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N-heterocyclic carbene (NHC) complexes of group 4 metals have been far less studied than their late metal counterparts. However, the field has been explored for over 25 years, and there is now a much clearer understanding of the metal-NHC interaction. Some exceptionally robust and active catalysts have been reported for a number of group 4 metal-catalyzed reactions, and recent developments suggest that NHCs are well-suited to enable the isolation of otherwise difficult to tame species, such as low-valent complexes.

Introduction

Over the course of three decades, N-heterocyclic carbenes (NHCs) * have had a profound impact on organometallic and main group chemistry. [START_REF] Bourissou | [END_REF][2][3][4] They are a tremendously useful class of ligands with a broad range of applications, especially with late transition metals. [START_REF] Nolan | N-Heterocyclic Carbenes in Catalytic Organic Synthesis[END_REF][START_REF]N-Heterocyclic Carbenes: From Laboratory Curiosities to Efficient Synthetic Tools[END_REF] Several tens of thousands of NHC complexes of group 8-11 metals have been reported, and hundreds of them are commercially available. In this chapter, we explore the comparatively more contained body of literature on group 4 metal NHC complexes and their applications (mostly to catalysis). As of April 2020, there are only about one hundred references dealing with Ti-, Zr-and Hf-NHC complexes, the overwhelming majority of which are based on a rather restricted range of ligands (Figures 1234). Still, several reviews on this topic have appeared during the last decade, to which the reader can refer for further reading. [START_REF] Schaper | Chapter 6 Early Transition and Rare Earth Metal Complexes with N-Heterocyclic Carbenes[END_REF][START_REF] Bellemin-Laponnaz | [END_REF][9][10] Why are NHC complexes comparatively so rare with group 4 metals? According to some authors in the field, this is due to the ease of ligand dissociation from the metal, presumably caused by soft / hard mismatch. [START_REF] Schaper | Chapter 6 Early Transition and Rare Earth Metal Complexes with N-Heterocyclic Carbenes[END_REF][9][10][11][12][13][14][15][16] However, let us consider compound [(F3B)(L 1 )] (1, R = R' = Mes) (Scheme 1), obtained from the reaction of L 1 (R = R' = Mes) with BF3 -arguably a textbook example of a hard Lewis acid. Not only is this adduct stable, but it can be recrystallised from hot acetonitrile. 17 An early theoretical study by Frenking focussed on the basicity of diaminocarbenes, and compared the dissociation energies (D0) of NHC adducts with a wide range of Lewis acids. The carbene donor was modelled by the computationally less demanding acyclic diaminocarbene :C(NH2)2, and other donors were included in the study for comparison (NH3 and CO). It was found that the donor-acceptor bond was always stronger with the carbene. The D0 of the Cl4TiC(NH2)2 and F3BC(NH2)2 adducts were 163 and 167 kJ.mol -1 . For comparison, the strongest donor-acceptor bond known at the time (Cl3AlNMe3) has an experimental D0 of 199 kJ.mol -1 . 18 Therefore, the stability of compound 1 is in line with the early theoretical prediction that hard Lewis acids form strong donor-acceptor bonds with NHCs. Now, let us turn to complexes [Pd(L 1 )2] (2, R = R' Dipp) and [Rh(L 33 )(COD)][BF4] (3) (Scheme 1), which undergo ligand exchange in the presence of phosphines. [19][20] These examples clearly demonstrate that (bulky) NHCs may dissociate easily from soft late transition metals. [21][22] Scheme 1. Counterintuitive (in)stability of NHC complexes in the presence of hard and soft Lewis acids.

Conversely, NHC coordination to group 4 metals can be so thermodynamically favorable as to result in the dissociation of strongly binding donors, e.g. the cyclopentadienide ligand (Cp). Such an extreme example is provided by the reaction depicted in Scheme 2. 23 Scheme 2. Cp dissociation upon NHC coordination to Hf.

Arguably, complex [HfCl(Cp)2(L 34 )] ( 6) is an anionic Hf(II) species, therefore not the archetypical example of a group 4 metal complex; nevertheless, its reactivity (to give [HfCl(Cp)(L 34 )(L 2 )] (7, R = Me)) should be a cautionary tale against the temptation of making sweeping statements about the weakness of the M-NHC bond in the case of group 4 metals. Thus, whilst the assertion that monodentate NHCs bind weakly to group 4 metals does contain some truth, it should be contextualized and examined critically. It is worth remembering that a few myths surrounding NHCs have been debunked over the years: for instance, that they are pure σ-donors, 24 or that they always form stable complexes. 25 It is this author's opinion that the supposed weakness of the M-NHC bond in group 4 metal complexes is another one of these myths. This can be traced back to an oft-cited study by Arnold, who indeed reported facile NHC dissociation in rare-earth metal complexes (through competition experiments with O-and N-donors). 26 However, the main issue with group 4 metal NHC complexes seems to be the electrophilicity of the metal-bound carbon atom (see section 6). [27][28][29] On the other hand, transmetallation of NHCs from group 4 metal complexes to late transition metals suggests a thermodynamic preference for NHCs to bind to the latter in some cases. 30 In fact, Zr complexes are useful NHC transfer agents for late transition metals. [31][32][33][34][35][36][37] Additionally, a number of studies reporting failed coordination attempts (or decomposition events) suggest some kind of mismatch between NHCs and group 4 metals in these particular instances. [38][39][40][41] But as a general rule, NHCs will form relatively strong bonds compared to other neutral donors: the stronger the donor strength, the stronger the bond -even with early transition metals. [42][43] As noted elsewhere, 27,[44][45][46] the notion that NHCs easily dissociate from group 4 metals is somewhat of an educated guess -but a momentous one: it has shaped the choice of ligands which quickly evolved from simple monodentate NHCs, [47][48][49][50] to more sophisticated bidentate and tridentate ligands functionalized with additional O-, N-and C-donors (Figure 5). 11,31,[51][52][53] .

At this point, it is worth commenting briefly on some important early examples of group 4 metal NHC complexes (Figure 5). Herrmann first reported complexes [MCl4(L 1 )] (8M, R = Me) in 1994, but these were only characterized by NMR spectroscopy and elemental analysis. Erker later reported structurally characterized examples of 8Zr (R = Me, R' = 2-butyl, CH2Mes; R = R' = i Pr) and 8Hf (R = R' = i Pr) and found an octahedral geometry with NHCs trans to each other. Erker also studied their behavior as ethylene polymerization catalysts, and complexes 8Zr displayed moderate activity (up to 75 kg.PE.mol-Zr -1 . h -1 .bar -1 at 25 °C, see the appendix).

Another interesting complex is [(TiCl3(L 2 ))2(μ-O)] (9, R = i Pr), which was the first crystallographically characterized example of a group 4 metal NHC complex (Figure 5). † This complex was obtained through the intentional hydrolysis of [(TiCl4(L 2 )] (10, R = i Pr): ‡ the striking fact that the Ti-NHC bond survived these reaction conditions nicely illustrates our contention that monodentate NHCs are suitable ligands for group 4 metals.

In 2002, Erker reported the first examples of cationic Ti-and Zr-NHC complexes [M(Cp)2Me(L 1 )][X] (11M, R = R' = i Pr; X -= BPh4 -, MeB(C6F5)3 -); the "in-plane" orientation of the NHC with respect of the Cp2Ti fragment suggested the absence of π interactions, but this view was later refuted by Jacobsen (see section 2.2.2).

After these initial studies, a number of research groups started reporting examples of ligands tailored specifically to bind strongly to group 4 metals. These examples served as blueprints for all the future developments in the chemistry of group 4 metal NHC complexes: they are presented here for their historical significance, and their properties will be discussed further in sections 5-6. In 2003, Kawaguchi reported complex [TiCl2(L 19 )(THF)] (12Ti, R = t Bu X = Cl) featuring a bisaryloxy-NHC ligand. Fryzuk reported the use of the bisamido-functionalized NHC ligand L 27 to stabilize complex † Although they were never reported, the structures of [Cp2Ti(CO)(IMe4)] and [TiCl4(IMes)2] have been displayed on Prof. A. J. Arduengo's personal webpage for >18 years, see ref 49 and list of relevant websites. ‡ Complex 10 was recently characterized by single crystal X-ray diffraction analysis, see [ZrCl2(L 27 )(Py)] (13, R = Tol; Py = Pyridine). Gibson and Hollis developed CNC and CCC pincer-type NHC ligands and reported complexes [TiCl3(L 29 )] ( 14) and [ZrI(NMe2)2(L 30 )] (15, R = Bu), respectively. Finally, Arnold described complex [Ti(O i Pr)3(L 10 )] ( 16), in which the alkoxy-tethered NHC L 10 binds strongly to Ti. To the best of our knowledge, the present review comprehensively references the field of group 4 metal complexes that are directly bound to NHCs, i.e. excluding NHC complexes of other metals that bind group 4 metals via a tether. In order to mirror the developments in the field, we will first examine theoretical studies on the nature and strength of the group 4 M-NHC bond (Section 2), followed by synthetic methods (Section 3) and complexes of mono-, bi-and tridentate ligands (Sections 4-6). Tables summarizing the salient features of each compound (e.g. M-CNHC distances and 13 C{ 1 H} NMR spectroscopy carbene signals) are given at the end of the sub-sections. Finally, we will highlight some more exotic examples in a dedicated section at the end of this chapter. Where relevant, catalytic and other applications will be discussed within the sections; a table summarizing ethylene polymerization studies is provided in the appendix. Compounds claimed in patents are included where experimental details have been provided.

Bonding between NHCs and group 4 metals

Orbital interactions

It is now well-established that NHCs can bind transition metals via three main orbital interactions (Figure 6, i): σ-donation (usually via the HOMO), π-donation (via an occupied orbital resulting from the mixing of the lone pairs on nitrogens and the empty p orbital on carbon), and π-backdonation (usually via the LUMO). 24,54 However, in order to interact with the metal, the NHC must reach the latter's valence shell (d orbitals). This can be problematic with Ti, because it is a first row metal: as a consequence of the absence of nodes in 3d orbitals, they are little more extended than the core 2s,p orbitals, which therefore undergo strong Pauli repulsion with the ligand's filled orbitals (Figure 6, ii). Second and third row metals (e.g. Zr, Hf) do not have that problem because they interact with ligands through more extended 4d and 5d orbitals, respectively; therefore, they form stronger metal-ligand bonds. [55][56] However, it should be noted that group 4 metals often have empty, and hence contracted d orbitals (+IV oxidation state), which diminishes the overlap with ligand orbitals for all metals, not just Ti.

Another important feature (in the particular case of NHC complexes with d 0 metal chlorides) is the bending of chloride ligands that are cis to the NHC towards the latter, the consequence being a Clcis•••CNHC distance that is smaller than the sum of the van der Waals radii of these atoms. This deformation is visible in the X-ray crystal structures of many complexes of group 4-5 metals. [57][58][59] A proposed explanation for this phenomenon is through-space charge transfer from the chloride to the NHC (Figure 6, iii). [57][58] However, a detailed charge displacement (CD) functional analysis conducted on [NbCl5(L)] systems (L = NHC, CO, isocyanide, cyanide) more recently concluded on the absence of direct ClNHC charge transfer. 59 In that case, the observed Cl•••NHC contact might simply originate from steric repulsion between the negatively charged chloride ligands (as observed with bromide and alkoxide ligands), 60 or to a second-order Jahn-Teller distortion in the case of octahedral complexes. 49,56 These aspects of group 4 metals bonding with NHCs have recently been summarized by Radius. 56 Figure 6 is reproduced from that work.

Finally, what should be emphasized is that orbital interactions are not the only factor governing metalligand bonding: electrostatic interactions are also a key contributor to the interaction energy; in the case of group 4 metals and NHCs, the latter of these interactions can become the main one (see section 2.2.2). 24,54 Thus, fairly strong bonds can be formed despite the above comments above about diminished orbital overlap. 

The EDA approach

Principle

Several authors have used the Energy Decomposition Analysis (EDA) method in order to investigate M-NHC bonding. 54,[61][62][63] Although partitioning schemes vary, and different nomenclatures may be used, an EDA scheme considers the different contributions to the interaction energy (ΔEint) between two fragments A and B possessing the same geometry as in the molecule A-B. [START_REF] Frenking | The EDA Perspective of Chemical Bonding[END_REF] Thus:

ΔEint = Δelstat + ΔEPauli + ΔEorb
where Δelstat corresponds to the electrostatic interaction, ΔEPauli corresponds to the Pauli repulsion, and ΔEorb corresponds to the orbital interaction (ΔEorb). Depending on the symmetry properties of the studied molecules, the latter term may be further decomposed into σ and π contributions (donation and backdonation).

