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Abstract

:

Transition metal-catalyzed carbonylation reactions have emerged as one of the most relevant synthetic approaches for the preparation of carbonyl-containing molecules. The most commonly used protocol for the insertion of a carbonyl moiety is the use of carbon monoxide (CO) but, due to its toxic and explosive nature, this process is not suitable at an industrial scale. More recently, the chemistry of CO surrogates has received large attention as a way to use less expensive and more environmentally friendly methods. Among the various CO surrogates, N,N-dimethylformamide (DMF) has been paid greater attention due to its low cost and easy availability. This mini-review gives appealing insights into the application of DMF as a CO surrogate in metal-catalyzed carbonylations; in particular, in the first part we will give a general state of the art of these reactions for the preparation of carbonyl-containing molecules; then, we will take into account all the various synthetic approaches for the metal-catalyzed carbonylative synthesis of heterocycles using DMF as a CO surrogate. Each protocol has been discussed critically in order to screen the best synthetic method and to offer perspective on trends and future directions in this field.
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1. Introduction


The carbonyl functional group is very common in both natural and synthetic organic compounds: on the one hand, its chemical reactivity often plays a crucial role in several biological processes [1]; on the other, its ability as a hydrogen-bonding acceptor allows for appealing applications in supramolecular chemistry [2,3]. In light of these considerations, the development of efficient synthetic methods for the preparation of carbonyl-containing compounds has long attracted the attention of organic chemists all over the world.



One of the most common approach for introducing carbonyl moieties is represented by transition metal-catalyzed carbonylation, i.e., reactions involving carbon monoxide (CO) as a source of the carbonyl group. From the first pioneering study on Pd-catalyzed carbonylation reactions, reported by Heck et al. in 1974 [4], several transition metal species (in particular palladium, rhodium, iridium, nickel, ruthenium, iron and cobalt) have been successfully applied as catalysts in the synthesis of countless carbonyl-functionalized molecules by carbonylation reactions involving CO as a C1-carbon source [5,6].



Although some examples of carbonylative protocols have even been applied on industrial scale (e.g., in the industrial synthesis of acetic acid by rhodium-catalyzed [7] or iridium-catalyzed [8] carbonylation of MeOH), one of the major drawbacks of these reactions is the difficulty in the handling, storage and transport of carbon monoxide, a flammable and toxic greenhouse gas. Therefore, the development of transition metal-catalyzed carbonylation protocols involving the use of CO surrogates, rather than CO gas, is a crucial aspect to address this challenge in the context of a more sustainable chemistry.



The CO surrogates are species able of producing in-situ carbon monoxide, as a result of suitable chemical reactions; in this way, toxic CO is generated and directly consumed in a closed reaction flask, thus avoiding the requirement of high-pressure equipment and minimizing its exposure to operators [9,10,11]. Thanks to these advantages, the application of CO surrogates in carbonylation reactions has known significant advances in the last years, becoming an attractive area of research for synthetic organic chemists. The most common CO surrogates are metal carbonyl complexes [12], formic acid [13], formates [14] and formaldehyde [15], although studies involving the use of oxalic acid [16], carbon dioxide [17], chloroform [18] and so on have been also reported.



In this context, N,N-dimethylformamide (DMF) has recently found space as an appealing CO surrogate in transition metal-catalyzed carbonylation reactions. Compared with other CO surrogates—such as metal carbonyl complexes, whose use in stoichiometric amounts is problematic on a large scale as it may cause serious environmental pollution, or formaldehyde, whose manipulation is far from trivial—DMF is a cheap and easily accessible compound, typically used as a polar aprotic solvent in several organic reactions, easy to manipulate and also compatible for scale-up (Scheme 1a).



Transition metal-catalyzed carbonylation reactions have acquired a prominent role in the field of the organic chemistry also for the synthesis of a multitude of useful carbonyl-containing heterocycles; in this context, we recently reported the application of cyclocarbonylative Sonogashira [19,20,21,22] and silylcarbocyclization reactions [23,24,25] for the synthesis of several classes of oxygen- and nitrogen-containing heterocycles. However, despite many advancements have been made in order to improve the feasibility and sustainability of these processes, the use of carbon monoxide represents a vexing problem which limits the widespread use of cyclocarbonylative reactions to some degree. The application of CO surrogates allowed to overcome this problem: in the last ten years, various carbonylative synthesis of heterocycles involving diverse CO surrogates have been successfully developed [26]. Thanks to the above-mentioned advantages, it should not be surprising that DMF is recently also finding success for the synthesis of heterocycles (Scheme 1b).



The application of DMF as a CO surrogate in metal-catalyzed carbonylation reactions has been partially described, to date, only as part of more general reviews, focusing on the use of DMF as a multipurpose building block in several classes of reactions [27] in carbonylation protocols involving diverse CO surrogates [6] or in the carbonylative synthesis of heterocycles based on several classes of CO surrogates [26]. However, in all these reports we found a pure description of the experimental conditions without any critical discussion of both advantages and disadvantages. Therefore, a complete overview only focused on transition metal-catalyzed carbonylations involving DMF as a CO surrogate, giving not only a general state of the art of these reactions for the preparation of carbonyl-containing molecules but also an in-depth discussion of their application in the synthesis of heterocycles, is still missing. In this mini-review we shall try to achieve this purpose. In the first section we will give some general considerations on transition metal-catalyzed carbonylation reactions with DMF as a source of CO for the preparation of acyclic carbonyl-containing molecules; in the second section we will consider the more specific cyclocarbonylative protocols for the preparation of heterocycles. In both sections we will give special emphasis to the adopted catalytic systems, the reaction mechanisms and the substrates scope. Although the examples described in the literature could appear still quite limited, we believe that a concise and critical overview is very useful at this stage, in order to suggest perspective on developments, trends and future directions in the context of metal-catalyzed carbonylative protocols, and more in detail for the synthesis of heterocycles.




2. Transition Metal-Catalyzed Carbonylation Reactions Involving DMF as a CO Surrogate


2.1. Palladium-Catalyzed Carbonylation Involving DMF as a CO Surrogate


The use of DMF as a formal source of carbon monoxide in carbonylation reactions for the synthesis of carbonyl-containing molecules has been reported, in most cases, in the presence of a palladium catalyst. The first study in this context was reported in 2002 by Hallberg, Alterman et al., who described the aminocarbonylation of aryl bromides with amines, in the presence of DMF as a CO surrogate [28]. Reactions were performed by treatment of aryl bromides 1 with 4.0 equiv. of a primary or secondary amine 2, in the presence of Pd(OAc)2/dppf (5 mol%) as the catalytic system, imidazole (1.0 equiv.) as an additive and potassium t-butoxide (1.5 equiv.) as a base, under microwaves irradiation in DMF, acting as both solvent and reagent (Scheme 2). The substrate scope of this first work was quite limited: On one hand, the protocol was only applied to aryl bromides 1 bearing electron-rich groups (Me, OMe) in the ortho- or para-position, while it failed with electron-deficient substrates; on the other, only benzyl amine, aniline and morpholine were tested as the other coupling partner. However, the aminocarbonylation products 3 were obtained in good yields (76–94%) after very short reaction times (15–20 min), mainly thanks to the use of microwaves as a highly efficient energy source.



