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ABSTRACT

R3 cat. [Rh(cod),|BF 4/ P
§ Hg-BINAP
R~ + || or
(CH4CI),, 80 °C 1 i
F‘|2 R\,& I’//“ RE
R' = CO,Me, CO,n-Bu, CO,Cy, Ph, SiMes “3_
R2, R® = CO.Me, COEL, Ar, Me 50-94% yield

A cationic rhodium(l)/Hs—BINAP complex catalyzes codimerization of alkenes bearing no o-hydrogen and electron-deficient internal alkynes,
leading to 1,3-dienes in good yields with moderate to excellent regio- and stereoselectivity. The same complex also catalyzes codimerization
of an acrylate and phenyl-substituted electron-rich internal alkynes, leading to 1,3-dienes.

Transition-metal-catalyzed intermolecular codimerization of
alkenes and alkynes is an attractive method for the synthesis
of substituted dienes in a highly atom-economical fashion.*?
For example, Trost and co-workers have extensively studied
the ruthenium-catalyzed intermolecular Alder—ene reaction
for the synthesis of substituted 1,4-dienes.®>* Recently, Hilt
and Treutwein reported a cobalt-catalyzed variant of this
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reaction.® The mechanism for the transition-metal-catalyzed
intermolecular Alder—ene reactions is proposed as shown
in Scheme 1. A transition-metal complex reacts with an
alkene and an alkyne to generate metallacyclopentene A.
p-Hydride elimination to vinylmetal hydride B followed by
reductive elimination furnishes a 1,4-diene.

On the other hand, transition-metal-catalyzed intermo-
lecular codimerization of alkenes bearing no a-hydrogen and
alkynes giving substituted 1,3-dienes is scarce.®® A possible
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mechanism for the formation of 1,3-dienes is shown in
Scheme 2. g-Elimination of the methylene or methine proton
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in metallacyclopentene C or D to dienylmetal hydride E or
F followed by reductive elimination would furnish a 1,3-
diene.® However, pB-hydride elimination from a cyclic
intermediate is difficult due to the geometrical constraints,
which might deter the formation of a 1,3-diene. Mitsudo,
Watanabe, and co-workers reported one notable success in
achieving such a reaction. They developed the ruthenium-
catalyzed intermolecular codimerization of acrylic acid
derivatives and electron-rich internal alkynes and proposed
p-elimination of the methylene proton in a ruthenacyclo-
pentene intermediate. Murakami, Ito, and co-worker also
realized the ruthenium-catalyzed 1,3-diene formation from
alkenes and electron-rich terminal alkynes by a mechanisti-
cally different approach and proposed the formation of a
vinylidene complex as a key intermediate.” However, electron-
deficient internal alkynes may not be included in these
ruthenium-catalyzed codimerization reactions.

Our research group has demonstrated that a cationic
rhodium(1)/Hs—BINAP complex is a highly effective catalyst
for chemo- and regioselective cotrimerization of two terminal
alkynes and one electron-deficient internal alkyne leading
to tetrasubstituted benzenes.®** This result prompted our
investigation into reactions of alkenes and el ectron-deficient
internal alkynes in the presence of a cationic rhodium(l)/
BINAP-type bisphosphine complex. Herein, we describe a
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cationic rhodium(l)/Hs—BINAP complex-catalyzed regio-
and stereoselective codimerization of alkenes bearing no
o-hydrogen and internal alkynes including electron-deficient
ones giving substituted 1,3-dienes.

The reaction of n-butyl acrylate (1a, 1.1 equiv) with ethyl
2-butynoate (2a) was first examined in the presence of 5
mol % of the cationic rhodium(l)/Hs—BINAP complex as a
catalyst, but no reaction was observed at room temperature
(Table 1, entry 1). Fortunately, 1,3-diene 3aa was obtained

Table 1. Screening of Rh Catalysts for Codimerization of
Acrylate 1a and Electron-Deficient Internal Alkyne 2a®

