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Abstract

The mechanism of the catalytic formation of pyridines from the coupling of two alkynes and the nitriles N„CR (R = H, Me, Cl,
COOMe) with the fragments CpRuCl, CpCo, and CpRh has been investigated by means of DFT/B3LYP calculations. According to
the proposed mechanism, the key reaction step is the oxidative coupling of two alkyne ligands to give metallacyclopentatriene (Ru,
Rh) and metallacyclopentadiene (Co) intermediates. In the case of ruthenium, this process is thermodynamically clearly favored over
the oxidative coupling between one alkyne and one nitrile ligand to afford an azametallacycle. This alternative pathway however cannot
be dismissed in the case of Co and Rh. The rate determining step of the overall catalytic cycle is the addition of a nitrile molecule to the
metallacyclopentatriene and metallacyclopentadiene intermediates, respectively, which has to take place in a side-on fashion. Compet-
itive alkyne addition leads to benzene formation. Thus, also the chemoselectivity of this reaction is determined at this stage of the cat-
alytic cycle. In the case of the RuCpCl fragment, the addition of nitriles R–C„N and acetylenes RC„CH has been studied in more
detail. For R = H, Cl, and COOMe the side-on addition of nitriles is kinetically more favored than alkyne addition and, in accordance
with experimental results, pyridine formation takes place. In the case of R = Me nitrile addition could not be achieved and the addition
of alkynes to give benzene derivatives seems to be kinetically more favored. Once the nitrile is coordinated facile C–C bond coupling
takes place to afford an unusual five- and four-membered bicyclic ring system. This intermediate eventually rearranges to a very unsym-
metrical azametallaheptatriene complex which in turn provides CpRuCl(j1-pyridine) via a reductive elimination step. Completion of the
catalytic cycle is achieved by an exergonic displacement of the respective pyridine product by two acetylene molecules regenerating the
bisacetylene complex.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The elucidation of the mechanistic aspects of homoge-
neous catalysis has been an ambitious scientific goal from
the beginning of the awareness of organometallic catalysis.
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However, kinetic studies often fail to give a complete mech-
anistic picture of catalytic reactions, since the rates of the
successive steps and stabilities of the diverse reaction inter-
mediates are too little divergent to be separately observed
and characterized especially in the case of catalytic pro-
cesses. Due to the enormous progress in computational
chemistry in the last several years, theoretical methods
are playing an increasingly important role in identifying
possible elementary reactions [1]. Ultimately, one would
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like to understand these fundamental transformations in
order to be able to monitor and tune changes in reactivity
toward an obvious synthetic purpose.

A reaction which falls into this category is the transition
metal-mediated cyclocotrimerization of two alkynes with
nitriles to afford pyridine rings (Scheme 1). Such a process
has received considerable attention in recent years since it is
synthetically useful, atom-economic, and environmentally
benign [2]. Although a variety of stoichiometric methods
have been described [3,4], catalytic systems are confined
to iron [5], ruthenium [6], cobalt [7], rhodium [8], and nickel
[9]. The detailed mechanism of these reactions is not yet
fully established. The initial steps could be identical to
those calculated previously for the cyclotrimerization of
acetylenes using RuCp(COD)Cl [10,11] and CoCp(PH3)2

[12] as the model precatalyst as displayed in Scheme 2.
Accordingly, the reaction would be initiated by the replace-
ment of the labile ligands COD and PH3, respectively, by
two molecules of acetylene giving a bisacetylene complex
which then transforms into a metallacyclopentadiene (for
Co) or a metallacyclopentatriene (for Ru) as the result of
oxidative coupling (pathway 1). These metallacycles would
then insert the N„C triple bond of a nitrile into one of the
two metal–carbon bonds leading to several possible inter-
mediates. Alternatively, the catalytic reaction might also
proceed via the azametallacycles formed by coupling of
one alkyne and one nitrile molecule (pathway 2). Subse-
quent insertion of a second alkyne molecule into either
the metal–N or metal–C bond could lead to the formation
of several intermediates, some of them coincident with
those formed in pathway 1. A theoretical investigation of
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the cyclocotrimerization of nitriles and acetylenes has been
reported recently by Yamamoto and co-workers [6] where
it has been suggested that pathway 1 is favored.

