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Abstract: Two types of enantioselective [2 + 2 + 2] cycloadditions of triynes using chiral
rhodium catalysts are disclosed. The intramolecular reaction of ortho-aminophenol-tethered
triynes provides chiral tripodal compounds. Consecutive inter- and intramolecular reactions
of ortho-phenylene-tethered triynes provide chiral tetraphenylenes.
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INTRODUCTION

The transition-metal-catalyzed [2 + 2 + 2] cycloaddition of alkynes is the most atom-economical and
facile protocol for the construction of a benzene ring. Yamazaki is a pioneer in this field and reported
the cobalt complex-mediated trimerization of diphenylacetylene [1]. Vollhardt reported a catalytic reac-
tion using cobalt carbonyl complex: this reaction offered a new route for the preparation of substituted
benzenes by alkyne trimerization [2]. As for an enantioselective [2 + 2 + 2] cycloaddition of alkynes,
Mori reported the chiral nickel complex-catalyzed intermolecular reaction of triynes with acetylene: in
this reaction, an asymmetric carbon atom was generated at the benzylic position of the obtained ben-
zene ring by enantiotopic group selection [3]. Starý reported the chiral nickel complex-catalyzed
intramolecular reaction of triynes, which induced helical chirality [4]. Even though these were pio-
neering and fascinating works, enantioselectivity was not sufficiently high. In 2004, three groups
including ours independently reported enantioselective [2 + 2 + 2] cycloaddition using chiral cobalt,
iridium, and rhodium catalysts, respectively, for the induction of axial chirality [5]. Since then, various
types of enantioselective [2 + 2 + 2] cycloaddition have been comprehensively studied by us and other
groups [6]. This manuscript discloses two approaches based on the [2 + 2 + 2] cycloaddition of triynes
for the construction of new chiral scaffolds.

In the first part of this manuscript, we mention the intramolecular reaction of branched triynes.
The intramolecular cycloaddition of branched molecules provides bridged compounds. We recently
reported the enantioselective reaction of various 1,1-disubstituted alkene-tethered enynes and diynes,
which were used as branched substrates [7]. In the case of the intramolecular reaction of branched
triynes with the same three tethers, two regioisomers of 1,3,5- and 1,2,4-isomers (as two enantiomers)
can be obtained (Scheme 1). The intramolecular reactions of carbon- and silicon-branched triynes using
a Ziegler-type catalyst were already reported, but the yield of the tripodal cage-type cycloadducts was
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low to moderate [8]. Thus, we tried to develop the first enantioselective and efficient synthesis of chi-
ral tripodal compounds by intramolecular [2 + 2 + 2] cycloaddition of branched triynes [9,10].

In the second part of this manuscript, we mention the enantioselective preparation of tetra -
phenylenes by consecutive inter- and intramolecular [2 + 2 + 2] cycloadditions. Tetrabenzo[a,c,e,g]cyclo -
octatetraene, which is referred to as tetraphenylene, is a saddle-shaped molecule, in which the four ben-
zene rings are aligned above and below alternately. Therefore, tetraphenylene is not chiral, but the
substitution on the benzene rings can induce the formation of a chiral π-conjugated system because of
the high barrier for the flipping of the cyclooctatetraene ring (Scheme 2). There are two major proto-
cols for the synthesis of substituted tetraphenylenes: the Cu-mediated homo-coupling of ortho-bimetal -
lated arenes [11] and the [4 + 2] cycloaddition of strained cyclic alkynes with furan along with reduc-
tive treatment [12]. Rajca reported an example of enantioselective synthesis, wherein sparteine-based
chiral lithium salt was used in Cu-mediated homo coupling, and moderate enantioselectivity was
achieved (eq. 1) [13]. Thus, we tried to develop the first highly enantioselective synthesis of chiral
tetraphenylenes using a new approach [14].
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Scheme 1 Intramolecular [2 + 2 + 2] cycloaddition of a general branched triyne.

