
Cross-Coupling of Alkynes Catalyzed by Phebox-Rhodium Acetate
Complexes

Jun-ichi Ito, Megumi Kitase, and Hisao Nishiyama*

Department of Applied Chemistry, Graduate School of Engineering, Nagoya UniVersity,
Chikusa, Nagoya 464-8603, Japan

ReceiVed July 23, 2007

Cross-coupling between terminal alkynes and dimethyl acetylenedicarboxylate (3) in the presence of
1 mol % bis(oxazolinyl)phenyl-rhodium acetate complex, (Phebox-R)Rh(OAc)2(H2O) (1-ip, R ) iPr),
under 1 atm hydrogen atmosphere furnished alkynyl-substituted maleic acid dimethyl esters with high
Z-selectivity. Rh-acetylide complexes (Phebox-R)Rh(OAc)(-CtCPh) (5-ip, R ) iPr; 5-dm, R ) Me2)
were isolated on the reactions of1-ip and1-dm with phenylacetylene. Reactions of5-ip and5-dm with
3 provide the corresponding vinyl complexes (Phebox-R)Rh(OAc)(-C(CO2Me)dC(CO2Me)CtCPh) (6-
ip, R ) iPr;6-dm, R ) Me2) with E-configuration. Further reaction of6-ip with phenylacetylene resulted
in the formation of an enyene4a accompanied by the formation of5-ip. The molecular structures of
5-dm and6-dm were determined by X-ray diffraction.

Introduction

Catalytic dimerization of terminal alkynes by transition-metal
complexes has received much attention, because it provides a
versatile and efficient method to synthesize conjugated enynes,
which have been applied in building blocks of natural com-
pounds and organic materials.1 Although such a dimerization
reaction generally produces a mixture of linear and branched
enynes, several transition-metal complexes have exhibited
promising results in selective alkyne dimerization.2 Recently,
lanthanide alkyl complexes bearing cyclopentadienyl ligands
have proven to be highly regio- and stereoselective catalysts in

the homo-dimerization of alkynes to give head-to-head dimers.3

In this context, cross-coupling between two different alkynes
is also important to synthesize a variety of substituted enynes.
Usually, addition of a terminal alkyne to an internal alkyne
provides good selectivity.4 For example, Trost et al. reported
that Pd(OAc)2 in the presence of bulky phosphine ligands was
successfully used in the cross-coupling between terminal alkynes
and acceptor alkynes with electron-withdrawing groups.4b Yi
et al. reported cross-coupling of terminal alkynes with various
internal alkynes catalyzed by ruthenium-acetylide complexes.4c

Titanocene and vinylideneruthenium complexes have exhibited
high efficiency for cross-coupling between two different terminal
alkynes, such as aryl-, alkyl-, and silylalkynes.5a,b

During our investigation of Rh complexes bearing bis-
(oxazolinyl)phenyl ()Phebox) ligands, we recently found that
C-H activation of various arenes was induced by the acetate
ligands.6,7 We therefore assumed that the acetate-Rh complex
could activate a terminal C(sp)-H bond of an alkyne to generate
a catalytically key intermediate of an acetylide-Rh species.
Herein, we report a cross-coupling between terminal alkynes2
and dimethyl acetylenedicarboxylate (3) catalyzed by the
Phebox-Rh acetate complexes and acceleration of the reaction
in the presence of molecular hydrogen.

* To whom correspondence should be addressed. E-mail: hnishi@
apchem.nagoya-u.ac.jp.

(1) (a) Shi Shun, A. L. K.; Tykwinski, R. R.Angew. Chem., Int. Ed.
2006, 45, 1034. (b) Trost, B. M.Angew. Chem., Int. Ed. Engl.1995, 34,
259. (c) Dai, M.; Sarlah, D.; Yu, M.; Danishefsky, S. J.; Jones, G. O.; Houk,
K. N. J. Am. Chem. Soc.2007, 129, 645. (d) Herndon, J. W.; Wang, H.J.
Org. Chem.1998, 63, 4564. (e) Anthony, J.; Boudon, C.; Diederich, F.;
Gisselbrecht, J.; Gramlich, V.; Gross, M.; Hobi, H.; Seiler, P.Angew. Chem.,
Int. Ed. Engl.1994, 22, 763. (f) Sakamoto, R.; Murata, M.; Nishihara, H.
Angew. Chem., Int. Ed. 2006, 45, 4793. (g) Jang, H.-Y.; Huddleston, R.
R.; Krische, M. J.J. Am. Chem. Soc.2004, 126, 4664. (h) Miller, K. M.;
Luanphaisarnnont, T.; Molinaro, C.; Jamison, T. F.J. Am. Chem. Soc.2004,
126, 4130.

