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Abstract

The cobalt catalysed conversion of phenyl acetylene led to linear enyne dimerisation products when CoBr2(dppe) was activated

with magnesium in the absence of a Lewis acid. In contrast, in the presence of a Lewis acid the cyclotrimerisation process is

favoured. Among several ligand systems and solvents tested the best results were obtained using a catalyst system consisting of a

diimine cobalt bromide complex, zinc and zinc iodide in acetonitrile. With 2–5 mol% of the cobalt catalyst at ambient temperatures

1,2,4-triphenylbenzene could be obtained in 99% yield and in excellent regioselectivity (95:5) in 10 min reaction time. Competition

experiments of phenylacetylene and isoprene were performed. A preference for the cyclotrimerisation reaction was found for the

diimine cobalt complex in acetonitrile, while the Diels–Alder reaction is favoured with the cobalt(dppe) complex in dichlorometh-

ane. Also a regioselectively substituted cyclooctatriene product was formed in a [4+2+2]-cycloaddition process and isolated which

allows assumptions on the reaction mechanism.

� 2005 Elsevier B.V. All rights reserved.

Keywords: Cobalt; Cyclotrimerisation; Diels–Alder; Dimerisation; Ligand; Solvent effect
1. Introduction

Transition metal complexes with vacant coordination

sites are able to form complexes with unsaturated organ-
ic molecules such as alkenes or alkynes. These organic

molecules can be activated within the ligand sphere of

the transition metal to undergo carbon–carbon bond

formation processes. When the liberation of the organic

product regenerates the active species a catalytic process

becomes possible. Accordingly, organic transformations

with carbon carbon bond formations can be realised

which would not be possible under regular thermal con-
ditions in the absence of the transition metal. Among
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such transformations, cycloaddition processes, such as

the transition metal catalysed Diels–Alder reaction or

the [2+2+2]-cyclotrimerisation of alkynes, are already

well documented [1]. Over the last couple of years, we
have investigated cobalt(I)-catalysed Diels–Alder reac-

tions between non-activated terminal as well as internal

alkynes and acyclic 1,3-dienes. We found that a catalyst

system consisting of Co(dppe)Br2/ZnI2/Bu4NBH4 or

zinc as reducing agent proved to be highly effective in

the generation of dihydroaromatic compounds under

mild reaction conditions in good to excellent yields [2].

In the earliest report of such transformations, we de-
scribed the [2+2+2]-cyclotrimerisation of an acetylene

carboxylic ester to the corresponding trisubstituted ben-

zene derivative, which was an undesired side product at

that point [3]. Besides the acetylene carboxylic ester, the

cobalt catalyst system exhibits only a very low reactivity
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for the cyclotrimerisation of other terminal alkynes.

Therefore, we started an investigation to determine the

factors that would enhance the activity of the very inex-

pensive and easy to handle cobalt catalyst system to-

wards carbon carbon bond formations.
Scheme 2.
2. Results and discussion

For the cobalt-catalysed Diels–Alder reaction of

alkynes with acyclic 1,3-dienes we proposed a cationic

cobalt(I)-species as the active catalyst. This species is

generated upon reduction and halide abstraction pro-

cesses starting from CoBr2(dppe) as a catalyst precursor
(Scheme 1) [4].

We envisaged that with a stronger reducing agent

such as magnesium a second reduction process could

take place to obtain a neutral cobalt(0)(dppe)-species

with different reactivity in the reaction with unsaturated

starting materials such as phenylacetylene.

2.1. Dimerisation process

The first experiments with the CoBr2(dppe) catalyst

proved to be unsuccessful in dichloromethane as sol-

vent, while in an acetonitrile/dichloromethane solvent

mixture small amounts of the dimerisation product

could be isolated [5]. Better results were obtained when

acetonitrile alone was used as solvent. In these reactions

a dimer accompanied by a mixture of linear and cyclic
trimers (confirmed by GC–MS) of phenylacetylene was

isolated. The dimer 1 could be easily separated from

the trimers by column chromatography and was identi-
ZnI2

Zn

ZnI2Br
-

CoIIBr2(dppe) CoIBr(dp

Scheme 1

Table 1

Cobalt(I)-catalyzed dimerisation/trimerisation of phenylacetylene in the abse

No. CoBr2(dppe) (mol%) Mg (mol%) Zn (mol%) So

1a 20 100 – C

2a 2 10 – C

3 2 10 10 C

4 2 40 40 C

5 2 40 10 C

6 2 10 40 C

7 2 10 – C

8 2 – 40 C

Reaction conditions: phenylacetylene (2.0 mmol), CH3CN (1.0 mL), room t
a Without previous heating of the catalyst mixture.
b CH2Cl2 (1.0 mL), CH3CN (0.1 mL).
c The 1H NMR shows additional olefinic protons. n.i. = not isolated.
fied as (E)-1,4-diphenyl-but-1-en-3-yne (1) (Scheme 2)

[6]. A thermal pre-treatment of the catalyst components

in the absence of phenylacetylene was found to have a

major effect on the reaction time. Prior to substrate

addition the reaction time could be reduced from 20 h

to only 10 min for complete conversion of the substrate.

