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ABSTRACT

The application of bidentate phosphine ligands in cobalt-catalyzed transformations of cyclic alkenes such as cyclopentene and cycloheptene
with internal alkynes led to a chemoselective Alder-ene or a [2 + 2] cycloaddition reaction depending on the electronic nature of the alkyne
and the bite angle of the ligand used.

The application of cobalt complexes in modern organic
synthesis for the atom-economic formation of new carbon-
carbon bonds is of great interest.1 Cycloadditions are a
prototype transformation, and several different types of such
transformations have been described by us2 and other groups3

over the past decade. We recently reported the cobalt-
catalyzed [2 + 2] cycloaddition of mono- and bicyclic
alkenes with alkynes4 and the Alder-ene reaction utilizing
similar starting materials.5 The [2 + 2] cycloaddition of
cyclopentene with internal alkynes such as diphenyl acetylene
was the first example of a transition-metal-catalyzed forma-
tion of a cyclobutene derivative utilizing a monocyclic

alkene. Product 1 was obtained with an excellent yield of
91% utilizing cobalt bromide bis-1,2-diphenylphosphino-
propane [CoBr2(dppp)] as the catalyst (20 mol %) (Scheme
1). On the other hand, the Alder-ene product 2 was observed
as the main product accompanied by 1 (1/2 ) 25:75) as an
inseparable mixture when cobalt bromide 1,2-bis(diphe-
nylphoshino)ethane [CoBr2(dppe)] was applied.
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This situation became more interesting when we used 1,4-
dimethoxybut-2-yne as substrate (Scheme 2). In these

reactions, the chemoselectivity was altered significantly.
Now, the [2 + 2] cycloaddition product 3 was obtained as
a mixture of products 3 and 4 in 23% yield (3/4 ) 56:44)
utilizing the [CoBr2(dppp)] catalyst while product 4 was
generated in 99% yields as the sole product utilizing the
[CoBr2(dppe)] complex.

Therefore, we propose that the chemoselectivity of the
transformation is determined at the crossroad of a common
intermediate. Early on in this investigation we realized that
depending on the nature of the substituents on the alkyne
and the bite angle of the bidentate phosphine ligands both
pathways were possible. Therefore, we were interested in
investigating which parameters controlled the chemoselec-
tivity of these reactions.

To this end, we examined the dependency of the cobalt-
catalyzed transformation of cyclopentene with 1,4-dimethoxy-
but-2-yne (Scheme 2) on the ligand system.

A rather low conversion was observed (∼5%) for the test
reaction using 1,2-bis(diphenylphosphino)benzene as ligand.
Surprisingly, smaller bite angles as obtained with 1,2-
bis(diphenylphosphino)methane (dppm) as well as larger bite
angles obtained with 1,2-bis(diphenylphosphino)butane (dppb),
1,2-bis(diphenylphosphino)hexane (dpph), and BINAP led
to no conversion of the starting materials. While 1,1′-
bis(diphenylphosphino)ferrocene (dppf) gave about 33%
conversion, the cyclotrimerization product of the alkyne was
found to be the predominant product. As we demonstrated

previously, the use of pyridine-imine ligands2a,d,e as well
as diaryl sulfide ethane-type ligands2h led selectively to the
cyclotrimerization product even if larger amounts of cyclo-
pentene were applied. Other phosphine ligands utilized in
this reaction (see Figure 1) gave no conversion of the starting
materials and were disregarded for further investigation.

To investigate the chemoselectivity for both cobalt com-
plexes the reaction between cyclopentene and symmetrical
as well as unsymmetrical internal alkynes was performed
(Scheme 3). The cycloaddition/Alder-ene ratios were de-

termined via 1H NMR spectroscopy or GC analysis and the
results are presented in Table 1.

It turned out that in almost every case by applying the
CoBr2dppp complex the formation of the cycloaddition
products of type 5 is favored while the cobalt dppe complex
predominantly forms the Alder-ene adducts of type 6 as
the major product. However, the nature of the alkyne also
seems to have an effect on the selectivity of the reaction
since alkynes which exclusively form the cyclobutene
derivative with the cobalt dppp complex generate a mixture
of both products when the cobalt dppe complex is used and
vice versa. With diphenyl acetylene (Table 1, entry 1) or
2-(phenylethynyl)thiophene (entry 5) and the cobalt dppp
complex the cyclobutenes 5a and 5c are obtained as the only
product, whereas the 1,4-dienes 6a and 6c are formed as
mixtures with cyclobutenes 5a and 5c when the cobalt dppe
complex is used.

In the case of (cyclohexenylethynyl)benzene (entry 3), the
conversion with the cobalt dppp as well as the cobalt dppe

Scheme 1. Cobalt-Catalyzed [2 + 2] Cycloaddition and
Alder-Ene Reaction with Diphenyl Acetylene as Substrate

Scheme 2. Cobalt-Catalyzed [2 + 2] Cycloaddition and
Alder-Ene Reaction with 1,4-Dimethoxybut-2-yne as Substrate

Figure 1. Other ligands tested in the reaction of cyclopentene with
1,4-dimethoxybut-2-yne.

