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Abstract—In the presence of CoX,(PPhs;),/3 PPh; and zinc metal conjugated alkenes (CH,CHCOOR, CH,CHCN, CH,CHSO,Ph
and CH,CHCONEt,) undergo reductive tail-to-tail dimerization to yield the corresponding saturated linear products. Under similar
reaction conditions, vinylarenes (ArCHCH,) give stereoselective head-to-tail dimerization products, trans-1,3-diarylbut-1-ene, in

good to excellent yields.
© 2004 Elsevier Ltd. All rights reserved.

Transition metal-catalyzed dimerization of olefins is
useful for synthesizing important intermediates for fine
and industrial chemicals.!"? A widely studied example is
the dimerization of methyl acrylate catalyzed by Rh, Ru,
Pd and Ni complexes.>* This regioselective tail-to-tail
dimerization of methyl acrylate coupled with further
hydrogenation and hydrolysis has provided an attractive
alternative route to adipic acid, one of the monomers
used in the production of Nylon-6,6.%° In this work, we
wish to report two cobalt-catalyzed reaction modes: (a)
reductive dimerization of conjugated alkenes to yield
directly the saturated linear diesters, offering a more
convenient method to the synthesis of adipic acid (Eq. 1)
and, (b) cobalt-catalyzed head-to-tail dimerization of
vinylarenes in good yields (Eq. 3). To date, few effective
methods in the literature are known on the dimerization
of electron-withdrawing alkenes’® and vinylarenes.”!?

Butyl acrylate in the presence of Col,(PPh;), (5mol %),
PPh; (16 mol %), zinc metal powder and water in ace-
tonitrile at 80 °C undergoes tail-to-tail reductive dimer-
ization to give product 2a (dibutyl adipate) in 90% yield.
The reaction is completely regioselective. No isomer
other than 2a was detected in the reaction mixture in the
'H NMR spectrum. Control reactions reveal that no
reductive dimerization occurred in the absence of a co-
balt complex or zinc metal and only a trace of 2a was
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produced if no extra water was added. As shown by Eq.
1, the formation of 2a requires water and zinc metal as
the proton source and as the reducing agent, respec-
tively.

To understand the nature of the present catalytic reac-
tion, the catalytic activities of various metal complexes
for the reductive dimerization of butyl acrylate com-
plexes were examined. Both cobalt phosphine complexes
Col,(PPh;),, and CoCl,(PPh;), show catalytic activities
giving dibutyl adipate (2a) in 68% and 30% yields,
respectively. For cobalt complexes containing bidentate
ligands such as Coly(dppe), CoCly,(dppe) and
Col,(dppm) low activities were observed affording 2b in
50%, 28% and 22% yields, respectively. The addition of
extra PPh; to the Col,(PPh;), system reveals great
influence to the yield of product 2a. The addition of
extra PPh; to the Col,(PPh;), system first increases the
product yield. However, as the amount of PPh; in-
creases to more than 3.2 equiv, inhibition of the catalytic
activity and decrease of product yield were observed.
The most efficient catalyst system for this reaction
consists of Col,(PPhs), and 3.2equiv of extra PPh;
giving the desired product in 90% yield. Nickel and
palladium  complexes such as  NiBr(dppe),
NlClz(PPh3)2, PdClz(CH3CN) and Pd(dba)z showed no
catalytic activity for the reductive dimerization under
similar reaction conditions.

The choice of solvent is also vital to the catalytic reac-
tion. Several common solvents were tested for the cat-
alytic reductive dimerization of butyl acrylate. The most
effective solvent is acetonitrile in which the reaction gave
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2a in 90% yield. Dichloromethane, THF and DMF are
less effective providing 2a in 63%, 33% and 26% yields,
respectively, while toluene is totally ineffective giving no
reductive dimerization product. The presence of a stoi-
chiometric amount of water as a proton source is nec-
essary for the catalytic reaction to proceed smoothly. In
general, 0.7-1 mol of water was added to the reaction
solution to achieve the highest yield of 2a. However, the
presence of a large excess of water led to deactivation of
the cobalt complex and the formation of hydrogenation
product of butyl acrylate, butyl propionate.

