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Compounds Catalyzed by NCN-Pincer Ru Complexes
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Introduction

Direct conjugate addition of terminal alkynes to a,b-unsatu-
rated carbonyl compounds is an attractive reaction due to
its powerful and atom-economic process to construct b-al-
kynyl carbonyl compounds.[1] Transition-metal complexes
containing Rh,[2] Ru,[3] Cu,[4] and Pd[5] have been developed
as active catalysts for this reaction. Recently, asymmetric
catalysis has also been developed for the transformation of
a,b-unsaturated thioamides,[6] Meldrum�s acid derivatives,[7]

as well as a,b-unsaturated ketones and aldehydes.[8,9] In con-
trast, the conjugate addition of a terminal alkyne to a simple
a,b-unsaturated amide has not been well explored.

Since the reactivity and selectivity of transition-metal cat-
alysis are most likely controlled by auxiliary ligands, pincer
metal complexes containing carbon-based meridional lig-ACHTUNGTRENNUNGands have been studied as active catalysts.[10–12] Recently, a
NCN pincer Rh complex containing bis(oxazolinyl)phenyl
(phebox) ligands was used as a catalyst in activation of a ter-
minal alkyne to generate the Rh-acetylide complex and in
direct addition of a terminal alkyne to unsaturated organic
molecules.[13, 14] In particular, Ohshima and Mashima demon-
strated highly effective enantioselective direct alkynylation
of activated ketones by a chiral phebox–Rh complex.[14] The
chiral phebox–Ru complex has also been utilized in direct
asymmetric alkynylation of aldehydes.[15] Thus, chiral NCN-
pincer Rh- and Ru-complexes are potential catalysts for al-
kynylation reactions through direct activation of terminal al-

kynes. Herein, we report on the utilization of the phebox–
Ru complexes in the direct conjugate-addition of various
a,b-unsaturated ketones, esters and amides, as well as vinyl-
phosphonate. The phebox–Ru complex also serves as a
chiral catalyst for asymmetric conjugate addition of an a,b-
unsaturated ketone.

Results and Discussion

Recently, we reported several acetate complexes containing
group 8 and 9 metals with phebox ligands.[16] Initially, we
evaluated the catalytic activity of these phebox complexes
for conjugate addition of an alkyne with a,b-unsaturated ke-
tones (Table 1). Reaction of phenylacetylene 4 a with meth-
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Table 1. Conjugate addition of phenylacetylene (4a) with methylvinylke-
tone (5a).[a]

Entry Cat. Solvent Yield [%][b]

1 1a THF 83
2 1b THF 12
3 1c THF 92
4 1d THF 91
5[c] 1c THF 65
6[d] 1c THF 11
7 1c IPA 72
8 1c toluene 68
9[e] 1c THF 84

10 2 THF 46
11 3 THF 9
12[f] pybox–Ru THF 7

[a] Reaction condition: 4 a (2 mmol), 5 a (1 mmol), cat. (5 mol % to 5a),
NaOAc (5 mol % to 5a), 60 8C, 12 h. [b] Yield of the isolated product.
[c] Absence of NaOAc. [d] Addition of AcOH (5 mol %) in place of
NaOAc. [e] 4a (1 mmol). [f] [RuCl ACHTUNGTRENNUNG(p-cymene)2]2 (10 mol %) and (S,S)-
2,6-bis(4-phenyl-2-oxazolinyl)pyridine (pybox) (10 mol %).
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ylvinylketone 5 a proceeded smoothly in the presence of the
achiral phebox–Ru complex 1 a (5 mol%) and NaOAc
(5 mol%) to give the corresponding b-alkynyl ketone 6 aa in
83 % yield (Table 1, entry 1). However, utilization of the Ru
complex 1 b containing the sterically less-hindered phebox
ligand showed a lower catalytic activity (Table 1, entry 2). In
contrast, the phebox–Ru complexes 1 c and 1 d with chiral
lig ACHTUNGTRENNUNGands enhanced the product yields (Table 1, entries 3 and
4). Thus, the size of the phebox ligands affected the outcome
of the catalytic reaction. Although the absence of NaOAc
gave the product in moderate yield, addition of acetic acid
in place of NaOAc hampered the catalytic reaction (Table 1,
entries 5 and 6). The catalytic reaction was also affected by
solvents; use of IPA and toluene decreased the product
yields (Table 1, entries 7 and 8). This result is in contrast to
1,2-addition of a terminal alkyne to an aromatic aldehyde
catalyzed by the phebox–Ru complex, in which IPA was a
suitable solvent to prevent the undesirable homodimeriza-
tion reaction of alkynes.[15] When the catalytic reaction with
one equivalent of 4 a was performed, the product 6 aa was
obtained in 84 % yield (Table 1, entry 9). We also verified
the catalytic ability of the phebox–Rh acetate complex 2,
which serves as an efficient catalyst in alkynylation of acti-
vated ketones.[14] Unfortunately, the use of the Rh complex
2 and related Ir complex 3 resulted in lower yields (Table 1,
entries 10 and 11). Pybox–Ru is ineffective in the conjugate
reaction, giving lower yields of 6 aa (Table 1, entry 12).[17]

