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Abstract 

Non-Noble Metal-Catalysed Carbonylative Transformations 

Yahui Li 

Leibniz‐Institut für Katalyse e.V. an der Universität Rostock 

The dissertation is mainly concerned with non-noble metal-catalyzed carbonylative reactions. More 

specifically, copper, iron and manganese catalysed carbonylation reactions are presented. The 

resulting aliphatic imides, amides and esters constitute important intermediates for both organic 

synthesis and chemical industries. Regarding methodology developments, firstly a copper-catalyzed 

carbonylation of alkanes and amides is presented. Additionally, different nucleophiles including amine, 

alcohols were also used. Furthermore, an unexpected copper-catalysed carbonylative acetylation of 

amines is also presented. Also, a practical and general manganese-catalyzed carbonylative coupling of 

alkyl Iodides with amides allows producing synthetically useful imides in good yields. At last, a copper- 

catalyzed carbonylative four components reaction of ethene and aliphatic olefins. In all the above 

mentioned areas systematic catalyst optimization studies were performed and the scope and 

limitations of the respective protocol were presented.  

Nicht-Edel metallkatalysierte carbonylierende Transformationen 

Yahui Li 

Leibniz‐Institut für Katalyse e.V. an der Universität Rostock 

Die vorliegende Dissertation befasst sich hauptsächlich mit Nicht-Edelmetall-katalysierten 

Carbonylierungen. Insbesondere werden Kupfer-, Eisen- und Mangan-katalysierte 

Carbonylierungsreaktionen vorgestellt. Die resultierenden aliphatischen Imide, Amide und Ester sind 

wichtige Zwischenprodukte sowohl für die organische Synthese als auch für die chemische Industrie. 

Bezüglich methodischer Entwicklungen wird zunächst eine kupferkatalysierte Carbonylierung von 

Alkanen und Amiden vorgestellt. Zusätzlich wurden verschiedene Nucleophile, einschließlich Amine 

und Alkohole eingesetzt. Darüber hinaus wird eine unerwartete kupferkatalysierte carbonylierende 

Acetylierung von Aminen vorgestellt. Eine effiziente und allgemeingültige Mangan-katalysierte 

carbonylierende Kupplung von Alkyliodiden mit Amiden ermöglicht die Herstellung synthetisch 

nützlicher Imide in guten Ausbeuten. Abschließend wird eine kupferkatalysierte carbonylierende 

Vierkomponentenreaktion von Ethen und aliphatischen Olefinen beschrieben. In allen oben 

genannten Bereichen wurden systematische Katalysatoroptimierungsstudien durchgeführt und der 

Umfang und die Limitierungen des jeweiligen Protokolls vorgestellt.
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1. Introduction 

Since the discovery and identification of carbon monoxide by de Lassone and W. C. Crukshank in 

18th century, the exploration of the utilizations of this small molecular in organic chemistry have 

become one of the core topics since then. And terms ‘carbonylation’ and ‘carbonylative’ are given 

specially for carbon monoxide related organic transformations. Due to the interests of carbon 

monoxide related transformations, continues efforts have been attracted from generations of organic 

chemists and many novel procedures have been developed.
[1]

 In nowadays, carbonylation reactions 

have already become one of the most straightforward choices for the synthesis of carbonyl-containing 

compounds, and many related procedures have been industrialized.
[2]

 In addition to the importance of 

carbonyl-containing chemicals, through carbonylative transformations, the carbon chain of the parent 

compounds can be easily increased by introducing one or several molecules of CO which represents 

one of the cheapest C1 source. However, concerning the transition metal catalysts applied, most of 

the efforts have been put on noble metal catalysts.
[1-6]

 Although these catalyst systems have 

advantages in reactivity and efficiency, their high costs and toxicity, and the demand of even more 

expensive but non-reusable phosphine ligands still limits their applications in large scale.  

On the other hand, especially in nowadays, the developments of economic and environmental 

benign synthetic methods become an important but challenging goal in organic chemistry. And the 

exploration of non-noble catalysts in organic synthesis proved to be one of the ideal choices, due to 

their advantages such as abundance, low price, low toxicity and etc.
[7]

 Nevertheless, to the best of our 

knowledge, there is no summery work on non-noble metal catalysed carbonylative reactions has been 

published so far. Considering the importance of both topics and also based on our ongoing research 

interests, we become interested to fill this gap. We also hope that this introduction can intrigue and 

promote the further developments on this interesting area. 

The present dissertation highlights recent achievements in the main achievements on non-noble 

metal (Mn, Fe, Cu, Co, Ni) catalysed carbonylative reactions. It is also presented as a cumulative 

collection of publications which have been already released in international journals.
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1.1 Mn-catalysed carbonylation reactions 

Manganese, as the twelfth abundant element and the third most abundant transition metal in 

the earth, have properties such as low costs and relative low toxicity. Many novel 

manganese-catalysed organic reactions have been reported during the past decades.
[8a-8b]

 As early as 

in 1965, F. Calderazzo reported the pioneer work on manganese-catalysed carbonylation of amines. 

Using decacarbonyldimanganese and pentacarbonylmethylmanganese as the catalyst, primary 

aliphatic amines can be transformed to the corresponding 1,3-dialkylureas in good yields (Scheme 

1).
[8c]

 

 

Scheme 1. Manganese-catalysed carbonylation of amines. 

Later on, Watanabe and co-workers studied the application of manganese catalyst in the 

carbonylative coupling of alkyl iodides with different nucleophiles.
[9a,9b]

 Alkyl esters and amides can be 

effectively produced by using alcohols and amines as the reaction partners. Additionally, thiols, azide 

and hydride can be used as nucleophiles as well (Scheme 2, a). Additionally, alkyl bromides can also be 

applied as the substrates by adding NaI as the additive. Here, high pressure of carbon monoxide and 

high temperature or irritation is required. In 1998, Kang and co-workers reported a MnCl2·4H2O (5 

mol%)-catalysed carbonylative cross-coupling of organostannanes with hypervalent iodonium salts.
[10] 

Under CO atmosphere (1 bar), good yields of the desired biaryl ketones can be produced (Scheme 2, 

b). Interestingly, biaryls can be formed in good yields with the same substrates under the same 

conditions just in the absence of CO. 

 

Scheme 2. Mn-catalysed carbonylative coupling of iodides. 

More recently, Alexanian and co-workers reported a manganese-catalysed intramolecular 

carbonylative cyclization of alkenes with alkyl iodides.
[11]

 In the presence of 2.5 mol % Mn2(CO)10 and 

KHCO3 (1 equiv.) under CO (10 bar) pressure in EtOH, five-, six- and seven-membered carbocycles and 

heterocycles were synthesised in good yields with good diastereoselectivity (Scheme 3). A possible 
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reaction mechanism based on radical nature was provided as well. The reaction started with the 

homolysis of Mn-Mn bond in Mn2(CO)10 dimer to generate the corresponding •Mn(CO)5 radical. Then 

the •Mn(CO)5 radical abstract iodine atom from the substrates and give rise to the carbon-centered 

radical, which undergoes an alkene addition and generates a new carbon radical. The newly formed 

carbon radical will be trapped by manganese to produce the corresponding acylmanganese 

intermediate which will be provide the final products after reacted with alcohols.  

 

Scheme 3. Mn-catalysed intramolecular carbonylative cyclization of alkenes with alkyl iodides. 

1.2 Fe-catalysed carbonylation reactions 

The exploring of iron salts as catalysts in organic synthesis has become an attractive topic due to 

its abundance, low price, high biological compatibility, and also rich oxidation states from -2 to +6. 

