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Abstract 

Reactivity of Niobium and Tantalum Imido and Bis(imido) Complexes 

By 

Benjamin Michael Kriegel 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor John Arnold, Chair 

 

Chapter 1. Previous collaborative work between the Arnold and Bergman groups on niobium 

and tantalum systems supported by N,N’-diaryl-β-diketiminate (BDI, aryl = 2,6-iPr2-C6H3) and 

tert-butylimido ligands is summarized. Routes to prepare high-valent niobium and tantalum halide 

and alkyl starting materials are described, and the reactions of these complexes with small 

molecule substrates are discussed. Reactions to access low-valent niobium systems are described, 

and several examples are provided in which low-valent niobium systems promote unusual 

stoichiometric and catalytic transformations. In addition, the chemistry of high-valent BDI 

niobium bis(imido) systems is discussed. 

Chapter 2. The nitrene transfer reactivity of a series of BDI niobium bis(imido) complexes is 

reported. A novel metathesis process results in nitrene fragment exchange between alkylimido 

groups in Nb(V) bis(imido) complexes and arylisocyanide substrates. Calculations and 

experimental evidence indicate that these reactions likely proceed through cycloaddition and 

cycloreversion steps involving Nb(V) η2-carbodiimide intermediates, and occurs at a single metal 

center without elimination of carbodiimide. In contrast, reaction with unhindered alkylisocyanides 

results in extrusion of dialkylcarbodiimide, a process that was rendered catalytic in the presence 

of excess azide. This represents a rare example of oxidative nitrene transfer promoted by an early 

transition metal complex, in which reactivity across an imido group and two-electron metal-based 

redox chemistry are used in tandem to effect catalytic turnover. 

Chapter 3. BDI niobium bis(imido) complexes are shown to react with a variety of substrates 

across their Nb-N π-bonds by cycloaddition and 1,2-addition. Niobium bis(imido) intermediates 

generated by treatment of a Nb(III) precursor with azide substrates react further with azide 

substrates via [3+2] cycloaddition to give niobium tetrazene complexes. These compounds exist 

in equilibrium with the corresponding bis(imido) complexes, and are competent catalyst precursors 

for oxidative nitrene transfer to generate carbodiimides. Isolated bis(imido) complexes are also 

shown to engage in stoichiometric 1,2-addition reactions with dihydrogen, silanes, boranes, thiols, 

and terminal alkynes. These bis(imido) compounds also exhibit [2+2] cycloaddition and 

cycloreversion reactivity with carbon dioxide and carbon disulfide. Through these studies, the first 

example of an isolated early transition metal (group 3 to 5) complex bearing both a terminal imido 
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and a terminal oxo ligand is accessed. Likely as a consequence of π-loading effects, this compound 

is reactive toward 1,2-addition of silane substrates across its oxo group. 

Chapter 4. The cyclometallated tantalum(V) hydride complex {ArNC(Me)CHC(Me)N[2-

(CHMeCH2)-6-iPr-C6H3]}Ta(NtBu)H was prepared from hydrogenolysis of 

(BDI)TaNtBuMe2 (BDI = N,N′-diaryl-β-diketiminate, aryl = 2,6-iPr2-C6H3). Based on mechanistic 

studies, formation of the hydride complex likely proceeds through a dihydride intermediate 

generated from successive σ-bond metathesis steps. Low-valent Ta(III) dicarbonyl derivatives are 

accessed by either introducing CO atmosphere to the DMAP adduct at room temperature, or by 

directly adding CO at low temperature. Instead of promoting reductive elimination, 2,6-

dimethylphenylisocyanide reacts with the tantalum hydride complex via migratory insertion to 

give a product containing a unique metallaimidazole ring. This complex can be reversibly oxidized 

by one electron either electrochemically or chemically to give a tantalum radical cation species. 

DFT calculations, as well as X-ray crystallographic and EPR spectroscopic data are consistent with 

the electron being removed from an orbital primarily composed of Ta-C π-bonding character, but 

also delocalized over the tantalaimidazole ring. 

Chapter 5. The synthesis and reactivity of niobium and tantalum complexes bearing tert-

butylimido and N,N′-di-2,4,6-trimethylphenyl-β-diketiminate (BDIAr) or N,N′-di2,6-

dichlorophenyl-β-diketiminate (BDICl) ligands is reported. Reaction of dimethyl complex 

(BDIAr)Nb(NtBu)Me2 with dihydrogen leads to generation of bis-μ-hydrido Nb(IV)-Nb(IV) 

complex {(BDIAr)Nb(NtBu)(μ-H)}2. One-electron oxidation of this complex results in release of 

dihydrogen to generate the imido-bridged mixed-valent Nb(III)-Nb(IV) dimer [{(BDIAr)Nb(μ-

NtBu)}2][B(C6F5)4]. EPR spectroscopic measurements and DFT calculations are consistent with a 

symmetric structure containing a Nb-Nb single bond in which the unpaired electron is delocalized 

over both niobium centers. 
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Chapter 1 

 

 

Overview of Previous Work on Niobium and Tantalum 

Complexes Supported by β-Diketiminate and Imido Ligands 
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Preparation of Niobium and Tantalum BDI Complexes 

Beginning in the mid-1990s, β-diketiminate ligands with sterically encumbering N-aryl 

substituents began to see use in organometallic and coordination chemistry.1–3 By the mid-2000s, 

β-diketiminate ligands had become well established for supporting reactive low-coordinate 

complexes of early transition metals, base metals, and main group metals, but had not yet been 

explored in the chemistry of niobium and tantalum.4 Tomson, Arnold, and Bergman hypothesized 

that BDI ligands would provide a good support for low-valent, low coordinate niobium and 

tantalum complexes, as well as high-valent complexes containing reactive functionalities like 

terminal imido, oxo, alkylidene and nitrido groups. While attempts to metallate BDI ligands with 

bulky aryl substituents using MCl5 (M = Nb, Ta) were largely unsuccessful, the lithium salts 

BDILi·Et2O or BDILi·THF readily and cleanly reacted with the terminal imido species 

M(NtBu)Cl3Py2 via salt metathesis to yield six-coordinate imido compounds 1.1 and 1.2 (Scheme 

1.1).5,6 The analogous base free, square-based pyramidal niobium complex 1.3 was prepared via 

pyridine abstraction from 1.1 using strong Lewis acids. Both 1.3 and the related arylimido analog 

1.4 were also accessed using Nb(NR)(Cl)3(DME) (R = Ar, tBu) as a metal source (Scheme 1.1). 

Complexes 1.1 – 1.3 were found to be valuable starting materials for exploring the chemistry of a 

wide range of niobium and tantalum complexes in both low-and high-valent states.  

 

Scheme 1.1  Preparation of niobium and tantalum BDI imido dichloride complexes. 

High-valent Niobium and Tantalum Chemistry 

Reaction of the dichlorides 1.1 and 1.2 with methyl Grignard yielded the trigonal 

bipyramidal Nb(V) and Ta(V) dimethyl derivatives 1.5 and 1.6 (Scheme 1.2).5–7 Notably, 

pyridine is lost in this transformation and no subsequent evidence for coordination of σ-

donating ligands to 1.5 or 1.6 has been observed.  
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Scheme 1.2  Synthesis of Nb and Ta dimethyl complexes. 

The BDI supported niobium dimethyl complex 1.5 reacted readily with a variety of 

substrates, including π-acids,7 Lewis acids,6 and dihydrogen.8–11 Reaction between 1.5 and 

CO resulted in conversion to a mixture of the green dicarbonyl complex 1.7 and orange 

enediolate complex 1.8 in ratios that depended on solvent coordinating ability and CO 

pressure (Scheme 1.3).7 While 1.7 was found to be the major product in THF, 1.8 was 

favored in non-coordinating solvents such as pentane. This was explained by observing that 

coordination of THF would disfavor coordination of a second equivalent of CO necessary 

to access 1.8 prior to reaction of a single equivalent of CO with both methyl groups to 

release acetone and generate 1.7. When lower pressures of CO were introduced to 1.5, 

compound 1.9, which is generated from net reaction of 1.5 with only a single equivalent of 

CO was also observed as a product.  

 

Scheme 1.3  Reactivity of 1.5 toward carbon monoxide. 

Reaction of niobium and tantalum dimethyl compounds 1.5 and 1.6 with trityl cation 

resulted in abstraction of a methyl group to generate cationic complexes 1.10 and 1.11 

(Scheme 1.4).6 In common with related high-valent group 4 imido cations in the 

literature,12–15 the niobium derivative catalyzed the conversion of ethylene to high-density 

polyethylene at room temperature. Interestingly, the tantalum derivative was unreactive 

under the same conditions. 

 

Scheme 1.4  Methyl abstraction to form cationic complexes. 
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Low-valent Niobium Chemistry 

Low-valent early transition metal complexes are often very reactive and have been 

shown to be useful in C-C bond forming reductive coupling reactions.16–19 With this in 

mind, the two-electron reduction chemistry of niobium dichloride complex 1.1 has been 

explored in detail (Scheme 1.5).8 Compound 1.1 reacted with 2 equivalents potassium 

graphite at low temperature to give a blue suspension, which changed color to yellow upon 

warming to room temperature. The blue color was attributed to the reactive Nb(III) 

intermediate 1.12, while the yellow product was isolated and characterized as the 

monoazadiene Nb(V) bis(imido) complex 1.13, resulting from reductive cleavage of the 

BDI ligand. Reductive C-N bond cleavage is precedented in low-valent group 4 and 5 BDI 

complexes, and is often promoted in the presence of σ-donating ligands like THF or 

pyridine.20–24 The Nb(III) intermediate could be trapped by introduction of π-accepting 

ligands such as CO and isocyanides to solutions of 1.12 to give compounds 1.14 and 1.15. 

Curiously, reaction with KC8 carried out in the presence of dimethylphosphinoethane 

(dmpe) resulted only in conversion to the Nb(IV) species 1.16, even in the presence of 

excess KC8 indicating that dmpe coordination drastically decreased the reduction potential 

of 1.16. The chelating ability of dmpe seemed to play an important role here, as the same 

reaction in the presence of monodentate phosphines gave only 1.13.  

 

Scheme 1.5  Generation of low-valent Nb complexes using KC8. 

The 5-coordinate dicarbonyl complex 1.7 represented an attractive source of potentially 

reactive Nb(III). While 1.7 could be isolated in moderate yields following the procedure 

shown in Scheme 1.3, a preferred method for its preparation involved a two-step, one-pot 

procedure in which the η2-imine complex 1.17 was first produced by insertion of 

isocyanide, followed by displacement of the imine with CO (Scheme 1.6).7,8 As an example 

of the reactivity of 1.7, an oxo group could be transferred from the oxidant Ph2SO with 

displacement of CO to generate bis-μ-oxo Nb(V) dimer 1.18.8  
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Scheme 1.6  Mild route to access Nb(III) dicarbonyl. 

With the ability to access Nb(III) under relatively mild conditions and the knowledge that the 

BDI ligand was also capable of stabilizing Nb(V) chemistry, the BDI Nb(III) system was 

investigated for use in catalytic applications. For example, the Nb(III) dicarbonyl complex 1.7 

proved functional as a catalyst for the selective semihydrogenation of internal alkynes to Z-

alkenes.25,26 This reaction was shown to proceed by a new mechanism, as outlined in Scheme 1.7.  

 

Scheme 1.7  Hydrogenation catalysis using Nb(III)/(V) couple. 

Alkyne displaced CO to form the isolable Nb(V) η2-alkyne complex 1.19,8 which then 

underwent σ-bond metathesis with H2 to generate vinyl hydride intermediate 1.20. Reductive 

elimination to give 1.21 followed by displacement of coordinated arene by CO regenerated the 

starting dicarbonyl. Although 1.20 could not be directly observed, intermediate 1.21 was seen 

using 1H NMR spectroscopy.25 Notably, the Nb center cycled between high and low-valent 

oxidation states within the catalytic cycle. While reductive elimination and oxidative addition 

processes are commonplace in late transition metal catalysis, it is uncommon for two-electron 

redox chemistry to be supported in early transition metal systems within catalytic cycles. This 
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catalytic reactivity was limited to internal alkynes; 1.7 instead underwent stoichiometric reaction 

with tert-butylacetylene to give 1.22 rather than releasing hydrogenated product.27 

While dicarbonyl complex 1.7 exhibited novel catalytic reactivity, the reactivity of 1.7 in 

general was quite limited compared to many of the highly reactive Nb(III) compounds reported in 

the literature18,28–35 due to the stabilizing effect of strong π-acids on d2 metal centers. Hence, 

alternative routes to access isolable, yet highly reactive Nb(III) sources were targeted. 

Hydrogenolysis of the dimethyl precursor 1.5 proved to be a very effective method for generating 

the transient Nb(III) intermediate 1.23, which went on to a variety of products depending on 

solvent (Scheme 1.8).8–11 

 

Scheme 1.8  Solvent-dependent reactivity of 1.5 with dihydrogen. 

The most synthetically useful products were the dark red η6-arene complexes 1.24 and 

1.25 prepared from hydrogenolysis in benzene or toluene respectively;9 the reactivity of 

these compounds will be discussed in more detail below. Not unexpectedly based on related 

reactions of the dichloride precursor 1.1 with KC8 (Scheme 1.5), reaction of 1.5 with 

dihydrogen in either THF or Et2O led to isolation of products 1.26 and 1.27 resulting from 

reductive C-N cleavage of the BDI ligand.8,11 The highly reactive nature of the Nb(III) 

species generated by hydrogenolysis was showcased by the reaction of 1.5 with H2 in α-

trifluorotoluene to give 1.28, which resulted from activation of all three typically inert 

benzylic C-F bonds.10 In non-coordinating solvents such as hexane, C-H activation of the 

BDI ligand by a Nb(III) center resulted in conversion to 1.29. Additionally, relatively small 

amounts of the purple diamagnetic Nb(IV)-Nb(IV) bis-μ-hydrido dimer 1.30 were isolated 

from reactions conducted in non-coordinating solvents and also observed as a trace 

impurity from reactions in benzene or Et2O.10  

Compound 1.24 reacted with a variety of reagents such as CO, XylNC, N2O, and THF to give 

previously characterized products 1.7, 1.15, 1.18, and 1.26 respectively. Upon standing at room 

temperature in hexane, 1.24 and 1.25 converted to the inverted sandwich complexes 1.31 and 1.32 
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in a process that was shown to be first order in Nb(III) starting material and dissociative in arene 

(Scheme 1.9).9 The spectroscopic and crystallographic data for both 1.24 and 1.31 were consistent 

with Nb(III) metal centers coordinated by neutral arene ligands. This was also consistent with the 

arene ligand being displaced to generate a transient 3-coordinate Nb(III) intermediate in the 

transformation from 1.24 to 1.31. In contrast to 1.24, which was shown to be very reactive, 

compound 1.31 showed an almost complete lack of reactivity toward most reagents. 

