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ABSTRACT
[Rh(cod)zBF 4/ ”
o) (R)-Hg-BINAP ]
OAr ;—4 ca?alysl y iy OAr
"oz H . OAr
=~ (CHCIp 80°C o«

up to 67% yield
99 —>99% ee
single regioisomer
single diastereomer

It has been established that a cationic Rh(l)/(R)-Hg-BINAP complex catalyzes the one-pot intermolecular [2 + 2 + 2] trimerization/asymmetric
intramolecular [4 + 2] cycloaddition of two aryl ethynyl ethers and 5-alkynals to produce annulated 1,4-cyclohexadienes possessing two

stereogenic centers.

One-pot catalyses, which allow the preparation of com-
plex organic molecules from simple starting materials, are
highly attractive methods in modern organic synthesis.' If
such one-pot reactions proceed by using a single catalyst, it
is obviously more advantageous than the use of binary
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catalysts. Our research group has reported that cationic
Rh(I) complexes are highly effective catalysts for a wide
variety of [2 + 2 + 2] cycloaddition reactions” via metalla-
cycle intermediates.” As a recent example, we developed
the cationic Rh(I) complex-catalyzed chemo-, regio-, and
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stereoselective intermolecular [2 + 2 + 2] trimerization of
two aryl ethynyl ethers with carbonyl compounds leading
to aryloxy-substituted dienyl esters.*”® Based on this
result, we designed the following Rh(I) complex-catalyzed
one-pot reaction (Scheme 1).° If the chiral cationic Rh(I)
complex-catalyzed intermolecular [2 + 2 4 2] trimerization
of two aryl ethynyl ethers 1 with the formyl group of
S-alkynal 2 rather than the alkyne moiety proceeds chemo-,
regio-, and stereoselectively, the corresponding dienyne 3
would be generated. Subsequently, if the same chiral
cationic Rh(I) complex is able to catalyze the asymmetric
intramolecular [4 + 2] cycloaddition of the dienyne 3,'°~'2
the corresponding annulated 1,4-cyclohexadiene 4,
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possessing two stereogenic centers, would be generated.
However, the transition-metal-catalyzed asymmetric in-
tramolecular [4 + 2] cycloaddition of a dienyne, possessing
the trisubstituted diene moiety, has not been reported.'?
Therefore, the reactivity and enantioselectivity of densely
functionalized dienynes in the latter asymmetric transfor-
mation is interesting. However, we were successful with the
above-mentioned asymmetric one-pot reaction by using a
cationic Rh(I)/(R)-Hg-BINAP catalyst.

Scheme 1
OAr _/<O hiral Rh(l)* catalyst
chiral catalys
T Z H :
| | — R solvent, rt
1 2 intermolecular
[2+2+2] trimerization
trisubstituted ArO,C H
diene OAr
(reactivity? & —— / same chiral Rh(l)* catalyst? 7
enantioselectivity?) / OAr COA
7 asymmetric intramolecular 270
_— g [4+2] cycloaddition R

4

Table 1. Optimization of Reaction Conditions for One-Pot
Transformation of 1a and 2a Leading to 4aa“

) [Rh(cod)]BF4/ligand
OAr 0.10 equi
| . /_qH (0.10 equiv)
Il NH e (CH,Cle

2a ArOC

1a H
(Ar = 2-naphthyl) / : OAr
(1 equiv) / + TsN
OAr “GOAr
—=——Me Me

TsN

3aa 4aa
C,, T, L, 3
PPh, PPh,  © PPhy PAr,
PPhy PPh, o PPh, PAr,
O O <
(R)-Hg-BINAP (R)-BINAP (R)-Segphos (8)xyl-Hg-BINAP
(Ar =35-MesCaHo)l
2a 3aa 4aa
entry ligand (equiv) conditions % yield® % yield,’ dr, % ee
1  (R)-Hg-BINAP 1 rt,1h 43 0
2 (R)-Hg-BINAP 1 80°C,24h 0 46,>99:1,>99 (—)
3  (R)-BINAP 1 80°C,24h 0 38,>99:1,97 (-)
4  (R)-Segphos 1 80°C,24h 0 <5
5  (S)-xyl-Hg-BINAP 1 80°C,24h 0 48,>99:1, 98 (+)
6  (R)-Hg-BINAP 2 80°C,24h 0 67,>99:1,>99 (-)

“[Rh(cod),]BF4/ligand (0.010 mmol), 1a (0.10 mmol), 2a (0.10 mmol),
and (CH,Cl), (2.0 mL) were used. ®Isolated yield from 1a.