In this paper we report the results of our theoretical
examination of plausible mechanisms for the cyclocotri-
merization of alkynes with the model nitriles N„C–R
(R = H, Me, Cl, COOMe) to afford pyridine rings, based
on DFT/B3LYP calculations. Continuing our recent theo-
retical studies [10,13], we have chosen as model pre-cata-
lysts CpRu(COD)Cl as well as CoCp(COD) (a classic
alkyne trimerization catalyst), and RhCp(COD), since we
are also interested in understanding reactivity changes
within homologous series. It has to be mentioned that
experimentally ruthenium catalysts work only if electron-
deficient nitriles are utilized [6], while electron-rich nitriles
do not react and instead alkyne cyclotrimerization to give
benzene derivatives becomes the predominant process.
With cobalt catalysts, on the other hand, this pattern is
reversed and electron-rich nitriles appear to be more effec-
tive [7].

2. Results and discussion

2.1. The RuCpCl system

Based on DFT/B3LYP [14] calculations using GAUSS-

IAN03 [15], three pathways are in principle conceivable for
the conversion of two alkynes and one nitrile into free pyr-
idine, catalyzed by RuCp(COD)Cl. Pathway 1 proceeds via
a ruthenacyclopentatriene intermediate (B), which also
plays a major role in alkyne cyclotrimerization, and will
thus be studied first. The two alternative pathways 2 and
3 involve the intermediacy of an experimentally, as yet, elu-
sive azaruthenametallacyclopentadiene BN, but differ in the
coupling of the second alkyne. The potential free energy
surface (in kcal/mol) for the first step in the reaction,
namely the formation of the metallacycle intermediates, is
given in Scheme 3.
LnM

N

R

LnM

N

R

LnM

N

R

N

LnM R

NLnMLnM
N R

LnM
N R

R

2.



B

A

TSAB

0.0

38.2

52.1

40.7
BN

AN

TSN
AB

26.8

49.1

62.6

Ru

Cl

Ru

Cl Ru
Cl

Ru

Cl

H

H
H

H

H

HH

H
H

H

H

H

Ru

N
Cl

H

H

H

Ru

Cl

N

Ru

Cl
N

H
H

H

H

H

H

+ HCN, HC CH

+ 2 HC CH

Scheme 3. Free energy profile (in kcal mol�1) for the conversion of RuCp(COD)Cl via intermediates A and AN into the respective metallacycles B and BN.
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For pathway 1, the initial step is the replacement of
labile COD by two molecules of acetylene to afford via
the bisacetylene complex A the metallacyclopentatriene
B. Both steps are exergonic releasing 2.5 and 38.2 kcal/
mol, respectively. For pathways 2 and 3, on the other hand,
the substitution of COD by one molecule of acetylene and
one molecule of nitrile to give the nitrile-acetylene complex
AN is endergonic (8.4 kcal/mol), while the subsequent
formation of the azametallacycle BN is again strongly exer-
gonic by 22.3 kcal/mol. Interestingly, regardless of whether
two acetylenes or one acetylene and one nitrile are oxida-
tively coupled, the free activation energies for these two
alternative processes are very similar (13.9 and 13.5 kcal/
mol, respectively). The formation of ruthenacyclopentatri-
ene B is thermodynamically clearly favored, however. The
potential free energy surfaces (in kcal/mol) for the three
alternative pathways 1, 2, and 3 are given in Schemes 4,
6 and 7. The conversion of the ruthenacyclopentatriene B
into the g1-pyridine complex F is addressed first using four
different nitriles N„C–R (R = H, Me, Cl, COOMe).

