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Short communication 

Nano cobalt-copper ferrite catalyzed regioselective α-C(sp3)–H cyanation of 
amines: Secondary, tertiary, and drug molecules 
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A B S T R A C T   

Oxidative cyanation of sp3C–H bonds at the α position of amines was achieved using CoCuFe2O4 as a catalyst and 
NaCN as an inexpensive cyanide source at room temperature. 

CoCuFe2O4 was found to be an active catalyst for Csp [3]-Csp coupling, efficiently delivering valuable 
α-aminonitriles from tertiary/secondary amines in good yields. The corresponding products were obtained with 
high selectivity toward α position. In addition, functional group tolerance offered the opportunity for application 
in late-stage functionalization of biologically active molecules. This transformation proceeds convenient on a 
gram-scale, and the catalyst can be reused for several runs with consistent catalytic activity.   

1. Introduction 

Regioselective C–H bond functionalization has attracted great 
attention and has become a popular research topic in organic synthesis 
[1]. C–H bonds are ubiquitous in organic compounds. Therefore, direct 
functionalization of such bonds represents chemical transformations in a 
single step by displacement of a hydrogen atom with an efficient atom 
economy and unlocks the opportunity to access a new scope of products 
inaccessible through the standard chemistries. In fact, the CDC (cross- 
dehydrogenative coupling) reactions effectively shorten the synthetic 
routes [2]. In this regard, achieving selectivity among different C–H 
bonds remains a challenging issue. Regioselectivity is strictly controlled 
by bond strength and secondarily by the steric hindrance. Consequently, 
sp3 C–H bonds adjacent to a heteroatom or a functional group are often 
more reactive toward functionalization. 

Regarding this fact, the transformation of amines into the corre
sponding α-functionalized compounds is valuable. In this class, α-amino 
nitriles are of great importance. 

These compounds have proven to be important synthetic in
termediates as they can be easily transformed into other functional 
groups [3] such as α-amino acids and alkaloids [4]. In addition, these 
compounds can be easily hydrogenated to useful compounds like 1,2-di
amines [5]. 

On the other hand, owing to the interesting and specific structural 
feature of α-amino nitriles, they are categorized as bifunctional com
pounds possessing an amino and a nitrile group, located at the same 

carbon atom which shows dual reactivity acting as both nucleophile and 
electrophile. 

Traditional methods for synthesis of such frameworks were three- 
component Strecker reactions of carbonyl, amine, and cyanide [6]. 
Another approach toward their synthesis includes reductive Strecker 
reactions through the cyanation of amides and lactams [7]. 

However, the formation of methylformanilide [8] and N-methyl
aniline [9] as by-products, derived from the oxidation of tertiary amine, 
is the major shortcoming associated with the practical applications of 
this route. 

Therefore, finding efficient methods for the synthesis of these 
structural motifs is of great importance. Oxidative cyanation of amines is 
an important alternative strategy for constructing α-aminonitriles. 

In 2008, Murahashi and co-workers published Ru-catalyzed a-amino 
synthesis via oxidative cyanation of amines [10]. Subsequently, Sain 
introduced a vanadium-based catalyst for oxidative cyanation of tertiary 
amines with molecular oxygen in the presence of sodium cyanide and 
acetic acid to afford the corresponding α-aminonitriles [11]. High-valent 
rhenium(V) complex-catalyzed synthesis of α-amino nitriles by oxida
tive cross-dehydrogenative reaction was reported by Zhou and co- 
workers in 2013 [12] (Scheme 1). 

However, these methods suffer from the drawbacks of tedious re
covery and non-recycling ability of the catalyst and the use of precious 
metals such as ruthenium and rhenium. 

Previously, we reported the activation of para C–H bond in tertiary 
amines (C(sp2)-H activation). In continuation of our works in C–H bond 
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functionalization [13], herein, by employing CoCuFe2O4 as an efficient 
heterogeneous catalyst, we push the chemical reactivity of the C(sp3)-H 
bond. 

This report explains the activation of α-C− H bond in tertiary/sec
ondary amines which furnished α-cyanated amines under mild reaction 
conditions in good to excellent yields at room temperature. 

The unique advantage of our catalyst lies in the ease of synthesis, 
cheap materials, facile recovery, and high catalytic efficiency for the 
oxidative cyanation of amines, making it more superior to the reported 
catalytic system for α-amino nitrile synthesis. 

