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In situ generated cobalt(I) catalyst for the efficient synthesis of 
novel pyridines: Revisiting the mechanism of [2+2+2] 
cycloadditions
Susana García-Abellán,a Asier Urriolabeitia,b Victor Polo,*b Manuel Iglesias*a 

The [2+2+2] cycloaddition of alkynes and nitriles is an efficient and atom-economic method for the synthesis of pyridines. 
However, most of the examples so far reported entail the use of diynes, which circumvents selectivity issues but limits the 
scope of the reaction—with examples of discrete alkynes being scarce. Moreover, the most widely used catalysts are Co(I) 
complexes featuring Cp or Cp* ligands, which are either too unstable to store or require harsh conditions to promote the 
cycloaddition reaction. This work describes a mild method for the preparation of a wide range of pyridines employing a Co(I) 
active species generated in situ from a well-defined, air-stable Co(III) complex—namely, [CoCp*(CH3CN)(P-N)][BF4]2—upon 
treatment with NaBEt3H. This complex, which contains a hemilabile P-N ligand, has been found to be substantially more 
active than complexes featuring monodentate or bidentate phosphanes. This behavior has been ascribed to the inadequate 
stabilization of the resulting Co(I) species for the former, or overstabilization of the Co(III) complex in the case of the latter. 
A comprehensive DFT study has been conducted to elucidate the experimentally observed chemo- and regioselectivity by 
examining the competitive pathways following the oxidative coupling of CoCp*(bisalkyne) complex, taking under account 
the participation of triplet states and intersystem crossing points.

Introduction
Functionalized pyridines are ubiquitous motifs in materials,1 
natural products and active pharmaceutical ingredients 
(APIs).2,3 Therefore, the development of methodologies for the 
construction of pyridine scaffolds, especially those that allow 
access to novel molecules, are a continuous endeavor. Among 
currently available synthetic methods for the preparation of 
pyridines,4 [2+2+2] cycloaddition reactions catalyzed by 
transition metal complexes have received much attention 
owing to the mild reaction conditions and high atom economy 
of the process. Rh,5,6,7 Ru,8,9,10,11,12,13 Ir,14,15 Ni,16,17,18 Fe19,20 and 
Co21,22,23,24,25,26,27,28,29,30 complexes have been reported to 
catalyze this reaction, with the latter arguably being the most 
successful so far. In particular, complexes based on the CpCo(I) 
scaffold (Cp = cyclopentadienyl) proficiently catalyze [2+2+2] 
cycloadditions, and are widely regarded as the prevailing type 
of catalysts for these transformations. However, these catalysts 
have drawbacks related to their synthesis and the balance 
between stability and activity. [CoCp(CO)2] is one of the most 
widely employed catalysts for cyclotrimerization reactions, but 
the generation of the active species requires high temperatures 
and irradiation.31 [CoCp(Me3SiC2H4)2], on the other hand, is the 

most active precatalyst for the cycloaddition of alkynes and 
nitriles, but its handling is difficult due to its low thermal 
stability, decomposing at temperatures above –30 C.21,32 The 
exchange of one of the trimethylvinylsilane ligands by a 
phosphite has proved to enhance the stability of the catalyst, 
with complex [CoCp(Me3SiC2H4){P(OPh)3}] showing the best 
compromise activity-stability.22 Other remarkable examples of 
active precatalysts for this transformation are [CoCp(PPh3)2], 
[CoCp(COD)], [CoCp(CO)(dmfu)] (dmfu = dimethyl fumarate) 
and [CoCp(C2H4)2]. The latter has exhibited the highest activities 
of the series, but it necessitates meticulous handling under inert 
conditions and must be stored in an ethylene atmosphere to 
prevent decomposition. The related bis(olefin) complex 
[CoCp(COD)] is more stable and can be exposed to air for brief 
periods, but irradiation or elevated temperatures are needed to 
prompt good activities.33

The overwhelming majority of these transformations involve 
intramolecular reactions that make use of α,ω-diynes5-32 
(Scheme 1A) or cyanoalkynes34 (Scheme 1B) as starting 
materials; however, reports on the intermolecular 
cycloaddition of two discrete alkynes and a nitrile are scarce 
(Scheme 2). The dearth of examples on this topic is likely due to 
the challenging chemo- and regioselectivity of the reaction, 
which may render an intricate mixture of products, e.g., alkyne 
cyclotrimerization products,35 diazines (pyrimidines),36 or 
different isomeric pyridines.13,37 Wan et al. reported on an 
FeI2/dppp system reduced in situ with Zn that is able to 
efficiently catalyze the [2+2+2] cycloaddition of diynes and 
nitriles, but also proved to be active for the cycloaddition of 
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Scheme 1. Intramolecular [2+2+2] cycloaddition reactions of alkynes and nitriles 
catalyzed by transition metal complexes. 