Next, the conjugate addition of several alkynes 4 a–h with
a,b-unsaturated ketones 5 a and 5 b was examined in the
presence of 1 c (5 mol %) and NaOAc (5 mol%) in THF at
60 8C (Table 2). Other aromatic alkynes gave the corre-
sponding b-alkynyl ketones 6 ba–6 fa in 71–95 % yields
(Table 2, entries 1–5). On the other hand, the use of tri ACHTUNGTRENNUNGmeth-ACHTUNGTRENNUNGylsilylacetylene 4 g and cyclohexylacetylene 4 h resulted in a
lower yield (Table 2, entries 6 and 7). In previous literature,
[Ru ACHTUNGTRENNUNG(O2CH)(CO)2ACHTUNGTRENNUNG(PPh3)]2,

[3a] [Ru3(CO)12]
[3b] and [Pd ACHTUNGTRENNUNG(OAc)2]/

PMe3
[5b–c] were also found to behave similarly. Phen ACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGvinylketone 5 b was used as an acceptor to produce the al-

kynyl ketone 6 ab in 88 % yield. In these reactions, the side
products of enynes arising from the homodimerization were
below about 7 %, except 4 d. However, in the reaction with
4 d, enyne byproducts were obtained in approximately 25 %
yield (based on 4 d) presumably due to the enhanced reac-

tivity of the C�C bond by the electron-withdrawing CF3

group.
The phebox–Ru complex 1 c was found to be a good cata-

lyst in the conjugate addition of alkynes with a,b-unsaturat-
ed esters (Table 3). The reaction of phenylacetylene 4 a with

ethyl acrylate 7 a in the presence of 1 c (5 mol%) and
NaOAc (5 mol %) proceeded at 60 8C to give the desirable
b-alkynyl ester 8 aa in 99 % yield (Table 3, entry 1). The cat-
alytic reaction also proceeded in the presence of 1 c
(1 mol%) and NaOAc at 100 8C (Table 3, entry 2). Similarly,
the use of other esters 7 b–f produced the corresponding b-
alkynyl esters 8 ab–8 af in high yields (Table 3, entries 3–7).
In this case, the size of the ester substituents did not affect
the yield. Furthermore, other aromatic alkynes 4 b–e reacted

Table 2. Conjugate addition of alkynes with a,b-unsaturated ketones cat-
alyzed by 1c.[a]

Entry Alkyne, R1 Ketone, R2 Product Yield [%][b]

1 4-MeC6H4 (4b) Me (5 a) 6ba 86
2 4-MeOC6H4 (4c) Me (5 a) 6ca 78
3 4-CF3C6H4 (4d) Me (5 a) 6da 95
4 2-naphthyl (4e) Me (5 a) 6ea 94
5 2-furyl (4 f) Me (5 a) 6 fa 71
6 SiMe3 (4 g) Me (5 a) 6ga 55
7 Cyclohexyl (4 h) Me (5 a) 6ha 6
8 Ph (4a) Ph (5 b) 6ab 88

[a] Reaction condition: alkyne 4 (2 mmol), ketone 5 (1 mmol), phebox–
Ru cat. 1 c (5 mol % to 5), NaOAc (5 mol % to 5), THF (4 mL), 60 8C,
12 h. [b] Yield of the isolated product.

Table 3. Conjugate addition of alkynes with a,b-unsaturated esters cata-
lyzed by 1c.[a]

Entry Alkyne, R1 Ester, R2 Product Yield [%][b]

1[c] Ph (4 a) Et (7a) 8aa 99
2 Ph (4 a) Et (7a) 8aa 96
3 Ph (4 a) Me (7b) 8ab 94
4 Ph (4 a) tBu (7c) 8ac 90
5 Ph (4 a) iBu (7d) 8ad 99
6 Ph (4 a) cyclohexyl (7 e) 8ae 99
7 Ph (4 a) Ph (7 f) 8af 90
8 4-MeC6H4 (4b) Et (7a) 8ba 99
9 4-MeOC6H4 (4 c) Et (7a) 8ca 93

10 4-CF3C6H4 (4 d) Et (7a) 8da 99
11 2-naphthyl (4e) Et (7a) 8ea 96
12 SiMe3 (4g) Et (7a) 8ga 90
13 Cyclohexyl (4h) Et (7a) 8ha 32

[a] Reaction conditions: alkyne 4 (2 mmol), ester 7 (1 mmol), phebox–Ru
cat. 1 c (1 mol % to 7), NaOAc (1 mol % to 7), dioxane (4 mL), 100 8C,
12 h. [b] Yield of the isolated product. [c] Reaction conditions: alkyne 4
(2 mmol), ester 7 (1 mmol), phebox–Ru cat. 1c (5 mol % to 7), NaOAc
(5 mol % to 7), THF (4 mL), 60 8C, 12 h.
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with ethyl acrylate 7 a to give the coupling products in 93–
99 % yields (Table 3, entries 8–11). In contrast to the reac-
tion with ketone 5 a, the ester 7 a was employed as an ac-
ceptor for silylacetylene 4 g and alkylacetylene 4 h to give
the desired b-alkynyl esters in 90 and 32 % yields, respec-
tively (Table 3, entries 12 and 13).

