Synthesis of Nitrogen-containing Heterocycles Using Fischer Carbene Complexes
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ABSTRACT
Metal carbene complexes of group 6, especially Fischer Carbene Complexes are reactive toward a wide array of nitrogen-containing substrates, allowing access to a great variety of mono- and polyheterocyclic compounds. In most cases, four- to seven-membered rings are successfully formed in a single step and with high selectivity. Among them, the facile azepine ring formation seems of particular relevance in terms of both mechanistic and synthetic purposes.
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1. INTRODUCTION

The formal combination of a carbene and an organometallic fragment yields carbene complexes. They are commonly classified as Fischer- and Schröck-type complexes. While Schröck-type compounds (first described in the early 1970s) play an important role in olefin metathesis (acknowledged by the Nobel Prize 20051), Fischer carbene complexes, which were first reported in 19642a and 1965,2b have been developed into powerful reagents for organic synthesis.3 This review concentrates on synthesis of aza-heterocycles using Fischer carbene complexes with a special focus on chromium complexes since, because of their balance of reactivity and stability combined with easy accessibility (see below), they are the most prominent members of the Fischer carbenes and have found the broadest application.
1.1.1. Synthesis of Fischer carbene complexes
The original and still most general entry into Fischer type metal carbenes (“Fischer route”) involves the sequential addition of a carbon nucleophile and a carbon electrophile across a metal-coordinated carbon monoxide ligand (Scheme 1.1).4 Addition of an organolithium reagent (alkyl-, aryl-, alkenyl-, or alkynyllithium derivative) to hexacarbonyl chromium affords acyl metalates 1–3, 7–9, and 13–15, respectively, that undergo an in situ o-alkylation by hard alkylating reagents such as trialkyloxonium tetrafluoroborates5a,b or alkyl fluorosulfonates5c-e to give alkoxycarbene complexes 4–6, 10–12, and 16–18, respectively, in typical yields of 60-90%. Alkylation of the acyl metalate has been also performed with methyl iodide using phase-transfer catalysis.6


Scheme 1.1
A factor limiting the versatile Fischer route may be the availability of the organolithium compound. Here, a complementary access to alkoxycarbene complexes (Semmelhack-Hegedus route) offers an alternative approach which involves the addition of the pentacarbonylchromate dianion 19 (obtained from the reduction of hexacarbonyl chromium with sodium naphthalenide (NaphNa)8a,b or more conveniently (C8K)8c to acyl chlorides (Scheme 1.2).7,8 Alkylation of acyl chromate 20 leads to alkoxycarbene complexes 4. Both the Fischer and Semmelhack-Hegedus routes have been applied for the synthesis9 of biscarbene10a and polymetallic carbene complexes.10b


Scheme 1.2 
Finally, a special synthetic entry into cyclic carbene complexes has been developed (Scheme 1.3). Photochemical cleavage of one carbonyl ligand in hexacarbonyl chromium in the presence of a weakly coordinated ligand like tetrahydrofuran11a or triethylamine11b yields a pentacarbonyl chromium σ-complex (OC)5CrL 21, which is reacted with ω-alkynols 22.12,13 In this case, vinylidene complexes 23 (that may be generated with12a-f or without12g irradiation) are formed first, which then transformed into metal oxacycloalkylidenes 24.


Scheme 1.3
Most Fischer carbene complexes are stable to air, water, to dilute acids and bases. Despite the high dipole moment of these complexes (~ 4 – 5 Debye), most complexes can be purified by chromatography on silica gel with hexane as eluent and are usually the first compounds to elute. Identification of the fractions from the column containing the carbene complex can simply be done by eye on the basis of their colour. The colours of complexes bearing alkoxy groups as the heteroatom-stabilizing group tend to correlate with the hybridzation of the carbon substituent of the carbene carbon. Those with sp3 carbons usually are yellow, those with sp2 carbons are normally red and those with sp hybridized carbon substituents are invariably an intense purple/black colour (Fig 1.1).13