 

Scheme 1.9  Dimerization of η6-arene complexes of Nb(III). 

Furthermore, the niobium η6-benzene complex 1.24 was shown to activate the C-F bond 

of fluorobenzene in order to generate phenyl fluoride complex 1.35 (Scheme 1.10).36 The 

η6-fluorobenzene adduct compound 1.33 could be observed as an intermediate that built up 

during conversion to 1.35 by 1H NMR and 19F NMR spectroscopy. Catalytic turnover for 

this C-F activation process was accomplished through addition of a sacrificial silane 

reductant. DFT calculations indicated that the reaction likely proceeded through bimetallic 

intermediate 1.34. This catalytic process was also extended to a series of polyfluorinated 

arene substrates; however, in contrast to most other hydrodefluorination catalysts in the 

literature, mono and difluorinated arenes were activated preferentially over more heavily 

fluorinated arenes. In a separate study, it was also shown that isocyanides could insert into 

the Nb-C bond of 1.35,37 a step toward using this C-F activation chemistry for 

defluorofunctionalization of C-F bonds, although only stoichiometric reactivity to give 1.37 

and 1.38 was observed upon addition of phenylsilane to 1.36. 

 

Scheme 1.10  Catalytic hydrodefluorination of fluoroarenes mediated by Nb(III). 
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One-electron oxidation of inverted sandwich complex 1.31 led to isolation of 1.39, an unusual 

Nb(IV)-Nb(III) mixed-valence compound that exhibited a rare asymmetric μ-η2:η4-benzene 

binding mode (Scheme 1.11).38 Spectroscopic and crystallographic data were again consistent with 

a neutral bridging benzene molecule, and unlike 1.31, the dimeric structure of 1.39 readily broke 

up to generate monomeric Nb(III) and Nb(IV)+ fragments 1.24 and 1.40 which engaged in 

reactivity with a variety of substrates including THF to re-form 1.31 and give Nb(IV) cation 1.41, 

DCE to give Nb(V)-Nb(V) dimer 1.42, and tBuN3 to give Nb(V) complexes 1.43 and 1.44. 

 

Scheme 1.11  One electron oxidation of the Nb(III) dimer 1.31 and reactivity of the mixed-

valent product. 

Chemistry of Niobium Bis(imido) Complexes 

While imido groups in early transition metal compounds are often reactive toward 

cycloaddition and 1,2-addition processes,39–54 for both high- and low-valent niobium and 

tantalum complexes of the (BDI)M(NtBu) scaffold, the imido group behaved entirely as a 

supporting ligand in almost all cases (a notable exception is compound 1.28). It was 

hypothesized that introduction of a second imido group would serve to increase reactivity 

across the imido groups by creating a “π-loading” effect,5,55–59 increasing the polarization 

of the imido bonds by electronically saturating the niobium dπ orbitals. 5-coordinate 

bis(imido) complexes 1.45 and 1.46 could be accessed either from reduction of 1.1 and 

trapping with azide8 or from reaction of 1.1 with LiNHtBu,5 as shown in Scheme 1.12. In 
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order to access the more reactive 4-coordinate bis(imido) species 1.47, pyridine was 

removed using B(C6F5)3. Under these conditions, 1.47 could be accessed in situ, but 

degraded to 1.43 faster than it could be isolated from the byproduct Py·B(C6F5)3. 

Conversion to 1.43 likely occurred by an intermolecular process, in this case catalyzed by 

Py·B(C6F5)3. Although conversion to 1.43 in the presence of Py·B(C6F5)3 occurred faster 

than reactions of 1.47 with most other substrates, 1.47 did react with tert-butyl isocyanate 

across an imido group to generate 1.48, which subsequently degraded rapidly to mixtures 

of products.5  

 

Scheme 1.12  Synthesis of Nb bis(imido) complexes from 1.1 and cycloaddition reactivity with 

tert-butylisocyanate. 

BDI-supported niobium bis(imido) compounds could also be accessed via the routes shown in 

Scheme 1.13.11 In a process likely similar to that undergone by related titanium and vanadium 

alkylidene and alkylidyne complexes,60–62 intact BDI ligands were re-formed from 1.26 or 1.27 to 

give either mixtures of 1.47 and 1.49 in the presence of tBuN3 or mixtures of 1.50 and 1.51 in the 

presence of ArN3. Under these conditions, each of these compounds could be isolated and fully 

characterized; compound 1.47 only very slowly underwent thermal conversion to 1.43 at room 

temperature over several days. Formation of compound 1.49 resulted from C-H activation of the 
tBu BDI N-substituent across a reactive imido group. 

 

Scheme 1.13  Synthesis of bis(imido) compounds by re-forming BDI framework. 
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The results summarized here have clearly demonstrated that the BDI imido ligand scaffold is 

excellent for accessing niobium complexes in a range of oxidation states bearing a variety of 

reactive moieties. Moreover, not only can both Nb(III) and Nb(V) complexes be generated under 

mild conditions, but the Nb(III)/Nb(V) redox couple can be utilized in conjunction with σ-bond 

metathesis reactivity in order to access unique catalytic reactions that proceed by unusual 

pathways, such as hydrogenation25 and hydrodefluorination.36  

Based on these findings, it seemed prudent to delve further into the chemistry of this system, 

focusing in particular on several different facets. First, although reactions across multiply bonded 

ligands is a relatively common and often extremely useful mode of reactivity in early transition 

metal complexes, reactions across imido groups were virtually unexplored in this system due to 

the inert nature of the imido moiety. While initial studies demonstrated that introducing π-loading 

through incorporation of a second imido group was an effective way to attain reactivity with a 

single substrate,5 the reactivity of complexes containing reactive terminal imido or terminal oxo 

groups had not been thoroughly investigated. Moreover, since both Nb(III) and Nb(V) systems 

could be readily accessed in this system, it seemed plausible that the Nb(III)/(V) redox couple 

could be used in conjunction with imido based reactivity to effect new types of catalytic 

transformations. Second, while low, mid, and high valent niobium complexes containing a variety 

of different functionalities had been reported, only a handful of high valent complexes of tantalum 

had been reported in a single publication.6 Hence, the chemistry of tantalum complexes supported 

by the BDI imido ligand scaffold warranted further attention. Third, the complexes described thus 

far are all supported by BDI ligands bearing 2,6-diisopropylphenyl (Dipp) substituents. While BDI 

ligands bearing Dipp substituents have been among the most successful ligands for stabilizing low-

coordinate metal complexes in the literature, perturbing the electronic and steric environment 

around the niobium or tantalum center by modifying the aryl substituent provided a way to better 

understand and potentially access new chemistry with this system. 
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Introduction 

Since the initial discovery of C-H activations and cycloadditions across terminal zirconium 

imido π-bonds in 1988,1  a number of nitrene transfer processes involving reactions across metal-

nitrogen multiple bonds, especially those in high-valent group IV complexes have been 

explored.2,3 Many of these systems have been shown to undergo cycloadditions with a variety of 

unsaturated substrates.2-4 This reactivity has been developed into useful redox-neutral catalytic 

nitrene transfer processes including hydroaminations2,5 and carboaminations6 as well as imine7 and 

azide8 metatheses. In contrast to group IV systems, relatively few studies have focused on reactions 

across imido groups in group III9 and group V systems.10-12 While group IV imido systems have 

been well developed as catalysts for redox-neutral transformations, limited examples of 

stoichiometric oxidative nitrene transfers13 and only two examples of catalytic oxidative nitrene 

transfer using group IV catalysts have been reported.14 

In our efforts to design group V systems that are reactive across metal-nitrogen multiple bonds, 

we have been investigating niobium and tantalum imido complexes supported by β-diketiminate 

(BDI) ligands.15 We have found that the BDI imido ligand system is able to support niobium in 

both low and high valent states, in two cases, even within catalytic cycles. While we found that 

the imido group behaves purely as an ancillary ligand for a variety of low and high-valent 

mono(imido) derivatives, we hypothesized that introduction of a second imido moiety could 

enhance the reactivity of the imido groups. This ‘π-loading’ effect results from interactions of 

multiple ligand-based p orbitals with the same metal-based d orbital, which causes a net decrease 

in bonding character of the HOMO.12,15b,16 We recently reported a synthetic route to a series of 

four-coordinate niobium bis(imido) complexes,11 and we aimed to take advantage of both 

reactivity across imido groups as well as two-electron redox reactivity in these systems in order to 

carry out catalytic oxidative nitrene transfer chemistry. Herein we report the novel stoichiometric 

and catalytic reactivity of these niobium bis(imido) complexes with alkyl and aryl isonitriles. 

Results and Discussion 

Niobium bis(imido) complexes 2.2 – 2.4 were prepared by reaction of the Nb(III) precursor 1 

with azides RN3 (R = 2,6-Dipp, tBu, TMS) (Scheme 2.1). While the synthesis of compounds 2.2 

and 2.4 has been previously described, the route described here offered access to these compounds 

in higher yield and purity. Moreover, the N-TMS derivative, compound 2.3, was prepared for the 

first time using this route.  

 

Scheme 2.1  Synthesis of niobium bis(imido) compounds from a Nb(III) precursor. 

Compound 2.3 was characterized by 1H NMR spectroscopy and single crystal X-ray 

diffraction; like compound 2.4, it exhibited Cs symmetry in solution and nearly perfect Cs 

symmetry in the solid state (Figure 1). Notably, the Nb-N(3)-C(30) angle is 155.9(1)˚, making this 
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the most bent terminal imido group reported for a niobium complex apart from limited examples 

in which the imido group is a part of a larger chelate system that constrains its geometry. In 

contrast, the Nb-N(4)-Si angle is nearly linear at 171.32(8)˚; the reason the TMS imido moiety is 

much more linear than the tBu imido moiety may be a π component to the bonding between the 

nitrogen and the silicon center, but since the silicon center is nearly perfectly tetrahedral, the 

discrepancy in the bond angles is more likely simply caused by crystal packing effects. The average 

Nb-N-C angles for compounds 2.2 and 2.4 are also less linear than for most other terminal niobium 

imido compounds in the literature. The Nb-N(3) and Nb-N(4) distances observed in 2.3 of 1.794(1) 

Å and 1.819(1) Å, respectively, are relatively long for terminal imido groups, and similar to those 

of compounds 2.2, 2.4, as well as other terminal niobium(V) bis(imido) compounds. This 

lengthening of the Nb-N bonds and bending of the imido groups is consistent with a π-loading 

effect in which the imido groups are activated toward reactivity. 

 

Figure 2.1  Molecular structure of 2.3 determined by X-ray diffraction. H atoms and aryl iPr groups 

have been omitted for clarity; thermal ellipsoids are displayed at the 50% probability level. 

Selected bond lengths (Å): Nb-N(1): 2.122(1), Nb-N(2): 2.121(1), Nb-N(3): 1.794(1), Nb-N(4): 

1.819(1). Selected bond angles (˚): N(1)-Nb-N(2): 92.19(5), N(1)-Nb-N(3): 115.21(5),  N(1)-Nb-

N(4): 113.34(5), N(2)-Nb-N(3): 107.83(5), N(2)-Nb-N(4): 112.92(5), N(3)-Nb-N(4): 113.40(6), 

Nb-N(3)-C(30): 155.9(1), Nb-N(4)-Si: 171.32(8). 

Addition of 2,6-dimethylphenylisocyanide (XylNC) to a solution of 2.2 resulted in slight 

lightening of the color of the orange solution; 1H NMR spectroscopic and crystallographic analysis 

of the yellow crystals (Figure 2.2, left) obtained from this reaction were consistent with isocyanide 

adduct 2.2·XylNC. Upon heating to 60 °C for 2.5 h, a yellow solution of 2.2·XylNC in toluene 

underwent a color change to give an orange solution from which bright orange crystals were 

isolated. NMR spectroscopic and crystallographic data indicated clean conversion to 2.5a, in 

which the nitrene fragments from one tert-butylimido group and the coordinated isonitrile were 

exchanged to generate a complex containing a thermodynamically-favored aryl(imido) ligand with 

coordinated tBuNC (Scheme 2.2). The X-ray crystal structure of 2.5a (Figure 2.2, middle) showed 

a geometry intermediate between trigonal bipyramidal and square pyramidal (τ = 0.41);17 a similar 

geometry was observed for 2.2·XylNC (τ = 0.47). Notably, clean conversion of 2.2·XylNC to 2.5a 
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was also observed by heating solid 2.2·XylNC to 80 °C for 12 h. While reactions of early transition 

metal imido complexes with isocyanides across imido groups have been documented in the 

literature, these reactions typically lead to either coupling of multiple equivalents of isocyanide 

after addition,4c,4e formation of η2-carbodiimide complexes,4a or production of carbodiimide.13b,14a 

To our knowledge, the conversion of 2.2 to 2.5 is the first example in which the nitrene fragments 

are simply exchanged to generate a new imido group and a new isocyanide. Hence, this represents 

a new method for both incorporation of imido moieties into metal complexes and integration of 

various substituents into isonitriles.  

 

Scheme 2.2  Nitrene metathesis of arylisocyanide substrates with niobium imido groups. 

Although it still contained a basic tert-butylimido group, 2.5a was much less reactive toward 

nitrene metathesis than 2.2; addition of a second equivalent of XylNC to 2.5a resulted in 

establishment of an equilibrium between tBuNC and XylNC adducts, but heating to 120 °C for 15 

h was required to exchange the remaining tert-butylimido group, generating one equivalent of free 
tBuNC and a new niobium compound identified as BDINb(NXyl)2CNtBu (2.6) by 1H and 13C 

NMR spectroscopy.  

