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a b s t r a c t

The regioselectivity of cobalt-catalyzed DielseAlder reactions can be controlled by the choice of ligands
on the cobalt center. Ligands of the pyridine-imine type favor the formation of the 1,3-disubstitution
pattern on the dihydroaromatic product. The investigation was aimed to elucidate the factors for con-
trolling the regioselectivities and reactivity induced by electronic effects of the pyridine-imine ligands in
the cobalt-catalyzed DielseAlder reaction. For that, electron-withdrawing as well as electron donating
substituents were introduced in the 4-position on the pyridine moiety and on the 40-position of the
aniline derivative used in the imine subunit of the ligands. In close synergy DFT calculations and the
comparison with experimental results proved that electronic variation of the substituents at both po-
sitions have a negligible influence on the regioselectivity. However, the kinetic data for the cobalt-
catalyzed DielseAlder reactions revealed that there are great differences in the lengths of the induc-
tion periods when different cobalt pyridine-imine complexes are applied. These results could be eluci-
dated by conductivity experiments showing that ionic homoleptic complexes Co(L)22þ/CoBr42� are in
equilibrium with their corresponding neutral heteroleptic complexes of type Co(L)Br2 in solution. The
equilibrium position depends on the electronic characteristics of the pyridine-imine ligands (L), thereby
influencing the length of the induction period.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The regiodivergent synthesis of carbocyclic six-membered ring
systems via atom economic cobalt-catalyzed DielseAlder reactions
is an excellent example of a transformation where the regiose-
lectivity is efficiently controlled by the choice of the ligand system
[1] (Scheme 1).

Thereby, the highly selective synthesis of disubstituted dihy-
droaromatic compounds, such as 1, can be accomplished when a
bidentate phosphine ligand, such as dppe, is applied, leading
eventually to arenes of type 3 [2]. On the other hand, the applica-
tion of pyridine-imine-type ligands in the cobalt-catalyzed Dielse
Alder reaction leads to the highly selective formation of regioisomer

2 in excellent yields which can be easily oxidized by DDQ (¼2,3-
dichloro-5,6-dicyano-benzoquinone) to the corresponding arene
4 [3]. In recent applications also silyl- and boron-functionalized
alkynes could be applied in the regiodiverse DielseAlder reactions
with similarly high regioselectivities leading to very interesting
functionalized building blocks for follow-up transformations [4].

In a detailed quantum mechanical investigation the mechanism
of the cobalt-catalyzed DielseAlder reaction was evaluated and the
regiodivergent behavior of the Co(dppe)þ-complex [5] leading to
the para-substituted product 1, and of the Co(pyridine-imine)þ-
complex [6] predominantly generating the meta-substituted
product 2 could be explained [7]. A total of eight different reaction
pathways were found for the stepwise rather than concerted
mechanism yielding the para- or the meta-product, respectively.
The calculated ratios of the primary cycloaddition products 1 and 2
were in excellent agreement with the experimentally observed
regioselectivities.

As quintessence from the analysis of the lowest lying transition
states for both reaction pathways we came to the conclusion that
different steric hindrances of the ligands caused the change in
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regioselectivity. Accordingly, electronic modifications in a remote
position of the pyridine-imine ligand should not influence the
regioselectivity of the Co(pyridine-imine)-catalyzed cycloaddition
process. To test this hypothesis we set out to start this investigation
utilizing theoretical methods to evaluate those ligands which
cannot be synthesized in a few steps. Thereby, in silico evaluations
for those hypothetical ligands should be obtained.

Also, the cobalt-catalyzed reaction starts from a cobalt(II) pre-
cursor and a heterogeneous electron transfer from zinc powder
generates the proposed catalytically active cobalt(I) species
resulting in an induction period. The redox process should be
dependent on the electronic characteristics of the Co(pyridine-
imine)Br2 complexes resulting in different length of the induction
periods dependent from the electron donating/abstracting ability
of the ligand on cobalt. Accordingly, electronic modifications of the
ligands in remote positions should result in nearly identical ther-
modynamic and kinetic profiles, almost identical yields and
regioselectivities, but in different length of induction periods.

2. Experimental

All reagents were used as purchased from commercial suppliers
without further purification. All reactions were carried out using
standard Schlenk techniques under dry argon. Solventswere purified
and dried according to conventional methods prior to use. 1H and 13C
NMR spectra were recorded with an AVANCE 300 (300 MHz for 1H
and 75MHz for 13C) or anAVANCE500 (500MHz for 1H and 125MHz
for 13C). The kinetic measurements were analysed utilizing GC ana-
lyses which were recorded with a Shimadzu GC-2010 Plus Gas
Chromatograph. For chromatography the separations were carried
out onMachereyeNagel Silica 60 (0.040e0.063mm, 230e400mesh
ASTM). For TLC Merck TLC plates (Silica 60, F254) were used.