An only slight effect on the product ratio was found

when the ratio of the reducing agents magnesium and
zinc was altered. Nevertheless, in the absence of zinc,

using magnesium as the sole reducing agent (E)-1,4-di-

phenyl-but-1-en-3-yne (1) was obtained as major prod-

uct after a few minutes reaction time when the catalyst

was briefly heated to reflux prior to the addition of the

starting material (compare Table 1, entries 2 and 7). A

combination of magnesium and zinc as reducing agents

yields trimers as main products. However, the reaction
proceeds without magnesium and with zinc as reducing

agent very slowly (Table 1, entry 8).

The formation of linear and cyclic trimers could not

be reduced significantly, so that only moderate yields

(47%) of the dimerisation product 1 could be obtained

as the best result (Table 1, entry 7). Further investiga-

tions towards a synthetically useful chemo- and regio-

chemically pure dimerisation process were not
conducted.
ZnI2

ZnI2Br
-

pe) CoI(dppe)+

.

nce of a Lewis acid

lvent Time Dimer (1) (%) Trimersc (%)

H3CN/CH2Cl2
b 14 h 9 n.i.

H3CN 20 h 32 49

H3CN 10 min 36 53

H3CN 10 min 26 22

H3CN 10 min 34 49

H3CN 10 min 34 45

H3CN 10 min 47 41

H3CN 10 min 7 8

emperature.



Table 2

Cobalt(I)-catalyzed [2+2+2]-cyclotrimerisation of phenylacetylene

using different ligands

No. Catalyst precursor Time (h) Yield (%) Ratio 2:3

1 CoBr2(dppe) 3 70 4.8:1.0

2 CoBr2(PPh3)2 20b 57 5.0:1.0

3 CoBr2(dppm)a 16 8c 1.0:1.5

4 CoBr2(dppf)
a 20b 25c,d –

5 CoBr2(Pc-Hex3)2
a 16 88 8.3:1.0

6 CoBr2[P(o-tol)3]2
a 20 Traces –

7

S
Br2Co

S

Ph

Ph 4 96e 1.0:2.9e

8

N
Br2Co

N

c-Hex

c-Hex 5 94 5.8:1.0

Reaction conditions: phenylacetylene (2.0 mmol), catalyst (5 mol%),

magnesium (25 mol%), zinc (10 mol%), zinc iodide (10 mol%), CH2Cl2
(1.0 mL), room temperature.
a The catalyst was generated in situ.
b Incomplete conversion.
c The enyne 1 was detected in trace amounts.
d The 1H NMR shows additional olefinic protons, therefore the ratio

of regioisomeres can not be evaluated.
e The product contained traces of the ligand, so that the yield was

corrected by integration of the 1H NMR spectrum.
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2.2. Alkyne trimerisation

In the cobalt-catalysed Diels–Alder reaction of alky-

nes with 1,3-dienes the use of a Lewis acid such as zinc

iodide proved to be essential for the catalytic activity.

When zinc iodide was added to the catalyst mixture con-
taining magnesium and zinc as reducing agent, a good

conversion of the phenylacetylene into the cyclic trimers

2 and 3 was observed (Scheme 3) [7]. The first experi-

ments were conducted with CoBr2(dppe) as catalyst pre-

cursor in dichloromethane and gave in 70% yield a

4.8:1.0 mixture of 2:3 in a relatively short reaction time

at ambient temperatures (Table 2, entry 1).