 

Figure 1. Iron catalysts for carbonylation reactions. 

Since the middle of 20th century, chemists have started to explore iron-promoted carbonylation 

reactions and the most often used reagents are shown in Figure 1. Na2Fe(CO)4 which also known as 

Collman reagent was commonly applied as a stiometric carbonylation reagent, with several different 

preparation procedures have been developed.
[12]

 The original method needs expensive 

sodium-mercury amalgam (Scheme 4, formula 1) and this factor limited its scale-up, but a more 

practical procedure was developed later on (Scheme 4, formula 2). The latest process makes the 

preparation conditions milder, but the needs of bubbling with CO gas make the manufacture more risk 

(Scheme 4, formula 3). 
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Scheme 4. The synthesis of Na2Fe(CO)4. 

In 1975, Collman found disodium tetracarbonylferrate can be used in a wide range of useful 

synthetic reactions (Scheme 5).
[13]

 Na2Fe(CO)4 can be considered as a kind of a Grignard reagent. 

Reactions that use Na2Fe(CO)4 as the catalyst has advantages of high yields and good tolerance of 

different functional groups. But it also has some limitations, such as tertiary aliphatic halides cannot 

be used due to its satirical and allylic halides cannot be employed due to the stable 1,3-diene·Fe(CO)3 

Intermediate. 

 

Scheme 5. Na2Fe(CO)4-mediated carbonylation reactions. 

 

After that, he also found Na2Fe(CO)4 can be used for the synthesis of carboxylic acids, esters and 

amides (Scheme 6). The reaction begin with an SN2 displacement at carbon or an oxidative addition of 

the alkyl bromides to the Na2Fe(CO)4 and affords intermediate 2. In the presence of CO, acyl 

complexes 3 can be generated. Various carboxylic acids,
[14]

 esters,
[14]

 amides,
[14]

 ketones
[15]

 and 

hemifluorinated ketones
[16]

 can be produced by reacting the complex with proper nucleophiles. 

 

Scheme 6. Na2Fe(CO)4-mediated carbonylative transformations. 

In 1970, Cooke found using sodium tetracarbonylferrate as the catalyst, alkyl bromides can be 
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transformed into the corresponding aldehydes (Table 2).
[17]

 The reaction begin with the oxidative 

addition of the alkyl bromides to the Na2Fe(CO)4 and affords intermediate 2 or 3. Then 

triphenylphosphine been add to the intermediate and give the intermediate 4. Finally, intermediate 4 

will be protonated by acetic acid to give the acyl iron hydride intermediate 5 which undergoes 

reductive elimination to yield the desired aldehyde (Scheme 7). 

Table 2. Fe(CO)5-mediated alkyl bromides to aldehydes. 

 

 

Scheme 7. Mechanism of Fe(CO)5-mediated aldehydes synthesis. 

Nitro-containing compounds hold an important role in organic chemistry. In 1981, a procedure 

for converting nitro compounds to the corresponding formamides and carbamate esters by using iron 

and ruthenium carbonyl as catalyst system was reported by Alper and Hashem.
[18]

 These reactions 

have features of mild conditions (60 
o
C, atmospheric pressure of CO/H2; Table 3). 

Table 3. Fe3(CO)12/Ru3(CO)12-catalysed transformation of nitro compounds to the formamides and 

carbamate esters. 
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In 1992, Eaton and co-workers reported an interesting iron-catalysed carbonylative [4+1] 

cycloaddition reaction.
[19]

 In the presence of Fe(CO)5 (10 mol%) as the catalyst and CO, conjugated 

diallenes were transformed into the desired 2,5-diakylidenecyclo-3-pentenones in good yields (Table 

4). 

Table 4. Fe(CO)5-catalysed [4+1] cycloaddition reaction. 

 

Soon later, the same group also succeeded to extend their substrates to allenyl ketones
[20a]

 and 

allenyl imines.
[20b]

 With iron as the catalyst via carbonylative [4+1] cycloaddition involving both C-O 

and C-N bond formation, the desired five-membered heterocycles were formed in good yields 

(Scheme 8, a). In their proposed reaction mechanism, irradiation of Fe(CO)5 was necessary to give the 

active species and then reacted with the starting substrates to form the complex A. Metallocycle B 

was be formed through insertion and followed by CO insertion to give the complex C which will give 

the final product after reductive elimination. 

The group of Rueck-Braun developed a series of [Cp(CO)2Fe]Na-mediated cyclocarbonylations of 

ß-bromo enals to γ-lactams and γ-lactones (Scheme 8, b).
[21]

 Iron substituted (Z)-enals were formed as 

the key intermediates, after reacted with Grignard reagents or organolithiums the corresponding 

5-substituted lactams or γ-lactones were formed in moderate to good yields. These methodologies 

provide alternative procedures for the five-membered lactones preparation under mild conditions and 

some reaction mechanism was also studied, but the necessary of equivalent amount of iron complex 

still leave space for further improvement. 
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Scheme 8. Iron-catalysed [4+1] cycloaddition reactions. 

In 1989, Brunet and Taillefer developed a Fe(CO)5-Co2(CO)8 bimetallic system for the 

carbonylative transformation of aryl iodides (Scheme 9). Using this bimetallic system, iodobenzene 

can be transformed into benzoic acid
[22]

 or benzophenone under 1 bar of carbon monoxide at 60 
o
C.

[23]
 

The combination of Bu4NBr and EtOH was found critical. And the function of ethanol was to extract 

salt [NBu4]
+
·[HFe(CO)4]

-
 from water to the organic layer. In the absence of ethanol, iodobenzene can 

be transformed into benzophenone in fair yield. 

 

Scheme 9. Fe(CO)5-Co2(CO)8 bimetallic-catalysed carbonylation 

Periasamy and co-workers developed a carbonylative transformation of R’2BI in 1991. In the 

presence of NaCo(CO)4 or Na2Fe(CO)4, symmetric dialkyl ketones can be formed after H2O2/OH- 

oxidation (Table 5).
[24]

 Here the R’2BI applied was prepared in situ by reacting of alkene with 

IH2B:N(Et)2Ph at room temperature in benzene. This method provides a straightforward pathway for 

the synthesis of symmetric dialkyl ketones from alkenes. 

Table 5. Carbonylation of R2BI in the presence of NaCo(CO)4 or Na2Fe(CO)4. 

 

Later on, Periasamy and co-workers reported a homo-coupling reaction of Na(RCO)Fe(CO)4 with 
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CuCl or I2 as the oxidant to produce 1,2-diketones (Scheme 10).
[25]

 In this transformation, 

Na(RCO)Fe(CO)4 reacted with CuCl at 25 
o
C in THF to form the desired 1,2-diketones in 70-90% yields. 

In their mechanistic investigations they found the formation of 1,2-diketone takes place through the 

decomposition of Cu(RCO)Fe(CO)4 or I(RCO)Fe(CO)4 to RCOFe(CO)4 followed by the formation of η
2
 

complexes of 1,2-diketones intermediates. However, single-electron reduction pathway cannot be 

excluded. 

 

Scheme 10. Fe(CO)4
2-

-CuCl mediated carbonylation 

In 1996, Brunet, Periasarny and their co-workers developed an novel method for double 

carbonylation transformation of alkynes using NaHFe(CO)4 as the catalyst (Table 6).
[26]

 This method 

contains three steps: i) NaHFe(CO)4 react with MeI to generate the active reagent; ii) the formed 

reagent reacted with alkynes to form the key intermediate and iii) subsequently oxidized by CuCl2 to 

give the corresponding cyclobutenediones in 27-42% yields and together with the formation of 

α,β-unsaturated carboxylic acids. 