(2) (a) Giacomelli, G.; Marcacci, F.; Caporusso, A. M.; Lardicci, L.
Tetrahedron Lett.1979, 3217. (b) Bianchini, C.; Eruzzini, M.; Anobini, F.;
Rediani, P.; Lbinati, A.J. Am. Chem. Soc.1991, 113, 5453. (c) Wakatsuki,
Y.; Yamazaki, H.; Kumegawa, N.; Satoh, T.; Satoh, J. Y.J. Am. Chem.
Soc.1991, 113, 9604. (d) Straub, T.; Haskel, A.; Eisen, M. S.J. Am. Chem.
Soc.1995, 117, 6364. (e) Yi, C. S.; Liu, N.Organometallics1996, 15,
3968. (f) Duchateau, R.; van Wee, C. T.; Teuben, J. H.Organometallics
1996, 15, 2291. (g) Slugovc, C.; Mereiter, K.; Zobetz, E.; Schmid, R.;
Kirchner, K.Organometallics1996, 15, 5275. (h) Haskel, A.; Wang, J. Q.;
Straub, T.; Neyroud, T. G.; Eisen, M. S.J. Am. Chem. Soc.1999, 121,
3025. (i) Haskel, A.; Straub, T.; Dash, A. K.; Eisen, M. S.J. Am. Chem.
Soc. 1999, 121, 3014. (j) Ohmura, T.; Yorozuya, S.; Yamamoto, Y.;
Miyaura, N.Organometallics2000, 19, 365. (k) Esteruelas, M. A.; Herrero,
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Results and Discussion

Catalytic Cross-Coupling of Alkynes. Initial experiments
were carried out using a toluene solution of phenylacetylene
(2a) and3 (1.5:1.0) in the presence of 1 mol % of1-ip (Scheme
1). When the reaction of2a with 3 was performed under argon
atmosphere at 100°C for 4 h, the yield of an enyne4a was
disappointingly very low (Table 1, run 1). However, under 1
atm of hydrogen gas instead of argon gas, the yield of4a was
dramatically increased to 85% with high stereoselectivity ofZ:E
) 98:2 (run 2). Under the condition of run 2, only a trace
amount of homo-dimerization products was observed. In
contrast, addition of the catalytic amount of hydride or proton
sources did not improve the yield of4a (runs 3-6). Use of
formic acid as an additive slightly affected the yield (run 7).
We also found that the chemical yield was strongly dependent
on the substituent environment around the Rh active site. When
the complex1-dm was employed as a catalyst, the yield of4a
decreased to 17% (run 8). The complex1-dh was also less
effective to give4a in 27% yield (run 9). In the case of1-dh,
homo-dimerization products,E- and Z-1,4-diphenylbutenyne,
were detected. This substituent effect cannot be explained
clearly.

Under the standard condition, the scope and limitations of
substrates for cross-coupling between various terminal alkynes
2 and3 were examined. The results are summarized in Table
2. Use of aromatic alkynes,2b and2c, with electron-withdraw-
ing groups, such as trifluoromethyl and bromo groups, at the
para-position resulted in high yields with excellent stereose-
lectivity (runs 1 and 2). However, electron-donating substituents,
methoxy and methyl groups, at thepara-position decreased the
yield (runs 3 and 4). In contrast to aromatic alkynes, reactions
of aliphatic alkynes, ethynylcyclohexane (2h) and 1-octyne (2i),
resulted in low yields (runs 7 and 8). The yield of4i was

increased to 40% by using a 5 mol % loading of1-ip (run 9).
Reactions of trimethylsilylacetylene (2j) and ethyl propionate
(2k) resulted in low yields (runs 10 and 11).

Because the presence of hydrogen accelerated the cross-
coupling of alkynes, we tested the reaction of2a-d1 (98% D)
with 3 (Scheme 2). The1H NMR spectrum revealed 80%
deuteration of the vinyl proton in4a-d1. The reaction in toluene-
d8 gave the same result, indicating that the lower than expected
deuteration results from the incorporation of hydrogen from the
reaction atmosphere.

Stoichiometric Reactions of Rh Acetate Complexes with
Alkynes. To investigate the mechanism, we performed sto-
ichiometric reactions of1-ip and1-dm with alkynes (Scheme
3). Treatment of1-ip with 2a in toluene at 60°C for 12 h

Scheme 1. Cross-Coupling of 2a with 3

Table 1. Cross-Coupling of 2a with 3 Catalyzed by 1a

run Rh cat. condition yield (%)b Z:Ec

1 1-ip Ar (1 atm) 5 95:5
2 1-ip H2 (1 atm) 85 98:2
3 1-ip Et3SiH (10 mol %)d 0
4 1-ip H2O (10 mol %)d 5 98:2
5 1-ip AcOH (10 mol %)d 3 97:3
6 1-ip MeOH (10 mol %)d 5 98:2
7 1-ip HCOOH (10 mol %)d 37 97:3
8 1-dm H2 (1 atm) 17 100:0
9 1-dh H2 (1 atm) 27 96:4

10 none H2 (1 atm) 0

a Reactions were carried out with 1.0 mmol of2a, 1.5 mmol of3, and
0.010 mmol of 1 in 4 mL of toluene.b Isolated yield.c Determined
by 1H NMR spectroscopy.d Reaction was carried out under 1 atm of
argon.