Encouraged by this result obtained with this catalyst
system, we subsequently investigated a small number of

different ligands on the cyclotrimerisation reaction to

identify general trends of the reaction. In all cases, the

use of the Lewis acid zinc iodide favoured the formation

of the cyclotrimerisation products dramatically, so that

only traces of previously observed linear dimerisation

or trimerisation products could be found. The use of

electron rich ligands such as tricyclohexylphosphine
(Table 2, entry 5) turned out to have advantages under

the applied reaction conditions, whereas the use of other

bidentate or monodentate phosphine ligands (Table 2,

entries 1–4 and 6) were contra productive [8]. Although

phosphine ligands are among the most prominent and

versatile ligands used in transition metal catalysed reac-

tions, other donor based and readily available ligands

were tested. Very interesting results were obtained when
ethylene diphenylthioether or cyclohexyl diimine com-

plexes (Table 2, entries 7 and 8) were tested [9]. The reac-

tion times shortened dramatically and after complete

conversion the isolated yields were excellent (>94%).

Particularly, interesting was the observation that the iso-

meric ratio of the unsymmetrical product (2) and the

symmetrical product (3) is noticeably modified by these

different types of ligands. While the symmetrical arene 3
is obtained as main product by the disulfide complex

(Table 2, entry 7), the diimine and most phosphine com-

plexes predominantly yield the 1,2,4-substituted product

(2). Again, a thermal pre-treatment of the system com-

ponents in solution prior to substrate addition decreases

the reaction time drastically.

Phenylacetylene proved to be a good choice as sub-

strate because the ratio of the regioisomereic cyclotri-
merisation products 1,2,4-triphenylbenzene (2) and

1,3,5-triphenylbenzene (3) can be easily determined via
Ph

P
CoBr2(ligand)
Mg, Zn, ZnI2

CH2Cl2

Scheme 3
1H NMR spectroscopy. Although, a large number of

phosphine ligands are known, slight modifications of

the ligand often result in tedious syntheses accompanied

with problems related to the air sensitivity of phospho-

rus(III) compounds. In contrast, the chemistry of disul-

fide or diimine ligands is comparably simple and

modifications can be easily prepared on a large scale

using inexpensive commercially available starting
materials.

2.3. Solvent effect on the alkyne trimerisation

Due to an easy synthetic approach to diimines we

chose these ligands for our next set of experiments. In

the course of our investigations magnesium was found
Ph

PhPh

Ph

Ph

h

+

32
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Fig. 1. Ratio of the symmetrical trimer subject to the composite of the

used solvent mixture.

Table 3

Solvent dependency of the cobalt(I)-catalyzed [2+2+2]-cyclotrimerisa-

tion of phenylacetylene

No. Solvent Time Yield (%) Ratio 2:3

1 Acetone 5 h 39 3.0:1.0

2 DMSO 15 h 3 30.5:1.0

3 DMF 20 h Traces –

4 Ethanol 20 ha 7 2.7:1.0

5 EtOAc 15 h 71 4.3:1.0

6 CH2Cl2 4 h 94 5.8:1.0

7 ClCH2CH2Cl 15 h 95 5.3:1.0

8 Et2O 20 ha 26b 3.6:1.0

9 Bu2O 15 h 0 –

10 Dioxane 20 h 32c 2.5:1.0

11 THF 12 hd 96 1.0:1.3

12 2-Methyl-THF 15 h 81 1.1:1.0

13 Furan 15 h 32 4.5:1.0

14 THP 15 h 81 2.4:1.0

15 MeOCH2CH2OMe 20 h 60c 3.8:1.0

16 Pyridine 20 h 13c 19.9:1.0

17 Toluene 20 ha 0 –

18 CH3CN 10 min 99 19.2:1.0

19 EtCN 30 min 95 10.8:1.0

20 t-BuCN 15 h 53 7.1:1.0

21 PhCN 10 min 95 11.8:1.0

Reaction conditions: phenylacetylene (2.0 mmol), cobalt complex (5

mol%), zinc (10 mol%), zinc iodide (10 mol%), solvent (1.0 mL), room

temperature.
a Incomplete conversion.
b The 1H NMR shows additional olefinic protons.
c Also 1,4-diphenylbuta-1,3-diyne was isolated in trace amounts

(<2%).
d Without previous heating of the catalyst mixture.
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to be not necessary for the generation of the active

species to undergo the cyclotrimerisation process.

Additionally, the presence of magnesium as reducing

agent does not influence the isomeric ratio significantly.

Having found a strong ligand dependency on the iso-

meric ratio we assumed that the ability of solvents to

coordinate to the low valent cobalt catalyst might influ-

ence the product ratio as well. Therefore, the reaction of
phenylacetylene with the bis-cyclohexylethylene diimine

cobalt bromide complex (Scheme 4) was performed in

various solvents to test this hypothesis.