Scheme 2 The unique structure of tetraphenylene and its chirality.
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RESULTS AND DISCUSSION

Intramolecular reaction of ortho-aminophenol-tethered triynes for the preparation of
chiral tripodal compounds

First, we designed nitrogen-branched triyne 1, which would realize the selective formation of 1,2,4-iso-
mer by intramolecular reaction (Scheme 3). The reaction is initiated by the oxidative coupling of nitro-
gen-tethered 1,6-diyne moiety. The resulting metallacyclopentadiene undergoes intramolecular alkyne-
insertion prior to the intermolecular one because of its rigid ortho-aminophenol structure. Moreover, the
coordination of the oxygen of the methoxymethyl group to the metal center facilitates the intramolecu-
lar reaction.

Triyne 1a was subjected to several reaction conditions (Table 1). When the Rh-BINAP catalyst
was used, we obtained the expected tripodal product 2a in good yield, but the enantiomeric excess was
moderate (entry 1). Screening of BINAP derivatives showed that triyne 1a was completely consumed
within 30 min at 80 °C in 1,2-dichloroethane (DCE), and that the yield was good but the enantiomeric
excess remained to be moderate (entries 2 and 3). Unlike the conventional Rh-catalyzed enantio -
selective [2 + 2 + 2] cycloadditions, DUPHOS ligands were preferable for the present cycloaddition,
and excellent enantioselectivity was achieved by Me-DUPHOS (entry 4). As the result of further tun-
ing of counter anion (entries 8 and 9), we chose the combination of Me-DUPHOS and triflate as the
best one.
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Scheme 3 Advantage of designed nitrogen-branched triyne for the intramolecular reaction.



The chiral rhodium complex [Rh(cod)2(S,S)-Me-duphos]OTf was preliminarily prepared from
[Rh(cod)2]OTf and (S,S)-Me-DUPHOS, and it was used as a catalyst for the reaction of triynes with
various substituents on their diyne termini (Scheme 4). Both electron-withdrawing and -donating
groups could be introduced as a substituent on the aryl group, and excellent enantiomeric excess of
98 % was achieved. When the methyl group was installed, almost perfect enantioselectivity was
achieved, but the yield decreased probably because of the intermolecular side-reactions.
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Table 1 Screening of the reaction conditions for the Rh-catalyzed cycloaddition.

Entry Chiral catalyst Time (h) Yield (%) Ee (%)

1 [Rh(cod)2]BF4 + (S)-BINAP 0.5 77 40
2 [Rh(cod)2]BF4 + (S)-H8-BINAP 0.5 81 36
3 [Rh(cod)2]BF4 + (S)-SEGPHOS 0.5 74 56
4 [Rh(cod)2]BF4 + (S,S)-Me-DUPHOS 2 70 98
5 [Rh(cod)2]BF4 + (S,S)-Et-DUPHOS 2 74 94
6 [Rh(cod)2]BF4 + (S,S)-Me-BPE 24 55 46
7 [Rh(cod)2]BF4 + (S,S)-Ph-BPE 9 76 91
8 [Rh(cod)2]BARFa + (S,S)-Me-DUPHOS 1 61 94
9 [Rh(cod)2]OTf + (S,S)-Me-DUPHOS 1 77 98

aBARF: tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

Chiral ligands 

Scheme 4 Cycloaddition of triynes with various substituents on their diyne termini.



We then examined triynes 1e–g with longer tethers under the same reaction conditions
(Scheme 5) and obtained the corresponding products 2e–g with [9], [11], [15]cyclophane systems,
respectively, with excellent enantiomeric excess. These results imply that, even in the [15]cyclophane
system, the long carbon ansa chain did not flip to racemize.