The addition of nitrile N„C–R to intermediate B
affords the metallacyclopentadiene C, where the nitrile is
side-on coordinated (Scheme 4). The detailed structures
of complexes C and transition states TSBC are displayed
in Fig. 1. This reaction is both kinetically and thermody-
namically unfavorable. In fact, the formation of C is the
rate determining step of the catalytic cycle. The free activa-
tion energy and the free energy, respectively, required for
this step increases in the order H < Me < Cl < COOMe.
It should be noted, however, that when R = Me all efforts
to locate a stationary point for a transition state connecting
B and C resulted in collapse of the structure to transition
state TSBCe, leading to end-on coordination of the nitrile
(Ce). Indeed, the nitrile is already nearly end-on coordi-
nated at TSBCe (the Ru–N distance is 2.81 Å) (Scheme 4).
The free energy barrier for the end-on coordination reac-
tion of acetonitrile is 14.5 kcal/mol. The addition of
CH3CN is also endergonic by 8.9 kcal/mol, emphasizing
the high stability of B (18e species). This is in sharp con-
trast to the analogous cobalt and rhodium metallacycles
B, where the addition of acetylene is strongly exergonic
(vide infra). It is also interesting to note that no direct equi-
librium between complexes C, with the nitrile coordinated
in side-on, and Ce, with the nitrile end-on bound, could be
found [16].

Once complex C is formed it undergoes facile C–C bond
coupling to give the azaruthenabicyclo[3.2.0]heptatriene D.
This transformation is exergonic in the case of R = H, Cl,
and COOMe, releasing 2.9, 18.3 and 10.7 kcal/mol, respec-
tively, but is slightly endergonic for R = Me (2.9 kcal/mol).
The transition state for this process, TSCD, is very similar
to the structure of C with a long Ca–Cnitrile bond distance
in the range 1.9–2.1 Å, indicating that the transition state
structure occurs quite early along the reaction coordinate.
Energetically, this transition state lies 0.8–3.2 kcal/mol
higher than C (Scheme 4). In the case of R = Me, however,
the free activation energy is higher (7.9 kcal/mol). Complex
D contains an unusual five and four-membered bicyclic
ring system with one Ru–C double bond (1.95 Å), one
Ru–C single bond (2.19 Å), and one Ru–N single bond
(2.09 Å). As the reaction proceeds, and the new C–C bond
starts to form, the Ru–Ca distance of the bond directly
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Fig. 1. Optimized geometries (distances in Å, angles in �) of intermediates C (top) and TSBC (bottom) of the CpRuCl system with N„C–R.
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involved in the C–C coupling process increases slightly
from about 2.0 Å in C to 2.1 Å in TSCD and 2.2 Å in D.
The detailed structure of D is given in Fig. 2. It is very
important to mention, however, that the transformation
of C to D via TSCD becomes difficult if C bears a-substitu-
ents, since after Ca–Cnitrile coupling the substituent (in the
model system a hydrogen atom, complex D) is pointing
towards the Cp ligand giving rise to repulsive interligand
interactions (Fig. 2). In fact, as has been shown experimen-
tally [6], the catalytic cyclocotrimerizations of alkynes and
nitriles by RuCp*(COD)Cl takes place only if the alkyne to
be coupled is a 1,6-diene bearing at least one terminal
hydrogen atom [6].

Complex D rearranges easily via transition state TSDE

to afford the azametallacycle E. In the course of this
process, the internal Ru–C single bond is cleaved. This



Fig. 2. Optimized geometries (distances in Å) of the intermediates D and
E of the CpRuCl system with parent HCN.
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reaction requires a free activation energy of 8–14 kcal/mol,
depending on the nitrile, and is, with the exception of
R = Me, thermodynamically very favorable. Complex E
features a non-planar asymmetric seven-membered metal-
lacyclic ring (Fig. 2) with Ru–C and Ru–N single bonds.
The C–C bond distances within the metallacycle show a
long–short–long pattern.