We first investigated the reaction of ethynyl 2-naphthyl
ether (1a) and tosylamide-linked 5-alkynal 2a in the pre-
sence of a cationic Rh(I)/(R)-Hg-BINAP complex at rt
(Table 1, entry 1). Although the desired intermolecular

(13) Only one example of the transition-metal-catalyzed nonasym-
metric intramolecular [4 + 2] cycloaddition of a dienyne, possessing the
trisubstituted diene moiety, has been reported by using a cationic Rh(I)/
N-heterocyclic carbene complex as a catalyst. See: Reference 11g.
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[2 4+ 2 4 2] trimerization between two alkynes 1a and the
formyl group of 2a proceeded to give dienyne 3aa in
moderate yield'* with complete regio- and stereoselectiv-
ity, the subsequent asymmetric intramolecular [4 + 2]
cycloaddition did not proceed. Pleasingly, when the same re-
action was carried out at 80 °C for 24 h, the expected [4 + 2]
cycloaddition product 4aa was obtained in moderate yield
with complete diastereo- and enantioselectivity (entry 2).
Other biaryl bisphosphine ligands were also tested (entries
3—5), which were less effective than Hg-BINAP. Finally,
increasing the amount of 2a further improved the product
yield (entry 6).

With the optimized reaction conditions in hand, the
scope of this asymmetric one-pot reaction was examined
(Table 2). With respect to aryl ethynyl ethers, electronically
and sterically different aryl ethynyl ethers 1a—d could be
employed (entries 1—4).'> With respect to 5-alkynals,
various tosylamide-linked 5-alkynals 2b—d could be em-
ployed (entries 5—7).'® Nosylamide- and oxygen-linked
5-alkynals 2e and 2f also reacted with 1a to give cyclohex-
adienes 4ae and 4af (entries 8 and 9). Importantly, all the
reactions proceeded with almost complete regio-, diastereo-,
and enantioselectivity. The relative and absolute configura-
tions of (—)-4ac were determined to be 5R,7aS by X-ray
crystallographic analysis.'”

The reaction of 1a and 5-alkynone 2g was also examined
(Scheme 2). The expected dienyne 3ag, generated through
the trimerization step, possesses a tetrasubstituted diene
moiety; however, the transition-metal-catalyzed [4 + 2]
cycloaddition of such a sterically demanding dienyne has
not been reported. Pleasingly, the desired one-pot reaction
proceeded to give the corresponding cyclohexadienes 4ag
and 4ag’ with high yields and ee values, although diaster-
eoselectivity was moderate.'®

(14) In the reactions of Table 1, the homo-[2 + 2 + 2] cycloaddition of
1aleading to benzene 7 and the homodimerization of 2a leading to ester 8
were observed as side reactions. For the formation of 8, see: Tanaka, R.;

Noguchi, K.; Tanaka, K. juiiismia. 2010, /32, 1238.

Me
OAr o Ts\/
2 HO N
TsN o
A0 o SH
Me 8

Z

(15) Alkylethynyl ethers could not be?mployed in the presence of the
Lewis acidic cationic Rh(I) complex due to their instability.

(16) Although the reaction of la and a terminal 5-alkynal was
examined, the corresponding cyclohexadiene was generated in low yield
and could not be isolated in a pure form due to the formation of a
complex mixture of byproducts.

(17) See the Supporting Information.

(18) The opposite stereochemistry at the bridged carbon atoms of
(—)-4ag and (+)-4ag’ was confirmed by treatment of these 1,4-cyclohex-
adienes with DBU leading to an enantiomeric pair of 1,3-cyclohexa-
dienes, (—)-9 and (+)-9.

