 66, the structure of which
represents the core of several angucyclinone antibiotics (Eq. 63).

TBSO TBSO ‘
CpCo(C,Hy), (5 mol%

)
// Et,0, -80° to rt O‘O

OMe

OMe
63
R
[Ag(Py)z]Mn04
" _TBSOH CocHCL (Eq. 63)

OMe O
64 (66%) 65 (63%)
hv, air
CHCl;

OMe O
66 (61%)

Calomelanolactone. Calomelanolactone (67) belongs to the illudalane class
of sesquiterpenes. A short regioselective synthesis of this natural product, which
includes an intramolecular cotrimerization as a key step, has been described
(Eq. 64)."! The tricyclic precursor to calomelanolactone is obtained from a teth-
ered triyne in good yield using Wilkinson’s catalyst.

OH
0 T (0]
= RhCI(PPh3)3 (2 mol%) OH
EtOH, 1t, 12 h
| HO
OH (86%) (Eq. 64)
OH
4 steps
(0]

67 (48%)
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COMPARISON WITH OTHER METHODS

Most methods for preparing aromatic compounds involve modifications of
readily available aromatic precursors.!3>~157 However, it is often difficult to
control the regioselectivity using classical aromatic substitution reactions. The
cycloaddition of unsaturated acyclic compounds thus provides a useful alternative
for the construction of polysubstituted benzene derivatives. In that respect, several
successful syntheses of benzene derivatives were performed through intramolecu-
lar thermal™-10' or Lewis acid mediated® ' [4+42]-benzannulations of
enediynes. Bimolecular Lewis acid mediated [4+2]-benzannulations between
ortho-alkynylbenzaldehydes and alkynes have also been reported.'%2~1%4 Through-
out this chapter we have tried to demonstrate the synthetic potential of the
cyclotrimerization of acetylenic compounds. In this section, we will now focus
on comparable strategies, namely non-Lewis acid cycloaddition reactions under
transition metal mediation.

Dotz Benzannulation

In this methodology, Fisher-type alkenylchromiumcarbenes undergo addition
to terminal alkynes followed by carbonyl insertion to give substituted phe-
nols.'®-17 Several natural products have been prepared that way,'®3~!7" includ-
ing a major portion of the ansa macrocycle (—)-kendomycin, a Streptomyces
metabolite (Eq. 65).!7!

Cr(CO)s BnO
=
MOMO MeO
= OMe OMOM
BnO™ 7 THF, 50° OH
MeO
OMe
(61%) (Eq. 65)

OMe

Although highly substituted benzene derivatives can be obtained, this reaction
has a number of limitations, particularly with regard to the range of the alkyne
substrates that participate in the cyclization process.

Palladium-Catalyzed [4+2]-Benzannulations

The palladium-catalyzed homodimerization of terminal alkynes and subse-
quent [44-2]-benzannulation has been discussed in the Scope and Limitations
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section as a method for forming benzene rings from three acetylenic partners
(see Eq. 19).%% Since the first step of this reaction is actually an in situ formation
of an enyne, this method is also available for [44-2] benzannulations between
enynes and alkynes (Eq. 66).!7> This strategy is efficient for forming polysubsti-
tuted benzenes regioselectively, even in intermolecular reactions. In that respect,
it has advantages over the alkyne cyclotrimerization reaction.

Ph%< Ph
Pd(PPh3)4 5 1’1’101%) )i;/
+
E Eq. 66
2BU———— Bun toluene, 100°, 4 d = ( q )

n-Bu Bu-n

(90%)

Palladium-Catalyzed Cocyclization of Benzynes with Alkynes
Transient benzyne species have been used as highly reactive alkynes for form-
ing fused aromatic compounds.*> Among recent examples are the syntheses of
biaryl compounds such as arylnaphthalene lignans for the preparation of biolog-
ically active Taiwanins C and E (Eq. 67).!7

I\I/Ie
Os N

OMe  Pd,(dba); (5 mol%),

' AN P(tol-0)3 (40 mol%),

<o SiMe;3 p 0 CsF (6.0 equiv) <O |
+ —_———
0 OTf 7 o) MeCN, rt, 4 h e}
0
o—/
Me

R
° N\OMe o
° Gy
< 0 0
o) T, O
o Qg
JO
0 (61%) o
J ‘0
Taiwanine E (R=0H)
Taiwanine C (R=H)
(Eq. 67)
In essence, this strategy complements perfectly the cotrimerization of acetyl-
enic compounds described herein and deserves its own chapter.
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EXPERIMENTAL CONDITIONS

