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Cobalt-Catalyzed Dehydrogenative Coupling of Amines into 

Imines 

Fabrizio Bottaro,[a] Ahmad Takallou,[a] Ahmad Chehaiber,[a] and Robert Madsen*[a] 

 

Abstract: Primary amines have been subjected to an acceptorless 

dehydrogenative homo- and heterocoupling into imines with a cobalt 

catalyst. The catalytically active species are composed of cobalt 

nanoparticles, which are generated in situ by heating Co2(CO)8 in 

the presence of trioctylphosphine oxide as a surfactant. The 

nanoparticles have been characterized by transmission electron 

microscopy where the image showed spherical and small particles 

with a narrow size distribution. The catalyst can be recovered and 

used again with essentially no effect on the yield. The catalyst can 

also be used for the dehydrogenative coupling of alcohols and 

amines into imines. 

Introduction 

Dehydrogenative transformations proceed with the release of 

hydrogen gas and have seen much development over the past 

15 years.[1-3] The reactions have mostly been carried out with 

alcohols to afford imines, amides, esters, carboxylic acids and 

various heterocycles. Initially, the transformations were mainly 

catalyzed by complexes of ruthenium and iridium,[1] but recently 

catalysts based on several Earth-abundant metals such as 

manganese, iron and cobalt have also been developed to 

mediate the dehydrogenations.[2] 

Besides alcohols, dehydrogenative reactions have also been 

performed with amines to generate imines and nitriles, although 

these are more challenging transformations with only a few 

known examples. Two ruthenium complexes with a PNP pincer 

and an N-heterocyclic carbene ligand, respectively, have been 

shown to catalyze the homo- and heterocoupling of primary 

amines into imines at temperatures between 115 and 160 °C.[4] 

The same transformations have been carried out with 0.5% of 

Pd-doped hydrotalcites in refluxing xylene, with 5% of Pd/C in 

dimethylacetamide at 120 °C, and with 10% of a rhodium 

catalyst under photolytic conditions.[5] In an unusual case, imine 

formation has also been observed upon refluxing benzylamine in 

toluene with 20% of an aluminum NNN pincer complex.[6] 

Likewise, the dehydrogenation of primary amines into nitriles 

has been achieved with a ruthenium NNN pincer complex and a 

ruthenium naphthyridine-pyrazole complex with the liberation of 

2 equiv. of hydrogen gas.[7] Due to the facile reduction of imines 

with hydrogen gas, a more common reaction pathway under 

these conditions is the coupling of primary amines into 

secondary amines with the release of ammonia where the imine 

is only serving as an intermediate. This transformation has been 

catalyzed by a number of homogeneous ruthenium[8] and 

iridium[9] catalysts as well as heterogeneous platinum,[10] 

palladium[11] and copper[12] catalysts. 

In 2013, the first cobalt catalysts were presented for the 

dehydrogenation of alcohols consisting of a homogeneous PNP 

pincer complex[13] and a heterogeneous Co/TiO2 catalyst.[14] 

Since then, several cobalt pincer complexes have been 

developed for the alcohol dehydrogenation[15] and recently the 

scope was extended to unsupported cobalt nanoparticles[16] and 

a PPPN cobalt complex[17] which were both shown to catalyze 

the conversion of alcohols into ketones. Furthermore, 10% of 

Cp*Co(CO)I2/PCy3 has lately been used to catalyze the N-

alkylation of amines with secondary alcohols.[18] On the contrary, 

the dehydrogenation of amines has only been described in two 

cases with a cobalt catalyst and only for converting primary 

amines into secondary amines. With 2% of a homogeneous 

cobalt pincer complex the homo- and heterocoupling of primary 

amines was achieved in toluene at 120 °C.[19] In addition, 0.5% 

of a heterogeneous bimetallic Co2Rh2/C catalyst mediated the 

homocoupling of primary amines in toluene at 180 °C.[20] Thus, 

the acceptorless dehydrogenation of amines with cobalt 

catalysts and other non-noble metal catalysts is still very poorly 

developed.[21] This prompted us to initiate an investigation into 

dehydrogenations with this metal, which led to the discovery of 

cobalt nanoparticles as catalysts for the amine 

dehydrogenation.[22] Recently, different preparations of cobalt 

nanoparticles have seen a number of applications in the 

opposite reaction, i.e. the hydrogenation of various double 

bonds with hydrogen gas.[23] Furthermore, nanoparticle catalysts 

based on other Earth-abundant metals have been used for both 

hydrogenation and dehydrogenation reactions especially iron 

oxide and nickel catalysts.[24] 