Table 6. Double carbonylation of alkynes using NaHFe(CO)4. 
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After that, they found NaH,
[27]

 NaBH4,
[28]

 amines,
[29]

 Me3NO
[30]

 and t-BuOK
[31]

 can also be used to 

enhance the reactivity of Fe(CO)5 and Fe3(CO)12 (Scheme 11). Compared with the previous method, 

the reaction become more selective and give cyclobutenediones as the only product. In the presence 

of excess amount of amine oxide, cyclic anhydrides can be observed. 

 

Scheme 11. Fe(CO)5 mediated cyclocarbonylation. 

Recently, Beller and co-workers reported an iron-catalysed carbonylation for the synthesis of 

succinimides in 2009 (Table 7).
[32]

 With 10 mol% of Fe(CO)5 as the catalyst under CO pressure (20 bar) 

at 120 
o
C, excellent yields of the desired products can be isolated. This synthetic procedure has also 

been applied in the synthesis of biologically interesting 3,4-diaryl-substituted maleimides
[33]

 and 

himanimide
[34]

 as well. 

Table 7. Iron-catalysed carbonylative synthesis of succinimides. 
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In 2011, Beller and co-workers found that the selectivity can be tuned by the addition of nitrogen 

ligand (Table 8).
[35a]

 α,β-Unsaturated amides can be selectivity produced from the same alkynes and 

amines in the presence of 5 mol % of Fe3(CO)12 and ligand. With 5 equivalents of NEt3 as the base 

under CO pressure (10 bar) in THF at 120 
o
C, 20 different α, β-unsaturated amides were formed in 

47-95% yields. Meanwhile, a microwave-assisted aminocarbonylation of ynamides with amines at low 

pressures of CO (1.3 bar) was reported by Petricci and co-workers.
[35b]

 (E)-Acrylamides can been 

regioselectively synthesized after microwave irradiation with Fe3(CO)12 as the catalyst precursor and 

triethylamine (TEA) as the ligand. 

Table 8. Iron-catalysed aminocarbonylation of alkynes. 

 

Mathur and co-workers developed a Fe(CO)5-catalysed carbonylative procedure for the synthesis 

of maleimides and hydantoins in 2012 (Table 9).
[36]

 With terminal alkynes and isocyanate as the 

substrates in presence of CO, the maleimides can be obtained as the major products. Interestingly, 

hydantoins can be formed in up to 87% yield in absence of CO. 

Table 9. Iron-catalysed one-pot synthesis of maleimide and hydantoin. 
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More recently, Iranpoor, Firouzabadi and their co-workers reported a Fe(CO)5 or Mo(CO)6 

mediated hydrocarbonylation of phenylacetylene to give α,β-unsaturated esters and thioesters (Table 

10, a).
[37a]

 In presence of 1 equiv. of Fe(CO)5 and 2 equiv. of DABCO in DMF at 100 
o
C, phenylacetylene 

reacted with different alcohols and thiols to give the desired products in 87-98%. Notably, a 

Fe(CO)5/hv catalyst system for the producing of vinylesters and lactones from alkynes and alcohols 

was established by Mathur and co-workers in 2010.
[37b]

 The reactions were carried out at 0 
o
C, and the 

selectivity of the products were depends on the time of photolysis of the reaction as well as the 

solvent applied. A stable reaction intermediate ferrole was isolated which produce α,β-vinylester after 

further photolysis with alcohols. 

Table 10. Fe(CO)5 mediated hydrocarbonylation of alkynes. 

 

Notably, Han and Zhong developed an iron-catalysed carbonylative Suzuki reaction with PEG-400 

as the solvent in 2014 (Table 11).
[38]

 In presence of 4 mol% of FeCl2 and 6 mol% FeCl3 as the catalyst 

combination with 2 equivalents of NaHCO3 as the base in PEG-400, the desired ketone products can 

be obtained in 79-94% yields. Good functional groups tolerance can be observed, even nitro group. 

The reactions were performed under atmospheric pressure of carbon monoxide. In their mechanism 

studies, they found iron carbonyl species was formed as the intermediate and then acting as CO 

source to form the product. However, due the properties of PEG solvents, in situ formed nanoparticles 

cannot be excluded as the real catalyst. 

Table 11. Iron-catalysed carbonylative Suzuki reactions. 

 

Entry 1 2 3 Yields % 
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1 
  

 

92 

2 
  

 

90 

3 
  

 

91 

1.3 Cu-catalysed carbonylation reactions 

Copper catalysts have been extensively exported in oxidation reactions and cross-coupling 

reactions. The applications in carbon monoxide insertion related reactions are still very limited. In 

1996, Kang and co-workers developed a copper-catalysed cross-coupling and carbonylative coupling 

reaction of organostannanes (Table 12) and organoboranes (Table 13) with hypervalent iodine 

compounds.
[39] 

These reactions can be achieved under extremely mild conditions (room temperature, 

10-120 min).  

Table 12. Copper-catalysed carbonylative reaction of organostannanes with hypervalent iodine 
compounds. 

 

Entry R
1
SnBu3 Product Yields % 

1  

 

85 

2 
 

 

94 

3  

 

84 

 
Table 13. Copper-catalysed carbonylative coupling reaction of organoboranes with hypervalent iodine 

compounds. 

 

Entry R
1
 R

2
 Product Yields % 

1 
 

H 

 

78 
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2 

 

H 

 

63 

3 

 

H 

 

68 

Fujiwara and co-workers developed a transition metal catalysed carboxylation of alkanes and 

arenes in 1995 (Scheme 12).
[40]

 Using palladium and/or copper as the catalysts, with TFA 

(trifluoroacetic acid) as the solvent, different alkanes can reacted with CO in TFA to give the 

corresponding carboxylic acid products. Additionally, Pd and Cu combined catalyst (1:1) gives better 

activity for this transformation. 

 

Scheme 12. Palladium and/or copper-catalysed carboxylation of alkanes and arenes. 

Sundermeyer and co-workers developed a copper-catalysed oxidative carbonylation of methanol 

to produce dimethyl carbonate with N-methylimidazole (NMI) as the ligand in 2001 (Scheme 13).
[41]

 

After various catalysts testing, (NMI)4CuCl2, (NMI)3CuBr2, and (NMI)4CuI all gives activity and 

selectivity with DMC (dimethyl carbonate) as the solvent. In 2013, Monopoli, Nacci and their 

co-workers reported a copper catalysed oxidative carbonylation of glycerol to produce glycerol 

carbonate (Scheme 14).
[42]

 With CuCl2 and pyridine as the catalyst system, using DMAc 

(N,N-dimethylacetamide) as the solvent under pressure of CO/O2 (PCO = 3.3 MPa; PO2 = 0.7 MPa) at 

130 
o
C, excellent conversions (>92%) and selectivities (>93%) can be obtained in relatively short 

reaction time (3-4 h). 

 

Scheme 13. Copper-catalysed synthesis of carbonate. 

 

Scheme 14. Copper-catalysed oxidative carbonylation. 

Alternative procedures for the synthesis of carbonyl-containing compounds have been developed 
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as well. Gao and co-workers reported a copper-catalysed dicarbonylation of imidazo[1,2-α]pyridines 

with acetamides and acetone using molecular oxygen as the terminal oxidant (Scheme 15, formula 1 

and 2 ).
[43]

 The reactions were carried out in the presence of 5 mol % of Cu(OAc)2 in AcOH/t-AmOH 

under O2 at 120 °C, the desired 1,2-dicarbonyl imidazo[1,2-α]pyridines were formed regioselectively in 

good yields. In their 
18

O-labeling experiments, they proved that the oxygen source of products 

originated from O2 rather than H2O. Later on, they successfully extended their methodology to 

2-methylpyridines (Scheme 15, formula 3).
[44] 

 

Scheme 15. Copper-catalysed acylation of imidazo[1,2-α]pyridines. 