Although various experimental conditions have been used to perform the title
reaction, commercially available CpCo(CO), remains the most common catalyst
(see Tabular Survey). It is sold at the technical purity level as a deep red lig-
uid. It decomposes when exposed to air, giving a green residue, but is stable
in deoxygenated water. Most cyclotrimerization reactions performed with this
catalyst require high temperatures such as those of refluxing toluene or xylenes,
and irradiation of the refluxing solution may be necessary. The irradiation con-
ditions vary and include the visible spectrum of a 300W lamp. Irradiation is
believed to favor the dissociation of a strongly coordinated carbon monoxide
from the complex, leaving a vacant site for the alkyne. It is worthy of note that
n’-cyclopentadienylbis(ethene)cobalt [CpCo(C;Hy),] is sometimes a much more
active source of CpCo than CpCo(CO),. It is prepared in one step from com-
mercially available cobaltocene, potassium and ethene, on a 25-g scale in 85%
yield.'”* An improvement of the purification step has been described.!”>

EXPERIMENTAL PROCEDURES

1. Ti(OPr-i)4 (1.6 equiv)

2. i-PrMgCl (3.2 equiv) CN
C(O)NEt, 3. 1-octyne (1 equiv) o
4. allyl cyanide (2.5 equiv)
If - CeHiz ~y (80%)
Et,0,-78°tort, 10 h |
CeHys NN
CeHi3

(E)- and (Z)-6-Allyl-2-(2-cyano-1,3-butadienyl)-3,5-dihexylpyridine (Re-
gioselective Stepwise Construction of a Tetrasubstituted Pyridine using
Titanium).”” To a stirred solution of N,N-diethyl-2-nonynamide (40 mg,
0.191 mmol) and Ti(OPr-i)4 (0.071 mL, 0.239 mmol) in 2 mL of Et,O was added
i-PrMgCl (1.44 M in Et,0, 0.345 mL, 0.497 mmol) at —78° under argon giving
a clear yellow solution. The solution was warmed to —50° over 30 minutes, dur-
ing which period the color of the solution turned red. After stirring at —50° for an
additional 5 hours, 1-octyne (0.023 mL, 0.153 mmol) was added to the reaction
mixture at —50° and the solution was stirred for another 3 hours. Allylcyanide
(0.031 mL, 0.382 mmol) was then added and the reaction mixture was subse-
quently warmed to —30°. After being stirred for 5 hours at that temperature,
the reaction was quenched by the addition of H,O (0.2 mL) and the reaction
mixture was filtered through Celite. The organic phase was concentrated in
vacuo and the crude product was chromatographed on silica gel (hexane-ether) to
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afford (E)-6-allyl-2-(2-cyano-1,3-butadienyl)-3,5-dihexylpyridine (24 mg, 43%)
and (Z)-6-allyl-2-(2-cyano-1,3-butadienyl)-3,5-dihexylpyridine (20 mg, 37%) as
colorless oils.

E isomer: IR (neat) 3081, 2955, 2928, 2857, 2221 (C=N), 1637, 1617, 1534,
1466, 1458, 1437, 1412, 1378, 1251, 1196, 1115, 993, 917, 842, 725 cm™';
'"H NMR (300 MHz, CDCl3) § 0.89 (t, J = 6.9 Hz, 3H), 0.90 (t, J = 6.9 Hz,
3H), 1.26—-1.40 (m, 12H), 1.49-1.59 (m, 4H), 2.59 (t, J = 6.0 Hz, 2H), 2.63
(t, J = 6.0 Hz, 2H), 3.59 (d, J = 6.6 Hz, 2H), 5.08 (d, J = 16.8 Hz, 1H), 5.12
(d, J =10.5 Hz, 1H), 5.54 (d, J = 10.5 Hz, 1H), 5.88 (d, J = 17.4 Hz, 1H),
6.09 (ddt, J = 10.5, 16.8, 6.6 Hz, 1H), 7.21 (s, 1H), 7.24 (s, 1H), 8.01 (dd,
J =10.5, 17.4 Hz, 1H) [Irradiation of the proton at § 3.59 ppm (PyCH,CH)
showed 5% nOe enhancement to the peak at § 2.63 ppm (PyCH,), thus confirm-
ing the assigned regiochemistry.]; 13C NMR § 13.9, 14.0, 22.5, 22.5, 29.0, 29.1,
30.1, 31.1, 31.5, 31.6, 31.9, 32.1, 38.2, 116.1, 116.7, 118.5, 121.9, 130.7, 136.0,
136.6, 136.8, 136.8, 138.5, 148.2, 155.7. Anal. Calcd for C,5H36N,: C, 82.36;
H, 9.95. Found: C, 82.56; H, 9.81.