1.1.2.  General reactivity
Fischer-type metal carbenes usually contain a late transition metal (groups 6–8) in a low oxidation state in the organometallic fragment generally bearing ligands with good π-acceptor properties (typically carbon monoxide) in the co-ligand coordination sphere. The carbene carbon atom represents a strongly electrophilic center as evident from lowfield 13C NMR shifts of up to 400 ppm14 resembling those of carbenium ions (see mesomeric structure II in Fig 1.2), which is usually stabilized by π-donation from heteroatoms (oxygen or nitrogen, as depicted in mesomeric structure III). Thus, the metal carbonyl fragment plays the role of a functional group that activates the carbene ligand for subsequent reactions. The characteristic reactivity pattern of carbonyl alkylcarbene complexes is illustrated in Figure 1.3. The electrophilicity of the carbene carbon atom favors the attack of carbon and heteroatom nucleophiles (path a). Electrophiles may add to the heteroatom carbene substituent (path b), which represents the first step in the transformation of metal carbenes to metal carbynes.15,16
As a consequence of the electrophilicity of the carbene carbon, the acidity of α-CH groups is significantly enhanced, for instance, the methoxy(methyl)carbene chromium complex 4 (R1 = R2 = Me) features a pKa value of ~8.17 Therefore, deprotonation by strong bases generates metal carbene anions that may be applied as C-nucleophiles to alkylation, aldol-, and Michael type reactions (path c). Finally, carbonyl ligands 



Figure 1.2					Figure 1.3 

undergo thermal or photochemical substitution for other types of ligands (e.g., phosphines, alkenes, alkynes), which allows for a modification of the co-ligand sphere (path d). This reactivity pattern demonstrates that the organometallic functionality may induce either ligand-centered or metal-centered reactions. Another typical reaction pattern of carbene complexes in general, the (intramolecular) insertion of the metal–carbene bond into C–H bonds, has been applied to the synthesis of heterocycles: Chromium o-phenyl(dialkylamino)carbene complexes have been transformed into indoles at room temperature in 70-80% yield.18 Decarbonylation in the co-ligand sphere creates a vacant coordination site at the metal, which may act as a template (template effect)19,20 and provide a suitable geometry for subsequent inter ligand coupling, thus allowing for C–C bond formation to proceed within the coordination sphere of the metal. 
1.2  Synthesis of nitrogen heterocycles
This part is divided into two sections according to the role of the metal carbene functionality in the formation of the ring system (Fig 1.4). The heterocyclization reactions wherein the carbene carbon of an α,β-unsaturated carbene complex is not directly involved, but the Cαֿ and Cβֿ carbon atoms participate, are covered first (section 1.2.1). Methods for the formation of nitrogen heterocycles based on the particular reactivity of the carbene carbon are collected in section 1.2.2.


Figure 1.4
1.2.1. Heterocyclizations involving the C–C π-bond of unsaturated carbene complexes
1.2.1.1. Five-membered heterocycles
The pentacarbonylmetal fragment is a powerful electron-withdrawing group that makes the conjugated π-system highly electron-poor. An additional point of real interest relies on the fact that, after the appropriate reaction takes place, the reaction product still contains the metal carbene functionality suitable for consecutive processes. In this general context, the Michael-type addition of carbo- and heteronucleophiles has been extensively studied. Moreover, there have been shown many examples of [4+2] cycloadditions between classical carbodienes and alkenyl or alkynyl carbene complexes of group 6. In contrast, there are much fewer reports on 1,3-dipolar cyclaodditions involving α,β-unsaturated carbene complexes as dipolarophiles.21 In this sense, diazomethane derivatives, nitrilimines, and nitrones have successfully been employed as dipoles toward unsaturated carbene complexes. The cycloaddition reactions of diazomethane and nitrilimine dipoles leading to nitrogen heterocycles are covered in this section.
As early as 1973, Fischer published the cycloaddition of the tungsten phenylethynyl-(ethoxy)carbene complex 25 to diazomethane, leading to the substituted pyrazole 27 (Scheme 1.4).22 This two-step process very likely involves the 1,3-dipolar cycloaddition of 25 to diazomethane to produce the intermediate 26 (not isolated), which then goes to the observed pyrazole by metathesis of the carbene functionality with a second equivalent of diazomethane.