COoEt catalyst
n-BuO.C. = + |’| (5 mol % Rh) ”Buo?CNCOQEt
CHyCly, nt Me
ta Me or 3aa
(1.1 equiv) 22 (CHoCl) 80°C
entry catalyst conditions  yield (%)°
1 [Rh(cod)2] BF/Hg—BINAP  rt, 16 h 0
2 [Rh(cod)2]BF4/Hs—BINAP 80 °C, 3 h 50
3 [Rh(cod)2]BF4/Segphos 80 °C,3h 35
4 [Rh(cod)2]BF/BINAP 80 °C,3h 9
5 [Rh(cod)2] BF #/dppf 80°C,3h 0
6 [Rh(cod)2]BF4+/dppb 80°C,3h 0
7 [RhCl(cod)]o/2Hs—BINAP 80 °C,3h 0
8° [Rh(cod)2]BF#/Hs—BINAP 80 °C, 8 h 71

@ Catalyst (0.010 mmol), 1a (0.22 mmol), 2a (0.20 mmol), and CH,Cl,
or (CHxCl); (2.0 mL) were used. P Isolated yield. ©1a: 2 equiv.

O, ¢ QD
PPh, o PPhy PPhy
PPhy o PPhy ! l PPh,
‘ g o] g

Hg-BINAP Segphos BINAP
=t PPN,
& C
L$~pen, PPhy

dppf dppb

in 50% vyield with excellent stereoselectivity at elevated
temperature (80 °C, entry 2). Thus, various BINAP-type
bisphosphine ligands were screened (entries 2—4), which
revealed that the use of Hg—BINAP furnished 3aa in the
highest yield (entry 2) in accordance with the cotrimerization
of alkynes.™® A cationic rhodium(l) complex and the BINAP-
type bisphosphine ligand are essential to promote this
reaction. The use of a cationic rhodium(l)/dppf or dppb
complex and a neutral rhodium(l)/Hs—BINAP complex failed
to catalyze this reaction (entries 5—7). Further improved yield
of 3aa was achieved by using 2 equiv of 1a, although the
reaction time required for completion was prolonged (entry
8).
Next, the scope of this reaction was examined with respect
to both acrylates and internal alkynes as shown in Table 2.
With respect to internal alkynes, not only ethyl 2-butynoate
(24, entry 1) but also ethyl phenylpropiolate (2b, entry 2)
reacted with 1a to give the corresponding 1,3-diene 3ab in
high yield with excellent regio- and stereoselectivity. Steri-
cally demanding 2-methoxynaphthyl-substituted propiolate
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Table 2. Rh(I)*/Hg—BINAP-Catalyzed Codimerization of
Alkenes 1a—h and Electron-Deficient Internal Alkynes 2a—d?®

CO2R® 5 mol % [Rh(cod)s]BF 4/

; Hg-BINAP
Rz + |l
(CHoCl)p, 80 °C
1 R? 2 4-19h
RW»L R~
Z*CO,R3 ZR2
R2 * CO,R?
3 4
% yield” (2E/22)
entry 1 (R!, equiv) 2 (R2, COoR?) 3 4
1a (COyn-Bu, 2.0) 2a (Me, COzEt) 71 (2E) -
1a (COsn-Bu, 1.1) 2b (Ph, CO.Et) 87 (22)
1b (COsMe, 1.1)  2b (Ph, CO.Et) 85 (22)
1c (COsCy, 1.1)  2b (Ph, CO.Et) 91 (22)
1a (COyn-Bu, 1.1) 2¢ (Ar°, COzEt) 94 (27)

la (COgn-Bu, 5.0) 2d (CO;Me, CO:Me) 76 (1:3)

&OOO\'I@OA%OOMH

le (Ph, 2.0) 2a (Me, COzEt) 52 (2EY" 19 (¢4
le (Ph, 2.0) 2b (Ph, COqEt) 50 22) -
le (Ph, 2.0) 2d (CO;Me, COsMe) 81 (1:2)

10 1f (SiMes, 5.0) 2a (Me, COzEt) 44 2EY 21 (=Y
11  1g (t-Bu, 5.0) 2a or 2b 0 (=)
12 1h (n-C¢His, 5.0) 2a or 2b 0(—)

2 [Rh(cod)]BF4 (0.015 mmol), Hs—BINAP (0.015 mmol), 1 (0.33—1.50
mmol), 2 (0.30 mmol), and (CH,Cl), (1.5 mL) were used. ° Isolated yield.
¢ A separable unidentified mixture of olefins was generated as byproduct.
d Catalyst: 20 mol %. © Ar = 2-MeO-1-naphthyl. " Isolated as a mixture of
3 and 4. 9 Not determined. " No reaction was observed.