The reaction mechanism proposed by the authors (Scheme 3) clearly highlights the role played by the Pd(OAc)2/dppf catalytic system, as well as that of both t-OBuK and imidazole as, respectively, base and additive. Since it is well established that DMF, under heating, may decompose to yield carbon monoxide and dimethylamine in the presence of base [29], potassium t-butoxide could promote this transformation under the MW heating. The resulting CO may then enter into the palladium catalytic cycle: after the oxidative addition step of a palladium(0) species to the aryl bromide 1, the resulting arylpalladium(II) complex 4 can coordinate the in-situ-generated CO, to give the corresponding aroylpalladium(II) intermediate 5. At this point, imidazole can give a nucleophilic substitution to the acyl moiety of intermediate 5, affording a hydropalladium(II) complex and aroylimidazole 6. The subsequent nucleophilic substitution of amine 2 to the aroylimidazole 6 afforded the final product 3, while a potassium t-butoxide-assisted reductive elimination of the hydropalladium(II) complex gave the Pd(0), which started a new cycle. From this mechanism, it is clear that the formation of dimethylamine as a by-product of DMF decomposition could represent an issue for the formation of the desired products 3, as it could compete with the amine 2 in the nucleophilic substitution step to the aroylimidazole 6; in order to avoid this parasitic reaction, the amine 2 was used in large excess (4.0 equiv.) with respect to the aryl bromide 1. Moreover, the use of dppf as a ligand rather than of a monodentate phosphine ligand was due to the fact that bidentate ligands are able to inhibit the formation of less-active palladium(II)-carbonyl complexes.



In the same year, Hiyama and Nozaki reported, instead, a CO-free aminocarbonylation of aryl and alkenyl iodides 7, using DMF not as a simple source of CO but of the entire amide group [30]. In more detail, the reactions were carried out in the presence of Pd2(dba)3 (2.5 mol%) as the catalytic system under ligand-free conditions, in the presence of POCl3 (2.0 equiv.) as an additive and DMF as the usual solvent and reagent, at 120 °C for 10–36 h, affording the corresponding N,N-dimethylamide products 8 in high yields (Scheme 4). Compared to the work of Hallberg, Alterman et al., such protocol showed several advantages: first, working in the absence of any ligand, the total cost of the process was lower and also the purification of the coupling products was easier. Second, the substrate scope was broader; reactions worked very well on aryl iodides bearing both electron-donating and electron-withdrawing groups, while only one example was performed on alkenyl iodides. On the other hand, there are also some drawbacks: the use of iodides as coupling partners, which are more expensive than the corresponding bromides; the absence of MW irradiation, thus requiring high temperatures for long reaction times; the possibility of synthesizing only N,N-dimethylamides, due to the absence of other amines as coupling partners.



Interestingly, the reaction mechanism proposed by the authors for this aminocarbonylative protocol (Scheme 5) was quite different from that of Hallberg, Alterman et al., although no studies were actually carried out in order to corroborate it. First of all, Pd(0) can give an oxidative addition to the organic iodide 7, affording the corresponding organopalladium(II) 9; at the same time, DMF can give the corresponding iminium salt 10 by reaction with POCl3 (Vilsmeier reagent) [31]. Such mechanism then proceeded through a Heck-type path, with a carbopalladation of 9 to the C=N double bond of iminium salt 10, affording the intermediate 11, followed by dehydropalladation to give a new organoiminium salt 12 and a hydropalladium(II) complex. Hydrolysis of 12 afforded the final N,N-dimethylamide product 8, while the reductive elimination of hydropalladium(II) complex afforded the starting Pd(0) species.



More recently, the palladium-catalyzed carbonylation involving DMF as a CO surrogate have been widely investigated by Bhanage et al. Their first study on this topic was reported in 2008: starting from the previous investigation of Hiyama and Nozaki, the aminocarbonylation of aryl iodides 13 with DMF, acting as the source of both CO and N,N-dimethylamino group, was performed here using commercial Pd/C as catalyst [32]. Reactions were carried out with a Pd loading of 10 mol%, 2.0 equiv. of POCl3 as an additive, in DMF at 140 °C for 24 h, affording the corresponding N,N-dimethylamide products 14 in 63–76% yields (Scheme 6). Therefore, the experimental conditions were very similar to the previous work of Hiyama and Nozaki, although a four times larger catalytic loading was used here (2.5 mol% of Pd2(dba)3 vs. 10 mol% of Pd/C). One of the most critical points of this work was the determination of the true mechanism (heterogeneous vs. homogeneous) of the catalyst: ICP-AES analysis revealed that a significant amount of palladium species had leached into the solution, thus suggesting the possibility of a homogeneous reaction mechanism. If the possibility of thermal redeposition at 140 °C at the end of the reaction allowed for a moderate catalyst reusability (up to three consecutive cycles), the problem of metal contamination of the coupling products (typically observed by using homogeneous metal catalysts) still remains unsolved. A further limitation of this protocol is related to the yields of N,N-dimethylamide products, which were generally lower if compared of those of the previous work of Hiyama and Nozaki (63–76% of 14 vs. 72–92% of 8).



In a subsequent study, Bhanage et al. proposed, instead, the aminocarbonylation of aryl iodides 15 and bromides 16 with DMF as a CO source [33]. In this case, authors returned to the use of a homogeneous catalytic system, i.e., Pd(OAc)2 in combination with Xantphos as a ligand. In the case of iodides 15, carbonylation was carried out with 3 mol% of Pd(OAc)2, 6 mol% of Xantphos, 2.0 equiv. of POCl3, in DMF at 135 °C for 6 h, affording the corresponding N,N-dimethylbenzamide products 17 in 78–93% yields; with less reactive bromides 16, higher catalytic loading (5 mol% of Pd(OAc)2, 10 mol% of Xantphos) and temperature (165 °C) and longer reaction times (24 h) were required to obtain amides 18 in 64–76% yields (Scheme 7). The protocol proved to be effective over a broad substrate scope, bearing electron-donating or electron-withdrawing groups in the para or ortho positions. It is worth emphasizing that, in this study, no mechanistic investigations were performed, although we can still hypothesize a similar path to that described by Hiyama and Nozaki (see Scheme 5).