Scheme 1.4
One decade later, Chan and Wulff carried out a more detailed study of this reaction (Scheme 5).23 Thus, alkynyl carbene complexes 28 undergo cycloaddition reaction with trimethylsilyldiazomethane 29 at room temperature to generate the pyrazole complexes 30 with high yields and complete regioselectivity. The metal carbene group (M = Cr, W) can be efficiently oxidized with cerium ammonium nitrate (CAN) to the pyrazole ester 31. In addition, the new alkenyl carbene complexes 30 undergo the benzannulation reaction with alkynes 32 to give fused pyrazoles 33 in moderate yields. Interestingly, the conjugated carbon–nitrogen double bond of the tautomer of 30, rather than the carbon–carbon double bond, takes part in the annulation reaction.



Scheme 1.5	
Some years later, Maiorana and co-workers demonstrated that alkenyl(alkoxy)carbene chromium complexes also effect the 1,3-dipolar cycloaddition with diazomethane and trimethylsilyldiazomethane, giving pyrazoline derivatives.24 Later, Barluenga and co-workers carried out a more detailed study of this dipolar cycloaddition reaction (Scheme 1.6).25,26 Thus, chromium carbene complexes derived from (–)-8-phenyl-



Scheme 1.6
menthol 34 were treated with various diazo derivatives 35 at room temperature to afford new pyrazolylcarbene complexes 36 in acceptable yields and with very high diastereoselectivity. The dipolar cycloaddition methodology to prepare pyrazolines 37 using metal alkenylcarbenes 34 or alkenyl esters 38 is compared and the results are outlined in the Scheme. Although the synthesis of pyrazolines 37 from complexes 34 requires one step more than that from esters 38 (pyridine oxide oxidation of metal carbene to carbonyl), the efficiency in terms of chemical yield, reactivity, and diastereoselectivity doubtless is much higher in the former case.
In a similar way, a number of nitrilimines, formed from chlorohydrazones 39 and NEt3, smoothly reacted with chromium carbene complexes 34 to form the N-phenylpyrazoline complexes 40, which were further oxidized with pyridine oxide to metal-free pyrazolines 41 (Scheme 1.7). The overall yields were high, and the diastereoselectivity was excellent.27


Scheme 1.7
On the basis of this strategy, a short, high-yielding, and diastereoselective synthesis of the anti-inflammatory and antidepressant drug (+)-rolipram has been recently executed (Scheme 1.8).28 The key step consisted of the dipolar cycloaddition of 


Scheme 1.8
enantiopure chromium carbene complex 34 with imine ylide dipole 42 to provide rolipram 44 as the sole enantiomer, in overall yield 28%.
[bookmark: _Hlk148262437]1.2.1.2. Six-membered heterocycles
The [4+2] heterocyclization reaction of metal carbenes represents a facile access to six-membered nitrogen heterocycles. Thus, 1-aza-1,3-dienes 45 smoothly cycloadd to tungsten alkynylcarbenes 46, providing 1,4-dihydropyridine complexes 47 in high yields (Scheme 1.9). Representative examples for the oxidation of 47 to the corresponding esters 48 using pyridine oxide were also reported.29



Scheme 1.9
In a similar way, the heterodienes 49 are easily converted into the dihydropyridone skeleton (Scheme 1.10).30 Thus, the cycloaddition of alkynyl carbenes 46 and 2-azadienes 49 occurs at room temperature (for R1 = 2-furyl) or at 60 °C (for R1 = 2-furyl) to yield the pyridone complexes 50, which can be isolated in the case of R1 = t-Bu and allowed to thermally transform into metal-free heterocycle 51. Metallaelectro-cyclic ring closure/reductive metal elimination of 50 (for R3 = Ph) accounts well for the formation of 2-azafluorenones 51.


Scheme 1.10
The [4+2] heterocycloaddition strategy has also been applied for the synthesis of the pyrimidine ring (Scheme 1.11).31 Thus, the treatment of complexes 28 with diaza-dienes of the type 52 results in the formation of pyrimidine carbene complexes 53, which in turn are oxidized to the pyrimidine esters 54. The chromium carbene adducts can be thermally transformed into the polyheterocycle 55 (see the formation of 51, Scheme 1.10) or elaborated into 56 by heating in the presence of tert-butylisocyanide via ketenimine formation followed by electrocyclic ring closure.


