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Abstract
Acyclic diaminocarbenes (ADCs) are powerful ligands with a broad application scope in organometallic chemistry, catalysis, photophysics and crystal engineering. Although the preparation and application of metal-ADC species are discussed in many reports, the reactivity of ADC ligands is much less scrutinised. However, studies emerged indicate that ADC ligands, in particular, those prepared via the metal-mediated nucleophilic addition to isocyanides, can be further converted into various post-functionalised derivatives. In this review, we attempt for the first time to rationalise the most important reactivity modes of metal-ADC species reported up to date. 
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1. Introduction
Acyclic diaminocarbenes (ADCs) are powerful and persistent ligands with a broad scope of applications in organometallic chemistry (for the reviews in the field, see Refs. [1-4]) and catalysis (for the reviews, see Refs. [5-7]; for the recent applications, see Refs. [8-17]). ADC derivatives are also examined for potential cytotoxicity in cancer research [18-22], photophysical properties [23-31], and in crystal engineering [31-33]. Metal complexes with acyclic diaminocarbenes can be prepared via several synthetic strategies, including: (i) Direct Complexation of free carbene generated via the deprotonation in situ of the corresponding amidinium salt (Scheme 1, Route A), (ii) Oxidative Addition of the electron-rich metal centers into C-chloro -iminium and -formamidinium salts (Route B), and (iii) Nucleophilic Addition to metal-bound isocyanides (Route C) [1, 6]. 
[image: ]
Scheme 1. Routes to metal complexes with ADC ligands and representative nucleophiles used towards metal-bound isocyanides.

The last approach has been noticeably expanded in recent years, mostly by widening the scope of nucleophiles, e.g., hydrazines, imines, hydrazides, hydrazones, amidines, imidines etc, used towards isocyanides bound to new metal centers, e.g., AuI/III, MnI, ReI, Fe0, and others [2]. Addition of monofunctional protic nucleophiles, e.g., amines or hydrazones to metal-bound isocyanides generates monodentate protic di-N,N′,- or tri-N,N,N′-substituted diaminocarbenes, while addition of polyfunctional nucleophiles, e.g., hydrazines or amidines, may lead to more complex products featuring chelating ADC ligands [1, 2, 34]. Whereas the generation and application of metal-ADC are extensively reported and these species are assumed to be chemically stable [5, 6], a number of reports that emerged in the last decade indicate that ADC ligands can react further, furnishing various post-functionalised derivatives. The observed reactivity type is frequently related to the method of preparing the metal-ADC species and can only be observed in the course of that route or after its completion. 
In this review, we reflect on the most important reactivity modes of metal-ADC species reported to date. Herein, the method of metal-ADC generation is discussed first, followed by the observed reactivity type for ADC species and the subsequent transformation of carbene derivative.



2. Reactivity of metal-ADC species
2.1. Brønsted acidity of ADC ligands and stabilisation of the hydrogen-bonded 
carbene structures
Protic ADC ligands (pADC), i.e. those featuring one or two NH (or one of them NH2) wingtips possess Brønsted acidity (Figure 1). 1H NMR spectra of pADC complexes exhibit a characteristic resonance for the NH protons at lower-field (usually 5–11 ppm, 1–4, Figure 1), that often disappears upon H−D exchange with deuterated solvent, i.e. CD3OD [35, 36] or D2O [37]. Within the carbene moiety, the N(H)aryl group has usually more acidic character than the N(H)alkyl residue [38], while for the bidentate Chugaev-type  carbene ligands [39], the “backbone” chelate-ring NHs are more acidic, than the exterior N(H)aryl [24] or N(H)alkyl [40-42] moieties.


Figure 1. Comparative Brønsted acidity of pADC ligands. Acidic hydrogen atoms from ADC ligands are shown in blue and the moieties that influence their acidity are marked in red. 

Electrophilicity and the Brønsted-acidity of NH hydrogens, as well as the presence of a lone pair of electrons on the nitrogen atoms of ADC moiety, explain why NH groups can act as both donors and acceptors of hydrogen bondings [43]. Both intra- and intermolecular hydrogen bonds with ADC moieties are observed in solution and in the solid state. This acidity is frequently associated with the reversible deprotonation of ADC fragment leading to the formamidinyl derivatives [40, 44-46] (see section 2.2). Thus, for the gold(I)-ADCs 5 derived from the nucleophilic addition to 2-pyridyl isocyanide, the downfield shift of the NH resonance to δH ca. 12 ppm in solution 1H NMR confirms the existence of a strong intramolecular N–H···N hydrogen bonding between the NH proton of ADC moiety and the nitrogen atom of the 2-pyridyl group forming a six-membered cycle (Figure 2) [33, 47-51]. This hydrogen-bond-supported planar cyclic structure is observed in the solid state and is retained in solution, making these carbenes structurally related to NHCs [49]. Similar hydrogen bonding is observed in palladium ADC complexes 6 generated upon the nucleophilic addition of an -aminoazaheterocycle to Pd(II)-bound isocyanides (Figure 2) [52], and also in the iron ADC complexes 7 and 8 prepared via the insertion of iron center (in Fe3(CO)12 or Fe2(CO)9 clusters) into the C=X (S, Se) bond of thio- and selenoureas as reported by Shi and coworkers (Figure 2) [37].


Figure 2. Gold [33, 47-51], palladium [52] and iron [37] hydrogen-bond-supported carbene species.