Compound 2.2 reacted with 4-methoxy substituted arylisocyanides to give compounds 2.5b 

and 2.5c as shown in Scheme 2. Formation of 2.5b proceeded much more slowly than formation 

of 2.5a; addition of 4-methoxy-2,6-dimethylphenylisocyanide (MeOXylNC) to a solution of 2 

again resulted in immediate formation of adduct 2.2·MeOXylNC, but heating to 60 °C for 16 h 

was required to observe 95% conversion to 2.5b by 1H NMR spectroscopy. In contrast, 2.2·XylNC 

underwent 95% conversion to 5a after heating to 60 °C for 2 h. This observation can be rationalized 

by the fact that the donating 4-methoxy substituent increases electron density at the isocyanide 

carbon, making it a less electrophilic target for nucleophilic attack by an imido moiety. Conversely, 

formation of 2.5c proceeded significantly faster than formation of either 2.5a or 2.5b (>95% 

conversion within 0.5 h at 60 °C), indicating both that a) the rate-determining transition state is 

relatively sterically encumbered compared to the starting isocyanide adduct and b) reducing the 

steric profile of the isocyanide by eliminating the o-methyl substituents has a more pronounced 

effect on the reaction rate than adding a donating p-methoxy substituent. 
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Figure 2.2  Molecular structures of 2.2·XylNC (left), 2.5a (middle), and 2.5c (right) determined 

by X-ray diffraction. H atoms and aryl iPr groups have been omitted for clarity; thermal ellipsoids 

are displayed at the 50% probability level. For 2.2·XylNC (left), selected bond lengths (Å): Nb-

N(1): 2.276(1), Nb-N(2): 2.207(1), Nb-N(3): 1.810(1), Nb-N(4): 1.814(1), Nb-C(38): 2.271(2); 

selected bond angles (˚): N(2)-Nb-C(38): 161.16(5), N(1)-Nb-N(4): 133.12(6), Nb-N(3)-C(30): 

167.6(1), Nb-N(4)-C(34): 168.2(1), Nb-C(38)-N(5): 167.3(1). For 2.5a (middle), selected bond 

lengths (Å): Nb-N(1): 2.265(2), Nb-N(2): 2.198(2), Nb-N(3): 1.812(2), Nb-N(4): 1.826(2), Nb-

C(42): 2.274(2); selected bond angles (˚): N(2)-Nb-C(42): 160.53(7), N(3)-Nb-N(4): 136.14(7), 

Nb-N(3)-C(30): 170.3(2), Nb-N(4)-C(34): 167.3(2), Nb-C(42)-N(5): 170.2(2). For 2.5c (right), 

selected bond lengths (Å): Nb-N(1): 2.282(1), Nb-N(2): 2.199(1), Nb-N(3): 1.802(1), Nb-N(4): 

1.820(1), Nb-C(41): 2.289(2); selected bond angles (˚): N(2)-Nb-C(41): 159.46(6), N(1)-Nb-N(3): 

137.94(6), Nb-N(3)-C(30): 165.4(1), Nb-N(4)-C(34): 160.9(1), Nb-C(41)-N(5): 171.1(2). 

 

Scheme 2.3  Reversible nitrene metathesis reactivity with alkylisocyanide substrates. 

While no evidence of nitrene metathesis was observed from reactions of alkyl-substituted 

isocyanides with 2.2 (see below), the mixed aryl/alkyl bis(imido) complex 2.4 reacted with 

alkylisocyanides to generate tBuNC and exchange the alkyl substituent into the imido position. 

The reaction with cyclohexylisocyanide (CyNC) was particularly clean, and compound 2.7 was 

isolated after heating a solution of 2.4 in refluxing toluene in the presence of excess CyNC for 15 
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h (Scheme 2.3). Heating isolated 2.7 to 120 °C in the presence of excess tBuNC resulted in 

conversion to 2.4·tBuNC identified by 1H NMR and prepared independently from coordination of 
tBuNC to 2.4. Interestingly, during the course of this reaction, a significant amount of tBuNC was 

isomerized to unreactive tBuCN, hampering conversion of 2.7 to 2.4·tBuNC. This isomerization 

did not occur in the absence of the niobium complex, indicating it was likely metal-catalyzed; 

limited examples of this metal-catalyzed process exist in the literature.16 

 

Scheme 2.4  Nitrene metathesis converting 2.3 to 2.2·tBuNC. 

While reactions with 2.3 were not explored in as much detail due to a lack of selectivity 

between reactions across TMS and tBu imido groups leading to mixtures of products, 2.3 did react 

with a large excess of tBuNC on heating to 120 °C for 15 h to give 2.2·tBuNC (Scheme 2.4). In 

this case, isomerization of tBuNC to tBuCN was also observed, halting the reaction to give 

2.2·tBuNC after ~ 60% conversion. 

 

Figure 2.3  DFT calculated energy profile for nitrene metathesis. 

DFT calculations provided support for the proposed mechanistic pathway shown in Figure 2.3. 

Coordinated isocyanide first adds across an imido moiety in 2.I-1 to give η2-carbodiimide 

intermediate 2.I-2, as has precedent in the literature.4a,13b,14a The lowest energy pathway found for 

the following step involves passing through the nearly linear η3-carbodiimide-like transition state 

2.T-2 to give 2.I-3, which then proceeds to give the thermodynamically favored product 2.I-4 by 

the reverse of the first step. While the highest energy transition state 2.T-2 is 25 kcal/mol higher 

in energy than intermediate 2.I-2, it is not unreasonable that this process could proceed readily at 
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60 °C. In fact, neither intermediates 2.I-2 nor 2.I-3 are observed experimentally when the reaction 

is followed by 1H NMR spectroscopy, indicating they are likely higher in energy than the 

calculated values relative to 2.I-1. Diisopropylphenyl substituents were modeled as phenyl 

substituents in the calculations, so this discrepancy is not surprising, as 2.I-2 and 2.I-3 are much 

more prone to steric clashing with BDI aryl groups than 2.I-1 since the imido and isocyanide 

substituents of 2.I-1 are nearly 180° from the metal center. Calculated reaction pathways for 

analogs incorporating 4-MeOPh and 2,6-Xyl isocyanide substituents are shown in Figure 2.8 in 

the experimental section (see below), and are consistent with the experimentally observed 

influence of electron donating ability and steric bulk of the isocyanide aryl substituent on reaction 

rate (see above). 

Reaction of 2.2 with primary alkylisocyanides AkNC (Ak = nBu, Bn) resulted in color changes 

to red-brown solutions. In both cases, conversion to a single major niobium-containing product 

was observed by 1H NMR spectroscopy, within 12 h for Ak = nBu or within 20 min for Ak = Bn. 

In contrast to reactions with arylisocyanides, both reactions proceeded at room temperature 

without any generation of tBuNC; instead, in each case, generation of one equivalent of the organic 

product AkN=C=NtBu (Ak = nBu, Bn) was observed. 

 

Scheme 2.5  Release of carbodiimides and formation of 2.8 and 2.9 upon reaction of 2.2 with 

alkylisocyanides (left) and production of 2.8 and 2.9 from Nb(III) precursor 2.1 (right). 

Remarkably, compound 2.2 reacted with six equivalents of nBuNC to release one equivalent 

of nBuN=C=NtBu and give compound 2.8 as red-orange microcrystalline material in 53% yield 

(Scheme 2.5, top). The reaction to give 2.8 involved the formation of four new C-C bonds and a 

C-N bond to generate a heavily substituted κ2-N,N-pyrrolediamido ligand. The solid-state structure 

(Figure 2.4, left) showed a distorted square pyramidal geometry (τ = 0.1) with the imido moiety in 

the apical position. While related couplings of isocyanides by reduced metal centers have been 

observed,19 to our knowledge this is the first example of formation of a pyrrole-diamido transition 

metal complex. A related reaction occurred between 2.2 and three equivalents benzylisocyanide 

(BnNC) to give 2.9, which precipitated from the reaction mixture within minutes as pale yellow 

needles (Scheme 2.5, bottom). Compound 2.9 has also been characterized crystallographically 
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(Figure 2.4, right). In order to give 2.9, a benzyl group transferred from one equivalent of 

isocyanide to another to give a C-bound terminal cyanide ligand and an η2-iminoacyl ligand. 

                        

Figure 2.4  Molecular structures of 2.8 (left) and 2.9 (right) determined by X-ray diffraction. H 

atoms, aryl iPr groups, a molecule of toluene that co-crystallized with 2.9 and a second 

crystallographically inequivalent molecule of 2.9 have been omitted and nalkyl groups in 2.8 have 

been truncated for clarity; thermal ellipsoids are displayed at the 50% probability level. For 2.8 

(left), selected bond lengths (Å): Nb-N(1): 2.266(3), Nb-N(2): 2.281(3), Nb-N(3): 1.760(3), Nb-

N(4): 2.037(3), Nb-N(5): 2.063(3), N(4)-C(34): 1.399(4), N(5)-C(35): 1.369(4), C(34)-C(35): 

1.403(5), C(35)-N(6): 1.391(5), N(6)-C(36): 1.398(5), C(36)-C(37): 1.392(5), C(34)-C(37): 

1.431(5), C(36)-C(50): 1.446(5), C(50)-N(7): 1.270(5), C(37)-N(8): 1.397(5), N(8)-C(55): 

1.261(5); selected bond angles (˚): N(2)-Nb-N(5): 151.5(1), N(1)-Nb-N(4): 145.5(1), N(4)-Nb-

N(5): 83.3(1), N(3)-Nb-N(4): 108.7(1), N(3)-Nb-N(5): 103.9(1), Nb-N(4)-C(34): 98.0(2), Nb-

N(5)-C(35): 98.5(2), C(37)-N(8)-C(55): 120.0(3), C(36)-C(50)-N(7): 125.4(4). For 2.9 (right), 

selected bond lengths (Å): Nb(1)-N(1): 2.212(6), Nb(1)-N(2): 2.179(6), Nb(1)-N(3): 1.768(6), 

Nb(1)-N(4): 2.174(6), Nb(1)-C(34): 2.105(7), Nb(1)-C(49): 2.282(8), N(4)-C(34): 1.263(9), 

C(49)-N(5): 1.145(8); selected bond angles (˚): N(2)-Nb(1)-C(49): 150.3(3), N(1)-Nb(1)-C(34): 

148.1(2), Nb(1)-N(3)-C(30): 171.6(6), Nb(1)-C(49)-N(5): 171.9(7), Nb(1)-N(4)-C(42): 162.6(5), 

Nb(1)-C(34)-C(35): 155.5(6), N(4)-C(34)-C(35): 128.4(7), C(34)-N(4)-C(42): 127.4(7). 

A proposed mechanism for the formation of both 2.8 and 2.9 is outlined in Scheme 2.6. 

2.2·AkNC and η2-carbodiimide intermediate 2.B likely exist in equilibrium, although only 

2.2·AkNC is observed in solution. Intermediate 2.B can release carbodiimide to generate a Nb(III) 

intermediate that is trapped by additional isocyanide to give Nb(III) isocyanide adduct 2.C. Two 

isocyanide ligands then undergo reductive coupling to give η2-N,C-1,2-diiminoethylene complex 

2.D.19 This complex readily undergoes insertion of another equivalent of isocyanide into the Nb-

C bond to give 2.E, followed by insertion of yet another equivalent of isocyanide to give 2.F. At 

some point during the reaction, a 1,5-sigmatropic hydride shift occurs; although it is depicted after 

net reaction with 5 equiv. of isocyanide in order to generate 2.G, this could also occur after either 
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the previous or following steps in the mechanism. Insertion of a final equivalent of isocyanide 

results in formation of the six-membered metallacyclic intermediate 2.H, which then reductively 

eliminates in order to form a five-membered organic heterocycle which binds in a κ2-N,N fashion 

to the resulting Nb(III) center in order to give 2.I. A two-electron transfer from the niobium center 

to the ligand results in aromatization of the ligand to give the κ2-N,N-pyrrolediamidoniobium(V) 

product 2.8. Starting from intermediate 2.C, formation of 2.9 results from transfer of a benzyl 

group from one isocyanide equivalent to another to give a C-bound terminal cyanide ligand and 

an η2-iminoacyl ligand, which presumably occurs faster for Ak = Bn than reductive C-C coupling. 

 

Scheme 2.6  Proposed mechanism for formation of compounds 2.8 and 2.9. 

Several pieces of experimental evidence support that these reactions proceed through Nb(III) 

intermediates. First, the same products 2.8 and 2.9 were observed from the reactions of Nb(III) 

complex 2.1 with either five equivalents nBuNC or two equivalents BnNC (Scheme 2.5, right). 

Second, addition of one equivalent BnNC to 2.2 to give 2.2·BnNC followed by addition of three 

equivalents 2,6-XylNC resulted in immediate color change to green-blue and a 1H NMR spectrum 

consistent with formation of the reported Nb(III) complex 2.10 and release of carbodiimide 

(Scheme 2.7).12c 

 

Scheme 2.7  Trapping of a Nb(III) intermediate with 2,6-XylNC. 
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Based on these results, it seemed plausible that the Nb(III) intermediate generated in these 

reactions could be trapped by an azide to regenerate the 4-coordinate bis(imido) starting material, 

thus rendering the formation of carbodiimide catalytic. In fact, within seconds at room 

temperature, addition of excess tBuN3 to a solution of 2.2·BnNC resulted in color change from 

yellow-orange to orange consistent with conversion to the 4-coordinate bis(imido) complex 2.2. 

Conversion to 2.2 and production of BnN=C=NtBu was confirmed by 1H NMR spectroscopy and 

GC-MS. Similarly, generation of 2.2 and the corresponding carbodiimide was observed after 

adding excess tBuN3 to 2.2·nBuNC or 2.2·CyNC, although reaction with 2.2·nBuNC only 

proceeded within 12 h at room temperature and reaction with 2.2·CyNC required heating at 60 °C 

for 15 h to go to completion. No formation of carbodiimide was observed with tBuNC even at 

temperatures up to 120 °C. Catalytic reactions were carried out in J. Young valve NMR tubes using 

mixtures of C6D6 and tBuN3 as solvent and following the conversion to carbodiimide by 1H NMR 

spectroscopy; higher turnover numbers were observed when the catalytic reactions were carried 

out in the presence of a large excess (~ 200 equivalents) of tBuN3. Up to 17 turnovers (6% cat. 

loading) were observed for Ak = Cy (20 h at 80 °C) before complete catalyst degradation, while 

lower turnover numbers (5-8 turnovers) were observed for Ak = Bn and Ak = nBu. 

 

Scheme 2.8  Proposed mechanism for catalytic nitrene transfer to give asymmetric 

dialkylcarbodiimides. 

The catalytic reactions likely proceeded via the mechanism outlined in Scheme 2.8. Notably, 

buildup of an intermediate was observed by 1H NMR spectroscopy under the catalytic conditions. 