CO|2(PPh3)2 / PPh3
CH4CN / 80°C

1a R = CO5Bu 2a-2g
1b R =CO,Me
1c R = CO,CH,

o
1d R = CO,CH, o
1e R = CN \C[ )
1f R = SO,Ph d

1g R = CONEt,

R + Zn +HO R/\/\/R+ ZnO

CHa)s

()

Similarly, acrylate 1b, 1c and 1d are also reductively
dimerized to give 2b, 2¢ and 2d in excellent yields. Other
electron-withdrawing alkenes also undergo reductive
tail-to-tail dimerization in the presence of Col,(PPh;),,
PPh;, zinc metal powder and water. Thus, acrylonitrile
le afforded adiponitrile 2e and phenyl vinyl sulfone 1f
gave the corresponding reductive dimer 2f in 89% and
91% isolated yields, respectively. The reductive dimer-
ization can be further extended to N,N-disubstituted
acrylamide. Thus, N,N-diethyl acrylamide 1g in the
presence of Col,(dppe) in a mixture of acetonitrile and
1,4-dioxane (v/iv=1/1) is reductively dimerized to
afford product 2g in 62% yield (Table 1, entry 7 and Eq.
2). For each of these reductive dimerization reactions
only one isomer with the structure similar to 2a was
observed.

o}
Coly(dppe) / Zn / 80°C
\)LN/\ 2(dppe)
K CH3CN /1,4-Dioxane / H,0

19 29 62%

Under similar catalytic reaction conditions, vinyla-
renes undergo head-to-tail dimerization instead of the
tail-to-tail reductive dimerization observed for acrylates.
Various reaction conditions for this head-to-tail dimer-
ization were investigated. Suitable catalytic reaction
conditions consisted of CoCl,(PPh;),, PPh;, zinc metal
powder and EtOH. A range of vinylarenes (3a-1) with
different substituents on the aromatic rings were con-
verted to 1,3-diaryl-1-butenes in good to excellent yields
under the reaction conditions (Table 2). The catalytic
reactions appear insensitive to the substituent on the
aromatic ring. Vinylarenes with either an electron-
donating or withdrawing substituent on the aromatic
ring of vinylarenes were dimerized smoothly.

Table 1. Results of Co-catalyzed reductive dimerization of conjugated
alkenes®

Entry Substrate Yield® (%)
1 la R=CO,Bu 2a 90

2 1b R =CO,Me 2b 89

3 1¢ R =CO,CH,Ph-4-'Bu 2¢ 96

4 1d R = CO,CH,PhO,CH, 2d 97

5 le R=CN 2e 89

6 1f R =SO,Ph 2f 91

7 1g R = CONEt, 2g 62¢

#Reaction conditions: substrate (2.00 mmol), Col,(PPhs), (5mol%),
Zn (3.0mmol), H,O (0.7-1.0mmol), PPh; (0.16 mmol), CH;CN
(2.0mL), 80°C and 24 h.

®Isolated yields.

“1g (2.00 mmol), Col,(dppe) (5 mol %), Zn (3.0 mmol), H,O (0.4 mmol),
CH;CN (1.0mL), 1,4-dioxane (1.0mL), 80°C and 24 h.

Table 2. Results of Co-catalyzed dimerization of vinylarenes®

Entry Substrate Yield® (%)
1 3aR=H 4a 88
2 3b R=4-Ph 4b 86
3 3c R=2-OMe 4c 62
4 3d R =3-OMe 4d 94
5 3e R=4-OMe 4e 82
6 3f R=4-OAc 4f 89
7 3g R=4-NH, 4g 91
8 3h R =4-NPh, 4h 89
9 3i R=2-F 4i 66
10 3j R=3-F 4j 74
11 3k R=4-F 4k 84
12 31R=3-Cl 4179

#Reaction conditions: vinylarene (2.00mmol), CoCl,(PPh;),
(10mol%), Zn (3.0mmol), EtOH (20mol%), PPh; (30mol%),
CH;CN (2.0mL), 80°C and 18 h.