benzylacetylene and acetonitrile (Scheme 2A).13 However, this 
is the only example of the intermolecular version of the reaction 
provided in this work. A NbCl5 catalyst reported by Obora et al. 
proved active for the intermolecular [2+2+2] cycloaddition of 
tert-butylacetylene and arylnitriles in the presence of over 
stoichiometric amounts of Zn and Ph2Si(OMe)2 as additive 
(Scheme 2B); however, significant amounts of trimerization 
product were obtained.35 Liu et al. described a gold catalyst, 
[AuClPPh3], that is capable of transforming nitriles and two 
discrete ynamides into diaminopyridines in the presence of 
catalytic amounts of AgNTf2 (Scheme 2C). Selectivity issues with 
the formation of pyrimidines as by-products were described for 
this system.36 The Co(I) catalyst [CoCp(Me3SiC2H4){P(OPh)3}] 
reported by Hapke et al.—proficient for the cycloaddition of 
diynes and nitriles—is able to catalyze the intermolecular 
cycloaddition of 3-hexyne and benzonitrile (Scheme 2D).22 A 
variety of Co(I) catalysts were explored by Ward et al. 
employing a combinatorial synthesis approach.24 
Photochemical cobalt-catalyzed [2+2+2] cycloaddition of 
alkynes and nitriles under mild conditions was demonstrated by 
Heller and co-workers for a wide variety of nitriles (Scheme 
2E).38 Fatland and Eaton achieved the thermal chemoselective 
synthesis of highly functionalized pyridines using a water-
soluble Co(I) catalyst (Scheme 2F).39 Kinetic studies explained 
the absence of benzene by-products, suggesting that the rate-
determining step involves associative coordination of the 
nitrile. Additionally, a double isotopic crossover experiment 
revealed that pyridine coordination to cobalt is resistant to 
displacement by alkyne but can be displaced by nitriles. 
Recently, Wang and co-workers synthesized pyridines using 
Fe(II)-Co(II) catalysts (Scheme 2G), where nitrile activation 
occurs through coordination to the Fe(II) complex.40 The 
proposed mechanism involves oxidative coupling of alkynes at 
the Cp*Co complex, followed by nitrile migratory insertion and 
reductive elimination. For terminal alkynes and nitriles, a 
mixture of two regioisomers was obtained, while high 
regioselectivity was observed for reactions with pivalonitrile 
and ethyl propiolate, highlighting the role of steric hindrance in 
governing regioselectivity. Similarly, Yoshikai and co-workers 
described a robust cobalt-diphosphine complex capable of 
catalyzing [2+2+2] cycloaddition of internal alkynes and 
unactivated nitriles (Scheme 2H).41 DFT calculations suggest 
that both (dppp)Co⁰ and (dppp)Co⁺ can promote oxidative 
coupling of alkynes, with the highest activation energy 
associated with this step.

Other works for diynes and nitrile cyclotrimerization provide 
insights into the relationship between catalyst design and 
mechanistic insights. Hence, substituted chiral Cp ligands have 
been utilized in asymmetric cobalt-catalyzed 
cocyclotrimerization of various diynes and functionalized 
nitriles under photochemical conditions, achieving high yields 
and enantiomeric excesses of up to 94%.42 Regioselective 3- or 
4- aminopyridines were achieved by Gandon and co-workers 
due to the substitution pattern at the yne-ynamide for a broad 
range of nitriles.23 More recently, the importance of cobalt 
ligands in selectivity has been further emphasized by Li and co-
workers.43 Using an NPN*-cobalt complex, they achieved regio- 
and enantioselective synthesis of pyridines with all-carbon 
quaternary centers. The regioselectivity towards pyridine 
formation is primarily influenced by the inherent nature of 
terminal alkynes and the presence of bulky substituents on the 
metal ligand. Finally, early work by Diversi et al. describes the 
catalytic activity of Rh(I) and Co(I) systems, featuring Cp and Cp* 
ligands (Cp* = pentamethylcyclopentadienyl), for the synthesis 
of pyridines from l-alkynes and nitriles.37,44 

Scheme 2. Intermolecular [2+2+2] cycloaddition reactions of alkynes and nitriles 
catalyzed by transition metal complexes. 
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These systems show that higher ratios of the least sterically 
hindered pyridines and lower amounts of benzene by-products 
were obtained with Cp* ligands.
The origin of the chemo- and regioselectivity in [2+2+2] 
cycloadditions is difficult to assess, as it is governed by several 
competitive pathways that are influenced by subtle electronic 
and steric variations within the system.45–47 In this work, we 
present a novel procedure for the in situ generation of Cp*Co(I) 
species capable of efficiently catalyzing the intermolecular 
[2+2+2] cycloaddition of a variety of discrete alkynes and 
nitriles, which has allowed for the isolation and characterization 
of a range of new functionalized pyridines. The active species 
was prepared via reduction of the parent Cp*Co(III) complex 
with 2 equivalents of NaBEt3H in toluene. The Co(III) precatalyst 
is a well-defined diamagnetic complex that can be 
straightforwardly characterized by NMR, and, more 
importantly, it is air-stable and can be stored indefinitely. 
Moreover, in order to address the observed chemoselectivity 
and stereoselectivity, stoichiometric experiments and a 
comprehensive DFT study have been performed to elucidate 
the reaction mechanism and the role of competitive pathways.

Results and discussion
Study of the catalytic activity of Co(III) precursors

The activity of Co(III) precatalyst 1, [CoCp*(CH3CN)(P-N)][BF4]2 
(P-N = 1-((diphenylphosphaneyl)methyl)-1H-benzo-1,2,3-
triazole), was explored in the [2+2+2] cycloaddition reaction of 
alkynes and nitriles. This complex, previously reported by us,48 
presents a phosphane equipped with a triazole moiety that is 
capable of acting as a hemilabile ligand. The formation of the 
Co(I) active species was achieved by in situ reduction of 1 with 
2 equivalents of NaBEt3H. 
The initial evaluation of the catalytic activity was conducted 
using a catalyst loading of 5 mol%, 10 mol% of the reducing 
agent (NaBEt3H), and benzylacetylene and acetonitrile as 
substrates in a 1:1 ratio (Scheme 3). The reaction, carried out at 
80 °C in C6D6, resulted in quantitative conversion after 72 h. It is 
noteworthy that the formation of two isomeric species, 2,4-
dibenzyl-6-methylpyridine (py-1a) and 3,6-dibenzyl-2-
methylpyridine (py-1b), in a 2:1 ratio (Scheme 3), respectively, 
was observed, which is consistent with the only example found 
in the literature.24 The exclusive formation of these two 
products against the array of combinations that could 
potentially be obtained considering an intermolecular 
cycloaddition of discrete alkynes and nitriles will be further 
analyzed later alongside the proposed reaction mechanism. 
To confirm the need for the cobalt precatalyst and to rule out 
that the catalytic activity was solely due to the presence of 
NaBEt3H, a control experiment was performed using conditions 
analogous to those described earlier, but in the absence of 
cobalt precatalyst. Under these conditions, no formation of 
cycloaddition products was observed. 