Additionally, In order to obtain the bond dissociation energy (BDE, or De), the fragments must relax electronically and geometrically, which requires a preparation energy (ΔEprep), and hence:

De = -(ΔEint + ΔEprep)
The theoretical dissociation energy D0 may be obtained by subtracting the zero-point vibrational energy (Evib(0)), 65 which increases with molecular size:

D0 = De -Evib(0)

Results

Jacobsen compared d 0 complexes [TiCl4(L)] (10M, L = L 1 , L 5 , L [START_REF]N-Heterocyclic Carbenes: From Laboratory Curiosities to Efficient Synthetic Tools[END_REF] ) and [M(Cp)2(L 1 )] + (11M, R = R' = H) with a range of transition metal NHC complexes with increasing d electron count (Figure 7). 24,54 The π contribution to ΔEorb averaged 10 % (20 % for d 10 metals), about two-thirds of which came from backdonation from the metal. 24 With anionic d 0 complexes [MCl5(L 1 )] -(17M, R = R' = H), Tuononen obtained very similar results. 62 Frenking and Frison/Huynh found a slightly enhanced π contribution and slightly less backdonation with complexes 10 (which span a very broad range of NHCs). 43,61 Therefore, although NHCs act primarily as σ-donors towards group 4 metals, π interactions are not negligible. In particular, enhanced π-backdonation can be expected for low-valent metals (see section 4.2). However, σ-donation seems to be key in determining the strength of the interaction. Indeed, a very good correlation was found between ΔEint and the carbene's HOMO energy for both 10 and [AuCl(NHC)]: the higher the carbene's HOMO energy, the stronger the M-NHC interaction. 43 Figure 7. Selected examples of group 4 metal NHC complexes investigated computationally using EDA schemes.

The electrostatic contribution to the attractive part of ΔEint (i.e. Δelstat + ΔEorb) was found to oscillate around 65-75 % for complexes 10, 11M and 17M. 24,43,54,[61][62] Jacobsen actually showed that this holds true for transition metals in general. 24 On the other hand, as pointed out by Frenking, other basic neutral ligands also form mostly electrostatic bonds (e.g. NMe3, PMe3, imidazole). 61,66 Jacobsen also found a considerable difference between the interaction energies of anionic (17M: ΔEint ≈ -100 kJ.mol -1 ) vs cationic complexes (11M: ΔEint ≈ -250 kJ.mol -1 ). 54 However, these systems are experimentally quite rare. 44,50,[67][68] For the more common neutral complexes 9', values ranging from -166 to -283 kJ.mol -1 were obtained by Frenking and Frison/Huynh (depending on the carbene ligand). 43,61 Compared to other metals, these values appear to be slightly below average : most of the complexes studied by Jacobsen display ΔEint values ranging from -200 to -400 kJ.mol -1 , 54 and a range of -303 to -359 kJ.mol -1 was found for strongly bound [AuCl(NHC)] complexes. 43,61 Therefore, while the M-NHC interaction is not the strongest for group 4 metals, it is clearly not a threat for the stability of these species. However, Frenking calculated ΔEprep for complexes 10 and found that relaxing the MCl4 fragment releases a copious amount of energy, thus considerably lowering the bond dissociation energy. 61 Still, De values ranging from -110 to -167 kJ. mol -1 were obtained, which is comparable to typical values for main group donor-acceptor adducts (e.g. H3BNH3). 66, 69

Comparison with other neutral donors

To the best of our knowledge, there are only two systematic studies comparing the dissociation energies of M-L bonds where M is a group 4 metal and L is a neutral donor: the theoretical study by Frenking mentioned in the introduction (which hinted at the superior donating ability of NHCs compared to NH3 and CO), 18 and a series of papers by Tamm on Zr and Hf-Cht (Cht = cycloheptatrienyl) complexes (Scheme 3). [70][71][72][73][74] The separate reactions of precursors [M(Cht)X] (18M, X = Cp, allyl, pentadienyl) with L readily afforded adducts [M(Cht)X(L)] (19M) in the case of the NHC and isocyanides, but less so in the case of PMe3 (for which ligand dissociation hampered product isolation). DFT calculations at various levels of theory consistently indicated that the enthalpy of formation of 19M was lowest for the NHC, i.e. that it is the strongest donor. [71][72][74][75] Scheme 3. Reaction of Zr-and Hf-cycloheptatrienyl complexes with neutral donors. § Despite the numerous claims that NHCs dissociate easily from early transition metals, only a handful of reports actually deal with the stability of the M-NHC bond towards ligand exchange in the case of group 4 metals. Arnold has shown that triphenylphosphine oxide readily displaces bidentate and tridentate NHCs from oxophilic group 3 metals; 26 however no reaction was observed with group 4 metal complexes (e.g. 16, Figure 5). 53,76 Similarly, Lorber has shown that the reaction of Ti imido complex [TiCl2(NAr)(NHMe2)(L 1 )] (20Ti, R = R' = Mes, Ar = Dipp or 2,6-C6H3Cl2) with an excess of pyridine displaces the dimethylamine ligand -not the NHC -to give [TiCl2(NAr)(Py)(L 1 )] ( 21). The TiCl2NAr fragment (Ar = 2,6-C6H3Cl2) is even capable of accommodating a second NHC, thus generating [TiCl2(NAr)(L 1 )2] (22) (Scheme 4). 77 § The crystal structure of a Ti-cycloheptatrienyl NHC complex is shown in ref 70, however no experimental details were given. Thus, while there is little doubt that NHCs may dissociate from group 4 metals (given the generally weaker interaction energy compared to later transition metals), actual experimental evidence for processes involving NHC dissociation remains scarce, and mostly indirect. 53,78 By and large, NHCs are an exceptionally versatile class of ligands for a vast range of transition metals and main group elements.

Synthesis of group 4 metal NHC complexes

There are two methods for preparing NHC complexes of group 4 metals: the direct reaction of a free carbene with a metal precursor (thereafter referred to as the "free carbene route"), and the reaction of an azolium salt with a metal precursor possessing basic ligands (the "alcohol/amine elimination route"). The first of these methods was used exclusively until 2004, when Abernethy reported the application of the second method to generate the Ti complex [TiCl2(NMe2)2(L 1 )] (23, R = R' = Mes) (Scheme 5). 58 Each method has its trade-offs: the free carbene route requires the use of stoichiometric amounts of NHCs, which can be unpractical; the alcohol/amine elimination route results in complexes that frequently incorporate the eliminated alcohol or amine, along with the counteranion of the azolium salt (e.g. chloride).

The widely used transmetallation route using Ag-NHC species is not feasible for group 4 metals; 39 in fact, Jacobsen has shown that group 4 metal NHC complexes have about the same ΔEint as silver NHC transfer agents [AgCl(NHC)]. 54 To the best of our knowledge, other methods such as the use of NHC-CO2 adducts as NHC surrogates, 79 or template synthesis of an NHC at the metal, 80 have not been reported.

Scheme 5. Known synthetic routes to group 4 metal NHC complexes and the first example obtained by amine elimination.

Complexes bearing monodentate ligands

Until 2003 and Kawaguchi's report of a tridentate NHC Ti complex, 11 only monodentate NHC complexes were known for group 4 metals. Some of these have already been presented above (8-11 and 17-23), therefore they will not be further discussed in the first subsection. In the following subsections, we will discuss the case of low-valent group 4 metal complexes (M(III) to M(0)) separately, because of the peculiar properties of these species.

M(IV) complexes

Using the free carbene route with TiF4, Roesky described the synthesis of fluoride analogues of 8Ti [TiF4(L 2 )] (8'Ti, R = Me, i Pr) (Figure 8). When an NHC bearing N-i Pr groups was used, the resulting complex was unstable and decomposed in THF to give anionic complex [TiF5(L 2 )][L 2 H] (24, R = i Pr), in which the counterion is the imidazolium cation (Figure 8). As a consequence of the anionic nature of 24, the 13 C{ 1 H} NMR signal of the carbene is strongly deshielded (207.6 ppm); the Ti-CNHC distance is slightly elongated (2.310(3) Å) compared to other Ti-NHC complexes, but not overly so (see Table 1).

With N-Me substituents on the NHC, the complex was more stable; addition of [Ti(NEt2)4] yielded the F-bridged dimer [{TiF2(NEt2)(L 2 )}2(μ-F)2] (25). In this case the Ti-CNHC distance is much shorter at 2.2367(9) Å. The NHC donor properties were evaluated by DFT calculations: the free energy of the reaction [TiF5] -+ L  [TiF5L] -was computed and it was found that for these conditions the donor strength of NHCs fall between Cl -and F -. This was confirmed experimentally using an empirical method based on 19 F NMR spectroscopy. 81 Fischer also described examples of 8Ti and 8'Ti (R = Dipp), along with [TiCl4(L 1 )] (10, R = Dipp) (Figure 8). Complexes 8Ti and 8'Ti both display an octahedral geometry, but the Ti-CNHC bond distances are considerably shorter for the latter (mean 2.262(2) Å vs mean 2.318(3) Å). ** Compared to the example reported by Roesky (with L 2 , R = i Pr), those distances are also shorter (mean 2.2800(8) Å). The trigonal bipyramidal complex 10, in which only one NHC binds Ti, displays an even shorter Ti-CNHC bond distance (2.198(6) Å). 30 Erker reported anionic complex [HfCl5(L 1 )][L 1 H] (17Hf, R = R' = i Pr) (Figure 8) in 2003. This complex displays an octahedral geometry in which one of the apical coordination sites is occupied by the NHC ligand. The anionic nature of 17Hf is reflected in the long Hf-CNHC bond distance (2.406(6) Å) and the relatively shielded (for Hf) carbene signal (187.5 ppm). 67 In an attempt to generate 22 (Scheme 4) by reacting [TiCl2(=NDipp)]n with two equivalents of IMes, Lorber obtained a rare example of an anionic Ti-NHC complex [TiCl3(NDipp)

(L 1 )][L 1 H] (26, R = R' = Mes)
in which the imido and NHC ligands are mutually cis (Figure 8). 44 As a consequence of the sterically congested coordination sphere, the Ti-CNHC bond distance is quite long (2.306(4) Å). Presumably, steric crowding also prevents the coordination of two IMes ligands. Using the free carbene route again, complexes [MCl2(NMe2)2(L 1 )] (27M, R = R' = Mes or Dipp) were obtained by Abernethy, Lorber and Roesky. 44,82 The Ti-CNHC and Zr-CNHC distances are unusually long (27Ti: R = R' = Mes: 2.316(10) (Lorber), 2.313( 5 Considering the importance of amido-and imido-bearing group 4 metal complexes in catalytic hydroamination and multicomponent coupling reactions, [83][84] complexes 20-22, 26 and 27M could be worth investigating further in catalysis.

Tamm reported a series of Ti NHC complexes [TiX2(C5H4R)(L 3 )] 28 (R = H, t Bu; X = Cl, Me, Figure 8) which represent an interesting variation of the imidazole-2-ylidene template (Figure 1,A). The presence of the borate moiety in the 4-position of the imidazole ring makes the NHC anionic: thus, complexes 28 were synthesized by displacing a chloride ligand from parent [TiCl3(C5H4R)]. High catalytic activity was obtained in ethylene polymerization with one of these complexes in the presence of Al i Bu3 / ** : We have used the following propagation formula to calculate estimated deviations (esds) of mean distances

𝑒𝑠𝑑(𝑑 ̅ ) = √∑ (𝑒𝑠𝑑(𝑑 𝑖 )) 2 𝑁 𝑖=1

𝑁

, where 𝑒𝑠𝑑(𝑑 𝑖 ) are the esds of individual bond distances obtained from crystallographic information files, and N is the number of bond distances. Hence, the value of 𝑒𝑠𝑑(𝑑 ̅ ) reflects the average quality of the structures under consideration but not the dispersion of the distances of the sample itself.