Despite aminocarbonylation representing the most common class of Pd-catalyzed carbonylation involving DMF as a CO surrogate, more recently a photocatalytic carbonylative Suzuki–Miyaura coupling of aryl iodides 19 with aryl boronic acids 20 was achieved by Li et al. [34]. Under the optimized experimental conditions, reactions were carried out with 2.0 equiv. of boronic acid 20, in the presence of Pd(phen)Cl2 (3 mol%) and TiO2 as the catalysts, 10 equiv. of Et3N as the base, under UV irradiation at 365 nm and a CO2 atmosphere, in a toluene/DMF/H2O solvent mixture, affording diaryl ketones 21 (Scheme 8). The substrate scope was actually very limited, affording a maximum yield of 45% of diaryl ketones 21, since this study only represents a proof-of-concept, rather than an extended synthetic investigation: in our opinion, further investigation would be needed to increase the impact of this protocol in the context of organic chemistry.



A simplified reaction mechanism proposed by the authors for this carbonylative transformation is depicted in Scheme 9. Under UV irradiation, TiO2 allowed for the photocatalytic decomposition of DMF to CO, which was then involved in a carbonylative Suzuki–Miyaura coupling promoted by the palladium species: the starting Pd(0) species gave oxidative addition on the aryl iodide 19, affording the arylpalladium(II) intermediate 22; then, the photocatalytically in-situ-generated CO was coordinated by the Pd(II) of intermediate 22, generating the corresponding aroylpalladium(II) complex 23; the subsequent Et3N-promoted transmetalation of arylboronic acid 20 gave a new Pd(II) intermediate 24, which generated the final diaryl ketone product 21 and the starting Pd(0) species after the reductive elimination step. It is worth emphasizing that the modest yields of the carbonylated products 21 were due to the modest amounts of CO generated via the photocatalytic decomposition of DMF, as well as to the concomitant path of the standard Suzuki–Miyaura coupling, affording the corresponding not carbonylated biaryl products.




2.2. Nickel-Catalyzed Carbonylation Involving DMF as a CO Surrogate


In the periodic table, nickel is placed in the same group as palladium (that is, group 10); therefore, it should not be surprising that it is able to perform most of the same elemental reactions as palladium. Although nickel species are often used as a low-cost alternative to palladium catalysts in the context of carbon–carbon bond formation reactions, they can actually give rise to different mechanistic pathways [35,36]. Therefore, it should not be surprising that carbonylation reactions involving the use of DMF as a formal source of carbon monoxide have also been reported in the presence of a nickel catalyst.



The first study in this field was reported in 2007 by Lee and co-workers, who described the aminocarbonylation of aryl iodides/bromides 25, using DMF as the source of CO and N,N-dimethylamino groups [37]. After an extended optimization of the experimental conditions, where different nickel species and ligands were tested, reactions were performed with Ni(OAc)2·4 H2O (5 mol%) and tris(2,4-di-t-butylphenyl)phosphite (5 mol%) as a catalytic system, NaOMe (4.0 equiv.) as a base, in a DMF/1,4-dioxane (1:6 v/v) mixture, at 110 °C for 12 h, affording the corresponding benzamides 26, in most cases in very good yields (Scheme 10). Interestingly, the protocol showed a broad substrate scope, although aryl halides bearing electron-withdrawing functional groups worked worse than systems with electron-donating groups. By comparing this protocol with the analogous Pd(OAc)2-catalyzed studies described in Section 2.1, in general we found a quite similar performance (in terms of reaction times and product yields), but with the difference that Ni(OAc)2·4 H2O is much less expensive than Pd(OAc)2.



Concerning the reaction mechanism, the authors excluded the occurrence of a path similar to that previously reported by Hallberg, Alterman et al. for the analogous palladium-catalyzed aminocarbonylation (see Scheme 3). In fact, by adding imidazole and benzylamine as a further coupling partner, no formation of the corresponding N-benzyl amide was found. Therefore, the proposed mechanism was depicted in Scheme 11, consisting of two possible pathways: the first one, starting from the nickel-coordinated alkoxide-DMF adduct 27, which could then give elimination of MeOH and subsequent formation of a nickel amido intermediate 28, affording the final amide product 26 by through reductive elimination (Scheme 11a); the other one, working through an aryl group insertion into nickel-coordinated DMF to give the intermediate 29, followed by a β-hydrogen elimination step (Scheme 11b).



In a following study, where Lee and co-workers extended the Ni-catalyzed aminocarbonylation of aryl bromides to other formamides, few selected examples involving the use of DMF were also reported [38]. The reaction conditions were almost the same as in the preceding work, with the only difference of using diglyme as a solvent instead of 1,4-dioxane.



More recently, a different nickel-catalyzed carbonylative reaction was reported: Lu, Liu and co-workers described the carbonylative homo-coupling of aryl boronic acids 30 with DMF as a CO surrogate [39]. Interestingly, in the optimization of the experimental conditions several metals have been tested, including FeCl3, CuCl2 and CoCl2, but no reaction occurred; among nickel species, the best conditions were obtained in the presence of NiBr2·diglyme (5 mol%) as catalytic precursor and bis(2,6-diisopropylphenyl)imidazol-2-ylidene hydrochloride (10 mol%) as a ligand. Reactions were carried out in the presence of 2.0 equiv. of KHCO3 as base, in DMF at 100 °C for 14 h, affording the corresponding symmetric diaryl ketones 31 in a 52–92% yield (Scheme 12). The protocol was successfully applied to substrates with different stereo-electronic properties, bearing electron-poor or electron-rich functional groups in the para, meta and/or ortho positions. One of the major drawbacks of this synthetic procedure was the possibility of application only to the synthesis of symmetric diaryl ketones: in fact, no attempt to prepare asymmetric ketones with the combined use of two different aryl boronic acids was reported.



The authors also proposed a plausible reaction mechanism for this transformation (Scheme 13). First of all, DMF worked as a reducing agent [40] allowing for the reduction of the starting Ni(II) species to Ni(0), which gave, then, an oxidative addition on the C–H bond of DMF to give intermediate 32. A base-assisted transmetalation of aryl boronic acid 30 afforded the arylnickel(II) complex 33, which then led to the formation of the starting Ni(0) species and N,N-dimethylbenzamide intermediate 34 after reductive elimination. At this point, a new oxidative addition of Ni(0) on the C–N bond of 34 gave the corresponding Ni(II) intermediate 35, subjected to a further transmetalation of aryl boronic acid 30 giving the complex 36; the final reductive elimination afforded the desired ketone 31 and the starting Ni(0) complex.