Scheme 1.11
1.2.2. Heterocyclizations involving the metal-carbon double bond
This section covers the most important and versatile methods for the synthesis of nitrogen heterocycles using of Fischer carbene complexes. Moreover, all of the examples that follow are based on the particular and varied reactivity of the metal carbene functionality. This section is divided into two subsections in order to separate the heterocyclizations wherein the nitrogen appears initially installed either in the carbene ligand of the metal complex (subsection 1.2.2.1) or in the organic substrate (subsection 1.2.2.2). An early interesting revision showing the potential of Fischer carbene complexes for the synthesis of four- and five-membered heterocycles via ketenimine complexes was reported by Aumann.32

1.2.2.1. From nitrogen-containing carbene complexes
Three basic strategies that employ amino-, imino-, and β-amino/β-imino/β-cyano-carbene complexes as the source of the nitrogen reactant are shown.
 From aminocarbene complexes
The ability of chromium aminocarbene complexes to undergo carbonyl insertion under photochemical reaction conditions is well documented.33 On the basis of this process, Sierra and co-workers studied the photochemical reaction of chromium complexes having a suitably placed p-methoxyphenylimine tether (Scheme 1.12).34 In this case, the irradiation of complexes 57 under CO pressure does not permit isolation of the expected bicyclic β-lactams 58 via CO insertion/[2+2] cycloaddition, but bicyclic “anti-Bredt” γ-lactams 59, very likely derived therefrom, were obtained in moderate to good yields.


Scheme 1.12
Recently, Merlic has observed that acylaminocarbene complexes of chromium suffer non-photochemical insertion of carbon monoxide at room temperature, a fact that is the basis for a new synthesis of substituted pyrroles (Scheme 1.13).35 Thus, benzoylaminocarbene complexes 60 react with neutral and electron-poor alkynes 61 under CO pressure to afford pyrroles 62 in variable yields. The formation of the pyrrole ring is outlined in the scheme and basically involves three major steps: (i) the tetracarbonyl complex 60 undergoes insertion of carbon monoxide to form the ketene complex intermediate 64; (ii) this ketene complex cyclizes to the free-metal munchnone 63, which could be isolated and characterized; and (iii) finally, the dipolar cycloaddition of 63 toward alkyne dipolarophiles 61 and carbon dioxide cycloreversion complete the sequence.



Scheme 1.13
By far, most heterocyclizations gathered in this section are based on, or initiated by, the facile carbon–carbon triple-bond insertion reaction into the metal carbene functionality. Thus, simple approaches, like the intramolecular cyclopentannulation and benzannulation reactions of alkenyl aminocarbene complexes with alkyne groups tethered through the nitrogen atom, are outlined (Scheme 1.14).36 First, heating Z/E mixtures of complexes 65 in benzene at 80 °C yielded bicyclic pyrrolines 66. These cycloadducts arise from intramolecular alkyne insertion into the metal carbene 



Scheme 1.14
functionality, followed by cyclization of the resulting chromium dienylcarbene system. In contrast, starting with the carbene complexes 67, the tetrahydroquinoline ring 68 is exclusively formed in moderate yields. In this case, the intermediate metal dienylcarbene complex undergoes CO insertion to generate a metal ketene species which cyclizes to the final phenol system (Dötz reaction). The difference in terms of chemoselectivity for 65 and 67, cyclopentannulation vs benzannulation, is a consequence of the tether length between nitrogen and alkyne (two-carbon vs three-carbon spacers, respectively).37
Because of the biological interest of the 5-hydroxyindoline unit and the failure to synthesize it by the intramolecular benzannulation of alkenyl complexes 65 (vide supra), Wulff and co-workers envisioned an elegant alternative based on the radical benzannulation of the alkynylcarbene complexes 69 (Scheme 1.15).38 Thus, several complexes 69 were heated in the presence of 1,4-cyclohexadiene, as the hydrogen source, to afford regioselectively substituted indulines 70. The key step of the process lies in the cyclization of the enynyl ketene complex intermediate 71, formed by consecutive alkyne and CO insertion reactions. The radical benzannulation of 71 then produces the 1,4-diradical species 72, which leads to 70 by hydrogen abstraction and O-acetylation.