In comparison with a,b-unsaturated ketones and esters,
a,b-unsaturated amides are considered to be poor acceptors
for the reaction with nucleophiles. In addition, the presence
of the N�H functionality of an amide could induce the addi-
tion of the N�H group of an amide to the C�C triple bond
as the side reaction. For example, Gooßen and co-workers
described that the addition of an amide to alkynes in the
presence of a Ru catalyst proceeded smoothly to produce
the corresponding enamides.[18] In contrast, the phebox–Ru
complex 1 was successfully used in conjugate addition of ter-
minal alkynes with a,b-unsaturated amides. The catalytic re-
action of phenylacetylene 4 a with acrylamide 9 f was found
to be slow. The desirable b-alkynyl amide 10 af was obtained
in 35 and 51 % yield after heating at 60 8C for 12 and 24 h,
respectively. The product yield was reached to 92 % by con-
ducting the reaction for 96 h (Table 4, entry 6). This catalytic

reaction with the amide derivatives was affected by the sub-
stituent on the nitrogen atom. Although the reaction with
N,N-diethyl acrylamide 9 b gave a lower product yield of
67 % even at 100 8C, acryloylmorpholine 9 c gave the corre-
sponding amide 10 ac in 98 % yield at the same temperature
(Table 4, entries 2 and 3). We also verified the catalytic ac-
tivity of the phebox–Ru catalyst toward secondary and pri-
mary amides containing the N�H functionality. The reaction
of isopropyl acrylamide 9 d and tert-butyl acrylamide 9 e at
100 8C produced the corresponding b-alkynyl amides in high
yields (Table 4, entries 4 and 5). Furthermore, the conjugate
addition of 4 a with the N,N'-dimethyl acrylamide 9 a pro-

ceeded successfully, affording 10 aa in 94 % yield (Table 4,
entry 1). The catalytic reaction of 9 f with other aromatic al-
kynes 4 b–d and trimethylsilylacetylene 4 g also furnished
the desired product in high yields (Table 4, entries 7–10).
Since enamide byproducts produced by addition of amides
to alkynes were not detected, the C�H bond activation of
the terminal alkyne was considered to be the dominant reac-
tion even in the presence of the N�H group.

Alkynyl phosphonate derivatives are known to be useful
synthetic precursors as well as substructures for bioactive
compounds.[19] The phebox–Ru acetate complex 1 c was used
in conjugate addition of 4 a with diethyl vinylphosphonate
(11) at 100 8C to afford the corresponding b-alkynyl phos-
phonate 12 in 67 % yield [Eq. (1)].

Finally, the asymmetric conjugate addition of an alkyne
with an a,b-unsaturated compound was verified using the
chiral phebox–Ru complex. When the phebox–Ru complex
1 c was used in the catalytic reaction of phenylacetylene
(4 a) with 3-penten-2-one (13), the catalytic reaction pro-
ceeded at 60 8C to give the corresponding b-alkynyl substi-
tuted compound 14 in 49 % yield with and enantiomeric
excess (ee) of 82 % [Eq. (2)].

Previously, we observed that 1 a catalyzed the H/D ex-
change reaction between the C(sp)-H of 4 a and [D8]IPA to
give [D1]4 a (96 % D).[15] This result suggested the formation
of an Ru–acetylide intermediate by the reaction of 1 with an
alkyne. In addition, we observed no kinetic isotope effect,
which was determined by the independent reaction of 7 b
with 4 a or [D1]4a (90% D) in [D8]THF at 60 8C. This result
clearly indicated that the rate-determining step was not C�
H bond activation.

A proposed mechanism for the catalytic conjugate addi-
tion of alkynes with a,b-unsaturated carbonyl compounds is
shown in Scheme 1. First, an acetylide intermediate A is
generated by C�H activation of a terminal alkyne with the
Ru-acetate complex, in which the acetate ligand functions as
a base to abstract the alkyne proton. This step is considered
to be equilibrium, in which the presence of NaOAc is shift-
ing the equilibrium towards the formation of A, whereas the
presence of acetic acid is shifting the equilibrium inversely.
Subsequent attack of the acetylide ligand at the b position
of the a,b-carbonyl compound gives intermediate C, which

Table 4. Conjugate addition of alkynes with a,b-unsaturated amides and
catalyzed by 1c.[a]

Entry Alkyne, R1 Amide, NR2R3 Condi-
tion[b]

Product Yield
[%][b]

1 Ph (4a) NMe2 (9 a) A 10 aa 94
2 Ph (4a) NEt2 (9 b) B 10 ab 67
3 Ph (4a) morpholinyl (9c) B 10 ac 98
4 Ph (4a) NHiPr (9d) B 10 ad 99
5 Ph (4a) NHtBu (9 e) B 10 ae 90
6 Ph (4a) NH2 (9 f) A 10 af 92
7 4-MeC6H4 (4b) NH2 (9 f) A 10 bf 94
8 4-MeOC6H4 (4c) NH2 (9 f) B 10 cf 97
9 4-CF3C6H4 (4d) NH2 (9 f) A 10 df 93

10 SiMe3 ACHTUNGTRENNUNG(4g) NH2 (9 f) B 10 gf 95

[a] Reaction conditions: alkyne 4 (2 mmol), amide 9 (1 mmol), phebox–
Ru cat. 1c (5 mol % to 9), NaOAc (5 mol % to 9). [b] Condition A: THF,
60 8C, 96 h; Condition B: dioxane, 100 8C, 96 h. [c] Yield of the isolated
product.
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then undergoes protonation to give the b-alkynyl compound.
Based on the R configuration of 14 obtained in the asym-
metric reaction with 13, the Re face at the b-carbon in 13 is
attacked by the Ru-ligated acetylide.