Z isomer: IR (neat) 3076, 2955, 2928, 2856, 2218 (C=N), 1638, 1604,
1540, 1466, 1457, 1437, 1405, 1378, 1298, 1258, 1217, 1115, 1082, 976, 913,
726 cm™'; '"H NMR § 0.89 (t, J = 6.9 Hz, 3H), 0.90 (t, J = 6.9 Hz, 3H),
1.27-1.40 (m, 12H), 1.49-1.59 (m, 4H), 2.62 (t, J = 8.1 Hz, 4H), 3.66 (d,
J = 6.6 Hz, 2H), 5.11 (d, J = 10.2 Hz, 1H), 5.13 (d, J = 16.8 Hz, 1H), 5.49
(d, J =10.2 Hz, 1H), 593 (d, J = 17.1 Hz, 1H), 6.43 (ddt, J = 10.2, 16.8,
6.6 Hz, 1H), 6.54 (dd, J = 10.2, 17.1 Hz, 1H), 7.20 (s, 1H), 7.23 (s, 1H) [Irradi-
ation of proton at § 6.54 ppm (C(CN)CH=CH,) showed 4% nOe enhancement
to the peak at § 7.20 ppm (PyCH=C), thus confirming the Z-configuration]; '3C
NMR § 13.9, 13.9, 22.4, 22.5, 28.9, 29.1, 30.1, 31.2, 31.5, 31.6, 31.7, 31.9, 39.2,
114.5, 1159, 116.1, 119.6, 134.3, 135.5, 136.3, 137.5, 138.3, 138.9, 146.4, 156.0.

Et Et

Pr-n
Bt NiBr,(PPhy), (1 equiv)  Et Prn
ZiCp, + || (49%)
= THF
Et Et Pr-n

Et Pr-n Et
68

1,2,3,4-Tetraethyl-5,6-dipropylbenzene (Regioselective Stepwise Construc-
tion of an Hexasubstituted Benzene using Zirconium).”® To a solution of
zirconacyclopentadiene 68 (1.0 mmol) in 20 mL of THF were added the alkyne
(1.5 mmol) and NiBr,(PPhj), (0.74 g, 1.0 mmol) at room temperature. The mix-
ture was stirred for 1 hour, quenched with 3 N HCI, and extracted with hexane.
The combined organic extracts were dried (MgSO,) and concentrated in vacuo.
Column chromatography on silica gel (hexane) afforded the title product as
a white solid, GC yield 70%, isolated yield 49%: 'H NMR (CDCl;) § 1.05
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(t, J = 7.2 Hz, 6H), 1.18 (t, J = 7.3 Hz, 12H), 1.52—1.58 (m, 4H), 2.49-2.65
(m, 4H), 2.61 (q, J = 7.1 Hz, 4H), 2.63 (q, J = 7.0 Hz, 4H); '3C NMR (CDCl5)
§ 15.2,15.7,22.2,22.3, 24.9, 32.1, 136.8, 137.7, 137.9. Anal. Calcd for CooH3y:
C, 87.52; H, 12.48. Found: C, 87.38; H, 12.55.

