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Abstract 
Carbon monoxide is a unique reducing agent that is only 

gaining popularity in organic chemistry. This review highlights 

the main approaches to the application of CO as a reducing agent, 

summarizes and critically analyzes the key trends in this field, 

and describes the current development prospects. Potentially the 

most selective and efficient route for the realization of these 

processes is demonstrated.  
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Introduction 

According to the main principles of green chemistry and 

atom economy formulated by B. Trost as early as 1991 [1], in an 

ideal chemical reaction, all the atoms included in reagents must 

be included, in the end, in the compositions of target products. It 

is important to take into account not only the conversion of 

starting compounds but also the use of auxiliary reagents and 

solvents as well as the whole chains of their production. A 

striking example of the reactions with a low atom economy is 

the reduction with boron hydrides. At first glance, a classical 

reaction of reductive amination is quite consistent with the 

principle of the atom economy. Almost all the atoms of the 

organic reactants end up in the reaction products (Scheme 1). 

However, considering that the reaction usually requires the use 

of two equivalents of a reducing agent (in this case, sodium 

triacetoxyborohydride) [2] and the isolation of products requires 

acid-base processing that affords the equimolar amounts of 

boron derivatives, each 1 kg of the product accounts minimum 

for the same amount of the boron-containing wastes which 

require special utilization. In addition, one should take into 

account the need for the preliminary synthesis of sodium 

triacetoxyborohydride, which includes at least four stages 

starting from the natural raw materials, in particular, the high-

temperature conversion of methane to hydrogen. Given all the 

above-mentioned factors, the atom economy of the reduction 

with boron hydrides is out of question. This is not crucial for 

laboratory-scale syntheses but is essential to the potential 

implementation of these methods in large-scale production. 

Therefore, development of efficient and selective reagents 

that would make a minimum contribution to the price formation 

 

Scheme 1. Classical reductive amination. 

is of particular importance. Ideally, these reagents should not 

require separate production and should not lead to the formation 

of a great amount of wastes, which are difficult to utilize. 

Carbon monoxide fully meets these criteria. It is a side 

product of many industrial processes. For example, it is the main 

component of a converter gas formed during the production of 

steel. The global steel production exceeds 1.5 billion tonnes per 

annum [3]. Therefore, the value of this reagent at an industrial 

scale is minimal. Nowadays, the main method for the utilization 

of carbon monoxide is its after-burning to carbon dioxide; the 

technologies for working with the latter are well established. It 

seems very attractive to use the reducing potential of CO in 

organic synthesis. The processes involving carbon monoxide 

must feature a high atom economy because this reagent does not 

require special production. This review analyzes the existing 

routes for the application of carbon monoxide as a reducing 

agent in organic synthesis with a particular emphasis on the 

reactions of reductive addition and outlines the main prospects 

of further development of this field. It is shown that CO can be 

used to accomplish these processes without an external 

hydrogen source, which enhances their selectivities. 

Carbon monoxide as a selective reducing 

agent 

The current routes for the application of CO as a reducing 

agent in organic reactions could be divided into two large 

groups. The former includes multiple reactions of the reduction 

of a nitro group. An essential contribution to this research area 

was made by the group of Prof. F. Ragaini from the University 

of Milan [4–9]. A key to these transformations is the formation 

of a nitrenoid intermediate that results from the interaction of an 

aromatic nitro group with carbon monoxide (Scheme 2). This 

highly reactive particle can readily interact with nucleophiles 

(for example, amines and alcohols) and electrophiles (for 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 

 134 

O. I. Afanasyev and D. Chusov, INEOS OPEN, 2020, 3 (4), 133–139 

example, aldehydes and alkynes), being present in the system. 

Hence, this approach opens the way to the synthesis of ureas, 

carbamates, Schiff bases, amides, nitrogen-containing 

heterocycles, and other compounds (Scheme 2). These 

transformations amount to a wide class of chemical reactions 

that have been extensively reviewed [9]; therefore, their detailed 

analysis is beyond the scope of the current review. 

 

Scheme 2. Selected possible synthetic approaches implying the 

reduction of an aromatic nitro group with carbon monoxide. 

