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The cationic Rh–SEGPHOS complex catalyzed an inter-
molecular [2 + 2 + 2] cycloaddition of enynes, possessing an
ortho-substituted aryl group on their alkyne terminus, with
acetylenedicarboxylates. Bicyclic cyclohexa-1,3-dienes with
both central and axial chiralities were obtained in extremely
highly diastereo- and enantioselective manner.

Catalytic asymmetric synthesis has made remarkable progress in
recent years, and chiralities have been efficiently induced in a highly
enantioselective manner: various approaches to the construction
of central, axial, facial and helical chiralities were reported.1 In
general, a chiral motif is only generated in a reaction using a
chiral catalyst, such as the asymmetric alkylation of carbonyl
compounds. In some examples, multiple chiral motifs were formed
in a multiple bond-forming reaction, however, the induction of
different kinds of chiral motifs in a reaction has been scarcely
reported. On the contrary, there are many compounds possessing
both central and axial chiralities,2 and some of them are used
as efficient chiral ligands and catalysts.3 Chirality transfer from
central to axial chirality4 and vice versa5 are known procedures but
we here disclose the generation of two different kinds of chiralities
in a reaction, namely a highly diastereo- and enantioselective
construction of both central and axial chiralities.

Transition metal-catalyzed [2 + 2 + 2] cycloaddition of two
alkyne and an alkene moieties is an established protocol for the
synthesis of cyclohexa-1,3-diene.6 A Co-catalyzed diastereoselec-
tive reaction using chiral alkynes7 and a Ni-catalyzed enantioselec-
tive reaction8 are pioneering works of asymmetric variants. Evans
et al. and we independently reported a highly enantioselective
[2 + 2 + 2] cycloaddition of enynes and alkynes using chiral
cationic Rh catalysts, where a central chirality was generated at
the ring-fused position.9 We assume that axial chirality can be
further constructed by introduction of a bulky ortho-substituted
aryl group on the alkyne terminus of enynes. The generation of
axial chirality in a biaryl system by [2 + 2 + 2] cycloaddition of
alkynes was already reported by us and other groups,10 but that in
aryl–diene system has not been reported as far as we know.

We chose the reaction of nitrogen-tethered enyne 1a with a
naphthyl group on its alkyne terminus and 1,4-dimethoxybut-2-
yne (2a) as a model reaction, and examined several chiral phos-
phorus ligands for the cationic Rh complex in 1,2-dichloroethane
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at 40 ◦C (Table 1). When BINAP was used, [2 + 2 + 2] cycloadduct
3aa was obtained in high yield, and the enantiomeric excess of
minor diastereomer exceeded 90% but diastereoselectivity was
low (Entry 1). In the case of tolBINAP, which was the best
ligand for the intermolecular [2 + 2 + 2] cycloaddition of enynes
with alkyne 2a for the construction of a central chirality,9b the
enyne was smoothly consumed but yield and enantioselectivities
decreased (Entry 2). XylylBINAP and H8-BINAP gave poorer
results (Entries 3 and 4). On the contrary, SEGPHOS (5,5¢-
bis(diphenylphosphino)-4,4¢-bi-1,3-benzodioxole) resulted in the
best yield within 1 h and the ee of minor diastereomer exceeded
99% (Entry 5). But the diastereoselectivity remained low despite
using several phosphorus ligands.

We further investigated the reaction conditions to im-
prove diastereoselectivity (Table 2). When tetrakis(3,5-di-
trifluoromethylphenyl)borate (BARF) was used as a counter anion
for the Rh-complex, the catalytic activity drastically increased
(Entries 1 and 2): enyne 1a was completely consumed within
10 min at 40 ◦C and within 1 h even at room temperature,
however, diastereoselectivity was not improved. Solvent screening
using toluene and tetrahydrofuran affected the ee of the major
diastereomer but diastereoselectivity was low (Entries 3 and 4).
We next focused on the choice of alkynes: when more bulky
TBS-protected but-2-yne-1,4-diol 2b was used, the ratio of major
isomer against minor one was dramatically improved but its ee

Table 1 Screening of chiral ligands in the Rh-catalyzed intermolecular
[2 + 2 + 2] cycloaddition of enyne 1a with alkyne 2a

Entrya Ligandb Time/h Yield (%) drc ee (%)d

1 BINAP 24 85 2 : 1 84, 94
2 tolBINAP 6 69 2 : 1 60, 82
3 xylylBINAP 48 44 2 : 1 38, 82
4 H8-BINAP 48 59 2 : 1 31, 95
5 SEGPHOS 1 96 2 : 1 80, >99

a 1a : 2a = 1 : 2. b S isomers were used. c Diastereomeric ratio was
determined by integration of 1H-NMR spectra. d Enantiomeric excess of
major and minor diastereomers.
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Table 2 Effect of the alkynes on the diastereoselectivity using [Rh–
SEGPHOS]BARF catalyst

Entrya R1 Temp./◦C Time/h Yield (%) drb ee (%)c

1 CH2OMe (2a) 40 0.2 88 (3aa) 2 : 1 73, 98
2 CH2OMe (2a) rt 1 71 (3aa) 2 : 1 79, >99
3d CH2OMe (2a) rt 5 76 (3aa) 1 : 1 69, >99
4e CH2OMe (2a) rt 24 15 (3aa) 1 : 1 94, >99
5 CH2OTBS (2b) rt 1 97 (3ab) 10 : 1 75, —
6 CO2t-Bu (2c) rt 1 48 (3ac) 10 : 1 NDf