Intermolecular three-centered (bifurcated) hydrogen bonding (N−H···X···H−N, X = Cl, Br) HB with chloride [12, 53-56] and bromide [32] in the outer coordination sphere were detected for the series of palladium-ADC complexes 9 (Figure 3). Kukushkin and coworkers demonstrated that Pd-ADC complexes 10 in CHCl3 solution exist as dimers stabilised by the bifurcated chalcogen−hydrogen bonding μ(S,N−H)Cl between two monomeric fragments [52]. The capacity of pADC species to behave as a H-bond donor was related to the cytotoxicity of their platinum(II) derivatives against cancer cells and its ability to interact with supercoiled DNA [18, 19].


Figure 3. Intermolecular three-centered (bifurcated) hydrogen bonding in the outer coordination sphere of palladium-ADC complexes [12, 32, 53-55] and dimeric palladium-ADC structures stabilised by bifurcated chalcogen−hydrogen bonding μ(S,N−H)Cl [52].

2.2 Deprotonation of ADC ligands and the follow-up reactions
2.2.1 Deprotonation of ADC species and intramolecular metallation reactions
Deprotonation of pADCs typically generates the formamidinyl derivatives [3], and those can exhibit strong nucleophilic properties leading to further reactions as described below. It was shown that deprotonation of ADC ligands represents an initial step leading to the generation of catalytically active species in the course of several cross-coupling reactions [8, 13, 16]. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Ruiz and coworkers reported that diaminocarbene ligands in the manganese(I) complexes 11 are easily deprotonated by an excess of KOH in CH2Cl2 to give the neutral formamidinyl complexes 12 in quantitative yields (Scheme 2) [38]. Deprotonation of 11 to afford 12 occurs at the N(H)aryl moiety rather than in the N(H)Me fragment due to the more acidic character of the former. Deprotonation of 11 is shown to be fully reversible, and addition of one equivalent of HBF4 to 12 restores diaminocarbenes 11.


Scheme 2. Reversible deprotonation of manganese(I) ADC complexes [38]. 

Ko and coworkers described that rhenium(I) complexes with C,N-bidentate ADC ligand 13–15 derived from rhenium(I) isocyanide-carbonyl species and 2-aminopyridine can be deprotonated by the action of basic anions, i.e. fluoride, cyanide, acetate, and hydroxide  giving neutral formamidinyl derivatives 16 (Scheme 3, a) [26]. In the course of this reaction, the absorption properties of starting ADC complexes change in both the UV and the visible region of spectrum, and that can be used for the anion-sensing. Use of the less basic anions, i.e. chloride or bromide towards Re-ADC complexes 13–15, does not lead to their deprotonation but to the hydrogen bonding of these anions with the protons located at pADC (17, Scheme 3, b). The anion-binding affinity of complex 13 with carbonyl ancillary ligands is slightly higher than those of complexes 14 and 15 with isocyanide ligands. It could be explained by stronger π-accepting and electron withdrawing properties of ancillary CO ligands in 13, that thereby enhance the acidity and anion-binding affinity of NH groups of the corresponding ADC species [26].



Scheme 3. Anion binding properties of rhenium(I) ADC complexes [26].

In the same study, deprotonated Re-ADC complexes were revealed to be capable of CO2 binding (Scheme 4) [26]. The reaction between the deprotonated complex 15 and CO2 leads to N-carbamate anions in complex 18. Those are stable under a CO2 environment and nonemissive in solution, in contrast to the blue-green phosphorescence observed for the starting complex 15 [26].


Scheme 4. CO2-Binding by the deprotonated rhenium(I) ADC complexes [26].

Che and coworkers reported that platinum(II) Chugaev-type ADC complexes 19 and 20(ClO4) can be protonated using aqueous HBF4 to give bisADC complexes 21(BF4) and 22(BF4)2 (Scheme 5, a) [30]. Protonation of Chugaev-type ADC species leads to a dramatic change of their photophysical properties allowing for their application as potential pH-dependent luminescent chemosensors. Hence, protonation of carbene moiety with HBF4 induces a blue shift (∆λabs = ca. 70 nm) for the lowest energy absorption in the UV–vis spectra leading to a significant emission enhancement (ca. 12-fold for 1; blue-shift with the ∆λmax = 48–59 nm). The observed high-energy emissions for 21(BF4) and 22(BF4)2 are assigned to the triplet intraligand excited state of bis(carbene) moiety [30]. In the other study, Teets and coworkers reported that protonation of iridium(III) Chugaev-type ADC complexes 23 and 24 to give 25 and 26 leads to two-fold increase in quantum yield accompanied by a blue shift (∆λmax = ca. 30 nm) (Scheme 5, b) [24].  


Scheme 5. Protonation of platinum(II) [30] and iridium(III) [24] Chugaev-type ADC complexes.  

Lentz and Marschall reported that reaction of bis(trifluoromethyl isocyanide) cobalt(I) complex 27 with secondary amines [R = Me, Et, ½ -(CH2)4-] in aqueous diethyl ether gives the five-membered cobaltaheterocycles 32 through the intermediate species 28–31 (Scheme 6) [57]. ADC-species 28 initially formed are easily deprotonated by an excess of secondary amines followed by amination and hydrolysis of C–F bonds.


Scheme 6. Reaction of bis(trifluoromethyl isocyanide) cobalt(I) complex with secondary amines proceeds through the deprotonation of the initially formed ADC-species [57].

Werner and coworkers described the preparation of metallacyclic cobalt(I) complexes 35–38 with deprotonated ADC species via the [2 + 2] cycloaddition of isocyanates and isothiocyanate to cobalt(I) isocyanide complexes 33 and 34 (Scheme 7) [58, 59]. Upon protonation with CF3CO2H, species 35 gives metallacyclic aminocarbene derivatives 39; similar reactivity was observed for 37 and 38 [58]. This process can be reversed by action of MeONa on complexes 39, 41 and 42 restoring starting formamidimyl species 35, 37 and 38, respectively. On the contrary, metallacycle in complex 36 upon protonation suffers a ring opening to open-chain diaminocarbene derivative 40. In the later study, complexes 35, 37 and 38 were protonated by HBF4 to give complexes 39, 41 and 42 with BF4– anion in the place of PF6– [59]. 