The second group of approaches to the application of carbon 

monoxide as a reducing agent encompasses the reactions of the 

reductive addition of various nucleophiles to carbonyl 

compounds (Scheme 3). They include, for example, reductive 

amination (amines as NH-nucleophiles), the reductive 

Knoevenagel condensation (CH-acids as CH-nucleophiles), 

reductive esterification (carboxylic acids as OH-nucleophiles), 

reductive amidation (amides as NH-nucleophiles), etc. In these 

reactions, the reducing potential of carbon monoxide can be 

used directly or indirectly. 

 

Scheme 3. Reductive addition. 

The indirect use of carbon monoxide implies the 

introduction of some additive which gives rise to a true reducing 

agent, being active in the reaction. A series of transformations 

results in a target structure and carbon dioxide in the free or 

bound form. The examples of these transformations will be 

described below (Scheme 4). 

The following three concepts that utilize carbon monoxide 

in this type of reactions will be considered further: water-gas 

shift reaction (WGSR), application of the Hieber bases as 

reducing agents, and direct use of carbon monoxide in the 

reductive addition without an external hydrogen source (Scheme 

4). 

The water-gas shift reaction plays a key role in a range of 

industrial processes (Scheme 5). In particular, it is used in the 

production of hydrogen, ammonia, and many other compounds. 

 

Scheme 4. Approaches to the application of CO as a reducing agent. 

 

Scheme 5. Water-gas shift reaction. 

Besides the large-scale fundamental industrial processes, 

WGSR finds application in fine organic synthesis. The latest 

review in this field was published by Prof. S. Denmark [10]. In 

these examples, a system СО + Н2О is used as a synthetic 

equivalent of hydrogen. This system can operate in two modes: 

in the first case, resulting hydrogen is directly inserted in the 

reaction product, while, in the second case, the reducing 

potential of the system is transferred to the reaction through a 

metal ion (Scheme 6) [10]. In the first case, the carbon 

monoxide/water system is used as a hydrogen source, whereas 

in the second case—directly as a reducing agent. 

 

Scheme 6. Reduction modes using WGSR [10]. 

It is important to note that WGSR often requires a basic 

medium. Nowadays, the following mechanism is generally 

accepted (Scheme 7). A key step in this process is the 

nucleophilic activation of a CO molecule with a hydroxide ion 

followed by decarboxylation resulting in a metal carbonyl 

hydride. A catalytic cycle for this reaction under acidic 

conditions was described, and some variations of this 

mechanism under basic conditions were reported, but the 

essence remained the same: the attack of an oxygen-centered 

nucleophile at CO in the metal coordination sphere followed by  

 

Scheme 7. Mechanism of WGSR under basic conditions. 
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decarboxylation of this particle [10]. Under basic conditions, 

carbon dioxide is released in the form of a carbonate ion rather 

than in the free form. 

A good illustration of the use of the reducing potential of 

WGSR is the reductive Knoevenagel condensation developed by 

the group of Prof. Denmark [11]. It was shown that carbon 

monoxide in a combination with water in the presence of 

triethylamine and rhodium chloride efficiently reduces a product 

of the Knoevenagel condensation even at room temperature 

(Scheme 8). Both water and triethylamine are likely to serve as 

hydrogen sources. 

 

Scheme 8. Reductive Knoevenagel condensation.  

Another example of the reductive addition harnessing the 

reducing potential of carbon monoxide is the reductive 

amination [12, 13]. The first step of this process is the formation 

of a Schiff base (or an iminium cation in the case of a secondary 

amine) which then undergoes hydrogenation under the action of 

hydrogen resulting from the interaction of water and carbon 

monoxide (Scheme 9). 

 

Scheme 9. Reductive amination proceeding via WGSR. 

A related approach implies the use of the so-called Hieber 

bases, i.e., carbonylhydridoferrates, as reducing agents. Their 

synthesis by the reactions of a strong base with a metal carbonyl 

was described by Hieber as early as 1932 (Scheme 10) [14]. The 

reaction essence is very close to that of the above-mentioned 

water-gas shift reaction. Analogously, a hydroxide anion attacks 

a CO molecule in the iron coordination sphere, then, a molecule 

of СО2 is released with the concomitant formation of a hydride 

anionic complex. The latter is stable in an alkaline medium and 

possesses a good reducing potential. A key difference from 

WGSR is that, in this case, the carbonyl complex is used in 

stoichiometric amounts, whereas WGSR is a catalytic process. 

 

Scheme 10. Formation of sodium tetracarbonylhydridoferrate. 