Table 2. Cross-Coupling of Terminal Alkynes (2) with 3
Catalyzed by 1-ipa

run alkyne product yield (%)b Z:Ec

1 4-CF3C6H4 (2b) 4b 79 98:2
2 4-BrC6H4 (2c) 4c 87 97:3
3 4-OMeC6H4 (2d) 4d 49 99:1
4 4-MeC6H4 (2e) 4e 66 99:1
5 2-MeC6H4 (2f) 4f 85 97:3
6 1-naphthyl (2g) 4g 74 96:4
7 Cy (2h) 4h 9 100:0
8 n-C6H13 (2i) 4i 14 100:0
9d n-C6H13 (2i) 4i 40 98:2

10 Me3Si (2j) 4j 26 99:1
11 EtO2C (2k) 4k 3 100:0

a Reactions were carried out with 1.0 mmol of2a, 1.5 mmol of3, and
0.010 mmol of1-ip in 4 mL of toluene at 100°C for 4 h under 1 atm of
H2. b Isolated yield.c Determined by1H NMR spectroscopy.d 1-ip (5 mol
%) was used.

Scheme 2. Labeling Experiment

Scheme 3. Stoichiometric Reactions of 1-ip with the
Alkynes 2a and 3
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resulted in the formation of an acetylideκ2-acetate complex5-ip
in 87% yield. The13C NMR spectrum of5-ip showed the doub-
let signal of the acetylide carbon atδ 86.9 ppm (JRhC ) 53
Hz). Furthermore,5-ip reacted with3 at room temperature to
afford the corresponding vinyl complex6-ip in 78% yield. This
step is significantly faster than the reaction of1-ip with 2a. In
the13C NMR spectrum of6-ip, the doublet signal of theR-vinyl
carbon was observed atδ 175.5 ppm (JRhC ) 33 Hz).

Similarly, the related acetylide complex5-dm was obtained
in 72% yield by reaction of1-dm with 2a. The structure of
5-dm shows that the acetylide moiety is placed almost perpen-

dicular to the Phebox plane (Figure 1). The vinyl complex6-dm,
which was obtained in 68% yield upon treatment of5-dm with
3, was also analyzed by X-ray diffraction to clarify the maleic
acid skeleton (Figure 2).

To get further insight into the formation of4a, the C6D6

solution of6-ip was treated with 5 equiv of2a at 80°C for 9
h. The 1H NMR spectrum of the reaction mixture showed
the formation of 4a in 56% yield with the Z:E ratio of
95:5, accompanied by the formation of5-ip in 61% yield
(Scheme 3). Under acidic condition of AcOH in C6D6 at
80 °C in the absence of2a, 6-ip proved to be stable and was
recovered.

Proposed Mechanism.On the basis of these results, we
propose the mechanism of cross-coupling of alkynes outlined
in Scheme 4.8 C-H bond activation by deprotonation with
the acetate ligand as a base takes place to produce the
acetylide complex5. Subsequent insertion of internal alkyne3
into the Rh-acetylide bond gives the vinyl complex6. As
shown in patha, further reaction of6 with a terminal alkyne
produces the acetylide-enyne intermediateB followed by
elimination of 4 to regenerate5. This pathway has been
commonly proposed in a homo- and cross-coupling of
alkynes.2n,4b,5a An alternative pathway could involve the
reaction of6 with H2 to generate a hydride intermediateC and
4 (path b). Subsequent reactions ofC with acetic acid and
another alkyne2 give 1 and5, respectively. The result of the
labeling experiment described in Scheme 2 supports pathb as
a minor process. Formation of4 resulting from protonation of
6 by acetic acid can be ruled out because addition of acetic
acid did not facilitate the catalytic dimerization (Table 1, run
5).

The mechanism discussed above does not include the
acceleration effect of the catalytic cross-coupling by hydrogen.
Although we have not obtained the experimental details, we
have presumed that reversible formation of the hydride inter-
mediateC generated by the direct reaction of1 with H2 is

(8) As for an alternative mechanism, producing enyne via reductive
elimination of an acetylide-vinyl complex, see refs 2p and 4e and: (a)
Werner, H.; Kukla, F.; Steiner, P.Eur. J. Inorg. Chem.2002, 1377. (b)
Schäfer, M.; Wolf, J.; Werner, H.Organometallics2004, 23, 5713. (c)
Ghosh, F.; Zhang, X.; Achord, P.; Emge, T. J.; Krogh-Jespersen, K.;
Goldman, A. S.J. Am. Chem. Soc.2007, 129, 853.

Scheme 4. Proposed Mechanism

Figure 1. ORTEP drawing of5-dm using thermal ellipsoids at
the 50% probability level. Selected bond lengths (Å): Rh(1)-C(19)
1.958(4), C(19)-C(20) 1.214(5).

Figure 2. ORTEP drawing of6-dm using thermal ellipsoids at
the 50% probability level. Selected bond lengths (Å): Rh(1)-C(20)
1.992(6), C(20)-C(21) 1.341(8), C(21)-C(25) 1.493(8), C(25)-
C(26) 1.180(9).
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significant for an activation step of the catalytic precursor (path
c). In this case, the intermediateC mediates the facial formation
of 5 via the σ-bond metathesis of an alkyne with the Rh-H
bond. Slight improvement of the yield by treatment of formic
acid into the catalytic reaction also suggests the formation of
C, which is formed by decomposition of a formate species
generated in situ.10

In summary, we found that molecular hydrogen has a
remarkable acceleration effect on the cross-coupling reaction
of terminal alkynes and dimethyl acetylenedicarboxylate in the
presence of the Phebox-Rh acetate complex. The reactions
afforded various enynes with highZ-stereoselectivity. The
stoichiometric reactions provided the mechanistic aspects
involving the stepwise sequence of C-H activation and
insertion of the second alkyne. X-ray diffraction revealed the
structural information about catalytically key intermediates of
the acetylide and the vinyl complexes. Further studies on
substrate scope and mechanistic details for the role of H2 gas
are in progress.