2. Experimental 

2.1. General 

All materials used are commercially available and were purchased 
from Merck and used without any additional purification. 1H NMR and 
13C NMR spectra were recorded on a Bruker (Avance DRX-500) spec
trometer using CDCl3 as solvent at room temperature. Chemical shifts δ 
were reported in ppm relative to tetramethylsilane as an internal stan
dard. XPS analysis was performed using a VG multilab 2000 spectrom
eter (ThermoVG scientific) in an ultra-high vacuum. 

2.2. Synthesis of CoCuFe2O4 

The solutions of iron chloride (FeCl3.6H2O) (100 mL, 0.1 M), copper 
chloride (CuCl2.2H2O) (100 mL, 0.02 M), and cobalt chloride 
(CoCl2.6H2O) (100 mL, 0.03 M) were prepared separately and mixed 
together. The solution was stirred for an hour. Then, for pH to reach 11, 
a solution of NaOH (0.3 M) was added slowly to the flask. Finally, oleic 
acid (3 drops) was added to the solution as a surfactant to prevent the 
aggregation and agglomeration of the nanoparticles. Then, the suspen
sion was vigorously stirred using a magnetic stirring bar at 60 ◦C for 2 h. 

After complete precipitation, the residue was washed with double 
distilled water (3 × 25 mL) and dried in an oven at 90 ◦C overnight; it 
was then calcinated at 600 ◦C for 4 h. The final product is a black powder 
showing magnetic properties. 

2.3. General procedure for amination reaction 

A glass tube was charged with amine (0.5 mmol), NaCN (0.6 mmol), 
MeOH/acetic acid: 0.8 mL/0.2 mL, and CoCuFe2O4 (5 mol%). The re
action mixture was stirred at room temperature, and TBHP (1.25 mmol, 
70 wt%) was added dropwise. The reaction was monitored by TLC 
(EtOAc/n-hexane, 1:4). In each case, after completion, the catalyst was 
recovered by employing an external magnet and the mixture was diluted 
with ethyl acetate and water. The organic layer was washed with brine, 
dried over MgSO4, and concentrated under reduced pressure using a 
rotary evaporator. The residue was purified by column chromatography 
on silica gel (n-hexane–EtOAc, 4:1). The products were known com
pounds and were identified by comparison of their NMR spectra with 
those of authentic samples [14,15]. 

2.4. Experimental procedure for gram scale reaction 

A round-bottom flask was charged with N,N-dimethylaniline (10 
mmol), NaCN (12 mmol), MeOH/acetic acid: 8 mL/2 mL, and CoCu
Fe2O4 (5 mol%). The reaction mixture was stirred at room temperature, 
and TBHP (25 mmol, 70 wt%) was added dropwise. The reaction was 
monitored by TLC (EtOAc/ n-hexane, 1:4). After completion, the catalyst 
was recovered by employing an external magnet and the mixture was 
diluted with ethyl acetate and water. The organic layer was washed with 
brine, dried over MgSO4, and concentrated under reduced pressure 
using a rotary evaporator. The residue was purified by column chro
matography on silica gel (n-hexane–EtOAc, 4:1). 

Scheme 1. Comparison of the presented cyanation conditions.  
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3. Result and discussion 

CoCuFe2O4 nanoparticles were prepared using the co-precipitation 
method according to our previously reported procedure [16]. Charac
terization data of the catalyst are given in the supporting information. 
The catalyst was characterized using various physicochemical tech
niques including AAS, SEM, VSM, XRD, EDS, XPS, and FT-IR analysis. 
Atomic absorption spectroscopy analysis of the catalyst showed that the 
amount of Co and Cu are 5.2 wt% and 10 wt%, respectively. 

Encouraged by the good performance of cobalt‑copper ferrite on 
activation of C(sp)-H bond [17], we investigated its application in C 
(sp3)-H bond activation via oxidative cyanation of amines. 

As shown in Table 1, we chose N,N-dimethylaniline as a model 
substrate to explore the suitable conditions toward sp3C-H cyanation. 
Initial trials showed that the reaction proceeded to give the desired 
product in a moderate yield when NaCN was used as the cyanation re
agent, H2O2 as an oxidant, and CH3OH/HOAc as a solvent at room 
temperature. 