 

Scheme 3. Intermolecular [2+2+2] cycloaddition reaction catalyzed by 1.

Table 1. [2+2+2] cycloaddition reaction catalyzed by Co(III) precursors (5 mol%).

Conversion (%)Entry Catalytic 
precursor 24 h 72 h

1 1 70 99
2 2 17 20
3 3 11 20
4 4 0 6

Reaction conditions: 0.15 mmol de benzylacetylene, 0.15 mmol of CH3CN, 10 mol% 
of NaBEt3H, in C6D6 at 80 °C. Conversions calculated by integration of 
representative resonances in the 1H NMR spectra.

Similarly, to assess the need for the reduction of 1 to the Co(I) 
active species, the reaction was performed in the presence of 
the precatalyst but without NaBEt3H. Under such conditions, no 
reactivity was observed.
With the aim of evaluating the importance of the presence of 
the triazol group, other CoIIICp* catalytic precursors were 
studied (Table 1), specifically, [CoCp*(CH3CN)3][BF4]2 (2), 
[CoCp*(CH3CN)2(PMePh2)][BF4]2 (3), and 
[CoCp*(CH3CN)(dppe)][BF4]2 (4; dppe = 1,2-
bis(diphenylphosphino)ethane). The conversions observed 
after 24 and 72 h with 2 and 3 (Entries 2 and 3, Table 1) were 
significantly lower than those obtained with 1. These low 
conversion values can be attributed to the reduced stability of 
the Co(I) species formed in the absence of a stabilizing 
bidentate ligand. Conversely, the use of 4 as precatalyst leads 
to the lowest conversions, showing barely any catalytic activity 
under these conditions (Entry 4, Table 1). This behavior is 
plausibly a consequence of the strong bidentate coordination of 
the dppe ligand in the Co(III) precatalyst, which hinders its 
reduction to Co(I).
It is noteworthy that the selectivity of the reaction was not 
modified by the use of different precatalysts, resulting in all 
cases in a mixture of py-1a/py-1b in a 2:1 ratio, which suggests 
an analogous reaction mechanism for all of them.
In situ generation of the active CoICp* species

Experimentally, we observe that the addition of NaBEt3H to a 
red suspension of 1 in C6D6 results in immediate gas evolution 
and the formation of a blue solution. Conversely, in the case of 
2 and 3, the reaction with NaBEt3H leads to the formation of a 
brown suspension. The reduction of 4, in contrast, is very slow, 
and barely any changes or gas evolution are observed. This 
behavior agrees with the relative activity described above for 
the different Co(III) catalyst precursors, suggesting that the 
lower activities observed for 2 and 3 are a result of the partial 
decomposition of the catalyst, while the overstabilization 
resulting from the presence of the bidentate phosphane ligand 
in 4 leads to a sluggish reduction process.
 

Bn N Bn N
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+

Bn
Bn
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Scheme 4. In situ reduction of 1 and proposed active species.

To shed light on the catalyst activation process, stoichiometric 
experiments were carried out with 1, replicating the in situ 
reduction conditions used in catalysis, monitoring its evolution 
by 1H, 1H{31P}, and 31P{1H} NMR spectroscopy (Scheme 4).
NaBEt3H was added to a suspension of 1 in C6D6 in a Young NMR 
tube under an inert atmosphere. The 1H NMR spectrum of the 
reaction mixture shows the appearance of a doublet at δ −16.6 
ppm, corresponding to the formation of a dihydride complex, 
plausibly [CoCp*(H)2(P-N)], with a coupling constant of 83.6 Hz 
with the phosphorus nucleus (Figure S69a). In the 1H{31P} NMR 
spectrum, this resonance appears as a singlet (Figure S69b), 
confirming the coupling of the hydrides with the phosphorus 
nucleus of P-N. The shift and coupling constants are consistent 
with those described by Brookhart et al. for the related complex 
[CoCp*(H)2(PMe3)], showing a doublet for the hydride ligands at 
δ −18.09 ppm with a 2JP-H of 89 Hz. In the 1H NMR spectra in 
C6D6, a singlet at δ 4.47 ppm due to the formation of free H2 is 
observed, which agrees with the rapid bubbling observed after 
the addition of NaBEt3H (Figure S70). In the 31P{1H} NMR 
spectrum, the signal initially observed for 1 at δ 62.1 ppm shifts 
to low field, appearing as a broad signal at δ 81.1 ppm (Figure 
S71).
Upon release of H2 from the NMR tube, both the H2 signal and 
the doublet corresponding to the hydrides disappear in the 1H 
NMR spectra. Additionally, a low-intensity broad doublet 
emerges at δ −6.48 ppm with a coupling constant H-P of 21.6 Hz 
(Figure S72). Both δ and J values are consistent with those of a 
dihydrogen ligand coordinated to Co(I). This suggests that both 
species observed in solution are in equilibrium, shifting towards 
the formation of the Co(I) complex in an open system. In the ¹H 
NMR spectrum, the major methylene signal appears as a 
doublet at δ 3.39 ppm—which becomes a singlet in the ¹H{³¹P} 
spectrum. This signal was present before H2 release, but its 
intensity increases after purging with Ar (Figure S73). This 
resonance presents a 2JH-P of 6.4 Hz, and its integration is 
consistent with those of the most intense aromatic signals and 
the one associated with the Cp* methyl groups at δ 1.85 ppm. 
In this case, the methylene protons do not show diastereotopic 
nature despite P-N being bidentately coordinated, since this 
species is a Co(I) pentacoordinated complex with C2v symmetry.
These experiments suggest that, after the addition of NaBEt3H 
to 1, the dissociation of the triazol group occurs followed by the 
coordination of two hydrides to the metal center to form the 
dihydride complex [(CoCp*(H)2{1-P-(P-N)}]. This complex 
would be in equilibrium with the Co(I) species, [CoCp*{2-P,N-
(P-N)}], formed after the release of H2 via reductive elimination. 
In this pentacoordinated species, the ligand is likely to 
coordinate in a bidentate manner to occupy the coordination 