The group of Ye and Ke reported a copper-catalysed acylation of terminal alkynes with 

formamides using TBHP (tert-butyl hydroperoxide) as the oxidant (Scheme 16).
[45]

 Terminal alkynes 

undergo cross-dehydrogenative coupling in formamides at 60 °C and in the presence of catalytic 

amounts of CuCl2 to give the desired propiolamides in good yields. A competing reaction, the reaction 

of DMF with phenylacetylene was performed in the presence of excess diethylamine and no 

diethylamine product was detected, indicating that the mechanism involving the generation of CO and 

amine in situ could be ruled out. 

 

Scheme 16. Copper-catalysed acylation of terminal alkynes. 
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In 2016, a general methodology for copper-catalysed oxidative amidation of terminal alkynes to 

construct α-ketoamides was reported by Shen, Zhang and their co-workers (Table 14).
[46]

 In the 

presence of 10 mol% of Cu(OTf)2 as the catalyst with 2 equivalents of DBU as the base, terminal 

alkynes can reacted with O-benzoyl hydroxylamines in THF and the desired products were obtained in 

good to excellent yields. It is worthy to point out that O-benzoyl hydroxylamines act as both 

amination reagent and oxidant here. 

Table 14. Copper-catalysed oxidative α-ketoamides synthesis. 

 

Entry 1 2 Yields % 

1  
 

84 

2 
  

82 

3 
  

80 

4 
  

78 

5 
  

72 

6  
 

72 

Organic carbamates are important intermediates for the synthesis of pesticides, herbicides and 

pharmaceutical drugs. An interesting copper-catalysed cross-coupling of anilines with diisopropyl 

azodicarboxylate was developed by Guan and co-workers in 2016.
[47]

 The desired carbamates were 

isolated in moderate to good yields (Scheme 17). Interestingly, this catalyst protocol was carried out 

under solvent-free conditions. 

 

Scheme 17. Copper-catalysed carbamates synthesis. 

The report from Yu’s group in 2005 demonstrated a copper-catalysed carbonylation of 

alkynyliodonium salts with boronic acids to the corresponding alkynones (Table 15).
[48]

 In the 
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presence of 10 mol% of CuI and 1.2 equivalent of K2CO3, alkynyliodonium salts can reacted with 

organoboronic acids to form the corresponding α,β-ynone in good yields under CO atmosphere in 

DME/H2O. 

Table 15. Copper-catalysed carbonylation of alkynyliodonium salts. 

 

Entry R
1
 R

2
 Yields % 

1 Bu 
 

83 

2 Bu 
 

63 

3 t-Bu 
 

77 

4 t-Bu 
 

88 

5 Ph 
 

77 

6 Ph 
 

79 

More recently, an efficient method for the synthesis of succinimides via C-H activation was 

developed by Li, Ge and their co-workers (Scheme 18).
[49]

 This protocol is based on the sequential sp
3
 

and sp
2
 C-H bonds activation with nitromethane as the carbonyl source. Using 

2-ethyl-2-methylpentanamide bearing a bidentate 8-aminoquinoline directing group as the starting 

material at 165 °C, with Cu(OAc)2 as the catalyst and K2S2O8 as the oxidant using PhCO2Na as the base, 

good yields of the desired products can be isolated. 

 

Scheme 18. Copper-catalysed synthesis of succinimides. 

 



Introduction 

17 

 

1.4 Co-catalysed carbonylation reactions 

As early as in 1977, Alper’s group reported a procedure and demonstrated that carboxylic acids 

can be synthesized in good to excellent yields by using catalytic amount of Co2(CO)8 under mild 

reaction conditions in phase-transfer system.
[50]

 In this procedure, double carbon monoxide insertion 

reaction was also described. Then, in 1978, Abbayes and co-worker reported a systematic study on the 

double carbonylation of substituted benzyl chlorides with cobalt carbonylanion by phase transfer 

catalysis to give arylpyruvic acids.
[51]

 Among their study, it was found that substitution on the aromatic 

ring played an important role in the double carbonylation by phase transfer catalysis: with R= H or 

m-CF3, which was strongly electron-withdrawing, no keto-acid appeared; while, with R = Me, double 

carbonylation occurred, wherever the position of the substituent, suggesting that the electron 

donating effect of the methyl group was more important than its position. Moreover, further 

alkylation occurred, giving the substituted arylpyruvic acid. When the aromatic ring bore three methyl 

groups (in o, o’, and p positions) double carbonylation became an important pathway, giving only the 

simple arylpyruvic acid (3). In all these cases, the expected arylacetic acid (2) was produced besides 

the keto-acid (Scheme 20). 

 

Scheme 20. Double carbonylation of benzyl chlorides. 

In 1982, Imamoto and co-workers reported a facile method for the conversion of benzyl alcohols 

into one carbon-homologated amides or esters by cobalt carbonyl catalysed carbonylation under mild 

reaction conditions (Scheme 21).
[52]

 In the same year, Foa and Francalanci found that in the 

phase-transfer catalysis in cobalt catalyzed carbonylation of secondary benzyl halides, the results were 

highly depending on the experimental conditions. Alcohols or ethers mainly gave carboxylic acid salts 

and the use of higher pressure of CO association with a hydrocarbon organic phase favored the other 

selectivity.
[53]

 Soon later, Foa and co-workers reported acobalt-catalyzed carbonylation of optically 

active and α-deuterated phenylethyl halides under phase transfer conditions.
[54]

 The stereochemistry 

of catalytic monocarbonylation of optically active α-deuterated phenylethyl halides, as well as the 

deuterium-exchange experiments to clarify the origin of the double carbonylation were devised. 
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Scheme 21. Cobalt-catalysed carbonylation of benzyl alcohols. 

In 1985, Alper´s group reported the double carbonylation of styrene oxides.
[55]

 With Co2(CO)8 as 

the catalyst, and treatment of substrates with carbon monoxide, NaOH, methyl iodide in benzene, and 

using cetyltrimethylammonium bromide (CTAB) as the phase transfer agent, good yields of the 

corresponding products can be obtained (Scheme 22). 

 

Scheme 22. Co-catalysed double carbonylation of epoxides. 

In 1986, a methodology on cobalt-catalysed reductive carbonylation of methyl esters was 

reported by Wegman and Busby. Acetaldehyde and a carboxylic acid were obtained in high yields via 

the CoI2-Lil-catalysed reaction of a methyl ester with synthesis gas (Scheme 23).
[56] 

 

Scheme 23. Co-catalysed carbonylation of methyl ester 

In 1986, Kshimura et.al. reported a procedure on cobalt carbonyl catalysed carbonylative 

transformation of o-halogenated benzoic acids under photo-stimulation (Scheme 24).
[57]

 Double 

carbonylation products can be observed as well under these reaction conditions. 

 

Scheme 24. Co-catalysed carbonylation of o-halogenated benzoic acids. 
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In 1985, a method for carbonylative transformation of aromatic and heteroaromatic halides was 

reported by Foa and co-workers (Scheme 25, formula 1).
[58]

 In this mild catalytic system, the anionic 

cobalt complexes were formed and showed great activity towards aromatic halides. One year later, 

they presented a novel procedure on the double carbonylation of aryl and secondary benzylic halides 

with Co2(CO)8 as the catalyst.
[59]

 The corresponding α-keto acids were generated in moderate to good 

yields (Scheme 25, formula 2). In this process, a methyl source (dimethyl sulfate or methyl iodide) was 

necessary for the carbonylation of aryl halides. 