Solvent screening showed that changing the solvent from methanol 
to another solvent, such as DMF/HOAc, DMSO/HOAc, EtOH/HOAc, 
EtOAc/HOAc, H2O/HOAc, Aceton/HOAc, and CH3CN/HOAc, is less 
effective in the system (Table 1, entries 1–8). Inspired by the work of 
Rueping and co-workers [18], in an effort to improve the yields of the 
reaction, we speculated that AcOH as additive may aid the reaction. The 
role of acetic acid can be attributed to the liberation of HCN in the 
presence of NaCN. Therefore, acetic acid acts as a co-catalyst in this 
transformation. A controlling experiment in the absence of HOAc was 
done indicating that the addition of acetic acid was crucial to ensure 
good conversion. 

Further investigation of the reaction conditions revealed that 
changing the reaction temperature to 40 ◦C and 60 ◦C did not improve 
the transformation (Table 1, entries 9–10). Therefore, room temperature 

was selected as an optimized reaction temperature as selectivity was 
found to be lower at higher temperatures with the formation of an 
intricate mixture of by-products. 

Next, different CN sources were screened. K3[Fe(CN)6], malononi
trile, and DMF/NH3 were found to be ineffective for the reaction, and no 
product was detected. NH4HCO3 afforded an 18% isolated yield 
(Table 1, entries 11–14). 

Then, our studies focused on the effect of various oxidants on the 
model reaction (Table 1, entries 15–18). TBHP was the best oxidant in 
terms of conversion and reaction time. Other tested oxidants such as O2, 
oxon, di-tert-butyl peroxide (DTBP), and benzoyl peroxide proved to be 
unfavorable in the system. In the absence of oxidant, the yield of reac
tion product dropped significantly. 

To optimize the amount of required catalyst for this transformation, 
the model reaction was repeated in the presence of 2.5 and 10 mol% of 
CoCuFe2O4 nanoparticles (Table 1, entries 20–21). Gratifyingly, the 
experiment results showed that high yield is achieved when 5 mol% of 
CoCuFe2O4 was used as a catalyst. A series of background reactions were 
conducted to gain insights into the importance of each reaction 
parameter for reactivity. In the absence of catalyst, a low amount (14%) 
of the desired compound was obtained, suggesting that the trans
formation is indeed driven by a transition metal-based catalyst (Table 1, 
entry 22). 

By switching the catalyst to various spinel ferrites including NiFe2O4, 
CoFe2O4, and CuFe2O4 under the described experimental conditions, 
lower yields were achieved. For Fe3O4 as a catalyst, poor yield was 
obtained (12%) even after 24 h (Table 1, entries 23–26). 

These observations established the synergetic effect between metals 
in cobalt‑copper ferrite that improves its catalytic activity. In fact, the 
introduction of another catalytically active metal into the ferrite lattice 
can expand the scope of accessible reactions - in this case, the oxidative 
CDC of Csp3 carbons. 

Table 1 
Results of optimization experimentsa.  

Entry 

Solvent Temp. (◦C) Cyanide source Oxidant Catalyst/mol% Yieldb(%) 

1 CH3OH/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 54 
2 DMF/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 – 
3 DMSO/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 – 
4 EtOH/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 49 
5 EtOAc/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 40 
6 H2O/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 trace 
7 Aceton/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 34 
8 CH3CN/HOAc (4:1) RT NaCN H2O2(35%) CoCuFe2O4/5 50 
9 CH3OH/HOAc (4:1) 40 NaCN H2O2(35%) CoCuFe2O4/5 52 
10 CH3OH/HOAc (4:1) 60 NaCN H2O2(35%) CoCuFe2O4/5 50 
11 CH3OH/HOAc (4:1) RT CH2(CN)2/KOtBu H2O2(35%) CoCuFe2O4/5 – 
12 CH3OH/HOAc (4:1) RT K3[Fe(CN)6] H2O2(35%) CoCuFe2O4/5 – 
13 CH3OH/HOAc (4:1) RT NH4HCO3 H2O2(35%) CoCuFe2O4/5 15 
14 CH3OH/HOAc (4:1) RT DMF/NH3 H2O2(35%) CoCuFe2O4/5 – 
15c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) CoCuFe2O4/5 89 
16c CH3OH/HOAc (4:1) RT NaCN DTBP CoCuFe2O4/5 31 
17c CH3OH/HOAc (4:1) RT NaCN Benzoyl peroxide CoCuFe2O4/5 25 
18c CH3OH/HOAc (4:1) RT NaCN Oxon CoCuFe2O4/5 30 
19c CH3OH RT NaCN TBHP(70%) CoCuFe2O4/5 15 
20c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) CoCuFe2O4/2.5 69 
21c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) CoCuFe2O4/10 90 
22c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) – 12 
23c CH3OH/HOAc (4:1) RT NaCN TBHP (70%) Fe3O4/5 16 
24c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) NiFe2O4/5 70 
25c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) CoFe2O4/5 69 
26c CH3OH/HOAc (4:1) RT NaCN TBHP(70%) CuFe2O4/5 67  