[Ph3C][B(C6F5)4] as cocatalyst (R = t Bu; X = Cl; up to 566 kg-PE.mol-Ti -1 .h -1 .bar -1 at 25 °C); another complex in this series exhibited efficient hexene incorporation in ethylene/hexene copolymerization (R = t Bu; X = Me; > 30 % hexene incorporation, up to 305 kg-polymer.mol-Ti -1 .h -1 .bar -1 at 25 °C). 85 Finally, the range of monodentate NHCs is not limited to A: Hahn and Richeson reported Ti and Zr complexes [TiCl4(L 4 )] ( 29) and [ZrX2(NMe2)2(L 8 )2] (30, R = Tol, i Pr; R' = Tol, 2-Py; X = Br, OMs) respectively, which contain benzimidazol-2-ylidene (C, Figure 2) and perimidin-2-ylidene (F) carbenes (Figure 8). Complex 29 was obtained by the free carbene route; 86 compared to complexes 8Ti and 10Ti, the 13 C{ 1 H} NMR signal is shifted downfield (196.0 vs 180.7-186.7 ppm). At 2.221(2) Å, the Ti-CNHC bond distance is unremarkable. Complex 30 was obtained by the amine elimination route; 87 they were characterized by NMR spectroscopy only, and the carbene signal was not observed in the 13 C{ 1 H} spectra.

Nbr M(n)

Formula R, R', R'' Ar X, X', X'' dM-CNHC (Å) δCNHC (ppm) Ref. 

25 Ti(IV) [{TiF2(NEt2)(L 2 )}2(μ-F)2] Me - - 2.2367(9) - 26 Ti(IV) [TiCl3(NDipp)(L 1 )][L 1 H] Mes Mes - - 2.306(4) - 27Ti Ti(IV) [TiCl2(NMe2)2(L 1 )] Mes Mes - - 2.316(10) 2.313(5) 194.0 77, 58 27Ti Ti(IV) [TiCl2(NMe2)2(L 1 )] Dipp Dipp - - 2.313(3) 195.2 27Zr Zr(IV) [ZrCl2(NMe2)2(L 1 )] Mes Mes - - 2.435(3) 192.4 27Hf Hf [HfCl2(NMe2)2(L 1 )] Mes Mes - - - 204.0 28 Ti(IV) [TiX2(C5H4R)(L 3 )] H - Cl 2.

Lower oxidation states

Low-valent group 4 metals are interesting in the context of NHC chemistry because they can potentially backdonate much more electron density to the ligand, especially with NHCs possessing enhanced π-accepting properties such as cyclic (alkyl)(amino)carbenes (CAAC, D, Figure 1). 88 This can in turn lead to interesting properties related to the possible redox non-innocence of the NHC -in which case the oxidation state of the metal becomes indeterminate.

Lorber reported the unexpected formation of a Ti(III) complex by reacting [Ti(NMe2)4] with 2 eq of 9) was obtained upon heating the reactants at elevated temperatures (80 °C), but the authors could not explain the reduction mechanism. The EPR spectrum of a toluene solution of 31 was consistent with a d 1 Ti complex (g = 1.9433, no coupling to N). The Ti-CNHC bond distances (mean 2.295(2) Å) are unexceptional. Lorber also reported partially characterized examples of Ti(III)-NHC complexes bearing the IMes ligand, and postulated the formation of 31 (R = R' = Mes, X = Cl)(Figure 9). 44 Later, Roesky (R = R' = Dipp) and Radius (R = R' = Mes) reported the X-ray diffraction structures of 31, which were obtained using the free carbene route. 56,82 Radius conducted DFT calculations on 31 (R = R' = Mes, X = Cl) and concluded that the unpaired spin density resides on Ti, consistent with a genuine Ti(III) complex. Compared to 31 (X = NMe2), the Ti-CNHC bond distances in 31 (X = Cl) are considerably longer (R = R' = Mes: mean 2.332(3) Å; R = R' = Dipp: mean 2.336(4) Å), which is counterintuitive. Interestingly, the Ti-CNHC bond distances in 31 (R =R' = Mes, X = Cl) and its Ti(IV) analogue 8Ti (R = R' = Mes) are indistinguishable within 3σ, therefore this parameter is not useful for discriminating both oxidation states in this particular case. 56 By contrast, complex [TiCl3(L 7 )2] (32) displays significantly shorter Ti-CNHC bond lengths (mean 2.293(2) Å) compared to its Ti(IV) analogue (not shown, mean 2.330(4) Å). 56,89 This is in line with the greater delocalization of unpaired electron density onto the CAAC ligand compared to IMes, because of the enhanced π-acceptor character of the former. Still, the computed electronic structure of 32 indicates a clear-cut d 1 configuration. 56 Deng reported the CAAC Hf(II) complex [HfX2(L 7 )2] (33Hf, X = Cl) which was obtained by reaction of the free carbene with a 1:2 mixture of HfCl4 and KC8. 90 The authors found a closed-shell singlet state (S = 0) lying 57.7 kJ.mol -1 lower than the lowest open-shell state (S = 1) and concluded that the electronic configuration of the complex (X = Cl) was d 2 . However, strong π-backdonation was evident in the short Hf-CNHC (mean 2.169(3) Å) and long CNHC-N (mean 1.377(3) Å) bond distances. Complex 33Hf (X = Bn) was also obtained by reacting the dichloro complex 33Hf (X = Cl) with 2 eq of KBn; in this case the Hf-CNHC bond distance of 33Hf (X = Bn) was longer (mean 2.197(3) Å), but the CNHC-N bonds were also slightly longer (mean 1.391(3) Å) than in the chloro complex 33Hf (X = Cl).

[L 1 H]Cl (R = R' = Mes). Complex [TiCl2(X)(L 1 )2] (31, R = R' = Mes, X = NMe2) (Figure
Remarkably, complex [TiX2(L 7 )2] (33Ti, X = Cl) (Figure 10), obtained by reduction of 32 with 1 eq of KC8, displays a much narrower energy gap between closed-and open-shell states (1.3-2.1 kJ.mol -1 depending on the temperature), although the average Ti-CNHC bond distance is also quite short, at 2.109 Å. At room temperature, the triplet state (S = 1) is significantly populated. The lower energy closed-shell singlet state (S = 0) was found to involve considerable π-interaction between Ti and both CAAC ligands, whilst the triplet state (S = 1) only involves unpaired electron delocalization to one of the carbenes. 89 As a result of this complex and temperature-dependent electronic structure, assigning an oxidation state to 33Ti is essentially a moot point, but can be considered as being comprised between +II and +III. In 2013, Baumgartner, Marschner and Müller reported unusual Ti-NHC/germylene complexes [Ti(Cp)2(L 35 )(L 2 )] (34, R = Me, n = 1, 2) (Figure 10). The germylene ligand acts as a π-acceptor to stabilize the low-valent Ti center: the starting material for 34 is [Cp2Ti(btmsa)] (btmsa = bis(trimethylsilyl)acetylene), a "masked" Ti(II) reagent. NMR spectroscopic data indicates slow rotation of the germylene ligand, therefore the double-bond character of the Ti / Ge interaction is partial and the Ti center indeniably possess some Ti(II) character. However the Ti-CNHC bond (for n = 1) is quite long at 2.323(2) Å, probably because the germylene ligand is a better π-acceptor than the NHC. 91 Braunschweig reported complex [Ti(C6H6)2(L 1 )] (35, R = R' = Me) (Figure 10), which was obtained by reaction of the free NHC with bis(benzene)titanium [Ti(C6H6)]. 92 The latter is a highly reduced Ti complex stabilized by strong δ-backbonding, which can therefore be considered as a masked Ti(0) reagent. 93 Not much is known about the electronic structure of 35, but the authors contended that the long Ti-CNHC distance of 2.323(3) Å evidences its low-valent character -which clearly contradicts the trend observed with complexes 33M. Since the benzene ligands in 35 probably accept considerable electron density from Ti by π-backdonation, it is reasonable to conclude that the Ti-CNHC bond distance is abnormaly long (for a low-valent Ti complex) due to the presence of a better π-acceptor.

In closely related work, Beckhaus reported complexes [Ti(L 36 )2(L 2 )] ( 36), obtained by reaction of the free NHC with bis (η 5 ,η 1 )pentafulvene titanium precursors. 94 In spite of the interaction between Ti and the exocyclic carbon (dashed line, Figure 10), the pentafulvene ligands in 36 display an η 4 -coordination mode, indicative of the low-valent nature of Ti. Again, an elongated Ti-CNHC bond length (2.342(2) Å) is observed, probably due to the strong π-accepting properties of the pentafulvene ligand -which also precludes the straightforward assignment of a meaningful oxidation state. However, the shielded carbene signals (151.7-164.8 ppm) are a clear indication of the low-valent nature of 36.

Cloke reported some interesting reactivity following the coordination of an NHC to the bis(pentalene) dititanium complex [Ti2(L 37 )2] (37) (Scheme 6), a low-valent Ti reagent which acts as a d 2 titanocene surrogate. [95][96][97] It appears that the NHC enhances the reactivity of the adjacent Ti center in complex 37, resulting in C-H bond activation at the pentalene framework. When [Ti2(L 37 )(L 38 )(μ-H)(L 2 )] ( 38) is reacted with H2, the Ti bis(hydride) complex [Ti2(L 37 )2(μ-H)(H)(L 2 )] ( 39) is obtained, and deuterium labelling studies indicated that the C-H bond is formed before H2 activation takes place: this suggests a mechanism involving C-H reductive elimination, followed by oxidative addition of H2. 96 Reaction of 38 with acidic reagents such as HCl or tertbutylacetylene generates complexes [Ti2(L 37 )2(μ-H)(X)(L 2 )] (40). Interestingly, the use of an ammonium salt with a weakly coordinating anion enables the isolation of complex [Ti2(L 37 )2(μ-H)(L 2 )][BPh4] (41), in which one of the Ti centers is stabilized by an agostic C-H bond. 97 The Ti-CNHC bond distances in 38-41 are unremarkable (mean 2.280(2) Å), however protonation of 38 to give 41 has a distinct shielding effect on the carbene signal in their 13 C NMR spectra (38: 197.8; 41: 185.4 ppm). Scheme 6. Reactions of a bis(pentalene)dititanium NHC complex.
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Complexes bearing bidentate NHCs

O-functionalized ligands

In 2006, Arnold reported complex [Ti(O i Pr)3(L 10 )] (16) (Figure 5) and used it in the ring-opening polymerization of rac-lactide. The initiator activity of 16 was relatively good for a titanium complex, producing low molecular weight polylactide (≤ 2300 Da) with narrow polydispersity (PDI ≤1. 19) in a couple of minutes. Interestingly, chain-end analysis of the polymers by MALDI mass spectrometry showed termination by imidazolium cations, which indicates that complex 16 acts as a bifunctional catalyst. This in turn suggests that the carbene ligand could dissociate from Ti during catalysis. This hypothesis is consistent with the observation that a related Y complex, which readily undergoes carbene dissociation, is a much more active initiator than complex 16. 53 However, no further evidence (e.g. computational studies) for dissociation during catalysis was given. Reduction of complex 16 with potassium yielded a tetranuclear mixed-valence Ti(III)/Ti(IV) cluster resulting from the activation of silicone grease. 98 A rare homoleptic Ti(III)-NHC complex bearing the same alkoxy-functionalized NHC as complex 16 was also reported: complex [Ti(L 10 )3] (42) (Figure 11). The solid-state structure of 42 reveals three different Ti-CNHC bond lengths (2.263(5), 2.252(4), 2.299(4) Å). 99 Longo reported a series of Zr complexes [Zr(NEt2)2(L 11 )2] (43) bearing alkoxy-functionalized NHCs. These complexes exist as mixtures of stereoisomers, and since they could not be characterized by Xray diffraction, their structure remains unknown. The cyclopentanol-functionalized complex displayed low ethylene polymerization activity (up to 5.1 kg-PE.mol-Zr -1 .h -1 .bar -1 at 50 °C), 100 and other complexes were even less active. 101 Grubbs reported Ti and Zr complexes bearing two aryloxy-functionalized imidazolidin-2-ylidene ligands (B, Figure 1). [102][103] Complexes [MCl2(L 12 )2] (44M, R = Ad, R' = Me, R'' = H, Ar = Dipp) (Figure 11) were structurally characterized and both NHCs were found trans to each other, whilst chloride ligands were cis. Both 44Zr and 44Ti were found to be weakly active in ethylene polymerization (up to 17 kg-PE.mol-M -1 .h -1 .bar -1 at 50-80 °C). Complex 44Ti was weakly active in styrene polymerization (up to 1.3 kg-PS.mol-Ti -1 .h -1 at 80 °C), however the polymer thus obtained was highly syndiotactic and displayed a high melting temperature (Tm ≈ 250 °C). 103 . Later, El-Batta reported that removal of the Ad group increased the catalytic efficiency of 44Ti; however, no experimental details were given. 104 More recently, Le Roux also explored the effect of steric bulk reduction on 44Ti by removing the Ad and / or Me groups on the aryloxy substituent, and varying the aryl group (i.e. from Dipp to Dep and Mes). Keeping the Dipp unit on the NHC enables the isolation of 44Ti (Ar = Dipp, R = R' = H, R'' = H or Me). The carbene signal is more shielded in the 13 However, the reaction mixtures evolved and, astonishingly, electron-rich olefin complexes [TiCl2(L 39 )] (45, Ar = Dep, Mes) (Figure 11) were finally isolated (Figure 8). 78 The dimerization of the NHC ligand is evident in the more shielded olefinic carbon signal (Ar = Dep: 160.7 ppm; Ar = Mes: 160.8 ppm). It is not clear whether the dimerization occurred before or after coordination to Ti, but this is one of the rare cases in which NHC dissociation from a group 4 metal can reasonably be invoked. Complexes 44Ti and 45 were moderately active in ethylene polymerization (26-36 kg-PE.mol-Ti -1 .h -1 .bar -1 at ambient temperature).