 

Scheme 25. Co-catalysed carbonylation of organo halides. 

An interesting cobalt carbonyl-catalysed carbonylative synthesis of unsaturated carboxylic acids 

in aqua solutions was developed by Alper and Calet in 1988.
[60]

 Under the assistant of phase transfer 

catalyst and methyl iodide, carbonylation of vinyl epoxides occurred and gave the desired products in 

good yields and high regioselectivity (Scheme 26). 

 

Scheme 26. Co-catalysed carbonylation of vinyl epoxides. 

In 1989, Alper and Roberto reported the synthesis of pyrrolidinones by cobalt carbonyl catalysed 

carbonylation of azetidines. That was the first example on metal catalysed 

ring-expansion-carbonylation reaction of azetidines to tetrahydroazepinones (Scheme 27).
[61]

 Various 

pyrrolidinones could be synthesized in high yields and regioselectivity from the parent azetidines. The 

position for carbonyl insertion on 2-substituted azetidines (alkyl, aryl, CHOH, CH2OR, CHOCOR, and 
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COOR), the outcome depends on the properties of the substituent groups and also on the reaction 

temperature. The reaction displays high regio- and stereo-selective, and also tolerated functional 

groups such as esters, ethers, and alcohols. 

 

Scheme 27. Cobalt-catalysed carbonylative synthesis of pyrrolidinones. 

In the same year, Watanabe and co-workers reported a cobalt catalysed ring-opening 

carbonylation of cyclic ethers using N-(trimethylsilyl)amines as the reaction partner (Scheme 28).
[62]

 

This method provide an access to the ring-opening carbonylation of a variety of cyclic ethers such as 

oxiranes, oxetane, tetrahydrofuran, and 1,3-dioxolane. In the presence of a catalytic amount of 

Co2(CO)8 under carbon monoxide pressure, the corresponding siloxy amides were formed in good 

yields. 

 

Scheme 28. Cobalt-catalysed carbonylation of cyclic ethers. 

Remarkably, the first example on the triple carbonylation of epoxy alcohols was developed in 

Alper’s group in 1990.
[63]

 With cobalt carbonyl and TDA-1 as the catalyst system, the epoxy alcohols 

were converted into the corresponding 2-C-(2,5-dihydro-2-oxofur-5-yl) lactic acids in moderate yields, 

under exceptionally mild conditions (Scheme 29). 

 

Scheme 29. Cobalt catalysed carbonylation of epoxy alcohols. 
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In 1991, Izawa and co-workers reported a methodology for the synthesis of proline and 

2-piperidinecarboxylic acid via cobalt catalysed isomerization-carbonylation of N-acyl unsaturated 

cyclic amines under hydroformylation conditions in the presence of H2O (Scheme 30).
[64] 

 

Scheme 30. Synthesis of pyrrolidine and 2-piperidinecarboxylic acid. 

In 1991, Alper and Grushin discovered the first example on carbonylative transformation of 

gem-dibromocyclopropanes by using cobalt and nickel salts as catalysts under phase transfer 

conditions (Scheme 31).
[65]

 The best yields were obtained when a combination of nickel and cobalt 

cyanides were applied in the presence of synthesis gas (CO / H2). 

 

Scheme 31. Carbonylation of of gem-dibromocyclopropanes. 

Fuchikami and co-workers reported a procedure on the carbonylative transformation of alkyl 

sulfonates in 1991.
[66]

 The corresponding esters were produced selectively in the presence of catalytic 

amount of Co complex, NaI and alcohols with 1,1,3,3-tetramethylurea (TMU) as the base (Scheme 32). 

 

Scheme 32. Cobalt-catalysed carbonylation of alkyl sulfonates. 
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In 1992, Alper and co-worker reported the synthesis of piperidinones, which was formed from 

carbonylation of pyrrolidines catalysed by the cobalt carbonyl (Scheme 33).
[67]

 The reaction was 

regiospecific in most cases, and the yields of the products were increased in the presence of 

ruthenium carbonyl as an additive. 

 

Scheme 33. Cobalt-catalysed carbonylation of pyrrolidines. 

Rindone and co-workers studied the substituent effects in cobalt-catalyzed oxidative 

carbonylation of aromatic amines.
[68] 

Ureas, isocyanates, carbamates and azo derivatives were 

generated from the N, N-bis(salicylidene)ethylenediaminocobalt(II)-catalyzed oxidative carbonylation 

of ortho-, meta- and para-substituted aromatic primary amines in methanol. In their study, it was 

found that the para-substituted anilines were mainly transformed into the ureas in high yields, due to 

the cobalt(III) intermediates had the stability very similar to that of the corresponding cis derivatives, 

as well as steric effects, which may suggested to be the intermediates in the formation of ureas.  

In the same year, Alper’s group reported the carbonylative synthesis of highly strained 

trans-bicyclic β-lactams. In the presence of Co2(CO)8 as the catalyst, aziridines were transformed into 

β-lactams in excellent yields (Scheme 34).
[69]

 This procedure is valuable in the preparation of highly 

strained bicyclic-β-lactams containing the trans-7-azabicyclo [4.2.0]octan-8-one nucleus. The reaction 

began by nucleophilic ring opening of the aziridine by in situ-generated tetracarbonyl-cobaltate anion. 

 

Scheme 34. Co2(CO)8-catalysed carbonylation of aziridines. 

In 1996, Pályi, Markó, Alper and their co-workers reported a cobalt-catalysed carbonylation of 

benzyl halides using polyethylene glycols as the phase-transfer catalyst (Scheme 35).
[70]

 

Hydroxycarbonylation of benzyl and substituted benzyl chloride and bromide derivatives were 

achieved in good to excellent yields (up to 97.6%) and quantitative chemoselectivity in two-phase 

system under mild conditions (1 bar CO, room temperature). η
1
-Benzyl-, η

3
-benzyl-, and 
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(η
1
-phenylacetyl) cobalt carbonyls were investigated as intermediates of this carbonylation 

transformation. It was proposed that: (i) the role of PEG is not simply to transport [Co(CO)4]- from 

aqueous to organic phase but also to accelerate the hydrolysis of the acylcobalt tetracarbonyl complex; 

(ii) in the presence of the acyl-, alkyl- and (η
3
-benzyl)cobalt complexes in the hydroxycarbonylation 

reaction mixtures, (η
3
-benzyl)cobalt-type complexes and their role as intermediates in phase-transfer 

reactions was not previously observed. 

 

Scheme 35. Cobalt-catalyzed carbonylation of benzyl halides. 

Lin and Knifton developed a cobalt-catalysed carbonylation of phenylacetaldehyde to 

N-acetyl-beta-phenylalanine in 1997.
[71]

 The reaction was studied both in batch process and 

continuous phase reactor. In this reaction, the adding of DPPE (1,2-bis(diphenylphosphino)ethane) 

ligand was compulsory. High yields of the desired products can be achieved and the catalyst can be 

recovered successfully as well (Scheme 36). 

 

Scheme 36. Cobalt-catalyzed carbonylation of phenylacetaldehyde 

In 2001, Alper’s group reported a synthetic method on the carbonylative synthesis of β-lactones 

from epoxides.
[72]

 With cobalt complex (PPNCo(CO)4) (PPN = bis(triphenylphosphine)iminium) as the 

catalyst and Lewis acid (BF3.Et2O) as the additive, both simple and functionalized epoxides were 

regioselectively transformed in good yields (Scheme 37). The carbonylation occurred selectively at the 

unsubstituted C-O bond of the epoxide ring, and various functional groups were tolerated, such as 

alkenyl, halide, hydroxyl, and alkyl ether. Interestingly, the stereochemistry of epoxides and aziridines 

gave completely different results. 