a Reaction conditions: N,N-dimethylaniline (0.5 mmol), CN source(0.6 mmol), oxidant (1.25 mmol), solvent (2 mL), 6 h. 
b Isolated yield. 
c 2.5 h. 
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Thus, the optimized reaction conditions for α-cyanation of N,N- 
dimethylaniline are CoCuFe2O4 (5 mol%) in MeOH/HOAc using NaCN 
as cyanide source and TBHP as oxidant at room temperature for 2.5 h 
(Table 1, entry 15). 

To generalize the protocol developed, a variety of tertiary/secondary 
amines were used as the substrate for oxidative cyanation under opti
mized reaction conditions. The results of these experiments are pre
sented in Table 2. 

Results showed that aromatic substrates bearing electron-donating 
groups were found to be more reactive as compared to the substrates 
having electron-withdrawing groups. 

For N-methylisatin, N-methylimidazole, N-ethyl-N-phenyl
benzamide, and 4-(4-methyl-thiobenzoyl)-morpholine, the starting 
materials remained intact even after 24 h and under temperatures up to 
50 ◦C. This observation proved that the presence of free ion pair of ni
trogen atoms is vital for this transformation, and in substrates whose ion 
pair of nitrogen is involved in the resonance, the corresponding amino 
nitrile cannot be formed. The reactions of cyclic amine such as piperi
dine derivative proceeded well and afforded the corresponding α-amino 
nitriles in good yields. 

Steric hindrance also seems to have an effect on the results. For 
example, the reaction of bulky tribenzylamine afforded the expected 
product in 47% yield (Table 2, entry 11). 

N,N-Dimethylbenzylamine, as an unsymmetrical amine, underwent 
a regioselective oxidative cyanation in the methyl group rather than in 
the methylene carbon of the benzyl group to furnish the desired product 
in 53% yield (Table 2, entry 10). 

Comparing entries 1 and 13 revealed that tertiary amines are more 
reactive toward this C–C coupling rather than secondary amines. 

It is worth mentioning that in all cases, the α-C(sp3)–H bond of amine 
is cleaved and functionalized under the present reaction conditions. 

To demonstrate the applicability of this catalytic system, we shifted 
our focus toward the late-stage functionalization of pharmaceutical 
molecules (Table 3). For this purpose, biologically active molecules such 
as nicotine as an alkaloid and two known drugs (repaglinide and riva
stigmine) were selected. 

Repaglinide, a drug with an unprotected acid functionality, provided 
the Cα− H cyanation product in the highest yield in this series. 

For nicotine, a molecule with different available α-protons for sub
stitution, C–H cyanation selectively occurred at the pyrrolidine ring 
and no methyl cyanation was observed. In fact, the reaction took place at 
the less hindered carbon. 

Rivastigmine as an aliphatic acyclic tertiary amine underwent the 
Cα− H cyanation in relatively low yields under our conditions. In fact, 
introducing the CN unit on drug molecules could develop the drug 
biological functionality [3]. Nitrile is a strong hydrogen bond acceptor 
and may improve solubility and alter the biological function of the 
molecule by modulating the interactions with a diverse range of 
bioactive receptors. As the nitrile segment is smaller than bromine and 
iodine, it has better contact with amino acids locating at the active site. 
Apart from the mentioned features, the nitrile group is a key component 
for molecular recognition and could be transferred into other valuable 
and practical functional groups. 

We then focused on demonstrating the synthetic utility of the cata
lytic system on a large scale. The scalability of the procedure was 
explored by the reaction of N,N-dimethylaniline and NaCN under the 
optimized reaction conditions on 10 mmol scale (Scheme 2). Results 
indicate that CoCuFe2O4 catalytic system has the potential to be 
employed for large scale synthesis of α-amino nitriles in high yields. 