Scheme 7. [2 + 2] Cycloaddition of isocyanates and isothiocyanate to cobalt(I)-isocyanides and the follow-up reversible deprotonation of ADC species [58, 59]. 

Werner and coworkers also described the preparation of metallacyclic cobalt(I) complexes 43 and 44 with deprotonated ADC via the [2 + 3] cycloaddition of benzoyl azide to cobalt(I) isocyanide complexes 33 and 34 (Scheme 8) [60]. Upon protonation with CF3CO2H, species 43 and 44 are converted to the metallacyclic aminocarbene derivatives 45 and 46 [60].  


Scheme 8. [2 + 3] Cycloaddition of benzoyl azide to cobalt(I)-isocyanides and the follow-up protonation of deprotonated ADCs [60].

2.2.2 Intermolecular metallation of the deprotonated ADC derivatives
Ruiz and coworkers described the reaction of manganese(I) ADC complexes 47 and 48 with stoichiometric [AuCl(PPh3)] in the presence of an excess of KOH to give heterobimetallic MnI/AuI complexes 55 and 56 (Scheme 9) [61, 62]. Upon reflux, 56 isomerise quantitively to 57; isomers 56 and 57 differ by the location of Me and Ph substituents on the N-centers of ADC [61, 62]. Authors state that the reaction starts by the deprotonation of diaminocarbene moiety (complexes 49 and 50), followed by the substitution of remaining NH proton by the isolobal [Au(PPh3)]+ fragment (complexes 51 and 52), the transmetallation of the carbene carbon atom from manganese to gold center (complexes 53 and 54), and the nucleophilic attack of a nitrogen atom onto a carbonyl ligand to furnish the carbamoyl derivatives 55 and 56 [61, 63]. Similar reactivity was observed for the iron(II) ADC complexes 58–60 upon reaction with [AuCl(PPh3)] under basic conditions leading to the heterobimetallic FeII/AuI species 61–63 (Scheme 10)  [64]. 


Scheme 9. Generation of the heterobimetallic MnI/AuI complexes from manganese(I) ADC complexes [61-63].


Scheme 10. Metallation reactions of iron(II) ADC complexes to lead to the heterobimetallic FeII/AuI species [64].

Iron(II) ADC complex 64 can be converted to the metalla-N-heterocyclic carbenes through a four-step reaction pathway, as depicted in Scheme 11 [65]. Hence, the initial deprotonation of the complex 64 by KOH in CH2Cl2 generates the active formamidinyl derivative, that reacts further with [Ru(p-cym)Cl2]2 to give the heterobimetallic Ru/Fe complex 65. This species formally bears a double deprotonated form of the diprotic diaminocarbene complex 64 bound to the ruthenium [Ru(p-cym)Cl]+ core in a chelating manner. A substitution reaction of the chloride ligand in 65 by isocyanide yields the cationic complex 66, which is further transformed to 67 by treatment with HCl. 


Scheme 11. Formation of metalla-N-heterocyclic carbene from iron(II) ADC complex [64, 65]. 

Crociani and coworkers reported that the palladium(II) ADC complex 68 containing ancillary C-metallated 2-pyridyl ligand upon deprotonation in situ reacted with ZnCl2 to give bimetallic Pd/Zn species 69 (Scheme 12) [66]. The bimetallic species thus obtained possesses a six-membered ring with a boat conformation, formed by the Pt and Zn metal centers and two bridging 2-pyridyl and formamidinyl ligands.


Scheme 12. Reaction of the in situ deprotonated palladium(II) ADC complex bearing ancillary 2-pyridyl ligand with ZnCl2 [66].

Espinet and coworkers reported that the deprotonation of the gold(I) ADC complex 70 with KOH leads to highly reactive formamidinyl derivative which trimerises spontaneously to the trimetallic species 71 (Scheme 13) [33]. In both solution and the solid state, the structure of complex 71 possesses a trigonal prismatic arrangement of six metal atoms formed by gold-gold interactions between two gold triangles (n = 3 x 2). Complex 71 displays an intense phosphorescence (523 nm, lifetime 84 μs) attributed to the presence of gold-gold interactions. 


Scheme 13. Trimerisation of the gold(I) formamidinyl derivative formed in situ upon deprotonation of gold(I) ADC complex with KOH [33].

Balch and coworkers reported that the platinum Chugaev-type ADC complexes 72 upon deprotonation in situ reacted with TlNO3 to give the heterobimetallic Pt/Tl species 73 (Scheme 14) [35]. For these complexes, the presence of weak interactions beyond the TlI··PtII bonds contributing to the solid-state structure was recognised. The bonding interactions between TlI and PtII metal centers result from a combination of metallophillic and Coulombic factors with an ionic component accounting for up to 87% of the bonding and covalent, metallophillic interaction contributing with the remaining 13% of the bond strength.


Scheme 14. Reaction of the in situ deprotonated platinum(II) Chugaev-type ADC complexes with TlNO3 [35]. 

2.2.3 Intramolecular and intermolecular nucleophilic attack of the formamidinyl species derived from ADCs on the carbon atom in [M]-CNR and [M]-CO 
Riera and Ruiz showed that the deprotonation of iron(II) ADC complexes 74 and 77 in situ with an excess of KOH or Et3N in CH2Cl2 generates N-nucleophilic center that subsequently attacks a secondary isocyanide ligand furnishing C,C’-chelating carbene(formamidinyl) derivatives 75 and 78 (Scheme 15) [67]. Further deprotonation of 78 leads to bis(formamidinyl) derivatives 79. Protonation of 75 with equimolar HClO4 in CH2Cl2 leads to the C,C’-chelating biscarbene species 76. Complex 76 can be reversed to starting complex 74 by a sequential action of base and acid.