 

Scheme 37. Cobalt-catalysed carbonylation of epoxides. 
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Dragojlovic et. al. reported a cobalt-catalyzed photochemical methoxylcarbonylation of alkenes 

in the same year.
[73]

 The reaction can be successfully carried out on a multigram scale (5–10 g) on a 

number of alkenes with appropriate choice of light source, filter, concentration of cobalt catalyst and 

suitable equipment (Scheme 38). In this process, the stability of cobalt catalyst was crucial for the 

success of photocarbonylation. For given reaction scale and set of conditions (light source, filter, 

temperature), there was a narrow range of concentrations of cobalt catalyst at which the catalyst was 

stable and the reaction proceeded at a reasonable rate. However, the reaction was limited to mono 

and disubstituted alkenes (69-85%). Low selectivity was observed with trisubstituted alkenes and 

dienes. 

 

Scheme 38. Methoxycarbonylation of alkenes. 

In 2002, an efficient and mild carbonylative protocol for the conversion of optically active 

epoxides to β-hydroxy morpholine amides was developed by Jacobsen and Goodman (Scheme 39).
[74]

 

The methodology was effective with a variety of epoxides and pure products could easily be isolated 

by treatment of the crude product mixture with aqueous acid. Moreover, a valuable new approach for 

preparing synthetically valuable β-hydroxy-β-ketoesters was discovered by adding aluminum enolate 

derivatives cleanly to the morpholine amides. 

 

Scheme 39. Carbonylative transformation of epoxides. 

Jia and Xu reported a methodology on the cobalt-catalysed carbonylative ring-expanding of 

2-aryl-2-oxazolines in 2003 (Scheme 40).
[75]

 This was the first example on using 2-oxazolines as 

substrates in transition metal-catalyzed carbonylation reactions. In their mechanistic studies, they 

proved the cobalt radicals as the catalytically active species. 

 

Scheme 40. Cobalt-catalysed carbonylative ring-expanding of 2-aryl-2-oxazolines. 
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Meanwhile, they succeeded in the carbonylative ring expansion of other heterocycles as well.
[76]

 

With Co2(CO)8 as the catalyst, a rarely studied exocyclic C-O bond carbonylation proceeded smoothly. 

Various cycloimino esters could be activated and further carbonylated to afford N-acyllactams in high 

yields under relatively mild conditions in the absence of HI as the co-promoter (Scheme 41). The 

reaction opens a possible access to the carbonylation of alcohols without the assistance of HI. In this 

reaction, an organic amide would replace HI to form the desirable equilibrium that generated the 

direct reactant for the carbonylation. Later on, they also demonstrated that a catalytic system formed 

from commercially available Co2(CO)8 and AIBN can worked effectively in this type of transformation 

as well. (4R, 5S)-4-Methyl-2,5-diphenyl-2-oxazoline and (4R, 5R)-4-methyl-2,5-diphenyl-2-oxazoline 

can be transformed stereospecifically. The stereoselectivity in all cases favored inversion at the 

C(5)-position with diastereomeric excess up to >97%.
[77]

  

 

Scheme 41. Cobalt-catalysed exocyclic C-O bond carbonylation. 

Jia and Liu designed a catalytic procedure for the carbonylative polymerizations of epoxides and 

N-alkylaziridines in 2004.
[78]

 Under their conditions, polyesters and amphiphilic 

poly-(amide-block-ester)s can be synthesized effectively (Scheme 42). It had been demonstrated that 

the combinations of cobalt catalyst and pyridines were versatile catalysts for the carbonylative 

polymerization of both epoxides and aziridines likely under closely resembling mechanisms. While less 

active for carbonylative epoxide polymerization than the catalysts generated in situ from Co2(CO)8, the 

well-defined acid-free catalyst allowed the development of a very convenient synthetic method for 

diblock copolymers with a degradable block and a nondegradable block. The amphiphilic and 

degradable diblock copolymers are potentially useful for biomedical applications. 

 

Scheme 42. Cobalt-catalysed carbonylative polymerizations of heterocycles. 

Two years later, Jia and Liu reported a new procedure on the carbonylative polymerization of 

azetidines.
[79]

 With [Co(CH3CO)(CO)3P(o-tolyl)3] as the catalyst and tetrahydrofuran (THF) as both the 
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reagent and solvent, the desired polymers can be selectivity produced (Scheme 43). With the use of LiI 

as a co-catalyst, the γ-lactam byproduct can be eliminated. Both the amount and distribution of the 

ester units in the polymer backbone were influenced by LiI as well, this finding allowed the synthesis 

of polymers with alternating amide blocks and ester segment that would undergo two-stage 

degradation.  

 

Scheme 43. Cobalt-catalysed carbonylative polymerizations of azetidines. 

In 2008, Jia and co-workers provided a systematic study on the cobalt-catalyzed carbonylative 

polymerization of N-alkylazetidines involving three representative monomers (Scheme 44).
[80]

 The 

individual N-alkylazetidine monomers displayed different characteristics in the polymerization, which 

allowed the incorporation of amine and ester units into the amide based polymers. Firstly, the 

synthesis and characterization of poly(amide-co-amine) with a gradient amine distribution were 

described. Then, they presented how to control the ester distribution in poly(amide-co-ester)s. 

Poly(amide-co-ester) containing multiple segments with block or gradient ester distributions could be 

synthesized by multiple additions of N-isobutylazetidine into the reaction mixture in the presence of 

or absence of LiI. Finally, the discovery of a novel chain transfer pathway via N-benzyl abstraction was 

made. It was found that N-benyzlazetidine was different from the other two monomers in that a chain 

transfer pathway: which was presented via the nucleophilic abstraction of the N-benzyl group. The 

remaining acyl-azetidine at the chain end could be utilized for further chemical modifications or 

polymerization. 

 

Scheme 44. Cobalt-catalysed carbonylative polymerizations of N-alkylazetidines. 

Sen and co-workers reported a cobalt-catalysed carbonylation of N-alkylbenzaldimines in 2006.
[81] 
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N-Alkylphthalimidines can be produced via tandem C-H activation and cyclocarbonylation (Scheme 45). 

The resulting formation was proposed to occur by C-H activation of the aryl ring, migratory insertion 

of the hydride species into the benzaldimine functionality, CO coordination, and insertion into the 

Co-C bond, followed by reductive elimination of the N-alkylphthalimidine and regeneration of the 

starting cobalt species. 

 

Scheme 45. Co-catalysed carbonylation of N-alkylbenzaldimines. 

In 2008, Li and co-workers reported a cobalt-catalyzed oxidative carbonylation of aniline to N, 

N´-diphenyl urea.
[82]

 The catalyst system comprised by Co(II)-Schiff base complex and a pyridine-type 

promoter (Scheme 46). The Co(II) complexes of substituted salen or salophen ligand with an 

electron-donating hydroxyl group showed good activity. In the catalytic system, pyridine-type additive 

as promoter increased the reactivity of catalyst. Among the additives, substituted pyridines had better 

promoting function than pyridine. The promoting effect of substituted pyridines was correlated with 

their basicity and steric hindrance of substituents. 

 

Scheme 46. Cobalt-catalysed carbonylation of aniline. 