Scheme 1.15 
 From iminocarbene complexes
Iminocarbene complexes of group 6 transition metals are readily available from the corresponding alkoxy analogues and have been shown to be useful precursors of nitrogen heterocycles, particularly five membered rings. The photochemical behavior of these systems toward various unsaturated organic substrates has been studied in detail by the research group of Campos (Scheme 1.16). Thus, complexes 73 are able to react with styrene and electron-poor alkenes 74 under photochemical conditions, providing 1-pyrrolines 75 in moderate to good yields.39 On the other hand, a theoretical and experimental study was done which focused on the formation of substituted 2H-pyrroles 77 by irradiation of 73 in the presence of unactivated as well as electron-poor alkynes 76.39a,40 Similarly, the methyl(imino)carbene complex of chromium 73 leads to the substituted triazol 79 upon irradiation in the presence of azobenzene 78.41


Scheme 1.16
Detailed studies carried out by the groups of Wulff and Aumann revealed that iminocarbene complexes thermally cyclize to different types of alkynes, yielding variable mixtures of pyrrols and 3-hydroxypyridines (Scheme 1.17).42 Thus, heating iminocarbene complexes 80 and alkynes 81 in hexane results in the formation of a 


Scheme 1.17
mixture of pyrroles 82 ([3+2] cyclization) and 3-hydroxypyridines 83 ([3+2+1] cyclization). Minor amounts of the regioisomeric pyrrole were eventually observed for unsymmetrical alkynes. Additionally, the pyrrole ratio increases on going from chromium to tungsten carbene complexes. These observations, along with the high regioselectivity toward the described pyrrole cycloadduct 82, led Wulff and co-workers42b to consider the iminocarbenes 80 as nitrile ylide synthons for the [3+2] dipolar cycloaddition with alkynes.
Recently, the synthesis of a new type of iminocarbene complexes, amenable to be used in heterocyclic synthesis, was reported (Scheme 1.18).43 Thus, alkenylimino-carbene complexes of chromium and tungsten 86 are readily synthesized by condensation of aminocarbenes 84 and α,β-unsaturated amides 85. The newly formed carbenes 86 undergo thermal cyclization to the pyrroles 87 in high yields.


Scheme 1.18
From β-amino and β-imino alkenylcarbene complexes
β-Amino and β-imino alkenylcarbene complexes appear to be appropriate organometal reagents for heterocyclic synthesis. They are easily prepared by Michael-type addition of amines and imines to the corresponding alkynyl carbenes, according to the report by Fischer et al in 1972.44,45 Thus, heating the β-amino complex 88 at 60–80 °C with 2 equiv of isocyanide 89 affords substituted pyrroles 90 in high yields 


Scheme 1.19
(Scheme 1.19).46 The mechanistic proposal consists of the insertion reaction of isocyanide into the carbon-metal bond to form the intermediate 91, which undergoes cyclization to the pyrrole 90, facilitated by isocyanide-mediated removal of the metal carbonyl fragment.
In a different approach, the dihydroazepine ring has been reported by de Meijere and co-workers to be formed from β-aminocarbene complexes and alkynes via [5+2] cycloaddition (Scheme 1.20).47 Thus, the treatment of carbene complex 92 with alkynes 93 lead to the formation of chromium-complexed dihydroazepines 96, in low yield. The process is expected to begin with the regioselective insertion of the alkyne into the chromiun–carbon bond to form the intermediate 94. The final step implies intramolecular insertion of the new carbene ligand into the amino CR–H bond. Further treatment of complex 95 with pyridine results in metal decomplexation and ring-opening/ ring-reclosing, leading to pyrrolidine derivatives 96.

Scheme 1.20
From β-cyanocarbene complexes
More interestingly, Herndon and co-workers have reported a [5+5]-cycloaddition approach to isoquinoline derivatives 101 through coupling of β-cyanocarbene-



Scheme 1.21
chromium complexes 98 with 2-alkynylbenzoyl derivatives 97 (Scheme 1.21).48 The reaction proceeds via carbene-alkyne coupling, isobenzofuran 99 formation, intramolecular Diels-Alder reaction using a nitrile dienophile, and deoxygenation.
1.2.2.2. From nitrogen-containing organic substrates
This section deals with heterocyclic syntheses involving nitrogen-containing organic substrates and conventional metal carbene complexes; in other words, the cyclic nitrogen atom now comes from the nonmetallic reagent. Due to the broad range of organic substrates able to participate in this type of reactions, this section is not divided according to the organic substrate, but it is based on the size of the heterocycle formed.
Three-membered heterocycles
 Fischer carbene complexes have not been successfully used for the synthesis of three-membered heterocyclic rings. For instance, attempts to obtain aziridines by [2+1] cyclization of imines and Fischer carbene complexes were unsuccessful.49 An example of this type of heterocyclization involving azo compounds has been reported by McElwee-White (Scheme 1.22).50 Accordingly, diaziridines of type 104 are available in low to moderate yields by thermal or photochemical [2+1] cyclization of the tungsten carbene 102 and azocompounds 103, e.g., diethylazodicarboxylate and 4-methyl-1,2,4-triazoline-3,5-dione.


