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Summary: The cationic ruthenium—alkylidene complex
[(PCy3)2(CO)(CI)Ru=CHCH=C(CHs3),]*BF4~ (1) was
found to catalyze both hydrovinylation and [2+2] cy-
cloaddition reactions of alkynes and alkenes. The reac-
tion of R'C=CR" (R' = H, Ph, n-Pr; R" = Ph, n-Pr, p-Tol,
SiEts, CH,CH,OH) with ethylene in the presence of 1 (3
mol %) produced the hydrovinylation products 2 and 3.
The analogous reaction of dimethyl acetylenedicarbox-
ylate (R' = R" = CO,Me) with ethylene and norbornene
resulted in the formation of the [2+2] cycloaddition
products 4. Based on the experimental evidence, a
plausible mechanism of the hydrovinylation reaction has
been proposed via a sequential insertion of alkyne and
ethylene to the hydride complex 7.

Metal-catalyzed cross-coupling reactions of alkynes
and alkenes are a versatile method for forming conju-
gated organic compounds.! For example, metallacyclo-
pentadiene complexes have been well-known to mediate
[2+2+2] cycloaddition reactions of alkynes and alkenes
to form cylohexadiene compounds.t? Recently, different
catalytic methods of 1:1 alkyne-to-alkene coupling reac-
tions have been reported including (1) the formation of
1,3-dienes from the linear coupling reaction of alkynes

(1) Recent reviews and monographs: (a) Diederich, F.; Stang, P. J.
Metal-Catalyzed Cross Coupling Reactions; Wiley-VCH: New York,
1998. (b) Grotjahn, D. B. In Comprehensive Organometallic Chemistry
I1; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press:
New York, 1994; Vol. 12. (c) Lautens, M.; Klute, W.; Tam, W. Chem.
Rev. 1996, 96, 49. (d) Schore, N. E. In Comprehensive Organic
Synthesis; Trost, B. M., Ed.; Pergamon Press: New York, 1991; Vol.
5. (e) Vollhardt, K. P. C. Angew. Chem., Int. Ed. Engl. 1984, 23, 539.
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and alkenes,? (2) the cross-metathesis reaction of enynes
by Grubb’s ruthenium—alkylidene catalyst (PCys)>Cl>-
Ru=CHPh,2 and (3) the formation of cyclobutenes from
the [2+2] cycloaddition reaction.* We previously re-
ported the formation of heptatriene compounds from a
2:1 linear coupling reaction of acetylene and alkenes
using a ruthenacyclopentadiene complex as a catalyst.>
Herein we wish to report that the well-defined ruthe-
nium—alkylidene complex [(PCys)2(CO)(Cl)Ru=CHC-
H=C(CHj3),]"BF4~ (1)® catalyzes two different types of
1:1 alkyne-to-alkene cross-coupling reactions, namely,
the hydrovinylation and [2+2] cycloaddition reactions.

We explored catalytic activity of the complex 1 toward
the coupling reaction of alkynes and alkenes in antici-
pation that it could lead to enyne metathesis products.

(2) (a) Wakatsuki, Y.; Aoki, K.; Yamazaki, H. J. Am. Chem. Soc.
1979, 101, 1123. (b) Mitsudo, T.; Zhang, S.-W.; Nagao, M.; Watanabe,
Y. J. Chem. Soc., Chem. Commun. 1991, 598. (c) Trost, B. M.; Indolese,
A. J. Am. Chem. Soc. 1993, 115, 4361. (d) Chatani, N.; Morimoto, T.;
Muto, T.; Murai, S. 3. Am. Chem. Soc. 1994, 116, 6049. (e) Imamura,
K.; Yoshikawa, E.; Gevorgyan, V.; Yamamoto, Y. J. Am. Chem. Soc.
1998, 120, 5339.

(3) (@) Kim, S.-H.; Bowden, N.; Grubbs, R. H. J. Am. Chem. Soc.
1994, 116, 10801. (b) Kinoshita, A.; Sakakibara, N.; Mori, M. 3. Am.
Chem. Soc. 1997, 119, 12388. (c) Stragies, R.; Schuster, M.; Blechert,
S. Angew. Chem., Int. Ed. Engl. 1997, 36, 2518.