Scheme 15. Reversible deprotonation reaction of iron(II) ADC species [67].  

Iron(II) ADC complexes 80–82 displayed a reversible stepwise double deprotonation by KOH in CH2Cl2 and LiHMDS in THF (Scheme 16) [64]. In the first step, complexes 80–82 reacted with KOH to give the corresponding formamidinyl derivatives resulting from the deprotonation of the NHR group (NHXyl group for R = Xyl or the NHMe group for R = Cy). In the case of L = CNR (complexes 81 and 82), a subsequent nucleophilic attack of the imine group on an isocyanide ligand occurs to afford the neutral metallacyclic complexes 59 and 60 containing C,C’-chelating carbene(formamidinyl) ligands. Derivatives 58–60 can be easily reversed to their diaminocarbene precursors 80–82 by treatment with HClO4. The remaining NH group in 58–60 can be subsequently deprotonated by LiHMDS in THF leading to the anionic formamidinyl 83, or the bisformamidinyl complexes 84 and 85 (Scheme 16) [64]. In the case of L = CO (complex 58), the double deprotonation reaction was followed by an intramolecular nucleophilic attack from either the NXyl group or the NMe group onto a vicinal carbonyl ligand. The anionic complexes 83–85 are highly hydroscopic and can be transformed into 58–60 even by moisture.


Scheme 16. Reversible stepwise double deprotonation reaction of iron(II) ADC complexes [64].

It was reported that palladium(II)- and platinum(II)-diaminocarbenes 88 and 89, generated by addition of α-amino azaheterocycles to arylisocyanide complexes 86 and 87, can be deprotonated to give 90 and 91. The latter species can behave as metal-containing nucleophiles and react further with an electrophilically activated isocyanide in starting 86 and 87 to furnish the binuclear diaminocarbene species 92 and 93 (Scheme 17) [9, 68-75]. 


Scheme 17. Prepared palladium(II) [68-75] and platinum(II) [9, 73] ADC complexes and their coupling with an electrophilically activated isocyanide in cis-[MCl2(CNXyl)2] (M = PdII, PtII). 

Diaminocarbene complexes 95 generated upon addition of α-amino azaheterocycles to palladium-bound cyclohexyl isocyanides 94, do not react further with cis-[MCl2(CNR)2] [72]. The reactivity difference between the aryl and cyclohexyl isocyanide palladium(II) complexes could be rationalised by the different acidity of the intermediate cationic C,N-chelated aminocarbene species 88 and 95. For aryl isocyanides, aminocarbene complex 88 formed bears more acidic NH protons, and it is subject to a two-step deprotonation followed by the coupling with other CNR complex to furnish binuclear species 92 (Scheme 17). For the less acidic cyclohexyl isocyanide, diaminocarbene species 95 is subject to only one-step deprotonation giving complexes 96, which are not involved in further reactions (Scheme 18).


Scheme 18. Reaction of palladium(II) cyclohexyl isocyanide complexes with α-amino azaheterocycles [52]. 

2.3 Alkylation and acylation of ADC derivatives
2.3.1 Intermolecular alkylation of ADC derivatives
The N−H protons on diaminocarbene ligand can be readily alkylated by an appropriate electrophilic alkylating reagent. Thus, rhenium(I) ADC complex 15 was dialkylated upon action of dimethylsulfate under basic condition to give 97 as reported by Ko and coworkers (Scheme 19) [26]. Authors described a pronounced red shift of the emission on going from ADC species 15 (547 nm) to methylated species 97 (672 nm). This is explained primarily by the steric repulsion due to installation of methyl groups, leading to a noncoplanar twisted diaminocarbene structure. 


Scheme 19. Methylation of ADC ligand in the rhenium(I) complex [26].

Werner and coworkers reported that cobalt(I) complexes 35–37 and 98 upon deprotonation can be methylated by "Meerwein salt" reagent (Scheme 20) [58, 59]. The derived alkylated products 99–101 are stable in solution and in the solid state and do not isomerise as the respective protonated species 144 and 147 (see section 2.5, Scheme 32). At the same time, methylation of complex 37 occurs simultaneously at one of the nitrogens of the aminocarbene moiety and the sulfur center giving new species 102 containing two distinct carbene fragments [58, 59].


Scheme 20. Methylation of the cobalt(I) formamidinyl complexes prepared via the in situ deprotonation of cobalt-ADCs [58, 59]. 

2.3.2 Intramolecular alkylation and acylation of the ADC derivatives
Saegusa and coworkers demonstrated that cyclisation (formally an intramolecular alkylation) of ADC ligand in the palladium(II) complexes 104, generated by the nucleophilic addition of α-aminoacetal to PdII-ligated isocyanide in 103, affords the NHC species 105 (Scheme 21, a) [76]. This reaction proceeds in the presence of sulfuric (or p-toluenesulfonic) acid in CHCl3 at RT. Ko and coworkers extended this synthetic route to the synthesis of luminescent rhenium(I) NHC complexes 108 that are prepared starting from the corresponding isocyanide species 106 (Scheme 21, b) [77]. Reaction is believed to proceed via the intermediate formation of the ADC species 107. Hashmi and coworkers prepared catalytically active gold(I), palladium(II) and platinum(II) NHC complexes via the same approach [78-83]. 


Scheme 21. Cyclisation of ADC ligand in palladium(II) [76] and rhenium(I) [77] complexes. 