The intermediate was especially prominent for Ak = nBu; in fact, upon leaving a solution 

containing 2.2·nBuNC, four additional equivalents nBuNC, and 17 equivalents tBuN3 at room 

temperature for 16 h, complete conversion of 2.2·nBuNC to this new species was observed 

(Scheme 2.9). The product of this reaction was isolated in 61% yield and identified by X-Ray 

crystallography and NMR spectroscopy as the terminal tert-butylazidoniobium complex 2.11. A 
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representation of the crystal structure is shown in Figure 2.5. The Nb-N(5) distance is 1.849(2) Å 

and the Nb-N(5)-N(6) angle is 153.6(2)˚, consistent with a Nb-N interaction that is intermediate 

between a double and triple bond. Moreover, the N(5)-N(6) distance is 1.324(3) Å, intermediate 

between a typical N-N single bond and N-N double bond, while the N(6)-N(7) distance is 1.261(3) 

Å, in agreement with a N-N double bond, thus consistent with the azide ligand engaging the 

niobium center as a dianionic X2L ligand. 

 

Scheme 2.9  Preparation of a terminal alkylazidoniobium complex. 

 

Figure 2.5  Molecular structure of 2.11 determined by X-ray diffraction. H atoms and aryl iPr 

groups have been omitted for clarity; thermal ellipsoids are displayed at the 50% probability level. 

Selected bond lengths (Å): Nb-N(1): 2.262(2), Nb-N(2): 2.205(2), Nb-N(3): 1.788(2), Nb-N(5): 

1.849(2), Nb-C(34): 2.260(3), N(5)-N(6): 1.324(3), N(6)-N(7): 1.261(3). Selected bond angles (˚): 

N(2)-Nb-C(34): 163.28(8), N(1)-Nb-N(3): 138.03(8), Nb-N(3)-C(30): 165.9(2), Nb-C(48)-N(5): 

173.9(2), Nb-N(4)-C(42): 176.8(3), Nb-N(5)-N(6): 153.6(2), N(5)-N(6)-N(7): 115.5(2), N(6)-

N(7)-C(39): 113.3(2). 

Compound 2.11 represents the first characterized example of a terminal organoazido niobium 

complex, but sparse examples of other terminal organoazidometal species exist in the literature.20 

In one notable example,20c detailed mechanistic studies have shown that a related 

phenylazidotantalum complex is an intermediate species in nitrene transfer from an azide to a low-

valent tantalum center, and that nitrene transfer to generate an imido group and release N2 goes 

through a 4-centered intermediate analogous to 2.K (Scheme 2.8). Similarly, isolated 2.11 slowly 
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converts to 2.2·nBuNC and N2 in solution and is also a competent catalyst for carbodiimide 

formation. In order to probe the mechanism, the kinetics of conversion from 2.11 to 2.2·nBuNC 

were followed by 1H NMR spectroscopy. The reaction followed clean first order kinetics in 2.11 

(Figure 2.6, left), and an Eyring analysis was carried out using kinetic data collected over a 

temperature range from 40 ˚C to 50 ˚C (Figure 2.6, right). From the Eyring analysis, the enthalpy 

and entropy of activation were found to be +30(1) kcal/mol and +21(3) cal/(K·mol), respectively. 

The large positive entropy of activation was indicative of dissociation of isocyanide from 2.11 

being an important step in the reaction rate, but not necessarily the rate-determining step. In the 

presence of excess nBuNC, the reaction proceeded much more slowly, indicating that isocyanide 

reversibly dissociates from 2.11, establishing an equilibrium with intermediate 2.J (Scheme 2.8). 

In contrast, if dissociation of isocyanide was irreversible and rate-determining, the reaction rate 

would be unaffected by addition of excess isocyanide.  

     

Figure 2.6  Left: plot of ln[2.11] versus time at 40 ˚C showing first order dependence on [2.11]. 

Right: Eyring plot for the conversion of 2.11 to 2.2·nBuNC and activation parameters derived from 

the Eyring plot. 

Applying the steady state approximation (asserting that d[2.J]/dt = 0), the following rate 

equation can be derived: 

d[2.2·nBuNC]/dt = k1k2[2.11]/(k2 + k-1[
nBuNC]) Eq 1 

where K = k1/k-1 is the equilibrium constant for 2.11 and 2.J + nBuNC and k2 is the rate constant 

for a subsequent rate-determining irreversible step which likely proceeds through intermediate 

2.K, although further experiments are needed in order to confirm. 

While a handful of mid and late transition metal catalysts for catalytic carbodiimide formation 

have been reported,21 this represents only the second example mediated by an early metal 

complex.14a In the previous example, the Zr center remained in its more stable Zr(IV) oxidation 

state throughout the cycle, while 2-electron redox changes were mediated by a redox-active ligand. 

In the present case, the energy difference between high valent Nb(V) and low valent Nb(III) is 

small enough that reductive elimination of η2-carbodiimide occurs readily in the presence of either 

y = -15,000x + 34 

R2 = 0.997 

Kobs,40˚C = 0.00017 s-1 

ΔH‡ = +30(1) kcal/mol 

ΔS‡ = +21(3) cal/(K·mol) 
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an alkylazide or excess isocyanide. As demonstrated here and in our previous work,15e,15f a niobium 

center with a suitable ligand environment can both give access to the unique reactivity observed 

for early transition metal complexes and allow cycling between Nb(III) and Nb(V) in catalytic 

processes. 

Summary and Conclusions 

To summarize, we have discovered a novel nitrene exchange process in which a substituent is 

exchanged between an alkylimido group in a Nb(V) bis(imido) complex and an arylisocyanide. 

The reaction likely proceeds through cycloaddition and cycloreversion involving Nb(V) η2-

carbodiimide intermediates, and occurs at a single metal center without elimination of 

carbodiimide. In contrast, reaction with unhindered alkylisocyanides resulted in extrusion of 

dialkylcarbodiimide, a process that was rendered catalytic in the presence of excess azide. This 

represented a rare example of oxidative nitrene transfer promoted by an early transition metal 

complex, in which reactivity across an imido group and two-electron metal-based redox chemistry 

are used in tandem to effect catalytic turnover. Further exploration of the scope and mechanism of 

stoichiometric and catalytic nitrene transfer processes is ongoing.  

Experimental 

General Considerations: Unless otherwise noted, all reactions were performed using standard 

Schlenk line techniques or in an MBraun inert atmosphere glove box under an atmosphere of 

nitrogen (<1 ppm O2/H2O). Glassware and Celite were stored in an oven at ca. 140˚ C. Molecular 

sieves (4 Å) were activated by heating to 300 °C overnight under vacuum prior to storage in a 

glovebox. Hexane, n-pentane, diethyl ether, dichloromethane, benzene, toluene, pyridine, and THF 

were purified by passage through columns of activated alumina and degassed by sparging with 

nitrogen. HMDSO was vacuum distilled from sodium/benzophenone, degassed by sparging with 

nitrogen, and stored over molecular sieves. tBuNH2 was distilled from CaH2. Deuterated solvents 

were vacuum-transferred from sodium/benzophenone, degassed with three freeze-pump-thaw 

cycles, and stored over molecular sieves. Azides were degassed with three freeze-pump-thaw 

cycles and filtered through activated alumina. Isocyanides were degassed with three freeze-pump-

thaw cycles and stored over molecular sieves. NMR spectra were recorded on Bruker AV-600, 

AVB-400, AVQ-400, AV-500, and DRX-500 spectrometers. 1H and 13C{1H} chemical shifts are 

given relative to residual solvent peaks. Proton and carbon NMR assignments were routinely 

confirmed by 1H-1H (COSY and NOESY) and 1H-13C (HSQC and HMBC) experiments. FT-IR 

samples were prepared as Nujol mulls and were taken between KBr disks using a Nicolet iS10 FT-

IR spectrometer. Melting points were determined using an OptiMelt automated melting point 

system. tBuN3,
22 DIPPN3,

23 MeOXylNH2 (MeOXyl = 4-MeO-2,6-Me2C6H2),
24 MeOXylNC,25 

HBDI,26 Li(BDI)•OEt2,
27 Nb(NtBu)Cl3Py2,

28 (BDI)Nb(NtBu)Me2,
15b and (BDI)Nb(NtBu)(η6-

C6H6) (2.1)15d (BDI = ArNC(Me)CHC(Me)NAr, Ar = 2,6-diisopropylphenyl) were prepared using 

the literature procedures. All other reagents were acquired from commercial sources and used as 

received. Elemental analyses were determined either at the College of Chemistry, University of 

California, Berkeley or at the School of Human Sciences, Science Center, London Metropolitan 

University. X-ray structural determinations were performed at CHEXRAY, University of 

California, Berkeley on a SMART APEX II QUAZAR Diffractometer.  
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(BDI)Nb(NtBu)2 (2.2): An alternative procedure for synthesizing 2.2 has been reported 

previously;11 the following presents a preferred synthetic method. Compound 2.1 (2.6 g, 4.0 mmol) 

was added to a 20 mL vial. In a separate vial, tert-butylazide (1.6 mL, 1.4 g, 14 mmol) was 

dissolved in 12 mL hexane. The tert-butylazide solution was added to 2.1 in one portion, and the 

mixture was stirred until all of 2.1 had dissolved. Upon addition of the azide solution, visible 

effervescence of dinitrogen was observed, but subsided within 5 min. The vial was left uncapped 

for ca. 15 min and then was capped and left at 25 °C for an additional 3 h, resulting in a color 

change from dark red to lighter red-brown. The mixture was filtered through a pad of Celite to 

give a red-brown solution. The volatile materials were removed under vacuum and the red-brown 

residue was washed with 7 mL HMDSO to give an orange powder and a red-brown supernatant. 

The supernatant was removed by pipette and compound 2.2 was isolated as an orange powder and 

residual solvent was removed under vacuum (1.6 g, 62%). Spectroscopic data were consistent with 

previously recorded data for 2.2.11  

(BDI)Nb(NtBu)(NTMS) (2.3): Compound 2.1 (1.0 g, 1.5 mmol) was added to a 100 mL flask and 

dissolved in 10 mL benzene to give a dark red solution. Azidotrimethylsilane (0.8 mL) was added 

in one portion by pipette. The solution was stirred at 60 ˚C for 1.5 h, resulting in a color change 

from dark red to lighter red. The volatile materials were removed under vacuum, leaving a red-

orange residue. The residue was extracted with hexanes and concentrated. The solution was stored 

at -40 ˚C overnight, yielding orange-yellow crystals of 2.3. The crystals were isolated and residual 

solvent was removed under vacuum (0.69 g, 68%, 2 crops). 1H NMR (600 MHz, C6D6, 293 K): 

δ 7.13-7.06 (m, 6H, Ar), 5.27 (s, 1H, HC(C(Me)NAr)2), 3.47 (sep, 2H, CHMe2), 3.20 (sep, 2H, 

CHMe2),  1.60 (s, 6H, HC(C(Me)NAr)2), 1.46 (d, 6H, CHMe2), 1.38 (d, 6H, CHMe2), 1.27 (d, 6H, 

CHMe2), 1.16 (s, 9H, tBu), 1.09 (d, 6H, CHMe2), 0.42 (s, 9H, SiMe3). 13C{1H} NMR (600 MHz, 

C6D6, 293 K): δ 170.9 (HC(C(Me)NAr)2), 144.1 (Ar), 142.6 (Ar), 141.7 (Ar), 127.2 (Ar), 124.4 

(Ar), 124.1 (Ar), 100.1 (HC(C(Me)NAr)2), 65.1 (Cα, 
tBu), 33.3 (Cβ, 

tBu), 28.6 (CHMe2), 27.8 

(CHMe2), 26.4 (CHMe2), 25.0 (CHMe2), 24.7 (HC(C(Me)NAr)2), 24.4 (CHMe2), 24.0 (CHMe2), 

4.4 (SiMe3). Anal calcd (%) for Nb1Si1N4C36H59: C, 64.64; H, 8.89; N, 8.38. Found: C, 64.61; H, 

8.98; N, 8.44. MP: dec. 171–191 °C. 

(BDI)Nb(NtBu)(NAr) (2.4): An alternative procedure for synthesizing 2.4 has been reported 

previously; the following presents a preferred synthetic method.11 Compound 2.1 (2.6 g, 4.0 mmol) 

was added to a 20 mL vial. In a separate vial, 2,6-diisopropylphenylazide (1.1 g, 5.4 mmol) was 

dissolved in 15 mL hexane. The 2,6-diisopropylphenylazide solution was added to 2.1 in one 

portion, and the mixture was stirred until all of 2.1 had dissolved. Upon addition of the azide 

solution, visible effervescence of dinitrogen was observed, but subsided within 5 min. The vial 

was left uncapped for ca. 15 min and then was filtered through a pad of Celite. The vial was capped 

and left at 25 °C for an additional 3 h, resulting in a color change from dark red to a lighter shade 

of dark red and precipitation of red crystals. The crystals were isolated and residual solvent was 

removed under vacuum. The supernatant was concentrated and stored at -40 ̊ C overnight, yielding 

an additional crop of red crystals (1.9 g, 64%, 2 crops). Spectroscopic data were consistent with 

previously recorded data for 2.4.11 
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(BDI)Nb(NtBu)(NXyl)(CNtBu) (2.5a): Compound 2.2 (210 mg, 0.32 mmol) was added to a 50 

mL flask and dissolved in 5 mL toluene to give an orange solution. 2,6-dimethylphenylisocyanide 

(42 mg, 0.32 mmol) was dissolved in 5 mL toluene in a 20 mL vial, and then added to the solution 

of 2.2 by pipette. Upon addition of isocyanide, the solution changed color from orange to yellow-

orange. The solution was heated at 60 °C for 2.5 h, resulting in a gradual color change from yellow-

orange to orange-red. The volatile materials were removed under vacuum, leaving an orange-red 

residue. The residue was triturated once with hexanes, and then extracted with hexanes and 

concentrated. The solution was stored at -40 ˚C overnight, yielding bright orange crystals of 2.5a. 