Experimental Section

General Procedures.1H and 13C NMR spectra were obtained
at 25°C on a Varian Mercury 300 spectrometer.1H NMR chemical
shifts are reported inδ units, in ppm relative to the singlet at 7.26
ppm for chloroform.13C NMR spectra are reported in terms of
chemical shift (δ, ppm) relative to the triplet atδ ) 77.0 ppm for
CDCl3 as an internal standard. Infrared spectra were recorded on a
JASCO FT/IR-230 spectrometer. Complexes1-ip, 1-dm, and1-dh
were prepared according to the literature.11

Rhodium-Catalyzed Cross-Dimerization Reaction.To a mix-
ture of 1-ip (5.7 mg, 0.010 mmol) and alkyne2 (1.5 mmol) in
toluene (4 mL) was added3 (142 mg, 1.0 mmol) at 100°C under
a hydrogen atmosphere. The mixture was stirred at 100°C for 4 h.
After concentration, the residue was purified by silica gel column
chromatography with hexane/ethyl acetate (15:1) as an eluent to
give the mixture of4-Z and4-E. TheZ:E ratio was determined by
1H NMR spectroscopy.

Dimethyl 2-(Phenylethynyl)maleate (4a-Z) and the Corre-
sponding Fumarate (4a-E).12 85% yield (Z:E ) 98:2).4a-Z: 1H
NMR (300 MHz, CDCl3) δ 3.78 (s, 3H, CO2Me), 3.92 (s, 3H,
CO2Me), 6.34 (s, 1H, CCH), 7.35-7.52 (m, 5H, C6H5). 4a-E: 1H
NMR (300 MHz, CDCl3) δ 3.85 (s, 3H, CO2Me), 3.90 (s, 3H,
CO2Me), 7.12 (s, 1H, CCH), 7.36-7.62 (m, 5H, C6H5).

Dimethyl 2-((4-(Trifluoromethyl)phenyl)ethynyl)maleate (4b-
Z) and the Corresponding Fumarate (4b-E). 79% yield (Z:E )
98:2). 4b-Z: Colorless solid, mp 67.1-67.4 °C. 1H NMR (300
MHz, CDCl3) δ 3.79 (s, 3H, CO2Me), 3.92 (s, 3H, CO2Me), 6.40
(s, 1H, CCH), 7.59 (d,J ) 9.0 Hz, 2H, C6H4), 7.62 (d,J ) 9.0 Hz,
2H, C6H4). 13C{1H} NMR (75 MHz, CDCl3) δ 52.2, 53.1, 85.5,
95.8, 123.3 (q,JCF ) 269.8 Hz), 124.8 (q,JCF ) 1.1 Hz), 125.0 (q,
JCF ) 4.0 Hz), 128.7, 129.0, 130.8 (q,JCF ) 32.5 Hz), 132.0, 164.0,
164.1. IR (KBr, cm-1) ν 2208, 1739, 1723. Anal. Calcd for
C15H14F3O4: C, 57.70; H, 3.55. Found: C, 58.02; H, 3.58.4b-E:
1H NMR (300 MHz, CDCl3) δ 3.85 (s, 3H, CO2Me), 3.91 (s, 3H,
CO2Me), 7.18 (s, 1H, CCH), 7.62 (d,J ) 8.0 Hz, 2H, C6H4), 7.70
(d, J ) 8.0 Hz, 2H, C6H4).

Dimethyl 2-((4-Bromophenyl)ethynyl)maleate (4c-Z) and the
Corresponding Fumarate (4c-E). 87% yield (Z:E ) 97:3).4c-Z:

Colorless solid, mp 35.3-35.8°C. 1H NMR (300 MHz, CDCl3) δ
3.78 (s, 3H, CO2Me), 3.91 (s, 3H, CO2Me), 6.35 (s, 1H, CCH),
7.34 (d,J ) 8.7 Hz, 2H, C6H4), 7.49 (d,J ) 8.7 Hz, 2H, C6H4).
13C{1H} NMR (75 MHz, CDCl3) δ 52.2, 53.1, 84.7, 96.8, 119.9,
124.0, 127.6, 129.6, 131.4, 133.0, 164.1, 164.2. IR (KBr, cm-1)
ν 2205, 1739, 1721. Anal. Calcd for C14H11BrO4: C, 52.04; H,
3.43. Found: C, 51.84; H, 3.43.4c-E: 1H NMR (300 MHz,
CDCl3) δ 3.84 (s, 3H, CO2Me), 3.91 (s, 3H, CO2Me), 7.13 (s, 1H,
CCH), 7.45 (d,J ) 8.7 Hz, 2H, C6H4), 7.51 (d,J ) 8.7 Hz, 2H,
C6H4).