MeO,C = TOzEt Cp*RuCI(COD) 2 mol%)  Me0,C - COsEt
+
M602C>< _ INI CI(CH),CL 60°, 1S min ;) | _N (83%)

5,7-Dihydro-6H-cyclopentalc ]pyridine-3,6,6-tricarboxylic Acid 3-Ethyl
6,6-Dimethyl Ester (Construction of a 3,4-Fused Pyridine using Ruthenium).%?
To a solution of ethyl cyanoformate (74 mg, 0.75 mmol) and Cp*RuCl(COD)
(3.8 mg, 0.01 mmol) in dry degassed 1,2-dichloroethane (2 mL) was added a
solution of dimethyl 2,2-di(prop-2-ynyl)propanedioate (104 mg, 0.5 mmol) in
dry degassed 1,2-dichloroethane (3 mL) over 15 minutes under an argon atmo-
sphere at room temperature. The reaction mixture was stirred at 60° for 0.5 hour.
The solvent was evaporated and the crude product was purified by silica gel
flash column chromatography (hexane-AcOEt=1:2) to give the title product
(128 mg, 83%) as an orange solid; mp 69.5-70.0°: IR 1735, 1285 cm™'; 'H
NMR (300 MHz, CDCl3) § 1.40 (t, J = 7.2 Hz, 3H), 3.64 (s, 2H), 3.66 (s, 2H),
3.74 (s, 6H), 4.44 (q, J = 7.2 Hz, 2H), 7.98 (s, 1H), 8.56 (s, 1H); '3C NMR
(75 MHz, CDCl3) § 14.4, 38.4, 40.2, 53.3, 60.0, 61.9, 121.1, 139.7, 145.4, 146.9,
150.6, 165.0, 170.9; MS-FAB m/z (relative intensity): 308 (100) [MH™], 234
(37) (Mt — CO,Et]. Anal. Caled for CsH17NOg: C, 58.63; H, 5.58; N, 4.56.
Found: C, 58.88; H, 5.67; N, 4.40.

MCOQC
sk
MeO,C come & NC__CN Cp*Ru(COD)CI (10 mol%)
2 3 oquiv) CI(CH,),Cl, 80°, 20 h
CO,Me 4
NC ‘ X COQMC
N~ CO,Me
(95%)
MeO,C =~ "N
|
MeO,C X CN

3,3’-Bis(cyanomethyl)-5,5’,7,7' -tetrahydro-[1,1’-bi-6H -cyclopenta[c ]pyri-
dine]-6,6,6',6’-tetracarboxylic Acid Tetramethyl Ester (Construction of a 2,2'-
Bipyridine using Ruthenium).!?> To a solution of malononitrile (50 mg, 0.75
mmol) and Cp*Ru(COD)CI (9.5 mg, 0.025 mmol) in dry degassed 1,2-dichloro-
ethane (2 mL) was added a solution of tetrayne 69 (104 mg, 0.5 mmol) in dry
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degassed 1,2-dichloroethane (3 mL) under N, atmosphere at room temperature.
The reaction mixture was stirred at 80° for 20 hours. The solvent was then
evaporated and the crude product was purified by silica-gel flash column chro-
matography (hexane:AcOEt = 1:2) to give the title compound (138 mg, 95%)
as white solid; mp 188-189°: 'H NMR (300 MHz, CDCl3) § 3.64 (s, 4H), 3.76
(s, 12H), 3.96 (s, 4H), 7.28 (s, 2H); '3C NMR (75 MHz) § 26.5, 40.2, 40.3,
53.2,59.7, 116.9, 117.7, 135.7, 147.8, 151.8, 153.3, 171.5; MS-FAB m/z (rela-
tive intensity): 547 (100) [MH*], 487 (13), 307 (36), 289 (26). Anal. Calcd for
CogHy6N4Og: C, 61.53; H, 4.80; N, 10.25. Found: C, 61.75; H, 4.93; N, 10.12.

(OPr-i),
0—Si—=—— % e
O CpCo(CO), (5 mol%) Ph i(Pr-0a
\ Si(Pr-i), (67%)
\ xylenes, Av, reflux
// n-Bu
Ph (i-P1),Si—0
Bu-n
7