Reaction of coordinated isocyanides with haloamines represents a well-established method for the preparation of NHC derivatives, and it is extensively reviewed [3, 84-87]. Insofar as this process is related to the above-mentioned cyclisation of ADC derivatives, we provide herein a few representative examples. Hence, Michelin and coworkers described the reaction of palladium(II) and platinum(II) isocyanide complexes 109 and 110 with 2-bromoethylamine hydrobromide in the presence of nBuLi to give five-membered diaminocarbene derivatives 113 and 114  (Scheme 22, a) [88]. The reaction proceeds through the initial formation of the ADC species 111 and 112 and the subsequent cyclisation. At the same time, iron(II) ADC complexes 116 and 117, generated from the isocyanide complex 115 and 2-chloroethylamine or 3-chloropropylamine, give the NHC derivatives 118 and 119 only upon deprotonation by excess EtONa (Scheme 22, b) [89].



Scheme 22. Intramolecular alkylation of ADC species to NHC derivatives [88, 89]. 

Hashmi and coworkers demonstrated that gold(I) isocyanide complexes 120 react with α-amino ester and 3-bromopropylamine to furnish five- and six-membered carbene complexes 122 and 124 (Scheme 23) [90, 91]. Reactions proceeds through the initial formation of ADC complexes 121 and 123 and the subsequent cyclisation via intramolecular acylation or alkylation. 


Scheme 23. Cyclisation of metal-ADCs through intramolecular acylation or alkylation [90, 91].

Ruiz and coworkers reported on the cyclisation of ADC complexes 126 generated by the nucleophilic attack of propargylamine on manganese(I) isocyanide complexes 125 (Scheme 24) [92, 93]. ADC species 126 formed undergo an intramolecular hydroamination to give the cyclic carbene derivatives 127, which are further transformed to NHC complexes 128 by an 1,3 proton shift from the endocyclic methylene group to the exocyclic one. 


Scheme 24. Cyclisation of ADC ligands in manganese(I) complexes to give NHC [92, 93].

In the further study, it was reported that gold(I) ADC complex 129, which is structurally related to 126, cyclises to give the cyclic carbene 130 in the presence of NaH (Scheme 25) [94].


Scheme 25. Cyclisation of ADC ligands in gold(I) complexes to NHCs [94].

Above-mentioned examples for the addition of -functionalised nucleophiles to metal-bound isocyanides illustrate the preparation of metal-NHCs from the corresponding metal-ADC species. This reactivity type for ADC complexes is therefore complementary to that of -functionalised isocyanides, e.g. generation of gold-NHCs 132 via the cyclization of starting isocyanide species 131 (Scheme 26) [95, 96], and it was recently reviewed by Kuwata and Hahn as one of the synthetic routes to pNHC [97].


Scheme 26. Cyclisation of metal-bound β-amino-functionalised isocyanides to give metal-NHCs.

2.4 Reversible formation of metal-ADC species from isocyanide complexes and amines
As far as the nucleophilic addition to isocyanides is concerned, several studies describe that this reaction might exhibit a reversible character. Thus, the addition of amine to an FeII-activated isocyanide leads to the monodentate ADC species 134 that exist in dynamic equilibrium with the starting isocyanide complex 133 (Scheme 27) [98, 99]. A similar reversibility was observed for the related RuII species [100]. 


Scheme 27. Reversible formation of iron(II) and ruthenium(II) ADC complexes upon addition of amines to metal-bound isocyanides [98-100]. 
 
Slaughter and coworkers described the dynamic equilibrium between the chelating bis(carbene)- 135 and the monocarbene-isocyanide 136 palladium(II) complexes (Scheme 28) [101]. Steric repulsion between the backbone aryl groups in the carbene moieties is suggested as a likely cause of instability of the chelated ADC ligand leading to the ring opening. DFT calculations provided an estimate of 16 kcal mol–1 for the strain energy in the bis(ADC) ligand of 135, that can be considered as an approximate upper limit of chelate ring steric strain that can be accommodated during ‘‘covalent self-assembly’’ of carbene ligand. 


Scheme 28. Dynamic equilibrium between the chelating bis(carbene)- and the monocarbene-isocyanide palladium(II) complexes [101]. 

Competitive cleavage of either C–NH2 or C–NHR bonds in the aminocarbene fragment was observed in iridium(III) ADC complexes 137 generated upon the nucleophilic addition of ammonia to Ir(III)-bound isocyanides (Scheme 29) [102]. The reaction of 137 with a weaker organic base (e.g. N-methylmorpholine or triethanolamine) led to the cleavage of ADC ligand to isocyanide ligand in 138 and the elimination of NH3. In this case, the different acidity of CNH2 and CN(H)aryl groups are responsible for the observed reactivity: CN(H)aryl group more acidic and selective deprotonation by a weak organic base, that is subsequently converted into 138. The addition of a stronger base, i.e. Et3N or KOH to the aminocarbene species 137 results in the concurrent non-selective deprotonation of either NH2 or NH–Aryl moieties of the ADC leading to a mixture of 138 and 139. When an excess of gaseous NH3 is used, the cleavage of ADC ligand proceeded via an alternative route furnishing cyanide species 139 and a substituted aniline. Insofar as the basicity of NH3 in organic solvents is comparable to that of Et3N, one can expect that the application of ammonia as a base should subsequently lead to a mixture of 138 and 139. However, in this case, ammonia plays a dual role of a base and a nucleophile. As a base, NH3 converts 137 to a mixture of 138 and 139, while as a nucleophile, it reacts with 138 to regenerate the starting complex 137. As a result, when NH3 is used, the reaction proceeds until the full conversion of 137 to 139 is achieved. X-ray data for complex 137 show that the intramolecular repulsion between two ADC ligands, could contribute toward the cleavage of ADC ligands. It is worth noting that no follow-up transformation of the second ADC ligand present in 138 and 139 was observed.