Dimethyl 2-((4-Methoxyphenyl)ethynyl)maleate (4d-Z) and
the Corresponding Fumarate (4d-E). 49% yield (Z:E ) 99:1).
4d-Z: Colorless solid, mp 70.3-70.8 °C. 1H NMR (300 MHz,
CDCl3) δ 3.77 (s, 3H, CO2Me), 3.83 (s, 3H, OMe), 3.91 (s, 3H,
CO2Me), 6.28 (s, 1H, CCH), 6.87 (d,J ) 9.0 Hz, 2H, C6H4), 7.43
(d, J ) 9.0 Hz, 2H, C6H4). 13C{1H} NMR (75 MHz, CDCl3) δ
52.2, 53.2, 55.4, 83.2, 99.2, 113.2, 114.0, 125.9, 130.8, 133.6, 160.5,
164.7, 164.8. IR (KBr, cm-1) ν 2198, 1738, 1717. Anal. Calcd for
C15H14O5: C, 65.69; H, 5.15. Found: C, 65.86; H, 5.14.4d-E: 1H
NMR (300 MHz, CDCl3) δ 3.84 (s, 3H), 3.85 (s, 3H), 3.90 (s,
3H), 6.89 (d,J ) 9.0 Hz, C6H4), 7.06 (s, 1H, CCH), 7.55 (d,J )
9.0 Hz, C6H4).

Dimethyl 2-(p-Tolylethynyl)maleate (4e-Z) and the Corre-
sponding Fumarate (4e-E). 4e-Z: 66% yield (Z:E ) 99:1),
colorless solid, mp 67.0-67.2°C. 1H NMR (300 MHz, CDCl3) δ
2.38 (s, 3H,Me), 3.78 (s, 3H, CO2Me), 3.92 (s, 3H, CO2Me), 6.31
(s, 1H, CCH), 7.16 (d,J ) 7.8 Hz, 2H C6H4), 7.39 (d,J ) 7.8 Hz,
2H, C6H4). 13C{1H} NMR (75 MHz, CDCl3) δ 21.6, 52.0, 53.0,
83.8, 98.8, 117.9, 126.4, 128.9, 130.4, 131.6, 139.9, 164.4, 164.5.
IR (KBr, cm-1) ν 2202, 1738, 1718. Anal. Calcd for C15H14O4: C,
69.76; H, 5.46. Found: C, 69.56; H, 5.43.4e-E: 1H NMR (300
MHz, CDCl3) δ 2.38 (s, 3H,Me), 3.85 (s, 3H, CO2Me), 3.90 (s,
3H, CO2Me), 7.09 (s, 1H, CCH), 7.17 (d,J ) 7.6 Hz, 2H, C6H4),
7.49 (d,J ) 7.6 Hz, 2H, C6H4).

Dimethyl 2-(o-Tolylethynyl)maleate (4f-Z) and the Corre-
sponding Fumarate (4f-E). 4f-Z: 85% yield (Z:E ) 97:3),
colorless solid, mp 64.8-65.2°C. 1H NMR (300 MHz, CDCl3) δ
2.43 (s, 3H,Me), 3.79 (s, 3H, CO2Me), 3.92 (s, 3H, CO2Me), 6.34
(s, 1H, CCH), 7.14-7.31 (m, 3H C6H4), 7.44 (d,J ) 7.5 Hz, 1H,
C6H4). 13C{1H} NMR (75 MHz, CDCl3) δ 20.7, 52.3, 53.2, 87.7,
97.6, 120.9, 125.5, 126.8, 129.4, 129.6, 130.2, 132.1, 140.8, 164.6.
IR (KBr, cm-1) ν 2197, 1739, 1720. Anal. Calcd for C15H14O4: C,
69.76; H, 5.46. Found: C, 70.00; H, 5.44.4f-E: 1H NMR (300
MHz, CDCl3) δ 2.56 (s, 3H,Me), 3.85 (s, 3H, CO2Me), 3.91 (s,
3H, CO2Me), 7.11 (s, 1H, CCH), 7.15-7.32 (m,J ) 7.6 Hz, 2H,
C6H4), 7.55 (d,J ) 7.5 Hz, 2H, C6H4).

Dimethyl 2-(Naphthalen-1-ylethynyl)maleate (4g-Z) and the
Corresponding Fumarate (4g-E). 74% yield (Z:E ) 96:4).4g-Z:
Yellowish oil. 1H NMR (300 MHz, CDCl3) δ 3.82 (s, 3H, CO2Me),
3.97 (s, 3H, CO2Me), 6.47 (s, 1H, CCH), 7.41-7.99 (m, 6H, C10H7),
8.23 (m, 1H, C10H7). 13C{1H} NMR (75 MHz, CDCl3) δ 52.3, 53.3,
88.6, 96.7, 118.7, 124.9, 125.5, 126.5, 127.1, 127.3, 128.2, 129.9,
130.2, 131.3, 132.8, 132.8, 164.53, 164.55. IR (KBr, cm-1) ν 2193,
1742, 1720. Anal. Calcd for C18H14O4: C, 73.46; H, 4.79. Found:
C, 73.29; H, 4.73.4g-E: 1H NMR (300 MHz, CDCl3) δ 3.90 (s,
3H, CO2Me), 3.98 (s, 3H, CO2Me), 7.18 (s, 1H, CCH), 7.45-7.91
(m, 6H, C10H7), 8.60 (m, 1H, C10H7).