This approach was used in the reductive amination [15–18] 

and the reductive Knoevenagel condensation [19]. The reductive 

amination developed by the group of Prof. Watanabe in the 

1970–1980s proceeds at room temperature. The reductive 

Knoevenagel condensation developed by our group requires the 

preliminary generation of tetracarbonylhydridoferrate and 

proceeds at a rather high temperature. Under these conditions, 

the ester group in an intermediate is unstable and undergoes 

hydrolysis and decarboxylation in the alkaline medium (Scheme 

11). As a result, the reaction represents the formal reductive 

addition of acetonitrile to carbonyl compounds. 

 

Scheme 11. Reductive addition using tetracarbonylhydridoferrate as a 

reducing agent. 

The above-described water-gas shift reaction and reduction 

using the Hieber base refer to the indirect application of the 

reducing potential of carbon monoxide. The metal carbonyl 

complex interacts with a strong external hydrogen-containing 

nucleophile (water or hydroxide anion) resulting in the metal 

carbonyl hydride that serves as a true reducing agent. The 

presence of this external nucleophile is a key drawback of this 

approach. 

In particular, a strongly basic medium is incompatible with a 

range of functional groups. Hydrogen, which results from the 

water-gas shift reaction, also leads to a reduction in the process 

selectivity. For example, cbz-protecting or nitro groups are 

principally incompatible with these conditions [11, 19]. 

Nevertheless, this process can be considered from a wider 

perspective. Thus, both amines in the reductive amination and 

the compounds with active methylene components in the 

reductive Knoevenagel condensation are hydrogen-containing 

nucleophiles. This allows for concluding that they can activate 

the reducing potential of carbon monoxide in these reactions on 

their own (analogously to a hydroxide anion in the generation of 

tetracarbonylhydridoferrate) (Scheme 12). 

 

Scheme 12. Reactions of reductive addition using CO. 

This approach was realized in the reactions of reductive 

addition without an external hydrogen source. Our group 
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developed the reactions of reductive amination [20–22], 

reductive amidation [23–25], reductive aldol condensation [26], 

and reductive esterification [27] (Scheme 13) [28]. 

 

Scheme 13. Main types of nucleophiles used in the reductive addition 

without an external hydrogen source. 

The mechanistic studies performed by our research group 

for different types of nucleophiles [20, 26, 27] in a combination 

with quantum-chemical calculations [29] allowed us to suggest 

the following mechanism for this process (Scheme 14). At the 

first step, the attack of a nucleophile at a carbonyl compound 

gives rise to alcohol А (a hemiaminal in the case of the 

reductive amination). The insertion of the metal ion across the 

С–ОН bond results in particle B, then the intrasphere oxidation 

of CO to COOH affords particle С, which undergoes the 

decarboxylation, affording hydride complex D. The reductive 

elimination of the latter yields the target product. 

 

Scheme 14. Mechanism of the reductive addition without an external 

hydrogen source. 

As can be seen from the mechanism presented, a key step, in 

this case, is the same as in the case of WGSR and the Hieber 

base reaction—the intrasphere oxidation of CO to COOH 

followed by the release of СО2 with concomitant formation of a 

hydride complex. The main distinguishing feature of the 

reductive addition without an external hydrogen source is the 

fact that a hydrogen atom of the initial nucleophile Nu-H ends 

up in the reaction product, whereas in the case of the Hieber 

base or WGSR this hydrogen atom comes from external sources 

(Scheme 12). 

Nevertheless, according to the general reactivity principles 

of organic compounds, another mechanism of the reaction 

cannot be excluded (Scheme 15). In the case of the reductive 

amination, it can be assumed that an amine reacts with an 

aldehyde, resulting in a Schiff base and water. Water enters the 

water-gas shift reaction, affording hydrogen, which serves as a 

reducing agent of a Schiff base, yielding the target amine. In 

order to confirm or contradict this hypothesis, we performed the 

reductive amination between diphenylamine and 4-

methylbenzaldehyde. As can be seen from the reaction material 

balance, the amount of hydrogen atoms in these molecules is 

insufficient for the release of water: the formation of a Schiff 

base or enamine is impossible. However, the reductive 

amination using CO proceeds in 74% yield at a gram scale, 

which contradicts the assumption about the occurrence of this 

process through WGSR [29]. 

 

Scheme 15. Investigation of the possibility of occurrence of the reaction 

via a water-gas shift.  