Me Me

: OAr DBU
TsN _—
“COAr DMSOrt—EtOH
Me Me
(-)-4ag )9
Me Me
OAr DBU
TsN DMSO-EtOH
“COAr >

Me Me
(+)-4ag’ (+)-9
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Table 2. Rh-Catalyzed Asymmetric One-Pot Reactions of
Alkynes 1 and Alkynals 2 Leading to Cyclohexadienes 4¢

entry 1 2 4/yield,? dr, ee

o ., 0O
= O
||| Me O

(-)-4aa / 64% yield, >99:1 dr, >99% ee

TsN  H \/:Q/ o
= Me H/ O
Me O !

5 A le
TsN  H TsN
Me

2 1b 2a (-)-4ba / 48% yield, >99:1 dr, >99% ee
1
o8 e
TsN
o TN H C@«/.,,n,o
‘h =Me Me O .
R
3 1c(R'= CF3) 2a {-)}-4ca/67% yield, >99:1 dr, 99% ee
4 1d (R' = OMe) 2a {-)-4da/ 27% yield, >99:1 dr, 99% ee
H
(o} : OAr
OAr Y
| ~ WY
TsN H
Il NI . COLAr
R
5 1a(Ar = 2-naphthyl) 2b (R2 = Et) (—)-4ab / 38% yield, >99:1 dr, >99% ee
6 1a(Ar=2-naphthyl)  2c (R2=n-Bu) (5R,7a8)-(-)-4ac

42% yield, >99:1 dr, >99% ee

7  1a(Ar = 2-naphthyl) 2d (F{2 =n-CqoHoq) (—)-4ad / 31% yield, >99:1 dr, 99% ee

H
o O S
‘ X ON 5=8-N
_S—| i .,
I O:N O’g NoH Ve ) 'COLAr
Me
8 1a(Ar = 2-naphthyl) 2e (-)-4ae / 64% yield, >99:1 dr, >99% ee|
H
OAr O g OAr
I o N
H ‘COpAF
= (CHakPh (CHo)Ph
9 1a (Ar = 2-naphthyl) 2f (—)-4af / 35% yield, >99:1 dr, >99% ee

“Reactions were conducted using [Rh(cod),]BF,4/(R)-Hg-BINAP
(0.020 mmol), 1 (0.20 mmol), and 2 (0.40 mmol) in (CH,Cl), (2.0 mL)
at 80 °C for 16 h. ®Isolated yield from 1.

Transformations of the present asymmetric one-pot
reaction product 4aa were examined briefly (Scheme 3).
Aryl ester 4aa could be converted to the correspond-
ing methyl ester 5 by treatment with NaOMe in
MeOH. Oxidation of 4aa with m-CPBA afforded the
corresponding epoxide 6 with complete diastereo-
selectivity.

Scheme 4 depicts a plausible mechanism for this rho-
dium-catalyzed one-pot transformation. Two aryl ethynyl
ethers 1 react with rhodium to generate rhodacyclopenta-
diene A. Insertion of the formyl group of 5-alkynal 2 into A
generates rhodacycle B.'” Reductive elimination of rho-
dium affords pyrane C. Subsequent electrocyclic ring
opening affords dienyne 3, which reacts with rhodium

(19) For a discussion about the facile insertion of the carbonyl group
to the rhodacycle A, see: Reference 4.
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Scheme 2
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H QAr
TsN
NaOMe “COMe
MeOH Me
m16h (1)-5/66% yield

H >99:1 dr, >99% ee

B OAr
TsN
» H
: ; ‘COAr H eQ on
Me } TSN(I? r
—)-4aa (Ar = 2-naphthyl m
(-)-4aa ( phthyl) CHClo COLAr

>99:1 dr, >09% ee
{ o e8) 1,16 h Me

(-)-6 / 64% yield
>99:1 dr, >99% ee

again to generate rhodacyclopentene D. Of the two possi-
ble intermediates D-1 and D-2, D-1 would be more favor-
able due to the absence of the steric interaction between the
equatorial phenyl group of (R)-Hg-BINAP and the alkenyl
group (R’). This mechanism is consistent with the forma-
tion of (5R,7aS)-(—)-4ac. 1,3-Allylic migration affords
rhodacycle E. Reductive elimination of rhodium affords
cyclohexadiene 4.2%%!