Indeed, solvent effects on the catalyst system are dras-

tic. An impact on yield, reaction time and isomeric ratio

is found. Highly polar or protic solvents such as DMF,

DMSO and ethanol gave very low conversions of the

starting material, while relatively unpolar solvents such
as dibutyl ether or toluene gave no conversion of the

starting material based on the low solubility of the cat-

alyst system in these solvents. Among several oxygen

containing solvents the most interesting behaviour was

observed in THF where a relatively good yield was com-

bined with a shifted regioselectivity slightly favouring

the symmetrical isomer. The most intriguing behaviour

was, however, observed in acetonitrile as solvent where
the addition of the starting material led to a very fast

conversion. Surprisingly, in acetonitrile a very short

reaction time was accompanied with an excellent regi-

oselectivity in favour of the unsymmetrical product 2.

Further increase of the sterical hindrance of the nitrile

(Table 3, entries 18–21) led to somewhat lower reactions

rates and a lower selectivity compared to the reaction in

acetonitrile. Nevertheless, from a subjective point of
view, the reaction in benzonitrile was probably the fast-

est observed and the most exothermic. However, the reg-

ioselectivity was not as distinct as in acetonitrile. Also,

the separation of the desired products from benzonitrile

was somewhat more difficult. The dependency of the

regiochemistry of the products from the solvent used

let us speculate that a solvent molecule acts as a ligand

on the cobalt centre during the bond formation process.
To underline this solvent dependency and a coordina-

tion of acetonitrile, the trimerisation reaction was per-

formed in a solvent system consisting of THF and

acetonitrile with various mixing ratios (Fig. 1). To 5

mol% of the cobalt catalyst, an increasing number of

acetonitrile were added. The result is a very steep decay

of the ratio between 2 and 3 starting from pure THF
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(2:3 = 1.0:1.3) when small amounts of acetonitrile are

present. A lesser exponential decay is observed when

larger amounts of acetonitrile are added until the reac-

tion in pure acetonitrile gave 2:3 in a 19.2:1.0 ratio.

Accordingly, even small amounts of acetonitrile have

a profound effect on the regioselectivity and an incorpo-
ration of acetonitrile as a ligand can be presumed.

Accompanied with this coordination of the nitrile sol-

vent a reorganisation of the ligands at the cobalt centre

can be envisaged. However, predictions upon the geom-

etry and the orientations of the ligands within the tran-

sition state are highly speculative at this point.

Three solvents were chosen to be most interesting for

the next reactions. The reactivity in acetonitrile is out-
standing and an excellent ratio in favour of the unsym-

metrical product 2 is obtained (Table 3, entry 18). In

tetrahydrofurane this ratio is reversed with the diimine

cobalt complex (Table 3, entry 11), the same result is ob-

tained with the disulfide complex in dichloromethane

(Table 2, entry 7). All three solvents provide good to

excellent yields and no traces of olefinic protons, indicat-

ing open chain trimers or oligomers.

2.4. Ligand effect on the alkyne trimerisation

For a further increase of the reactivity and regioselec-

tivity as well as for a more comprehensive understand-

ing of the effects induced by the ligand system, the

diimine motif was further modified. Subsequently, two

cobalt phosphine complexes and several cobalt imine
type complexes were tested in acetonitrile, tetrahydrofu-

rane and dichloromethane (see Scheme 5).

An overall trend can be identified from the data sum-

marised in the table: the reactivity of most complexes

follows mainly the order CH3CN � THF > CH2Cl2.

Unfortunately, other parameters such as yield and reac-

tivity differ even within a class of complexes. Small

changes in the ligand sphere altered the results, so that
a general discussion is impropriate. However, the posi-

tive effects of the more electron rich phosphine ligands

were also observed in the other tested solvents. Particu-

larly in Table 4, entry 4 the results for the CoBr2(Pc-

Hex3)2 complex are excellent regarding the reactivity

of the catalyst system, the isolated yield as well as the

regioselective formation of the unsymmetrical product.

The greatest difference in terms of the regioselectivity
Ph

P
CoBr2(ligand)

Zn, ZnI2

CH3CN, THF or CH2Cl2

Scheme 5
was found for the disulfide complex (Table 4, entries

7–9). While the data for the reaction in acetonitrile are

excellent (96%, 2:3 = 16.0:1.0), in the weakly coordinat-

ing solvent dichloromethane, the regioselectivity was in-

versed to give the symmetrical product as main isomer

(2:3 = 1.0:2.9). The reactivity of the disulfide complex
in CH2Cl2 was higher compared to the reaction con-

ducted in THF. This behaviour is different to the diimine

complexes which exhibit a higher reactivity in THF. In

these reactions (Table 4, entries 10–33) we found a pro-

found effect of the steric properties on the reactivity and

the selectivity of the complexes. A steric increase of the

nitrogen-substituents leads to an improvement of the

isomeric ratio in acetonitrile in favour of the unsymmet-
rical product.