3. Synthesis of Heterocycles by Transition Metal-Catalyzed Carbonylation Reactions Involving DMF as a CO Surrogate


3.1. Synthesis of Heterocycles by Palladium-Catalyzed Carbonylation Involving DMF as a CO Surrogate


As described in Section 2.1, most of the carbonylative protocols involving DMF as a CO surrogate were carried out in the presence of a palladium catalyst. Although the aforementioned studies were only applied to the synthesis of acyclic compounds, they well showed the central role played by palladium species in promoting these processes. Therefore, it should not be surprising that most of the synthesis of heterocycles by cyclocarbonylative reactions involving DMF as a CO surrogate reported to date are based on palladium catalysts.



The first study was described in 2015 by Wu and co-workers [41]: a palladium-catalyzed carbonylative cyclization of N-arylpyridin-2-amines 37 by C−H activation/annulation using DMF as a CO surrogate, affording quinazolinones 38 as the final products, which are typical structural motif in many pharmaceuticals and agrochemicals. Under optimized conditions, reactions were carried out by using Pd(OAc)2 (5–10 mol%) as the catalytic system under ligandless conditions, potassium persulfate (2–3 equiv.) as the oxidant, DMF acting as both reagent and solvent and trifluoroacetic acid as the co-solvent, at 140 °C under an O2 atmosphere (Scheme 14). Interestingly, some formamide analogues of DMF were also tested as an alternative source of CO, but only low yields of the resulting quinazolinones products were obtained. Concerning the substrate scope, N-arylpyridin-2-amines 37 bearing several functional groups on the benzene ring have been tested. Electron-donating substituents (i.e., methyl, phenyl, benzyloxy, dimethylamino and methylthio), as well as electron-withdrawing groups (like trifluoromethoxy and acetyl) were well tolerated, and the corresponding products were obtained in good to excellent yields. More interestingly, substrates bearing in the para, meta and/or ortho positions one or more halogen atoms, which are typically reactive in many palladium-catalyzed reactions, including the above described carbonylation reactions involving the use of DMF as a CO surrogate (see Section 2.1), were also compatible with the developed experimental conditions, affording the related quinazolinones products 38 in good yields.



The reaction mechanism proposed by the authors (Scheme 15) clearly highlights the role played by the Pd(OAc)2 catalyst. First of all, the coordination of the palladium(II) species to the substrate molecule 37 followed by the C−H activation step on the ortho position of the benzene ring afforded the Pd(II) complex 39. The combined effect of high temperatures and trifluoroacetic acid allowed for the decomposition of DMF and subsequent in-situ release of CO, which was then coordinated to complex 39, giving the metal carbonyl intermediate 40. The insertion of carbon monoxide into the Pd−C bond gave the acylpalladium(II) complex 41, followed by the reductive elimination step which afforded the final heterocyclic product 38 and a palladium(0) species. The occurrence of both K2S2O8 and O2 as oxidants was mandatory to close the catalytic cycle, since they allowed for the re-oxidation of Pd(0) to the starting Pd(II) catalyst. In order to confirm that DMF was the effective source of CO, the authors also performed some tests of carbonylative cyclization using a 13CO-labeled DMF.



The above-described protocol from Wu and co-workers offers many food for thought. The use of palladium(II) acetate as the catalytic system is definitely convenient, as it is quite inexpensive (especially compared to many other Pd species) and does not require the use of ligands, which instead are typically used in the analogous synthesis of quinazolinones by traditional cyclocarbonylative reactions with carbon monoxide [42]. However, high metal loading was required (5–10 mol%), thus forcing tedious purification procedures of the quinazolinone products in order to remove palladium traces, especially when involved in the synthesis of pharmaceuticals and agrochemicals [43,44]. Despite the synergistic use of K2S2O8 and O2 as mild and inexpensive oxidizing agents, unfortunately the protocol required hard experimental conditions based on high temperatures for long reaction times, which hardly fit with the principles of the Green Chemistry (in particular with Principle 6: Design for Energy Efficiency) [45,46]. It is worth emphasizing that such protocol offered a broad substrate scope, affording highly functionalized quinazolinones; in particular, the halo-substituted products were very appealing, as they could be further functionalized by transition metal-catalyzed cross-coupling reactions on the C−X bonds [47,48].



A possible way to improve the sustainability and the impact of palladium-catalyzed cyclocarbonylative reactions is represented by the use of supported catalysts, as they can be easily recovered and reused many times, thus avoiding the problematic metal contamination of cyclization products which typically occurred with homogeneous catalytic systems [49,50,51,52]. In this context, Wu et al. developed, in 2015, an appealing improvement of their previous work on the carbonylative cyclization of N-arylpyridin-2-amine derivatives 42 by C−H activation/ annulation with DMF as a CO surrogate, using Pd/C as supported catalyst [53]. It is worth emphasizing that the authors also tested the use of Cu(acac)2 as a co-catalyst during the optimization of the reaction conditions; since direct C−H bond arylation of (hetero)arenes are often performed with bimetallic Pd/Ag [54] or Pd/Cu [55] catalytic systems, the use of Cu(acac)2 in combination with Pd/C could help the starting of the C−H activation step. However, in this specific case no improvements in the quinazolinones 43 yields were observed in the presence of copper species, so its use was then set aside in the optimized experimental conditions. In fact, reactions were carried out by using commercial 10 wt.% Pd/C (5 mol%) as the catalyst, 3.0 equiv. of K2S2O8 and O2 (1 atm) as oxidizing agents, DMF as both CO source and solvent and CF3COOH as the co-solvent, at 140 °C for 5–24 h (Scheme 16). The substrate scope was quite similar to that of the previous study: reactions were carried out on N-arylpyridin- 2-amines 42 with both electron-donating and electron-withdrawing groups on the benzene ring, affording the corresponding quinazolinones 43 in moderate-to-good yields. Notably, this new protocol generally showed lower reaction times, in particular in the case of electron-rich substrates.