5-Butyl-1,3,6,8-tetrahydro-1,1,6,6-tetrakis(1-methylethyl)-4-phenylbenzo
[1,2-c:3,4-c’]bis[1,2]oxasilole (Cobalt-Catalyzed Formal Intermolecular Re-
gioselective Construction of a Polysubstituted Benzene using Disposable Sil-
icon Tethers).”” The reaction was carried out under argon in flame-dried glass-
ware. Cyclopentadienyldicarbonylcobalt(I) [CpCo(CO),] (4 nL, 0.05 equiv) was
added to a boiling solution of triyne 70 (300 mg, 0.6 mmol, 1 equiv) in dry
xylenes (30 mL, ¢ = 0.05 M) degassed by three freeze-pump-thaw cycles, and
was irradiated (light from projector lamp; ELW, 300W, 50% of its power). The
reaction was monitored by TLC and, after completion, the reaction mixture was
concentrated under vacuum. The crude oil was purified by flash chromatography
(petroleum ether:Et;O, 9:1) to give the title product (200 mg, 67% yield): IR
(neat) 2937, 2862, 1461, 1062, 791, 637 cm~'; 'H NMR (400 MHz, CDCl3) §
0.57 (t, J = 14.6 Hz, 3H), 0.95 (m, 28H), 1.15 (m, 4H), 2.38 (m, 2H), 4.61 (s,
2H), 5.04 (s, 2H), 7.13 (m, 2H), 7.28 (m, 3H); 1*C NMR (100 MHz, CDCl;) §
12.2,12.5, 12.8, 16.0, 16.2, 16.3, 16.4, 22.0, 32.3, 35.4, 71.4, 72.9, 121.4, 126.0,
127.3, 128.2, 129.5, 133.7, 138.1, 145.1, 151.4, 153.1; HRMS (m/z): [M + H]"
caled for C3gHys0,Si1,, 495.3093; found, 495.3114. HRMS (m/z): [M — H]*
caled for C30Ha60,S51,, 493.2966; found, 493.2958.

(o= °
0“7 CpCo(CO), (20 mol%),
PPh; (40 mol%)
l O (68%)
n-decane, hv, 140° O
O O/\ (0]

71
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4,5-Dimethyl-1,3,6,8-tetrahydrobenzo[c ]benzo[5)6 ]oxepino[3’4":5,6]benzo
[e]oxepin (Synthesis of a Molecule with Helical Chirality using Cobalt).!13
A mixture of triyne 71 (2.0 g, 5.84 mmol) and n-decane (100 mL) under argon
was stirred and heated at 100° by means of irradiation with two 250W halo-
gen lamps to dissolve the educt. A hot solution of PPh; (613 mg, 2.34 mmol,
40 mol%) in n-decane (6 mL) was added, and the mixture was further irradi-
ated to achieve 140°. CpCo(CO), (210 mg, ca. 160 pwL, 1.17 mmol, 20 mol%)
was added via syringe, and the resulting orange-brown solution was irradiated
under stirring while the temperature was maintained at 140° (measured inside
the mixture) for 4 hours. A brown-greenish solid gradually deposited on the
flask surface. After completion (monitored by TLC), the reaction mixture was
cooled to room temperature and loaded onto a silica gel column. The prod-
uct was eluted with a mixture of petroleum ether-ether-acetone (90:10:0 to
80:10:10). Solvents were evaporated in vacuo to yield the title compound
(1.36 g, 68%) as a solid mp, 199-201°: IR (CHCI3) 3067, 1603, 1581, 1569,
1559, 1483, 1462, 1372, 1292, 1158, 1081, 1054, 1040, 1023, 948, 551 cm™';
'"H NMR (500 MHz, CDCl3) § 2.52 (s, 6H), 3.82 (d, J = 12.2 Hz, 2H), 4.95
(d, J =12.2 Hz, 2H), 442 (d, J = 11.0 Hz, 2H), 4.64 (d, J = 11.0 Hz, 2H),
6.51 (dd, J =7.6, 1.2 Hz, 2H), 6.98 (dt, J = 7.6, 7.6, 1.4 Hz, 2H), 7.25 (dt,
J =17.6,7.6,1.2 Hz, 2H), 7.41 (dd, J = 7.6, 1.4 Hz, 2H); '>*C NMR (125 MHz,
CDCl3) 6 16.7 (q), 62.9 (v), 67.7 (t), 127.3 (d), 27.6 (d), 129.0 (d), 130.8 (d),
133.9 (s), 135.2 (s), 135.6 (s), 136.1 (s), 140.3 (s); EIMS m/z (relative intensity):
MT 342 (100), 327 (8), 309 (19), 295 (12), 281 (27), 269 (12), 253 (20), 239
(10), 146 (10), 126 (9), 66 (10). HRMS (m/z): calcd for Cp4H20,, 342.1619;
found, 342.1578.