The final intermediate in the catalytic cycle of Scheme 4
is complex F exhibiting a j1-coordinated pyridine ligand.
The loss of the resonance stabilization energy upon pyri-
dine formation combines with the construction of a new
carbon–carbon r-bond to release 42–68 kcal/mol, depend-
ing on R. The completion of the catalytic cycle in Scheme 4
requires the displacement of the pyridine ligand in F by two
alkynes. Thermodynamically, the barrier to overcome this
process is the Ru–nitrogen binding energy which appears
to be small (weak Ru–N bond). The energetic conse-
quences of the displacement of pyridine by two alkynes
to give the respective pyridine and A is exergonic by 3.3,
5.5, 10.8, and 0.4 kcal/mol for R = H, Me, Cl, and
COOMe, respectively, showing that pyridine displacement
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is thermodynamically indeed accessible. The full catalytic
cycle is shown in Scheme 5.

Although the formation of the azaruthenacycle BN is
thermodynamically less favorable than that of B, we also
took a closer look at pathways 2 and 3, which involve this
intermediate (Schemes 6, 7). Due to the asymmetric nature
of BN, alkyne addition may occur either at the N- or C-site.
The free energy barriers for these processes are 10.7 kcal/
mol (N-site) and 18.3 kcal/mol (C-site) and afford the
metallacyclopentadiene complexes CN and GN, respec-
tively. The formation of these complexes is endergonic by
5.9 and 10.4 kcal/mol. Accordingly, the addition of an
incoming alkyne is both kinetically and thermodynamically
favored at the N site.

In the onward reaction of CN, a new C–N bond is
established and the unusual azaruthenabicyclo[3.2.0]hepta-
triene DN is formed. This conversion is strongly exer-
gonic, releasing 35.4 kcal/mol. The optimized geometry
of DN, with selected bond distances, is given in Fig. 3.
This species contains an almost planar bicylic ring system
with two Ru–C carbon single bonds (2.06 and 2.10 Å) and
one Ru–N single bond (2.06 Å). DN appears to be an
extremely stable compound, making both the subsequent
reductive elimination to give the g2-pyridine complex
EN via TSN

DE, as well as the back reaction to yield CN,
kinetically very unfavorable (48.5 and 42.3 kcal/mol,
respectively). Thus, this pathway may be dismissed as
non competitive and DN can be regarded as a dead-end
product, which actually might be isolable or, at least,
detectable spectroscopically. To the best of our knowl-
edge, however, this has not happened.
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Pathway 3, on the other hand, leads to the same inter-
mediate E as pathway 1, but involves higher activation
energies in the initial steps (Scheme 3). In sum, the above
results may suggest that the ruthenium catalyzed formation
of pyridine is unlikely to take place via pathways 2 and 3.

Pathway 1 shares the first step of the reaction with the
mechanism for the formation of benzene by the RuCpCl
catalyst (formation of the active species, the metallacycle
B). Since there is excess of alkyne present, a competition
between acetylene and nitrile as ligands to the metallacycle
B takes place. The energetics for these reactions is given in
Scheme 8. While benzene formation is thermodynamically
preferred, the activation barriers for the binding of acety-
lenes and nitriles are comparable and strongly dependent
on the substituents. With R = H and COOMe, the addition
of nitriles to afford pyridines is kinetically more facile than
the addition of acetylenes, while with R = Me, in accor-
dance with experimental results, this pattern is reversed
and the formation of benzene is favored.

Another important aspect of these reactions concerns
the nitrile coordination mode. In all the examples studied,
end-on coordination leads to a more stable species than
side-on coordination (Scheme 4), but the coupling reaction
with the metallacycle carbon only takes place for the side-
on coordination. Also, it has not been possible to find a
transition state connecting the end-on complex Ce to the
side-on one C. This results contradicts the proposal for
the mechanism as studied by Yamamoto and co-workers
[11], where such a transformation was assumed, but, on
the other hand, these authors did not study this step in
detail (no transition state is given). In order to understand
this competition between end-on and side-on coordination,
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we should start by revisiting the bonding of a nitrile ligand
to a metal center.

A Molekel [17] three-dimensional representation of the
relevant orbitals of N„CMe is shown in Fig. 4 (left side)
[18].

When the nitrile bends, the degenerate p and p* sets of
orbitals lose their degeneracy. The in-plane orbitals mix
with r and become hybridized in such a way, that overlap
with the metal orbitals increases (right side of Fig. 4) [19].
The energy of p�i becomes significantly lower, so the ligand
is expected to become a better p acceptor. The behavior of
pi is not so clear, owing to mixing of the Cl p orbitals. A
schematic molecular orbital (Fig. 5) represents the interac-
tion between the RuCpCl(C4H4) fragment and end-on
(left) and side-on (right) N„C–Cl.