In general, the presence of water in the reaction mixture 

shows an ambiguous impact on reaction efficiency. Often it 

hampers the process; at the same time, in some cases it is an 

optimal solvent [30, 31]. However, under the reaction 

conditions, water can conduct the water-gas shift reaction, 

which results in the formation of hydrogen. Hydrogen, in turn, is 

capable of reducing carbonyl compounds to alcohols, which 

decreases the yield of a target product and makes impossible the 

production of a range of complex substrates. In some cases, the 

presence of water in the reaction mixture is crucial, whereas in 

the reductive aldol condensation or reductive amidation it is 

necessary to avoid even the traces of moisture in the reaction 

mixture [23, 26]. 

The absence of an external hydrogen source in the reductive 

addition is a very serious advantage. First of all, it provides very 

high reaction selectivity. In different reports our group showed 

that the process conditions tolerate aromatic nitro group, cbz and 

trifluoroacetamide protecting groups, Ar–Br and Ar–Cl bonds, 

etc. The comparison with common reducing agents revealed that 

carbon monoxide as a reducing agent in the reductive amination 

without an external hydrogen source exceeds in the efficiency 

and selectivity even the gold standards in this field such as 

sodium triacetoxyborohydride or cyanoborohydride [3]. 

Another key advantage of the reductive addition without an 
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external hydrogen source is its very high efficiency. In 

particular, this approach allows for the high-yielding synthesis 

of sterically hindered amines, including the reductive amination 

of camphor [3], which is impossible by other methods [32]. 

Finally, this approach features a very high atom economy. 

Taking into account that the reaction can be carried out without 

a solvent and using a very low catalyst loading, the efficiency of 

the reaction mass (the ratio of the product mass to the total mass 

of the starting compounds, reagents, solvents, catalysts, and so 

on [33]) reaches 80% [3]. This provides a high level of 

convenience for the reaction performance and isolation of 

products. The only reactant is gaseous carbon monoxide, and the 

only side product is gaseous carbon dioxide. Therefore, after the 

reaction completion, it is ideally enough to reduce the pressure 

and distill the product from the reaction mixture. This enables 

simple scaling up of the process (Scheme 16). Another 

unobvious advantage of this approach is the fact that consumed 

carbon monoxide immediately changes for an equivalent of 

carbon dioxide. This means that, unlike the reduction with 

hydrogen, the pressure in the reaction mixture is maintained at 

the constant level. This simplifies the hardware solution and 

process control. 

 

Scheme 16. Advantage of the use of gaseous reagents. 

Nevertheless, the reactions relating to the concept of 

reductive addition without an external hydrogen source have 

some drawbacks. For example, a principal limitation is the 

impossibility of synthesis of tertiary amines in which all carbon 

atoms at the α-positions are tertiary (Fig. 1). 

 

Figure 1. Tertiary amines that cannot be obtained by the reductive 

amination. 

One more restriction is the problem of introduction of the 

substrates that react at room temperature irreversibly by another 

mechanism (or with a very high equilibrium constant). This 

factor makes impossible, for example, the synthesis of 

pyrrolidines from 1,4-dicarbonyl compounds (Scheme 17). As it 

follows from the mechanism (Scheme 14), the reaction requires 

the presence of alcohol А. In the case of 1,4-dicarbonyl 

compounds, the reaction irreversibly proceeds as the formation 

of aromatic pyrrole. As a result, the catalytic reduction cycle 

becomes impossible. Similar problems can appear in the case of  

 

Scheme 17. Formation of pyrrole from a 1,4-dicarbonyl compound and 

an amine. 

the very low solubility of a Schiff base, which would precipitate 

and leave the reaction medium, or in the case of the competing 

Michael reaction, Claisen rearrangement, etc. 

Development prospects of the reductive 

addition without an external hydrogen 

source 

Based on our knowledge about the reactions relating to the 

concept of reductive addition without an external hydrogen 

source, the following prospects of further development in this 

field can be formulated. First of all, this is the extension of the 

approach to other nucleophiles (Scheme 18). Summarizing the 

data available at the present moment, it can be concluded that 

phenols, alcohols, thiols, and phosphines can also be used within 

this concept. 

 

Scheme 18. Possible application of the concept of reductive addition 

without an external hydrogen source to other nucleophiles. 

