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Abstract — Metallacyclopentadiene, which is recognized as a metal-containing
heterocycle, is an important intermediate for the formation of aromatic
derivatives. In this short review, we summarized the recent advance in selective
aromatic compounds formation catalyzed or mediated by transition metal
complexes via metallacyclopentadienes which are formed by intermolecular
coupling of various alkynes including unsymmetrical alkynes, two different
alkynes and three different alkynes. Some reaction mechanisms were also

reviewed.

1. INTRODUCTION

Reactions of two alkynes with low valent transition metals generally provide metallacyclopentadienes 1
as intermediates for the formation of benzene derivatives. The metallacyclopentadiene 1 is a cyclic
compound with a metal. Therefore, it can be recognized as a metal-containing heterocycle (Scheme 1).
Stepwise reaction of the metallacyclopentadienes with the third alkyne affords benzene derivatives 2 and
3.

Many reviews on benzene derivatives formation from alkynes using transition metals have been
published.!  This review focuses on the recent development of selective formation of benzene
derivatives from alkynes using transition metals as stoichiometric reactions or catalytic reactions.
Generally speaking, these type reactions include two different modes: intramolecular coupling reaction
and intermolecular coupling reaction (Scheme 1). The intramolecular cyclotrimerization of triynes to
prepare benzene derivatives 2 via metallacyclopentadienes 1 have been established as powerful synthetic
methods. However, intermolecular and partially intermolecular versions generally have encountered

difficulties in the control of chemo- and regioselectivity. When unsymmetrical alkynes or different
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alkynes were employed for the cyclotrimerization, in most cases, isomeric aromatic derivatives 3 were
generally formed.” This severely limited the utility of this method. Therefore, the search for a highly
chemo- and regioselective intermolecular [2 + 2 + 2] cycloaddition reaction of alkynes is greatly
challenging. Recently, several groups have devoted substantial effort in this area. Various transition
metal complexes have been used to overcome this problem. This review introduces some advance in
intermolecular cyclotrimerization of unsymmetrical alkynes or different alkynes catalyzed or mediated by

transition metal complexes.
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2. CATALYTIC HOMO-CYCLOTRIMERIZATION OF UNSYMMETRICAL ALKYNES
There are two possible isomeric products of trisubstituted benzenes in a catalytic homo-cyclotrimerization
of an unsymmetrical alkyne. As shown in Scheme 2, the reaction of a terminal alkyne can afford the

corresponding 1,3,5- and 1,2,4-trisubstituted benzenes 4 and 5, respectively.

R
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3 R——H > and/or
R R
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4 5
1,3,5-isomer 1,2,4-isomer
Scheme 2

According to generally accepted metallacyclopentadiene mechanism shown in Scheme 3, 1,2,4-isomer 5
is formed exclusively via symmetrical metallacyclopentadienes 6 or 8, and to some degree via
unsymmetrical 7.  On the other hand, the possibility for the formation of 1,3,5-isomer 4 is smaller than
that for 1,2,4-isomer 5, since 4 can be formed via metalacycle 7 only in competition with formation of 5.

This consideration would conclude that the key points to achieve high selectivity for the formation of one
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of the isomers are (1) selective formation of the intermediary metallacyclopentadiene, and (2) in the case
of metalacycle 7, regioselective addition of the third alkyne. Especially, for selective formation of

1,3,5-isomer 4, the second key point is very crucial.
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Tables 1 and 2 summarized the results of catalytic homo-cyclotrimerization of phenylacetylene to afford
the 1,3,5- or 1,2,4-triphenylbenzenes 9 or 10 as a major isomer, respectively (Scheme 4). A comparison
of the degree and type of selectivity depending on the employed catalysts is discussed here.

When camphorimine palladium complex 11 was employed for cyclotrimerization of phenylacetylene,
1,3,5-triphenylbenzene 9 was obtained as an exclusive benzene product (Table 1, entry 1).> Although
the product yield was low, the unique regioselectivity is worth noting. The same catalyst showed much
higher efficiency for unsymmetrical internal alkyne without loss of regioselectivity. The
cyclotrimerization of 1-phenylpropyne gave 1,3,5-trimethyl-2,4,6-triphenylbenzene in 74% yield as a sole
product.