vacancy generated in the process. Albeit to a lesser extent, the 
formation of intermediate species [CoCp*(η2-H2){1-P-(P-N)}] is 
also detected, where P-N would be coordinated 1-P, which is 
consistent with the hemilabile nature of the ligand.
Optimization of the reaction conditions

In view of the results described above, the optimization of 
reaction conditions was carried out using 1 as the catalytic 
precursor. Firstly, the amount of nitrile present in the reaction 
medium was optimized by exploring the impact of using 3 and 
6 equivalents of acetonitrile with respect to the alkyne, instead 
of 1 (Table 2). The results showed a significant improvement 
with the use of 3 equivalents of acetonitrile, achieving 
quantitative conversion after 24 hours. Conversely, the use of 6 
equivalents showed poorer conversions at initial times. At 
longer times, the activity improved in both cases compared to 
that obtained with 1 equivalent, with both reactions finishing 
after 72 hours. Henceforth, 3 equivalents of nitrile with respect 
to the alkyne were used.
Next, we carried out the optimization of the reaction 
temperature, evaluating the catalyst activity at 80, 100, and 120 
°C (Table 3). After 24 hours at 80 and 100 °C, similar conversions 
were obtained, 97 and 99%, respectively. However, at shorter 
reaction times, the conversion is significantly higher at 100 °C. 
At 120 °C, the activity undergoes a significant decrease 
compared to 80 and 100 °C, conceivably due to catalyst 
instability at elevated temperatures. 
Under the optimized reaction conditions (0.15 mmol of 
benzylacetylene, 0.45 mmol of acetonitrile, and 10 mol% of 
NaBEt3H in C6D6 at 100 °C), the same selectivity described above 
was observed for the isomers py-1a and py-1b.

Evaluation of the substrate scope

The catalytic activity of 1 was explored using various families of 
alkynes and nitriles as substrates under optimized reaction 
conditions.

Table 2. Conversion rates for the [2+2+2] cycloaddition of benzylacetylene and 
acetonitrile, with different loadings of the latter, catalyzed by 1 (5 mol%).

Conversion (%)Entry CH3CN
1 h 2 h 24 h 48 h 72 h

1 1 equiv. 43 49 70 88 99
2 3 equiv. 52 60 99 - -
3 6 equiv. 23 38 86 90 97

Reaction conditions: 0.15 mmol of benzylacetylene, 10 mol% of NaBEt3H in C6D6 at 
80 °C. Conversions calculated by integration of the 1H NMR spectrum.

Table 3. Conversion rates the [2+2+2] cycloaddition of benzylacetylene and acetonitrile 
in a 1:3 ratio catalyzed by 1 (5 mol%) at different reaction temperatures.

Conversion (%)Entry Temperature 
(°C) 1 h 2 h 5 h 24 h

1 80 52 60 79 97
2 100 62 71 88 99
3 120 27 38 54 67

Reaction conditions: 0.15 mmol of benzylacetylene, 0.45 mmol de acetonitrile, 10 
mol% of NaBEt3H in C6D6 at 80, 100 and 120 °C. Conversions calculated by 
integration of the 1H NMR spectrum.
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N
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Co
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N
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Initially, while maintaining the use of acetonitrile, a variety of 
terminal alkynes were studied (Scheme 5 and Table 4). Using 
benzylacetylene, 1-hexyne, and cyclopropylacetylene, 
quantitative conversions were achieved in less than 24 hours 
(Entries 1, 3, and 4, Table 4). However, the use of 
methylpropargyl ether (Entry 5, Table 4), also an aliphatic 
alkyne, led to a significantly lower conversion (64%). The use of 
an aromatic alkyne such as 4-tolylacetylene (Entry 2, Table 4) 
resulted in an even lower conversion (54%). This lower 
conversion can be ascribed to steric hindrance, which may 
hamper coordination. It is worth mentioning that the isomer 
ratio does not vary significantly upon modification of the alkyne.
Next, the use of different aromatic and aliphatic nitriles was 
studied while maintaining benzylacetylene as the substrate 
(Scheme 6 and Table 5). 
The reaction with benzonitrile results in the formation of the 
corresponding pyridines quantitatively in 2 hours (Entry 1, Table 
5). The use of an electron-donating group, as in the case of 4-
methoxybenzonitrile (Entry 2, Table 5), leads to a noticeable 
change in activity, requiring 24 h to achieve a 95% conversion. 
On the other hand, the presence of an electron-withdrawing 
group (4-nitrobenzonitrile) completely inhibits the activity 
(Entry 3, Table 5), likely due to a weaker interaction with the 
metal center.
The use of 2-(pyridin-2-yl)acetonitrile also resulted in no 
detectable product formation (Entry 4, Table 5), plausibly as a 
result of a lower access to vacant coordination sites due to 
substrate coordination.