Dimethyl 2-(Cyclohexylethynyl)fumarate (4h-Z). 9% yield,
colorless oil.1H NMR (300 MHz, CDCl3) δ 1.24-1.88 (s, 10H,
C6H11), 2.57 (tt,J ) 5.1, 9.0 Hz, 1H, C6H11), 3.74 (s, 3H, CO2Me),
3.87 (s, 3H, CO2Me), 6.17 (d,J ) 0.6 Hz, 1H, CCH). 13C{1H}
NMR (75 MHz, CDCl3) δ 24.9, 25.9, 30.0, 32.0, 52.2, 53.1, 75.8,
105.1, 126.1, 131.2, 164.8, 165.1. IR (KBr, cm-1) ν 2212, 1746,
1725. HR-MS: calcd for C14H19O4 (M+), 251.1278; found,
251.1283.

Dimethyl 2-(Oct-1-ynyl)maleate (4i-Z) and the Corresponding
Fumarate (4i-E). 4i-Z: 14% yield, colorless oil.1H NMR (300

(9) (a) Brothers, P. J.Prog. Inorg. Chem.1981, 28, 1. (b) King,
R. E., III; Busby, D. C.; Hawthorne, M. F.J. Organomet. Chem.1985,
279, 103.

(10) (a) Strauss, S. H.; Whitmire, K. H.; Shriver, D. H.J. Organomet.
Chem.1979, 174, C59. (b) Grushin, V. V.; Kuznetsov, V. F.; Bensimon,
C.; Alper, H.Organometallics1995, 14, 3927.

(11) (a) Ito, J.; Shiomi, T.; Nishiyama, H.AdV. Synth. Catal. 2006, 348,
1235. (b) Kanazawa, Y.; Nishiyama, H.Synlett2006, 3343.

(12) Hendrickson, J. B.J. Am. Chem. Soc.1961, 83, 2018.
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MHz, CDCl3) δ 0.90 (t,J ) 6.9 Hz, 3H,Me), 1.21-1.61 (m, 8H,
CH2), 2.39 (t,J ) 6.9 Hz, 2H, CH2), 3.75 (s, 3H, CO2Me), 3.87 (s,
3H, CO2Me), 6.17 (s, 1H, CCH). 13C{1H} NMR (75 MHz, CDCl3)
δ 14.2, 19.9, 22.6, 28.1, 28.7, 31.3, 52.2, 53.1, 75.7, 101.5, 126.2,
131.1, 164.7, 165.0. IR (KBr, cm-1) ν 2219, 1747, 1726. HR-MS:
calcd for C14H21O4 (M+), 253.1434; found, 253.1440.4i-E: 1H
NMR (300 MHz, CDCl3) δ 2.51 (t,J ) 7.1 Hz, 2H, CH2), 3.81 (s,
3H, CO2Me), 3.85 (s, 3H, CO2Me), 7.04 (s, 1H, CCH) (signals of
the cyclohexyl group cannot be distinguished from those of
byproducts).

Dimethyl 2-((Trimethylsilyl)ethynyl)maleate (4j-Z) and the
Corresponding Fumarate (4j-E). 4j-Z: 26% yield (Z:E )
99:1), colorless oil.1H NMR (300 MHz, CDCl3) δ 0.22 (s,JSiH )
7.2 Hz, 9H, Me), 3.75 (s, 3H, CO2Me), 3.87 (s, 3H, CO2Me),
6.28 (s, 1H, CCH). 13C{1H} NMR (75 MHz, CDCl3) δ -0.3, 52.3,
53.2, 98.1, 105.5, 128.4, 130.0, 164.3, 164.4. IR (KBr, cm-1) ν
2150, 1748, 1728. HR-MS: calcd for C11H17O4Si (M+), 241.0891;
found, 241.0896.4j-E: 1H NMR (300 MHz, CDCl3) δ 0.28 (s,
9H, Me), 3.82 (s, 3H, CO2Me), 3.86 (s, 3H, CO2Me), 7.09 (s, 1H,
CCH).

Dimethyl 2-(Ethoxycarbonylethynyl)maleate (4k-Z). 3% yield,
yellow oil. 1H NMR (300 MHz, CDCl3) δ 1.34 (t,J ) 7.2 Hz, 3H,
Et), 3.81 (s, 3H, CO2Me), 3.88 (s, 3H, CO2Me), 4.29 (q,J ) 7.2
Hz, 2H,Et), 6.59 (s, 1H, CCH). 13C{1H} NMR (75 MHz, CDCl3)
δ 14.2, 52.7, 53.5, 62.7, 78.7, 86.2, 125.1, 134.9, 152.5, 162.4,
163.7. IR (KBr, cm-1) ν 2221, 1729, 1717. HR-MS: calcd for
C11H13O6 (MH+), 241.0707; found, 241.0712.

Isotope Labeling Experiments.To a mixture of2a-d1 (155 mg,
1.5 mmol, 98%-d) and1-ip (5.7 mg, 0.010 mmol) in toluene (4.0
mL) or toluene-d8 (1.0 mL) was added3 (142 mg, 1.0 mmol) at
100 °C under a hydrogen atmosphere. The mixture was stirred at
100 °C for 4 h. After concentration, the residue was analyzed by
1H NMR spectroscopy.