The predominant formation of the 1,3,5-isomer 9 was also observed in the reactions with ruthenium
dinuclear complex 12 (entry 2),* half-sandwiched cobalt 13 (entry 3),” cycloheptatrienyliron 14 (entry 4),°
and dinuclear niobium 15 (entry 5).” Among them, niobium catalyst 15 showed excellent selectivity

and excellent product yield compared with the others.
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Table 1. Homocyclotrimerization of Phenylacetylene with Various Catalysts to Afford

1,3,5-Triphenylbenzene 9 as a Major [somer

entry catalyst conditions 1,3,5-/% 1,2,4-/% ref.
M M
© © NMe; Me. Me
1 =N_ ¢ Q Me 3 mol %
Pd\ CH,Cl,, rt, 20 h 20 - 3
Mé cl’ Y
© N
NMe,
Me
| Me
™ ,,,gu o 2.5 mol %
2 | ) T \/\\K\ 12 HZOZ MeOH = 9:1 57 34 4
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Cl AN
Me
Me
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According to the metalacycle mechanism mentioned above, 2,4-disubstituted metallacyclopentadiene 7
must be formed as a major intermediate in these cases. In the niobium-catalyzed reaction, a possible
mechanism was proposed as shown in Scheme 5. Dinuclear complex 15 reacts with two molecules of
phenylacetylene to afford chlorine-bridged dimer of metallacyclopropene 16, which was observed
spectroscopically. Further insertion of the second and third alkynes can afford the corresponding
dimer of metallacyclopentadiene 17, and that of metallacycloheptatriene 18 followed by reductive
elimination to produce the benzene 9 along with regeneration of the catalyst 15. It is worth noting that
both of the alkyne insertion steps proceed with high regioselectivity. Since the related mononuclear
niobium complex did not show any catalytic activity, such superior efficiency can be ascribed to the
dinuclear structure.
Table 2. Homocyclotrimerization of Phenylacetylene with Various Catalysts to Afford 1, 2,

4-Triphenylbenzene as a Major Isomer

entry catalyst conditions 1,3,5-/% 1,2,4-1% ref.
4 mol %, CDCls,
1 RS-Au-Pd 19 62°C.3h 19 80 8
i
2 (0C) Co/-(|:-\Co(CO) 20 2mol%, toluene, 96 9
"o 3 reflux, 1 h
(CO)3
3 CoBrp, 22-bpy, Zn, Znl, 21 °MOL% MeCN. 5 96 10
i-Pr —
7N/ 5 mol %, THF,
4 N~ N 22 . 1-24 h - 91 11
i-Pr
COC|2'6H20, Zn
I
e} P{A\I'2+
5 RhBFy’ 23 5 mol %, 3 91 12
<O O PAr, t-Bu CH,Cly, tt
© Ar = § OMe
t-Bu
) . 8 mol %, toluene,
6 RhCl3-3H,0, i-Pr,NEt 24 reflux. 24 h 6 92 13
7 25 0.2 mol %, <3 >92 14

CeDg, 75 °C
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Palladium catalyst supported on gold nanoparticle 19 gave the 1,2,4-isomer 10 as a major product (Table
2, entry 1).*  Using a cobalt carbonyl cluster Co3(CO)o(x’-CH) 20 as catalyst, 1,2,4-isomeric benzene 10
was obtained with excellent regioselectivity (entry 2).” The trinuclear complex is stable and easily
prepared from dicobalt octacarbonyl compound and trihalomethane. The simple cobalt catalyst system
21 was also found for the efficient and regioselective cyclotrimerization of alkynes (entry 3).'° In the
case of phenylacetylene, 1,2,4-triphenylbenzene was obtained in 99% yield in 95:5 regioselectivity. The
cobalt catalyst system 21 is applicable for cyclotrimerization of unsymmetrical internal alkynes to furnish
the corresponding 1,2,4-substituted benzenes with good regioselectivity in high yields. In the cobalt
catalyst system, when sterically demanding iminomethylpyridine was used as a ligand instead of
bipyridine, the reaction system 22 became less sensitive to moisture without loss of efficiency (entry 4).""
Rhodium catalysts also showed outstanding regioselectivity for the 1,2,4-isomer 10. Catalytic activity
of cationic rhodium(I) segphos complex 23 is exceedingly high and the reaction can be carried out under
mild conditions (entry 5).'*  Although the reaction conditions are more drastic, just simple combination
of rhodium(III) chloride and amine 24 produced efficient catalytic system (entry 6)."