Scheme 5. Intermolecular [2+2+2] cycloaddition reaction with different alkynes (X = 1-
5).

Table 4. Conversions, selectivities, and yields for the intermolecular [2+2+2] 
cycloaddition of a variety of alkynes and acetonitrile catalyzed by 1.

Entry Alkyne Conv % 
(h)

I:II ratio Yield 
I+II (%)

Products

1
Bn

> 99 (24) 2:1 93
py-1a: 
py-1b

2
p-Tol

54 (24) 2:1 44
py-2a: 
py-2b

3
3

> 99 (24) 2:1 90
py-3a: 
py-3b

4 > 99 (5) 1.5:1 90
py-4a: 
py-4b

5
MeO

64 (24) 2:1 58
py-5a: 
py-5b

Reaction conditions: 0.15 mmol of alkyne, 0.45 mmol of acetonitrile, 10 mol% of 
NaBEt3H, and 5 mol% of 1 in C6D6 at 100 °C. Conversions calculated by integration 
of the 1H NMR spectrum using 1,3,5-triazine as an internal standard.

Cyclohexanecarbonitrile is converted into the corresponding 
pyridines in almost quantitative conversions in less than 5 h 
(Entry 5, Table 5). Trimethylacetonitrile (Entry 6, Table 5), in 
contrast to cyclohexanecarbonitrile (also an aliphatic nitrile), 
led to the formation of a single isomer, 2,4-dibenzyl-6-(tert-
butyl)pyridine (py-9a), although in lower yield. This selectivity 
may be due to the steric hindrance between the tert-butyl and 
benzyl groups, which would prevent the formation of 3,6-
dibenzyl-2-(tert-butyl)pyridine (py-9b). 1 also exhibited 
catalytic activity with internal alkynes; namely, 3-hexyne, 
yielding a single reaction product (Table 6). The yields were 
moderate, around 50% after 24 h, both with acetonitrile and 
benzonitrile.

Scheme 6. Intermolecular [2+2+2] cycloaddition reaction with different nitriles (X = 6-9).

Table 5. Conversions, selectivities, and yields for the intermolecular [2+2+2] 
cycloaddition of benzylacetylene and a variety of nitriles catalyzed by 1.

Entry Nitrile Conv % 
(h)

I:II 
ratio

Yield 
I+II (%)

Products

1 N >99 (2) 2:1 95
py-6a: 
py-6b

2 NMeO 95 (24) 2:1 87
py-7a: 
py-7b

3 NO2N 0 (24) - - -

4
N

CN
0 (24) - - -

5 N 96 (5) 2:1 90
py-8a: 
py-8b

6 N 44 (24) 1:0 35
py-9a:
py-9b

Reaction conditions: 0.15 mmol of alkyne, 0.45 mmol of acetonitrile, 10 mol% of 
NaBEt3H, and 5 mol% of 1 in C6D6 at 100 °C. Conversions calculated by integration 
of the 1H NMR spectrum using 1,3,5-triazine as an internal standard.

Table 6. Conversions and yields for the intermolecular [2+2+2] cycloaddition of the 
internal alkyne 3-hexyne and different nitriles, in a 1:3 ratio, catalyzed by 1 (5 mol%).

Entry Alkyne Nitrile Conversion % (h) Yield (%)

1 N 53 (24) 52

2
N

Ph
44 (24) 42

Reaction conditions: 0.15 mmol of 3-hexyne, 0.45 mmol of nitrile, 10 mol% of 
NaBEt3H in C6D6 at 100 °C. Conversions calculated by integration of the 1H NMR 
spectrum using 1,3,5-triazine as internal standard.

100 ºC, C6D6

5 mol% 1, 
10 mol% NaBEt3H

NR

R

NR

R

(3 eq.)
R

+
N

+

py-Xa py-Xb

100 ºC, C6D6

5 mol% 1
10 mol% NaBEt3H

N RBn

Bn

N RBn

Bn
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+
N

R +

py-Xa py-Xb

Page 5 of 13 Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
2:

47
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5QO00222B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qo00222b