The crystals were isolated and residual solvent was removed under vacuum (180 mg, 71%, 2 

crops). 1H NMR (600 MHz, C6D6, 293 K): δ 7.20 (m, 2H, Xyl), 7.19-7.13 (m, 3H, Ar), 6.99-6.93 

(m, 3H, Ar), 6.86 (t, 1H, Xyl), 5.17 (s, 1H, HC(C(Me)NAr)2), 3.81 (sep, 1H, CHMe2), 3.69 (sep, 

1H, CHMe2), 3.47 (sep, 1H, CHMe2), 3.46 (sep, 1H, CHMe2), 2.78 (s, 3H, Xyl CH3), 2.73 (s, 3H, 

Xyl CH3), 1.72 (s, 3H, HC(C(Me)NAr)2), 1.61 (s, 3H, HC(C(Me)NAr)2), 1.58 (d, 3H, CHMe2),  

1.36 (d, 3H, CHMe2), 1.30 (d, 3H, CHMe2), 1.28 (d, 3H, CHMe2), 1.23 (d, 3H, CHMe2), 1.22 (d, 

3H, CHMe2), 1.19 (d, 3H, CHMe2), 1.05 (s, 9H, NbNtBu), 1.04 (d, 3H, CHMe2), 0.75 (s, 9H, 

C≡NtBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.8 (HC(C(Me)NAr)2), 166.3 

(HC(C(Me)NAr)2), 156.9 (Ar), 152.3 (Ar), 151.8 (Ar), 143.4 (Ar), 143.0 (Ar), 141.9 (Ar), 141.7 

(Ar), 133.6 (Ar), 127.3 (Ar), 126.7 (Ar), 125.6 (Ar), 125.2 (Ar), 124.9 (Ar), 124.0 (Ar), 123.2 (Ar), 

120.9 (Ar), 100.4 (HC(C(Me)NAr)2), 65.3 (Cα, NbNtBu), 56.4 (Cα, C≡NtBu),  32.6 (Cβ, NbNtBu), 

29.2 (Cβ, C≡NtBu), 28.9 (CHMe2), 28.8 (CHMe2), 28.0 (CHMe2), 27.8 (CHMe2), 25.1 

(HC(C(Me)NAr)2), 25.0 (CHMe2), 24.9 (CHMe2), 24.7 (CHMe2), 24.7 (HC(C(Me)NAr)2), 24.5 

(CHMe2), 24.5 (CHMe2), 24.2 (CHMe2), 23.7 (CHMe2), 23.1 (CHMe2), 21.2 (Xyl CH3), 20.0 (Xyl 

CH3). FT-IR (KBr, Nujol, cm-1): 2190 (s, C≡N stretch). Anal calcd (%) for Nb1N5C46H68: C, 70.47; 

H, 8.74; N, 8.93. Found: C, 70.56; H, 8.70; N, 8.83. MP: dec. 180–207 °C. 

(BDI)Nb(NtBu)(N(4-MeO-2,6-Me2C6H2))(CNtBu) (2.5b): Compound 2.2 (250 mg, 0.38 mmol) 

was added to a 50 mL flask and dissolved in 5 mL benzene to give an orange solution. 4-methoxy-

2,6-dimethylphenylisocyanide (64 mg, 0.40 mmol) was dissolved in 2 mL toluene in a 4 mL vial, 

and then added to the solution of 2.2 by pipette. Upon addition of isocyanide, the solution changed 

color from orange to yellow-orange. The solution was heated at 60 °C for 16 h, resulting in a 

gradual color change from yellow-orange to orange-red. The volatile materials were removed 

under vacuum, leaving an orange-red residue. The residue was extracted with hexanes and 

concentrated. The solution was stored at -40 ˚C overnight, yielding 2.5b as a bright orange 

microcrystalline powder. The powder was isolated and residual solvent was removed under 

vacuum (165 mg, 55%, 2 crops).  1H NMR (600 MHz, C6D6, 293 K): δ 7.21-7.14 (m, 3H, Ar), 

7.01-6.94 (m, 3H, Ar), 6.84 (d, 1H, Xyl), 6.83 (d, 1H, Xyl), 5.18 (s, 1H, HC(C(Me)NAr)2), 3.82 

(sep, 1H, CHMe2), 3.71 (sep, 1H, CHMe2), 3.48 (sep, 1H, CHMe2), 3.46 (s, 3H, MeOXyl), 3.45 

(sep, 1H, CHMe2), 2.78 (s, 3H, Xyl CH3), 2.73 (s, 3H, Xyl CH3), 1.73 (s, 3H, HC(C(Me)NAr)2), 

1.63 (s, 3H, HC(C(Me)NAr)2), 1.59 (d, 3H, CHMe2),  1.37 (d, 3H, CHMe2), 1.35 (d, 3H, CHMe2), 

1.28 (d, 3H, CHMe2), 1.25 (d, 3H, CHMe2), 1.24 (d, 3H, CHMe2), 1.20 (d, 3H, CHMe2), 1.07 (d, 

3H, CHMe2), 1.06 (s, 9H, NbNtBu), 0.76 (s, 9H, C≡NtBu). 13C{1H} NMR (600 MHz, C6D6, 293 

K): δ 166.6 (HC(C(Me)NAr)2), 166.1 (HC(C(Me)NAr)2), 154.2 (Ar), 152.3 (Ar), 151.9 (Ar), 

151.9 (Ar), 143.4 (Ar), 143.0 (Ar), 141.9 (Ar), 141.6 (Ar), 135.0 (Ar), 125.5 (Ar), 125.5 (Ar), 

125.1 (Ar), 124.9 (Ar), 124.0 (Ar), 123.2 (Ar), 112.9 (Xyl), 112.1 (Xyl), 100.3 (HC(C(Me)NAr)2), 
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65.0 (Cα, NbNtBu), 56.4 (Cα, C≡NtBu), 54.9 (MeOXyl), 32.7 (Cβ, NbNtBu), 29.3 (Cβ, C≡NtBu), 

28.9 (CHMe2), 28.8 (CHMe2), 28.1 (CHMe2), 27.8 (CHMe2), 25.1 (HC(C(Me)NAr)2), 25.0 

(CHMe2), 24.9 (CHMe2), 24.8 (CHMe2), 24.7 (CHMe2), 24.6 (CHMe2), 24.6 (HC(C(Me)NAr)2), 

24.5 (CHMe2), 24.2 (CHMe2), 23.8 (CHMe2), 21.5 (Xyl CH3), 20.2 (Xyl CH3). FT-IR (KBr, Nujol, 

cm-1): 2187 (s, C≡N stretch). Anal calcd (%) for Nb1N5C47H70: C, 69.35; H, 8.67; N, 8.60. Found: 

C, 68.96; H, 8.40; N, 8.52. MP: dec. 177–211 °C. 

(BDI)Nb(NtBu)(N(4-MeOC6H4))(CNtBu) (2.5c): Compound 2.2 (240 mg, 0.37 mmol) was 

added to a 50 mL flask and dissolved in 5 mL benzene to give an orange solution. 4-

methoxyphenylisocyanide (53 mg, 0.40 mmol) was dissolved in 2 mL benzene in a 4 mL vial, and 

then added to the solution of 2.2 by pipette. Upon addition of isocyanide, the solution changed 

color from orange to red-brown. The solution was heated at 60 °C for 0.5 h, resulting in a color 

change from red-brown to red-orange. The volatile materials were removed under vacuum, leaving 

a red-orange residue. The residue was extracted with hexanes and concentrated. The solution was 

stored at -40 ˚C overnight, yielding 2.5b as an orange microcrystalline powder. The powder was 

isolated and residual solvent was removed under vacuum (118 mg, 41%, 2 crops). 1H NMR (400 

MHz, C6D6, 293 K): δ 7.21-7.16 (m, 3H, Ar), 7.10 (d, 2H, MeOPh), 7.03-6.95 (m, 3H, Ar), 6.82 

(d, 1H, MeOPh), 5.18 (s, 1H, HC(C(Me)NAr)2), 3.99 (sep, 1H, CHMe2), 3.66 (sep, 1H, CHMe2), 

3.54 (sep, 1H, CHMe2), 3.48 (sep, 1H, CHMe2), 3.35 (s, 3H, MeOPh), 2.73 (s, 3H, Xyl), 1.77 (s, 

3H, HC(C(Me)NAr)2), 1.67 (s, 3H, HC(C(Me)NAr)2), 1.61 (d, 3H, CHMe2),  1.40 (d, 3H, CHMe2), 

1.37 (d, 3H, CHMe2), 1.35 (d, 3H, CHMe2), 1.30 (d, 3H, CHMe2), 1.25 (d, 3H, CHMe2), 1.21 (d, 

3H, CHMe2), 1.19 (d, 3H, CHMe2), 1.10 (s, 9H, NbNtBu), 0.79 (s, 9H, C≡NtBu). 13C{1H} NMR 

(500 MHz, C6D6, 293 K): δ 166.0 (HC(C(Me)NAr)2), 165.8 (HC(C(Me)NAr)2), 154.3 (Ar), 154.1 

(Ar), 151.4 (Ar), 151.3 (Ar), 142.8 (Ar), 142.5 (Ar), 141.5 (Ar), 141.3 (Ar), 127.3 (Ar), 125.1 (Ar), 

125.0 (Ar), 124.5 (Ar), 124.4 (Ar), 123.7 (Ar), 123.4 (Ar), 122.8 (Ar), 99.4 (HC(C(Me)NAr)2), 

65.4 (Cα, NbNtBu), 55.9 (Cα, C≡NtBu),  54.5 (MeOPh),  32.7 (Cβ, NbNtBu), 29.1 (Cβ, C≡NtBu), 

28.5 (CHMe2), 28.4 (CHMe2), 27.7 (CHMe2), 27.6 (CHMe2), 25.1 (CHMe2), 24.9 (CHMe2), 24.8 

(HC(C(Me)NAr)2), 24.6 (CHMe2), 24.6 (CHMe2), 24.6 (CHMe2), 24.4 (HC(C(Me)NAr)2), 24.2 

(CHMe2), 24.0 (CHMe2), 23.2 (CHMe2). FT-IR (KBr, Nujol, cm-1): 2187 (s, C≡N stretch). Anal 

calcd (%) for Nb1O1N5C45H66: C, 68.77; H, 8.46; N, 8.91. Found: C, 68.02; H, 8.28; N, 8.47. MP: 

dec. 191–208 °C. 

(BDI)Nb(NXyl)2(CNtBu) (2.6): Compound 2.5a (10 mg, 13 μmol) was dissolved in 0.25 mL C6D6 

in a 4 mL vial. In a separate vial, XylNC (1.7 mg, 13 μmol) was dissolved in 0.25 mL C6D6 and 

added to the solution of 2.5a in one portion, resulting in a slight color change from orange to 

orange-yellow. The solution was transferred to an LPV NMR tube and heated at 120 °C for 15 h, 

resulting in a color change from orange-yellow to red. Compound 2.6 was characterized in solution 

by 1H NMR spectroscopy. 1H NMR (400 MHz, C6D6, 293 K): δ 7.15-6.89 (m, 10H, Ar/Xyl), 6.78 

(t, 1H, Xyl), 6.64 (t, 1H, Xyl), 5.08 (s, 1H, HC(C(Me)NAr)2), 4.00 (sep, 1H, CHMe2), 3.78 (sep, 

1H, CHMe2), 3.61 (sep, 1H, CHMe2), 3.58 (sep, 1H, CHMe2), 2.75 (s, 3H, Xyl CH3), 2.48 (s, 3H, 

Xyl CH3), 2.13 (br s, 3H, Xyl CH3), 2.06 (s, 3H, Xyl CH3), 1.71 (s, 3H, HC(C(Me)NAr)2), 1.68 (s, 

3H, HC(C(Me)NAr)2), 1.42 (d, 3H, CHMe2),  1.29 (d, 3H, CHMe2), 1.29 (d, 3H, CHMe2), 1.19 (d, 

3H, CHMe2), 1.16 (d, 3H, CHMe2), 1.14 (d, 3H, CHMe2), 1.03 (d, 3H, CHMe2), 0.95 (d, 3H, 

CHMe2), 0.58 (s, 9H, tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 167.0 (HC(C(Me)NAr)2), 
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166.7 (HC(C(Me)NAr)2), 156.6 (Ar), 156.5 (Ar), 152.4 (Ar), 150.5 (Ar), 148.9 (Ar), 143.7 (Ar), 

142.7 (Ar), 142.3 (Ar), 141.8 (Ar), 136.2 (Ar), 134.9 (Ar), 134.6 (Ar), 128.4 (Ar), 128.0 (Ar), 

127.8 (Ar), 127.1 (Ar), 126.0 (Ar), 125.6 (Ar), 125.0 (Ar), 124.5 (Ar), 124.1 (Ar), 123.6 (Ar), 

123.2 (Ar), 122.0 (Ar), 121.2 (Ar), 99.3 (HC(C(Me)NAr)2), 56.5 (Cα, 
tBu),  30.5 (CHMe2), 30.4 

(Cβ, 
tBu), 30.3 (CHMe2), 27.9 (CHMe2), 27.9 (CHMe2), 25.5 (HC(C(Me)NAr)2), 25.2 (CHMe2), 

25.2 (HC(C(Me)NAr)2), 24.9 (CHMe2), 24.8 (CHMe2), 24.7 (CHMe2), 24.6 (CHMe2), 24.3 

(CHMe2), 23.8 (CHMe2), 23.1 (CHMe2), 19.5 (Xyl CH3), 19.3 (Xyl CH3), 19.2 (Xyl CH3), 18.7 

(Xyl CH3). 