Herein, we describe the first example of a cobalt-catalyzed 

acceptorless dehydrogenation of amines into imines. The 

transformation is achieved with in situ formed cobalt 

nanoparticles which can also be used for the coupling of 

alcohols and amines into imines.[25] 

Results and Discussion 

The reaction was discovered while attempting to develop a more 

convenient in situ formed catalyst system. For this purpose, 

Co2(CO)8 was selected as the cobalt source and first reacted 

with 2-naphthalenemethanol and benzylamine in refluxing 

toluene. Various phosphines were included as ligands and low 

to moderate yields of N-(2-naphthalenylmethylene) benzylamine 

were obtained. However, and more importantly, black magnetic 
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particles were formed during the transformations, which could 

indicate that cobalt nanoparticles were generated and 

responsible for the catalytic reaction. Thermal decomposition of 

Co2(CO)8 is a common method for preparing cobalt 

nanoparticles and is usually performed at a higher 

temperature.[26] For that reason, we decided to repeat the 

coupling in refluxing mesitylene in the absence of any ligands. 

Surprisingly, this experiment now produced a 3:4 mixture of the 

two imines N-(2-naphthalenylmethylene) benzylamine and N-

benzylidene benzylamine where the formation of the latter is due 

to a dehydrogenative self-coupling of benzylamine. Generally, 

alcohols are dehydrogenated much more readily than primary 

amines and the result could suggest that cobalt nanoparticles 

are particularly well-suited for amine dehydrogenations. As a 

result, it was decided to optimize this reaction and to understand 

the nanoparticle formation under these conditions. 

Benzylamine was selected for developing the imination 

reaction and the first experiment with Co2(CO)8 gave complete 

conversion into N-benzylidene benzylamine. However, it was 

also quickly realized that this reaction was not always 

reproducible which is most likely due to the poor control of the 

nanoparticle formation. Usually, cobalt nanoparticles are formed 

in the presence of a surfactant to ensure a uniform crystal 

growth and shape as well as preventing agglomeration and 

oxidation.[27] Thus, the two common surfactants oleic acid and 

trioctylphosphine oxide (TOPO) were included in the 

optimization and more reproducible results were now obtained 

(Table 1). The amounts of the two agents were varied with 1% of 

Co2(CO)8 and the reactions with TOPO gave consistently higher 

yields than with oleic acid (entries 1–5). Accordingly, TOPO was 

selected for controlling the nanoparticle formation and to 

improve the yield the amount of Co2(CO)8 was increased (entries 

6 and 7). With 3% of Co2(CO)8 an almost quantitative yield of the 

imine was obtained and these conditions were therefore 

selected as the general protocol for the dehydrogenative 

coupling. No further dehydrogenation to benzonitrile was 

observed in any of the experiments. The importance of the 

nanoparticle formation was confirmed by two control 

experiments using 3% of commercial cobalt powder (2 microns) 

and Co3O4 nanopowder (<50 nm), respectively. Very little 

conversion of benzylamine was achieved in these two cases 

where only 10 – 15% yield of the imine was obtained. 

 

Table 1. Optimization of cobalt-catalyzed dehydrogenation.[a] 

 

Entry X Additive Yield [%][b] 

1 1 Oleic acid (0.01 mL) 37 

2 1 Oleic acid (0.02 mL) 40 

3 1 Oleic acid (0.01 mL) + TOPO (10 mg) 68 

4 1 TOPO (5 mg) 77 

5 1 TOPO (10 mg) 64 

6 2 TOPO (10 mg) 83 

7 3 TOPO (10 mg) 97 

[a] Reaction conditions: Benzylamine (2 mmol), Co2(CO)8 (X/100 mmol), 

additive, mesitylene (2 mL), reflux, 24 h. [b] Determined by GC. 