0 o
= CpCo(CO), (20 mol%) O‘O SiMe; 5%)
(15%
— BTMSA, n-octane, reflux SiMe;
0 o

2,3-Bis(Trimethylsilyl)anthraquinone (Cobalt-Catalyzed Anthraquinone
Synthesis).!**  1,2-Bis(propiolyl)benzene (350 mg, 2.3 mmol) was dissolved in
diglyme (8 mL) and added over a period of 36 hours (with a syringe pump) to
a refluxing solution of BTMSA (5 mL) and CpCo(CO), (60 pL) in n-octane
(70 mL), under a dry N, atmosphere. Removal of the solvent and unreacted
BTMSA by vacuum transfer followed by column chromatography on silica gel
(100 g) (pentane:ether = 80:20) gave a yellow oil which solidified on standing.
Recrystallization of the crude solid from methanol gave orange crystals of the
title anthraquinone (120 mg, 15%), mp 69-71.5°: IR (CCly) 2900, 1670, 1540,
1320, 1290, 1250, 1005, 980, 952, 932 cm~!; 'H NMR § 1.50 (s, 2H), 1.70 (m,
2H), 2.23 (m, 2H), 9.51 (s, 18H); EIMS m/z (relative intensity): M™ 352 (14),
337 (17), 73 (67), 57 (79), 55 (77), 43 (100), 41 (67).
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[Ir(COD)CI], (2.4 mol%), COMe
MeO,C—=——CO,Me dppe (4.8 mol%) MeO,C Bu-n
+ (98%)
n-Bu—= toluene, reflux, 1 h MeO,C
COQME

Tetramethyl 5-(n-Butyl)-1,2,3,4-benzenetetracarboxylate (Chemoselective
Construction of a Pentasubstituted Benzene using Iridium).”! All reagents
and the solvents were dried and purified before use by the usual procedures. To
a toluene solution (5 mL) of [Ir(COD)CI], (13.4 mg, 0.02 mmol) and 1,2-bis-
diphenylphosphinoethane (15.9 mg, 0.04 mmol) was added 1-hexyne (0.099 g,
1.2 mmol) via syringe. Dimethyl acetylenedicarboxylate (0.284 g, 2 mmol) was
then added to the solution via syringe. The reaction mixture was stirred under
reflux for 1 hour. The progress of the reaction was monitored by TLC. After
the dimethyl acetylenedicarboxylate was consumed, the toluene was evaporated
in vacuo. Column chromatography (n-hexane:AcOEt = 80:20) of the residue
gave the title product as a colorless oil (0.359 g, 98%): 'H NMR (400 MHz,
CDCls) § 0.92 (t, J = 7.4 Hz, 3H), 1.36 (sextet, J/ = 7.4 Hz, 2H), 1.59 (quintet,
J =7.4 Hz, 2H), 2.69-2.73 (m, 2H), 3.86 (s, 3H), 3.90 (s, 3H), 3.91 (s, 3H),
3.91 (s, 3H), 7.95 (s, 1H); 13C NMR (100 MHz, CDCl3) § 13.5, 22.2, 32.9, 33.0,
52.5, 52.7, 52.9, 129.7, 129.9, 132.8, 133.6, 136.6, 142.7, 165.0, 165.7, 167.3,
167.4.

_ O OMe  [1CI(COD)I, (10 mol%),
(S.5)-MeDUPHOS (20 mol%) OMe
0 + |l o 0
o O xylene, 100°, 1 h OMe
o OMe
o o0
72 86 (83%) 99.6% ee