(BDI)Nb(NCy)(NAr)(CNCy) (2.7): Compound 2.4 (200 mg, 0.26 mmol) was added to a 50 mL 

flask and dissolved in 10 mL toluene to give a red solution. Cyclohexylisocyanide (580 mg, 5.3 

mmol) was dissolved in 2 mL toluene and added to the solution of 2.4, resulting in an immediate 

color change from red to orange. The orange solution was heated to reflux and stirred for 15 h, 

resulting in a color change to red-brown. The volatile materials were removed by heating to 80 °C 

under vacuum, leaving a red-brown oil. The oil was triturated with hexane, then extracted with 

HMDSO and concentrated. The solution was stored at -40 °C for 3 days, yielding 2.7 as an orange-

red microcrystalline powder. The powder was isolated and residual solvent was removed under 

vacuum (140 mg, 60%). 1H NMR (600 MHz, C6D6, 293 K): δ 7.25 (d, 1H, Ar), 7.25 (d, 1H, Ar), 

7.17-7.13 (m, 3H, Ar), 7.05 (t, 1H, Ar), 7.03-7.00 (m, 2H, Ar), 6.96 (t, 1H, Ar), 5.18 (s, 1H, 

HC(C(Me)NAr)2), 5.03 (sep, 1H, CHMe2), 4.48 (sep, 1H, CHMe2), 3.65 (m, 2H, CHMe2/Cy CH), 

3.55 (sep, 1H, CHMe2), 3.51 (sep, 1H, CHMe2), 3.44 (sep, 1H, CHMe2), 2.93 (m, 1H, Cy CH), 

1.78 (m, Cy CH2), 1.76 (s, 3H, HC(C(Me)NAr)2), 1.68 (s, 3H, HC(C(Me)NAr)2), 1.65 (m, Cy 

CH2), 1.58  (d, 3H, CHMe2), 1.56 (d, 3H, CHMe2), 1.49 (m, Cy CH2), 1.44 (d, 3H, CHMe2), 1.43 

(d, 3H, CHMe2), 1.42 (d, 3H, CHMe2), 1.39 (m, Cy CH2), 1.33 (m, Cy CH2), 1.29 (d, 3H, CHMe2), 

1.26 (d, 3H, CHMe2), 1.25 (d, 3H, CHMe2), 1.22 (d, 3H, CHMe2), 1.19 (m, Cy CH2), 1.18 (d, 3H, 

CHMe2), 1.16 (d, 3H, CHMe2), 1.13 (d, 3H, CHMe2), 1.10 (m, Cy CH2), 1.06 (m, Cy CH2), 0.96 

(m, Cy CH2), 0.83 (m, Cy CH2), 0.73 (m, Cy CH2). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 

166.6 (HC(C(CH2)NAr)), 166.0 (HC(C(CH2)NAr)), 152.6 (Ar), 151.0 (Ar), 145.3 (Ar), 143.8 

(Ar), 142.8 (Ar), 142.3 (Ar), 141.5 (Ar), 139.0 (Ar), 125.5 (Ar), 125.2 (Ar), 125.0 (Ar), 124.9 (Ar), 

124.7 (Ar), 123.5 (Ar), 123.5 (Ar), 122.3 (Ar), 122.0 (Ar), 122.0 (Ar), 99.5 (HC(C(Me)NAr)2), 

71.1 (Cy CH), 64.8 (Cα, 
tBu), 53.7 (Cy CH),  37.5 (Cy CH2), 36.0 (Cy CH2), 31.8  (Cy CH2), 31.7 

(Cy CH2), 29.1 (CHMe2), 28.7 (CHMe2), 27.9 (CHMe2), 27.8 (CHMe2), 26.8 (CHMe2), 26.7 

(CHMe2), 26.0 (Cy CH2), 25.8 (CHMe2), 25.8 (Cy CH2), 25.3 (CHMe2), 25.1 (Cy CH2), 25.0 

(CHMe2), 25.0 (HC(C(Me)NAr)2), 24.9 (HC(C(Me)NAr)2), 24.9 (Cy CH2), 24.7 (CHMe2), 24.7 

(CHMe2), 24.6 (CHMe2), 24.5 (CHMe2), 24.0 (CHMe2), 23.3 (Cy CH2), 23.0 (CHMe2). FT-IR 

(KBr, Nujol, cm-1): 2196 (s, C≡N stretch). Anal calcd (%) for Nb1N5C54H80: C, 72.70; H, 9.04; N, 

7.85. Found: C, 70.01; H, 8.57; N, 7.91. MP: dec. 164–195 °C. 

(BDI)Nb(NtBu)-η2-(N2,N3,1-tributyl-4-(((E)-butylidene)amino)-5-((E)-(butylimino)methyl)-

1H-pyrrole-2,3-diamide) (2.8): Compound 2.2 (225 mg, 0.34 mmol) was added to a 20 mL vial 

and dissolved in 5 mL hexane to give an orange solution. In a separate vial, nBuNC (.358 mL, 286 

mg, 3.4 mmol) was added to the solution of 2.2 in one portion by micropipette, resulting in a color 

change to dark red-brown within 5 minutes. The solution was left at room temperature for 15 h. 

The volatile materials were removed under vacuum, leaving a red-brown oil. The oil was triturated 
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with hexane, then extracted with HMDSO and concentrated. The solution was stored at -40 °C 

overnight, yielding 2.8 as a red-orange microcrystalline powder. The powder was isolated and 

residual solvent was removed under vacuum (183 mg, 53%). 1H NMR (400 MHz, C6D6, 293 K): 

δ 8.90 (s, 1H, HC=NnBu), 7.33 (t, 2H, Ar), 7.21-7.03 (m, 4H, Ar), 6.53 (dd, 3J = 5.5 Hz, 3J = 3.5 

Hz, 1H, (nPr)HC=N), 4.94 (s, 1H, HC(C(Me)NAr)2), 4.58-4.37 (m, 3H, CHMe2/CHMe2/NCH2), 

3.96-3.79 (m, 2H, NCH2/NCH2), 3.56 (dt, 2J = 12.0 Hz, 3J = 6.4 Hz, NCH2), 3.40 (dt, 2J = 12.0 Hz, 
3J = 6.4 Hz, NCH2), 3.30 (m, 1H, NCH2), 3.18 (m, 1H, NCH2), 2.63 (td, 2J = 3.6 Hz, 3H = 12.3 Hz, 

1H, NCH2), 2.42 (m, 3H, CHMe2/CHMe2/NCH2CH2), 2.30 (m, 2H, (CH3CH2CH2)HC=N), 1.74-

0.70 (m, 71H, tBu (9H)/2x HC(C(Me)NAr)2 (6H)/12x CHMe2 (24H)/17x CH2 (17H)/5x CH2CH3 

(15H). 13C{1H} NMR (500 MHz, C6D6, 293 K): δ 167.3 (HC(C(CH2)NAr)), 167.2 

(HC(C(CH2)NAr)), 163.1 ((nPr)HC=N), 153.1 (Ar), 152.5 (Ar), 151.5 (HC=NnBu), 142.5 (Ar), 

141.9 (Ar), 141.6 (Ar), 140.9 (Ar), 132.7 (Pyrrole), 129.4 (Pyrrole), 127.4 (Pyrrole), 125.5 (Ar), 

125.4 (Ar), 124.8 (Ar), 124.6 (Ar), 124.2 (Ar), 124.0 (Ar), 106.0 (Pyrrole), 99.7 

(HC(C(Me)NAr)2), 69.4 (Cα, 
tBu), 62.6 (NCH2), 56.6 (NCH2), 56.5 (NCH2), 47.3 (NCH2), 39.4 

((CH3CH2CH2)HC=N)), 34.5 (NCH2CH2CH2CH3), 34.0 (NCH2CH2CH2CH3), 33.4 (Cβ, 
tBu), 32.7 

(NCH2CH2CH2CH3), 31.9 (NCH2CH2CH2CH3), 29.1 (CHMe2), 28.7 (CHMe2), 28.6 (CHMe2), 

28.1 (CHMe2), 27.3 (HC(C(Me)NAr)2), 26.8 (HC(C(Me)NAr)2), 25.7 (CHMe2), 25.7 (CHMe2), 

25.5 (CHMe2), 25.1 (CHMe2), 25.0 (CHMe2), 24.9 (CHMe2), 24.7 (CHMe2), 24.3 (CHMe2), 21.0 

(NCH2CH2CH2CH3), 21.0 (NCH2CH2CH2CH3), 20.9 (NCH2CH2CH2CH3), 20.8 

(NCH2CH2CH2CH3), 20.0 ((CH3CH2CH2)HC=N)), 14.4 ((CH3CH2CH2)HC=N)), 14.4 

(NCH2CH2CH2CH3), 14.4 (NCH2CH2CH2CH3),  14.2 (NCH2CH2CH2CH3), 14.2 

(NCH2CH2CH2CH3). FT-IR (KBr, Nujol, cm-1): 1615 (s, C=N stretch). Anal calcd (%) for 

Nb1N8C58H95: C, 69.85; H, 9.60; N, 11.24. Found: C, 69.76; H, 9.71; N, 11.14. MP: dec. 141–151 

°C. 

(BDI)Nb(NtBu)-η2-(BnNCBn)(CN) (2.9): Compound 2.2 (225 mg, 0.34 mmol) was added to a 

20 mL vial and dissolved in 5 mL hexane to give an orange solution. In a separate vial, BnNC (121 

mg, 1.0 mmol) was dissolved in 1 mL hexane and added to the solution of 2.2 in one portion, 

resulting in a color change to dark red-brown within 5 minutes. The solution was left at room 

temperature for 1 h, during which time pale yellow needles of 2.9 precipitated from solution. The 

crystals were isolated and washed three times with hexane, and residual solvent was removed 

under vacuum (108 mg, 38%). X-ray quality crystals were grown from slow cooling of a toluene 

solution. 1H NMR (400 MHz, C6D6, 293 K): δ 7.61 (d, 2H, Bn), 7.41 (d, 1H, Bn), 7.34 (t, 1H, 

Bn), 7.19 (t, 2H, Bn), 7.17-7.13 (m, 3H, Ar), 7.10 (d, 1H, Ar), 7.04 (t, 2H, Bn), 6.96 (d, 1H, Ar), 

6.91 (t, 1H, Ar), 6.72 (d, 2H, Bn), 5.25 (s, 1H, HC(C(Me)NAr)2), 4.85 (d, 1H, Bn CH2), 4.27 (d, 

1H, Bn CH2), 4.00 (d, 1H, Bn CH2), 3.99 (sep, 1H, CHMe2), 3.42 (sep, 1H, CHMe2), 2.75 (d, 1H, 

Bn CH2), 2.70 (sep, 1H, CHMe2),  2.69 (sep, 1H, CHMe2), 1.89 (d, 3H, CHMe2), 1.71 (s, 6H, 

HC(C(Me)NAr)2), 1.61 (s, 6H, HC(C(Me)NAr)2), 1.40 (d, 3H, CHMe2), 1.18 (d, 6H, CHMe2), 1.07 

(d, 3H, CHMe2), 0.96 (s, 9H, tBu), 0.93 (d, 3H, CHMe2), 0.82 (d, 3H, CHMe2), 0.42 (d, 3H, 

CHMe2). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 169.6 (HC(C(Me)NAr)2), 168.0 

(HC(C(Me)NAr)2), 152.0 (Bn), 150.7 (Ar), 142.6 (Ar), 143.6 (Ar), 142.7 (Ar), 141.8 (Ar), 141.1 

(Ar), 136.6 (Bn), 136.4 (Ar), 131.0 (Bn), 128.8 (Ar), 128.8 (Ar), 128.4 (Ar), 127.3 (Ar), 127.1 

(Ar), 126.8 (Bn), 126.6 (Bn), 126.3 (Ar), 125.2 (Bn), 125.2 (Ar), 125.1 (Ar), 123.6 (Bn), 103.5 

(HC(C(Me)NAr)2), 71.9 (Cα, 
tBu), 49.5 (Bn CH2), 41.3 (Bn CH2), 32.4 (Cβ, 

tBu), 28.9 (CHMe2), 
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28.8 (CHMe2), 28.0 (CHMe2), 26.9 (CHMe2), 26.7 (HC(C(Me)NAr)2), 25.9 (CHMe2), 25.5 

(HC(C(Me)NAr)2), 25.4 (CHMe2), 25.2 (CHMe2), 24.9 (CHMe2), 24.8 (CHMe2), 24.7 (CHMe2), 

23.4 (CHMe2). FT-IR (KBr, Nujol, cm-1): 2114 (w, C≡N stretch), 1638 (s, C=N stretch). Anal 

calcd (%) for Nb1N5C49H64: C, 72.13; H, 7.91; N, 8.58. Found: C, 72.36; H, 7.99; N, 8.38. MP: 

dec. 172–178 °C. 

(BDI)Nb(NtBu)(N3
tBu)(CNnBu) (2.11): Compound 2.2 (250 mg, 0.38 mmol) was added to a 20 

mL vial and dissolved in 4 mL hexane to give an orange solution. The solution of 2.2 was 

transferred to another 20 mL vial containing tBuN3 (645 mg, 6.5 mmol). In a separate 4 mL vial, 
nBuNC (127 mg, 1.5 mmol) was dissolved in 2 mL hexane and added to the solution of 2.2 and 

azide in one portion. The solution was left at room temperature for 16 h, resulting in a slow color 

change to brown. The volatile materials were removed under vacuum, leaving a brown residue. 

The residue was extracted with HMDSO and concentrated. The solution was stored at -40 ˚C 

overnight, yielding 2.11 as an orange-brown microcrystalline powder. The powder was isolated 

and residual solvent was removed under vacuum (178 mg, 61%). 1H NMR (600 MHz, C6D6, 293 

K): δ 7.29 (d, 1H, Ar), 7.22 (t, 1H, Ar), 7.15 (d, 1H, Ar), 7.08 (d, 1H, Ar), 7.03 (d, 1H, Ar), 6.96 

(t, 1H, Ar), 5.08 (s, 1H, HC(C(Me)NAr)2), 4.21 (sep, 1H, CHMe2), 3.41 (sep, 1H, CHMe2), 3.37 

(sep, 1H, CHMe2), 3.32 (sep, 1H, CHMe2), 2.53-2.40 (m, 2H, NCH2CH2CH2CH3), 1.82 (d, 3H, 

CHMe2), 1.72 (s, 3H, HC(C(Me)NAr)2), 1.63 (s, 3H, HC(C(Me)NAr)2), 1.57 (d, 3H, CHMe2),  1.45 

(d, 3H, CHMe2), 1.38 (s, 9H, tBu), 1.38 (d, 3H, CHMe2), 1.26 (d, 3H, CHMe2), 1.22 (d, 3H, 

CHMe2), 1.17 (d, 3H, CHMe2), 1.09-0.97 (m, 4H, NCH2CH2CH2CH3), 0.95 (s, 9H, tBu), 0.67 (t, 

3H, NCH2CH2CH2CH3). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.6 (HC(C(Me)NAr)2), 

165.9 (HC(C(Me)NAr)2), 151.5 (Ar), 151.0 (Ar), 143.8 (Ar), 143.0 (Ar), 141.9 (Ar), 141.5 (Ar), 

125.7 (Ar), 125.5 (Ar), 125.0 (Ar), 124.5 (Ar), 124.0 (Ar), 123.0 (Ar), 99.7 (HC(C(Me)NAr)2), 

59.4 (Cα, 
tBu), 42.3 (NCH2CH2CH2CH3), 32.7 (Cβ, 

tBu), 29.9 (NCH2CH2CH2CH3), 29.1 (Cβ, 
tBu), 

29.0 (CHMe2), 28.9 (CHMe2), 28.1 (CHMe2), 28.0 (CHMe2), 26.4 (CHMe2), 25.7 (CHMe2), 25.1 

(CHMe2), 25.0 (CHMe2), 25.0 (CHMe2), 25.0 (HC(C(Me)NAr)2), 24.8 (CHMe2), 24.7 

(HC(C(Me)NAr)2), 24.5 (CHMe2), 23.6 (CHMe2), 19.6 (NCH2CH2CH2CH3), 13.1 

(NCH2CH2CH2CH3). FT-IR (KBr, Nujol, cm-1): 2210 (s, C≡N stretch), 2115 (s, N3 stretch). Anal 

calcd (%) for Nb1N7C42H68: C, 66.03; H, 8.97; N, 12.83. Found: C, 63.86; H, 8.86; N, 8.79 

(Compound 2.11 was found to be thermally unstable, which is likely responsible for low % C and 

N observed in combustion analysis). MP: dec. 95-108 °C. 