Next, the optimized procedure was applied to a number of 

primary amines to investigate the scope and limitations of the 

method. First, several amines were subjected to the 

homocoupling and the imine products were isolated by flash 

chromatography (Table 2). This produced compound 1 in 79% 

yield while the corresponding p-methyl component 2 was 

obtained in 82% yield. p-Fluoro-, p-chloro- and p-bromobenzyl 

amine furnished the homocoupled imines 3 – 5 in 68 – 72% yield 

with no sign of any competing dehalogenation reactions. A 

slightly lower yield was observed for p-phenylbenzyl amine 

where imine 6 was isolated in 53% yield. o-Methylbenzyl amine 

and 2-thiophenemethyl amine gave products 7 and 8 in 39 and 

44% isolated yield, respectively. Aliphatic amines, on the other 

hand, reacted slower and the products were generally too 

unstable to be isolated by flash chromatography. In these cases, 

cyclohexyl amine and heptan-1-amine gave the corresponding 

imines 9 and 10 in 49 and 44% GC yield. Small amounts of 

unreacted primary amine were observed in the syntheses of 6 – 

10 and thus accounts for the more moderate yields of these 

imines. 

 

Table 2. Cobalt-catalyzed dehydrogenative homocoupling of amines.[a] 

 

 

 

 

  

[a] Reaction conditions: Primary amine (2 mmol), Co2(CO)8 (0.3 mmol), TOPO 

(10 mg), mesitylene (2 mL), reflux, 24 h. [b] Yield in parenthesis was 

determined by NMR. [c] Yield in parenthesis was determined by GC. 

 

The reactivity difference between the primary amines also 

makes it possible to perform heterocoupling reactions (Table 3). 

To promote the formation of the cross coupling products, a slight 

excess of the amine that is not dehydrogenated was employed. 

Again, the imines were isolated by flash chromatography and 
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due to their modest stability several yields were also determined 

by NMR and GC. Benzylamine and the p-methyl, p-fluoro and p-

bromo counterparts were reacted with p-anisidine to afford the 

corresponding benzylic imines 11 – 14 in 54 – 71% isolated yield. 

No dehalogenation was observed as a side reaction with the p-

bromo compound. p-Methyl- and p-fluorobenzyl amine reacted 

likewise with aniline to give imines 15 and 16 in 73 and 51% 

yield, respectively, In the same way, p-fluoro- and p-

methylaniline were coupled with p-methylbenzylamine to afford 

17 and 18 in 57 and 44% isolated yield. The nature of the 

substituents on the aromatic ring of the benzylamine and the 

aniline moiety did not seem to have a significant influence on the 

outcome of the heterocoupling. The reaction could also be 

applied to the cross coupling with aliphatic amines as shown for 

the condensation of octane-1-amine and cyclohexyl amine with 

benzylamine to furnish imines 19 and 20 in 60 and 57% yield. In 

the same way, octane-1-amine was coupled with 1-adamantyl 

amine to give imine 21 in 57% GC yield. In all cases, small 

amounts of a byproduct from homocoupling of the amine 

undergoing the dehydrogenation was also observed. Secondary 

amines, on the other hand, were not detected as byproducts in 

any of the experiments in Table 2 and 3 indicating that the cobalt 

catalyst is not able to mediate the hydrogenation of the Schiff 

base functionality. 

 

Table 3. Cobalt-catalyzed dehydrogenative heterocoupling of amines.[a] 

 

 

 

 

 

 

[a] Reaction conditions: Blue amine (1 mmol), red amine (1.5 mmol), Co2(CO)8 

(0.3 mmol), TOPO (10 mg), mesitylene (2 mL), reflux, 24 h. [b] Yield in 

parenthesis was determined by NMR. [c] Yield in parenthesis was determined 

by GC. 

 

Although the catalyst system has been specifically optimized 

for the dehydrogenative coupling of amines, it was decided to 

briefly investigate again the more common dehydrogenation of 

alcohols. In this case, a slight increase in the loading of 

Co2(CO)8 and TOPO to 5% was necessary to ensure full 

conversion of the alcohol, since the coupling between benzyl 

alcohol and cyclohexylamine with 3% of Co2(CO)8 only gave a 

62% GC yield. No improvement was observed when various 

additives (bases and desiccants) were included in the reaction. 