The intermediacy of dienyne 3 in this one-pot reaction is
confirmed by the reaction of the isolated dienyne 3aa
(Scheme 5). Treatment of 3aa with the cationic Rh(I)/(R)-
Hg-BINAP catalyst at 80 °C indeed afforded the cyclohex-
adiene 4aa.

(20) For a mechanistic proposal of the Rh-catalyzed intramolecular
[4 + 2] cycloaddition of dienynes, see: References10a—10c.

(21) A possible explanation for the formation of two diastereomers
4ag and 4dag’ is as follows. At rt, the reaction of 1a and 2g affords
E-dienyne 3ag as a predominant stereoisomer. At 80 °C, equilibration
between E-dienyne 3ag and Z-dienyne 3ag’ occurs in the presence of the
cationic Rh(I) catalyst. (For the cationic Rh(I) complex-catalyzed E/Z
isomerization of enones, see: Tanaka, K.; Shoji, T.; Hirano, M. Eur,
Sessislay 2007, 2687.) Although E-dienyne 3ag may be thermo-
dynamically more stable, the cyclization of 3ag may be slow as a result of
the steric interaction between the methyl and aryloxyvinyl groups in
intermediate F. In contrast, the cyclization of thermodynamically less
stable Z-dienyne 3ag’ may be fast as a result of the formation of less
sterically demanding intermediate F’. The formation of 4ag and 4ag’
through different rhodacycles F and F', respectively, is consistent with
their different ee values.

Scheme 4
/ io
Z H
. =R
OAr  ghayr A0 Rh 2
Y
OAr
1 A
R
ArO. ha) / OAr
I z I 20 R —
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— R 3 R D migration R E
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Ph Ph l O
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' ;/ " ~ 5 ': ;/ Rh: \Ph Z ’
Rl R R R “COzAr
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D-1 D-2 4
z z
ArQ
" WOAr
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Scheme 5
ArO,C, H
20 mol % [Rh(cod)]BF 4/
(R)-Hg-BINAP

/
/ OAr

N =Me

B OAr
TsN
"“"CORAr
Me
(-)-4aa

49% yield (85% convn)|
>99:1 dr, >99% ee

(CHoCl),, 80 °C
16h

3aa
(Ar = 2-naphthyl)

In conclusion, it has been established that a cationic
Rh(I)/Hg-BINAP complex catalyzes the one-pot intermo-
lecular [2 4 2 + 2] trimerization/asymmetric intramolecular
[4 + 2] cycloaddition of two aryl ethynyl ethers and S-alkynals
to produce annulated 1,4-cyclohexadienes. Future work
will focus on further utilization of the cationic Rh(I)
catalysts for the development of novel one-pot reactions.

Acknowledgment. This work was supported partly by a
Grant-in-Aid for Scientific Research (No. 20675002) from
MEXT and ACT-C from JST, Japan. We thank Takasago
International Corporation for the gift of Hg-BINAP,
Segphos, and xyl-Hg-BINAP, and Umicore for generous
support in supplying a rhodium complex.

Supporting Information Available. Experimental pro-
cedures, compound characterization data, and an X-ray
crystallographic information file. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.

The authors declare no competing financial interest.

Org. Lett,, Vol. XX, No. XX, XXXX


http://pubs.acs.org/action/showImage?doi=10.1021/ol3027158&iName=master.img-006.png&w=208&h=131
http://pubs.acs.org/action/showImage?doi=10.1021/ol3027158&iName=master.img-007.png&w=182&h=110
http://pubs.acs.org/action/showImage?doi=10.1021/ol3027158&iName=master.img-008.png&w=217&h=238
http://pubs.acs.org/action/showImage?doi=10.1021/ol3027158&iName=master.img-009.png&w=194&h=56