When end-on coordinated, nitriles bind essentially as r-
donor or weak p-donor. The end-on bound N„C–Cl acts
mainly as a r donor (Fig. 5, left). Other nitriles, such as
N„C–Me, can also behave as weak p donors. This results
from the electronegativity difference between C and N,
Fig. 4. Frontier orbitals (Molekel) [17] of linear (left) and bent (right)
N„C–Cl.
which leads to a higher localization in the nitrogen atom
in the p than in the p* orbital (Fig. 4), and thus to a larger
M–N overlap with p than with p*. On the other hand, in
the side-on nitrile, the r-donor component involves the pl

level, with mixing of a lower level. There is also a back
donation interaction between the occupied orbital of the
Ru fragment and the p�i . In this way, the nitrile acts as a
p-ligand, donating electrons from pl and receiving in p�i .
Globally, it becomes a p-acceptor.

The preference for end-on vs side-on binding is directly
related to the back donation capabilities of the metal cen-
ter. Let us now analyze the binding of the four nitriles stud-
ied to the RuCpCl fragment. In order to do that, we
performed an energy decomposition analysis, using the
ADF program [20] and the optimized geometries described
above. The results are collected in Table 1. The interaction
energy, DEint, between fragments can be divided into three
main components

DEint ¼ DEelec þ DEPauli þ DEorb;

where DEelec gives the electrostatic interaction energy be-
tween the fragments, DEPauli refers to the repulsive interac-
tions between the fragments, and DEorb is the stabilizing
orbital interaction term. The bond dissociation energy
can be calculated from this interaction energy DEint by add-
ing DEprep, the energy needed to promote the fragments
from their equilibrium geometry to the geometry in the
complexes [21]. The first interesting conclusion is that the
orbital interaction DEorb is larger for all nitriles when
side-on bonded, except for N„C–Me. This results directly
from the shape of the frontier orbitals of the
RuCpCl(C4H4) fragment with the geometry displayed in
complexes C, which are shown in Fig. 5 (center; LUMO
on top and HOMO on bottom). The LUMO has the sym-
metry to receive electrons from the r or the p nitrile orbi-
tal, depending on the coordination mode, while the HOMO
is apt for backdonation. On the other hand, the repulsive



Fig. 5. Schematic interaction diagram between the RuCpCl(C4H4) fragment and end-on (left) and side-on (right) N„C–Cl.

Table 1
Energy decomposition for the interaction between nitrile and the RuCp(C4H4)Cl fragment in complexes C and Ce (energies in kcal/mol)

N„CMe N„CCl N„CCOOMe N„CH

End-on Side-on End-on Side-on End-on Side-on End-on Side-on

BE0 �26.13 �19.28 �23.94 �35.15 �27.81 �27.32 �25.33 �25.95
DEPauli 110.35 79.47 107.44 148.12 120.64 127.69 113.53 123.91
DEelec �79.89 �55.80 �75.03 �89.37 �82.87 �77.08 �79.16 �76.33
DEst 30.46 23.68 32.41 58.74 37.77 50.6 34.37 47.59
DEorb �56.59 �42.96 �56.35 �93.89 �65.58 �77.93 �59.70 �73.54
DEprep (Ru) 16.17 15.14 16.51 17.51 16.88 17.22 16.73 17.19
DEprep(nit) 0.03 1.09 0.00 11.41 0.04 5.56 0.00 4.18
BE �9.37 �2.98 �7.37 �6.21 �10.89 �4.47 �8.55 �4.59
d(C–N) 1.156 1.176 1.158 1.205 1.158 1.194 1.154 1.189
\C–N–X 178.1 171.0 179.1 145.7 176.3 150.2 178.5 157.3