Buchmeiser also reported a series of Ti complexes 

N-functionalized ligands

Complexes [Ti(X)(X')(O i Pr)(L 13 )] (48, R = t Bu, X = Br, O i Pr, X' = Br, O i Pr) (Figure 12), obtained by reacting [TiCl(O i Pr)3] with Li-NHC.(LiBr)n (n = 0,1,2), were reported by Arnold in 2006. Interestingly, the number of bromide ligands in 48 was directly related to n, which indicates that the bromide anion binds titanium more strongly than chloride. Moreover, the carbene signal of the tris-isopropoxy complex is considerably less shielded than that of the mono-bromo bis-isopropoxy complex (205.6 vs 187.6 ppm). † † The solid state structure of the latter complex displayed short Br•••NHC and O•••NHC contacts, † † Other complexes were only characterized by 1 H NMR spectroscopy.

but DFT calculations indicated that this was due to steric interactions between the X and X' ligands and the O i Pr ligand located trans to the NHC. Reaction of 48 (X= Br, X' = O i Pr) with 1-tertbutylimidazole yielded cationic complex [Ti(O i Pr)2( t BuIm)(L 13 )][Br] (49, R = t Bu, t BuIM = 1-tertbutylimidazole) in which a bromide ligand -not the NHC -has been displaced by the incoming neutral base. 60 Figure 12. Group 4 metal complexes bearing N-functionalized bidentate NHCs.

Lavoie reported a series of adducts between a neutral imino-functionalized NHC and group 4 metals chlorides [TiCl3(L 14 )(THF)] (50, R = Mes, R' = t Bu, Ar = Xyl) and [MCl4(L 14 )] (51M, R = Mes, R' = t Bu, Ar = Xyl) (Figure 12). Compared to complex 10Ti (R = i Pr), which bears a monodentate NHC, the Ti-CNHC bond distance in 51Ti is slightly shorter due to the chelating effect of the imino moiety (10Ti: 2.1759( 14) Å; 51Ti: 2.167(5) Å). These complexes displayed good activity in ethylene polymerization (51Zr: 140, 51Ti: 40 kg-PE.mol-M -1 .h -1 .bar -1 at room temperature). 108 In the case of 51Ti, replacement of two chlorides by aryloxy ligands lowered the polymerization activity to negligible levels. 109 A patent was granted to Slaughter and the Chevron company for a series of derivatives of 51M. The claimed Zr complexes displayed similar ethylene polymerization activity to that reported by Lavoie. 110 Hydrolysis of a hafnium complex gave a μ-oxo complex in which the NHC was intact. Another unexpected reaction was encountered by Ong when reacting L 13 H with [Zr(CH2Ph)]4.

Depending on the substituent on the imidazole-2-ylidene ring, compounds [Zr(Bn)4(L 13 H)] (55, R = t Bu, Mes) and [Zr(Bn)3(L 13 )] (56, R = Mes) could be isolated and characterized by single crystal X-ray diffraction analysis (Scheme 8). Interestingly, for R = Mes, the Zr-CNHC bond in 56 is longer than that in 55 (2.451(2) vs 2.420(2) Å). This is probably due to the loss of a Bn ligand, which decreases the electron density at Zr. Eventually, the thermodynamically favored aza-allyl complex [Zr(Bn)2( t BuNC2H3)(Rim)] (57, R = Mes, t Bu) was obtained. 112 Similar to other NHC decomposition pathways for group 4 metals complexes, it seems that the reaction is driven by the formation of several M-N bonds (see section 6). 

C-functionalized and Bis-NHC ligands

The cyclopentadienide ligand (Cp) is ubiquitous in group 4 chemistry, 113 therefore the use of Cpfunctionalized NHC ligands to stabilize these metals is an interesting development. Müller reported the first and (so far) only examples of piano-stool Ti and Zr complexes bearing a bidentate Cp-NHC ligand [M(NEt2)2(L 15 )][I] (58M) (Figure 13). Complexes 58M were obtained by reacting one equivalent of the iodo imidazolium precursor with [M(NEt2)4]. The carbene signal of these cationic NHC complexes were quite shielded (58Ti: 185.3 ppm; 58Zr: 182.7 ppm). When two equivalents of imidazolium were used, neutral zirconium diiodo complex [ZrI2(NEt2)(L 15 )] (58') was obtained (Figure 13). Complex 58' features a distorted square pyramidal geometry in which the iodo ligands are mutually cis, and the apical site is occupied by the Cp moiety. The carbene signal in the 13 C NMR spectrum of 58' (187.8 ppm) is less shielded than that of 58Zr. 114 Danopoulos reported a series of group 3-6 metal complexes bearing indenyl-and fluorenylfunctionalized NHC ligands. The Ti(III) complex [TiCl(NMe2)(L 16)] ( 59) was obtained by reaction of [TiCl2(NMe2)2] with the fluorenyl-NHC potassium salt, which apparently acts as a reducing agent for the Ti(IV) precursor. The spiro-imidazolium salt 60 was obtained as a by-product of the reaction. 115 An indenyl-NHC Ti(III) complex [TiCl2(L Finally, the aforementioned Chevron patent described the synthesis of a bis-NHC Zr complex [ZrCl4(L 18 )] (64) (Figure 13), which was synthesized using the free carbene route. However, no NMR spectra or X-ray structure were reported, and the polymerization activity of 64 was not described either. 110

Complexes bearing tridentate NHCs

Pincer-type ligands are of especial importance in coordination chemistry: they impart great stability to transition metal centres, and compared to bidentate ligands they generally simplify the isolation of single diastereoisomers. As a consequence, they have been used thoroughly in homogeneous catalysis. [117][118][119][120] Therefore, the successful application of pincer-type NHC ligand to group 4 chemistry is anything but surprising.

O,O functionalized ligands

Flexible Bisaryloxy-NHC ligands

Kawaguchi first reported the use of tridentate bisaryloxy-NHC ligands based on the imidazol-2-ylidene template (A, Figure 1). These ligands show some fluxionality in solution due to the methylene linkers, and therefore they can adopt two configurations: transoid (very common in the solid state) and cisoid (less common). In addition, since octahedral complexes are also stereochemically labile, 105-107 it is often difficult to ascribe the observed fluxionality to a particular mechanism based solely on solution spectroscopic techniques. Few examples of these ligands have been reported over the years; they generally differ by the 4-position of the aryloxy ring (Figure 14). Complex [Ti(X)2(L 19 )(THF)] (12Ti, R = t Bu, X = Cl) (Figure 5) displayed high activity in ethylene polymerization (290 kg-PE.mol-Ti -1 .h -1 .bar -1 at 30 °C). 11 The carbene signal of this complex is unusually shielded (164.0 ppm). Interestingly, variable 1 H NMR spectroscopy between -50 and 25 °C revealed the fluxionality of the complex, and the authors suggested that THF exchange is responsible for this phenomenon. However, the dibenzyl analogue [Ti(X)2(L 19 )] (65Ti, R = t Bu, X = Bn) (Figure 15) -which lacks a coordinated THF molecule -is also fluxional. A carbene signal at 188.3 ppm was reported in the 13 C NMR spectrum of 65Ti. Complex 65Ti displays a trigonal bipyramidal geometry, whereas 12Ti is octahedral; this could explain the shorter Ti-CNHC distance in the former despite the presence of electron-releasing Bn ligands (2.187(3) vs 2.200(9) Å). Kawaguchi also reported the aryl complexes [Zr(X)2(L 19 )(THF)] (12Zr, R = t Bu, X = Cl) and [Zr(X)2(L 19 )] 65Zr (R = t Bu, X = Bn, CH2SiMe3), and established that the former is in slow equilibrium with an isomer in which the THF ligand is trans to the NHC. For 65Zr on the other hand, atropoisomerization (i.e. an equilibrium between transoid and cisoid forms) was invoked. As observed for Ti, trigonal bipyramidal 65Zr (X = Bn) displays a shorter Zr-CNHC bond distance than octahedral 12Zr (2.309(3) vs 2.35(1) Å). The homoleptic octahedral complex [Zr(L 19 )2] (66Zr, R = t Bu) was also obtained by reacting two equivalents of dianionic ligand precursor with ZrCl4. 12 The Zr-CNHC bond distances in 66Zr are the longest reported with L 19 (mean 2.382(2) Å).

Zhang reported examples of structurally characterized Ti complexes in which Kawaguchi's ligand is in cisoid conformation. Thus, reacting the [Ti(X)2(L 19 )(THF)] 12Ti (R = t Bu, X = Br) with 0.5 eq of H2O in THF yielded the μ-oxo complex [(TiBr(L 19 ))2(μ-O)] ( 67), while reacting 65Ti (X = Bn, R = t Bu) with 1.0 eq of H2O in Et2O yielded [(Ti (L 19 )(μ-O)2] 68 (Figure 15). As a (likely) consequence of the large structural trans effect of the oxo ligand, 121 the Ti-CNHC bond distance in 68 is considerably longer than that in 67 Zhang also reported additional examples of 65Ti (R = t Bu, Me; X = OBn, Me), along with a Ti(III) complex [TiBr(L 19 )(THF)2] (69, R = t Bu) (Figure 15) obtained by reacting 12Ti (R = t Bu, X = Br) with LiBEt3H.

Complex 69 displays a fairly short Ti-CNHC bond distance (2.18(1) Å);the high Lewis acidity, and the presence of easily exchanged THF co-ligands, in this d 1 complex are likely responsible for it being fairly active in ethylene polymerization (82 kg-PE.mol-Ti -1 .h -1 .bar -1 at 50 °C). Interestingly, complex 12Ti (R = t Bu, X = Cl) displayed lower activity compared to Kawaguchi's report, but the authors used a different cocatalyst (MAO instead of modified MAO); this complex also showed some activity in alkyne cyclotrimerization. 14 In 2010, Zhang reported the reaction of 65Zr (R = t Bu, X = Cl) with the parent sodium imidazolide salt substituted by the same aryloxy ring, and obtained a hexameric Zr macrocycle connected by imidazolide-aryloxy ligands (not shown). The macrocyclic complex was found to be 2.5 times more active than 65Zr in ethylene polymerization, but of course it contains six times more Zr. 122 For all the examples in Figure 15, the complexes were synthesized using the free carbene route. In 2014, Martins reported the separate reactions of L 19 HBr precursors (R = t Bu, CMe2Ph) with [Zr(NMe2)4].