Scheme 3. Cobalt-Catalyzed Alder-Ene Reaction or [2 + 2]
Cycloaddition of Cyclopentene with Unsymmetrical Alkynes
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complex leads to the cyclobutene product 5b without any
traces of the 1,4-diene. In the cases when 1,3-diynes are used
(entries 7 and 9), the type of substituent (phenyl or SiMe3)
on the diynes influences the chemoselectivity drastically. A
rationale could be the better stabilization of intermediate III
(see Scheme 4) by a silyl substituent. Alkynes bearing bulky
substituents such as 1,2-bis(trimethylsilyl)acetylene were
unreactive under these conditions (entries 11 and 12).

When alkyl-aryl-substituted alkynes are used, products
of type 5 are predominantly formed utilizing catalyst system
A. On the other hand, products of type 6 are generated with
catalyst system B. Exceptions are those alkynes where an
oxygen is in the propargylic position (entries 21 and 25)
where the Alder-ene products 6k and 6m are formed
predominantly by catalyst system A as well. In these cases,

additional coordination of the oxygen functionalities might
influence the reaction pathway. In contrast, sulfur and
nitrogen in a propargylic position (entries 27 and 29) as well
as oxygen functional groups further removed from the triple
bond did not exhibit this effect on catalyst system A (entry
23).

As already noted above, we assume that the starting
materials coordinate to the cobalt center (I) to begin with
(Scheme 4). The common cobaltacylopentene intermediate
II is obtained upon formal oxidative addition. At this stage,
the interplay of substituents and ligands applied determine
the chemoselectivity of the reaction.

With the dppp ligand, reductive elimination leads to the
cyclobutene derivatives of type 5. For the formation of the 1,4-
dienes a �-hydride elimination leading to intermediate III takes

Table 1. Results of the Cobalt-Catalyzed Reactions of Internal Alkynes with Cyclopentenea

a Catalyst system A: CoBr2(dppp) (20 mol %), zinc dust (40 mol %), zinc iodide (40 mol %). Catalyst system B: CoBr2(dppe) (20 mol %), zinc dust (40
mol %), zinc iodide (40 mol %). b The ratio of the regioisomers (5:6) is given in parentheses. c cHex ) cyclohexyl. d 6c consists of a mixture of regioisomers,
see text.
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place and the Alder-ene products of type 6 are formed. This
pathway is favored when the dppe ligand is utilized.

The first step of the catalytic cycle leading to cobaltacy-
clopentene II is decisive for the regioselectivity in the
Alder-ene product (Scheme 5). Only when 2-(phenylethy-

nyl)thiophene was used were both regioisomers of 6c
detected with a 79:21 ratio. In this case, the thiophene

substituent in the main product is adjacent to the cyclopen-
tenyl substituent. In all other cases, a single regioisomer is
formed.

In addition to cyclopentene, we were also interested if
other cyclic alkenes could be used in the cobalt catalyzed
transformations. Therefore, 1,4-dimethoxybut-2-yne as a
representative alkyne was reacted with cyclic alkenes. To
our surprise, reactions with cyclohexene were unsuccessful
whereas the conversions with cycloheptene gave the desired
products. The results for the conversions of cycloheptene
with alkynes are summarized in Scheme 5. The reactivity
of cycloheptene is lower than cyclopentene so that the
trimerization of the alkyne becomes predominant. Neverthe-
less, the Alder-ene products of type 7/8 are formed in
acceptable yields while the corresponding products 9 of the
[2 + 2] cycloaddition are always the minor component.

When mixtures were obtained, the separation of the
products could only be realized for the products 7a/9a and
7e/9e. The general characteristics of the reaction of cyclo-
heptene are similar to those with cyclopentene in terms of
E/Z selectivity and regioselectivity. A mixture of the two
regioisomers 7c and 8c was obtained only with 2-(phenyl-
ethynyl)thiophene as starting material. Concerning the
chemoselectivities, changes can be identified with respect
to the reactions with cyclopentene, indicating that the ring
size of the alkene also plays an important role influencing
whether reductive elimination or �-hydride elimination is the
predominant reaction taking place. In the reactions of
substrates with functional groups in the propargylic position
only single Alder-ene isomers were detected.

In conclusion, we have demonstrated that the cobalt-
catalyzed transformation of cyclopentene and, to a lesser
extent, cycloheptene with internal alkynes leads to the desired
adducts in acceptable to excellent yields. The chemoselec-
tivity toward the Alder-ene or the [2 + 2] cycloaddition
products is dependent on the alkyne substituents as well as
on the diphosphine ligand used.
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Scheme 4. Cobalt-Catalyzed Alder-Ene Reaction or [2 + 2]
Cycloaddition of Cyclopentene with Unsymmetrical Alkynes

Scheme 5. Cobalt-Catalyzed Alder-Ene Reaction or [2 + 2]
Cycloaddition of Cyclopentene with Unsymmetrical Alkynes
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