Scheme 29. Competitive cleavage of either C–NH2 or C–NHR bonds in the aminocarbene fragment in iridium(III) ADC complexes [102].

Fragmentation of diaminocarbene ligand to give metal-bound cyanide was reported by Che and coworkers who performed a photochemical reaction between platinum(II) ADC complex 140 and MeI [29]. This reaction includes the oxidation of metal center and the fragmentation of diaminocarbene ligand to give a cyanide complex 141 (Scheme 30). Other fragmentation products were neither identified, nor suggested, and authors do not comment on a plausible mechanism of this process.


Scheme 30. Photochemical fragmentation of ADC ligand in platinum(II) complex [29].

2.5 Cleavage of the N–X bond within the carbene fragment
Kukuskin and coworkers reported that palladium(II) binuclear diaminocarbene complexes 142, which were generated by coupling of cis-[PdCl2(CNXyl)2] with 1,3-thiazol-2-amines (Y = CH) and 1,3,4-thiadiazol-2-amines (Y = N) can be subject to a reversible isomerisation giving a mixture of two isomeric binuclear diaminocarbene derivatives 142 and 143 (Scheme 31) [70, 74]. This isomerisation proceeds via the splitting of the Pd−N and C−N bonds of the aminocarbene fragment. Both isomeric structures 142 and 143 are held by intramolecular S···Cl (for kinetically controlled isomer 142) or S···N (for thermodynamically controlled isomer 143) chalcogen bonds and the energy difference between these noncovalent interactions is a driving force of isomerisation. 
In contrast to the previous example, the binuclear species generated by using other α-amino azaheterocycles, i.e., 1H-imidazol-2-amine, 4H-1,2,4-triazol-3-amine, 1H-tetrazol-5-amine, 1H-benzimidazol-2-amine, 1-methyl-1H-benzimidazol-2-amine, 1-ethyl-1H-benzimidazol-2-amine [72], 2-aminopyridine [68], and 2-aminoperazine [69] are stable at RT or even upon reflux at C2H4Cl2 for 2 days, and they are not subject to isomerisation.


Scheme 31. Reversible regioisomerisation of binuclear diaminocarbene palladium(II) complexes accompanied with splitting the Pd−N and C−N bonds of the aminocarbene fragment [70, 74]. 

Werner and Strecker reported that cobalt(I) diaminocarbene complexes 144 can be subject to a reversible isomerisation giving a mixture of two isomeric diaminocarbene derivatives 144 and 147 (Scheme 32) [59]. This reaction proceeds via splitting of the N−C bond of the aminocarbene fragment and formation of the corresponding intermediate species 145 and 146. 


Scheme 32. Reversible regioisomerisation of cobalt(I) diaminocarbene complexes accompanied with the splitting the C−N bond of the aminocarbene fragment [59]. 

[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Fehlhammer and coworkers reported that amino(hydrazino)carbene complexes of сhromium(0) (150) and tungsten(0) (151), generated in situ by reaction of N-isocyanodialkylamine complexes [M(CO)5CNNR2] 148 and 149 [M = Cr, W; R = Et, iPr, ½ ‑CH(Me)(CH2)3CH(Me)-] with secondary amines, are subject to N–N bond cleavage and C–N migration of the metal to give N-cyanamide species [M(CO)5NCNR’2] 152 and 153 (Scheme 33, a) [103]. At the same time, the N-isocyanodialkylamine complexes of platinum(II) 154 react with an excess of secondary amines to give amine(guanidine)platinum(II) complexes trans-[PtI2(HNR’2)(HN=C(NR’2)2}] (157) [R’ = Et, ½ -(CH2)5-, ½ -(CH2)2O(CH2)2-] (Scheme 33, b) [103]. It is likely that conversion of 154 to 157 proceeds through the initial formation of the metal-hydrazinocarbene species 155, and subsequently metal-N-cyanamide species 156 that reacts further with an excess of amine. Noteworthy, similar amino(hydrazino)carbene complexes of сhromium(0) and tungsten(0) [M(CO)5{C(NHR’)NHNHR2}] [M = Cr, W] and platinum(II) trans-[PtI2(CNNR2){C(NHR’)NHNHR2}] generated by addition of primary amines to N-isocyanodialkylamine complexes are stable in the presence or the absence of amines [104].


Scheme 33. Cleavage of N–N bond and C–N migration of the ADC complexes generated in situ by reaction of N-isocyanodialkylamine complexes of сhromium(0) and tungsten(0) and platinum(II) with secondary amines [89, 103]. 

Kostyuk, Biffis and coworkers described the coordination of ADC species 158 to a palladium(II) center leading to a mixture of C,P-chelated ADC derivatives 159 alongside N,P-chelated iminophosphane species 160. The later derivative originates from the isomerization of ADC ligand, viz. 1,2-shift of the phosphanyl moiety from the N atom to the adjacent carbene (Scheme 34) [105, 106]. It was reported that the catalytic activity of iminophosphane complexes of the type 160 is superior to that of complexes with related N-phosphanyl diaminocarbene ligands 159 in the intermolecular catalytic hydroamination of alkynes with aromatic primary amines [106]. Authors justify this by a lower stability of the carbene complexes 159 under the reaction conditions, leading to rapid catalyst decomposition [106].


Scheme 34. Coordination of ADC species 158 to palladium(II) center leading to C,P-chelated ADC species 159 in a mixture with N,P-chelated iminophosphane species 160 [105, 106]. 