The resultant family of complexes, [ZrBr(NMe2)(L 19 )(THF)] were fluxional and no solid structure could be obtained by X-ray diffraction. DFT calculations indicated that the three possible isomers were all within 2 kcal.mol -1 from each other. These complexes were not found to be active in alkene hydroamination. 123 Interestingly, complexes 70M-72M display stable transoid conformations, but the orientation of the aryloxy rings with respect to the phenyl rings depends upon the presence of t Bu substituents on the former (Figure 16). The M-CNHC bond distances and carbene signals of these imidazolidin-2-ylidene complexes were unremarkable (Table 6). After activation with isopropanol (1 eq), complexes 70M-72M (0.4 mol%, 70 °C) efficiently catalyze the ring-opening polymerization of rac-lactide, yielding heterotactically enriched PLA (Pr ≥ 0.66) with rather narrow polydispersities (PDI ≤ 1.36). The Ti complexes 7Ti-72Ti were found to be less active than their Zr and Hf analogues, and they gave lower molecular weight PLA (5.9-24.6 x 10 3 g.mol -1 vs 14.9-40.4 x 10 3 g.mol -1 ). 124
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Rigid Bisaryloxy-NHC ligands

Although bisaryloxy-NHC ligands are well suited for group 4 metals, the presence of a methylene linker between the NHC and aryloxy rings (section 6.1.1) sometimes makes the isolation of stereochemically stable complexes difficult; moreover, the corresponding free carbenes are prone to 1,2-alkyl migration. 125 In 2005, Yagyu reported the synthesis of bisaryloxy-NHC ligands without a linker (Figure 17, L 21 ), and used the corresponding Pd complexes in the Heck coupling of styrene with iodobenzene. 126 However, these imidazol-2-ylidene-derived ligands lack substituents next to oxygen, which could lead to aggregation problems with oxophilic metals -as observed later by Le Roux. 127 In 2009, Bellemin-Laponnaz and Dagorne reported a closely related imidazolidin-2-ylidene derived ligand possessing t Bu groups next to oxygen (L 22 ). 128 This ligand (R = t Bu) was involved in a number of studies on group 4 metal complexes. 27,[45][46][129][130][131][132][133] Further modifications to the original design by Yagyu included benzimidazol-2-ylidene (L 23 ) and, 29,[134][135] more recently, mesoionic triazol-5-ylidene derived ligands (L 24 ). 136 Bellemin-Laponnaz and Dagorne reported a series of octahedral [M(X)(X')(L 22 )(THF)] (73M, R = t Bu, X, X' = Cl, O i Pr, NMe2) and trigonal bipyramidal [M(X)(X')(L 22)] (74M, R = t Bu, X, X' = Cl, O i Pr, NMe2) heteroleptic group 4 metal complexes (Figure 18). 27,[45][46][129][130] Octahedral homoleptic complexes [M(L 22 )2] (75M) (Figure 18) were also reported. 45,130 While the heteroleptic complexes were obtained using either the free carbene or the amine/alcohol elimination route, the homoleptic complexes were obtained by reacting the carbene precursor The heteroleptic group 4 complexes have interesting catalytic properties: in particular, 73Zr (X = Cl, X' = O i Pr) catalyzes the ring-opening polymerization of rac-lactide at room temperature with great efficiency, yielding highly heterotactic PLAs (Pr ≥ 0.82) with high molecular weight (9800 ≤ Mn ≤ 36400 Da) and narrow polydispersities (PDI ≤ 1.25). 46 Complex 73Zr also catalyzes the copolymerization of rac-lactide with trimethylene carbonate, and other lactones such as β-butyrolactone and εcaprolactone may also be polymerized. 137 The Ti analogue 73Ti (X = Cl, X' = O i Pr) is less active and gives atactic PLA. 45 The homoleptic complexes, on the other hand, display interesting luminescence properties: the UVvis spectra of complexes 75Zr and 75Hf are characterized by a strong absorption at 365 nm which, upon excitation, cause the complexes to luminesce at 485 ( = 0.08) and 534 nm ( = 0.12). Additionally, electrochemical oxidation of 75M occurred at the ligand, since the metals are d 0 ; in the case of 75Zr four one-electron events -one for each aryloxy ring -were observed, three of them being reversible. These results highlight the redox non-innocent nature of L 22 . 130 With the same ligand as Bellemin-Laponnaz and Dagorne (L 22 , R = t Bu) (Figure 17), Le Roux reported the use of 73Ti (X = Cl, X' = O i Pr; X = Cl, X' = OSi(O t Bu)3; X = X' = N3), 73Zr (X = X' = Cl; X = Cl, X' = O i Pr ; X = X' = O i Pr), 73Hf (X = Cl, X' = Cl; X = O i Pr, X' = Cl) and 74Ti (X = X' = Cl; X = X' = O i Pr; X = X' = OBn; X = X' = OAc; X = O i Pr, X' = OSi(O t Bu)3), together with a cocatalyst ([PPN][Cl]; PPN = (triphenylphosphine)iminium) in the copolymerization of cyclohexene oxide with CO2. 68,[132][133]138 Overall, turnover numbers (275 ≤ TON ≤ 900) and frequencies (11 ≤ TOF ≤ 39) were slightly inferior to those of state-of-the-art Ti(IV) catalysts. 139 Interestingly, 73Ti (X = X' N3) undergoes [2+2] addition with dimethyl acetylenedicarboxylate (DMAD) at the azide ligand to give triazolide-coordinated 74Ti (X = X' = (κ 1 -N 1 )-N3C2(CO2Me)2). 133 By contrast, the catalytic activity of the anionic Hf complex [HfCl3(L 22 )][PPN] 76 (Figure 18) is much higher (TON up to 1500 and TOF up to 500), and this complex can also catalyze the copolymerization of other epoxides (e.g. propylene oxide) with CO2. 68 Interestingly, 76 is the product of the reaction of 73Hf (X = X' = Cl) with [PPN][Cl], which are both components of the weakly active catalytic mixtures described above: therefore, it is unlikely that 76 forms in situ under the catalytic conditions -it has to be prepared separately. Both the Hf-CNHC distance (2.337(4) Å) and the carbene signal (202.2 ppm) in the 13 Le Roux also investigated the effect of removing the t Bu groups in L 22 (R = H) (Figure 17) on the coordination chemistry and catalytic activity of 74Ti. Unsurprisingly, trigonal bipyramidal complexes such as 74Ti (X = Cl; X' = O i Pr) displayed complex aggregation behavior in solution. However, it was possible to isolate well-defined dimeric (74Ti)2 (X = X' = O i Pr) or monomeric 74Ti (X = O i Pr; X' BHT) complexes, depending on the steric bulk of X and X' (Figure 19). As a consequence of the presence of additional bulky anionic O-donor ligands, the Ti-CNHC bond distance in these two complexes were quite In the above examples, and despite the presence of potentially reactive anionic ligands (e.g. N t Bu, N3), the coordinated NHC remains chemically innocent. However, in the presence of highly nucleophilic ligands (e.g. benzyl, methyl, phenyl), several authors have shown that the C2 carbon of the NHC might undergo nucleophilic attack. 27-29, 131, 133 Thus, Bellemin-Laponnaz and Dagorne found that the reaction of [L 22 H][Cl] with [Zr(Bn)4] in THF yielded complex [ZrCl(L 41 )(THF)] 82, in which L 41 adopts a κ 3 -N,C,N mode (Scheme 10). The same reaction performed in toluene yielded the expected Zr-benzyl complex 74Zr (R = t Bu, X = Cl, X' = Bn). However, when dissolved in toluene in the presence of THF, complex 74Zr evolved towards 82. 27 Complex 82 features a strongly shielded 13 C{ 1 H} NMR signal (100.8 ppm) corresponding to the C2 atom of the NHC ligand where benzyl migration occurred. The Zr-C2 distance (2.174(3) Å) is much shorter than the mean Zr-CNHC distance (2.372(6) Å for the complexes in this review). The Zr-N distances (mean 2.309(2) Å) are within the sum of covalent radii for both atoms (2.46±0.08 Å). 141 It was later found that Ti and Hf behaved similarly to Zr in the chemistry described above, although in the case of Ti benzyl migration also took place in toluene. The authors also showed that methyl and phenyl ligands could migrate from Zr to the NHC. 131 Mechanistic investigations (kinetics, DFT calculations) indicate that the migration is triggered by an event which increases the coordination number of 74Zr or its analogues (Zr, Hf: THF coordination; Ti: μ-Cl dimer formation). 131 The driving force of the reaction is likely the formation of the κ 3 -N,C,N coordinated imidazolidinide (see section 5.2). Le Roux also showed that reduction of 74Ti (R = t Bu, X = X' = Cl) with LiBEt3H yielded a 2-H migration product (not shown). 133 21). Compared to the dibenzyl precursors 74M, cationic complexes 87M display slightly more shielded carbene signals in their 13 C NMR spectra (87Zr: Δδ = 2.8 ppm; 87Hf: Δδ = 5.1 ppm). Complex 89Zr was found to be a selective hexene oligomerization catalyst, yielding a 77/16/7 mixture of tri/tetra/pentamers with vinylene end groups. On the other hand, in situ cation generation using 74Zr with [Ph3C][B(C6F5)4] (presumably giving an amine-free analogue of 87Zr) gave a much less selective catalyst, and Hf complex 87Hf was almost completely inactive. 129 16) Å) compared to 83, but the carbene signal in the 13 C NMR spectrum of 90 (199.6 ppm) is practically identical to that of 83 (see above). The authors showed that while phosphine-free 88 is a somewhat sluggish and poorly selective hexene oligomerization catalyst, the addition of one equivalent of PMe3 to generate 89 yields a more active polymerization catalyst. Moreover, the bis-phosphine adduct 90 is completely inactive in either oligomerization or polymerization. 134 A detailed experimental study followed (using kinetics, stoichiometric reactivity and chain-end analysis), which revealed that 90 can rapidly insert one unit of hexene, but that the product is strongly stabilized by the aryl group of the original Bn ligand, Scheme 11. Reversible benzyl migration in a Zr complex bound to L5. preventing further rapid insertion of hexene. This stabilizing effect is absent in the mono-PMe3 adduct, 89, which therefore polymerizes hexene, whilst the bis-PMe3 adduct 90 is too coordinatively saturated to insert hexene. 135 Nbr M(n) Formula R, R', R'' Ar X, X', X'' dM-CNHC (Å) δCNHC (ppm) Ref.
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N-C-functionalized ligands

Gibson reported the pyridine-bis NHC complex [TiCl3(L 29 )] ( 14) (Figure 5) in 2004. This Ti(III) complex displays very high activity in the polymerization of ethylene (up to 791 kg-PE.mol-Ti -1 .h -1 .bar -1 at ambient temperature), which makes it the most efficient Ti-NHC catalyst reported in the literature. 52 Danopoulos later disclosed a closely related Ti(IV)-imido complex [TiCl2(NtBu)(L 29)] (98) (Figure 24) bearing the same NHC. 145 The imido and pyridine ligands are trans to each other. Complex 98 features unexceptional Ti-CNHC bond distances (mean 2.284(4) Å); on the other hand, the carbene signal (200.7 ppm) is quite deshielded for an imidazole-2-ylidene Ti-NHC complex.

In 2007, Arnold reported Ti and Zr complexes [MCl3(L 32 )] (99M) (Figure 24), which bear an amido-bis NHC ligand. These complexes were obtained by the amine elimination route starting from [M(NMe2)4] and the ammonium-bisimidazolium trischloride salt. Perhaps because of the high chloride content of the ligand precursor, 99M do not incorporate dimethylamine. Complex 99Zr features an unexceptional carbene chemical sift of 186.2 ppm (the carbene signal of 99Ti was not reported). Whilst reaction of the Y(III) analogue of 99M with PPh3PO gave complex [YCl2(L 32 )(OPPh3)] (100), no reaction was observed with complex 99Zr which, remarkably, is also stable in neat pyridine. 

CCC pincer NHC ligands

Hollis reported a series of CCC pincer-NHC complexes of group 4 metals [Hf(X)(X')(X'')(L 30 )] (101M: R = alkyl, X, X', X'' = Cl, Br, I, NMe2). 15,[31][32][33][34][35][36][37][146][147][148][149][150] Complexes 101Zr display carbene signals in their 13 C NMR spectra around 190 ppm, and these values are shifted slightly more downfield for 101Hf (around 200 ppm). The structurally characterized Zr derivatives (R = Bu, X = Br, X' = X'' = NMe2: mean 2.396(5) Å; R = Bu, X = I, X' = X'' = NMe2: mean 2.416(2) Å) feature shorter M-CNHC bond distances than their Hf counterpart (R = Bu, X = X' = I, X'' = NMe2: mean 2.35(2) Å). A single analogue of 101Zr bearing an imidazolidin-2-ylidene CCC pincer NHC ligand [Zr(NMe2)3(L 31 )] (101'Zr, R = Et, not shown) was also synthesized. The carbene signal in the 13 C NMR spectrum of 101′Zr was observed at 211.8 ppm.