Conclusion

We have shown that NCN-pincer Ru-complexes containing
phebox ligands are potential catalysts for direct conjugate
addition of terminal alkynes to several types of a,b-unsatu-
rated carbonyl compounds. In particular, the phebox–Ru
complexes serve as good catalysts in the transformation of
a,b-unsaturated amides and phosphonates to g,d-alkynyl de-
rivatives. Asymmetric conjugate addition of an alkyne to an
a,b-unsaturated ketone was catalyzed by the chiral phebox–
Ru complex with enantiomeric induction. Further studies on
the asymmetric reaction are currently in progress in our lab-
oratory.

Experimental Section

Conjugate addition of 4a with 5 a : Methylvinylketone 5a (71.0 mg,
1.0 mmol) and phenylacetylene 4a (204 mg, 2.0 mmol) were added to a
mixture of phebox–Ru complex 1c (29.3 mg, 0.050 mmol) and NaOAc
(4.1 mg, 0.050 mmol) in THF (4 mL) at room temperature under Ar at-
mosphere. After stirring at 60 8C for 12 h, the reaction mixture was con-
centrated under reduced pressure. The crude product was purified by
silica gel column chromatography with hexane/ethyl acetate (20:1) as the
eluent to give 6aa (159 mg, 0.92 mmol, 92% yield) as a solid. 1H NMR
(300 MHz, CDCl3, RT): d=7.39–7.36 (m, 2 H), 7.29–7.26 (m, 3H), 2.81–
2.76 (m, 2H), 2.70–2.65 (m, 2 H), 2.22 ppm (s, 3H); 13C NMR (75 MHz,
CDCl3, RT): d =206.2, 131.3, 128.0, 127.5, 123.3, 88.4, 80.9, 42.6, 30.1,
14.1 ppm; IR (KBr): ñ =2232 (C�C), 1718 cm�1 (C=O); HRMS (FAB)
calcd for C12H12O: 172.0888; found: 172.0891 [M+].

Conjugate addition of 4a with 7a : Ethyl acrylate 7a (103 mg, 1.0 mmol),
phenylacetylene 4 a (205 mg, 2.0 mmol) were added to a mixture of

phebox–Ru complex 1 c (6.1 mg, 0.010 mmol) and NaOAc (1.0 mg,
0.012 mmol) in dioxane (4 mL), at room temperature under an Ar atmos-
phere. After stirring at 100 8C for 12 h, the reaction mixture was concen-
trated under reduced pressure. The crude product was purified by silica
gel column chromatography with hexane/ethyl acetate (20:1) as the
eluent to give 8 aa (200 mg, 0.99 mmol, 99% yield). 1H NMR (300 MHz,
CDCl3, RT): d= 7.40–7.37 (m, 2H), 7.29–7.26 (m, 3H), 4.19 (q, J=

7.0 Hz, 2H), 2.77–2.72 (m, 2 H), 2.66–2.61 (m, 2 H) 1.29 ppm (t, J=

7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, RT): d= 171.6, 131.3, 128.0,
127.5, 123.3, 88.0, 81.1, 60.7, 33.8, 15.6, 14.4 ppm; IR (KBr): ñ =2239 (C�
C), 1736 cm�1 (C=O); HRMS (FAB): m/z calcd for C13H14O2

+ : 203.1072;
found: 203.1066 [M+H+].

Conjugate addition of 4a with 9 f : Phenylacetylene 4 a (205 mg,
2.0 mmol) was added to a mixture of acrylamide 9 f (71 mg, 1.0 mmol),
phebox–Ru complex 1 c (29.5 mg, 0.051 mmol) and NaOAc (4.2 mg,
0.051 mmol) in THF (4 mL), at room temperature under an Ar atmos-
phere. After stirring at 60 8C for 96 h, the reaction mixture was concen-
trated under reduced pressure. The crude product was purified by silica
gel column chromatography with chloroform/methanol (20:1) as the
eluent to give 10af (159 mg, 0.92 mmol, 92 % yield). 1H NMR (300 MHz,
CDCl3, RT): d=7.41–7.36 (m, 2 H), 7.29–7.25 (m, 3H), 3.04 (s, 3H), 2.98
(s, 3 H), 2.80–2.74 (m, 2 H), 2.67–2.63 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3, RT): d =170.3, 131.0, 127.7, 127.1, 123.2, 88.8, 80.4, 36.8, 35.1,
32.3, 15.3 ppm; IR (KBr): ñ=2245 (C�C), 1649 cm�1 (C=O); HRMS
(FAB): m/z calcd for C13H16NO+: 202.1232; found: 202.1228 [M+H+].