(BDI)Nb(NtBu)2(CNXyl) (2.2·XylNC): Compound 2.2 (170 mg, 0.27 mmol) was added to a 20 

mL vial and dissolved in 3 mL hexane to give an orange solution. 2,6-dimethylphenylisocyanide 

(35 mg, 0.27 mmol) was dissolved in 3 mL hexanes in a separate 20 mL vial, and then added to 

the solution of 2.2 by pipette. Upon addition of isocyanide, the solution changed color from orange 

to yellow-orange. Within 5 min, yellow crystals of 2.5a began to form on the walls of the vial. The 

solution was stored at -40 ̊ C overnight, yielding yellow crystals of 2.5a. The crystals were isolated 

and residual solvent was removed under vacuum (183 mg, 88%). 1H NMR (500 MHz, C6D6, 293 

K): δ 7.20 (m, 2H, Xyl), 7.19-7.13 (m, 3H, Ar), 7.07-6.98 (m, 3H, Ar), 6.62 (t, 1H, Xyl), 6.53 (d, 

2H, Xyl), 5.10 (s, 1H, HC(C(Me)NAr)2), 3.93 (br m, 4H, CHMe2), 1.95 (s, 6H, Xyl), 1.72 (s, 3H, 

HC(C(Me)NAr)2), 1.65 (br d, 3H, CHMe2), 1.58 (s, 3H, HC(C(Me)NAr)2), 1.43-1.26 (br m, 36H, 

CHMe2/
 tBu). 1H NMR (500 MHz, C7D8, 213 K): 7.24 (br m, 2H, Ar), 7.17 (br t, 1H, Ar), 7.01 (br 
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d, 1H, Ar), 6.95 (br m, 1H, Ar), 6.85 (br d, 1H, Ar), 4.96 (s, 1H, HC(C(Me)NAr)2), 4.41 (br sep, 

1H, CHMe2), 4.28 (br sep, 1H, CHMe2), 3.61 (br sep, 1H, CHMe2), 3.41 (br sep, 1H, CHMe2), 

1.84 (br d, 3H, CHMe2), 1.72 (s, 6H, Xyl CH3), 1.66 (s, 3H, HC(C(Me)NAr)2), 1.55 (br d, 3H, 

CHMe2), 1.50-1.46 (m, 9H, CHMe2/HC(C(Me)NAr)2) 1.33-1.13 (m, 18H, CHMe2/
tBu), 1.01 (tBu).  

13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.5 (HC(C(Me)NAr)2), 166.3 (HC(C(Me)NAr)2), 

152.6 (Ar), 151.8 (Ar), 143.0 (Ar), 142.3 (Ar), 134.6 (Ar), 129.2 (Ar), 125.7 (Ar), 125.4 (Ar), 

124.4 (Ar), 99.7 (HC(C(Me)NAr)2), 64.5 (Cα, 
tBu), 33.8 (Cβ, 

tBu), 28.2 (CHMe2), 26.0 (CHMe2), 

25.8 (HC(C(Me)NAr)2), 25.3 (HC(C(Me)NAr)2), 25.2 (CHMe2), 25.1 (CHMe2), 24.7 (CHMe2), 

19.2 (Xyl CH3). FT-IR (KBr, Nujol, cm-1): 2148 (s, C≡N stretch). Anal calcd (%) for Nb1N5C46H68: 

C, 70.47; H, 8.74; N, 8.93. Found: C, 70.20; H, 8.66; N, 8.95. MP: dec. 112–132 °C. 

(BDI)Nb(NtBu)2(CNtBu) (2.2·tBuNC): Compound 2.2 (170 mg, 0.27 mmol) was dissolved in 5 

mL hexanes to give an orange solution. Tert-butylisocyanide (30 μL, 22 mg, 0.27 mmol) was 

added in one portion by micropipette. Upon addition of isocyanide, the solution changed color 

from orange to yellow-orange. The solution was left at room temperature for 30 min, and then the 

volatile materials were removed under vacuum, leaving an orange residue. The residue was 

extracted with HMDSO and concentrated. The solution was stored at -40 ˚C overnight, yielding 

yellow crystals of 2.9. The crystals were isolated and residual solvent was removed under vacuum 

(132 mg, 80%). 1H NMR (500 MHz, C6D6, 293 K): δ 7.25-7.20 (m, 3H, Ar), 7.07-7.01 (m, 3H, 

Ar), 5.05 (s, 1H, HC(C(Me)NAr)2), 3.92 (sep, 2H, CHMe2), 3.69 (sep, 2H, CHMe2), 1.68 (s, 3H, 

HC(C(Me)NAr)2), 1.62 (s, 3H, HC(C(Me)NAr)2), 1.61 (d, 6H, CHMe2), 1.37 (d, 6H, CHMe2), 1.34 

(d, 6H, CHMe2), 1.32 (s, 18H, NbNtBu), 1.28 (d, 6H, CHMe2), 0.75 (s, 9H, C≡NtBu). 13C{1H} 

NMR (600 MHz, C6D6, 293 K): δ 166.6 (HC(C(Me)NAr)2), 165.8 (HC(C(Me)NAr)2), 153.6 (Ar), 

152.2 (Ar), 142.8 (Ar), 142.2 (Ar), 125.2 (Ar), 125.2 (Ar), 124.3 (Ar), 124.0 (Ar), 99.7 

(HC(C(Me)NAr)2), 64.2 (Cα, NbNtBu), 56.1 (Cα, C≡NtBu), 34.1 (Cβ, NbNtBu), 29.3 (Cβ, C≡NtBu), 

28.2 (CHMe2), 28.0 (CHMe2), 25.8 (HC(C(Me)NAr)2), 25.7 (CHMe2), 25.6 (CHMe2), 25.5 

(HC(C(Me)NAr)2), 25.0 (CHMe2), 24.8 (CHMe2). FT-IR (KBr, Nujol, cm-1): 2190 (s, C≡N 

stretch). Anal calcd (%) for Nb1N5C42H68: C, 68.55; H, 9.31; N, 9.52. Found: C, 68.49; H, 9.26; 

N, 9.63. MP: dec. 170–186 °C. 

(BDI)Nb(NtBu)2(CN(4-MeO-2,6-Me2C6H2)) (2·MeOXylNC): Compound 2.2 (10 mg, 15 μmol) 

was dissolved in 0.25 mL C6D6 in a 4 mL vial. In a separate 4 mL vial, 4-methoxy-2,6-

dimethylphenylisocyanide (2.4 mg, 15 μmol) was dissolved in 0.25 mL C6D6 and added to the 

solution of 2.2 in one portion, resulting in a slight color change from orange to orange-yellow. The 

product 2.2·MeOXylNC was characterized in solution by 1H NMR spectroscopy. 1H NMR (600 

MHz, C6D6, 293 K): δ 7.27-7.21 (m, 3H, Ar), 7.09 (d, 2H, Ar), 7.04 (d, 1H, Ar), 6.20 (s, 2H, Xyl), 

5.11 (s, 1H, HC(C(Me)NAr)2), 3.96 (br s, 4H, CHMe2), 3.05 (s, 3H, MeOXyl), 1.94 (s, 6H, Xyl 

CH3), 1.73 (s, 3H, HC(C(Me)NAr)2), 1.67 (br d, 6H, CHMe2), 1.60 (s, 3H, HC(C(Me)NAr)2), 1.47-

1.26 (br m, 36H, tBu/CHMe2). 

(BDI)Nb(NtBu)2(CNnBu) (2.2·nBuNC): Compound 2.2 (10 mg, 15 μmol) was dissolved in 0.5 

mL C6D6 in a 4 mL vial. nBuNC (1.3 mg, 1.6 μL, 15 μmol) was added to the solution of 2.2 in one 

portion by microsyringe, resulting in a slight color change from orange to orange-yellow. The 

product 2.2·nBuNC was characterized in solution by 1H NMR spectroscopy. 1H NMR (400 MHz, 
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C6D6, 293 K): δ 7.26-7.22 (m, 3H, Ar), 7.09 (d, 2H, Ar), 7.00 (t, 1H, Ar), 5.05 (s, 1H, 

HC(C(Me)NAr)2), 3.94 (sep, 2H, CHMe2), 3.72 (sep, 2H, CHMe2), 2.37 (t, 2H, 

NCH2CH2CH2CH3), 1.70 (s, 3H, HC(C(Me)NAr)2), 1.65 (s, 3H, HC(C(Me)NAr)2), 1.61 (d, 6H, 

CHMe2), 1.37 (d, 6H, CHMe2), 1.35 (d, 6H, CHMe2), 1.33 (s, 18H, tBu), 1.29 (d, 6H, CHMe2), 

0.84 (m, 4H, NCH2CH2CH2CH3), 0.57 (t, 3H, NCH2CH2CH2CH3). 

(BDI)Nb(NtBu)2(CNCy) (2.2·CyNC): Compound 2.2 (10 mg, 15 μmol) was dissolved in 0.25 

mL C6D6 in a 4 mL vial. In a separate 4 mL vial, CyNC (1.7 mg, 15 μmol) was dissolved in 0.25 

mL C6D6 and added to the solution of 2.2 in one portion, resulting in a slight color change from 

orange to orange-yellow. The product 2.2·CyNC was characterized in solution by 1H NMR 

spectroscopy. 1H NMR (600 MHz, C6D6, 293 K): δ 7.27-7.21 (m, 3H, Ar), 7.08 (d, 2H, Ar), 7.02 

(t, 1H, Ar), 5.06 (s, 1H, HC(C(Me)NAr)2), 3.95 (sep, 2H, CHMe2), 3.74 (sep, 2H, CHMe2), 2.83 

(tt, 1H, Cy CH), 1.70 (s, 3H, HC(C(Me)NAr)2), 1.65 (s, 3H, HC(C(Me)NAr)2), 1.63 (d, 6H, 

CHMe2), 1.40 (d, 6H, CHMe2), 1.36 (s, 18H, tBu), 1.35 (d, 6H, CHMe2), 1.29 (d, 6H, CHMe2), 

1.38-1.14 (m, 5H, Cy CH2), 1.09-0.98 (m, 2H, Cy CH2), 0.83-0.64 (m, 3H, Cy CH2). 

(BDI)Nb(NtBu)2(CNBn) (2.2·BnNC): Compound 2.2 (10 mg, 15 μmol) was dissolved in 0.25 

mL C6D6 in a 4 mL vial. In a separate 4 mL vial, BnNC (1.8 mg, 15 μmol) was dissolved in 0.25 

mL C6D6 and added to the solution of 2.2 in one portion, resulting in a slight color change from 

orange to orange-yellow. The product 2.2·BnNC was characterized in solution by 1H NMR 

spectroscopy. 1H NMR (400 MHz, C6D6, 293 K): δ 7.25-7.19 (m, 3H, Ar), 7.08 (d, 2H, Ar), 7.03-

6.93 (m, 4H, Ar/Bn), 6.72 (d, 2H, Bn), 5.05 (s, 1H, HC(C(Me)NAr)2), 3.92 (sep, 2H, CHMe2), 

3.71 (sep, 2H, CHMe2), 3.54 (s, 2H, Bn CH2), 1.69 (s, 3H, HC(C(Me)NAr)2), 1.66 (s, 3H, 

HC(C(Me)NAr)2), 1.59 (d, 6H, CHMe2), 1.34 (d, 6H, CHMe2), 1.32 (d, 6H, CHMe2), 1.28 (d, 6H, 

CHMe2), 1.27 (s, 18H, tBu).  

(BDI)Nb(NtBu)(NTMS)(CNtBu) (2.3·tBuNC): Compound 2.3 (10 mg, 15 μmol) was dissolved 

in 0.5 mL C6D6 in a 4 mL vial. tBuNC (6.2 mg, 8.5 μL, 75 μmol) was added to the solution of 2.3 

in one portion by micropipette, resulting in a color change from orange-yellow to yellow. The 

product 2.3·tBuNC was characterized in solution by 1H NMR spectroscopy. 1H NMR (400 MHz, 

C6D6, 293 K): δ 7.26-7.16 (m, 3H, Ar), 7.06-6.99 (m, 3H, Ar), 5.03 (s, 1H, HC(C(Me)NAr)2), 

4.05 (sep, 1H, CHMe2), 3.64 (sep, 1H, CHMe2), 3.60 (sep, 1H, CHMe2), 3.52 (sep, 1H, CHMe2), 

1.71 (d, 3H, CHMe2),  1.65 (s, 3H, HC(C(Me)NAr)2), 1.60 (s, 3H, HC(C(Me)NAr)2), 1.58 (d, 3H, 

CHMe2), 1.43 (d, 3H, CHMe2), 1.38 (d, 3H, CHMe2), 1.34 (d, 3H, CHMe2), 1.29 (d, 3H, CHMe2), 

1.26 (d, 3H, CHMe2), 1.18 (d, 3H, CHMe2), 1.17 (s, 9H, NbNtBu), 0.77 (s, 9H, C≡NtBu), 0.34 (s, 

9H, TMS). 

(BDI)Nb(NtBu)(NAr)(CNtBu) (2.4·tBuNC): Compound 2.4 (10 mg, 13 μmol) was dissolved in 

0.5 mL C6D6 in a 4 mL vial. tBuNC (22 mg, 30 μL, 260 μmol) was added to the solution of 2.3 in 

one portion by microsyringe, resulting in a color change from red to orange. The product 

2.4·tBuNC was characterized in solution by 1H NMR spectroscopy. 1H NMR (600 MHz, C6D6, 

293 K): δ 7.21-7.08 (m, 5H, Ar), 7.03-6.96 (m, 4H, Ar), 5.21 (s, 1H, HC(C(Me)NAr)2), 4.92 (sep, 

1H, CHMe2), 4.45 (sep, 1H, CHMe2), 3.54 (sep, 1H, CHMe2), 3.49-3.37 (m, 3H, CHMe2), 1.72 

(s, 3H, HC(C(Me)NAr)2), 1.62 (s, 3H, HC(C(Me)NAr)2), 1.52 (d, 3H, CHMe2),  1.43 (d, 3H, 

CHMe2), 1.36 (d, 3H, CHMe2), 1.34 (d, 3H, CHMe2), 1.33 (d, 3H, CHMe2), 1.22 (d, 6H, CHMe2), 
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1.19 (d, 3H, CHMe2), 1.17 (d, 3H, CHMe2), 1.15 (d, 3H, CHMe2), 1.12 (d, 3H, CHMe2), 1.07 (d, 

3H, CHMe2), 0.97 (s, 9H, NbNtBu), 0.83 (s, 9H, C≡NtBu). 