d(C–N)a 1.160 1.160 1.160 1.159
\C–N–Xa 179.7 180.0 176.8 180.0

a Optimized free nitriles.
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terms (DEst) corresponding to the sum of the Pauli repul-
sion and the electrostatic interaction are positive (repulsive)
and larger for side-on nitriles. This reflects larger steric
repulsion in this case. Also, for side-on nitriles, the prepa-
ration energies are large, as the molecule has to bend. No-
tice the large values for the highly bent N„C–Cl and
N„CCOOMe. These terms will cancel the DEorb term, so
that side-on bonding is energetically less favorable. The
closest binding energies are observed for N„C–Cl, where
the electronegativity of chlorine makes it a very good p-
acceptor ligand (large bending angle). At the other extreme
lies N„CMe. Methyl is an electron donor, so side-on
bonding is unfavored. Indeed, the ligand barely bends,
and the binding energy is the smallest (�2.98 kcal/mol),
with long Ru–N and specially Ru–C bonds. The
RuCpCl(C4H4) fragment is very similar for all complexes,
despite the coordination mode of the nitrile and require a
large preparation energy to distort enough to allow coordi-
nation of the nitrile. The preparation energy ranges from ca
15–17 kcal/mol.

The activation of the nitrile provided by side-on coordi-
nation activates the C–N bond toward further reaction.
The C–N bonds are longer in all cases, accompanying
bending, and therefore weaker. Despite the lower energy
of the end-on complexes, the difference is small and the
C–N bond is not so reactive.



4442 G. Dazinger et al. / Journal of Organometallic Chemistry 691 (2006) 4434–4445
2.2. The CoCp and RhCp systems

In the main aspects, the results of our computational
studies on the CpCo and CpRh systems are similar to those
of the CpRuCl fragment as pathway 1 is concerned. The
initial steps again are the replacement of labile COD by
two molecules of acetylene to afford the bisacetylene com-
plex A which then undergoes oxidative coupling to give
metallacycles B (Scheme 9 for Co). As Co and Rh behave
very similarly, only the result for Co is shown (Rh is given
as Supplementary material). The substitution step for the
two metal fragments is in both cases essentially thermoneu-
tral, while the coupling of the two alkynes is exergonic
releasing 20.8 and 7.5 kcal/mol for Co and Rh, respec-
tively. It should be noted that the nature of the metallacycle
B varies with the metal. While in the CpCo system B
behaves as a metallacyclopentadiene, it is better formulated
A

20.620.8

AN

23.8

Co

Co

ClH

H
H

H

H
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N
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Scheme 9. Free energy profile (in kcal mol�1) for the conversion of CoCp(COD
B and BN.
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Scheme 10. Free energy profile (in kcal mol�1) for the conversion of
as a metallacyclopentatriene with a bis-carbene functional-
ity in the CpRh analog [13e].

For pathway 2, the substitution of COD by one molecule
of acetylene and one molecule nitrile to give the nitrile-acet-
ylene complex AN is endergonic (Co, 3.0 kcal/mol; Rh,
8.7 kcal/mol). In contrast to the azaruthenacyclopentadiene
BN (see Scheme 3), in the case of Co and Rh the formation
of the azametallacycle BN is almost thermoneutral (exer-
gonic by 3.0 kcal/mol for Co, endergonic by 2.6 kcal/mol
for Rh). However, the free energy barrier for the oxidative
coupling step is by and large the same in all cases, indepen-
dent of the metal fragment, regardless of whether two alky-
nes or one alkyne and one nitrile are coupled with one
another, and is in the range of 12.7–16.0 kcal/mol. The free
energy profiles for the Co and Rh catalyzed pyridine forma-
tion, starting from the alternative metallacycles, via path-
ways 1 and 2, are shown in Schemes 10–12. While in the
B
TSAB

0.0

33.3

BN

TSN
AB

17.8

37.3

CoCoH

H

H

H

H

H

H

Co

N

H

Co

N

H

H

H

H

) via the bis(alkyne)complexes A and AN into the respective metallacycles

D
TSDF

F

-16.0-18.0

-51.3

Co

N

Co

N

Co

N

H

H

the metallacycle B into the g4-pyridine complex F with N„C–H.
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case of Co, both paths A and B involve comparable ener-
gies, in the case of Rh path A seems to be favored.