7g CO2t-Bu (2c) 60 0.25 93 (3ac) >20 : 1 >99, —
8g CO2Me (2d) 80 0.25 97 (3ad) 7 : 1 >99, —

a 1a : 2a–d = 1 : 2. b Diastereomeric ratio was determined by integration
of 1H-NMR spectra. c Enantiomeric excess of major and minor diastere-
omers. d Toluene was used as a solvent. e THF was used as a solvent. f Not
determined. g Alkyne was added dropwise.

was moderate, which could be speculated from the results above
(Entry 5). As bulky substituents on the alkyne, we installed tert-
butoxycarbonyl groups (Entry 6): The high diastereoselectivity
was also achieved but the yield was low because enyne 1a was
recovered. In order to consume the enyne and to prevent the
trimerization of the alkyne, the reaction was examined at 60 ◦C
along with the dropwise addition of acetylene dicarboxylate 2c
(Entry 7): enyne 1a was completely consumed within 15 min and
the minor diastereomer was not detected by NMR analysis.11,12

Moreover, the ee of the single diastereomer exceeded 99%. When
dimethyl acetylenedicarboxylate 2d was used, an excellent yield
and enantioselectivity were accomplished but diastereoselectivity
significantly decreased (Entry 8). These results imply that the
bulkyness of alkynes controlled the diastereoselectivity.

Several enynes were submitted to the reaction with alkyne
2c using Rh–SEGPHOS complex as a chiral catalyst (Table 3):
when an o-tolyl group was introduced to the alkyne terminus,
the corresponding cycloadduct 3bc was obtained in high yield
with excellent diastereo- and enantioselectivities (Entry 1). On the
contrary, in the reaction of enyne 1c, product 3cc was afforded
in low yield with low diastereomeric ratio and unidentified by-
products were formed (Entry 2). When the reaction was examined
at room temperature, and both enyne and alkyne were added
simultaneously and dropwise, yield and diastereoselectivity were
improved but the yield was moderate (Entry 3). When a slight
excess of enyne was used, the reaction smoothly proceeded and
cycloadduct 3cc was obtained in high yield as a single diastereomer
with excellent ee (Entry 4). The structure of cycloadduct 3cc was
determined by X-ray analysis, and the central and axial chiralities
were determined to be the S and R form, respectively (Fig. 1).
Oxygen-tethered enyne 1d was reactive and good results were
attained at room temperature (Entry 5). On the contrary, carbon-
tethered enyne 1e was inactive: diastereo- and enantioselectivity
were extremely high, but the yield was low probably because of
the formation of a [2 + 2 + 2] cycloadduct derived from two
alkynes and the alkyne moiety of 1e (Entry 6). Also in this case,
the use of a slight excess amount of the enyne improved the yield:

Table 3 Examination of several enynes in the Rh-catalyzed intermolecu-
lar [2 + 2 + 2] cycloaddition

Entrya R2 Z Enyne Temp/◦C Time/h Yield (%) ee (%)

1 2-MePh NTs 1b 60 0.25 91 (3bc) >99
2 2-biphenyl NTs 1c 60 2 33 (3cc)b 99c

3d 2-biphenyl NTs 1c rt 24 48 (3cc)e >99c

4d , f 2-biphenyl NTs 1c rt 3 98 (3cc) >99
5d 1-naphthyl O 1d rt 0.3 85 (3dc) 98
6 1-naphthyl CE2

g 1e 60 0.25 34 (3ec) 99
7f 1-naphthyl CE2

g 1e 60 0.25 95 (3ec) 99

a 1b–e : 2c = 1 : 2. Alkyne was added dropwise. b Diastereomeric ratio is
2 : 1. c Enantiomeric excess of major diastereomer. d Both enyne and alkyne
were added simultaneously and dropwise. e Diastereomeric ratio is 6 : 1.
f 1c or 1e : 2c = 1.2 : 1. The yield was based upon the amount of alkyne 2c.
g E = CO2Me.

Fig. 1 Ortep diagram of cycloadduct 3cc.

the excellent yield was achieved with the same stereoselectivity
(Entry 7).

Scheme 1 shows the asymmetric induction of two different
chiralities: a central chirality is generated at the ring-fused position
of the bicyclic metallacyclopentene intermediate by the oxidative
coupling of the metal center with an enyne. We assume that axial
chirality cannot be completely controlled at this stage, but the
following reaction with an alkyne induces the axial chirality.

Scheme 1 Induction of central and axial chiralities.
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In conclusion, we have developed a [Rh–SEGPHOS]BARF
complex-catalyzed [2 + 2 + 2] cycloaddition with excellent
diastereo- and enantioselectivities. The intermolecular reaction
of enynes, possessing an ortho-substituted aryl group on their
alkyne terminus, with di(tert-butyl) acetylenedicarboxylate gave
the bicyclic cyclo-1,3-dienes with both central and axial chiralities.
As far as we know, this is the first example of generation
of two different chiral motifs in the transition metal-catalyzed
cycloaddition.
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