Scheme 1.22
Four-membered heterocycles
Since its discovery by the Hegedus group in 1982,33b the photochemical reaction of heteroatom-stabilized carbene complexes has emerged as a powerful tool for the selective synthesis of both R-amino acid derivatives and four-membered rings.33a This procedure has been particularly useful for accessing the β-lactam and β-lactone skeletons. At this point, some selected examples are given, focused on the synthesis of four-membered nitrogen heterocycles.
The pioneering work in this field33b is shown in Scheme 1.23, which describes the [2+1+1] cyclization of chromiun carbene complexes 105 with imines 106 to provide substituted β-lactams 107. The mechanism involves the photochemical insertion of CO into the metal carbon double bond to give the metal ketene intermediate 108. This species undergoes [2+2] cycloaddition to the corresponding imine 106, affording a diastereoisomeric mixture of the β-lactams 107.



Scheme 1.23

Five-membered heterocycles
This section deals basically with the cyclization of Fischer carbene complexes with various types of substrates containing the carbon-nitrogen double bond, e.g., imines, isocyanates, and azadienes, as well as with saturated nitrogen substrates such as hydrazines and amines.
 [3+2] Cyclization with imine derivatives
The reactivity of Fischer carbene complexes toward simple imines was recently reported by Akiyama et al. (Scheme 1.24).51 First, they found that achiral carbene complexes 34 (R* = Me) diastereoselectively produce dihydropyrroles 110 (R* = Me) when heated with aldimines in the presence of some Lewis acids.51a Importantly, the use of carbene complexes 34, having the chiral auxiliary 8-phenylmenthyloxy group, makes it possible to obtain dihydropyrroles 110 as a sole diastereoisomer. The acid hydrolysis of 110 nicely completes the asymmetric synthesis of optically pure pyrrolidinones 111.51b The mechanism invoked by the authors51a implies the [4+2] cycloaddition of the chromadiene 34 to the imine dienophile 109 to generate the metallacycloadduct 112, followed by reductive elimination of the metal fragment.



Scheme 1.24

From azadienes
Azadienes have been well recognized as potential building blocks in the synthesis of nitrogen heterocycles.52 Barluenga’s group realized that combining these nitrogen systems and the organometal reagents might open new routes to heterocycles. Thus they found that simple metal carbene complexes 113 smoothly cycloadd to 1-azadienes 114 to produce pyrrole derivatives 117 (Scheme 1.25).53 Use of short reaction times made it possible to stop the reaction at the cyclopropanation step and to isolate iminocyclopropanes 115 in good yields. Therefore, the mechanism of this [4+1] heterocyclization could be established as a cyclopropanation of the activated carbon–carbon double bond, followed by rearrangement of the resulting iminocyclopropane to pyrrolines 116 and heteroaromatization. The direct formation of pyrroles 117 from carbene complexes 113 and azadienes 114 was also reported by Danks and Velo-Rego.54



Scheme 1.25

From hydrazines
Aumann and co-workers have studied the reaction of alkynylcarbene complexes with hydrazines as a simple entry into the pyrazole ring (Scheme 1.26).55 Thus, treatment of the carbene 118 with methylhydrazine leads to the cyclic aminocarbene complex 120, which can be demetalated to the N-methyl-2-substituted pyrazole 121. The formation of 120 implies a Michael-type addition of the methyl-substituted nitrogen, followed by intramolecular methoxy displacement. In the case of hydrazine 122 and carbenes 25, the opposite regioisomer, the 3-substituted pyrazole 123, is solely isolated, which is most probably due to the decreased nucleophilic character of the substituted nitrogen.