Conjugate addition of 4 a with 11: Diethyl vinylphosphonate 11 (166 mg,
1.0 mmol) and phenylacetylene 4a (206 mg, 2.0 mmol) were added to a
mixture of phebox–Ru complex 1c (6.0 mg, 0.010 mmol) and NaOAc
(0.8 mg, 0.01 mmol) in dioxane (4 mL) at room temperature under Ar at-
mosphere. After stirring at 100 8C for 12 h, the reaction mixture was con-
centrated under reduced pressure. The crude product was purified by
silica gel column chromatography with chloroform/methanol (20:1) as
the eluent to give 12 (179 mg, 0.67 mmol, 67% yield). 1H NMR
(300 MHz, CDCl3, RT): d=7.40–7.35 (m, 2 H), 7.32–7.25 (m, 3H), 4.19–
4.07 (m, 4 H), 2.76–2.67 (m, 2 H), 2.15–2.04 (m, 2H), 1.38–1.32 ppm (m,
6H); 13C NMR (75 MHz, CDCl3, RT): d=131.2, 127.7 (d, J =110 Hz),
123.1, 88.1 (d, J= 82 Hz), 81.0 (d, J =9.3 Hz), 61.7 ppm (d, J =25.0 Hz),
26.4, 24.5, 16.6 (d, J =22.8 Hz), 13.6 ppm (d, J =15.9 Hz); 31P NMR
(121 MHz, CDCl3, RT): d=29.6 ppm; IR (KBr): ñ =2221 cm�1 (C�C).
HRMS (FAB): m/z calcd for C14H19NaO3P

+ : 289.0970; found: 289.0980
[M+Na+].

Conjugate addition of 4a with 13 : phenylacetylene 4a (111 mg,
1.1 mmol) and 3-penten-2-one 13 (21 mg, 0.25 mmol) were added to a
mixture of phebox–Ru complex 1c (7.6 mg, 0.013 mmol) and NaOAc
(1.0 mg, 0.013 mmol) in THF (1 mL) at room temperature under an Ar
atmosphere. After stirring at 60 8C for 168 h, the reaction mixture was
concentrated under reduced pressure. The crude product was purified by
silica gel column chromatography with hexane/ethyl acetate (20:1) as the
eluent to give 14 (23 mg, 0.12 mmol, 49 % yield). HPLC (Chiralcel OD-
H, 1 % iPrOH in hexane, 0.5 mL min�1, 254 nm) Rt =23.5 (S), 29.1 min
(R). [a]28

D =�23.0 (c =0.52, CHCl3) [lit.[8a] [a]20
D = ++33.0 (c=0.82, CHCl3,

(S)]; 1H NMR (300 MHz, CDCl3, RT): d =7.39–7.35 (m, 2H), 7.29–7.24
(m, 3H), 3.19 (ddq, J =6.9, 7.2, 6.6 Hz, 1H), 2.79 (dd, J =16.5, 6.9 Hz,
1H), 2.59 (dd, J =16.5, 7.2 Hz, 1H), 2.22 (s, 3 H), 1.29 ppm (d, J =6.6 Hz,
3H); 13C NMR (75 MHz, CDCl3, RT): d =206.1, 131.3, 128.0, 127.5,
123.3, 92.9, 80.8, 50.4, 30.6, 22.4, 21.1 ppm; IR (KBr): ñ =2233 (C�C),
1718 cm�1 (C=O); HRMS (FAB): m/z calcd for C13H15O: 187.1123;
found: 187.1117 [M+H+];
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Scheme 1. Proposed mechanism.

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 601 – 605604

J. Ito, H. Nishiyama, and K. Fujii

www.chemeurj.org


[1] a) S. Fujimori, T. F. Knçpfel, P. Zarotti, T. Ishikawa, D. Boyall,
E. M. Carreira, Bull. Chem. Soc. Jpn. 2007, 80, 1635 – 1657; b) R.
Yazaki, N. Kumagai, M. Shibasaki, Org. Lett. 2011, 13, 952 –955;
c) S. D. Walker, C. J. Borths, E. DiVirgilio, L. Huang, P. Liu, H. Mor-
rison, K. Sugi, M. Tanaka, J. C. S. Woo, M. M. Faul, Org. Process
Res. Dev. 2011, 15, 570 – 580.

[2] a) G. I. Nikishin, I. P. Kovalev, Tetrahedron Lett. 1990, 31, 7063 –
7064; b) R. V. Lerum, J. D. Chisholm, Tetrahedron Lett. 2004, 45,
6591 – 6594.

[3] a) M. Picquet, C. Bruneau, P. H. Dixneuf, Tetrahedron 1999, 55,
3937 – 3948; b) T. Nishimura, Y. Washitake, Y. Nishiguchi, T. Maeda,
S. Uemura, Chem. Commun. 2004, 1312 –1313; c) S. Chang, Y. Na,
E. Choi, S. Kim, Org. Lett. 2001, 3, 2089 –2091.

[4] T. F. Knçpfel, E. M. Carreira, J. Am. Chem. Soc. 2003, 125, 6054 –
6055.

[5] a) L. Chen, C.-J. Li, Chem. Commun. 2004, 2362 – 2364; b) L. Villari-
no, G.-R. FandiÇo, F. L�pez, J. L. MascareÇas, Org. Lett. 2012, 14,
2996 – 2999; c) L. Zhou, L. Chen, R. Skouta, H.-f. Jiang, C.-J. Li,
Org. Biomol. Chem. 2008, 6, 2969 – 2977; d) T. Nishimura, Y. Washi-
take, S. Uemura, Adv. Synth. Catal. 2007, 349, 2563 –2571.

