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N,N,N-Tridentate ligand promoted cobalt-
catalyzed direct carbonylation of
chloroacetonitrile to 2-cyano substituted acetates
and amides†

Chao Xu,ab Zhi-Peng Bao,ac Le-Cheng Wangac and Xiao-Feng Wu *abc

2-Cyano-N-acetamides and 2-cyanoacetates are of great importance in the pharmaceutical industry,

fueling the search for novel synthesis approaches. Transition-metal-catalyzed carbonylation, especially with

cobalt, has potential but also suffers limitations, especially in reactions involving alkyl halides. Herein, a mild

cobalt-catalyzed direct aminocarbonylation and alkoxycarbonylation of chloroacetonitrile promoted by an

N,N,N-tridentate ligand was established. The targeted 2-cyano substituted acetates and amides are

obtained in good to excellent yields. The preparation process is scalable and the compounds can be

further transformed into bioactive molecules.

Introduction

2-Cyano-N-acetamides and 2-cyanoacetates have long
occupied a pivotal position within the pharmaceutical
industry.1 Take teriflunomide as an example, it serves as a
pyrimidine synthesis inhibitor, boasting anti-inflammatory
and immunomodulatory properties. This compound plays a
crucial role in treating patients suffering from relapsing–
remitting multiple sclerosis.1a Tyrphostin AG 494, on the
other hand, represents a potent and selective EGFR
tyrosine kinase inhibitor.1b Among 2-cyanoacetates,
enbucrilate has found its application as a surgical tissue
adhesive.1c Additionally, octocrylene functions as a
sunscreen agent in sun protection products, effectively
absorbing UV rays (Fig. 1a).1d Considering the significance
of these compounds, the continuous exploration of novel
synthetic methods has always been the pursuit of
chemists.

Transition-metal-catalyzed carbonylation reactions occupy
a forefront position in the field of the synthesis of carbonyl-
containing compounds in both industry and academia.2

Alkoxycarbonylation and aminocarbonylation of organic
halogens have been well-studied with the participation of noble

metals, especially palladium-catalyzed reactions (Fig. 1b-1).3

In addition, although palladium-catalyzed systems are
usually efficient, the requirement for expensive palladium
catalysts and phosphine ligands is suboptimal. In 1938,
the cobalt-catalyzed Fischer–Tropsch reaction has attracted
extensive attention and is still widely used in industry to
produce aldehydes from olefins.4 In 1960, the cobalt-
catalyzed carbonylation of methanol was first
commercialized by BASF.5 Undoubtedly, cobalt-catalyzed
carbonylation has great potential, and its more cost-
effective nature endows it with a greater possibility of
industrialization. Although the direct coupling of cobalt-
catalyzed aryl halides and alkenyl halides with
nucleophiles has been extensively reported (Fig. 1b-2),6

even for palladium-catalyzed carbonylation, the relevant
reactions involving alkyl halides or pseudohalides are still
less investigated,7 especially aminocarbonylation (Fig. 1b-3).8

Based on the achievements reported up to now, two
factors might be impeding the development of cobalt-
catalyzed carbonylation chemistry. Firstly, carbon monoxide
has a strong inclination to coordinate closely with cobalt
metal, thereby forming stable cobalt carbonyl complexes.
Secondly, the catalytic activity of cobalt shows little
responsiveness to the added ligands.9

Recently, the work on directing-group-assisted cobalt-
catalyzed intramolecular aminocarbonylation has been
reported (Fig. 1b-4).10 Douglas and co-workers pioneered the
use of 8-aminoquinoline11 as a directing group and conducted
a detailed study on the reaction mechanism involving this
directing group.12 In recent years, the Shi's research group
reported the directing-group-assisted cobalt-catalyzed
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enantioselective intramolecular aminocarbonylation.13 These
studies inspired us to believe that the coordination mode of
the directing group can effectively enhance the sensitivity of
cobalt to ligands. We envisioned installing the directing
group onto the ligand, and by means of multidentate
chelation, preventing the formation of overly stable cobalt
carbonyl and enhancing the activity of carbonylation. Herein,
we report a cobalt-catalyzed direct aminocarbonylation and
alkoxycarbonylation of chloroacetonitrile promoted by an

N,N,N-tridentate ligand, enabling the direct synthesis of a
wide variety of 2-cyano-N-acetamides and 2-cyanoacetate
compounds (Fig. 1c).

Results and discussion
Screening conditions

Our experiment was initiated using chloroacetonitrile and
aniline as the model substrates. Initially, we employed

Fig. 1 Background and synopsis of current work.