Except for the late transition metal catalysts mentioned above, a titanium complex 25 having 1,2-alternate
bridged p-tert-butylcalix[4]arene can also act as a highly regioselective catalyst (entry 7)."* The
complex is pre-activated with sodium or magnesium metal. The reaction of activated 25 in the presence
of an excess of trimethylsilylacetylene produced the corresponding titanium complex with #°-coordinated
1,2,4-tris(trimethylsilyl)benzene, which is also an efficient catalyst for cyclotrimerization of alkynes at

room temperature.

Me3Si

Me;Si SiMe
o "L

27

Scheme 6
Cross-cyclotrimerization of trimethylsilylacetylene with 4-chlorostyrene with titanium complex 25 gave
the corresponding cyclohexadiene 27 as a major product (scheme 6). The result suggests the formation
of o,p'-disubstituted metalacycle 26 predominantly.  This means that although the a,a'- or
B,p'-disubstituted metalacycles can afford the corresponding 1,2,4-trisubstituted benzene exclusively in

the homo-cyclotrimerization, their contribution is minor. Moreover, insertion of the third alkyne into
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metalacycle 26 should occur in highly regioselective manner. Probably, the major reason of such high

regioselectivity can be ascribed to sterically demanding nature of the calix[4]arene ligand.

3. CATALYTIC CROSS-CYCLOTRIMERIZATION OF TWO DIFFERENT ALKYNES

In trimerization reactions using two different alkynes, late transition metals, especially group 8-10 metals,
were mainly used as catalysts. Mitsudo ef al. developed a ruthenium-catalyzed synthesis of o-phthalates
by intermolecular cycloaddition of two different alkynes.”” Excess amount of terminal alkynes reacted
with DMAD in the presence of Cp*RuCl(cod) catalyst to give an isomeric mixture of dialkylated
o-phthalates in high yield. As shown in Scheme 7, ruthenacycle 28 which consists of two different

alkynes was proposed as a plausible intermediate.

n-Hex H 5 mol % n-Hex n-Hex
0
(5.0 mmol) Cp*RuCl(cod) n-Hex _ n-Hex—= COzMe COsMe
+ —_— — RuCp*Cl| ———— >
MeO,C——=—=—CO,Me 11%"38”;'1 h [MeO,C n-Hex COzMe CO,Me
(1.0 mmol) ’ COMe n- Hex
Scheme 7

An efficient cobalt-catalyzed cyclotrimerization for synthesis of benzolactones 29 was reported (Scheme
8).!° In this reaction, alkynyl alcohols reacted with 2 equiv of acetylenic esters to form substituted
benzolactones 29 in a highly chemo and regioselective fashion with excellent yields. Interestingly,
when the catalyst was changed, the regioselectivity was reversed at the metalacycle formation step
(Scheme 9). In the case of the cobalt catalyst, the corresponding metallacyclopentadiene 30 having two
ester groups at a,o'-positions, whereas the f3,'-isomer 31 formed in that of the nickel catalyst and no

transesterification occurred to afford benzyl alcohol 32 in a good yield.

0
5 mol % @]
= 1.0 Coly(dppe), Zn
OH (10) MeCN/THF MeO2C
+ -
MeO,C CO,Me (2.2) ;; gb 1 g . MeO,C
’ COzMe
29 91%
Scheme 8

Adoption of iridium-phosphine complex in alkyne cyclotrimerization was also reported.'”  As shown in
Scheme 10, chemoselectivity of the iridium catalyst can be controlled by changing the employed
phosphine ligands. When dppe ligand was used for the catalysis, 2:1 coupling products benzene
tetraester 34 was obtained in excellent yield and selectivity. On the other hand, when polyfluorinated
diphosphine, 1,2-bis[bis(pentafluorophenyl)phosphino]ethane is used, 1:2 coupling product o-phthalate
36 was obtained with high selectivity. These results suggest the complete difference of the
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intermediary metalacycles.
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In the case of dppe, benzene tetraester 34 was formed via iridacycle 33,

whereas o-phthalate 36 was obtained in the reaction with polyfluorinated dppe via iridacycle 35 as a

predominant intermediate.