Thus, with this modification benzylic alcohols could also be 

employed in the dehydrogenative coupling with amines (Table 4). 

Benzyl alcohol was reacted with cyclohexyl amine, aniline and p-

anisidine to afford the corresponding imines 22 – 24 in 60 – 89% 

isolated yields, while cyclohexyl amine was also reacted with p-

nitrobenzyl alcohol and 2-naphthalenemethanol to furnish the 

Schiff bases 25 and 26 in 51 and 60% yield, respectively. 

 

Table 4. Cobalt-catalyzed dehydrogenative coupling of alcohols and amines.[a] 

 

  

  

[a] Reaction conditions: Alcohol (1 mmol), amine (1.1 mmol), Co2(CO)8 (0.5 

mmol), TOPO (20 mg), mesitylene (2 mL), reflux, 24 h. [b] Yield in parenthesis 

was determined by GC. 

 

The gas evolution was measured for the optimized 

experiment in Table 1, entry 7. The gaseous mixture was 

passed through water to absorb ammonia giving rise to 30 mL 

(1.2 mmol) of gas from 2 mmol of benzylamine. Theoretically 

only 1 mmol of gas should have been collected, but most likely 

the released ammonia was not completely absorbed in the water 

bath. The gas was subsequently identified as dihydrogen which 

confirms the acceptorless dehydrogenative pathway of the 

transformation. The addition of 2,6-di-tert-butyl-4-methylphenol 

(BHT) had no influence on the conversion indicating that a 

radical pathway is not involved in the reaction. The addition of 

mercury, on the contrary, completely halted the conversion into 

the product, which supports the presence of cobalt nanoparticles 

as the catalytically active species. The mechanism for the 

alcohol dehydrogenation on cobalt nanoparticles has previously 

been investigated by DFT calculations[16] where the favored 

route involved initial O–H bond cleavage to form a cobalt 

alkoxide followed by breaking of the C–H bond to give the 

carbonyl compound. A similar pathway may be operating in the 

present dehydrogenation of primary amines. 

The black magnetic particles formed during the reactions 

could be isolated by depositing on the stir bar. This was 

performed for the reaction in Table 1, entry 7 and the particles 

were then used again to catalyze the same transformation. Full 

conversion of benzylamine was also observed with the recycled 

particles and the procedure was repeated a total of three times 
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to afford N-benzylidene benzylamine in 93 – 97% GC yield. 

Thus, the cobalt catalyst can be recovered and used again from 

the experiments without significantly changing the yield of the 

dehydrogenative transformation. 

To gain more information about the morphology of the 

particles, characterization by transmission electron microscopy 

(TEM) was also carried out. The TEM image of the precipitate 

from the reaction in Table 1, entry 7 showed spherical and 

monodispersed particles with a small average diameter of 2.2 

nm and a narrow size distribution (Figure 1). The crystalline 

nature of the particles was confirmed by X-ray diffraction (XRD) 

which uncovered broad peaks at 44.4° and 51.8° most likely 

corresponding to the (111) and (200) planes of the face-

centered cubic (fcc) phase of cobalt.[16] The fcc crystal structure 

is presumably formed due to the small size of the 

nanoparticles[28] which is also the reason for the broadening of 

the signals. The presence and distribution of cobalt in the 

particles was also confirmed by elemental mapping with energy 

disperse X-ray spectroscopy (EDS). 

 

 

Figure 1. TEM image of cobalt nanoparticles (bar 5 nm). 