While the n-butyl diimine complex produces a ratio

of 2:3 = 7.0:1.0, the ratio is gradually increased with

the ligands iso-propyl, cyclo-pentyl, cyclo-hexyl, Mesityl

and tert-butyl. For the latter t-butyl diimine complex an

excellent ratio of 29.0:1.0 is obtained. In principle a de-

creased reactivity of the complexes is observed when the

steric bulk of the ligand is increased. Although all com-
plexes are very reactive, the best combination of yield,

reactivity and regioselectivity is obtained with the dic-

yclohexyl diimine complex (Table 4, entry 19). In con-

trast to all other diimine ligands tested this particular

complex shows a drastic change of the regioselectivity

in different solvents. In THF the regioselectivity is chan-

ged favouring the symmetrical product 3 (Table 4, entry

21). With the corresponding complex having two addi-
tional methyl groups in the backbone of the diimine

motif (Table 4, entries 31–33) such a dramatic change

of the reaction characteristics was not found. The

hypothesis that the conformational flexibility of the

cyclohexyl ring could have an influence on the regiose-

lective formation of the intermediates during the cyclo-

trimerisation processes can not be ruled out with the

present set of experiments. Among the other catalyst
systems tested we would like to emphasise that also pyr-

idine type ligands (Table 4, entries 37–45) and a tertiary

amine ligand (Table 4, entry 49) was compatible with

the reaction and gave also promising results. Surpris-

ingly, the reaction can be performed even with CoBr2
in acetonitrile without any additional ligands. The reg-

ioisomeric ratio in this case is 18.6:1.0 clearly indicating

an important part of this solvent in the mechanism as
Ph

PhPh

Ph

Ph

h

+

32

.



Table 4

Cobalt(I)-catalysed [2+2+2]-cyclotrimerisation of phenylacetylene using different ligands in three different solvents

No. Catalyst precursor Solvent Time Yield (%) Ratio 2:3

1

Br2Co

PPh3

PPh3

CH3CN 1 h 57 14.3:1.0

2 CH2Cl2 16 h 66 6.0:1.0

3 THF 16 h 51b,c 3.7:1.0

4

Br2Co

Pc-Hex3

Pc-Hex3

a
CH3CN 30 min 91 21.8:1.0

5 CH2Cl2 16 h 88 8.3:1.0

6 THF 16 h 40 3.5:1.0

7

S
Br2Co

S

Ph

Ph CH3CN 30 min 96 16.0:1.0

8 CH2Cl2 5 h 96d 1.0:2.9

9 THF 16 h 42 1.8:1.0

10

N
Br2Co

N

nBu

nBu CH3CN 15 min 75 7.0:1.0

11 CH2Cl2 16 h 88 4.5:1.0

12 THF 16 h 58e 2.4:1.0

13

N
Br2Co

N

iPr

iPr CH3CN 15 min 90 11.9:1.0

14 CH2Cl2 16 h 87 4.6:1.0

15 THF 4 h 69 7.4:1.0

16

N
Br2Co

N

c-Pen

c-Pen CH3CN 1 h 99 16.4:1.0

17 CH2Cl2
g 15 h 94 2.7:1.0

18 THF 3 h 75 3.4:1.0

19

N
Br2Co

N

c-Hex

c-Hex CH3CN 10 min 99 19.2:1.0

20 CH2Cl2 4 h 94 5.8:1.0

21 THF 12 h 96 1.0:1.3

22

N
Br2Co

N

c-dodecyl

c-dodecyl CH3CN 15 min 93 13.6:1.0

23 CH2Cl2 16 h 81 4.9:1.0

24 THF 1.5 h 92 16.7:1.0

25

N
Br2Co

N

tBu

tBu CH3CN 30 min 90 29.0:1.0

26 CH2Cl2 16 h 81 6.0:1.0

27 THF 16 h 85c 13.7:1.0

(continued on next page)
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Table 4 (continued)