Scheme 1.26
From alkynylamines
 More interestingly, Mori and co-workers have reported the synthesis of five- to seven-membered lactams 126 by reaction of alkynylamines 125 with the carbene complex 124 (Scheme 1.27).56 The process is invoked to begin with an alkyne 



Scheme 1.27
insertion and evolves through a CO insertion followed by intramolecular nucleophilic nitrogen attack to the ketene intermediate.
Six-membered heterocycles 
In the past decade, some examples of synthesis of six-membered N-heterocyclic rings from alkynyl- and alkenyl(alkoxy) carbene complexes have been published. Thus, the formal [3+3] cyclization of alkynyl carbene complexes 25 with ureas and thioureas 128, reported by the research group of Ricart appears to be a practical method for the preparation of new cyclic carbene complexes 129 and of the metal-free pyrimidinone derivatives 130 (Scheme 1.28).57


Scheme 1.28
On the other hand, Aumann and co-workers used enaminoketones and enaminoimines 131 as the N–C–C synthon toward alkynyl carbenes (Scheme 1.29).58 In this case, 1,2-dihydropyridin-2-ylene complexes 176 are isolated from tungsten alkynylcarbene complexes 25a and nitrogen substrates 131. The initial Michael adduct 132 could be characterized by NMR. On the other hand, complexes 176 (R = H) can be demetalated to pyridines 134 by acid treatment.



Scheme 1.29

Seven-membered heterocycles 
The potential of α,β-unsaturated carbene complexes as C-3 units in cyclization reactions leading to five- and six-membered heterocycles has been widely examined. The first successful example deals with the formation of 4,5-dihydro-3H-azepines 137 from 4-amino-1-azadienes 135 and alkenylcarbene complexes 136 under unusually mild reaction conditions (Scheme 1.30).59 This novel [4+3] cycloaddition takes place with moderate to high yields and with complete regio- and diastereoselectivity.



Scheme 1.30
The proposed mechanism of this process is outlined in Scheme 1.31 and has been established by means of 1H, 13C, 15N, and 183W NMR studies at low temperature.70b 



Scheme 1.31
The reaction begins at a temperature as low as –60 °C and involves the 1,2-nucleophilic attack of the imine nitrogen to the carbene carbon to form compound 140. This compound evolves at –40 °C to the metal azepine ring 141 via a cyclization promoted by a [1,2]-migration of the metal fragment. As the temperature increases, 141 demetalates, leading to the nitrogen-coordinated azepine 142. Last, the decomplexation of the latter occurs at –20 °C, affording the azepine 143, which tautomerizes to 196 on silica gel.
The 1,4-diazepine framework is accessible by using imines derived from pyrrole- and indole-2-carbaldehydes (Scheme 1.32).60 The room-temperature reaction of imino-pyrroles or indoles 145 and alkynylcarbenes 28 results in the formation of 1,4-diazepine complexes 146 in moderate to very high yields. This [4+3] heterocyclization takes place through a reaction pathway different from that observed previously (Scheme 1.31) and may involve Michael-type addition of the amine group, followed by intramolecular 1,2-imine addition to the M=C and finally [1,3]-metalpentacarbonyl migration. The zwitterionic pyrrolodiazepines 146 thermally rearrange, under CO or N2 atmosphere, to the substituted bispyrroles 147 or indolizines 148, respectively.



Scheme 1.32

1.3. Conclusion
[bookmark: _Hlk148258092]As the examples presented in this review demonstrate, metal carbene complexes of group 6 are reactive toward a wide array of nitrogen-containing substrates, allowing access to a great variety of mono- and polyheterocyclic compounds. In most cases, four- to seven-membered rings are successfully formed in a single step and with high selectivity. Among them, the facile azepine ring formation seems of particular relevance in terms of both mechanistic and synthetic purposes.
On the other hand, much additional work is needed to fully exploit the synthetic utility of transition metal carbene complexes in aza-heterocyclic synthesis. For instance, (i) developing cascade or consecutive processes that resemble those well known in recent syntheses of carbocycles will be welcome; (ii) designing new asymmetric methodologies or strategies is needed to improve the potential of these metal complexes in enantioselective heterocyclic synthesis; and (iii) doubtless the use of stoichiometric amounts of the metal reagent can be considered as the major and general drawback of these carbene complex-based synthetic strategies. Therefore, a conceptually new aspect that requires particular attention and that would qualitatively improve the general potential of these systems lies in the implementation of efficient catalytic processes.
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