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Ir-catalyzed enantioselective [2 + 2 + 2] cycloaddition of

tetraynes or an octayne with monoalkynes proceeded to give

helically-chiral quinquearyl and noviaryl compounds, which

respectively have four and eight consecutive axial chiralities, in

an almost enantiomerically pure form.

Chirality is found in various functionalized organic molecules,

including pharmacologically-active compounds, and plays a

pivotal role in the expression of various functionalities.

Therefore, asymmetric synthesis, i.e. the development of new

synthetic approaches for the generation of chirality, is an

important topic in synthetic organic chemistry, and many efficient

and general asymmetric reactions have been reported. In

particular, catalytic asymmetric synthesis is a major subject of

recent research.1 Among asymmetric reactions, enantioselective

carbon–carbon bond forming reactions are desirable because they

generate new chirality along with the construction of a carbon

skeleton. As a rival to chiral Lewis acid catalysts, whose

coordination to heteroatoms such as oxygen and/or nitrogen

induces chirality,2 chiral transition metal catalysts, whose coordi-

nation to unsaturated motifs such as alkyne and/or alkene induces

chirality, have attracted considerable attention.3 In particular,

cycloaddition via a metallacycle as a key intermediate, formed by

the oxidative coupling of a transition metal catalyst with

unsaturated moieties, is the most atom-economical,4 and excellent

enantiomeric excesses (>95% ee) have been achieved in various

types of enantioselective cycloaddition using chiral transition metal

catalysts.

Our group recently reported the chiral iridium complex-

catalyzed enantioselective [2 + 2 + 2] cycloaddition of an

a,v-diyne, possessing ortho-substituted aryl groups on its alkyne

termini, with a disubstituted alkyne;5 trimerization of the alkyne

moieties6 gave a teraryl compound, which possesses two axial

chiralities derived from rotational hindrance of the ortho-

substituents on the aryl groups (eqn. (1)). In contrast to

conventional approaches of enantioselective aryl–aryl coupling,7

this is a new and practical approach for the catalytic and

enantioselective synthesis of an axially-chiral biaryl skeleton.8 This

reaction gives C2-symmetric compounds with extremely high

enantio- and diastereoselectivities.9,10 We now further examine the

synthesis of helically-chiral polyaryl compounds based on an

axially-chiral sequence by using the present excellent [2 + 2 + 2]

cycloaddition. We examined the reaction of the oxygen and

naphthalene ring-bridged tetrayne 1a and 1,4-dimethoxybut-2-yne

in the presence of a chiral iridium catalyst, which was prepared

in situ from [IrCl(cod)]2 and the chiral diphosphine ligand (S,S)-

MeDUPHOS (1,2-bis(2,5-dimethylphospholano)benzene) (Table 1,

entry 1){. As a result, asymmetric cycloaddition proceeded

promptly (10 min) at 100 uC to give quinquearyl compound 2a

in high yield and almost perfect enantioselectivity (>99% ee).11 In

the case of but-2-yne-1,4-diol as the monoalkyne, it took a longer

reaction time but the reaction proceeded even at room tempera-

ture, and the corresponding tetraol 2b was obtained in almost

enantiomerically pure form (Table 1, entry 2). This reaction could
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Table 1 Iridium-catalyzed cycloaddition of tetraynes 1 with mono-
alkynes for the synthesis of chiral quinquearyl compounds 2

Entry Z Tetrayne R Yield (%) ee (%)