The electron-deficient nature of the fluorinated ligand would make

coordination of electron-rich alkyne B toward the iridium center much more favored than that of

electron-deficient alkyne A.
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Scheme 10

Highly chemo- and regioselective intermolecular cyclotrimerization of two different alkyne moieties

catalyzed by rhodium (I) complex was also reported (Scheme 11).'*'®

In the presence of a cationic
rhodium(I)/Hg-BINAP complex, excellent regioselectivity was observed. Two molecules of a wide
variety of terminal alkynes cleanly reacted with one molecule of a dialkyl acetylenedicarboxylate to give
3,6-disubstituted dialkyl phthalates 37 in high yields and with high regioselectivity.

Based on the numerous experimental results, the origin of the high selectivity was explained as shown in

Scheme 12. First, two different alkynes react with cationic rhodium(I) in 1:1 ratio to afford the
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corresponding metallacyclopentadiene 38. The origin of this selectivity is due to the steric reason.
Coordination of another terminal alkyne to 38 affords complex 39. In this step, the electronic nature of
the a-carbon of the metalacycle and the coordinated alkyne determines the regioselectivity to afford

1,2,3,4-tetrasubstituted benzene.

R——=— 3 mol % R R
(20) o * CO,Me CoMe R CO,Me
+ : + + Ij
Me0,C ——=—CO,Me CH2Ch. 1t 1h COo,Me R CO,Me R CO,Me
(1.0) R
37 R = Dec: 88% (92:6 ) R = Ph: 90% (89:9:2);
R = o-Hex: 90% (91:4:5)
Scheme 11
R
+ — RN ——— _ Rh*—--ws_
MeO,C—=—=—CO,Me MeO,C MeO,C 8" R Rh* MeO,C
COQMG COQMG R
38 39 37
Scheme 12

4. CROSS-CYCLOTRIMERIZATION OF THREE DIFFERENT ALKYNES

One of the major problems of selective benzene formation from three different alkynes is the control of
combination of alkynes. It has been difficult to prepare cleanly the unsymmetrical
metallacyclopentadienes using transition metals by the intermolecular coupling of two different alkynes.
To solve this problem,” Takahashi and co-workers studied the formation of unsymmetrical
zirconacyclopentadienes.  Symmetrical zirconacyclopentadienes were conveniently prepared from
alkynes and Cp,ZrBu, (Negishi reagent).20 They found the use of ethylene gas was a prerequisite to
prepare very clean unsymmetrical zirconacyclopentadienes.”’  The first alkyne was treated with Negishi
reagent under ethylene gas to give zirconacyclopentenes 40. Subsequent addition of a second alkyne to
the species at 50 °C gave unsymmetrical zirconacyclopentadienes 41 selectively in high yields.

Homo-coupling products of either the first alkyne or the second alkyne were negligible (Scheme 13).

R’ R
1. n-BulLi 2
R CO,Me
Co.zrc), 2-ethylene z o, DMAD 2
P2£rCly 3R — RZ' ZGCz \ ropy ———> s ; .
: — R 2Me
Hzc CH2 R4
40 42

Scheme 13
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The use of unsymmetrical zirconacyclopentadienes resulted in the formation of unsymmetrical benzene
derivatives 42.”> Thus prepared benzene rings have alkyl, aryl, trimethylsilyl and ester groups. This
was the first and practical example of the selective coupling of three different alkynes in high yields in
one-pot.

They found zirconacyclopentadienes 41 reacted with alkynes with electron-donating groups as well as
alkynes with electron-withdrawing groups to give benzene derivatives 42 in the presence of NiX,(PPh;),
(X = Cl or Br) in good yields.”> Using Zr/Cu and Zr/Ni-mediated synthetic methods, not only aromatic
carbocycles but also aromatic heterocycles could be prepared.?*

> In this reaction,

Sato and co-workers reported a metalative Reppe type of acetylene cyclotrimerization.”
three different unsymmetrical acetylenes and one molecule of titanium species were combined together in
a highly controlled manner to give aryltitanium compounds as a single isomer. As shown in Scheme 14,
a dialkoxytitanacyclopentadienes 43 were prepared from two different acetylenes and a divalent titanium
alkoxide reagent (5>-propene)Ti(O-i-Pr),. Addition of ethynyl para-tolyl sulfone as the third alkyne
afforded aryl titanium intermediates 44, which reacted with various electrophiles to produce a series of

highly substituted benzenes 45.