Concerning the mechanism, authors proposed the same catalytic cycle: (i) C−H activation on the ortho position of N-arylpyridin-2-amine 42 substrate by a Pd(II) species; (ii) thermal- and acid-mediated DMF decomposition to CO, followed by its coordination to Pd(II); (iii) CO insertion on the Pd−C bond to give an acylpalladium(II) complex; (iv) reductive elimination of the acylpalladium(II) intermediate, affording quinazolinone 43 and a Pd(0) species; (v) oxidation of Pd(0) to the starting Pd(II) species, by the combined effect of K2S2O8 and O2. In order to confirm that DMF was the effective source of CO, also in this case a carbonyl-13C labeled DMF was used in a representative example of carbonylative cyclization of N-phenyl pyridin-2-amine 44, affording the corresponding 11H-pyrido[2,1-b]quinazolin-11-one-11-13C 45 at 28% yield (Scheme 17).



The use of commercial and inexpensive Pd/C as a catalyst in the present protocol offered major improvements in the preparation of quinazolinones; although the same temperature was used here (140 °C), a significant decrease of the reaction times was observed for several substrates, thus limiting the energy requirements of the process; moreover, such catalytic system avoids—at least in theory—the metal contamination of carbocyclization products, as it is easily recoverable at the end of the reaction by simply filtration. However, in this work Wu and co-workers did not investigate the nature of the catalytic mechanism, i.e., heterogeneous vs. homogeneous. In the absence of Maitlis hot filtration tests and/or metal leaching measurements by ICP analysis [56,57], it is not possible to understand whether catalytically active palladium species remained supported on the carbon matrix, or whether they were leached into the solution under the reaction conditions. The authors only reported that their attempts of recycling Pd/C catalyst for a 2nd run after filtration were always unsuccessful. They hypothesized a poorly defined catalyst deactivation caused by the strong acid conditions of TFA, although a severe metal leaching into the solution cannot be excluded.



Although both protocols of Wu and co-workers were characterized by a quite extended substrate scope, they were limited to the synthesis of quinazolinones as the only heterocycles. Due to the above-mentioned advantages of DMF, it could be interesting the development of new Pd-catalyzed carbonylative cyclization protocols involving DMF as a CO surrogate for the synthesis of other highly functionalized heterocycles. In this context, in 2016 Das et al. described an unprecedented Pd/Ag bimetallic catalysis for the synthesis of pyrido-fused quinazolinones and phenanthridinones by aerobic cyclocarbonylation in the presence of DMF as the carbon source [58]. Concerning the catalytic system, several metal species were tested in the optimization of the reaction conditions. First, keeping Pd(OAc)2 as the main catalyst, many silver compounds were tested as co-catalysts (i.e., Ag2CO3, Ag2O, AgOAc, Ag2SO4, AgF, AgNO3, AgSbF6, AgTFA and AgOTf); although in almost all cases the reaction occurred, the best performance in terms of yields were found using AgOTf. Then, in the presence of AgOTf as the co-catalyst other metal catalysts were tested: Ni(OAc)2, affording the heterocyclic products in low yields, Cu(OAc)2 and Co(OAc)2, which instead gave no reaction. Moreover, the synergistic effect of Pd and Ag catalysis was further confirmed by the absence of any reaction using only Pd(OAc)2 or AgOTf. Therefore, under the optimized experimental conditions N-arylpyridin-2-amines 46 and 2-arylanilines 48 were treated with Pd(OAc)2 (10 mol%) and AgOTf (0.4 equiv.), in DMF acting as both reagent and solvent, under O2 atmosphere at 140 °C for 24 h, to give quinazolinones 47 and phenanthridinones 49, respectively.



The substrate scope investigated in this work for the preparation of quinazolinones 47 (Scheme 18) was more extended than the previous protocols of Wu and co-workers. In fact, reactions were carried out on N-arylpyridin-2-amines 46 functionalized not only on the benzene ring but also on the pyridine scaffold, giving an opportunity to obtain useful building blocks susceptible to further transformations. In particular, the protocol appears highly robust, since heterocyclic products 47 were obtained in high yields (70–80%) regardless of the type of substituents (electron-withdrawing and electron-donating). The authors also tested N-phenyl pyrimidin-2-amine and N-phenyl isoquinolin-1-amine as starting substrates, which afforded the corresponding products in very good yields, thus demonstrating that their protocol could be successfully extended to the synthesis of other classes of heterocycles, including tetracyclic scaffolds. In light of these encouraging results, they then explored the preparation of phenanthridinones 49 (Scheme 19), a typical structural motif in medicinally important compounds. N-methyl 2-arylanilines bearing functional groups with various electronic properties (–Me, –OMe, –F, –COOMe) were well tolerated, giving the corresponding N-methyl phenanthridinones at 70–90% yield; however, 2-arylanilines, without any protection on the aniline moiety, gave NH-free phenanthridinones in lower yields compared with the N-methylated products.



One of the most appealing aspects of this work is the role of DMF as a source of carbon monoxide. In the previous studies of Wu and co-workers [41,53], carbonyl-13C-labeled DMF experiments confirmed that the C=O group of DMF was the effective source of CO incorporated in the cyclocarbonylated products. Interestingly, this is not the case of the present study. First, reactions performed with formamide instead of DMF gave no products, thus suggesting that the methyl group of DMF (rather than the carbonyl group) could be involved in the process; second, by using carbonyl-18O labeled DMF in representative experiments no incorporation of 18O in the products was found, confirming that the carbonyl group in the heterocyclic products came from the methyl group of DMF; third, tests performed under an argon atmosphere in the place of O2 provided the cyclocarbonylation products in traces, indicating that O2 was involved in the process as a source of oxygen atoms rather than as a simple oxidizing agent. In other words, in quinazolinones 47 and phenanthridinones 49 obtained with this protocol, the carbon atom of the carbonyl group is derived from the methyl groups of DMF, while the oxygen atom of the carbonyl group originated from O2.



Starting from all these considerations, Das et al. proposed a plausible mechanism for their protocols, well showing the central role of the Pd/Ag synergistic catalysis (Scheme 20). First of all, the starting palladium(II) species was coordinated to the nitrogen atom of the pyridine ring, followed by the C−H bond activation step on the ortho position of the benzene ring to afford the Pd(II) complex 50. Simultaneously, a sequential decarbonylation, nucleophilic addition and elimination of DMF, allowed by a silver(I) catalysis and in the presence of O2 as an oxidizing agent, generated the iminium species 51. Then, the palladium(II) intermediate 50 gave a nucleophilic addition to the iminium species 51, producing the seven-membered palladacycle intermediate 52; the subsequent reductive elimination of such intermediate generated the heterocyclic intermediate 53 and a Pd(0) species, which was re-oxidized into the starting Pd(II) in order to close the catalytic cycle by the action of silver(I) and atmospheric O2. The Ag- and O2-assisted oxidation of 53 produced the iminium salts 54, which, upon hydrolysis, furnished the final product with the elimination of dimethylamine.