Table 1 Investigation of reaction conditionsa

Entry Catal Ligand 3ab [%]

1 Co(acac)2 L1–L10 0
2 Co(acac)2 L11 0
3 Co(acac)2 L12 19
4 Co(acac)2 L13 25
5 Co(acac)2 L14 32
6 Co(acac)2 L15 79
7 Co(acac)2 L16 78
8 Co(acac)2 L17 80
9 CoCl2·6H2O L17 99(92)c

10 Pd(OAc)2 L17 0
11 w/o Mn L17 0
12 Znd L17 90
13 MeSiH(EtO)2

d L17 92
14 CoCl2·6H2O

e L17 98
15 CoCl2·6H2O

f L17 98
16 CoCl2·6H2O

g L17 95

a Reaction conditions: S1 (0.45 mmol), S2 (0.3 mmol), Co(acac)2 (10 mol%), ligand (10 mol%), Mn (20 mol%), CO (30 bar), Na2CO3 (1.5 eq.),
MeCN (1.5 mL) stirred at 60 °C for 16 h. b Yields were determined by GC with dodecane as an internal standard and calculated based on
aniline. c Isolated yield. d Other reducing agents. e 50 °C. f 5 bar. g Bromoacetonitrile, room temperature.
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commercially available phosphine ligands and nitrogen
ligands (for details, see ESI†), but the expected product was
not detected (Table 1, entry 1). Only the nucleophilic
substitution product was isolated. This indicates that the
activation of alkyl halides by the metal needs to be fast
enough to distinguish from the highly prone nucleophilic
substitution reaction. Subsequently, a series of N,N,N-
tridentate ligands of 8-aminoquinoline were prepared
(Fig. 2). The electronic effect of the ligands significantly
influenced the reaction yield (Table 1, entries 2–6). The

ligand with electron-withdrawing group at the 5-position of
pyridine gave yields of 78% and 79%, independently.
Subsequently, considering atom economy, ligand L17 was
synthesized, and it achieved a yield of 80% (Table 1, entry
8). The screening of cobalt salts determined that CoCl2·6H2O
was a more suitable metal salt (Table 1, entry 9). Under
standard conditions, the use of 1 mol% palladium acetate
did not yield the target product (Table 1, entry 10). The use
of Ni(acac)2 and Cu(acac)2 did not result in the formation of
the target product either. Without the participation of
manganese powder, no target product was obtained (Table 1,
entry 11). When Zn or silane were used as reducing agents,
product 1 could be obtained with a slightly lower yield
(Table 1, entries 12 and 13). Reducing the reaction
temperature to 50 °C and the reaction pressure to 5 bar could
achieve a yield of 98% (Table 1, entries 14 and 15). It is worth
noting that when the substrate chloroacetonitrile is replaced
with bromoacetonitrile, the target compound can be obtained

Fig. 2 N,N,N-Tridentate ligands used in this work.

Scheme 1 Scope of amines and alcohols. a Reaction conditions: S1 (0.45 mmol), amines or alcohols (0.3 mmol), CoCl2·6H2O (10 mol%), L17 (10
mol%), Mn (20 mol%), CO (5 bar), Na2CO3 (1.5 eq.), MeCN (1.5 mL) stirred at 50 °C for 16 h. isolated yield.
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in excellent yield (95%) at room temperature (Table 1, entry
16).

With the optimized reaction conditions in place, we tested
the practicality and limitations of this carbonylation
transformation for a series of aromatic amines and alcohols
(Scheme 1). This transformation demonstrated a broad
substrate scope and functional group tolerance. In the first
stage, we tested a variety of aromatic amines (1–14) bearing
electron-donating or electron-withdrawing groups. The
corresponding carbonylation products could be obtained in
good to excellent yields. For substrates with both a phenolic
hydroxyl group and an amino group, a single target
compound 8 could be obtained with high selectivity (87%). It
is worth mentioning that nitro compounds have always been
difficult to be compatible in palladium-catalyzed
carbonylation reactions. In this system, the product 14 with
the nitro group retained could be obtained in a 77% yield.
Subsequently, by examining the electronic effect at the meta-
position of the aromatic ring, both electron-withdrawing
groups and electron-donating groups could give good to
excellent yields (15–17). The steric effect was then
investigated. The steric hindrance at the ortho-position
significantly affected the reaction yield (18–19). When
p-phenylenediamine was used as the substrate, in the
presence of 4 equivalents of chloroacetonitrile, the mono-
aminocarbonylation product 20 was obtained in a yield of
80%. Naphthalene ring could give an 89% yield. Heterocycle
was also investigated and the target product 22 was isolated
in a 60% yield.