2.1. Computational details

Geometry optimizations of the molecules without symmetry
constraints (C1) were carried out using the Gaussian03 [8] opti-
mizer (Berny-Algorithm) [9] together with TurboMole 5.0 [10]
energies and gradients at the gradient corrected DFT level of the-
ory using Becke’s exchange functional [11] in conjunction with
Perdew’s correlation functional [12] (BP86) and Ahlrich’s def2-
SV(P) basis-sets [13]. The resolution-of-the-identity (RI) approxi-
mation [14] was applied using auxiliary basis functions [15]. This
level of theory is denoted as RI-BP86/def2-SV(P). Stationary points
were characterized as minima (number of imaginary frequencies
i ¼ 0) or transition states (i ¼ 1) by calculating the Hessian matrix
analytically (AOFORCE) [16]. The solvent-effect on the calculated
energies was estimated with COSMO [17] as single point calcula-
tions on the optimized structures. This level of theory is denoted as
COSMO//RI-BP86/def2-SV(P). The latter calculations were carried
out with a dielectric constant 3¼ 8.93 for the solvent dichloro-
methane [18].

2.2. Synthesis of the ligands and cobalt complexes

The ligands 6ae6d were generated by condensation of 2-
formylpyridine with aniline derivatives. The cobalt-complexes
were synthesized by addition of 1.0 equiv. of the ligand to a solu-
tion of cobalt(II) bromide in THF. The mixture was stirred overnight
and the solvent was removed. The complexes were stored at
ambient temperatures without special preventive measures and
used as precatalysts without further purification.

2.3. Representative procedure for the cobalt-catalyzed DielseAlder
reaction

Anhydrous zinc iodide (64 mg, 0.2 mmol, 20 mol%), zinc dust
(13 mg, 0.2 mmol, 20 mol%), iron powder (11 mg, 0.2 mmol,
20 mol%) and Co(5c)Br2 (45 mg, 0.1 mmol, 10 mol%) were sus-
pended under argon in 1.0 mL dichloromethane. Then isoprene
(1.0 mmol) and phenylacetylene (1.0 mmol) were added and the
mixture was stirred at room temperature. The conversion of
the starting materials was monitored by GC and GCeMS analysis.
The reaction mixture was filtered over a short pad of silica gel
(pentane) and the solvent was removed under reduced pressure.
The residue was dissolved in toluene (10 mL) and stirred with DDQ
(1.1 equiv.) for 1 h. The resulting suspension was washed with 10%
NaOH/10% Na2S2O3 solution, extracted with diethyl ether, dried
over MgSO4 and the solvent was removed under reduced pressure.
The product was purified by flash column chromatography on
silica gel (eluent: pentane). The analytical data are in accordance
with the literature [2,3].

2.4. Kinetic investigations

The DielseAlder reaction was performed as before and samples
were taken by syringe under argon in certain time intervals. The
progress of the reaction was determined by GC analysis via inte-
gration of the peaks.

3. Results and discussion

In order to investigate the electronic influence of a substituent
without causing steric hindrance the substituents (R1 and R2) were
placed on the 4- and 40-position in para-relation to the nitrogen
atoms of the pyridine-imine ligand (Fig. 1). Thereby, very little
steric hindrance will occur and the electronic modifications will
have a strong influence on the electron density at the reactive sites
within the cobalt complex via the trans-influence. For this purpose
the two ligand systems 5aee and 6aee were selected with
electron-donating as well as electron-withdrawing substituents on
position 4 and 40.

For quantum mechanical investigations the following modifi-
cations of the pyridine moiety were selected: substituent R1 was
modified with the electron donating methoxy e (5a), the dime-
thylamino e (5b) and the electron withdrawing trifluoromethyl e
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Scheme 1. Regiodivergent synthesis of dihydroaromatic compounds 1 and 2 by cobalt-
catalyzed DielseAlder reaction and follow-up oxidation to the arenes 3 and 4.

N

R1

N N N R2

5a: R1 = OMe
5b: R1 = NMe2
5c: R1 = H
5d: R1
5e: R1 = F

6a: R2 = OMe
6b: R2 = NMe2
6c (= 5c): R2 = H
6d: R2 = CF3
6e: R2 = F

= CF3

Fig. 1. Modification of electronic parameters of the pyridine-imine ligands 5 and 6
(pyridine-imine) for the meta-selective cobalt-catalyzed DielseAlder reaction.
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