In Table 1 the experiments with oleic acid as surfactant gave 

inferior yields as compared to the use of TOPO. To understand 

this difference TEM images were also obtained of the precipitate 

formed from the reactions in Table 1, entry 1 and Table 1, entry 

3. In the first case, where only oleic acid is used to control the 

particle formation, the image revealed small agglomerates of 

nanoparticles with an average size of about 20 nm. In the 

second case, where both oleic acid and TOPO are employed as 

surfactants, the image showed a mixture of spherical 

nanoparticles with a wide size distribution and nanorods of 

different length. The mixture of oleic acid and TOPO has 

previously been shown to promote the formation of cobalt 

particles ranging from spherical to rod-like in shape depending 

on the ratio of the surfactants.[26c] Under our conditions, however, 

the morphology was poorly controlled giving rise to a wide size 

distribution. Thus, the use of TOPO as the surfactant is vital to 

secure the formation of small nanoparticles with a narrow size 

distribution, which appears to be essential for achieving the 

desired dehydrogenative transformation.  

Conclusions 

In summary, we have described cobalt nanoparticles for 

catalyzing the acceptorless homo- and heterocoupling of amines 

into imines. The catalyst is generated in situ from Co2(CO)8 and 

TOPO and can also be used for the coupling of alcohols and 

amines into imines. The nanoparticles can be recovered and 

used again without significantly changing the yield of the 

reactions. Their morphology has been characterized by 

transmission electron microscopy where small spherical 

particles with a narrow size distribution were shown to give the 

best results. 

Experimental Section 

General Information: All commercially available reagents were 

purchased from Sigma-Aldrich or Strem Chemicals and were used as 

received. Mesitylene was reagent grade, stored over activated 4Å 

molecular sieves for 24 to 48 h and degassed through 3 freeze-pump-

thaw cycles under an atmosphere of nitrogen. Gas chromatography was 

performed on a Shimadzu GCMS-QP2010S instrument fitted with an 

Equity 5, 30 m × 0.25 mm × 0.25 m column. Helium was used as the 

carrier gas and ionization was performed by electron impact (70 eV). 

Flash column chromatography separations were performed on silica gel 

60 (40 – 63 m). NMR spectra were recorded on a Bruker Ascend 400 

spectrometer. Chemical shifts were measured relative to the signals of 

residual CHCl3 (H = 7.26 ppm) and CDCl3 (C = 77.16 ppm). The TEM 

analysis was performed with a FEI Tecnai T20 G2 transmission electron 

microscope operating at 200 kV. The XRD was measured in transmission 

mode with a HUBER G670 Guinier camera using Cu-K radiation from a 

focusing quarts monochromator. 

General Procedure for the Homo- and Heterocoupling of Amines: An 

oven-dried Schlenk tube (24 x 150 mm) was charged with Co2(CO)8 (10 

mg, 0.03 mmol), trioctylphosphine oxide (TOPO) (10 mg, 0.026 mmol) 

and a cylindrical stir bar (10 x 6 mm). The tube was inserted into a 

Radleys carousel, vacuum was applied and the tube was filled with 

nitrogen (repeated 3 times). Degassed mesitylene (2 mL) was added with 

a syringe through the septum and the reaction vessel was heated to 

164 °C with stirring. After 10 min, the amine (2.0 mmol, for amine 

homocoupling) or the two amines (1.0 mmol and 1.5 mmol, for 

heterocoupling) were added with a syringe and the reaction was stirred 

for an additional 24 h under a flow of nitrogen. The mixture was then 

concentrated under reduced pressure and the residue purified by silica 

gel flash chromatography eluting with 98/2 hexane/Et3N (the column was 

first treated with pure Et3N). 

General Procedure for Coupling of Alcohols and Amines: An oven-

dried Schlenk tube (24 x 150 mm) was charged with Co2(CO)8 (17.1 mg, 

0.05 mmol), trioctylphosphine oxide (TOPO) (20 mg, 0.052 mmol) and a 

cylindrical stir bar (10 x 6 mm). The tube was inserted into a Radleys 

carousel, vacuum was applied and the tube was filled with nitrogen 

(repeated 3 times). Degassed mesitylene (2 mL) was added with a 

syringe through the septum and the reaction vessel was heated to 

164 °C with stirring. After 10 min, the alcohol (1.0 mmol) and the amine 

(1.1 mmol) were added with a syringe and the reaction was stirred for an 
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additional 24 h under a flow of nitrogen. The mixture was then 

concentrated under reduced pressure and the residue purified by silica 

gel flash chromatography eluting with 98/2 hexane/Et3N (the column was 

first treated with pure Et3N). 
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