No. Catalyst precursor Solvent Time Yield (%) Ratio 2:3

28

N
Br2Co

N

Mes

Mes CH3CN 30 min 85 21.3:1.0

29 CH2Cl2 16 h 31 2.6:1.0

30 THF 16 h 22 6.3:1.0

31

N
Br2Co

N

c-Hex

c-Hex CH3CN 30 min 94 21.3:1.0

32 CH2Cl2 16 h 75 5.3:1.0

33 THF 16 h 66 5.6:1.0

34

N
Br2Co

N
O

O

CH3CN 1 h 99 19.0:1.0

35 CH2Cl2 15 h 0 –

36 THF 3 h 36 3.5:1.0

37

N

N

Br2Co

CH3CN 1 h 99 31.0:1.0

38 CH2Cl2 15 h 92 17.6:1.0

39 THF 3 h 86 9.4:1.0

40

N

N

Br2Co

CH3CN 1 h 99 22.3:1.0

41 CH2Cl2 15 h 0 –

42 THF 3 h 99 12.3:1.0

43

N

N

Br2Co

CH3CN 1 h 99 21.3:1.0

44 CH2Cl2 15 h 37 8.6:1.0

45 THF 3 h Traces –

46

N
Br2Co

N

BnO

BnO CH3CN 1.5 h 56 14.9:1.0

47 CH2Cl2 10 h n.i. –

48 THF 10 h n.i. –

49 N
Br2Co

N

CH3CN 1 h 99 27.0:1.0

50 CH2Cl2 15 h 0 –

51 THF 3 h Traces –
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Table 4 (continued)

No. Catalyst precursor Solvent Time Yield (%) Ratio 2:3

52 CoBr2(salen) CH3CN 1 h Traces –

53 CH2Cl2 15 h Traces –

54 THF 3 h Traces –

55 CoBr2 CH3CN 30 min 99 18.6:1.0

56 CH2Cl2 16 h 0f –

57 THF 16 h 4 –

Reaction conditions: phenylacetylene (2.0 mmol), cobalt complex (5 mol%), zinc (10 mol%), zinc iodide (10 mol%), solvent (1.0 mL), room

temperature.
a The catalyst was generated in situ.
b In addition the enyne 1 was isolated in 27% yield.
c The 1H NMR shows additional olefinic protons.
d The product contained traces of the ligand, so that the yield was corrected by integration of the 1H NMR spectrum.
e Traces of the enyne 1 were detectable by GC–MS.
f When CoBr2(CH3CN)x was used after 16 h 75%, of the arene were isolated (2:3 = 5.3:1.0).
g Without previous heating of the catalyst mixture. n.i. = not isolated, very low conversion.
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outlined above in the investigation with different nitrile

type solvents. In dichloromethane the poorly soluble

anhydrous CoBr2 alone gave no conversion. When

anhydrous cobalt bromide was stirred in acetonitrile,

the solvent removed an acetonitrile adduct

[CoBr2(CH3CN)x] was obtained [10]. This complex

was used as a pre-catalyst in dichloromethane to yield

75% of the trimerisation products (2:3 = 5.3:1.0) which
were isolated after 16 h reaction time. In THF both,

the anhydrous cobalt bromide as well as the

[CoBr2(CH3CN)x] gave very low conversions (>5%).

These effects also suggest that the active catalyst species

in acetonitrile could at least be coordinated partially by

a nitrile ligand.

In summary, acetonitrile is the solvent of choice for

the formation of the 1,2,4-substituted product. The reac-
tivity in this solvent is extraordinary and the products

are isolated in high yields. Additionally, several classes

of donor ligands (electron rich phosphines, imines,

amines, pyridines and sulfides) can be used to obtain

interesting results. Furthermore, a large number of

combinations of these substructures could be envisaged

and most likely easily be synthesised. However, the not

uniform tendencies regarding isomeric ratios and yields
in dichloromethane and tetrahydrofurane where the

reaction proceeds generally slower can not easily be

understood.

2.5. Competition experiments and mechanistic aspects

The investigations so far led from a catalyst system

consisting of CoBr2(dppe), Zn and ZnI2 in dichloro-
methane to a system consisting of CoBr2(diimine), Zn,

