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We have established an enantioselective synthesis of both
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up to >99% ee up to 98% ee

C, symmetric and unsymmetric tetra-

ortho -substituted axially chiral biaryls through

rhodium-catalyzed double 2+ 2 + 2] cycloaddition (up to >99% ee). This method serves as an attractive new route to enantioenriched

tetra- ortho -substituted axially chiral biaryls in view of the one-step access to substrate diynes and tetraynes starting from readily available

alkynes.

Tetra-ortho-substituted biaryls, having highly stable axial

enantioselective coupling of sterically encumbered 2,6-

chirality, are valuable structures for chiral ligands used in a disubstituted arenes, which furnishes tetra-ortho-substituted

variety of asymmetric reactiorignd various enantioselective
methods for their synthesis have been reported to‘date.
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biaryls, has been realized in several examples, e.g., nickel-

or palladium-catalyzed cross-coupling whfunctionalized
2,6-disubstituted arenég? oxidative homo-coupling of
2-naphthol derivative,and Grignard cross-coupling of
dibenzothiophenesHowever, the efficient catalytic method,

munication, we describe an enantioselective synthesis of
functionalized tetra-ortho-substituted axially chiral biaryls
through rhodium-catalyzed double {22 + 2] cycloaddition.

We first investigated the reaction of electron-deficient
malonate-derived 1,6-diynéa and 1,3-diyne2a in the

which can be applicable to the enantioselective synthesis ofpresence of various Rh{l)modified-BINAP complexes

functionalizedaxially chiral tetra-ortho-substituted biaryls,
is an important challenge.

Recently, a new approach to the synthesis of axially chiral
tri-ortho-substituted biaryls has been developed, which is
based on an enantioselective{22 + 2] cycloadditiort®*
between internal alkynes bearing @tho-substituted phenyl
group and nitriled? isocyanated® or alkynest*~18 We
anticipated that an enantioselective two-step synthests of
symmetric tetrasrtho-substituted axially chiral biaryls could
be realized through double [2 2 + 2] cycloaddition of
electron-deficient 1,6-diynes, prepared in one step from
readily available terminal 1,6-diynes, with 1,3-diynes (Scheme
1, Type-1) or ether-linked tetraynes, prepared in one step

Scheme 1. Enantioselective Two-Step Synthesis@f
Symmetric Tetra-ortho-Substituted Axially Chiral Biaryls
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from readily available 2,4-hexadiyne-1,6-diol, with electron-
deficient monoynes (Scheme 1, Typel2)in this Com-
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5500 and references therein.
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So0c.2002,124, 13396. (b) Cho, Y.-H.; Kina, A.; Shimada, T.; Hayashi, T.
J. Org. Chem2004,69, 3811.
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(Type-1)?° We were pleased to find that the use of 5% Rh-
(N*/(9-Segphos [(4,4bi-1,3-benzodioxole)-5,&diylbis-
(diphenylphosphinej} complex furnished the corresponding
C, symmetric tetrasrtho-substituted biaryl-)-3aain 59%
yield with >99% ee (Table 1, entry 1). Not only diacetoxy-

Table 1. Enantioselective Synthesis 65 Symmetric
Tetra-ortho-Substituted Axially Chiral Biaryl3

OR E
5% [Rh(cod),]BF,/ O
—=—E Il (S)-Segphos E OR
z +
— ¢ I CH,Cl,, rt E OR
16 h
5 equiv E
OR ,
1a Z=C(CO,Me), 2a R=Ac
E = CO,Et 2b R=Me 3
1b Z=CH,
E = CO,Me
entry 1 2 3 yield (%)? ee (%)
1 1a 2a (-)-3aa 59 >99
2 1a 2b (-)-3ab 48 98
3 1b 2a (R)-(+)-3ba 30 (569  >99

alsolated yield.? Isolated yield of mono-annulation produt{Scheme
2).

substituted 2,4-hexadiyra but also dimethoxy-substituted

(10) For recent reviews, see: (a) Kotha, S.; Brahmachary, E.; Lahiri, K.
Eur. J. Org. Chem2005, 4741. (b) Yamamoto, Curr. Org. Chem2005,

9, 503. (c) Varela, J.; Sa&. Chem. Re»2003,103, 3787. (d) Saito, S;
Yamamoto, Y.Chem. Re»2000,100, 2901. (e) Malacria, M.; Aubert, C.;
Renaud J. L. Ii§cience of Synthesis: Houben-Weyl Methods for Molecular
Transformations; Lautens, M., Trost, B. M., Eds.; Georg Thieme Verlag:
New York, 2001; Vol. 1, pp 439530. (f) Fujiwara, M.; Ojima, |. Il'Modern
Rhodium-Catalyzed Organic Reactiorisvans, P. A., Ed.; Wiley: New
York, 2005; Chapter 7, pp 129.50.