RI—R? R R! R
2 "
1st alkyne m "Ti(Oi—PF)z R _ —  50.Tol R2 TIX3 E* R2 E
. > __Ti(OiPr); ————2 —

s R3 3rd alkyne R3 R3
R—=—-R Ré . 4
2nd alkyne 43 E . 55

Scheme 14

Compared with the stoichiometric reactions mentioned above, the catalytic version of the selective
three-component cycloaddition is highly crucial task. CpRuCl(cod)-catalyzed system was applied to
chemoselective [2+2+2] cycloaddition of three different alkynes.”® An internal alkyne, a terminal
alkyne and dimethyl acetylenedicarboxylate was efficiently catalyzed by Cp*RuCl(cod) to give
substituted o-phthalates 46 and 48 (Scheme 15). It is critical to control the molar ratio of the three

substrates to achieve high chemoselectivity.

MeO,C———CO,Me 5 mol 9 n-CgHy7 CO,Me
. mol 7o -CgH M Me M M
+ (1.0 Cp*RuCl(cod) n-Cghy7 CO,Me CO,Me MeO,C CO,Me
n-CgH;——H > + +
(2.0) toluene, Et CO,Me Et CO,Me Et CO,Me
+ 110°C, 24 h
Et—=—Ft Et Et Et
(40) 46 44% 47 0% 48 24%
Scheme 15

Using semi-intramolecular strategy, selective catalytic cyclotrimerization of three unsymmetrical alkynes
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was realized (Scheme 16).”” Alkynylboronates reacted with propargyl alcohol to form unsymmetrical
diynes with a temporal C-B-O linkage. In the presence of Ru catalyst, cycloaddition of diynes with the
third terminal alkynes afford arylboronates 50 via ruthenacycles 49 with excellent chemo- and
regioselectivity. The crude arylboronates 50 underwent Suzuki—Miyaura cross-coupling with various
aryl iodides in the presence of Pd-catalyst to afford a series of substituted biaryls 51 as single
regioisomers. They also developed the Pd (II)-catalyzed carbonylation of the boraphthalides to establish

the novel four-component coupling synthesis of substituted phthalides in good yields.”®

i —_— 1 B i-PrO\ ] i 1 i 1
(i-PrO),B - R ol % B—=r i PrO\B R . ,_prQB R
* 7 A\ p
_ Cp*RuCl(cod) _ 0 _ OJGR% o
HO DCE, rt + + 49 R?
= R? = R? = R? 50

1
Ar-| R
Pd,dbas (2.5 mol %), PCys, Ar R' = Bu, R2 = Bu, Ar = 4-Ac-CgH,-: 73%
> R' = Bu, R2 = (CH,)sCl, Ar = 4-Ac-CgHy-: 76%
toluene, H,0, HO 2 (CHa)s o ’

70 °C R

51
Scheme 16

?  Use of temporary silylated tethers 52 as

The similar strategy was also reported with a cobalt complex.’
starting materials allowed the transformation of intermolecular reaction to intramolecular ones.
Silicon-tethered triynes 52 led to the corresponding cycloadducts 53 in good yields in the presence of 5
mol% of [CpCo(CO),]. The opening of the silylated ether was easily achieved either with
n-tetrabutylammonium fluoride or with methyllithium to deliver quantitatively the benzene derivatives 54

after the reaction (Scheme 17).

i-Pry OH
o 5 mol % O\Sii Pr.
Ph -T2 Ph
\\ i-Pr,Si CpCo(CO), _ TBAF _
- // xylene, A, hv Bu Bu
Bu i-PraSi—0 OH
52 53 67% 54 76%
Scheme 17
5. SUMMARY

A remarkable effect of transition metals on the trimerization of alkynes was discovered in 1940's by
Reppe. After that, this strategy has been developed enormously as the most powerful tool for
construction benzene and the other aromatic ring skeletons. At the beginning of the history, two

possible mechanisms were proposed for the [2+2+2] cyclotrimerization. One is a cyclobutadiene
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mechanism in which a cyclobutadiene-transition metal complex derived from two alkynes by [2+2]
cycloaddition is an intermediate. The other is a metallacyclopentadiene mechanism, which is now
commonly accepted from a large number of experimental results.

Recent developments of the aromatic ring construction methods by the [2+2+2] cycloaddition can be
regarded as the consequence of the intermediacy of the metallacyclopentadiene. That provides an
important opportunity for regioselective construction of substituted benzene rings from substituted
alkynes. In fact, the controlled formation of the metallacyclopentadiene intermediate is one of the most
important key points for selective construction of aromatic rings as we described above. Further
development of this chemistry has still been desired because of growing importance of the aromatic

compound in various areas in human society.
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