ZnI2 in acetonitrile. While the first catalyst system is well

suited to initiate Diels–Alder reactions of non-activated

starting materials, the second system seems to be very
selective for the cyclotrimerisation of terminal and inter-

nal alkynes. From a synthetical point of view, it was also

important to show changes in chemoselectivity. There-

fore, competition experiments with phenylacetylene

and isoprene were conducted. The three reactions in

Scheme 6 gave an interesting result, which will be of

some relevance when the reaction mechanisms are taken

into account [11].
The important observation for the synthetically

interested chemist is that the chemoselectivity was in-

deed strongly altered by changing the ligand and the

solvent system. Although, the cyclotrimerisation reac-

tion is performed in acetonitrile no corresponding pyr-

idine derivative could be observed (GC–MS) [12]. The

third reaction in Scheme 6 is interesting from a mech-

anistic point of view because of the formation of the
cyclooctatriene derivative 5 by a formal [4+2+2]-cyclo-

addition process in 31% yield [13,14]. Either the forma-

tion of 5 represents an alternative reaction pathway

during the cyclotrimerisation reaction, or 5 is formed

as a side product in the Diels–Alder reaction. In the

first case a reaction of isoprene with a 3,4-diphenyl

substituted cobaltacyclopentadiene derivative must be

proposed. Such an intermediate is not believed to be
of any relevance in the cyclotrimerisation processes

investigated thus far [9]. The second possible route

for the formation of 5 is the insertion of phenylacety-

lene into a cobaltacycle intermediate during the forma-

tion of the Diels–Alder product (Scheme 7) [15]. From

the proposed cobaltacycle intermediate 6 a reductive

elimination leads to the Diels–Alder product 4 which

was also observed in 64% yield with the para to meta

regioselectivity of 4.8:1.0 [3]. Based on the observation

that the cyclooctatriene derivative shows a 1,2-diphe-

nyl substitution pattern, one has to conclude, that

the insertion process goes via intermediate 6 with a
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phenyl substituent next to the cobalt centre. From this

species, the formation of the cyclooctatriene 5 has to

proceed by an insertion either in the vinyl-cobalt bond

(path A) via 7 or into the allylic substructure on the
side of the isoprene (path B) via 8. The formation of

5 can be rationalised by reductive elimination from

the intermediates 7 and 8. At this point we are not

able to differentiate whether path A or path B is the

more favourable reaction pathway.

For the cyclotrimerisation process and the effects ob-

served in different nitrile type solvents, effects based on

sterically modifications on the diimine ligands as well
as the regioselectivity changes in the three tested solvents

CH3CN, CH2Cl2 and THF one can speculate that a sol-

vent molecule could be present in the ligand sphere dur-

ing the reaction pathway. A definite interpretation of the

data or a plausible unifying transition state model

explaining all observed effects can not be given at the

present time.
3. Summary

Within this investigation, we were able to show that

additives influenced the reactivity of cobalt phosphine
and cobalt diimine type complexes dramatically. Firstly,

the dimerisation process of phenylacetylene can be catal-

ysed in acceptable yields with CoBr2(dppe) as catalyst

precursor using magnesium as reducing agent. Secondly,

the addition of a Lewis acid and the substitution of mag-

nesium towards zinc as reducing agent favoured the

cyclotrimerisation reaction of phenylacetylene in aceto-

nitrile. The best results for the cyclotrimerisation towards
the unsymmetrical product 2 were obtained for diimine

type ligands. In contrast, when diphenylethylene disulfide

was used as ligand the regioselectivity was inversed and

the symmetric trimer 3 is obtained as major product.

Diimine cobalt complexes gave excellent results in aceto-

nitrile as solvent. Furthermore, the investigation showed

that the solvent has a profound effect which can only be
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rationalised when a coordination of the nitrile is assumed

in the transition state. Thirdly, the chemoselectivity of

the complexes could be demonstrated in competition

experiments where either the Diels–Alder product 4 or

the cyclotrimerisation product 5 was formed predomi-

nantly. The competition experiment in dichloromethane
led to the formation of an unprecedented [4+2+2]-cycli-

sation product. The regiochemistry of this cyclooctatri-

ene derivative 5 gave a valuable insight into the

regioselective formation of the intermediate in the cobalt

catalysed Diels–Alder reaction.
4. Experimental

4.1. General information

All manipulations were carried out using standard

Schlenk techniques under an atmosphere of argon or

nitrogen. All solvents for use in an inert atmosphere were

purified by standard procedures and distilled under nitro-

gen immediately prior to use. Other chemicals were ob-
tained from commercial sources and used without

further purification. 1H and 13C NMR spectra were re-

corded on Bruker Physics ARX 300 and Bruker Physics

ARX 400 spectrometer in CDCl3. The spectra are cali-

brated to the residual protons of the solvent (1H) or to

the 13-carbon signals of the solvent (13C). Mass spectra

were recorded on a Varian MAT CH 7a, a Finnigan

MAT 95S or a Micromass VG AutoSpec spectrometer.