(11) For chirality transfer benzannulation, see: (a) Vorogushin, A. V.;
Wulff, W. D.; Hansen, H.-JJ. Am. Chem. So002 124, 6512. (b) Nishii,

Y.; Wakasugi, K.; Koga, K.; Tanabe, Y0. Am. Chem. So2004, 126,
5358.

(12) Gutnov, A.; Heller, B.; Fischer, C.; Drexler, H.-J.; Spannenberg,
A.; Sundermann, B.; Sundermann, 8ngew. Chem., Int. EQ2004, 43,
3795.

(13) Tanaka, K.; Wada, A.; Noguchi, KOrg. Lett.2005,7, 4737.

(14) For Ir, see: (a) Shibata, T.; Fujimoto, T.; Yokota, K.; TakagiJK.
Am. ChemSoc.2004,126, 8382. (b) Shibata, T.; Tsuchikama, ®hem.
Commun2005, 6017.

(15) For Rh, see: (a) Tanaka, K.; Nishida. G.; Wada, A.; Noguchi, K.
Angew. Chem., Int. ER004 43, 6510. (b) Tanaka, K.; Nishida, G.; Ogino,
M.; Hirano, M.; Noguchi, K.Org. Lett.2005,7, 3119.

(16) For enantioselective synthesis of axially chiral anilides through Rh-
catalyzed [2+ 2 + 2] cycloaddition, see: Tanaka, K.; Takeishi, K.;
Noguchi, K.J. Am. Chem. So2006,128, 4586.

(17) For Rh(Iy/modified-BINAP-catalyzed chemo- and regioselective
intermolecular alkyne cyclotrimerization, see: (a) Tanaka, K.; Shirasaka,
K. Org. Lett. 2003, 5, 4697. (b) Tanaka, K.; Toyoda, K.; Wada, A,
Shirasaka, K.; Hirano, MChem. Eur. J2005,11, 1145.

(18) For pioneering work for rhodium-catalyzed cross-alkyne cyclotri-
merization, see: (a) Muller, ESynthesisl974, 761. (b) Grigg, R.; Scott,
R.; Stevenson, Rl. Chem. SocRerkin Trans. 11988, 1357.
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2,4-hexadiyne2b are suitable substrates in this process, and screening various Rh(fjmodified-BINAP complexes, we

biaryl (—)-3abwas obtained in 48% yield with 98% ee (entry

found that the use of 5% Rh{l)S)-Segphos complex

2). In these reactions, mono-annulation products were furnished the correspondin@, symmetric axially chiral

generated as byproducts. The use of 1,6-di¥bhehaving

biaryl (+)-8ab with excellent ee (98% ee), although the yield

no quaternary center in the tether, furnished mono-annulationwas low (Table 2, entry 1). The use of methyl-substituted
product4 in 56% yield as a major product, although biaryl
(+)-3ba was obtained in 30% yield witkr99% ee (entry
3). The X-ray crystallographic analysis revealed tRe
configuration for the biaryl (+)-3bgFigure 1).

Figure 1. ORTEP diagram ofR)-(+)-3ba.

The isolated mono-annulation proddcatould be used for
the enantioselective complete intermolecular{2 + 2]
cycloaddition with diethyl acetylenedicarboxylataj using
10% Rh(I)"/(R)-BINAP complex as catalyst, and unsym-
metrical tetraertho-substituted biaryl<{)-6 was obtained in
94% vyield with 93% ee (Scheme .

Scheme 2. Enantioselective Synthesis of Unsymmetrical
Tetra-ortho-Substituted Axially Chiral Biarg

OAc
5% [Rh(cod),]BF / Il
(S)-Segphos
b + 2a (R)-(+)-3ba + E
5 equiv CH,Cl,, rt, 16 h 30% OAc
>99% ee
E
R———R 4 56%
R 5a R= QOZEt 10%
3equiv. 7 (Rh(cod),IBF/
(R)-BINAP
OAc CH,Cl,, rt, 16 h

(5)-6 94%, 93% ee

Next, the reaction of terminal tetray@ with electron-
deficient monoyne5b was investigated (Type-2). After

(19) Some achiral double [2 2 + 2] cycloadditions were reported.
For biaryls, see: (a) Yamamoto, Y.; Arakawa, T.; Ogawa, R.; ltohJ.K.
Am. Chem. So@003,125, 12143. (b) Saino, N.; Kogure, D.; Okamoto, S.
Org. Lett.2005,7, 3065. For bipyridines, see: (c) Varela, J. A.; Castedo,
L.; Maestro, M.; Mabhia, J.; SaeC. Chem. Eur. J 2001, 7, 5203. (d)
Yamamoto, Y.; Ogawa, R.; Itoh, KI. Am. Chem. So2001,123, 6189.
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Table 2. Enantioselective Synthesis @ Symmetric
Tetra-ortho-Substituted Axially Chiral Biaryl8
[5% [Rh(cod}|BF4/(S)-Segphos, Cil,, rt, 16 h]