(4) Mitsudo, T.; Naruse, H.; Kondo, T.; Ozaki, Y.; Watanabe, Y.
Angew. Chem., Int. Ed. Engl. 1994, 33, 580.

(5) Yi, C. S,; Torres-Lubian, J. R.; Liu, N.; Rheingold, A. L.; Guzei,
I. A. Organometallics 1998, 17, 1257.

(6) The synthesis and reactions of the P(i-Pr); analogue of 1 have
been extensively described in: Buil, M. L.; Elipe, S.; Esteruelas, M.
A.; Ofate, E.; Peinado, E.; Ruiz, N. Organometallics 1997, 16, 5748,
and references therein.
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R—=—R" + H,C=CH, —————
CHoCly, 75°C
CHa
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R' R’
2 3

Instead, the treatment of PhC=CPh (27 mg, 0.15 mmol)
with CH,=CH; (2.3 atm, 3.2 mmol) in the presence of
1 (4 mg, 3 mol %) in CH,CI, at 75 °C after 5 h cleanly
yielded the hydrovinylation product 2a in 90% isolated
yield (eq 1). In the crude product mixture, a trace
amount of the 2:1 product 3a (<2%) was also detected
by GC—MS. The product 2a was readily isolated by
column chromatography, and its structure was com-
pletely established by spectroscopic methods.” The phos-
phine ligand was shown to inhibit the coupling reaction;
for example, addition of 10 mol % of PCyj; to the reaction
mixture produced virtually no products after 12 h under
otherwise similar reaction conditions.

The scope of the hydrovinylation reaction was ex-
plored by employing both terminal and internal alkynes
using 1 as a catalyst (Table 1). In general, the 1:1
coupling product 2 was formed predominantly for
internal alkynes, while a mixture of both 1:1 and 2:1
coupling products 2 and 3 was isolated for terminal
alkynes. The ratio of products was found to be depend-
ent on the reaction time; for example, a 74:26 mixture
of 2c:3c initially formed after 2 h converted mostly to
the 2:1 coupling product 3c after a prolonged reaction
time (14 h). For internal alkynes, the formation of 2:1
products was found to be sluggish, yielding <10% of 3
after 14 h. The 2:1 product 3 was most likely formed
from the secondary hydrovinylation reaction of 2, where
the vinyl group was selectively added to the internal
vinyl carbon of 2. This type of regioselectivity pattern
has been commonly observed in metal-catalyzed hy-
drovinylation of dienes.®

In an attempt to extend the scope of reaction, we next
examined the coupling reaction of functionalized alkynes.
We found that the reaction of dimethyl acetylenedicar-
boxylate (DMAD) with ethylene in the presence of 1 (5
mol %) produced mostly the [2+2] product 4a at 60 °C
under otherwise similar reaction conditions (Scheme 1).
Interestingly, a mixture of both 4a and 2f was formed
at a higher temperature (4a:2f = 3:1 at 75 °C). The
similar reaction of DMAD with norbornene also yielded
the [2+2] product 4b.” The heating of 4a in CH,CI, at
85 °C for 24 h in the presence or absence of 1 did not
give the 1,3-butadiene product 2f. Examples of metal-
catalyzed [2+2] cycloaddition reaction of alkynes and
alkenes are quite rare,* and to the best of our knowl-
edge, this is the first example in which a single metal
catalyst has been shown to promote both hydrovinyla-
tion and [2+2] cycloaddition reactions of alkynes and
alkenes.

A number of different mechanisms have been pro-
posed for the cross-coupling reactions of alkynes and

(7) See the Supporting Information for the characterization data of
these compounds.

(8) (a) Jolly, P. W.; Wilke, G. In Applied Homogeneous Catalysis with
Organometallic Compounds; Cornils, B., Herrmann, W. A., Eds,;
VCH: New York, 1996; Vol. 2, pp 1024—1048. (b) Wilke, G. Angew.
Chem., Int. Ed. Engl. 1988, 27, 185. (c) Nomura, N.; Jin, J.; Park, H.;
RajanBabu, T. V. J. Am. Chem. Soc. 1998, 120, 459, and references
therein.
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Table 1. Hydrovinylation of Alkynes Catalyzed

by 12
product reaction yield
entry R’ R" ratio? time (h)  (%)°
1 Ph Ph 2a:3a =98:2 5 91
2 n-Pr n-Pr 2b:3b = >98:2 7 90
3 H p-Tol 2c:3c = 74:26 2 95
4 H SiEts 2d:3d = 94:6 2 82
5 H CH2CH,OH  2e:3e =92:8 2 57

a8 Reaction conditions: 0.15 mmol of alkyne; 3.2 mmol of
ethylene; 3 mol % of 1; 3 mL of CH,Cly; 75 °C. P Determined by
the GC-MS. ¢ Combined isolated yield of 2 and 3.