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6

Please do not adjust margins

Please do not adjust margins

Mechanistic considerations

The chemoselectivity of the reaction is remarkable, as no 
products resulting from alkyne cyclotrimerization or diazine 
formation are observed in the reaction crude. Furthermore, 
regarding the regioselectivity of the reaction, only two isomeric 
pyridines are obtained as products (py-Xa and py-Xb), despite 
the fact that the [2+2+2] cycloaddition reaction of two discrete 
terminal alkynes and a nitrile could potentially lead to the 
formation of 4 structural isomers (see Scheme 7). 
For precatalyst 1, the selectivity is maintained even after 
variations in temperature or changes to the nitrile and alkyne 
substituents, typically yielding a mixture of isomers I and II in a 
2:1 ratio. Additionally, experiments were carried out to shed 
light on key points of the reaction mechanism, such as the 
participation of triplet species or the role of the P-N ligand.
To investigate the involvement of triplet species in the reaction 
mechanism, radical quenching experiments using (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) were conducted. The 
standard catalytic test, involving benzylacetylene and 
acetonitrile in a 1:3 ratio (Table 4, Entry 1) in the presence of 1 
equivalent of TEMPO, resulted in a significant reduction in 
catalytic activity, with the conversion decreasing from 
quantitative to 19%. This suggests that TEMPO reacts with the 
triplet species of the catalytic cycle, inhibiting the catalytic 
activity. The impact of P-N dissociation during the catalytic cycle 
was evaluated, using the cycloaddition of benzylacetylene and 
acetonitrile (Table 4, Entry 1) as a test reaction, adding an 
excess of P-N (25 mol%). This results in a significant decrease in 
conversion, from quantitative to 37%, which can be ascribed to 
the increased difficulty in generating the necessary 
coordination vacancy.

 

Scheme 7. Possible isomeric pyridines obtained from the [2+2+2] cycloaddition 
reaction of two discrete terminal alkynes and acetonitrile. Unobserved 2,3,5- and 
2,4,5- pyridines are marked in grey.

DFT theoretical studies based on experimental evidences of 
[2+2+2] cobalt-catalyzed cycloadditions have been carried out 
to clarify the reaction mechanism. Early computational studies 
on trimerization of acetylenes49,50 and nitriles42 were carried 
out, but they only considered closed-shell species. The role of 
two-state reactivity (TSR) processes was pointed out by Koga et 
al52 for acetylene trimerization to yield benzene. The 
importance of considering parallel reaction pathways arising at 
the CoCp metallacyclodiene intermediate was highlighted by 
Aubert et al,53 concluding that benzene is formed from triplet 
cobaltacyclodiene intermediate after a spin-state change and 
subsequent alkyne ligation, although it can be trapped by σ-
donor coordinating ligands of the appropriate size. In the case 
of cycloaddition of alkynes and nitriles to yield pyridines, the 
number of possible competitive reaction pathways increase 
after formation of the CoCp cyclometalladiene intermediate. 
Hence, it was found for 2-methylpyridine that internal [4+2] 
cycloaddition is the preferred pathway over migratory insertion 
into the metallacycle and external [4+2] cycloaddition for 
acetylene and acetonitrile.54 However, depending on the 
substituents, insertion of the nitrile on the cobaltacyclodiene 
may occur following the migratory insertion pathway.23 Based 
on previous studies on model systems, the chemoselectivity of 
the reaction cannot be explained invoking this mechanism, as 
the insertion of an alkyne into the metallacycle is more 
favorable than that of the nitrile according to the theoretical 
calculations hitherto reported52 and a thorough study of alkyne 
and nitrile competing pathways is required.
Early computational studies using semiempirical methods on 
stereoselectivity in cyclocobaltadiene formation, via the 
oxidative addition of substituted alkynes, revealed a preference 
for α-carbon positions within the metallacycle, driven by the 
steric effects of bulky substituents.55 Electronic effects appear 
to be less significant, with electron-donating substituents 
favoring the β-position of the metallacycle due to the larger 
orbital lobe at the substituted carbon atom.56 Based on these 
studies, steric hindrance favors the formation of intermediate 
C2, leading to 2,3,6-pyridine (py-Xb), while electronic effects 
should promote path 3, leading to the unobserved 2,4,5-
pyridine. A systematic DFT study of the regioselectivity of 
CoCp(bisacetylene) showed the preference for 1,4-coupling for 
methyl substituents44 (path 2 in Scheme 7).
In order to understand the observed chemoselectivity and 
regioselectivity, a thorough DFT study considering all possible 
reaction pathways for the full cycle of CoCp*(P-N) catalyzed 
[2+2+2] cycloaddition of benzylacetylene and acetonitrile, 
depicted in Scheme 8, has been conducted.

DFT Study on the catalytic cycle

According to previous studies,49 the initial step in the [2+2+2] 
cycloaddition process catalyzed by the CoCp(PH3)2 complex 
involves the ligand exchange of phosphanes by alkynes, 
followed by an oxidative coupling step that produces a 
cobaltacyclediene intermediate.51 
In order to discard other possible pathways, the oxidative 
coupling between two benzylacetylene molecules enabled by 
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the [(CoCp*{1-P-(P-N)}] intermediate was considered (see 
Figure S74), concluding that the activation energies for this 
process were higher and full dissociation of the P-N ligand is 
required.
The DFT-calculated free energy profile for the full catalytic cycle 
shown in Scheme 8 is presented in Figures 1 and 2. Figure 1 
considers precatalyst activation and the oxidative coupling step 
leading to the formation of the CoCp*–cyclopentadiene 
intermediate, while Figure 2 outlines the possible competing 
pathways that yield trisubstituted pyridine and benzyne 
products. The catalytic cycle starts with the formation of 
CoCp*(bisalkyne) via stepwise dissociation of P-N from the 
metal to afford intermediate B, an exergonic process by 13.2 
kcal/mol (see Figure 1). According to Scheme 7, regioselective 
oxidative coupling of two mono-substutited alkynes can lead to 
regioisomers C1, C2 and C3 due to head-to-tail (1,3-), head-to-
head (1,4-) and tail-to-tail (2,3-) coupling. The corresponding 
transition states are TSBC1, TSBC2, and TSBC3, presenting 
energetic barriers of 28.3 kcal·mol–1, 29.4 kcal·mol–1, and 34.6 
kcal·mol–1, respectively. In order to understand the lower 
activation energy for the 1,3-coupling, non-covalent 
interactions have been analyzed at the transition states using 
NCI methodology (See Figure S75).