For pathway 1, the overall reaction steps are similar to
those of the ones described for the RuCpCl system. The
origin of the few dissimilarities between the Co and Rh sys-
tem and CpRuCl can be traced partly to the absence of the
Cl coligand, namely unfavorable steric interactions due to
substituents at the acetylene and/or nitrile ligands are less
pronounced. Another obvious difference concerns the
Fig. 6. Optimized geometry (distances in Å) of the intermediate D of the
structure of the metallacycloheptatriene E, an intermediate
only detected in the RhCp system. In addition to the Rh–C
bond and Rh–N single bonds, p-bonding of the internal
olefinic double bond takes place (Rh–C distances of 2.31
and 2.26 Å, Fig. 6), satisfying the 18-electron rule. In the
case of cobalt this intermediate could not be located and
the bicylic complex D was found to rearrange directly to
afford F, where the pyridine ligand is coordinated in g4-
fashion. Completion of the cycle A is achieved via the reac-
tion F + 2HC„CH! pyridine + A, which is exergonic by
34.8 and 26.0 kcal/mol for M = Co and Rh, respectively,
showing that pyridine displacement is indeed thermody-
namically accessible.

The optimized structures of intermediate D for Co and
Rh, as well as intermediate E, are depicted in Fig. 6.
Although intermediate D can be schematically represented
in a similar way for both Co and Rh, the internal bonds are
significantly different, especially the central M–C bond, is
much longer for Co (2.49 Å) than for Rh (2.10 Å). More-
over, in the case of Rh, D features a Rh@C double bond
(1.90 Å). The sequence of C–C and C@C bonds is also dif-
ferent for the two species. It is thus not very surprising that
the pathway differs from this point on.

The free energy profile for pathway 2 is given in Scheme
12 for both Co and Rh. The azametallacycle BN is able to
accommodate another alkyne to afford the metallacyclo-
pendiene acetylene complex CN. This process is thermody-
namically very favorable releasing 11.2 and 15.8 kcal/mol
for M = Co and Rh, respectively. CN undergoes a facile
CpCoCl system (left) and intermediates D and E of the CpRh system.
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[4+2] cycloaddition, thereby forming new C–C and C–N
bonds. This process takes place in a concerted fashion
(cf. C vs. N-site attack in the case of the RuCpCl system
according to Schemes 6 and 7) yielding the g4-pyridine
complex DN. This transformation is strongly exergonic
with a rather small free energy barrier of 2.6 kcal/mol for
M = Co and a moderate barrier of 10.0 kcal/mol for
M = Rh.

3. Conclusion

In sum we have established reasonable pathways for the
RuCpCl, CoCp, and RhCp catalyzed cyclocotrimerization
of two alkynes and the nitriles N„CR (R = H, Me, Cl,
COOMe) to afford pyridines. According to the proposed
mechanism, the key reaction step is the oxidative coupling
of two alkyne ligands to give metallacyclopentatriene (Ru,
Rh) and metallacyclopentadiene (Co) intermediates. In the
case of ruthenium, this process is thermodynamically
clearly favored over the oxidative coupling between one
alkyne and one nitrile ligand to afford an elusive azametal-
lacycle. Moreover, even if an azametallacycle is formed, the
subsequent reaction with an alkyne would result in the for-
mation of an exceptionally stable bicyclic intermediate
which essentially may be regarded as a dead-end product.
Consequently, this pathway may be dismissed as non com-
petitive. This alternative pathway however cannot be dis-
missed in the case of Co and Rh. The rate determining
step of the overall catalytic cycle is the addition of the
nitrile to the five-membered metallacycles which has to take
place in a side-on fashion. Competitive alkyne addition
leads to benzene formation and, accordingly, also the che-
moselectivity of this reaction is controlled at this stage of
the catalytic cycle. In the case of the RuCpCl fragment,
the addition of nitriles R–C„N and acetylenes RC„CH
has been investigated in more detail. For R = H, Cl, and
COOMe the side-on addition of nitriles is kinetically more
favored than alkyne addition and, in accordance with
experimental results, pyridine formation takes place. In
the case of R = Me nitrile addition appears to be strongly
disfavored and the addition of alkynes to give benzenes is
kinetically preferred. Once the nitrile is coordinated, facile
C–C bond coupling takes place to afford an unusual five-
and four-membered bicyclic ring system which eventually
rearranges to a very unsymmetrical azametallaheptatriene
complex which in turn provides CpRuCl(j1-pyridine) via
a reductive elimination step. Completion of the catalytic
cycle is achieved by an exergonic displacement of the
respective pyridine product by two acetylene molecules
regenerating the bisacetylene complex.