(2c, entry 5) could also participate in this reaction, although
high catalyst loading was required. The reaction of 1la with
dimethyl acetylenedicarboxylate (2d, entry 6) proceeded in
good yield, while moderate stereoselectivity was observed.
With respect to acrylates, not only n-butyl acrylate (1a, entry
2) but also methyl (1b, entry 3) and cyclohexyl (1c, entry
4) acrylates reacted with 2b to give the corresponding 1,3-
dienes in high yields with excellent regio- and stereoselec-
tivity. Interestingly, the reaction of tert-butyl acrylate (1d)
with 2b furnished alkenyl acrylate 5 in good yield, presum-
ably through formation of acrylic acid followed by its
addition to 2b (Scheme 3). The use of electron-rich alkenes

Scheme 3
Ph  5mol % [Rh(cod)s]BF4/
+BUOCaz + || He-BINAP /\H/Oj/\oogEt
1d CO,Et (CHz(ftgz’hso © © 5 5;/
(1.1 equiv) °

2b

bearing no a-hydrogen was also examined.*? The reactions
of styrene (1€) with 2a, 2b, and 2d proceeded in good yields
(entries 7—9), while moderate regioselectivity was observed
(entries 7 and 8). Vinyltrimethylsilane (1f) also reacted with

(12) Although no reaction was observed in entries 11 and 12, the
reactions of 1g and 1h with dimethyl acetylenedicarboxylate (2d) at room
temperature furnished cotrimerization products. The structures of monoenes
and monoynes determine the selectivity between codimerization vs cotri-
merization; see: Shibata, Y.; Noguchi, K.; Hirano M.; Tanaka, K. Org. Lett.
2008, 10, 2825
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2a, giving two regioisomers in good yield (entry 10), while
3,3-dimethyl-1-butene (1g) failed to react with 2a and 2b
(entry 11).*2 The reaction of 1-octene (1h) bearing a-hy-
drogen with 2a and 2b was also examined, but both
intermolecular Alder—ene reaction leading to a 1,4-diene and
linear codimerization leading to a 1,3-diene did not proceed
at all (entry 12).2

Finally, the reactions of acrylate 1a with electron-rich
internal alkynes were also examined. Although high catalyst
loading and prolonged reaction time were required, the
reaction of 1a with diphenylacetylene (2€) proceeded in good
yield with excellent stereoselectivity (Scheme 4). Unfortu-

Scheme 4
R 10 mol % [Rh(cod)]BF 4/
N n-BuO,C. =
oo o || Hg-BINAP P
(CHoCl)g, 80 °C R
la R 72h 3ae 75%
(1.1 equiv) 2¢ (R = Ph) (16% recovery of 2e)
2f (R = n-Pr) 3af 0% (no reaction)

nately, 4-octyne (2f) failed to react with la (Scheme 4).
Unsymmetrical alkyne 2g bearing phenyl and methyl at each
alkyne terminus reacted with 1a in moderate yield, although
two regioisomeric 1,3-dienes were obtained (Scheme 5).

Scheme 5
Ph 5 mol % [Rh(cod),]BF 4/
Hg-BINAP
mBuOC .z + ||
(CHxCl), 80 °C
1a Me 14h
(1.1 equiv) 29
-B B
n UOZCN\MG . " UOgC\/\(\Ph
Ph Me
3ag 4ag

55% (3/4 = 61:39)

In conclusion, we have demonstrated that a cationic
rhodium(1)/Hs—BINAP complex is an effective catalyst for
the regio- and stereoselective codimerization of alkenes
bearing no a-hydrogen (acrylates, styrene, and vinyltrim-
ethylsilane) and internal alkynes, including e ectron-deficient
ones, leading to 1,3-dienes. Future studies will focus on
expanding the scope and elucidation of the precise mecha-
nism.
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