Subsequently, research on alcohol substrates was carried
out. At first, benzyl alcohols were explored, and the
corresponding esters were produced in satisfactory yields.
The Bpin group showed excellent compatibility with the
reaction system, and the corresponding product 27 had a
yield of 68%. Furfuryl alcohol and 2-thiophenemethanol
were also included in the scope of the study, and the yields
of the corresponding target compounds were 70% (29) and
86% (30) respectively. In addition, the functional group
tolerance of functionalized substrate alcohols was

investigated. Phenethyl alcohol (28), cyclic alcohols (31, 32),
ethers (33), halogens (34, 35), alkenes (36), and alkynes (37)
all exhibited good tolerance. Several crucial 2-cyanoacetate
compounds (38–41) were synthesized in good to excellent
yields. It is worth noting that these compounds are
important chemical intermediates (Scheme 2). Remarkably,
biologically active amines and alcohols such as benzocaine,
fenchol, nerol, cholesterol, lenalidomide, D/L-menthol,
testosterone, pregnenolone were all successfully converted
into the corresponding carbonylated products (42–49).
Thiophenol as nucleophile was also tested under our
standard conditions and thioether from the direct
nucleophilic substitution was obtained. For chloroacetonitrile,
no desired product was detected if the CN group was replaced
with NO2 or alkyl.

To further demonstrate the application value of the
current strategy, we conducted transformation experiments
to prepare useful drugs starting from simple anilines and
alcohols (Scheme 3). The triazole ring 50 can be obtained by
the cyclization of compound 1 and benzyl azide.14 It has the
effect of inhibiting vascular endothelial growth factor (VEGF),
blocking the signal through VEGF receptors, and thus
inhibiting malignant angiogenesis. In addition, the presence
of the triazole ring demonstrates the great potential of
structural modification and target labeling. Furazan
compounds are an important class of heterocyclic
compounds with a wide range of applications in the field of
organic chemistry, covering distinct areas such as the
preparation of bioactive molecules and energetic materials.15

The furazan compound 51 was obtained in a yield of 81%
through a simple three-step synthesis.16 Compound 52 can
be used as a novel AKR1C3 inhibitor and serves as a potential
new treatment for castration-resistant prostate cancer.17

Leflunomide is marketed as a drug for the treatment of
rheumatoid arthritis, and teriflunomide 53 is the active
metabolite of leflunomide.18 Moreover, compound 38 can be
employed in the preparation of enbucrilate,19 a surgical
tissue adhesive, while compound 39 can be utilized for
formulating sunscreen agents.20,21

Scheme 2 Scope of amines and alcohols.
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A scale-up reaction was performed successfully, and the
desired product 2 can be obtained in 95% yield by
expanding this reaction at 10 times with even 5 mol%
catalyst (Scheme 4a). To delve deeper into the reaction
mechanism, we carried out several control experiments.
Initially, under standard conditions, when the radical
inhibitors BHT (2,4-di-tert-butyl-4- methylphenol) or TEMPO
were introduced into our model reaction, only a trace
amount of the target product 1 was detected (Scheme 4b).
Furthermore, compound (4,4-diphenylbut-3-enenitrile) was
formed through the trapping of the cyanomethyl radical by
the radical inhibitor 1,1-DPE (1,1-diphenylethylene)
(Scheme 4c). Zero-valent cobalt is not the active valence
state for the reaction. When Co2(CO)8 was used as the
catalyst, no target product was detected (Scheme 4d).

Based on our experiments and relevant literature,22 we
propose a possible reaction mechanism (Scheme 5). First, the
reactive species B is formed from the divalent cobalt
precursor A under the reaction conditions with the

participation of a reducing agent. Subsequently, the CoILn B
reacts with chloroacetonitrile to yield complex C through a
rapid single-electron radical process. The key acyl-metal
intermediate D is formed by the migratory insertion of CO
into the carbon-metal bond of intermediate C. Then, with the
assistance of a base, the nucleophile completes the
nucleophilic attack to generate intermediate E. Finally, the
product is obtained via reductive elimination, and the
monovalent cobalt B is regenerated to enter the next cycle.

In conclusion, a cobalt-catalyst system promoted by an
N,N,N-tridentate ligands has been developed.
Chloroacetonitrile can be efficiently activated by this system
to achieve intermolecular direct aminocarbonylation and
alkoxycarbonylation reactions. Mechanistic experiments
indicate that this catalytic process undergoes a single-
electron radical pathway. A variety of 2-cyano-N-acetamides
and 2-cyanoacetates were synthesized from simple and
inexpensive amines and alcohols. Moreover, good
functional-group compatibility is exhibited by this reaction.
The potential for further applications of this method is
demonstrated by the subsequent strategies.

Scheme 4 Scale-up reaction and control experiments. Scheme 5 Proposed mechanism.

Scheme 3 Later-stage of pharmaceutical derivatives.
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