4.2. Synthesis of diimine complexes

The ligandswere synthesised as previously described in

the literature or by adapting known procedures [16]. The

complexes were synthesised by suspending anhydrous

CoBr2 (2.18 g, 10.0 mmol) and the ligand (10.0 mmol) in

anhydrous THF (40 mL) at room temperature [17]. After
stirring overnight the solvent was removed in vacuo and

the solid product was used without further purification.

4.3. Representative procedure for the di- and trimerisation

reaction

A suspension of CoBr2(dppe) (62 mg, 0.1 mmol, 5.0

mol%), zinc dust and magnesium chips in anhydrous
CH3CN (1.0 mL) under argon atmosphere was shortly

heated to reflux, allowed to cool to room temperature

and stirred for 30 min. The reactions without zinc dust

were again shortly heated to reflux, allowed to cool to

room temperature and stirred for additional 30 min.

Phenylacetylene (0.22 mL, 2.0 mmol) was added to the

brown suspension and the mixture stirred at room tem-

perature for 10 min. The brown reaction mixture was
passed through a pad of silica using CH2Cl2 as eluent.

The solvents were removed and the crude product puri-
fied by flash chromatography using pentane/CH2Cl2
100:1 as eluent. (E)-1,4-Diphenyl-but-1-en-3-yne (1)

and an inseparable mixture of cyclic and acyclic trimers

of phenylacetylene were isolated. The spectral data of

the products isolated in pure form are consistent with

the literature [5].

4.4. Representative procedure for the cyclotrimerisation

reaction

A suspension of the cobalt complex (0.1 mmol, 5.0

mol%), zinc dust (13 mg, 0.2 mmol, 10.0 mol%) and

anhydrous ZnI2 (64 mg, 0.2 mmol, 10.0 mol%) in anhy-

drous solvent (CH3CN, CH2Cl2 or THF) (1.0 mL) un-
der argon atmosphere was shortly heated to reflux and

allowed to cool to room temperature. After 15 min phe-

nylacetylene (0.22 mL, 2.0 mmol) was added and the

mixture stirred at room temperature. The reaction was

monitored by thin layer chromatography. After com-

plete conversion the brown reaction mixture was passed

through a pad of silica using CH2Cl2 as eluent. The sol-

vents were removed and the crude product purified by
flash chromatography using pentane/CH2Cl2 100:1 as

eluent. The ratio of regioisomeres 2:3 was verified by

integration of the 1H NMR.

4.5. Competition experiments

Following the general procedure for the trimerisation

reactions, bis-cyclohexyliden ethane diimine cobalt dibr-
omide (44 mg, 0.1 mmol, 5.0 mol%), zinc dust (13 mg,

0.2 mmol, 10.0 mol%) and anhydrous zinc iodide (64

mg, 0.2 mmol, 10.0 mol%) were suspended in dry solvent

(1.0 mL) under argon atmosphere, shortly heated to re-

flux and allowed to cool to room temperature. After 15

min isoprene (0.24 mL, 2.4 mmol) and phenylacetylene

(0.22 mL, 2.0 mmol) were added and the mixture stirred

at room temperature. The reaction was monitored by
thin layer chromatography (CH3CN 0.5 h, CH2Cl2 5.5

h, THF 5.0 h). After complete conversion the brown

reaction mixture was passed through a pad of silica

using CH2Cl2 as eluent. The solvents were removed

and the crude product was purified by flash chromatog-

raphy using pentane/CH2Cl2 100:1 as eluent.

(1Z,3Z,6Z)-6-Methyl-2,3-diphenyl-cycloocta-1,3,6-

trien (5): 1H NMR (400 MHz, CDCl3): d = 7.43 (dt, 4 H,
J = 7.2, 1.2 Hz), 7.29 (t, 4 H, J = 7.5 Hz), 7.22 (dt, 2 H,

J = 7.3, 1.2 Hz), 6.24 (t, 1 H, J = 7.8 Hz), 6.20 (t, 1 H,

J = 7.8 Hz), 5.56 (tq, 1 H, J = 6.0, 1.2 Hz), 2.87 (bs, 4

H), 1.87 (d, 3 H, J = 1.2 Hz). 13C NMR (100 MHz,

CDCl3): d = 141.1, 140.6, 138.9, 135.1, 128.4, 127.1,

127.0, 126.8, 126.7, 123.9, 123.4, 120.2, 34.0, 28.3,

27.3. MS (EI): m/z = 272 (47, M+), 257 (23), 244 (100),

229 (51), 217 (24), 202 (14), 178 (17), 165 (23), 115
(19), 91 (17). HRMS calculated for C21H20:

m/z=272.1565, found: m/z = 272.1559.
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