8, yield (%),% ee (%)

entry 7 5, equiv

COsMe
COzMe O

I

COgMe

COQMG
CO.Me

COgMe

i

5b, 10
5b,2.5

(+)-8ab, 24, 98
(S)-(+)-8bb, 52, 69

o
=
5
o]
I
=
o

COMe O
= |

CO,Me
CO,Me

.
43

30 7a 5¢,5 8ac, 44,70
Me
e CoEt O g
. 2 CO,Et
~» lNl . 2 CO,Et
Me—= N
Me
4 7b 5d, 10 (+)-8bd, 38, 98
Ph
_ A0
d = th .nBu 0 SN
I rﬁl . “n-Bu
T i .n-Bu
__P o TN
Ph—= .
O
Ph
5 7c 5e, 2.1 (-)-8ce, 89, 52

alsolated yield.? Isolated as a mixture @acand another regioisomer.
Yield of 8acwas determined byH NMR. The corresponding diol dac
was isolated in pure form in 77% isolated yield frdac by treatment
with LiAIH 4.

internal tetrayne’b or terminal monoynéc instead of7a

or 5cincreased the yield of the corresponding biaryls to 52%
or 44%, respectively, but decreased the ee to 69% or 70%
(entries 2 and 3). The X-ray crystallographic analysis
revealedS configuration for the biaryl+)-8bb (Figure 2).
Importantly, this double [ 2 + 2] cycloaddition could be
applied to the axially chiral bipyridine synthesis using ethyl
cyanoformate5d, which furnished bipyridine+)-8bd in

(20) The use of 1,6-diynes having no alkoxycarbonyl group did not
furnish the desired biaryls.

(21) Saito, T.; Yokozawa, T.; Ishizaki, T.; Moroi, T.; Sayo, N.; Miura,
T.; Kumobayashi, HAdv. Synth. Catal2001,343, 264.
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Scheme 3. Enantioselective Synthesis of Unsymmetrical
Tetra-ortho-Substituted Axially Chiral Biaryl$0 and 11

Ph
“ N
o} |
CO,Et
COzMe
o}
COzMe COzEt
Ph I 5d
(+)-10 76%, 98% ee N 5 onuiv

10%

[Rh(cod)s]BF 4/
CHiCls 43 Ph
Figure 2. ORTEP diagram of$)-(+)-8bb. 2Cle. 1, O/\//
5% [Rh(cod)s]BF4/ X
o+ s BINAP COLMe
38% vyield with 98% ee, although achiral regioisomers were 3equiv. CHoClp,1t, 16h O some
generated irr50% yield (entry 4). Furthermore, the reaction N Bu Ph
of phenyl-substituted tetrayrie with isocyanatéefurnished I e 9 52%
bipyridone (—)-8cein 89% vyield with 52% ee (entry 5). o 5 equiv 10%
. . . Ph [Rh{cod),]BF/
Interestingly, the reaction of phenyl-substituted tetrayne 0 Cf)'csl"egrf*g’:h
7c with 5b in the presence of 5% Rh(IYS)-Segphos od I are
complex furnished mono-annulation prod@dh 35% vyield, . nBu
. . COzMe
and no corresponding biaryl was generated. The use of Rh- g
(D*/BINAP complex improved the yield o to 52%. The CO,Me
isolated mono-annulation produgtcould be used for the Ph

enantioselective [2- 2 + 2] cycloaddition with nitrile5d (+)-11 63%, 67% ee

and isocyanatése using Rh(l)/(S)-Segphos complex as ] _
catalyst, which furnished axially chiral aryl pyridine-Y-10 alkynes. Expanding the scope and exploration of the mech-
in 76% yield with 98% ee and axially chiral aryl pyridone &nism of enantioselection are currently under investigation.
(+)-11in 63% yield with 67% ee, respectively (Scheme 3).  Acknowledgment. This work was supported by Asahi

Glass Fundation and Uehara Memorial Fundation. We thank
Takasago International Corporation for the gift of Segphos.

In conclusion, we have established an enantioselective
synthesis of botlC, symmetric and unsymmetric tetoatho-
substituted axially chiral biaryls through rhodium-catalyzed ~ Supporting Information Available: Experimental pro-
double [2+ 2 + 2] cycloaddition. This method serves as an cedures, compound characterization data, and X-ray crystal-
attractive new route to enantioenriched teirtho-substituted lographic fllgs in CIF format. This material is available free
axially chiral biaryls in view of the one-step access to °f charge via the Internet at http://pubs.acs.org.
substrate diynes and tetraynes starting from readily availableOL0611550
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