Reaction of 1 with Phenylacetylene (2a).A mixture of 1-ip
(27.8 mg, 0.050 mmol) and2a (25.5 mg, 0.25 mmol) in toluene
(2.0 mL) was stirred at 60°C for 24 h under an argon atmos-
phere. After concentration of the solvent, the residue was puri-
fied by column chromatography on silica gel with hexane/ethyl
acetate (1:1) as an eluent to give5-ip (25.7 mg, 0.044 mmol,
87%). The preparation procedure of5-dm was similar to that of
5-ip (72%). 5-ip: 1H NMR (300 MHz, CDCl3) δ 0.85 (d,J )
6.6 Hz, 3H, CHMe2), 0.96 (d,J ) 7.2 Hz, 3H, CHMe2), 1.06
(d, J ) 7.2 Hz, 3H, CHMe2), 1.11 (d,J ) 6.6 Hz, 3H, CHMe2),
1.97 (s, 3H, OAc), 1.97-2.51 (m, 2H), 2.53 (s, 3H,Me), 2.55
(s, 3H,Me), 4.08 (m, 1H), 4.37 (m, 1H), 4.53-4.78 (m, 4H), 6.70
(s, 1H), 6.96-7.09 (m, 5H, C6H5). 13C{1H} NMR (75 MHz,
CDCl3) δ 14.8, 16.5, 19.0, 19.1, 19.6, 24.0, 28.9, 30.5, 66.4, 67.3,
70.4, 71.7, 86.9 (d,JRhC ) 53 Hz, Rh-CCPh), 102.0 (d,JRhC )
9.7 Hz, Rh-CCPh), 124.4, 126.6, 126.6, 127.2, 127.8, 131.2, 140.2,
171.8 (d,JRhC ) 5.1 Hz), 172.5 (d,JRhC ) 5.1 Hz), 185.4, 186.6
(d, JRhC ) 25 Hz). IR (KBr, cm-1) ν 2119. Anal. Calcd for
C30H35N2O4Rh: C, 61.02; H, 5.97; N, 4.74. Found: C, 61.07; H,
6.03; N, 4.72.5-dm: 1H NMR (300 MHz, CDCl3) δ 1.45 (s, 6H,
Me), 1.62 (s, 6H,Me), 1.93 (s, 3H, OAc), 2.53 (s, 6H,Me), 4.45
(d, J ) 8.4 Hz, 2H, CH2), 4.55 (d,J ) 8.4 Hz, 2H, CH2), 6.67 (s,
1H), 6.94-7.09 (m 5H, C6H5). 13C{1H} NMR (75 MHz, CDCl3)
δ 19.0, 24.2, 26.7, 27.8, 65.0, 82.2, 86.5 (d,JRhC ) 52 Hz,
Rh-CCPh), 102.7 (d,JRhC ) 9.2 Hz, Rh-CCPh), 124.5, 127.0,
127.2, 127.4, 128.2, 131.1, 140.1, 170.9 (d,JRhC ) 5.2 Hz), 186.0,
186.8 (d,JRhC ) 26 Hz). IR (KBr, cm-1) ν 2111. Anal. Calcd for
C28H31N2O4Rh: C, 59.79; H, 5.56; N, 4.98. Found: C, 59.24; H,
5.50; N, 4.47.

Reaction of 5 with Dimethyl Acetylenedicarboxylate (3).A
mixture of 5-ip (54.3 mg, 0.090 mmol) and3 (13.1 mg, 0.090
mmol) in toluene (2.0 mL) was stirred at room temperature for 4
h under an argon atmosphere. After concentration of the solvent,
the residue was purified by column chromatography on silica gel

with hexane/ethyl acetate (2:1) as an eluent to give6-ip (52.8 mg,
0.072 mmol, 78%). The preparation procedure of6-dm was similar
to that of6-ip. A mixture of 5-dm (28.1 mg, 0.050 mmol) and3
(36.0 mg, 0.25 mmol) in toluene (2.0 mL) was stirred at 60°C for
30 h. The mixture was purified by column chromatography on silica
gel with methanol/ethyl acetate to give6-dm (23.8 mg, 0.034 mmol,
68%).6-ip: 1H NMR (300 MHz, CDCl3) δ 0.50 (brd,J ) 5.4 Hz,
3H, CHMe2), 0.72 (d,J ) 6.9 Hz, 3H, CHMe2), 0.89 (d,J ) 6.9
Hz, 3H, CHMe2), 1.07 (d, J ) 6.9 Hz, 3H, CHMe2), 1.99 (s,
3H, OAc), 2.28-2.58 (m, 2H), 2.50 (s, 6H,Me), 2.94 (brs,
3H, CO2Me), 3.69 (s, 3H, CO2Me), 3.87 (m, 1H), 4.38-4.50 (m,
1H), 4.56-4.76 (m, 4H), 6.66 (s, 1H), 7.28-7.35 (m, 3H, C6H5),
7.86 (br, 2H).13C{1H} NMR (75 MHz, CDCl3) δ 14.4, 17.1, 19.05,
19.09, 19.2, 20.6, 23.7, 29.0, 30.4, 50.2 (CO2Me), 52.1 (CO2Me),
67.1, 70.3, 72.2, 86.6, 91.6, 124.3, 126.5, 126.9, 127.2, 127.6,
131.8, 139.8, 140.2, 161.0, 171.5 (Rh-CdC), 171.7 (d,JRhC )
4.6 Hz), 172.0 (d,JRhC ) 5.1 Hz), 175.5 (d,JRhC ) 33 Hz,
Rh-CdC), 184.2, 189.3 (d,JRhC ) 29 Hz). IR (KBr, cm-1) ν
1706. Anal. Calcd for C36H41N2O8Rh: C, 59.02; H, 5.64; N,
3.82. Found: C, 58.93; H, 5.77; N, 3.82.6-dm: 1H NMR (300
MHz, CDCl3) 1.42 (s, 6H,Me), 1.49 (s, 6H,Me), 1.91 (s, 3H,
OCOMe), 2.54 (s, 6H,Me), 2.88 (s, 3H, CO2Me), 3.68 (s, 3H,
CO2Me), 4.39 (d,J ) 8.4 Hz, 2H, CH2), 4.47 (d,J ) 8.4 Hz, 2H,
CH2), 6.69 (s, 1H), 7.31-7.39 (m, 3H, C6H5), 8.00-8.04 (m, 2H,
C6H5). 13C{1H} NMR (75 MHz, CDCl3) δ 18.9, 23.8, 26.8, 49.9,
52.0, 65.4, 82.4, 87.1 (CCPh), 92.8 (CCPh), 124.9, 127.1, 127.21,
127.22, 127.7, 132.1, 139.7, 161.0, 161.1, 170.8 (d,JRhC ) 4.5
Hz), 171.5 (Rh-CdC), 174.9 (d,JRhC ) 34 Hz, Rh-CdC), 184.8,
189.9 (d,JRhC ) 28 Hz). IR (KBr, cm-1) ν 1712. Anal. Calcd for
C34H37N2O8Rh: C, 57.96; H, 5.29; N, 3.98. Found: C, 57.82; H,
5.35; N, 3.51.