[6] a) R. Yazaki, N. Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2010,
132, 10275 –10277; b) R. Yazaki, N. Kumagai, M. Shibasaki, Chem.
Asian J. 2011, 6, 1778 –1790.

[7] T. F. Knçpfel, P. Zarotti, T. Ichikawa, E. M. Carreira, J. Am. Chem.
Soc. 2005, 127, 9682 –9683.

[8] a) T. Nishimura, X.-X. Guo, N. Uchiyama, T. Katoh, T. Hayashi, J.
Am. Chem. Soc. 2008, 130, 1576 –1577; b) T. Nishimura, T. Sawano,
T. Hayashi, Angew. Chem. 2009, 121, 8201 – 8203; Angew. Chem. Int.
Ed. 2009, 48, 8057 –8059.

[9] T. Nishimura, T. Sawano, K. Ou, T. Hayashi, Chem. Commun. 2011,
47, 10142 –10144.

[10] a) M. Albrecht, G. van Koten, Angew. Chem. 2001, 113, 3866 – 3898;
Angew. Chem. Int. Ed. 2001, 40, 3750 –3781; b) M. E. van der Boom,
D. Milstein, Chem. Rev. 2003, 103, 1759 –1792; c) The Chemistry of
Pincer Compounds (Eds.: D. Morales-Morales, M. C. Jensen), Elsev-
ier, Oxford, 2007; d) J. Choi, A. H. R. MacArthur, M. Brookhart,
A. S. Goldman, Chem. Rev. 2011, 111, 1761 –1779; e) N. Selander,
K. J. Szab�, Chem. Rev. 2011, 111, 2048 – 2076.

[11] a) J. Ito, H. Nishiyama, Synlett 2012, 509 – 523; b) H. Nishiyama, J.
Ito, Chem. Commun. 2010, 46, 203 – 212; c) H. Nishiyama, Chem.
Soc. Rev. 2007, 36, 1133 –1141.

[12] Recent examples; a) J.-J. Feng, X.-F. Chen, M. Shi, W.-L. Duan, J.
Am. Chem. Soc. 2010, 132, 5562 –5563; b) Y.-R. Chen, W.-L. Duan,
Org. Lett. 2011, 13, 5824 –5826; c) D. Du, W.-L. Duan, Chem.
Commun. 2011, 47, 11101 – 11103; d) J. Aydin, K. S. Kumar, M. J.
Sayah, O. A. Wallner, K. J. Szab�, J. Org. Chem. 2007, 72, 4689 –
4697; e) J. Aydin, C. S. Conrad, K. J. Szab�, Org. Lett. 2008, 10,
5175 – 5178; f) X.-Q. Hao, Y.-X. Xu, M.-J. Yang, L. Wang, J.-L. Niu,
J.-F. Gong, M.-P. Song, Organometallics 2012, 31, 835 –846; g) M.-J.
Yang, Y.-J. Liu, J.-F. Gong, M.-P. Song, Organometallics 2011, 30,
3793 – 3803; h) B.-S. Zhang, W. Wang, D.-D. Shao, X.-Q. Hao, J.-F.
Gong, M.-P. Song, Organometallics 2010, 29, 2579 – 2587; i) W. Barat-
ta, F. Benedetti, A. D. Zotto, L. Fanfoni, F. Felluga, S. Magnolia, E.
Putignano, P. Rigo, Organometallics 2010, 29, 3563 –3570.

[13] J. Ito, M. Kitase, H. Nishiyama, Organometallics 2007, 26, 6412 –
6417.

[14] T. Ohshima, T. Kawabata, Y. Takeuchi, T. Kakinuma, T. Iwasaki, T.
Yonezawa, H. Murakami, H. Nishiyama, K. Mashima, Angew.
Chem. 2011, 123, 6420 – 6424; Angew. Chem. Int. Ed. 2011, 50, 6296 –
6300.

[15] J. Ito, R. Asai, H. Nishiyama, Org. Lett. 2010, 12, 3860 –3862.
[16] a) J. Ito, S. Ujiie, H. Nishiyama, Organometallics 2009, 28, 630 –638;

b) J. Ito, T. Shiomi, H. Nishiyama, Adv. Synth. Catal. 2006, 348,
1235 – 1240.

[17] ACHTUNGTRENNUNG[RuCl ACHTUNGTRENNUNG(p-cymene)2]2/pyrrolidine was a suitable catalyst for the conju-
gate addition of methylvinylketone with alkylacetylenes; see ref.
[3c].

[18] a) L. J. Goossen, J. E. Rauhaus, G. Deng, Angew. Chem. 2005, 117,
4110 – 4113; Angew. Chem. Int. Ed. 2005, 44, 4042 –4045; b) L. J.
Goossen, K. S. M. Salih, M. Blanchot, Angew. Chem. 2008, 120,
8620 – 8623; Angew. Chem. Int. Ed. 2008, 47, 8492 – 8495; c) L. J.
Goossen, M. Blanchot, K. S. M. Salih, R. Karch, A. Rivas-Nass, Org.
Lett. 2008, 10, 4497 –4499; d) L. J. Goossen, M. Blanchot, M. Arndt,
K. S. M. Salih, Synlett 2010, 1685 –1687.