A number of derivatives were tested in the intramolecular hydroamination of olefins, 15,[146][147][148]150 and complex 101Zr (R = Bu, X = I; X' = X'' = NMe2) emerged as the most active catalyst (Table 11). The order of activity is Zr > Hf > Ti and I > Br > Cl. Complexes bearing two dimethylamido ligands are more active than their mono-amido counterparts. Catalyst loadings of 1 mol% were achieved with Zr and Hf complexes 101M by increasing reaction times, 146-147 which shows that these complexes are robust -if not first-in-class as far as activity is concerned. Finally, an experimental and computational (DFT) study indicated that the active catalyst is a metal imido species, which explains why secondary amines are not cyclized. 149 However, an internal alkyne could be efficiently cyclized by complexes 101Zr (R = Bu, X = I or Br; X' = X'' = NMe2). 150 25) also highlights that the weaker affinity of group 4 metals with NHCs relative to other transition metals is not as important in dissociation events as in transmetallation reactions. Nbr M(n) Formula R, R', R'' Ar X, X', X'' dM-CNHC (Å) δCNHC (ppm) Ref.

101Hf Hf(IV) [Hf(X)(X')(X'')(L 

Miscellaneous

Aside from the "classical" examples of NHC group 4 metals complexes, a handful of more "exotic" species have been reported, which are worth mentioning.

Siebert reported Ti and Zr complexes with BH3-protected imidazoles as a ligand; complexes [Cp2M(L 18 )] (103M, R =BH3) (Figure 26) are diamagnetic and were characterized by multinuclear NMR spectroscopy and single-crystal X-ray diffraction. 151 The M-CNHC distances are within the normal range for NHC complexes of group 4 metals (103Ti: mean 2.213(4) Å; 103Zr: mean 2.341(1) Å), and so is the 13 C NMR signal of the CNHC carbons in 103Zr (173.6 ppm; the corresponding signals could not be observed for 103Ti). 9 However, the structure of 103Zr is desymmetrized by the presence of a Zr-(H-B) agostic interaction, and as a result the Zr-CNHC bond distances are markedly different (2.299(1) and 2.383(1) Å). In addition, a Ti(III) NHC complex [Cp2Ti(L 2 )] (104, R = BH3) was also reported by Siebert, although it could only be characterized by 11 B NMR spectroscopy and ESI mass spectrometry. 152 The Ti-CNHC bond length in 106 is 2.199(4) Å, which is within the normal range of Ti-NHC bond lengths. 9 The intermediacy of an N-bound Ti(IV) free NHC was postulated, but the authors were themselves critical of the description of this species as an NHC. However, Tonks, Goodpaster and Copéret recently reported complex [Cp2Ti(N( t Bu)CN( t Bu))] (107) using the same synthetic route as Rosenthal; 155 various high-level computational tools (including CASSCF and QTAIM) suggest that 107 may indeed be described as a free NHC -although the biradical Ti(III) / C• resonance form is also important, since it may help in understanding the formation of 106. Additionally, the carbene signal in the 13 C NMR spectrum is strongly shielded at 130.0 ppm. The reaction of 107 with elemental sulfur gave complex [Cp2Ti(N( t Bu)C(S)N( t Bu))] (108), thus highlighting the typical reactivity of NHCs. Interestingly, Tonks and coworkers also isolated complex [Cp2Ti(N(Cy)C(N(Cy))Ti(Cp)2] (109) from the reaction of low-valent group 4 metals. 56,[89][90] It seems likely that the field will continue to grow and that many interesting and useful species will be discovered. 
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 1 Figure 1. Types of NHCs used with group 4 metals.
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 2 Figure 2. Monodentate NHC ligands used with group 4 metals.
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 3 Figure 3. Bidentate NHC ligands used with group 4 metals.

Figure 4 .

 4 Figure 4. Tridentate NHC ligands used with group 4 metals.

Figure 5 .

 5 Figure 5. Selected early examples of group 4 metal complexes (1994-2007).

Figure 6 .

 6 Figure 6. Orbital interactions relevant to M-NHC bonding. Reproduced from ref 56 (licensed from CC BY 4.0).

Scheme 4 .

 4 Scheme 4. Reaction of a Ti imido complex with neutral ligands.

Figure 8 .

 8 Figure 8. Selected examples of monodentate NHC complexes of group 4 metals.

  ) (Abernethy); R = R' = Dipp: 2.313(3) Å; 27Zr: R = R' = Mes: 2.453(3) Å), probably because of the presence of the strongly donating amido ligands in the same plane as the NHC. The 13 C{ 1 H} NMR signal of the carbene is rather deshielded in 27Hf (R = R' = Mes: 204.0 ppm) vs 27Ti (R = R' = Mes: 194.0 ppm; R = R' = Dipp: 195.2 ppm) and 27Zr (R = R' = Mes: 192.4 ppm) as sometimes observed with other group 4 metal NHC complexes. Zirconium analogues of 20Ti, [ZrCl2(NAr)(NHMe2)(L 1 )] (20Zr, R = R' = Mes, Ar = Dipp or 2,6-C6H3Cl2) (Scheme 4) were also obtained. The M-CHNC bond distances in 20M fall within the normal range for Ti-and Zr-NHC complexes (Ti: 2.277(4), 2.263(5); Zr: 2.425(3) Å) and the 13 C{ 1 H} NMR signals of the carbene are strikingly similar (Ti: 191.1, 191.4; Zr: 190.8 ppm) considering the differences in M-CHNC bond distances between 20Ti and 20Zr.

Figure 9 .

 9 Figure 9. Low-valent NHC complexes of group 4 metals with unambiguous oxidation states.

Figure 10 .

 10 Figure 10. Low-valent NHC complexes of group 4 metals with ambiguous oxidation states.

  [TiCl3(L 12 )(THF)] (46, Ar = Mes, Xyl, Dipp, R = R' = R'' = H) and [TiCl2(X)(L12 )] (47, Ar = Mes, Xyl, Dipp, R = R' = R'' = H, X = 2,6-Dipp-phenoxy (ODipp*), 2,6ditertbutyl-4-methylphenoxy (BHT)) using Grubb's design. Interestingly, no NHC dimerization was observed with Ar = Mes, Xyl or Dipp. The Ti-CNHC bond distance was found to increase from 2.211(3) Å in 46 (Ar = Dipp) to 2.254(7) and 2.318(5) Å in 47 (Ar = Mes, X = BHT and ODipp*, respectively). Complex 47 (Ar = Dipp; X = BHT) displayed high activity in ethylene polymerization (190 kg-PE.mol-Ti -1 .h -1 .bar -1 at 60 °C), and copolymerization with norbornene or cyclopentene could be achieved. Increasing the steric bulk of the aryloxy ligand (47, Ar = Mes, X = ODipp*) completely suppressed the catalytic activity.16 

Figure 11 .

 11 Figure 11. Examples of Ti and Zr complexes bearing O-functionalized bidentate NHCs.Nbr M(n)Formula R, R', R'' Ar X, X', X'' dM-CNHC (Å) δCNHC (ppm) Ref.

  Scheme 7. Double C-N activation of an imino-functionalized NHC ligand at Hf.

Scheme 8 .

 8 Scheme 8. C-N activation of an amido-functionalized NHC ligand at Hf.Nbr M(n)Formula R, R', R'' Ar X, X', X'' dM-CNHC (Å) δCNHC (ppm) Ref.

Figure 14 .

 14 Figure 14. Bisaryloxy NHC ligands L1 originally reported by Kawaguchi.

( 2 .

 2 250(5) vs 2.208(5) Å). It appears that the cisoid conformation of the bisaryloxy-NHC ligand is forced by the more constrained O-Ti-O angle required by the trigonal bipyramidal geometry of 67 and 68, compared to the octahedral geometry of, e.g. 12Ti. However, it is not clear why the ligand does not coordinate to Ti in a mer fashion as in 65Ti. A homoleptic complex (66Ti, R = t Bu) was also reported by Zhang, with an average Ti-CNHC bond distance of 2.200 Å. Complexes 67 and 68 were moderately active in ethylene polymerization (67: 39; 68: 21 kg-PE.mol-Ti -1 .h -1 .bar -1 at 25-35 °C), while 12Ti (X = Br) was considerably more active (164 kg-PE.mol-Ti -1 .h -1 .bar -1 at 25-35 °C).13 

Figure 15 .

 15 Figure 15. Selected examples of Ti and Zr complexes bearing Kawaguchi's ligands L1.

Finally,

  Walter and Zi have reported interesting chiral bisaryloxy-NHC ligands (L 20 ) based on the imidazolidin-2-ylidene (B, Figure 1) template. Complexes [M(X)(NR''2)(L 20 )(THF)] (70M, R = R' = H, R'' = Me, Et, X = Cl, Br), [ZrCl(NEt2)(L 20 )(THF)] (71Zr, R = H, R' = t Bu) and [MCl(NR''2)(L 20 )(THF)] (72M, R = R' = t Bu, R'' = Me, Et) (Figure 16, note the absolute configuration) were obtained following the amine elimination route, by separate reactions of the imidazolium bromide and chloride precursors with [M(NR''2)4] (R'' = Me, Et).

Figure 16 .

 16 Figure 16. Chiral bisaryloxy-NHC ligands L 20 and their group 4 metal complexes.

Figure 17 .

 17 Figure 17. Bisaryloxy NHC ligands without methylene linkers.

  [L 22 H3][Cl] with [M(Cl4)(THF)n] (M = Ti, Zr, Hf; n = 2, 0, 0) in the presence of NEt3. The carbene signals of 73M-75M ranged from 197.0 to 212.6 ppm, and Bncontaining complexes displayed consistently less shielded signals (204.3-212.6 ppm). The M-CNHC distances consistently increased from Ti to Hf to Zr for isostructural complexes (e.g. for 73M, X = X' = Cl: 2.184(3); 2.333(6); 2.358(3) Å). The homoleptic complexes displayed elongated M-CNHC bond distances as a result of the increased steric crowding and electron density at the metal (75Ti: 2.333(2); 75Hf: 2.357(6); 75Zr 2.379(2) Å).

Figure 18 .

 18 Figure 18. Some heteroleptic and homoleptic group 4 metals complexes bearing ligand L4.

Scheme 9 .

 9 Scheme 9. Synthesis of Ti complexes of bisaryloxy mesoionic carbene L6.

Figure 20 .

 20 Figure 20. Ti complexes bearing bisaryloxy mesoionic carbene L6.

Scheme 10 .

 10 Scheme 10. Benzyl migration in Zr complexes of L4.Remarkably, Despagnet-Ayoub, Labinger and Bercaw showed that benzyl migration can be reversible. Thus, reacting L5-coordinated Zr complex [Zr(Bn)2(L23 )] (83) with PMe3 yielded benzyl migration product [Zr(Bn)(PMe3)(L 42 )] (84), which contains a coordinated phosphine (Scheme 11). Complex 83 has very similar features to 74Zr (R = t Bu, X = X' =Bn), i.e. Zr-CNHC bond distance (2.3358(17) Å) and carbene signal (199.9 ppm). On the other hand, the Zr-C2 bond distance (2.1678(17) Å) , the Zr-N bond distances (mean 2.4309(11) Å) and C2 signal in the13 C NMR spectrum (159.2 ppm) of 84 differ notably from those in 82; this could be due to the presence of the bulky, electron-rich phosphine. Addition of [Ni(COD)2] to 84 removed the phosphine and restored complex 83. The authors also performed the reaction of 83 with ammonia. At low temperature (-60 °C), the benzyl migration product [Zr(Bn)(NH3)(L 42 )] (85) is observed by13 C NMR spectroscopy as a mixture of conformers (C2 signals: 159.8 / 156.8 ppm). Evolution of the reaction mixture at room temperature gives complex [Zr(NH3)(μ-NH2)(L 42 )]2 (86) following toluene elimination.29 Compared to 84, the dimeric complex 86 features an even more elongated Zr-N (mean 2.447(2) Å) and Zr-C2 bond distance (mean 2.216(3) Å); however, the C2 signal in the13 C NMR spectrum (159.8 ppm) is almost identical.The studies described above have shown that saturating the coordination sphere of the group 4 metal causes benzyl migration. Logically, removal of a ligand from already coordinatively unsaturated trigonal bipyramidal complexes yields stable cationic complexes. Bellemin-Laponnaz and Dagorne separately reacted the Zr-and Hf-dibenzyl complexes 74M (R = t Bu, X = X' = Bn) with [HNMe2Ph][B(C6F5)4] and obtained the amine-stabilized cationic complexes [M(Bn)(L 22 )(NMe2Ph)][B(C6F5)4] (87M) (Figure21). Compared to the dibenzyl precursors 74M, cationic complexes 87M display slightly more shielded carbene signals in their13 C NMR spectra (87Zr: Δδ = 2.8 ppm; 87Hf: Δδ = 5.1 ppm). Complex 89Zr was found to be a selective hexene oligomerization catalyst, yielding a 77/16/7 mixture of tri/tetra/pentamers with vinylene end groups. On the other hand, in situ cation generation using 74Zr with [Ph3C][B(C6F5)4] (presumably giving an amine-free analogue of 87Zr) gave a much less selective catalyst, and Hf complex 87Hf was almost completely inactive.129 

  Despagnet-Ayoub, Labinger and Bercaw reported a series of in situ-generated cationic Zr complexes [Zr(Bn)(L 23 )(PMe3)n][B(C6F5)4] (n = 0: 88; n = 1: 89; n = 2: 90) (Figure 21) via benzyl ligand abstraction from complex 83, using the trityl salt [Ph3C[B(C6F5)4] as an abstractor. Complex 90 features a somewhat shorter Zr-CNHC bond distance (2.3235(

Figure 21 .