The above described protocol of Das et al. well highlights some interesting points. First of all, it is clear that DMF in cyclocarbonylative reactions can act as a CO surrogate through different reaction mechanisms: if under a pure palladium catalysis we found that the carbonyl group of DMF was directly the source of CO (Wu’s protocols) [41,53], in this case the synergistic action of palladium and silver catalysis offered a very different pathway, where the methyl group of DMF was the source of the carbon atom of CO, while atmospheric O2 was the source of the oxygen atom. Therefore, DMF represents a very versatile reagent as an alternative, inexpensive and efficient source of CO in the context of carbonylative reactions: the study of new reaction conditions, and in particular the exploration of other different metal catalysts, could further extend the application of DMF to the synthesis of other classes of heterocycles. In fact, another major advantage of the protocol developed by Das et al. is the possibility of synthesizing not only quinazolinones but also phenanthridinones; there is considerable synthetic interest in this class of heterocycles [59], since they show several appealing applications in the context of medicinal chemistry [60,61,62].



However, the protocol also has some issues. In addition to the use of a homogeneous Pd(OAc)2 catalyst and AgOTf co-catalyst, which could contaminate the final reaction products (requiring tedious purification procedures in order to remove all the metal traces, especially in the case of agrochemical or medicinal applications), the need of them in high amounts (10 mol% of Pd(OAc)2 and, in particular, 40 mol% of AgOTf) is quite expensive and far afield of the principles of the Green Chemistry. Moreover, the protocol required high temperatures and long reaction times, which also hardly fit with the need to minimize energy requirements. The exploration of other metal catalysts, based on different mechanistic pathways, could represent a valid tool to allow the use of milder and environmentally friendly experimental conditions.




3.2. Synthesis of Heterocycles by Nickel-Catalyzed Carbonylation Involving DMF as a CO Surrogate


As described in Section 2.2, some examples of carbonylative protocols involving DMF as a CO surrogate were also carried out in the presence of a nickel catalyst, which is often used as a low-cost alternative to palladium catalysts in the context of carbon–carbon bond formation reactions. Although these studies were only applied to the synthesis of carbonyl-containing acyclic compounds, they clearly indicated the possibility of some applications of nickel species as efficient catalysts in the context of metal-catalyzed carbonylative cyclization involving DMF as a CO surrogate.



In 2015, Ge and co-workers reported the carbonylative cyclization of aromatic C(sp2)−H and aliphatic C(sp3)−H bonds of amides 55–57 using DMF as a CO surrogate, promoted by the synergistic action of Ni as the main catalyst and Cu as co-catalyst, to give phthalimides 56 and succinimides 58 as the final products [63]. Concerning the cyclocarbonylation of aromatic amides 55, reactions were carried out with NiI2 (10 mol%) as the main catalyst, Cu(acac)2 (20 mol%) as co-catalyst, Li2CO3 (0.4 equiv.) as a base, tetraheptylammonium bromide (THAB, 1.0 equiv.) as an additive, in DMF as both reagent and solvent under an O2 atmosphere (1 atm), at 160 °C for 24 h (Scheme 21). Under these conditions, benzamides bearing different functional groups were successfully treated to give the corresponding phthalimide products 56: in particular, substrates with electron-donating substituents (4-MeO, 4-Me, 3-MeO, 2-Me) afforded the corresponding products in higher yields compared to those bearing electron-withdrawing substituents (4-F, 4-Cl, 4-Br, 4-CN, 4-CF3, 4-NO2, 3-Br). Interestingly, reactions took place also with α- and β-naphthamides, affording the corresponding tricyclic imides in excellent yields, while no reactions occurred with heteroaromatic amides. Carbonylative cyclization of aliphatic amides 57 were instead carried out with NiBr2 (10 mol%) as the main catalyst, Cu(acac)2 (20 mol%) as the co-catalyst, Na2CO3 (0.3 equiv.) as base, tetrabutylammonium hexafluorophosphate (TBAPF6, 1.5 equiv.) as additive, in DMF acting as both reagent and solvent, under O2 atmosphere (1 atm), at 160 °C for 24 h (Scheme 22). Working with these optimized experimental conditions, 2,2-disubstituted propanamides bearing either linear or cyclic chains were successfully converted into the corresponding succinimides 58 in good-to-excellent yields: these results indicated a high site-selectivity in functionalizing the β-C(sp3)−H bond of the methyl group, rather than γ- or δ-C(sp3)−H bonds, showing that the formation of a five-membered ring is favored over the six- or seven-membered rings.



A very critical point in this work was the determination of the role of DMF, in order to clarify the effective source of carbon monoxide. For this purpose, the authors carried out some control experiments in the cyclocarbonylation of N-(quinolin-8-yl)benzamide. On the one hand, by using carbonyl-13C labeled DMF they found only negligible amounts of the corresponding 13C labeled phalimide product; on the other, if working with different N-methyl solvents such as N,N-dimethylacetamide or N-methylpyrrolidone the reaction took place (although in lower yields), no reaction occurred in an N-ethyl solvent (N,N-diethylformamide). All these results seem to confirm that the methyl group of DMF (rather than the carbonyl group) was involved in the process of carbonylation, similarly to the above-mentioned study of Das and co-workers [58].



Ge and co-workers proposed a plausible mechanism for their protocol, which was in agreement with all the experimental evidence, showing the central role of the nickel catalysis in combination with copper acting as a co-catalyst (Scheme 23). First of all, the starting nickel(II) species was coordinated under basic conditions by the nitrogen atom of the amide substrate, affording the nickel(II) complex 59. Then, the C−H activation step by the nickel(II) occurred (on the ortho-C(sp2)−H bond in the case of benzamides and on the β-C(sp3)−H bond in the case of 2,2-disubstituted propanamides), affording the cyclometalated intermediate 60. Simultaneously, the iminium ion intermediate 61 was generated in-situ from DMF by a sequential decarbonylation, nucleophilic addition and elimination process promoted by copper(II) species in the presence of O2 as the external oxidant [64,65,66]. The subsequent nucleophilic addition of 60 to the iminium ion 61 produced the intermediate 62, which was then oxidized to the iminium salts 63 by the synergistic action of copper(II) and atmospheric O2 as oxidizing agents. The intramolecular nucleophilic addition of the iminium salts 63 afforded the starting nickel(II) species and the intermediate 64, which was then oxidized and hydrolyzed to yield the final product.