[19] a) R. A. Nugent, S. T. Schlachter, M. Murphy, C. J. Dunn, N. D.
Staite, L. A. Galinet, S. K. Shields, H. Wu, D. G. Aspar, K. A. Ri-
chard, J. Med. Chem. 1994, 37, 4449 –4454; b) Q. X. Li, J. E. Casida,
Bioorg. Med. Chem. 1994, 2, 1423 – 1434; c) Q. X. Li, J. E. Casida,
Bioorg. Med. Chem. 1995, 3, 1667 – 1674.

Received: September 21, 2012
Published online: November 23, 2012

Chem. Eur. J. 2013, 19, 601 – 605 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 605

FULL PAPERDirect Conjugate Addition of Alkynes

http://dx.doi.org/10.1246/bcsj.80.1635
http://dx.doi.org/10.1246/bcsj.80.1635
http://dx.doi.org/10.1246/bcsj.80.1635
http://dx.doi.org/10.1021/ol102998w
http://dx.doi.org/10.1021/ol102998w
http://dx.doi.org/10.1021/ol102998w
http://dx.doi.org/10.1021/op1003055
http://dx.doi.org/10.1021/op1003055
http://dx.doi.org/10.1021/op1003055
http://dx.doi.org/10.1021/op1003055
http://dx.doi.org/10.1016/S0040-4039(00)97243-5
http://dx.doi.org/10.1016/S0040-4039(00)97243-5
http://dx.doi.org/10.1016/S0040-4039(00)97243-5
http://dx.doi.org/10.1016/j.tetlet.2004.07.036
http://dx.doi.org/10.1016/j.tetlet.2004.07.036
http://dx.doi.org/10.1016/j.tetlet.2004.07.036
http://dx.doi.org/10.1016/j.tetlet.2004.07.036
http://dx.doi.org/10.1016/S0040-4020(99)00115-5
http://dx.doi.org/10.1016/S0040-4020(99)00115-5
http://dx.doi.org/10.1016/S0040-4020(99)00115-5
http://dx.doi.org/10.1016/S0040-4020(99)00115-5
http://dx.doi.org/10.1039/b403616f
http://dx.doi.org/10.1039/b403616f
http://dx.doi.org/10.1039/b403616f
http://dx.doi.org/10.1021/ol016047m
http://dx.doi.org/10.1021/ol016047m
http://dx.doi.org/10.1021/ol016047m
http://dx.doi.org/10.1021/ja035311z
http://dx.doi.org/10.1021/ja035311z
http://dx.doi.org/10.1021/ja035311z
http://dx.doi.org/10.1039/b407936a
http://dx.doi.org/10.1039/b407936a
http://dx.doi.org/10.1039/b407936a
http://dx.doi.org/10.1021/ol300988n
http://dx.doi.org/10.1021/ol300988n
http://dx.doi.org/10.1021/ol300988n
http://dx.doi.org/10.1021/ol300988n
http://dx.doi.org/10.1039/b805946m
http://dx.doi.org/10.1039/b805946m
http://dx.doi.org/10.1039/b805946m
http://dx.doi.org/10.1002/adsc.200700371
http://dx.doi.org/10.1002/adsc.200700371
http://dx.doi.org/10.1002/adsc.200700371
http://dx.doi.org/10.1021/ja105141x
http://dx.doi.org/10.1021/ja105141x
http://dx.doi.org/10.1021/ja105141x
http://dx.doi.org/10.1021/ja105141x
http://dx.doi.org/10.1002/asia.201100050
http://dx.doi.org/10.1002/asia.201100050
http://dx.doi.org/10.1002/asia.201100050
http://dx.doi.org/10.1002/asia.201100050
http://dx.doi.org/10.1021/ja052411r
http://dx.doi.org/10.1021/ja052411r
http://dx.doi.org/10.1021/ja052411r
http://dx.doi.org/10.1021/ja052411r
http://dx.doi.org/10.1021/ja710540s
http://dx.doi.org/10.1021/ja710540s
http://dx.doi.org/10.1021/ja710540s
http://dx.doi.org/10.1021/ja710540s
http://dx.doi.org/10.1002/ange.200904486
http://dx.doi.org/10.1002/ange.200904486
http://dx.doi.org/10.1002/ange.200904486
http://dx.doi.org/10.1002/anie.200904486
http://dx.doi.org/10.1002/anie.200904486
http://dx.doi.org/10.1002/anie.200904486
http://dx.doi.org/10.1002/anie.200904486
http://dx.doi.org/10.1039/c1cc14098a
http://dx.doi.org/10.1039/c1cc14098a
http://dx.doi.org/10.1039/c1cc14098a
http://dx.doi.org/10.1039/c1cc14098a
http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3773(20011015)40:20%3C3750::AID-ANIE3750%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3773(20011015)40:20%3C3750::AID-ANIE3750%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3773(20011015)40:20%3C3750::AID-ANIE3750%3E3.0.CO;2-6
http://dx.doi.org/10.1021/cr960118r
http://dx.doi.org/10.1021/cr960118r