NCI plots reveal that steric repulsion between groups attached 
to the carbon atoms forming the C–C bond is significant for 2,3-
coupling, but almost negligible for 1,4- and 1,3- coupling. 
Interestingly, the 1,3-coupling provides greater conformational 
flexibility to the –CH2-Ph groups of both benzylacetylenes, 
allowing favorable π-methyl interactions between the terminal 
phenyl groups and the methyl groups of the Cp* ligand. In 
contrast, the 1,4-coupling does not permit such interactions.
Unsaturated Co(III)Cp*-cyclopentadiene intermediates C1, C2, 
and C3 present unstable singlet electronic wavefunctions with 
respect to their corresponding triplet state species 3C1, 3C2 and 
3C3 at 2.9, 2.6 and 0.7 kcal·mol–1, respectively. The geometries 
of singlet and triplet species differ: singlet cobaltacyclodienes 
exhibit a puckered conformation of the five-membered ring, 
whereas the triplet state displays a planar arrangement. Singlet-
triplet minimum energy crossing points, CP(C1), CP(C2), and 
CP(C3), were identified within an accessible energy range, 
allowing for efficient surface hopping between electronic 
states. According to the DFT energies presented in Figure 1, the 
catalyst induces kinetic control of the regioselectivity in the bis-
alkyne coupling step, favoring the formation of C1 as the major 
intermediate.
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Scheme 8. Catalytic cycle proposed for the [2+2+2] cycloaddition of benzylacetylene (R=-CH2-Ph) and acetonitrile catalyzed by CoCp*(P-N) leading to 1,3,5- trisubstituted benzene 
and 2,4,6- trisubstituted pyridine.
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Figure 1. DFT calculated Gibbs free energy profile (in kcalmol-1) for the ligand exchange 
and oxidative coupling of bis(benzylacetylene) catalyzed by complex CoCp*(P-N) (A). 
Regioselective pathways are color-coded as follows: black for 1,3-coupling, blue for 1,4-
coupling, and red for 2,4-coupling.

Since the predominant product observed experimentally 
requires head-to-tail coupling of two alkyne molecules, only the 
pathway involving the C1 regioisomer will be discussed in the 
following section. Starting at C1 and 3C1 intermediates, the 
reaction proceeds through coordination of one of three 
different molecules to the metal (see Figure 2): acetonitrile (-N 
path), benzylacetylene (-A path), or the P-N ligand previously 
dissociated from A (-L path). Acetonitrile and benzylacetylene 
are present in high concentrations, whereas P-N is found at a 
significantly lower concentration. Transition states were found 
for the coordination of benzylacetylene, acetonitrile, and 
phosphane to the metal vacancy at singlet C1. These early 
transition states correspond to the geometric rearrangement of 
the metallic complex from a puckered to a planar conformation, 
while the coordinated molecule interacts weakly with the metal 
center. These transition states lead to the formation of 
coordinatively saturated Co(III) complexes which are exergonic, 
D1-A –7.5 kcal·mol–1, D1-N –9.8 kcal·mol–1, and D1-L –27.1 kcal 
mol–1. As the corresponding triplet states for the D1 
intermediates are significantly higher in energy than the singlet 
states, a surface hopping process between the 3C1 and D1 
intermediates may occur. 
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Intersystem crossing points were found for the three 
competitive pathways, presenting relative Gibbs free energies 
of 11.1 kcal mol–1 for CP(D1-A), 6.9 kcal mol–1 for CP(D1-N), and 
0.9 kcal mol–1 for CP(D1-P), respectively. The energies of MECPs 
are lower than the transition states found for singlet states, thus 
we can assume that the reaction proceeds through 3C1 → 
CP(D1) → D1. The lower value of CP(D1-P) indicates that the 
most favorable pathway goes through the phosphane -
coordination to the metal. Previous studies49,53,58 showed that 
bulky phosphanes actively catalyze alkyne cyclotrimerization, 
while compact phosphanes inhibit catalysis. Our results are in 
this line and support the fact that the experimental excess of P-
N (25 mol%) leads to a significant decrease in conversion (vide 
supra).
Considering the competition between acetonitrile and 
benzylacetylene towards metal coordination at intermediate 
3C1, the nitrile presents a lower energetic barrier (6.9 kcal mol–
1 CP(D1-N)) than the alkyne (11.1 kcal mol–1 CP(D1-A)). 
Inspection of the geometrical structures reveals that the 
coordination of the alkyne is hindered by steric clashes between 
the terminal hydrogen and the methyl groups of the Cp* ligand, 
while the nitrogen atom of the nitrile can easily access the metal 
center. 1,3,5-trisubstituted benzene can be formed from D1-A 
following an intramolecular [4+2] mechanism facilitated by the 
metal, characterized by TSDE1-A. This transition state has an 
energetic barrier of 1.1 kcalmol-1 relative to D1-A and results in 
4-type arene coordination to the metal, E1-A. A stepwise 
exchange of the arene with two benzylacetylene molecules 
generates intermediate B, thereby completing the catalytic 
cycle. The formation of pyridine from the D1-N intermediate 
requires consideration of three competing reaction 
mechanisms proposed in the literature (see Figure S76). The 
intermolecular [4+2] mechanism between the 
cyclometalladiene and acetonitrile, can be excluded due to its 
very high relative energy of 27.3 kcal mol-1. Migratory insertion 
of the 1-coordinated nitrile into one of the Co-C bond shows 
an energetic barrier of 17.9 kcalmol-1 (from D1-N), and leads to 
the seven-member puckered metallacycle G1-N (-5.3 kcamol-1). 
Then, the pyridine can be formed through reductive elimination 
with a low energetic barrier of 3.2 kcalmol-1 from G1-N. The last 
possible pathway, the intramolecular [4+2] mechanism, 
involves a change in the coordination mode of the nitrile, from 
1 (D1-N) to 2 (E1-N), characterized by TSDE1-N. The 
concerted addition of the metal-coordinated nitrile to the 
cyclometalladiene may occur in two different orientations 
(paths 1a and 1b described in Scheme 7) leading to 2,4,6- and 
2,3,5- regioisomers. Calculation of transition states shows that 
path 1a is energetically favored, the relative energy being 1.8 
kcal·mol-1 for TSEF1a-N, while path 1b is energetically 
unaffordable. The final 2,4,6-trisubstituted pyridine can be 
released through stepwise ligand exchange with two 
benzylacetylene molecules forming intermediate B and 
completing the catalytic cycle. EF1b-N may also undergo a 
coordination mode change from 4 to 6, which is energetically 
favorable due to the triplet instability in the CoCp*(6-pyridine) 
wavefunction and the corresponding crossing point that allows 
surface hopping (Figure S77).