Reaction of 6-ip with Phenylacetylene (2a).An NMR sample
tube was charged with6-ip (2.0 mg, 0.0028 mmol),2a (1.4 mg,
0.014 mmol), and C6Me6 (0.2 mg) as an internal standard with C6D6

(0.6 mL). The tube was heated at 80°C for 9 h. The1H NMR
spectrum showed the formation of4a and5-ip in 56% and 61%
yield, respectively.

X-ray Diffraction Study. Single crystals of5-dm and 6-dm
suitable for X-ray diffraction study were obtained from CHCl3/
ether solution at room temperature. The diffraction data were
collected on a Brucker SMART APEX CCD diffractometer with
graphite monochromated Mo KR radiation (λ ) 0.71073 Å). An
empirical absorption correction was applied by using SADABS.
The structure was solved by direct method and refined by full-
matrix least-square onF2 using SHELXTL. All non-hydrogen atoms
of the rhodium complex were refined with anisotropic displacement
parameters. All hydrogen atoms were located on calculated positions
and refined as rigid groups. CCDC-642228 and 642229 contain
the supplementary crystallographic data for complexes5-dm and
6-dm, respectively. Refinement details for5-dm: empirical formula
C32.50H45.25Cl3N2O4.50Rh; Mr ) 745.22; temperature 173(2) K;
crystal system triclinic; space groupP21/n; a ) 17.272(11),b )
9.691(6),c ) 20.140(12) Å,â ) 94.441(13)°, V ) 3361(4) Å3, Z
) 4, Fcalcd) 1.473 Mg/m3, µ ) 0.787 mm-1, F(000)) 1545, crystal
size) 0.40× 0.40× 0.10 mm3, θ range) 2.33-27.47°; index
ranges,-18 e h e 22, -12 e k e 12, -26 e l e 26; reflections
collected 22 252; independent reflections 7592 [R(int) ) 0.0611];
completeness toθ ) 27.47°, 98.6%; max/min transmission
1.000000/0.668673; data/restraints/parameters 7592/0/404; good-
ness-of-fit onF2 1.061; finalR indices [I > 2σ(I)], R1 ) 0.0543,
wR2 ) 0.1197;R indices (all data), R1) 0.0789, wR2) 0.1295;
largest diff. peak/hole 0.840 and-0.850 e Å-3. Refinement details
for 6-dm: empirical formula C37H44N2O8Rh; Mr ) 747.65; tem-
perature 173(2) K; crystal system triclinic; space groupP-1; a )
9.437(10),b ) 9.469(11),c ) 19.68(2) Å,R ) 89.08(2)°, â )
84.11(3)°, γ ) 86.76(2)°, V ) 1746(3) Å3, Z ) 2, Fcalcd ) 1.422
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Mg/m3, µ ) 0.543 mm-1, F(000) ) 778, crystal size) 0.30 ×
0.30× 0.05 mm3, θ range) 2.31-27.74°; index ranges,-12 e

h e 9, -12 e k e 11, -26 e l e 12; reflections collected 9498,
independent reflections 7659 [R(int) ) 0.0622], completeness toθ
) 28.04°, 90.4%; max/min transmission 0.973/0.846; data/restraints/
parameters 7659/0/443; goodness-of-fit onF2 1.110; finalR indices
[I > 2σ(I)], R1 ) 0.0850, wR2) 0.1923;R indices (all data), R1
) 0.1103, wR2) 0.2045; largest diff. peak/hole 1.828 and-2.109
e Å-3.
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