http://dx.doi.org/10.1021/cr960118r
http://dx.doi.org/10.1021/cr1003503
http://dx.doi.org/10.1021/cr1003503
http://dx.doi.org/10.1021/cr1003503
http://dx.doi.org/10.1021/cr1002112
http://dx.doi.org/10.1021/cr1002112
http://dx.doi.org/10.1021/cr1002112
http://dx.doi.org/10.1039/b918923h
http://dx.doi.org/10.1039/b918923h
http://dx.doi.org/10.1039/b918923h
http://dx.doi.org/10.1039/b605991k
http://dx.doi.org/10.1039/b605991k
http://dx.doi.org/10.1039/b605991k
http://dx.doi.org/10.1039/b605991k
http://dx.doi.org/10.1021/ja100606v
http://dx.doi.org/10.1021/ja100606v
http://dx.doi.org/10.1021/ja100606v
http://dx.doi.org/10.1021/ja100606v
http://dx.doi.org/10.1021/ol2024339
http://dx.doi.org/10.1021/ol2024339
http://dx.doi.org/10.1021/ol2024339
http://dx.doi.org/10.1039/c1cc13785a
http://dx.doi.org/10.1039/c1cc13785a
http://dx.doi.org/10.1039/c1cc13785a
http://dx.doi.org/10.1039/c1cc13785a
http://dx.doi.org/10.1021/jo070288b
http://dx.doi.org/10.1021/jo070288b
http://dx.doi.org/10.1021/jo070288b
http://dx.doi.org/10.1021/ol8021512
http://dx.doi.org/10.1021/ol8021512
http://dx.doi.org/10.1021/ol8021512
http://dx.doi.org/10.1021/ol8021512
http://dx.doi.org/10.1021/om200714z
http://dx.doi.org/10.1021/om200714z
http://dx.doi.org/10.1021/om200714z
http://dx.doi.org/10.1021/om200350h
http://dx.doi.org/10.1021/om200350h
http://dx.doi.org/10.1021/om200350h
http://dx.doi.org/10.1021/om200350h
http://dx.doi.org/10.1021/om100232n
http://dx.doi.org/10.1021/om100232n
http://dx.doi.org/10.1021/om100232n
http://dx.doi.org/10.1021/om1004918
http://dx.doi.org/10.1021/om1004918
http://dx.doi.org/10.1021/om1004918
http://dx.doi.org/10.1021/om700742t
http://dx.doi.org/10.1021/om700742t
http://dx.doi.org/10.1021/om700742t
http://dx.doi.org/10.1002/ange.201100252
http://dx.doi.org/10.1002/ange.201100252
http://dx.doi.org/10.1002/ange.201100252
http://dx.doi.org/10.1002/ange.201100252
http://dx.doi.org/10.1002/anie.201100252
http://dx.doi.org/10.1002/anie.201100252
http://dx.doi.org/10.1002/anie.201100252
http://dx.doi.org/10.1021/ol1015338
http://dx.doi.org/10.1021/ol1015338
http://dx.doi.org/10.1021/ol1015338
http://dx.doi.org/10.1021/om800953f
http://dx.doi.org/10.1021/om800953f
http://dx.doi.org/10.1021/om800953f
http://dx.doi.org/10.1002/adsc.200606049
http://dx.doi.org/10.1002/adsc.200606049
http://dx.doi.org/10.1002/adsc.200606049
http://dx.doi.org/10.1002/adsc.200606049
http://dx.doi.org/10.1002/ange.200462844
http://dx.doi.org/10.1002/ange.200462844
http://dx.doi.org/10.1002/ange.200462844
http://dx.doi.org/10.1002/ange.200462844
http://dx.doi.org/10.1002/anie.200462844
http://dx.doi.org/10.1002/anie.200462844
http://dx.doi.org/10.1002/anie.200462844
http://dx.doi.org/10.1002/ange.200803068
http://dx.doi.org/10.1002/ange.200803068
http://dx.doi.org/10.1002/ange.200803068
http://dx.doi.org/10.1002/ange.200803068
http://dx.doi.org/10.1002/anie.200803068
http://dx.doi.org/10.1002/anie.200803068
http://dx.doi.org/10.1002/anie.200803068
http://dx.doi.org/10.1021/ol801736h
http://dx.doi.org/10.1021/ol801736h
http://dx.doi.org/10.1021/ol801736h
http://dx.doi.org/10.1021/ol801736h
http://dx.doi.org/10.1055/s-0029-1219961
http://dx.doi.org/10.1055/s-0029-1219961
http://dx.doi.org/10.1055/s-0029-1219961
http://dx.doi.org/10.1021/jm00052a004
http://dx.doi.org/10.1021/jm00052a004
http://dx.doi.org/10.1021/jm00052a004
http://dx.doi.org/10.1016/S0968-0896(00)82095-7
http://dx.doi.org/10.1016/S0968-0896(00)82095-7
http://dx.doi.org/10.1016/S0968-0896(00)82095-7
http://dx.doi.org/10.1016/0968-0896(95)00152-2
http://dx.doi.org/10.1016/0968-0896(95)00152-2
http://dx.doi.org/10.1016/0968-0896(95)00152-2
www.chemeurj.org