1,3-Dihydro-4,7-di(naphthalen-1-yl)-5,6-bis(methoxymethyl)isobenzofuran
(Enantio- and Diastereoselective Synthesis of an Axially Chiral Teraryl Com-
pound using Iridium).!’® 1,2-Bis((25,5S)-2,5-dimethylphospholano)benzene
[(S,S)-MeDUPHOS] (6.4 mg, 0.021 mmol) and [IrCI(COD)], (7.1 mg, 0.0105
mmol) were stirred in degassed xylene (1.0 mL) at room temperature resulting
in a reddish-yellow solution. After the addition of a xylene solution (1.5 mL) of
1,4-dimethoxy-2-butyne (36.0 mg, 0.315 mmol) and a xylene solution (1.5 mL)
of diyne 72 (36.5 mg, 0.105 mmol), the resulting mixture was further stirred
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under reflux for 1 hour. The solvent was removed under reduced pressure, and
purification of the crude products by thin layer chromatography (toluene:AcOEt
= 15:1) gave pure 86 (40.3 mg, 0.086 mmol, 83% yield). The ratio of dl/meso
isomers was determined by NMR spectroscopy, and the enantiomeric excess
was determined by HPLC analysis using a chiral column. The product was a
white solid, mp 161-162°: [a]F® +43.37° (¢ 1.95, CHCl3); IR (CHCl3) 2820,
1096, 756 cm~!'; '"H NMR § 3.06 (s, 6H), 4.02 (d, J = 9.9 Hz, 2H), 4.46 (d,
J =99 Hz, 2H), 4.63 (d, J = 11.3 Hz, 2H), 4.77 (d, J = 11.3 Hz, 2H), 7.40-
7.39 (m, 14H); *C NMR § 58.4, 69.0, 74.1, 125.2, 125.8, 125.9, 126.3, 127.0,
128.0, 128.2, 131.3, 133.4, 134.9, 135.8, 136.2, 139.0. Anal. Calcd for C3,H303:
C, 83.45; H, 6.13. Found: C, 83.29; H, 6.15.

Pd(PPhs), (5 mol%)
= "N + pBu—=—=—Bun (89%)
THF, heat =

(2 equiv) (1 equiv) n-Bu n-Bu

2-Butyl-1-(1-hexynyl)-4-methylbenzene (Paladium-Catalyzed [4+2] Cross-
Benzannulation Reaction of Enynes with Diynes and Triynes).'”? To a THF
(2 mL) solution of tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4]
(28.9 mg, 0.025 mmol) under an Ar atmosphere were added pent-1-en-3-yne
(66.1 mg, 1.0 mmol) and dodeca-5,7-diyne (81.1 mg, 0.5 mmol), and the result-
ing mixture was stirred overnight at 65°. GLC analysis revealed completion of
the reaction. The reaction mixture was filtered through a short florisil column, and
the product was purified by silica gel column chromatography (hexane). The title
product was obtained in 89% yield (101.6 mg): IR (neat) 2957, 2930, 2860, 1611,
1497, 1456, 1379, 1329, 1105, 818 cm~!; '"H NMR (300 MHz, CDCls) § 0.938
(t, J = 7.3 Hz, 3H), 0.944 (t, J = 7.0 Hz, 3H), 1.65-1.32 (m, 8H), 2.30 (s, 3H),
243 (t, J = 6.7 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 6.90 (d, J = 7.7 Hz, 1H),
6.96 (s, 1H), 7.25 (d, J = 7.7 Hz, 1H); '3C NMR (75 MHz, CDCl3) § 13.6, 14.0,
19.2, 21.4, 22.0, 22.7, 31.0, 32.9, 34.4, 79.3, 92.8, 120.3, 126.2, 129.4, 131.9,
137.3, 144.6. HRMS (m/z): calcd for Ci7Hy4, 228.1877; found, 228.1883.

SOLAT SOsAr
// N N
‘ ‘ Pd(PPhj3)4 (1.1 equiv)
- - 54%
ArOS—N toluene, reflux, 1 d ArOS™N (54%)
R N N
SO,Ar  Ar=2,4,6-(i-Pr);CgH, SO,Ar
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2,3,4,5,6,7,8,9-Octahydro-2,5,8-tris[[2,4,6-tris(1-methylethyl)phenyl]sul-

fonyl]-1H -benzo[1,2-c:3,4-¢’:5,6-c”Jtripyrrole (Palladium-Mediated Cyclo-
trimerization of a Macrocycle).!?! A degassed solution of macrocycle 73
(0.05 g, 0.05 mmol) and Pd(PPh3)4 (0.067 g, 0.06 mmol) in anhydrous toluene
(20 mL) was refluxed for 24 hours (TLC monitoring). The solvent was then evap-
orated and the residue was purified by column chromatography on silica gel with
hexane:CH,Cl, (9:1 to 20: 1) to afford the title compound (0.043 g, 54%) as a
colorless solid, mp 235-237° dec.; IR (neat) 2957, 2866, 1301, 1151, 1046 em™
'"H NMR (200 MHz, CDCl3) § 1.20—-1.29 (m, 54H), 2.92 (sept, J = 6.8 Hz, 3H),
4.21 (sept, J = 6.6 Hz, 6H), 4.48 (s, 12H), 7.19 (s, 6H); '*C NMR (50 MHz,
CDCls) § 24.2, 25.5, 30.1, 34.8, 51.6, 124.7, 131.4, 131.7, 152.1, 154.2; ESI-MS
(m/2)1017 [M + NH4]*, 1022 [M + Na]™. Anal. Calcd for Cs;HgN30¢S3: C,
68.43; H, 8.16; N, 4.20. Found: C, 68.18; H, 8.51; N, 4.06.