Yu and co-workers described the palladium-catalysed oxidative C−H imidoylation of N-methoxybenzamides 161 to 3-iminoisoindolin-1-ones 164 (Scheme 35). The mechanism proposed by the authors includes 1,3-acyl migration step in the acyclic diaminocarbene species 162 generated in situ to give an isomeric carbene derivative 163 [107]. 


Scheme 35. 1,3-Acyl migration step in deprotonated acyclic diaminocarbene species generated in situ in the course of Pd-catalysed aerobic oxidative C−H imidoylation reactions [107]. 

2.6 Oxidation of diaminocarbenes into carbodiimides
Saegusa and coworkers described the oxidation of palladium(II)-ADC complexes 165 with Ag2O to furnish the corresponding uncomplexed carbodiimide derivatives 166 (Scheme 36) [108]. 


Scheme 36. Oxidation of palladium(II)-ADC complexes 165 with Ag2O to give uncomplexed carbodiimides [108].

Slaughter and coworkers reported that palladium(II) bis(acyclic diaminocarbene) complex 167 is subject to a two-electron oxidation to the bis(amidine) complex 168 in air (Scheme 37) [109]. Complex 168 can also be prepared upon oxidation of 167 with iodosobenzene [109].


Scheme 37. Oxidation of palladium(II)-bis(ADC) species 167 to bis(amidine) complex 168 [109].

Han and Huynh reported that reaction of the NHC–isocyanide palladium(II) complex 169 with 2,6-dimethylaniline leads to a mixture of NHC–ADC complex 170 and the uncomplexed N,N’,N’’-tris(2,6-dimethylphenyl)-guanidine (171) (Scheme 38) [110]. 


Scheme 38. Oxidation of mixed palladium(II) NHC–ADC complex (169) to furnish uncomplexed N,N’,N’’-tris(2,6-dimethylphenyl)-guanidine 171 [110]. 

Intramolecular oxidation of diprotic pADC ligands in polystyrene-supported palladium(II) ADC complexes 172 in the presence of Et3N leads to the corresponding polystyrene-supported carbodiimide 174 and palladium nanoparticles (Scheme 39) [8]. The reaction proceeds through the intermediate formation of formamidinyl derivative 173. Short-lived gold(III) ADC complexes [AuCl3{C(NHNCPh2)NHR}] generated by addition of benzophenone hydrazone to the isocyanide ligand in [AuCl3(CNR)] in CDCl3 solution decompose in a similar way giving corresponding carbodiimide and gold nanoparticles [111].


Scheme 39. Polystyrene-supported palladium(II) ADC complexes possessing two NH protons decompose via the carbene–carbodiimide path [8].

Canovese and coworkers showed that mixed gold(III) ADC/isocyanide complex 176, prepared via the oxidative addition of bromine to corresponding gold(I) species 175 decompose to gold(I) isocyanide complex [AuBr(CNXyl)] (177), uncomplexed N-(2,6-dimethylphenyl)piperidine-1-carbimidoyl bromide (178), and (2,6-dimethylphenyl)carbonimidic dibromide (179) (Scheme 40, a) [112]. A related intramolecular oxidation was observed for the gold(III) monoADC complex 181 (Scheme 40, b) prepared by bromination of gold(I)-ADC complex 180 [112]. At the same time, gold(III) bisADC complex 183 that was generated upon bromination of gold(I)-ADC complex 182, was stable under similar conditions (Scheme 40, c) [112].


Scheme 40. Synthesis and decomposition of the gold(III) ADC complexes [112].

Angelici and coworkers described the gold-catalysed coupling of isocyanides 184 with primary amines under an oxygen atmosphere leading to the carbodiimides 186 and H2O [113]. Reaction of isocyanides and secondary amines with O2 in the presence of gold powder under similar conditions leads to the substituted ureas 187 (Scheme 41) [114]. Formation of carbodiimides and ureas was proposed to proceed through a diaminocarbene intermediate 185 [114]. It is known that oxygen is not absorbed by gold surface, therefore, strong electron donating ability of the diaminocarbene species is believed to be solely responsible for the observed reactivity. 


Scheme 41. Oxidation of the gold acyclic diaminocarbene complexes prepared in situ with O2 to give carbodiimides (a) [113] and ureas (b) [114].

Ruiz and coworkers reported that ADC ligands in the manganese(I) complexes fac-[Mn{CNHR(NHMe)}(bipy)(CO)3](ClO4) (R = Ar 11) can be selectively converted either to the free carbodiimides 190 (Scheme 42) or to the N-coordinated formamidines 203 and 204 (Scheme 47, section 2.7) [62, 115]. Treatment of the formamidinyl species 12 with Ag2O leads to conversion of the formamidinyl ligand to the unsymmetrically substituted carbodiimides 190 (Scheme 42) [115]. This process occurs even for the sterically encumbered aromatic ADCs. Dialkyl carbodiimides (R = Alkyl) could not be prepared via this approach owing to the extreme propensity of the corresponding formamidinyl species 189 to protonation, leading to the diaminocarbene complexes 188 instead of oxidation.


Scheme 42. Oxidation of formamidinyl manganese(I) complexes with Ag2O to give carbodiimides [115]. 


2.7 Displacement and re-coordination of ADC or corresponding formamidinyl ligands 
Parks and Balch described the displacement of ADC ligands from the gold(I) ADC complexes 191 and 192 (Scheme 43) [116]. Thus, the treatment of gold(I) ADC complexes 191 or 192 with two equivs of cyanide ion or triphenylphosphine results in the quantitative formation of N,N’-dimethylformamidine 193 or N,N,N’-trimethylformamidine 194, respectively. With PPh3, the reaction requires several hours to reach completion at room temperature whereas the displacement with cyanide ion is essentially complete after five minutes. With MeNC, the reaction proceeds via the conversion of the gold(I) ADC complex 191 to diamidide 195 (Scheme 43) [116].