In terms of industrial applications, the recyclability of the catalyst is 
a very important factor. To check the reusability of the catalyst, the 
oxidative cyanation of N,N-dimethylaniline was investigated under the 
optimized reaction conditions. At the end of the reaction, the catalyst 
was easily separated by an external magnet, washed with EtOH, dried, 
and reused for consecutive reaction runs. This process was repeated 5 
times, and each time, the isolated yield was calculated exactly. Fig. 1 

clearly indicates the efficient recycling of the catalyst without any sig
nificant loss in catalytic activity. Furthermore, to ascertain the leaching 
of the catalyst, the filtrates were subjected to ICP analysis; no metal 
could be observed, therefore establishing that the catalyst is truly a 

Table 2 
Scope of the oxidative α-cyanation catalyzed by CoCuFe2O4.a  

Entry Reactant Product Yieldb(%) 

1 89 

2 88 

3 85 

4 77 

5 71 

6 29 

7 41 

8 86 

9 62 

10 53 

11 47 

12 80 

13 78 

14 49  

a Reaction conditions: substrate (0.5 mmol), NaCN (0.6 mmol), TBHP (1.25 
mmol), CH3OH/HOAc (2 mL), CoCuFe2O4 (5 mol%), at room temperature, 2.5 h. 

b Isolated yield. 
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heterogeneous one without noteworthy leaching of metal nanoparticles. 
Although significant developments on mixed metal spinel ferrite 

catalyzed cross-coupling reactions have been achieved, the mechanism 
of such reactions is still under-explored. To gain some insights into the 

reaction mechanism, an experiment (N,N-dimethyl aniline as a sub
strate) in the presence of a radical scavenger TEMPO ((2,2,6,6-tetra
methylpiperidin-1-yl)oxyl) led to the formation of desired 
α-aminonitrile in 63% yield under the standard reaction conditions. The 
results ruled out the radical pathway and suggest that an intermediate 
free-radical species does not appear to be involved in this system. 

Analogous to the existing reports [19–20], along with the obtained 
results through conducting controlling experiments, a rational mecha
nism for this reaction was proposed. 

The first step involves the abstraction of a hydrogen atom from the 
amine with the help of TBHP and CoCuFe2O4 to give iminium ion in
termediate as shown in Scheme 3. The in-situ generation of HCN 
(generated from NaCN and acetic acid) and its subsequent attack on the 
activated iminium ion intermediate yields the corresponding α-amino
nitrile. The catalyst surface is regenerated by the action of the oxidant 
with the catalyst, which leads to desorption of the product molecules, 
thereby favoring further oxidation. 

Table 3 
Scope of drug substratea.  

42% (drb:1.7:1) from Nicotine 

70% (drb: 2:1) from Repaglinide 33% from Rivastigmine  

a Reaction conditions: as described in Table 2. 
b Diastreomeric ratio was identified by 1H NMR in a crude mixture. 

Scheme 2. Examining scalability of the reaction.  

Fig. 1. The recyclability of CoCuFe2O4 in the cyanation reaction of N,N- 
dimethyl aniline. 

Scheme 3. Plausible reaction mechanism.  

F.M. Moghaddam et al.                                                                                                                                                                                                                        



Catalysis Communications 149 (2021) 106211

6

4. Conclusion 

To date, the most challenging aspect in the area of regioselective 
C–H activation is C(sp3)-H functionalization. This study showed the 
unlocking reactivity of ubiquitous C(sp3)-H bonds by smart molecular 
design and employment of CoCuFe2O4 as a catalyst. Under the optimized 
reaction conditions, C–H bond cyanation of variety of tertiary/sec
ondary amines with selectivity for the α position was achieved and the 
corresponding α-amino nitriles were formed in high yields in the pres
ence of NaCN as a cyanating source. By this methodology, different 
families of α-amino nitriles have been prepared. Remarkably, this pro
tocol prompted us to introduce the cyano group in known drugs and 
alkaloid, which is another attractive feature of this catalytic system. 

In fact, this is a valuable alternative to the Strecker synthesis of 
α-amino nitriles, avoids the use of pre-functionalized starting material, 
and thus serves as a valuable and straightforward synthetic strategy. 

In this report, constructing C(sp3)- CN bonds was done at room 
temperature. Hence, the required energy and time for the reaction 
minimized in this method compared to previously report oxidative 
cyanation reactions. In addition, employing nano cobalt copper ferrite 
as an inexpensive magnetic heterogeneous catalyst is another important 
benefit of this study. 
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