®Isolated yields.

CoCly(PPhs), / PPhs / Zn

R
CH4CN / EtOH /80 °C/ 18 h z
3a-3| 4a-41

To understand the role of water and to help elucidate
the mechanism of the present catalytic reaction, an
isotope labelling experiment using D,O (99.9%) to re-
place normal water for the reductive dimerization of
vinyl phenyl sulfone 1f was performed. Analysis of
product 2f by 'H NMR shows that the two a-protons
were 87% deuterated and no deuteration for other pro-
tons in this product was observed. The isotope abun-
dance was determined by 'H NMR integration method.
In agreement with the '"H NMR results, the *C NMR
spectrum of 2f isolated from the above labelling study
reveals characteristic deuterium-coupled triplets at
54.9 ppm for the a-carbons.

D, H

SO,Ph
PhO,S
H "p

87%
2f"

While the mechanism for the reductive dimerization of
acrylate is not clear, a possible pathway that can explain



C.-C. Wang et al. | Tetrahedron Letters 45 (2004) 6203-6206 6205

the observed tail-to-tail coupling of the two acrylates
and the highly regioselective deuteration by D,O of the
product is based on a cobalt(Ill) hydride as a key
intermediate as shown in Scheme 1. The catalytic reac-
tion is likely initiated by the reduction of the Co(II)
complex to a Co(I) species. Protonation of the latter by
water generated a cobalt(IIl) hydride. Insertion of an
acrylate molecule into the cobalt-hydride bond gives a
five-membered ring species. Further insertion of acrylate
molecule and protonation provides the expected reduc-
tive dimerization product. A similar pathway involving
a Rh(III) or a Co(IIl) hydride has been proposed to
catalyze the tail-to-tail dimerization of acrylate cata-
lyzed by rhodium and cobalt complexes.’7%!!

The dimerization of vinylarenes can also be explained
based on an cobalt(IIT) hydride as the catalytic inter-
mediate. Insertion of the vinyl group into the Co-H
bond with the hydride adding to the terminal carbon
gives intermediate 5 as shown in Scheme 2. Further
insertion of a vinylarene to the Co—C bond in 5 via the
same regiochemistry followed by B-hydrogen elimina-
tion affords the dimerization product and regenerates
the cobalt(IIT) hydride (Scheme 2).

Another possible pathway involving cobaltacyclopen-
tanes I or II as key intermediates (Scheme 3) cannot be
ruled out. Coordination of two acrylates (vinylarenes) to
the Co(I) centre followed by cyclometallation gives
intermediate I (or II). Successive protonation of this
intermediate affords the final product 2. This mechanism
accounts well for the observed regiochemistry of prod-
uct 2 (or 4) and also explain nicely the results of the
foregoing deuterium-labelling experiment.

In conclusion, we have developed two unique methods
for coupling of alkenes. One is the reductive dimeriza-
tion of electron-withdrawing olefins catalyzed by cobalt
complexes. This cobalt-catalyzed reaction yields directly

Zn

o Co(l)
0 / \<\
R/OMO/R Co\(III)

o OH

H,0

0 (i

Scheme 1.

= Co(lll)
+  Co(llly-H ———
5
‘ 0

Co(lll)
Z ~Co(lll)-H

T O —g U

2.

Scheme

Scheme 3.

the saturated linear diesters, dinitrile and disulfone,
offering a convenient alternative method to the synthesis
of adipic acid or adiponitrile that are important mono-
mers for the production of Nylon-6,6. Secondly, we
have disclosed a very effective regio- and stereoselective
cobalt-catalyzed reaction of head-to-tail dimerization of
vinylarenes.
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