Scheme 43. Displacement of formamidines from gold(I) ADC complexes [116].

Minghetti and coworkers showed that reaction of gold(III) bisADC complex 196 with triphenylphosphine leads to a displacement of both ADCs giving formamidine 197; the gold(III) center is simultaneously reduced to gold(I) (Scheme 44) [117].


Scheme 44. Displacement of formamidines from gold(III) ADC complexes [117].

Michelin and coworkers reported that reaction of palladium(II) ADC complexes 198 with bidentate P-donors such as 1,2-bis(diphenylphosphino)ethane (dppe) and 1,1-bis(diphenylphosphino)methane (dppm) promotes the metal-carbene bond cleavage and the elimination of carbene ligand, yielding organic formamidines 199 alongside palladium-(dppm) species 200 (Scheme 45) [44].


Scheme 45. Displacement of formamidines from palladium(II) ADC complexes [44].

Ligand displacement from labile metal ions can be used for the catalytic preparation of formamidines from isocyanides and primary amines. Hence, the reaction between isocyanides and primary amines to give formamidines was shown to be catalysed by Cu+, Ag+, Zn2+, Cd2+, and Hg2+ and it proceeds via the in situ generation of the ADC species [113, 118]. 
Bertani and coworkers revealed that indium(I) ADC complexes 201 decompose by excess HCl to give corresponding formamidines 202 (Scheme 46) [119].


Scheme 46. Displacement of formamidines from indium(I) ADC complexes [119].

Ruiz and coworkers reported that ADC ligands in the manganese(I) complexes fac-[Mn{CNHR(NHMe)}(bipy)(CO)3](ClO4) (R = Ar 11, Alk 188) can be converted to N-coordinated formamidines 203 and 204 (Scheme 47) [62, 115, 120]. Thus, the treatment of CH2Cl2 solution of 11 or 188 with catalytic amount of Ag2O leads to a quantitative conversion of carbene ligand to the corresponding formamidine. Complexes 203 and 204 prepared exist as a mixture of isomers due to coordination either through the NMe or the NR moiety. Conversion of diaminocarbenes to formamidines occurs only for the sterically unhindered aminocarbenes (R = Me, Bn, Ph, naphth-2-yl, 4-MeOC4H4); no reaction was observed with more sterically demanding 2,6-dimethylphenyl or 2-chloro-6-methylphenyl species.


Scheme 47. Isomerisation of ADC ligand to the corresponding formamidine, catalysed by Ag2O [62, 115, 120]. 

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Scherer, Herrmann and coworkers described the interconversion between η1- and η2‑bonded ADC ligand in chromium(0), molybdenum(0) and tungsten(0) complexes [121, 122]. The reaction of M(CO)5L complexes (M = Cr, L = diethyl ether 205; M = Mo, L = THT 206; M = W, L = THT 207) with free acyclic diaminocarbenes gave the ADC complexes 209–211 (Scheme 48) [121, 122]. For chromium, reaction of 205 with ADC led to formation of chelating diaminocarbene complex 211 with the η2‑bonded ADC ligand [122]; intermediate formation of η1-substituted-carbene species 208 was not detected. For molybdenum and tungsten, formation of the η1-substituted-carbene pentacarbonyl complexes 209 and 210 was observed [121], and they are converted to the η2-bonded species 212 and 213 by loss of one CO ligand. In complexes 211–213, the lone pairs of the nitrogen and the carbene carbon atom bound to metal contribute to stabilisation of the Lewis-acidic metal center. The bis(diisopropylamino)carbene ligand in complexes 211–213 is η2‑coordinated to the metals with a shorter metal-carbon bond and a longer metal–nitrogen bond. 


Scheme 48. Reaction of free bis(diisopropylamino)carbene with a pentacarbonyl complexes and subsequent transformation of the ADC complexes to an imine species [121, 122]. 

The Cr–N bond in complex 211 can be easily cleaved resulting in a dynamic system at RT, where all alkyl substituents become equivalent in the 1H NMR spectrum [122]; similar reactivity was not observed for 212 and 213. Chromium complex 211 reacts with one equiv of CO to reform the η1-complex 208 [122], whereas molybdenum and tungsten complexes 212 and 213 are converted into imine species 214 and 215 with elimination of propene [121]. 

3. Final remarks
To conclude, acyclic diaminocarbenes are widely recognised as ancillary ligands with easily varied electronic and steric properties and many applications. In the course of this survey we showed that ADC metal complexes can exhibit a number of reactivity patterns and be converted into various functionalised derivatives. Reactivity modes of selected ADC ligand depend not only on the structure of the carbene fragment and metal complex itself, but also on the method of its generation. The majority of the reports reviewed involve the preparation of metal-ADC species via metal-mediated nucleophilic addition to isocyanides, and this route leads to the complexes with protic ADC ligands. As a result, these pADC species can be subject to deprotonation paving the way for a number of intermolecular and intramolecular processes, including metallation, nucleophilic attack, alkylation, cyclisation and others. Furthermore, generation of metal-ADCs via nucleophilic addition to isocyanides in certain situations can be reversed to starting materials, i.e. through heating or photochemically. A better understanding of reactivity of metal-ADC species can be anticipated to aid structural elucidation, e.g. by ensuring more accurate assignment of carbene structure and their derivatives in solution using NMR and in solid-state by X-ray diffraction, to shed light on mechanisms of catalytic processes involving ADC-based catalysts, and to reveal unexpected applications of these unique compounds.
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