1a O 1a Me 89 .99 (2a)
2a,b O 1b H 75 .99 (2b)
3c N–Ts 1c Me 76 .99 (2c)
4c,d cis-CHLCH 1de Me 55 .99 (3d)f

a Tetrayne/alkyne = 1 : 6. b The reaction was examined in 1,2-
dimethoxyethane at room temperature for 5 h. c Tetrayne/alkyne =
1 : 20. d The reaction was examined at 140 uC. e (Z,Z) : (Z,E) :
(E,E) = 40 : 10 : 1. f Aromatization of the obtained cycloadduct 2d
by DDQ gave quinquenaphthalene 3d. The yield in 2 steps is based
on the (Z,Z)-isomer of 1d.
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tolerate not only oxygen, but also nitrogen on the tether of the

tetrayne; again, good yield and almost perfect enantioselectivity

were achieved (Table 1, entry 3). Tetrayne 1d, with cis-olefinic

tethers, also coupled with 1,4-dimethoxybut-2-yne, and

subsequent aromatization of the obtained dihydronaphthalene

rings by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) gave

chiral quinquenaphthalene 3d (Table 1, entry 4).12 The methoxy

groups in 3d were transformed into bromides, and the structure of

tetrabromide 4d was ascertained by X-ray measurements (Fig. 1§).

As we expected, the results show that the five naphthalene rings

are helically-situated and that quinquearyl compounds 2 possess

helical chirality derived from an axially-chiral sequence.

Next, we further examined octayne 1e, which possesses four

reaction sites as a diyne moiety; the asymmetric cycloaddition also

proceeded with almost perfect enantioselectivity, and chiral

noviaryl 2e, which has nine consecutive aryl groups, was obtained

in high yield (eqn. (2)).11,12 This result means that eight consecutive

axial chiralities were perfectly controlled. When we used (R,R)-

MeDUPHOS, the opposite enantiomer of the chiral ligand,

noviaryl 2e with helically inverse winding, was obtained. When we

use a further elongated poly-yne, helically-chiral polyaryl com-

pounds derived from an axially-chiral sequence would be obtained.

ð2Þ

These results demonstrate the superiority of enantioselective

cycloaddition using a chiral transition metal catalyst as a synthetic

Fig. 1 Crystal structure of 4d (CH2Cl2 and all hydrogen atoms are

omitted from the ORTEP diagram for clarity).
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approach in asymmetric synthesis; a sequence of eight axial

chiralities were generated in a single pot using a transition metal-

catalyzed reaction with almost perfect enantio- and diastereoselec-

tivities. Moreover, helical structures have been found in

functionalized organic molecules including DNA and RNA, and

helical chirality is indispensable for their operation.13 The present

helically-chiral polyaryl compounds may be useful for creating a

new library of helically-chiral molecules.

This reasearch was supported by a Grant-in-Aid for Scientific

Research from the Ministry of Education, Culture, Sports, Science

and Technology, Japan. We thank the N.E. Chemical Corporation

for the gift of Pd(OAc)2, which was used for the preparation of

poly-ynes.

Notes and references

{ Typical experimental procedure (Table 1, entry 1): (S,S)-MeDUPHOS
(6.1 mg, 0.02 mmol) and [IrCl(cod)]2 (6.7 mg, 0.01 mmol) were stirred in de-
gassed xylene (1.0 mL) at room temperature to give a reddish-yellow
solution. After the addition of a xylene solution (1.5 mL) of 1,4-dimethoxy-
but-2-yne (34.2 mg, 0.30 mmol) and a xylene solution (1.5 mL) of diyne 1a
(28.2 mg, 0.05 mmol), the resulting mixture was further stirred at 100 uC for
10 min. The solvent was removed under reduced pressure, and
purification of the crude products by thin layer chromatography
(hexane/AcOEt = 2 : 1) gave pure 2a (35.4 mg, 89% yield). The ee was
determined by HPLC analysis using a chiral column.
§ Crystal data for 4d?CH2Cl2: C55H38Br4Cl2, M = 1089.43, monoclinic,
space group P21 (no. 4), a = 8.028(3), b = 22.64(1), c = 13.025(8) s, b =
100.99(2)u, V = 2323(1) s3, T = 123 K, Z = 2, m(Mo-Ka) = 36.26 cm21;
number of reflections measured: total 20814 and unique 9793 (Rint = 0.056),
R1 = 0.064, wR2 = 0.161, Flack parameter (Friedel pairs = 4391) 0.03(2).
CCDC 284721. For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b513124c.
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