In 2010, Wang’s group reported a cobalt-catalyzed photo-promoted carbonylation of 

chloroalkanes.
[83]

 With cobalt compounds [Co(OAc)2, CoCl2] as the catalyst and in the presence of KI, 

the corresponding esters can be selectively produced (Scheme 47). The reactions were carried out 

under ambient conditions proceeded through two pathways. The role of iodide ion may be to form a 

more active iodoalkanes via substituting chloride ion in chloroalkanes in situ. Additionally, the activity 

of this carbonylation can be improved by the addition of NaOAc. 

 

Scheme 47. Photopromoted carbonylation of chloroalkanes. 
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In 2011, an in situ generated catalytic system that allows the ring-expansion carbonylation of 

epoxides using low precatalyst loadings was developed (Scheme 48).
[84]

 The active catalyst, analogous 

to Coates’ catalyst, was formed in situ from commercially available (TPP)CrCl (TPP = 

tetraphenylporphyrin) and Co2(CO)8. This practical system circumvented the preparation of air 

sensitive cobaltate salts, manipulated at low catalyst loadings, and meet the carbonylation of 

functionalized, sterically demanding and heterocyclic meso-epoxides. 

 

Scheme 48. Cobalt-catalysed ring-expansive carbonylation 

In 2011, Ogawa and co-workers reported a novel cobalt carbonyl catalysed thiolative 

lactonization of alkynes.
[85]

 With thiols as the reaction partner by incorporation of two molecules of 

carbon monoxide, α,β-unsaturated γ-thio-γ-lactones were produced regioselectively (Scheme 49). This 

process provides a useful method for the catalytic introduction of two molecules of CO into alkynes, 

regioselectively. Since sulfur compounds were generally believed to be catalyst poisons, these catalytic 

reactions opened up a new field of transition-metal-catalyzed reactions of organosulfur compounds. 

 

Scheme 49. Cobalt-catalysed thiolative lactonization of alkynes. 

Later on, they found that internal alkyne can be applied as substrates in this cobalt-catalyzed 

thiolative double carbonylation with organosulfur as well (Scheme 50).
[86]

 This process became a 

useful tool for preparing the corresponding α,β-unsaturated γ-thio-γ-lactones (butenolide derivatives) 

in good yields. Among the study, it was interestingly found that, for the unsymmetrical alkynes, the 

thiolative lactonization proceeded with moderate regioselectivity to give the butenolide derivatives on 

which the carbonyl group preferentially bonds to the less hindered acetylenic carbon. 

 

Scheme 50. Cobalt-catalysed thiolative double carbonylation of internal alkynes. 



Introduction 

29 

 

Recently, Saliu et.al. described a oxidative carbonylation of amine in the presence of 

bis(salicylaldehyde)ethylenediimine-cobalt(II) catalyst by using TBD (1,5,7-triazabicyclo- 

[4.4.0]dec-5-ene) as the promoter. Here, the application of TBD would be beneficial and could 

represent an interesting development in the field of the Co–Schiff base complexes catalyzed oxidative 

carbonylation, as bicyclic guanidine bases are less toxic and more environmentally friendly than 

pyridine bases.
[87] 

 

In 2013, Li and co-workers developed a highly efficient cobalt catalysed carbonylation reaction of 

benzyl chlorides.
[88]

 A variety of phenylacetic acid derivatives were produced under atmosphere 

pressure of carbon monoxide (Scheme 51). In this methodology, benzimidazole was extended as the 

ligand. Meanwhile, the catalytic mechanism was also demonstrated by computer simulations. 

 

Scheme 51. Cobalt-catalysed carbonylative approach to phenylacetic acid derivatives. 

In 2014, a convenient catalyst system consisted by Co2(CO)8 and LiCl for catalyzing cyclization of 

CO, imine, and epoxide was established (Scheme 52).
[89]

 This reaction provided an efficient method for 

the synthesis of substituted 1,3-oxazinan-4-ones from very simple and commercially available starting 

materials. 

 

Scheme 52. Cobalt-catalysed carbonylation for synthesis of substituted 1,3-oxazinan-4-ones 

Daugulis and Grigorjeva reported a method for the direct carbonylation of aminoquinoline 

benzamides in 2014 (Scheme 53).
[90]

 Reactions proceeded at room temperature in trifluoroethanol 

solvent, using oxygen from air as the oxidant and with Mn(OAc)3 as additive. Imides were obtained by 

the carbonylation of benzoic and acrylic acid derivatives in good yields. The reaction was quite 

functional groups tolerated, such as halogen, nitro, ether, cyano, ester and so on. The removal of the 

directing group under mild conditions could afford the corresponding phthalimides. 
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Scheme 53. Cobalt-catalysed carbonylation of aminoquinoline benzamides. 

More recently, Zhang and co-workers reported an efficient approach for the C(sp2)−H bond 

carbonylation of benzamides with the use of stable and inexpensive Co(OAc)2·4H2O as the catalyst.
[91]

 

Interestingly, commercially available and easily handling azodicarboxylates were applied as the 

nontoxic carbonyl source here (Scheme 54). The reaction revealed broad scope of substrates bearing 

diverse functional groups. 

 

Scheme 54. Cobalt-catalysed C(sp2)−H bond carbonylation of benzamides 

In 2017, Gaunt’s group reported a cobalt-catalysed carbonylative cyclisation procedure of 

unactivated aliphatic C-H bonds (Scheme 55).
[92] 

The key point of this methodology was the stabilizing 

effect of the quinolinamide directing group. The process tolerated a wide range of functionalized 

substrates to generate the corresponding substituted succinimide products. During the manipulation, 

the operationally simple reaction conditions were complemented by the ability utilizes an 

atmospheric pressure of carbon monoxide. 

 

Scheme 55. Cobalt-catalysed carbonylative cyclisation of aliphatic C–H bonds. 

In the same period, Sundararaju and co-workers reported a similar procedure with 

trifluorotoluene as the reaction media.
[93]

 Under their reaction conditions, a varieties of unactivated 

C(sp3)-H bonds were transformed into the corresponding succinimide derivatives (Scheme 56). The 

initial mechanistic investigation revealed that the involvement of a one electron process operated in 

the catalytic cycle and the reaction may proceed through Co(IV) to Co(II) cycle. This straightforward 
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approach provided an easy access to α-spiral succinimides in good yields regioselectively. 

 

Scheme 56. Cobalt-catalysed synthesis of succinimides. 

1.5 Ni-catalysed carbonylation reactions 

Nickel salts are cheap and abundant and have been extensively studied in various organic 

transformations. However, due to the high risk of the toxic Ni(CO)5 formed from nickel and carbon 

monoxide, nickel catalyst are studied in CO chemistry with limited cases. As early as in 1969, Corey 

and Hegedus developed a base-catalysed carboxylation of organic halides with nickel carbonyl as the 

CO source in protic media.
[94]

 Alkyl halides and allylic halides were transformed effectively with 

alcohols as reaction partners. Later on, Semmelhack and Brickner further studied this methodology 

and applied it in the synthesis of five- and six-membered lactones in 1981. With the presences of 

nickel carbonyl reagents via intramolecular two-step carbonylative cyclization, good yields of the 

desired products can be obtained (Scheme 57).
[95]

  

 

Scheme 57. Ni-mediated synthesized of lactones. 

In 1989, Alper and Vasapollo reported the first nickel-catalysed carbonylative transformation of 

vinyl halides (Scheme 58).
[96]

 Nickel cyanide was found to be the best for the carbonylation of vinyl 

bromides and chlorides under phase transfer conditions. This method was simple both in execution 

and work-up, and exhibits excellent stereochemical control. In case with halodienes as the substrates, 

double carbonylation occurs.
[97]

 For example, good yield of α-keto lactone can be produced from 

2-bromo-1-phenyl-1,3-butadiene (Scheme 58). 