TABULAR SURVEY

The tables are organized according to increasing carbon count including pro-
tecting groups and other abbreviated structures. The tables cover examples of
the cotrimerization of acetylenic compounds from 1980 to the middle of 2004.
The tables themselves are organized according to the nature and the substitution
of the considered acetylenic compound. For transformations involving more than
one acetylenic compound, the most relevant was chosen to report the reaction.
Table 1 contains the examples of cotrimerization of acetylene and monosubsti-
tuted alkynes. Table 2 contains examples of cotrimerization using disubstituted
alkynes. Table 3 covers the reactions of diynes. Table 4 consists of transforma-
tions using triynes. The reactions involving nitriles are covered in Table 5. When
a reaction was reported using several protocols, the references are sorted accord-
ing to the group of the metal mediator involved. When the products include a
complex resulting from the deactivation of the catalyst by a product arising in
the reaction or complexed arene, the load of catalyst is reported and the yield of
these metallic compounds is calculated with respect to the catalyst.

Charts 1-3 preceding the tables provide structures for abbreviations used in
the tables, and not included in the following list.

The following abbreviations are used in the tables:

1,3-C¢Hg cyclohexa-1,3-dienyl

Ac acetyl

acac acetylacetonate

BINAP 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl
Bn benzyl

Boc t-butyloxycarbonyl

Brij 56 decaoxyethylenehexadecyl ether

BTMSA bis(trimethylsilyl)acetylene



Bz
C3H;
CeHy;
CsHsN
C;Hg
CgHi3
CgHis
CsHis
CoH5
Ci3Hg
Ci4Hyo
COD
Cp
Cp*
dad
dba
DCE
dcpe
DIBAL-H
DIPP
DMAD
DME
dmfm
dmpe
DMSO
dppb
dppe
dppp
MeDUPHOS
IBX
MOM
NCsH;s
NPMoV

PTSA
SC

SC,Hg
SC6H,O0
SC¢H,NH
SCeH,4S
TBS
TBDPS
TES

COTRIMERIZATIONS OF ACETYLENIC COMPOUNDS

benzoyl

allyl

cyclohexyl

pyridine

cyclohepta-1,3,5-triene

cyclooctenyl

cycloctene

cyclooctane

indenyl

fluorenyl

anthracenyl

cycloocta-1,5-diene

cyclopentadienyl

pentamethylcyclopentadienyl

2p,3p-dideoxyadenosine-5p-triphosphate

dibenzylideneacetone

1,2-dichloroethane

1,2-bis(dicyclohexyl)phosphinoethane

diisobutylaluminium hydride

2,6-diisopropylphenoxide

dimethyl acetylenedicarboxylate

1,2-dimethoxyethane

dimethyl fumarate

1,2-bis(dimethyl)phosphinoethane

dimethylsulfoxide

1,4-bis(diphenyl)phosphinobutane

1,2-bis(diphenyl)phosphinoethane

1,3-bis(diphenyl)phosphinopropane

1,2-bis((2S5,55)-2,5-dimethylphospholano)benzene

o-iodoxybenzoic acid

methoxymethyl

pyridine

See reference 177 for the preparation of this
molybdovanadate.

p-toluenesulfonic acid

supercritical

tetrahydrothiophene

1,4-mercaptophenoldioate

1,4-aminothiophenoldioate

1,4-benzenedithioldioate

t-butyldimethylsilyl

t-butyldiphenylsilyl

triethylsilyl

45
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Tf
THP
TIPS
™S
TMSA
TPPTS
Tr

Ts

ORGANIC REACTIONS

trifluoromethanesulfonyl
tetrahydropyranyl
triisopropylsilyl

trimethylsilyl
trimethylsilylacetylene
triphenylphosphinetrisulfonate
triphenylmethyl
p-toluenesulfonyl
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