In order to investigate the origin of the excellent enantioselectivity observed in the present reac-
tion, we investigated the role of oxygen on the alkyne terminus. First, we changed the position of oxy-
gen and reacted triyne 1h with the but-2-ynyloxy group under the same reaction conditions. We
obtained the corresponding cycloadduct 2h, but the enantiomeric excess of 2h (88 %) was significantly
smaller than that of 2a (98 %) (eq. 2). We then used triyne 1i with an oxygen-free alkynyl tether. The
reaction proceeds smoothly, and the enantiomeric excess remained unchanged. These results imply that
the intramolecular insertion of the alkyne moiety induces as high as ca. 90 % ee, and that the coordi-
nation of oxygen to the metal center further improves the enantioselectivity up to 98 %.
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Scheme 5 Cycloaddition of triynes with different tether length.
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Consecutive inter- and intramolecular reaction of phenylene-bridged triynes for the
preparation of chiral tetraphenylenes

When ortho-phenylene-tethered triyne 3a with a butyl group at its terminus (R = n-Bu) was reacted in
the presence of the Rh-rac-BINAP catalyst, an intramolecular reaction proceeded efficiently to give
biphenylene 4a as the only product [15]. In contrast, when unsubstituted triyne 3b (R = H) was used,
biphenylene 4b was obtained as a minor product and substituted tetraphenylene 5b, which is a dimer of
the triyne, was obtained as the major product (Scheme 6). This is a new protocol for the synthesis of
tetraphenylene skeleton. Thus, we tried to develop an enantioselective reaction using a chiral rhodium
catalyst.

After a thorough investigation of various chiral ligands, the P-chiral ligand, QuinoxP*, which was
developed by Imamoto [15], and the electron-rich BINAP derivative, Cy-BINAP (Cy = cyclohexyl),
were found to realize high enantioselectivity. Selected examples of the synthesis of chiral
tetraphenylenes are listed in Scheme 7.
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Scheme 6 [2 + 2 + 2] Cycloaddition-based protocol for the preparation of tetraphenylene.



The proposed mechanism for the dimerization of triynes includes consecutive inter- and intra -
molecular [2 + 2 + 2] cycloadditions (Scheme 8). The oxidative coupling of the 1,6-diyne moiety of the
first triyne provides the corresponding metallacyclopentadiene A. The intermolecular insertion of the
alkyne moiety of the second triyne along with reductive elimination provides the axially chiral
cycloadduct B. Next, the oxidative coupling of the 1,6-diyne moiety of the second triyne affords the
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Scheme 7 Enantioselective synthesis of tetraphenylenes by Rh-catalyzed cycloaddition.

Scheme 8 Proposed mechanism of consecutive inter- and intramolecular cycloadditions.



metallacycle C, and the intramolecular insertion of the remaining alkyne moiety of the first triyne along
with reductive elimination provides the substituted tetraphenylene.

In order to verify the above-mentioned scheme, the reaction of carbon-tethered triyne 3e in the
presence of the chiral catalyst at room temperature was investigated; the reaction was quenched within
15 min (Scheme 9). This reaction yielded cycloadduct 6e, which corresponds to the intermediate B in
Scheme 8, and its enantiomeric excess was extremely high. Then, the axially chiral compound was sub-
jected to the reaction using achiral Rh-BIPHEP catalyst (BIPHEP: 2,2'-bis(diphenylphosphino)-1,1'-
biphenyl). The intramolecular cycloaddition afforded tetraphenylene 5e without loss of enantiomeric
purity.

CONCLUSION

We realized two types of approaches based on the [2 + 2 + 2] cycloaddition of triynes for the construc-
tion of chiral cyclic scaffolds. The intramolecular reaction of ortho-aminophenol-tethered nitrogen-
branched triynes provided chiral tripodal cage-type compounds. A macrocyclic molecule possessing the
[15]cyclophane system could be also constructed. Consecutive inter- and intramolecular reactions of
ortho-phenylene-tethered triynes afforded chiral-substituted tetraphenylenes as dimerized
cycloadducts. In both reactions, Rh-chiral diphosphine catalysts realized excellent enantioselectivity.
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Scheme 9 Confirmation of proposed mechanism by stepwise process.
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