 

Scheme 58. Nickel-catalysed carbonylation of vinyl halides. 
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Scheme 59. Double carbonylation of halodienes. 

In 1999, Jiang and co-workers reported a procedure on nickel-catalysed carbonylation of methyl 

acetate to acetic anhydride with methyl iodide as the promoter.
[98]

 Different conditions including 

catalyst precursors, temperatures, pressures, ligands, lithium acetate and methyl iodide concentration 

were investigated in detail. Additionally, mechanism and possible side reactions in the carbonylation 

were studied as well. The in situ reaction monitoring experiments readily enabled the determination 

of the concentrations of organonickel species as well as the concentration of carbonylation products 

under fast reaction conditions. In the meantime, an in situ CIR-FTIR investigation of process effects in 

the nickel catalysed carbonylation of methanol was reported by Okrasinski and co-workers.
[99]

 A 

mechanistic of the phosphine-modified nickel-catalyzed acetic acid process was also investigated in 

their group.
[100]

 A nickel-aluminum catalysed liquid-phase carbonylation of methanol was reported by 

Matsumura and Kapoor in 2004 (Scheme 60).
[101]

 In this reaction, methanol was converted into methyl 

acetate in the presence of methyl iodide at 200 
o
C. Formation of methyl formate depended on the 

pressure of carbon monoxide applied, which indicated that insertion of carbon monoxide to methyl 

iodide was a key step of the carbonylation and dimethyl ether reacted with the intermediate to form 

the final methyl acetate. 

 

Scheme 60. Liquid-phase carbonylation of methanol. 

In 2008, Ricart and co-workers reported a nickel-catalysed [2+2+1] carbonylative cycloaddition 

reaction between norbornenes and allyl halides.
[102]

 Catalyzed by Ni(II) catalyst under very mild 

conditions (atmospheric pressure and room temperature), the desired products can be produced 

effectively (Scheme 61). Interestingly, two major products whose ratio could be tuned by carefully 

adding water with different amounts. 
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Scheme 61. Carbonylative cycloaddition reaction between norbornenes and allyl halides. 

Chen and Wang described an interesting nickel-catalysed carbonylative Negishi cross-coupling 

reactions in the same year (Scheme 62).
[103]

 This method readily provided various enones from enol 

triflates and diorganozinc reagents, with catalytic amounts of nickel(II) chloride–

4,4´-dimethoxyl-2,2´-bipyridyl under carbon monoxide atmosphere. The addition of lithium or 

magnesium halides, as well as the use of polar solvents facilitated the rate of the carbon monoxide 

insertion. Carbonylative alkenyl-aryl, alkenyl-alkenyl, and alkenyl-alkyl coupling were achieved 

effectively. 

 

Scheme 62. Ni-catalysed carbonylative Negishi reactions. 

Meanwhile, Ogoshi’s research group demonstrated the formation of a nickeladihydrofuran by 

oxidative cyclization of an alkyne and an aldehyde with nickel (0) (Scheme 63).
[104]

 The 

nickeladihydrofuran can be transformed into the corresponding lactone by under CO pressure in 

quantitative yields. 

 

Scheme 63. Formation of nickeladihydrofuran and transformation into lactone. 

Interestingly, Lee and co-workers developed a nickel-catalysed coupling reaction of aryl bromides 

with formamide in 2009 (Scheme 64).
[105]

 Using this nickel-phosphite catalytic system, aryl bromides 

can react with a range of formamides to give the corresponding aryl amides in moderate to good 
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yields. The steric bulkiness of formamides plays a very important role in this reaction. The less 

hindered formamide required lower catalytic loading for full conversion and produced higher yields 

than the more hindered one. 

 

Scheme 64. Nickel-catalysed aminocarbonylation of aryl bromides. 

In 2009, Ricart, Ventosa and their co-workers reported a catalytic procedure on the selective 

mono or double carbonylations of alkenes or acetylenes with allyl bromides (Scheme 65).
[106a] 

Catalyzed by nickel, cyclopentanes, cyclohexanes or plainly-carbonylated adducts can be obtained. 

And mechanistic studies were performed as well.
[106b] 

  

 

Scheme 65. Carbonylative cycloaddition of alkynes and allyl halides in acetone. 

Ogosh and co-workers developed a Ni(0)-catalysed [2+2+1] carbonylative cycloaddition of imines 

and alkynes using phenyl formate as the CO source in 2014 (Scheme 66).
[107]

 Using 10 mol% of 

Ni(COD)2 as the catalyst, 20 mol% of PCy3 as the ligand and 2 equivalents of NEt3 as the base, a variety 

of lactams can be prepared in good to high yields. 

 

Scheme 66. Ni(0)-catalysed carbonylative cycloaddition of imines. 
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In 2015, Bengali, Arndtsen and their co-workers described a nickel-catalysed carbonylative 

procedure for the synthesis of isoindolinones from aryl iodides and imines (Scheme 67).
[108]

 In the 

presence of a catalytic amount of Ni(COD)2, using DiPEA (diisopropylethylamine) as the base and 

Bu4NCl as the additive, , various isoindolinones were isolated in good yields under atmospheric 

pressure (1 bar) of carbon monoxide. 

 

Scheme 67. Nickel-catalysed synthesis of isoindolinones. 

Recently, Zhou and co-workers developed a nickel-catalysed hydrocarbonylation of terminal 

alkynes with formic acid as the CO source (Scheme 68).
[109]

 The high efficiency and low cost of nickel 

catalysts made this nickel-catalysed hydrocarboxylation of acetylene a promising process for acrylic 

acids production. At the same time, Fu and co-workers also developed a nickel-catalysed region- and 

stereselective hydrocarboxylation of alkynes (Scheme 70).
[110]

 In the presence of a catalytic 5 mol% 

Ni(acac)2, 7 mol% dppbz, 20 mol% Piv2O, alkyne can reacted with formic acid to afford the desired 

α,β-unsaturated carboxylic acids. 

 

Scheme 68. Nickel-catalysed hydrocarbonylation of terminal alkynes. 

 

 

Scheme 69. Nickel-catalysed hydrocarbonylation of alkynes with formic acid. 

More recently, the direct activation of simple C−N bonds via oxidative addition was reported by 

Huang and co-workers (Scheme 70).
[111]

 Through this method, tertiary benzylamines can be 
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transformed into the corresponding amides in moderate to good yields. 

 

Scheme 70. Nickel-catalysed carbonylation of benzyl amines.
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2. Objectives of this work 

As described in the introduction part, non-noble metal catalysed carbonylative transformations have 

attracted much research interest both in academics and industries. Compared with noble metal 

catalysts (Pd and Rh), non-noble catalysts are much less studied. Based on the known obvious 

advantages of non-noble metals catalysts, it’s attractive to explore their activities in carbonylation 

reactions. The major aim of this work is to develop the novel non-noble metal catalyst systems for 

carbonylation transformations to useful bulk and fine chemicals, such as esters, amides and amines.  

Among all the cheap, copper and manganese are the best catalysts in organic synthesis due to its 

abundance, low price, and high biological compatibility. Therefore, carbonylative transformations 

based on these catalysts are proved to be highly economic and efficient, which attracts our interest to 

further discover unknown transformations for sustainable organic synthesis. 

Moreover, the development of general catalytic protocols for more challenging substrates remains an 

important but challenging goal. Based on our continuous interest in carbonylation reactions, we 

became attracted by carbonylation of alkanes and alkyl halides, which represents a straightforward 

and economic method for the synthesis of high value carbonyl compounds. 

 

Figure 2: Non-noble metal catalysed carbonylation of alkanes and alkyl bromides 
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