The most important food for thought of this work is represented by the use of nickel as the main catalyst: both NiBr2 and NiI2 are less expensive than Pd(OAc)2 and Pd/C, and, at the same time, worked through a quite different reaction mechanism. As a consequence, it was possible to apply the DMF-assisted carbonylative cyclization reactions to the synthesis of totally different classes of heterocycles, i.e., phthalimides and succinimides, having well known applications in biological and medicinal chemistry [67,68]. Therefore, these results seem to confirm our general impression, that is, the study of alternative metal catalysts could actually extend the types of heterocycles to be synthesized by cyclocarbonylative reactions involving DMF as a CO surrogate. However, in this context a very important role could also be played by the co-catalyst: in this case Cu(acac)2 (which is also less expensive than AgOTf and all the other silver-based co-catalysts mentioned above) is fundamental in the action mechanism of DMF as a CO surrogate.



It is worth emphasizing that the protocol of Ge and co-workers is not without its drawbacks: working with high catalytic loadings (10–20 mol%) of homogeneous metal species, at high temperature under conventional thermal heating for a prolonged reaction time, is not very convenient from the point of view of environmental and energy sustainability. However, it represents a very good starting point from which to explore the development of reaction conditions fitting better with the principles of Green Chemistry.




3.3. Critical Aspects and Perspectives in the Synthesis of Heterocycles by Transition Metal-Catalyzed Carbonylation Reactions Involving DMF as a CO Surrogate


We believe that a more detailed comparative discussion on critical aspects and perspectives in the application of transition metal-catalyzed carbonylation reactions involving DMF as CO surrogate for the synthesis of heterocycles is mandatory at this stage.



In this class of reactions, a crucial role is played by the transition metal catalyst. Most of them were carried out with a palladium(II) species, typically under ligandless conditions, responsible for a kinetically decisive C−H bond activation step from which the catalytic cycle is generated. The use of less expensive nickel(II) species, working through a partially different mechanistic pathway, allowed the extension of the development of cyclocarbonylative protocols to other classes of substrates.



However, the use of a co-catalyst was also crucial, in particular for the involvement of DMF as the carbonyl source in the final heterocyclic products. In the protocols developed by Wu and co-workers [41,53] carried out in the absence of a metal co-catalyst, the C=O functional group of DMF was the effective source of CO incorporated in the corresponding cyclocarbonylated products; in these cases, the authors hypothesized a thermal- and acid-mediated decomposition of DMF to give CO, which then entered into the catalytic cycle. In the protocols developed by Das et al. [58] and Ge and co-workers [63] performed in the presence of, respectively, a silver and a copper species as co-catalyst, the methyl group of DMF was actually the source of the carbon atom in the carbonyl group of cyclocarbonylated products; the synergystic action of co-catalyst and atmospheric O2 allowed the decomposition of DMF into an iminium species, which then participated to the mechanistic pathway.



As already pointed out in several points of the manuscript, one of the main drawbacks for most of these protocols is the use of homogeneous metal species, often in high metal loading (>10 mol%), thus contaminating the final products, which often required long and expensive purification procedures in order to remove metal traces (especially in compounds for agrochemical and medicinal applications). In order to address this issue, a more appealing alternative could be the use of transition metal catalysts supported on solid matrices, which has been investigated to date only in the case of Wu and co-workers (using commercial Pd/C) [53]. In fact, these catalytic systems (often used with low metal loading) can be easily recovered by simply filtration and then recycled several times, thus reducing the total cost of the process and enabling it to be scaled up to an industrial level. Moreover, their use avoids metal contamination of the desired products, although hot filtration tests and metal leaching analysis are mandatory in order to rule out the occurrence of metal species into the solution. At the same time, the study of new protocols with lower catalytic loadings should also be performed: in particular, the determination of typical parameters of catalytic activity such as turnover number (TON) and turnover frequency (TOF) could help in the evaluation and comparison of the efficiency and robustness of each catalyst.



Another very important point that in our opinion needs to be further explored is the possibility to apply carbonylative cyclization involving DMF as a CO source to the synthesis of other classes of heterocycles. In this context, we are confident that the use of other metal species as the main catalyst and/or co-catalyst could represent an important opportunity for new advances. It is worth emphasizing that, in some cases, heterogeneous catalysis allows the achievement a specific chemo- and regioselectivity, which is different with respect to the corresponding homogeneous processes. Therefore, the study of supported catalysts in this class of reactions would be highly desirable not only because they allow for an easy separation from reaction medium, but also for the development of new advantageous synthetic protocols for the synthesis of different heterocycles, including for potential applications in supramolecular and material chemistry.





4. Conclusions


In this mini-review we provided, for the first time, a critical account of the emergent application of DMF as a CO source in transition metal-catalyzed carbonylation reactions, giving, on the one hand, a general state of the art of these reactions for the preparation of carbonyl- containing molecules, and, on the other, a more detailed discussion of their application in the synthesis of heterocycles. The use of DMF has certainly offered several advantages in the context of metal-catalyzed carbonylation: due to the difficulty in the handling, storage and transport of carbon monoxide, which is a highly flammable and toxic greenhouse gas requiring high- pressure equipment (an autoclave or, at least, two-chamber systems), DMF is recently finding success as a CO surrogate because it is cheap and easily accessible, easy to manipulate and also scalable. Although the examples described in the literature may appear still quite limited, our concise and critical overview was very useful in emphasizing and comparing both advantages and drawbacks, suggesting perspectives on developments, trends and future directions in the context of metal-catalyzed carbonylative protocols, and in particular for the synthesis of heterocycles.