 21 Figure 21. Stable Zr-and Hf-benzyl complexes bound to L 22 or L 23 .

Figure 23 .

 23 Figure 23. Zr and Hf complexes bearing a bisamido-functionalized NHC. Nbr M(n) Formula R, R', R'' Ar X, X', X'' dM-CNHC (Å) δCNHC (ppm) Ref. 94Zr Zr(IV) [Zr(X)2(L 27 )] -Tol Cl --51 94Zr Zr(IV) [Zr(X)2(L 27 )] -Tol NEt2 -188.8 51

Figure 24 .

 24 Figure 24. Ti, Zr and Y complexes bearing an amido-bis NHC ligand.

Figure 25 .

 25 Figure 25. Transmetallation of Zr-NHC species with late transition metals.

Figure 26 .

 26 Figure 26. Some unusual Ti and Zr NHC complexes. Tilley reported the separate reactions of the M(II) precursors [Ti(Cp)2(btmsa)] and [Zr(Cp)2(CO)2] with an Ir-NHC complex bearing oxygens at the C4 and C5 position of the imidazole-2-ylidene ring. The NHC thus undergoes a two-electron reduction by the low-valent metals, and the Ir(I) centers in the resulting complexes [Cp2M(L 9 )IrCl(COD)] (105M, COD = 1,5-cyclooctadiene) exhibit significantly enriched electron density. Complexes 105M were considerably (Ti: 37 times; Zr: 20 times) more active in alcohol hydrosilylation compared to the Ir-NHC precursor complex. 153The use of [Ti(Cp)2(btmsa)] was also explored by Rosenthal and coworkers, who reported its reaction with dicyclohexylcarbodiimide (DCC). Complex [Cp2Ti(N(Cy)CN(Cy))Ti(Cp2)] 106 (Figure27) may be envisaged as homobimetallic Ti(III) complex of a ditopic 4-membered NHC.154 

Figure 27 .

 27 Figure 27. N-bound Ti free NHCs and related complexes.

  

  

  

  

  

  

  

Table

  

  1 and ref 30 and 48.

Table 1 .

 1 M-CNHC bond distances and 13 C{ 1 H} NMR spectroscopy carbene signal chemical shift of monodentate NHC complexes 8M-11M and 19M-30.

	214(3)	184.9

Table 2 .

 2 M-CNHC bond distances and 13 C{ 1 H} NMR spectroscopy carbene signal chemical shift of low-valent monodentate NHC complexes 31-41.

			1 )]	Mes Mes	-	NMe2	2.293(3) 2.297(3)	-
	31 Ti(III)	[TiCl2(X)(L 1 )]	Dipp Dipp	-	Cl	mean 2.336(4)	-
	31 Ti(III)	[TiCl2(X)(L 1 )]	Mes Mes	-	Cl	2.3268(40) 2.3379(37)	-
	32 Ti(III)	[TiCl3(L 7 )2]	-	-	-	2.2946(33) 2.2793(42)	-
	32 Ti(III)	[TiCl3(L 7 )2]	-	-	-	2.298(2) 2.301(2)	-
	33 Hf(II)	[HfX2(L 7 )2]	-	-	Cl	2.177(4) 2.161(3)	303
	33 Hf(II)	[HfX2(L 7 )2]	-	-	Bn	2.182(3) 2.211(3)	304
	33	Ti	[TiX2(L 7 )2]	-	-	Cl	2.095(3) 2.122(2)	-
	34	Ti	[Ti(Cp)2(L 35 )(L 2 )] (n = 1)	Me	-	-	2.323(2)	197.6

  C NMR spectra of 44Ti: 206.7 (R'' = H) and 206.8 (R'' = Me) ppm vs 226.8 ppm for Grubbs' complex. Additionnally, the Ti-CNHC bond distance is shorter, consistent with the reduced steric bulk (2.2597(18) Å for 44Ti vs 2.264(2)/2.275(2) Å for Grubbs' complex). By contrast, switching the Dipp group for less bulky Dep or Mes substituents had a dramatic impact on the reaction of the free carbene with [TiCl4(THF)2]: instead of 44Ti, a mixture of isomers was observed in solution, which is a common occurrence in octahedral transition metal complexes.[105][106][107] 

Table 3 .

 3 

						2.263(5)		
	42 Ti(III)	[Ti(L 10 )3]	-	-	-	2.252(4)	-	99
						2.299(4)		
	43 Zr(IV)	[Zr(NEt2)2(L 11 )2]	C5H8	-	-	-	197.5 ‡ 100
	43 Zr(IV)	[Zr(NEt2)2(L 11 )2]	C2H2	-	-	-	196.3 ‡ 101
	43 Zr(IV)	[Zr(NEt2)2(L 11 )2]	C5H8	-	-	-	198.6 ‡ 101
	44 Ti(IV)	[TiCl2(L 12 )2]	Ad Me H	Dipp	-	2.264(2) 2.275(2)	226.8	102 103

M-CNHC bond distances and 13 C{ 1 H} NMR spectoscopy carbene signal chemical shift of bidentate NHC complexes 42-47. ‡ : only one signal given in the experimental part. # : electron-rich olefin carbon signal.

Table 4 .

 4 M-CNHC bond distances and 13 C{ 1 H} NMR spectrocopy carbene signal chemical shift of bidentate NHC complexes 48-56.

	t Bu	-	O i Pr O i Pr	2.252(3) 2.241(6) 2.256(3)	205.6	60

48 Ti(IV) [Ti(X)(X')(O i Pr)(L 13 )]

Table 6 .

 6 M-CNHC bond distances and 13 C{ 1 H} NMR spectroscopy carbene signal chemical shift of tridentate NHC complexes

		19 )(THF)]	t Bu	-	Cl	2.200(9)	164	11
	12Ti Ti(IV)	[Ti(X)2(L 19 )(THF)]	t Bu	-	Br	-	164.8	13
	12Zr Zr(IV)	[Zr(X)2(L 19 )(THF)]	t Bu	-	Cl	2.35(1)	183.5	12
	65Ti Ti(IV)	[TiX2(L 19 )]	t Bu	-	Bn	2.187(3)	188.3	11
	65Ti Ti(IV)	[TiX2(L 19 )]	t Bu	-	Me	2.175(9)	185.7	14
	65Ti Ti(IV)	[TiX2(L 19 )]	Me	-	Me	2.179(9)	186.0	14
	65Ti Ti(IV)	[TiX2(L 19 )]	Me	-	Bn	2.165(9)	188.1	14
	65Ti Ti(IV)	[TiX2(L 19 )]	t Bu	-	OBn	-	182.0	14
	65Zr Zr(IV)	[ZrX2(L 19 )]	t Bu	-	Bn	2.309(3)	187.5	12
	65Zr Zr(IV)	[ZrX2(L 19 )]	t Bu	-	CH2SiMe3	-	185.8	12
	66Zr Zr(IV)	[Zr(L 19 )2]	t Bu	-	-	2.383(3) 2.380(3)	185.5	12
	66Ti Ti(IV)	[Ti(L 19 )2]	t Bu	-	-	2.205(4) 2.196(4)	182.4	13
	67 Ti(IV)	[(TiBr(L 19 ))2(μ-O)]	t Bu	-	-	2.208(5)	185.0	13
	68 Ti(IV)	[(Ti (L 19 )(μ-O)2]	t Bu	-	-	2.250(5)	188.4	13
	69 Ti(III)	[TiBr(L 19 )(THF)2]	t Bu	-	-	2.18(1)	-	14
			H					
	70Ti Ti(IV) [Ti(X)(NR''2)(L 20 )(THF)]	H	-	Br	-	208.4	92
			Me					
			H					
	70Ti Ti(IV) [Ti(X)(NR''2)(L 20 )(THF)]	H	-	Cl	-	209.4	92
			Me					
			H					
	70Zr Zr(IV) [Zr(X)(NR''2)(L 20 )(THF)]	H	-	Br	-	209	92
			Me					

12 M and 65M-72M.

  

  C NMR spectrum of 76 were similar to those of 73Hf.

	Le Roux reported [Zr(L)2] (75'Zr, L = L 21 , R = t Bu; L = L 23 , R = t Bu) which are analogues of the homoleptic
	complexes reported by Dagorne and Bellemin-Laponnaz. The Zr-CNHC bond distances are longer in the
	case of the benzimidazol-2-ylidene ligand (75Zr: mean 2.383(2) Å; 75'Zr(L 21 ): mean 2.351(2) Å; 75'Zr(L 23 ):
	mean 2.397(3) Å), and the carbene signals also reflect differences in ligand backbones (75Zr: 200.8
	ppm; 75'Zr(L 21 ): 186.3 ppm; 75'Zr(L 23 ): 198.0 ppm); complexes 75'Zr were not tested in catalysis. 138

  Complexes 96 and 97 could be characterized by single crystal X-ray diffraction; the different crystal structures indicate that the bisamido-NHC ligand backbone is conformationnally flexible, despite the fact that the Hf-CNHC bond distances almost do not vary (96: 2.387(2) Å; 97: 2.387(9) Å).

	73Hf Hf(IV) [Hf(X)(X')(L 22 )(THF)] conditions.	t Bu	-	Cl Cl	2.333(6)	200.5	
	73Hf Hf(IV) [Hf(X)(X')(L 22 )(THF)]*	t Bu	-	Bn Cl	-	205.2	
	73Hf Hf(IV) [Hf(X)(X')(L 22 )(THF)]	t Bu	-	Cl O i Pr	2.333(3)	204.4	68
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	Cl Cl	2.160(3)	200.0	45
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	O i Pr O i Pr	2.212(5)	197.9	45
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	Cl O i Pr	-	198.4	45
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	OBn OBn	2.215(8)	197.9	
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	O i Pr OSi(O t Bu)3	2.210(2)	200.3	
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	OAc OAc	2.148(4)	197.8	
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	t Bu	-	N3C2(CO2Me)2 N3C2(CO2Me)2	-	197.0	
	74Ti Ti(IV)	[Ti(X)(X')(L 22 )]	H	-	O i Pr BHT	2.212(3)	199.3	
	(74Ti)2 Ti(IV)	[Ti(X)(X')(L 22 )]2	H	-	O i Pr O i Pr	2.231(2) 2.210(2)	199.6	
	74Zr Zr(IV)	[Zr(X)(X')(L 22 )]	t Bu	-	Bn Bn	2.333(1)	205.8	
	74Zr Zr(IV) 73Ti Ti(IV) 74Zr Zr(IV) 73Ti Ti(IV) 74Hf Hf(IV) 73Ti Ti(IV) 74Hf Hf(IV) 73Ti Ti(IV) 75Ti Ti(IV) 73Ti Ti(IV) 75Zr Zr(IV) 73Ti Ti(IV) [Ti(X)(X')(L 22 )(MeCN)] [Zr(X)(X')(L 22 )] [Ti(X)(X')(L 22 )(THF)] [Zr(X)(X')(L 22 )] [Ti(X)(X')(L 22 )(THF)] [Hf(X)(X')(L 22 )] [Ti(X)(X')(L 22 )(THF)] [Hf(X)(X')(L 22 )] [Ti(X)(X')(L 22 )(THF)] [Ti(L 22 )2] [Ti(X)(X')(L 22 )(THF)] [Zr(L 22 )2] 75'Zr Zr(IV) [Zr(L 21 )2] 73Zr Zr(IV) [Zr(X)(X')(L 22 )(THF)] 75'Zr Zr(IV) [Zr(L 23 )2] 73Zr Zr(IV) [Zr(X)(X')(L 22 )(THF)] 75Hf Hf(IV) [Hf(L 22 )2] 73Zr Zr(IV) [Zr(X)(X')(L 22 )(THF)] 76 Hf(IV) [HfCl3(L 22 )][PPN] 73Zr Zr(IV) [Zr(X)(X')(L 22 )(THF)] 78 Ti(IV) [TiCl(O i Pr)(L 24 )] 79 Ti(IV) [Ti(N t Bu)(L 24 )(Py)]	t Bu t Bu t Bu t Bu t Bu t Bu t Bu t Bu t Bu t Bu H t Bu H t Bu t Bu -t Bu t Bu t Bu t Bu t Bu --	-----------------------	Cl Cl Cl Bn Cl O i Pr O i Pr O i Pr Cl NMe2 Bn Bn Cl Cl Bn OSi(O t Bu)3 N3 -N3 Cl O i Pr -Cl -O i Pr Cl Cl -Cl -O i Pr Cl -NMe2 -O i Pr O i Pr -	2.184(3) -2.166(3) --2.308(3) 2.165(2) -2.183(3) 2.233(2) 2.222(2) -2.379(2) 2.387(3) 2.175(8) 2.352(3) 2.350(3) 2.358(3) 2.393(3) 2.401(5) 2.360(3) 2.357(6) 2.351(6) -2.337(4) -2.398(4) 2.112(5)	197.4 204.3 198.6 201.8 203.6 212.6 198.6 209.1 198.4 199.9 197.6 200.8 199.6 186.3 197.0 198.0 200.0 206.1 202.9 202.2 174.1 204.0 181.8	27 45 45 45 133 133 45 127 127 27 46 68 129 138