Scheme 1
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alkenes.1910 For example, metallacyclopentene species
have been commonly proposed in metal-catalyzed cou-
pling reactions of enynes,® while similar transformations
have been shown to occur via a metal—carbene inter-
mediate in some reactions.1° In a related ruthenium-
catalyzed hydrosilylation of terminal alkynes, a mech-
anism involving an insertion of alkyne to a metal—
hydride species has also been proposed.!! In our case,
the formation of hydrovinylation products 2 and 3 can
be explained by invoking a sequential insertion of
alkyne and ethylene to metal—hydride and —vinyl
species. To test this hypothesis, we prepared both the
ruthenium—hydride complex (PCy3)2(CO)(CI)RuH (5)
and the vinyl complex (PCys)2(CO)(CI)RuCH=CHPh
(6a), following the literature procedure.’2 The exposure
of ethylene (1 atm) to a CgDg solution containing 6a
cleanly converted to a ca. 1:1 mixture of both 3f and
the ruthenium—hydride complex 5 as identified by NMR
(eq 2). Furthermore, both the hydride and the vinyl
complexes 5 and 6a were found to catalyze the hydrovi-
nylation reaction of alkynes, although their catalytic
activity was considerably lower than 1 under similar
reaction conditions.'3

(9) (a) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1995, 34, 259, and
references therein. (b) Berk, S. C.; Grossman, R. B.; Buchwald, S. L.
J. Am. Chem. Soc. 1993, 115, 4912. (c) Trost, B. M.; Indolese, A. F.;
Mdaller, T. J. J.; Treptow, B. J. Am. Chem. Soc. 1995, 117, 615. (d)
Trost, B. M.; Krause, L.; Portnoy, M. J. Am. Chem. Soc. 1997, 119,
11319. (e) Wender, P. A.; Rieck, H.; Fuji, M. J. Am. Chem. Soc. 1998,
120, 10976. (f) Seo, J.; Chui, H. M. P.; Heeg, M. J.; Montgomery, J. J.
Am. Chem. Soc. 1999, 121, 476.

(10) (a) Kinoshita, A.; Mori, M. Synlett 1994, 1020. (b) Merlic, C.
A.; Pauly, M. E. J. Am. Chem. Soc. 1996, 118, 11319. (c) Chatani, N;
Kataoka, K.; Murai, S.; Furukawa, N.; Seki, Y. J. Am. Chem. Soc. 1998,
120, 9104.

(11) (a) Esteruelas, M. A.; Herrero, J.; Oro, L. A. Organometallics
1993, 12, 2377. (b) Andriollo, A.; Esteruelas, M. A.; Meyer, U.; Oro, L.
A.; Sanchez-Delgado, R. A.; Sola, E.; Valero, C.; Werner, H. J. Am.
Chem. Soc. 1989, 111, 7431. (c) Maruyama, Y.; Yamamura, K.;
Nakayama, I.; Yoshiuchi, K.; Ozawa, F. J. Am. Chem. Soc. 1998, 120,
1421.

(12) (a) Esteruelas, M. A.; Lahoz, F. J.; Ofiate, E.; Oro, L. A,; Zeier,
B. Organometallics 1994, 13, 4258. (b) Esteruelas, M. A,; Liu, F.; Ofate,
E.; Sola, E.; Zeier, B. Organometallics 1997, 16, 2919.