In conclusion, we believe that our mini-review could really help the broad community of synthetic organic chemists in the development of new high-yielding and selective methods for the production of carbonyl-containing compounds, and in particular heterocyclic compounds, by transition metal-catalyzed carbonylative reactions involving the use of DMF as a CO surrogate, offering important food for thought for the near future.
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Scheme 1. Transition metal-catalyzed carbonylation reactions involving DMF as CO surrogate: (a) general scheme for the synthesis of carbonyl-containing molecules; (b) application to the synthesis of heterocycles. 
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Scheme 2. Pd-catalyzed aminocarbonylation of aryl bromides 1 with amines 2, in the presence of DMF as a CO surrogate, reported in 2002 by Hallberg, Alterman et al. [28]. For each carbonylated product 3, yield after column chromatography purification was reported in brackets. 
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Scheme 3. Proposed reaction mechanism for the Pd-catalyzed aminocarbonylation of aryl bromides 1 with amines 2 using DMF as a CO surrogate, reported in 2002 by Hallberg, Alterman et al. [28]. 
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Scheme 4. Pd-catalyzed aminocarbonylation of aryl and alkenyl iodides 7, in the presence of DMF as a source of CO and N,N-dimethylamino groups, reported in 2002 by Hiyama, Nozaki et al. [30]. For each carbonylated product 8, reaction time and yield after column chromatography purification (in brackets) were reported. 
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Scheme 5. Proposed reaction mechanism for the Pd-catalyzed aminocarbonylation of aryl and alkenyl iodides 7, in the presence of DMF as a source of CO and N,N-dimethylamino groups, reported in 2002 by Hiyama, Nozaki et al. [30]. 
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Scheme 6. Pd-catalyzed aminocarbonylation of aryl iodides 13 in the presence of DMF as a source of CO and N,N-dimethylamino groups, investigated in 2008 by Bhanage et al. [32]. For each carbonylated product 14, the yield after column chromatography purification is reported in brackets. 
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Scheme 7. Pd-catalyzed aminocarbonylation of aryl iodides 15 and bromides 16 with DMF as a CO source, proposed in 2011 by Bhanage et al. [33]. For each carbonylated product 17–18, the yield after column chromatography purification is reported in brackets. 
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Scheme 8. Pd-catalyzed photocatalytic carbonylative Suzuki–Miyaura coupling of aryl iodides 19 with aryl boronic acids 20, achieved in 2017 by Li et al. [34]. For each carbonylated product 21, yield is reported in brackets. 
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Scheme 9. Simplified proposed reaction mechanism for the Pd-catalyzed photocatalytic carbonylative Suzuki–Miyaura coupling of aryl iodides 19 with aryl boronic acids 20, reported in 2017 by Li et al. [34]. 
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Scheme 10. Ni-catalyzed aminocarbonylation of aryl iodides/bromides 25, using DMF as the source of CO and N,N-dimethylamino groups, reported in 2007 by Lee and co-workers [37]. For each carbonylated product 26, yield after column chromatography purification was reported in brackets. 
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Scheme 11. Simplified proposed reaction mechanism for the Ni-catalyzed aminocarbonylation of aryl iodides/bromides 25, using DMF as the source of CO and N,N-dimethylamino groups, reported in 2007 by Lee and co-workers [37]. 
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Scheme 12. Ni-catalyzed carbonylative homo-coupling of aryl boronic acids 30 with DMF as a CO surrogate, reported in 2017 by Lu, Liu and co-workers [39]. For each carbonylated product 31, yield after column chromatography purification is reported in brackets. 
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Scheme 13. Proposed reaction mechanism for the Ni-catalyzed carbonylative homo-coupling of aryl boronic acids 30 with DMF as a CO surrogate, reported in 2017 by Lu, Liu and co-workers [39]. 
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Scheme 14. Pd-catalyzed carbonylative cyclization of N-arylpyridin-2-amines 37 using DMF as a CO surrogate for the synthesis of quinazolinones 38, reported in 2015 by Wu and co-workers [41]. For each heterocyclic carbonylated product, the yield after chromatographic purification is reported in brackets. 
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Scheme 15. Proposed reaction mechanism for the synthesis of quinazolinones 38 by Pd-catalyzed carbonylative cyclization of N-arylpyridin-2-amines 37 using DMF as a CO surrogate, reported in 2015 by Wu and co-workers [41]. 
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Scheme 16. Synthesis of quinazolinones 43 through carbonylative cyclization of N-arylpyridin-2-amines 42 with DMF as a CO surrogate catalyzed by Pd/C, developed in 2015 by Wu et al. [53]. For each heterocyclic product, reaction time and yield after chromatographic purification (in brackets) are reported. 
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Scheme 17. Pd/C-catalyzed carbonylative cyclization of N-phenyl pyridin-2-amine 44 using carbonyl-13C-labeled DMF: synthesis of 11H-pyrido[2,1-b]quinazolin-11-one-11-13C 45. 
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Scheme 18. Synergistic Pd/Ag-catalyzed carbonylative cyclization of N-arylpyridin-2-amines 46 using DMF as a CO surrogate for the synthesis of quinazolinones 47, reported in 2016 by Das et al. [58]. For each heterocyclic carbonylated product, the yield after column chromatography purification is reported in brackets. 






Scheme 18. Synergistic Pd/Ag-catalyzed carbonylative cyclization of N-arylpyridin-2-amines 46 using DMF as a CO surrogate for the synthesis of quinazolinones 47, reported in 2016 by Das et al. [58]. For each heterocyclic carbonylated product, the yield after column chromatography purification is reported in brackets.
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Scheme 19. Synergistic Pd/Ag-catalyzed carbonylative cyclization of N-methyl 2-arylanilines 48 with DMF as a CO surrogate for the synthesis of phenanthridinones 49, reported in 2016 by Das et al. [58]. For each heterocyclic carbonylated product, the yield after column chromatography purification is reported in brackets. 
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Scheme 20. Proposed reaction mechanism for the synthesis of quinazolinones 47 and phenanthridinones 49 by a Pd/Ag synergistic catalyzed carbonylative cyclization of N-arylpyridin-2-amines and N-methyl 2- arylanilines using DMF as a CO surrogate, reported in 2016 by Das et al. [58]. 
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Scheme 21. Synthesis of phthalimides 56 by carbonylative cyclization of aromatic C(sp2)−H of amides 55 using DMF as CO surrogate, promoted by the synergistic action of NiI2 as the main catalyst and Cu(acac)2 as co-catalyst, reported in 2015 by Ge and co-workers [63]. For each heterocyclic carbonylated product, yield after column chromatography purification is reported in brackets. 
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Scheme 22. Synthesis of succinimides 58 by carbonylative cyclization of aliphatic C(sp3)−H bonds of amides 57 using DMF as a CO surrogate, promoted by the synergistic action of NiBr2 as the main catalyst and Cu(acac)2 as co-catalyst, reported in 2015 by Ge and co-workers [63]. For each heterocyclic carbonylated product, yield after column chromatography purification is reported in brackets. 






Scheme 22. Synthesis of succinimides 58 by carbonylative cyclization of aliphatic C(sp3)−H bonds of amides 57 using DMF as a CO surrogate, promoted by the synergistic action of NiBr2 as the main catalyst and Cu(acac)2 as co-catalyst, reported in 2015 by Ge and co-workers [63]. For each heterocyclic carbonylated product, yield after column chromatography purification is reported in brackets.
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Scheme 23. Proposed reaction mechanism for the synthesis of phthalimides 56 and succinimides 58 by Ni/Cu synergistic catalyzed carbonylative cyclization of aromatic C(sp2)−H and aliphatic C(sp3)−H bonds of amides 55–57 using DMF as a CO surrogate, reported in 2015 by Ge and co-workers [63]. 
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