22 )(THF)]
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		27 )]	-	Tol	NEt2	-	188.8	51
	94Zr Zr(IV)	[Zr(X)2(L 27 )]	-	Tol CH2SiMe3 2.415(3) 186.8	51
	94Zr Zr(IV)	[Zr(X)2(L 27 )]	-	Mes	NMe2	-	190.9	144
	94Hf Hf(IV)	[Zr(X)2(L 27 )]	-	Mes	NMe2	-	195.7	144
	94Zr Zr(IV)	[Zr(X)2(L 27 )]	-	Mes	Cl	-	192.3	144
	94Hf Hf(IV)	[Hf(X)2(L 27 )]	-	Mes	Cl	-	198.2	144
	94Zr Zr(IV)	[Zr(X)2(L 27 )]	-	Mes	Me	-	189.8	144
	94Hf Hf(IV)	[Hf(X)2(L 27 )]	-	Mes	Me	-	196.1	144
	94Zr Zr(IV)	[Zr(X)2(L 27 )]	-	Mes	Bn	-	190.1	144
	94Hf Hf(IV)	[Hf(X)2(L 27 )]	-	Mes	Bn	-	196.5	144
	94Hf Hf(IV)	[Hf(X)2(L 27 )]	-	Mes	i Bu	2.385(3) 194.9	144
	94Hf Hf(IV)	[Hf(X)2(L 27 )]	-	Mes	Et	-	196.4	144
	95 Hf(IV)	[Hf(Et)(L 28 )]	-	Mes	-	-	197.3	144
	96 Hf(IV) [Hf(NXylCMe)(Me)(L 27 )]	-	Mes	-	2.387(2) 197.5	144

Table 10

 10 

	98 Ti(IV)	[TiCl2(NtBu)(L 29 )]	-	-	-	2.281(6) 2.286(6)	200.7	145
	99 Ti(IV)	[TiCl3(L 32 )]	-	-	-	-	-	76
	99 Zr(IV)	[ZrCl3(L 32 )]	-	-	-	-	186.2	76

. M-CNHC bond distances and 13 C{ 1 H} NMR spectroscopy carbene signal chemical shift of tridentate NHC complexes 98-99.

Table 11 .

 11 Compiled Intramolecular olefin hydroamination results with CCC pincer NHC complexes 101M (R = Bu). Another interesting application of complexes 101Zr is their use as in situ transmetallating agents to install the CCC-pincer NHC onto late transition metals to yield NHC complexes with interesting properties (e.g. luminescence, catalysis, etc.).{Zhang, 2013 #3235;Hollis, 2015 #3346;Howell, 2014 #3229;Hollis, 2015 #3316;Reilly, 2016 #3267;Denny, 2018 #3307} This useful methodology (Figure

	Ti, Cl, NMe2, NMe2	160	96	67	15
	Ti, I, NMe2, NMe2	160	96	91	15
	Zr, Cl, Cl, NMe2	160	18	> 98	148
	Zr, Br, Br, NMe2	160	10	> 98	148
	Zr, I, I, NMe2	160	50 min	> 98	146
	Zr, Br,NMe2, NMe2	160	1.5	100	149
	Zr, I, NMe2, NMe2	160	50 min	100	149

Table 12 .

 12 M-CNHC bond distances and 13 C{ 1 H} NMR spectroscopy carbene signal chemical shift of CCC pincer NHC complexes 101-102.

					Br			
		30 )]	Bu	-	Br	-	199.6	148
					NMe2			
					Cl			
	101Hf Hf(IV)	[Hf(X)(X')(X'')(L 30 )]	Bu	-	Cl	-	198.7	148
					NMe2			

  : Kg.PE.mol-M -1 .h -1 .bar -1

				H						
	44	Ti(IV)	[TiCl2(L 12 )2]	H	Dipp	-	30	MAO	R.T.	
				H						
				H						
	44	Ti(IV)	[TiCl2(L 12 )2]	H	Dipp	-	36	MAO	R.T.	
				Me						
	45	Ti(IV)	[TiCl2(L 39 )]	-	Dep	-	28	MAO	R.T.	
	45	Ti(IV)	[TiCl2(L 39 )]	-	Mes	-	26	MAO	R.T.	
				H						
	46	Ti(IV)	[TiCl3(L 12 )(THF)]	H	Dipp	-	25	MAO	50	
				H						
				H						
	47	Ti(IV)	[TiCl2(X)(L 12 )]	H	Dipp BHT	190	MAO	60	
				H						
				H						
	47	Ti(IV)	[TiCl2(X)(L 12 )]	H	Mes	BHT	85	MAO	50	
				H						
				H						
	47	Ti(IV)	[TiCl2(X)(L 12 )]	H	Mes ODipp* inactive	MAO	50	
				H						
	51Ti Ti(IV)	[TiCl4(L 14 )]	Mes t Bu	Xyl	-	40	MAO	-	108
	51Zr Zr(IV)	[ZrCl4(L 14 )]	Mes t Bu	Xyl	-	140	MAO	-	108
								Al i Bu3 /		
	54	Hf(IV) [Hf(Bn)(CBn3)(L 40 )]	Me	-	-	47	sulfated	80	111
								alumina		
								Al i Bu3 /		
	54	Hf(IV) [Hf(Bn)(CBn3)(L 40 )]	Bn	-	-	174	sulfated	80	111
								alumina		
	67	Ti(IV) [(TiBr(L 19 ))2(μ-O)]	t Bu	-	-	39	MAO	25-35	
	68	Ti(IV)	[(Ti (L 19 )(μ-O)2]	t Bu	-	-	21	MAO	25-35	
	69	Ti(III)	[TiBr(L 19 )(THF)2]	t Bu	-	-	82	MAO	50	
	93	Ti(IV)	[TiCl2(L 43 )]	-	-	-	114	MAO	50	143

*
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long ((74Ti)2: mean 2.221(1) Å; 74Ti: 2.212(3) Å). Their catalytic activity in the copolymerization of cyclohexene with CO2 was found to be very low. 127 Figure 19. Ligand-dependent aggregation behavior of Ti complexes bearing ligand L 22 (R = H).

Very recently, Hohloch reported a series of Ti complexes based on L 24 . 136 The triazolium precursor of L 24 can be synthesized on a scale of up to 7 g following a multistep procedure; the key step is a Cucatalyzed alkyne azide [2 + 2]-cycloaddition, as shown in Scheme 9. Complex formation may be achieved either by the free carbene route or the alcohol elimination route.

Interestingly, the reaction of [L 

N,O-functionalized ligands

Unsymmetrical tridentate NHC ligands bearing N-and O-donor substituents are quite rare in group 4 chemistry. Attempts at coordinating N,O analogues of L 19 -L 23 have resulted in unexpected reaction outcomes, probably because of the presence of a nucleophilic nitrogen in the vicinity of the electrophilic C2 carbon of the imidazolium / group 4 metal-coordinated NHC. 28,[142][143] Despagnet-Ayoub, Labinger and Bercaw reported Zr complexes [Zr(L 25 )2] (91) and [Zr(Bn)2(L 43 )] (92) (Figure 22) in 2013. 28,142 Both were obtained from the same imidazoium precursor, which is prone to rearranging into benzimidazolium. Complex 91 features the fac-coordinated rearranged ligand backbone L 25 , while complex 92 retains the original mer-coordinated imidazole-based backbone. However, benzyl migration occurred in this case, yielding L 43 . The X-ray structure of 91 only allowed the connectivity between atoms to be established; the carbene signal was found at 200.1 ppm in the 13 C NMR spectrum, as expected for a benzimidazol-2-ylidene Zr complex. Complex 92 features elongated Zr-N bond distances (mean 2.418(2) Å), and the Zr-C2 distance (≈ 2.617 Å) is superior to the sum of covalent radii (2.51±0.08 Å). 141 Surprisingly, the signal of the C2 atom of the neutral imidazolidine ring in the 13 C NMR spectrum of 92 (159.6 ppm) is very similar to those observed for 84-86 (159.2-159.8 ppm).

In 2016, Zhang reported the synthesis of a series of secondary amide-functionalized imidazolium salts with an aim to generate complexes of N,O-functionalized NHCs. Several rearrangements were observed, and complex [TiCl2(L 26 )] (93) was obtained after metalation of one of the rearranged salts.

The geometry of 93 was derived from X-ray diffraction analysis of poor quality crystals, and the assignment of the carbene signal in the 13 C NMR spectrum (165.4 ppm) is only tentative. Complex 93 is a moderately active ethylene polymerization catalyst (114 kg-PE.mol-Ti -1 .h -1 .bar -1 at 50 °C). 143 

N,N-functionalized ligands

Fryzuk reported a series of trigonal bipyramidal Zr and Hf complexes bearing a bisamide-functionalized NHC [M(X)2(L 27 )] (94M, X = Cl, CH3, Bn, Et, i Bu; Ar = Tol, Mes) (Figure 23). These complexes were obtained by the amine elimination route starting from [M(NR2)4] (R = Me, Et); the resulting products could be converted to dichloro, then dialkyl complexes by reaction with Me3SiCl and the corresponding alkyl Grignard reagents. 51,144 The carbene signals in the 13 

Table 13. M-CNHC bond distances and 13 C{ 1 H} NMR spectroscopy carbene signal chemical shift of NHC complexes 103-109. *: free NHC signal; **: C=S signal.

Conclusion

Although the first studies on NHC complexes of group 4 metals were reported soon after the isolation of the first free NHC, the field has remained remarkably contained -especially compared to late transition metals. As discussed above, the notion that NHCs are soft ligands unsuitable for hard early transition metals such as Ti, Zr and Hf obviates the undisputed fact that NHCs are very strong donors and that they form exceptionally strong bonds with most metals. Still, a critical analysis of the evidence presented in the literature allows us to draw two conclusions regarding group 4 metals and NHCs :

a. due to the relatively weak group M-NHC bond compared to many other later transition metals (a notable exception being Ag), transmetallation should always be considered as a possibility. Therefore NHC complexes of group 4 metals are probably not the best candidates for bimetallic catalysis.

b. the strongly polar M-NHC bond makes the NHC itself susceptible to nucleophilic attack from other ligands bound to the metal. This reactivity may be an important issue in some cases, although it may be controlled (e.g. by avoiding coordinative saturation).

There are already a few examples of robust, highly active group 4 metal NHC complexes catalyzing a variety of reactions, such as ethylene, 52 rac-lactide, 46 or cyclohexene oxide / CO2 polymerization. 68 Likewise, monodentate π-acidic NHCs (e.g. CAACs) have shown great promise for the stabilization of