According to the DFT Gibbs free energetic profile, 
chemoselectivity is governed by the lower energy of CP(D1-N) 
compared to CP(D1-A), allowing a faster coordination of nitrile 
to CoCp*cyclopentadiene intermediate in the triplet state. The 
regioselectivity is controlled in two steps. First, the oxidative 
coupling of two alkynes favors 1,3-alkyne coupling, although the 
transition state leading to 1,4-coupling is only 1.1 kcal·mol-1 
higher. This energetic difference leads to 81.5:18.5 proportion 
of products, which is in good agreement with the value of 2:1 
obtained experimentally. Second, the 2,3,5-pyridiyne is not 
observed due to the energetic difference at the metal-mediated 
[4+2] addition of the nitrile to the diene (TSEF1b-N and TSEF1a-
N). However, it should be noted that DFT free energy profiles do 
not consider concentration effects.59 The concentration of 
phosphane is smaller than nitrile and alkyne in the competitive 
step of ligand coordination to the metal in 3C1 intermediate and 
also in the oxidative coupling of the two alkynes.

Conclusions
We have developed a catalytic system for the straightforward 
preparation of novel functionalized pyridines via the [2+2+2] 
cycloaddition of nitriles and alkynes. The precatalyst is an air-
stable CoCp*(III) complex stabilized by a hemilabile P-N ligand. 
In situ reduction of this complex with NaBEt3H generates the 
active Co(I) species. Remarkably, related systems with strongly 
coordinating bisphosphane ligands or monodentate 
phosphanes (lacking the stabilizing effect of the hemilabile 
moiety) fail to efficiently generate the active species, leading to 
a sharp reduction in catalytic activity. This behavior suggests 
that the hemilabile P-N ligand resides in the "Goldilocks zone" 
for precatalyst stabilization. Moreover, an in-depth 
computational study at the DFT level of the reaction mechanism 
has clarified the key steps driving the chemo- and 
stereoselectivity of the reaction, providing essential insights 
into the factors governing the competitive pathways arising 
from alkyne, nitrile, or phosphane coordination in a two-state 
reactivity scenario. Non-covalent interactions between alkyne 
substituents and the methyl groups of the Cp* ligand favor 1,3-
regioisomer as the major intermediate in the oxidative coupling 
step, while selective metal-assisted [4+2] cycloaddition of 
acetonitrile to the cyclometalladiene yields the final products. 
Notably, the coordination of acetonitrile to the metal is favored 
over that of benzylacetylene, due to a more encumbered 
transition state for the latter, thus explaining the selective 
formation of pyridines over arenes.
This catalytic method holds significant potential as a tool for 
constructing complex pyridines, which are commonly found in 
bioactive molecules and functional materials. Furthermore, the 
mechanistic insights presented here lay the foundation for the 
development of more efficient catalysts for [2+2+2] 
cycloaddition reactions. On these grounds, further 
improvements in selectivity and substrate scope require fine-
tuning of the electron density at the metal center and, 
especially, the steric hindrance of the ligand system. A decrease 
in the steric hindrance around the metal center is likely to 
improve the catalyst's activity, leading to higher conversions 
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and a broader substrate scope, but the selectivity is expected to 
be affected, likely increasing alkyne trimerization (as suggested 
by the proposed reaction mechanism).

Experimental
Computational Details. All DFT theoretical calculations were 
carried out using the Gaussian16 program package.60 Geometry 
optimization and frequency analysis was performed using the 
M06-L functional,61 which has proven to yield good results for 
singlet-triplet gap on similar complexes,62 in combination to the 
def2-SVP basis set61 which include effective core potentials for 
cobalt atom. Energies were refined by MN15/def2-TZVP single 
point calculations64 using the SMD approach65 for benzene as 
implemented in G16. The “ultrafine” grid was employed in all 
calculations. All reported energies are Gibbs free energies 
referred to a 1 M standard state at 373.15º K including basis set, 
solvent, and entropic quasi-harmonic corrections66 as 
implemented in Goodvibes program.67 Intersystem crossing 
points where calculated using the MECP program as 
implemented in EASYMECP68,69 employing the same 
computational level employed for geometry optimizations and 
free energy corrections. NCI plots were made using the NCIPLOT 
software.70
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x,y,z coordinates of the DFT intermediates (xyz file). 
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