The described concept is based on the fact that CO can 

deoxygenize the molecules; therefore, a possible direction of 

further development of this field is the investigation of 

deoxygenation of phosphine oxides and other oxygen-containing 

compounds. The development of the methods for deoxygenation 

of phosphine oxides is of particular importance from the 

industrial point of view. Phosphines are key ligands in many 

large-scale processes. The deactivation of phosphines and, 

consequently, the whole process occurs due to their oxidation to 

phosphine oxides [34]. Taking into account the complexity of 

synthesis of these phosphines, a reliable method for their 

regeneration from phosphine oxides would be highly desirable 

(Scheme 19). 

Another challenge is a search for more active catalysts for 

this type of processes. The high catalytic performance is 

demonstrated by rhodium, ruthenium, and iridium catalysts. 

 

Scheme 19. Deoxygenation of phosphine oxides. 

Nowadays, the lowest temperature which provides the 

reaction feasibility for iridium and ruthenium complexes is 

120 °C, and that for rhodium is 40 °C in the case of the most 

active substrates. As the amine nucleophilicity reduces, the 

temperature must be elevated to 130–200 °C [32, 35]. Therefore, 

the development of active catalysts that would allow one to 

reduce the reaction temperature at least to the boiling points of 

common solvents is of particular importance. 
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A related task is the development of asymmetric 

modifications of the processes under consideration. An essential 

hindrance at this moment is the high temperature which hampers 

the achievement of high enantiomeric excesses. Therefore, a 

reduction in the process temperature will also enable the 

development of a chiral catalyst, which could provide an 

opportunity to synthesize enantiomerically pure products 

(Scheme 20). 

 

Scheme 20. Realization of the reductive addition of a chiral catalyst. 

On the one hand, the reductive addition offers a simple way 

to many classes of organic compounds and, on the other hand, 

proceeds smoothly and cleanly: it can be carried out without a 

solvent, using very low catalyst loadings, with a single 

reagent—carbon monoxide, and a single side product—carbon 

dioxide. Therefore, this approach can be used for the production 

of different materials: polyamines, polyamides, polyesters, etc. 

One more global goal is switching from neat carbon 

monoxide to the gas mixtures on its base which are the side 

products in steel production. This refers, first of all, to a 

converter gas. Carbon monoxide is its main component; 

however, it can also contain admixtures that can inhibit the 

reaction. All this requires further detailed investigations and 

shows the great potential of this research field. 

Conclusions 

Nowadays, there are three routes for harnessing the reducing 

potential of carbon monoxide in the reactions of reductive 

addition of hydrogen-containing nucleophiles to carbonyl 

compounds: using the water-gas shift reaction, through the 

formation of a metal carbonyl hydride, or without the 

application of an external hydrogen source. 

All three approaches have certain advantages and 

disadvantages. A key advantage of the reductive addition 

without an external hydrogen source is its high atom economy, 

selectivity, and simplicity of scaling up. Nevertheless, in most 

cases, it requires rather high temperatures and pressures. The use 

of water-gas shift reaction is possible under milder conditions; 

however, due to the presence of hydrogen in a reaction mixture, 

the selectivity reduces. The reductive addition using the Hieber 

base as a reducing agent is a convenient laboratory approach 

that does not require special equipment and rare reagents; 

however, this reaction requires stoichiometric amounts of the 

metal, which reduces its relevance to the industrial processes. 

Owing to the high efficiency and atom economy, the 

reductive addition without an external hydrogen source is a 

highly attractive direction for further development. This 

approach has the lowest number of restrictions. To date, a 

possibility of the performance of this process in glassware at 

low pressures has already been shown for a range of examples, 

which opens new prospects for the laboratory application of this 

reaction. Owing to the absence of an external hydrogen source, 

different functional groups do not undergo hydrogenation, 

which makes this approach one of the most selective approaches 

among the considered reactions. From the industrial point of 

view, of particular importance is a possibility to conduct the 

reaction using equimolar ratio of reagents. Moreover, it is 

important to reduce the catalyst loading to the level of several 

hundreds of ppm and, in many cases, to avoid the application of 

solvents. The achieved yields are often quantitative. A gas 

mixture formed as a side product can be readily utilized or 

transferred for the repeated use of carbon monoxide residues. 

The main focus in this field must be extended to other 

nucleophiles, the development of more efficient catalysts to 

ensure milder reaction conditions, and the development of an 

asymmetric modification of this reaction. The successful 

solution of these problems would afford more efficient synthetic 

routes for many compounds which are used in different fields of 

science and industry. Furthermore, this would lead to the 

creation of polymeric materials which production was 

impossible earlier. 
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