4. Experimental

4.1. Computational techniques

All calculations were performed using the GAUSSIAN03
software package [15] on the Silicon Graphics Cray Origin
2000 of the Vienna University of Technology. The geome-
try and energy of the model complexes and the transition
states were optimized at the B3LYP level with the Stutt-
gart/Dresden ECP (sdd) basis set [22] to describe the elec-
trons of the ruthenium, cobalt, and rhodium atoms. For all
other atoms the 6–31g** basis set was employed [23]. Fre-
quency calculations were performed to confirm the nature
of the stationary points, yielding one imaginary frequency
for the transition states and none for the minima. Each
transition state was further confirmed by following its
vibrational mode downhill on both sides, and obtaining
the minima presented on the reactions free energy profile.
All geometries were optimized without constraints (C1

symmetry) and the energies were zero point corrected. Rel-
ative energies were compared taking into account the total
number of molecules present.

The energy decomposition analysis was carried out with
the Amsterdam Density Functional program (ADF-2004)
[20]. Vosko, Wilk and Nusair’s local exchange correlation
potential [24] was used with Perdew–Wang non-local
exchange correlation corrections [25]. Relativistic effects
were treated by the ZORA formalism [26]. The core orbi-
tals were frozen for Ru ([1–3]s, [2–3]p, 3d), Cl ([1–2]s,
2p), and C, N and O (1s). Triple f Slater-type orbitals
(STO) were used to describe the valence shells C, N, O
(2s and 2p), Cl (3s, 3p), and Ru (4d, 5s). A set of two polar-
ization functions was added to C, O (single f, 3d, 4f), P, S
(single f, 3d, 4p), and Ru (single f, 5p, 4f). Triple f Slater-
type orbitals (STO) were used to describe the valence shells
of H (1s) with two polarization functions (single f, 2p, 3d).

The geometries obtained from the calculations with
GAUSSIAN03 and described above (Scheme 4) were used.
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[7] (a) H. Bönnemann, Angew. Chem. Int. Ed. Engl. 24 (1985) 248;
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(b) E. Rüba, R. Schmid, K. Kirchner, M.J. Calhorda, J. Organomet.
Chem. 682 (2003) 204;
(c) R. Schmid, K. Kirchner, J. Org. Chem. 68 (2003) 8339;
(d) G. Dazinger, R. Schmid, K. Kirchner, New J. Chem. (2004) 153;
(e) L.F. Veiros, G. Dazinger, K. Kirchner, M.J. Calhorda, R.
Schmid, Chem. Eur. J. 10 (2004) 5860.

[14] (a) A.D. Becke, J. Chem. Phys. 98 (1993) 5648;
(b) B. Miehlich, A. Savin, H. Stoll, H. Preuss, Chem. Phys. Lett. 157
(1989) 200;
(c) C. Lee, W. Yang, G. Parr, Phys. Rev. B 37 (1988) 785.

[15] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C.
Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone, B.
Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene,
X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin,
R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K. Morokuma,
G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D.
Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G.
Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T.
Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challa-
combe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C.
Gonzalez, J.A. Pople, GAUSSIAN 03, Gaussian, Inc., Pittsburgh, PA,
2003.

[16] For calculations of end-on vs side-on coordinated nitriles see: C.-F.
Huo, T. Zeng, Y.-W. Li, M. Beller, H. Jiao, Organometallics 24
(2005) 6037.
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