(13) For example, the hydrovinylation reaction of PhC=CPh in the
presence of 5 or 6a yielded 43% of the hydrovinylation product 2a along
with ca. 50% of the unreacted alkyne after 2 h under similar reaction
conditions.
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CysP\RE‘(N HQCZCHz W\ + CV3P\RIU,CI (2)
oc’6 “PCy, 85°C, CeDg Ph  oCc” ) “PCy,
a 3f

In an attempt to distinguish the insertion vs the
enyne metathesis mechanism,® the labeled compound
H,13C=13CHC(Ph)=CHPh (2a-13C) (>95% 13C) was
prepared from an analogous reaction of PhC=CPh with
H,18C=13CH, (Cambridge Isotopes, 99% 13C). The treat-
ment of the labeled 2a-13C with excess CD,=CD; (1 atm)
in the presence of 1 led to the extensive deuterium
incorporation on all vinyl positions of 2a-'3C with no
detectable scrambling of 13C atoms. This result is
consistent with the insertion mechanism of alkyne and
ethylene via a metal—hydride species and further sug-
gests that the alkene insertion/s-hydride elimination
step is reversible and fast compared to the formation of
the 2:1 product.

While a detailed mechanism of the coupling reaction
still remains to be established, the above results suggest
a mechanistic path for the hydrovinylation reaction as
shown in Scheme 2. We propose that the deprotonation
of the 6-methyl group of 1 followed by the elimination
of CysPH™BF,~ and the triene CH,=CHCH=CHC-
(CH3)=CH; would form the hydride species 7. In sup-
port of this hypothesis, the formation of Cy;PH"BF,~
in the crude product mixture was identified by 3P NMR
(6 31.3), which matched well with an independently
generated phosphonium salt. The 6-methyl group of 1
was also shown to be acidic;'* the treatment of 1 with
Et;N in THF cleanly produced the vinyl complex (PCys3),-
(CO)(CHRUCH=CHC(CH3)=CHj, (6b).” Furthermore, all
three complexes 1, 5, and 6 were shown to be active
toward the hydrovinylation reaction, and this suggests
that the reaction proceeds via a common intermediate
species such as 7. The reason for superior catalytic
activity of 1 in both hydrovinylation and [2+2] cycload-
dition reactions compared to 5 and 6 may be due to the
conversion of PCys into CysPH™ in the reactions cata-
lyzed by 1.15 As shown in Scheme 2, the sequential
insertions of alkyne and alkene followed by the -H

(14) Protons o to the carbene carbon in electrophilic metal—carbene
complexes are known to be mildly acidic. For representative examples,
see: (a) Casey, C. P. In Transition Metal Organometallics in Organic
Synthesis; Alper, H., Ed.; Academic Press: New York, 1976; Vol. 1.
(b) Casey, C. P.; Vosejpka, P. C.; Askham, F. R. J. Am. Chem. Soc.
1990, 112, 3713. (c) Montgomery, J.; Wieber, G. M.; Hegedus, L. S. J.
Am. Chem. Soc. 1990, 112, 6255.

(15) We believe that the formation of Cy;PH™ effectively sequesters
the phosphine ligand from coordinating to the metal center, making
the catalyst 1 more reactive compared to 5 or 6. In contrast, the
reactions catalyzed by 5 and 6 would be inhibited by an initially
dissociated PCyj; ligand.
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elimination have been imposed to explam the product
formation.® We believe that the [2+2] product 4 was
formed from an independent pathway, probably via the
formation of a metallacyclopentene species and the
subsequent reductive elimination of cyclobutene. While
metallacyclopentene species have been commonly pro-
posed in alkyne-to-alkene coupling reactions,® the fac-
tors governing the formation of [2+2] products have not
been clearly established at this time. Further research
is currently under way to establish both the detailed
mechanism and the factors leading to different reaction
pathways for these coupling reactions.
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(16) We have also considered a mechanism involving metallacyclo-
pentene species generated from an oxidative coupling of an alkyne and
ethylene.? In an attempt to test this possibility, reactions of alkynes
with substituted alkenes have been examined under similar reaction
conditions. For example, the reaction of HC=CSiEt; with cyclopentene
in the presence of 5 mol % of the catalyst 1 cleanly gave the product
8 (85% yield) (eq 3).”

1 (5 mol%)
= SiEt, + @ T, @—\\_ )
CHyCly, 75 °C SiEt
8

SiEty SiEt,
=

H

=

Ru
Ru

The formation of 8 is consistent with the insertion mechanism involving
the 5-H elimination of a less substituted CH, group from the secondary
alkyl intermediate 1, but the possibility of involving metallacyclopen-
tene intermediate 11 still cannot be rigorously ruled out at the present
time.