(BDI)Nb(NtBu)(NAr)(CNnBu) (2.4·nBuNC): Compound 2.4 (10 mg, 13 μmol) was dissolved in 

0.5 mL C6D6 in a 4 mL vial. nBuNC (1.1 mg, 1.4 μL, 13 μmol) was added to the solution of 2.4 in 

one portion by microsyringe, resulting in a color change from red to orange. The product 

2.4·nBuNC was characterized in solution by 1H NMR spectroscopy. 1H NMR (600 MHz, C6D6, 

293 K): δ 7.24 (dd, 1H, Ar), 7.22 (dd, 1H, Ar), 7.19-7.12 (m, 3H, Ar), 7.06-6.99 (m, 3H, Ar), 6.93 

(t, 1H, Ar), 5.21 (s, 1H, HC(C(Me)NAr)2), 5.03 (sep, 1H, CHMe2), 4.48 (sep, 1H, CHMe2), 3.56-

3.42 (m, 4H, CHMe2), 2.49 (m, 2H, NCH2CH2CH2CH3), 1.78 (s, 3H, HC(C(Me)NAr)2), 1.70 (s, 

3H, HC(C(Me)NAr)2), 1.55 (d, 3H, CHMe2),  1.49 (d, 3H, CHMe2), 1.41 (d, 3H, CHMe2), 1.40 (d, 

3H, CHMe2), 1.39 (d, 3H, CHMe2), 1.25 (d, 6H, CHMe2), 1.24 (d, 3H, CHMe2), 1.18 (d, 3H, 

CHMe2), 1.17 (d, 3H, CHMe2), 1.16 (d, 3H, CHMe2), 1.09 (d, 3H, CHMe2), 1.01 (s, 9H, tBu), 1.01-

0.79 (m, 4H, NCH2CH2CH2CH3), 0.61 (t, 3H, NCH2CH2CH2CH3). 

(BDI)Nb(NtBu)(NAr)(CNCy) (2.4·CyNC): Compound 2.4 (10 mg, 13 μmol) was dissolved in 

0.25 mL C6D6 in a 4 mL vial. In a separate 4 mL vial, CyNC (1.4 mg, 13 μmol) was dissolved in 

0.25 mL C6D6 and added to the solution of 2.4 in one portion, resulting in a color change from red 

to orange. The product 2.4·CyNC was characterized in solution by 1H NMR spectroscopy. 1H 

NMR (400 MHz, C6D6, 293 K): δ 7.24 (t, 2H, Ar), 7.19-7.12 (m, 3H, Ar), 7.07-6.92 (m, 4H, Ar), 

5.04 (s, 1H, HC(C(Me)NAr)2), 4.50 (sep, 1H, CHMe2), 3.62-3.41 (m, 4H, CHMe2), 2.92 (tt, 1H, 

Cy CH), 1.77 (s, 3H, HC(C(Me)NAr)2), 1.69 (s, 3H, HC(C(Me)NAr)2), 1.56 (d, 3H, CHMe2),  1.51 

(d, 3H, CHMe2), 1.42 (d, 3H, CHMe2), 1.41 (d, 3H, CHMe2), 1.39 (d, 3H, CHMe2), 1.25 (d, 6H, 

CHMe2), 1.24 (d, 3H, CHMe2), 1.22 (d, 3H, CHMe2), 1.19 (d, 3H, CHMe2), 1.17 (d, 3H, CHMe2), 

1.12 (d, 3H, CHMe2), 1.05 (s, 9H, tBu), 1.31-1.01 (m, 5H, Cy CH2),  0.98-0.60 (m, 5H, Cy CH2). 

(BDI)Nb(NtBu)(NAr)(CNBn) (2.4·BnNC): Compound 2.4 (10 mg, 13 μmol) was dissolved in 

0.25 mL C6D6 in a 4 mL vial. In a separate 4 mL vial, BnNC (1.8 mg, 13μL) was dissolved in 0.25 

mL C6D6 and added to the solution of 2.4 in one portion, resulting in a color change from red to 

orange. The product 2.4·BnNC was characterized in solution by 1H NMR spectroscopy. 1H NMR 

(600 MHz, C6D6, 293 K): δ 7.23 (d, 1H, Ar), 7.21 (d, 1H, Ar), 7.17-7.11 (m, 3H, Ar), 7.07-6.95 

(m, 6H, Ar/Bn), 6.84 (t, 1H, Bn), 6.78 (d, 2H, Bn), 5.21 (s, 1H, HC(C(Me)NAr)2), 4.99 (sep, 1H, 

CHMe2), 4.47 (sep, 1H, CHMe2), 3.66 (d, 1H, Bn CH2), 3.61 (d, 1H, Bn CH2), 3.55-3.41 (m, 4H, 

CHMe2), 1.77 (s, 3H, HC(C(Me)NAr)2), 1.71 (s, 3H, HC(C(Me)NAr)2), 1.53 (d, 3H, CHMe2),  

1.45 (d, 3H, CHMe2), 1.41 (d, 3H, CHMe2), 1.39 (d, 3H, CHMe2), 1.37 (d, 3H, CHMe2), 1.25 (d, 

3H, CHMe2), 1.24 (d, 3H, CHMe2), 1.21 (d, 3H, CHMe2), 1.18 (d, 3H, CHMe2), 1.16 (d, 3H, 

CHMe2), 1.08 (d, 3H, CHMe2), 1.07 (d, 3H, CHMe2), 0.89 (s, 9H, tBu). 

1H NMR Kinetic Studies: Reaction kinetics for the transformation from 2.11 to 2.2·nBuNC were 

followed by 1H NMR spectroscopy in J. Young NMR tubes with 0.02 M 2.11 and 0.02 M 1,3,5-

trimethoxybenzene as an internal standard in C6D6 over a range of temperatures from 40 ˚C to 

50˚C. Concentrations of 2.11 and 2.2·nBuNC were determined by integrating their isopropyl 

methine resonances at 4.21 ppm and 3.94 ppm, respectively, relative to the internal standard signal 

at 6.23 ppm. Rate constants were calculated by plotting ln[2.11] or ln[2.2·nBuNC] versus time at 
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each temperature. Rate constants determined based on disappearance of starting material and 

appearance of products were identical, and mass balance was conserved in each experiment. 

Catalytic production of carbodiimides 

N-tert-butyl-N’-n-butylcarbodiimide: Compound 2.2 (10 mg, 15 μmol, 1 equiv.) and 1,3,5-

(MeO)3Ph (2.6 mg, 15 μmol, 1 equiv.) were dissolved in a mixture of tBuN3 (0.36 mL, 300 mg, 

3.1 mmol, 200 eq) and 0.3 mL C6D6 in a 4 mL vial and transferred to a J. Young NMR tube. 
nBuNC (16 μL, 150 μmol, 10 equiv.) was added in one portion and the NMR tube was sealed. The 

solution was then heated at 60 °C for 20 h, resulting in a gradual color change from orange to 

orange-brown and catalytic production of carbodiimide, which was identified by 1H NMR 

spectroscopy (85% NMR yield) and GC-MS. 1H NMR (600 MHz, C6D6, 293 K): δ 3.01 (t, 2H, 

NCH2CH2CH2CH3), 1.39 (m, 2H, NCH2CH2CH2CH3), 1.26 (m, 2H, NCH2CH2CH2CH3), 1.15 (s, 

9H, tBu), 0.79 (t, 3H, NCH2CH2CH2CH3). MS: m/z calcd for C9H18N2: 154 found: 139 (molecular 

ion minus methyl group; MS is a close match to that of N,N’-di-tert-butylcarbodiimide). 

Spectroscopic data are in agreement with previous reports.29  

N-tert-butyl-N’-cyclohexylcarbodiimide: Compound 2.2 (10 mg, 15 μmol, 1 equiv.) and 1,3,5-

(MeO)3Ph (2.6 mg, 15 μmol, 1 equiv.) were dissolved in a mixture of tBuN3 (0.36 mL, 300 mg, 

3.1 mmol, 200 eq) and 0.3 mL C6D6 in a 4 mL vial and transferred to a J. Young NMR tube. CyNC 

(32 μL, 260 μmol, 17 equiv.) was added in one portion and the NMR tube was sealed. The solution 

was then heated at 80 °C for 20 h, resulting in a gradual color change from orange to orange-brown 

and catalytic production of carbodiimide, which was identified by 1H NMR spectroscopy 

(quantitative NMR yield) and GC-MS. 1H NMR (600 MHz, C6D6/tBuN3, 293 K): δ 3.04 (tt, 1H, 

Cy CH), 1.78 (m, 2H, Cy CH2), 1.58 (m, 2H, Cy CH2), 1.44-1.11 (m, 6H, Cy CH2), 1.16 (s, 9H, 
tBu). MS: m/z calcd for C11H20N2: 180 found: 180. Spectroscopic data are in agreement with 

previous reports.30  

N-tert-butyl-N’-benzylcarbodiimide: Compound 2.2 (10 mg, 15 μmol, 1 equiv.), tBuN3 (30 mg, 

36 μL, 310 μmol, 20 equiv.), and 1,3,5-(MeO)3Ph (2.6 mg, 15 μmol, 1 equiv.) were dissolved in 

0.5 mL C6D6 in a 4 mL vial and transferred to a J. Young NMR tube. Benzyl isocyanide was added 

in small increments (0.9 μL, 8 μmol, 0.5 equiv. each) and left at room temperature over a period 

of 6 h, resulting in a gradual color change from orange to brown and catalytic production of 

carbodiimide, which was identified by 1H NMR spectroscopy and GC-MS. 1H NMR (500 MHz, 

C6D6/tBuN3, 293 K): δ 7.15 (d, 2H, Ar), 7.12 (t, 2H, Ar), 7.04 (t, 1H, Ar), 4.08 (s, 2H, CH2), 1.04 

(s, 9H, tBu). MS: m/z calcd for C12H16N2: 188, found: 188. Spectroscopic data are in agreement 

with previous reports.31  

X-Ray Crystallographic Studies: Single crystals of 2.2·XylNC, 2.3, 2.5a, 5c, 2.7, 2.8, 2.9 and 

2.11 were coated in Paratone-N oil, mounted on a Kaptan loop, transferred to a Bruker APEX CCD 

area detector,32 centered in the beam, and cooled by a nitrogen flow low-temperature apparatus 

that had been previously calibrated by a thermocouple placed at the same position as the crystal. 

Preliminary orientation matrices and cell constants were determined by collection of 36 10 s 

frames, followed by spot integration and least-squares refinement. An arbitrary hemisphere of data 

was collected, and the raw data were integrated using SAINT.33 Cell dimensions reported were 
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calculated from all reflections with I > 10 (Table 1). The data were corrected for Lorentz and 

polarization effects, but no correction for crystal decay was applied. An empirical absorption 

correction based on comparison of redundant and equivalent reflections was applied using 

SADABS.34 Structures were solved by direct methods with the aid of successive difference Fourier 

maps and were refined against all data using the SHELXTL 5.0 software package.35 Thermal 

parameters for all non-hydrogen atoms were refined anisotropically. ORTEP diagrams were 

created using the ORTEP-3 software package36 and Mercury.37  

 

Figure 2.7  Molecular structure of 2.7 determined by X-ray diffraction. H atoms and aryl iPr groups 

have been omitted for clarity; thermal ellipsoids are displayed at the 50% probability level. 

Selected bond lengths (Å): Nb-N(1): 2.261(2), Nb-N(2): 2.191(3), Nb-N(3): 1.826(3), Nb-N(4): 

1.798(3), Nb-C(48): 2.268(4). Selected bond angles (˚): N(2)-Nb-C(48): 158.4(1), N(1)-Nb-N(4): 

136.9(1), Nb-N(3)-C(30): 167.2(2), Nb-N(4)-C(42): 176.8(3), Nb-C(48)-N(5): 171.0(3). 
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Table 2.1  Crystallographic data for compounds 2.2·XylNC, 2.3, 2.5a, and 2.5c. 

Compound 2.2·XylNC 2.3 2.5a · 0.6 C6H14 2.5c 

Empirical formula  C46H68N5Nb C36H59N4NbSi C49.75H76.75N5Nb C45H66N5NbO 

Formula weight (amu) 783.96 668.87 837.82 785.93 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group  P21/n P-1 P21/n P21/n 

a (Å) 12.2648(5) 11.0636(5) 11.1908(4) 18.891(1) 

b (Å) 20.8147(9) 13.0724(6) 17.8757(7) 11.1216(6) 

c (Å) 17.2712(7) 13.4439(6) 24.6374(9) 21.154(1) 

α (°) 90 92.209(2) 90 90 

β (°) 100.263(2) 102.071(2) 90.4053(8) 100.794(2) 

γ (°) 90 96.205(2) 90 90 

V (Å3) 4338.6(3) 1886.5(2) 4928.4(3) 4367.6(4) 

Z 4 2 4 4 

ρcalcd (g/cm3) 1.200 1.178 1.129 1.195 

μ (mm-1) 0.313 0.378 0.280 0.313 

F000 (e-) 1680 716 1805 1680 

Crystal size (mm3) .14 x .12 x .08 .12 x .10 x .10 .10 x .10 x .06 .10 x .10 x .08 

Theta min / max (˚) 1.547 / 25.369 1.552 / 25.414 1.407 / 25.354 1.327 / 25.378 

Reflections collected 88948 51010 54203 74082 

Rint 0.0273 0.0269 0.0424 0.0359 

Tmax / Tmin 0.7452 / 0.7182 0.7452 / 0.7003 0.7452 / 0.6696 0.7452 / 0.7001 

Data / restr. / param. 7954 / 0 / 487 6934 / 0 / 395 9031 / 0 / 544 7978 / 0 / 486 

GoF 1.021 1.076 1.094 1.068 

R1 / wR2 (I>2σ(I)) 0.0258 / 0.0594 0.0211 / 0.0525 0.0357 / 0.0730 0.0257 / 0.0622 

R1 / wR2 (all data) 0.0300 / 0.0623 0.0229 / 0.0535 0.0454 / 0.0768 0.0299 / 0.0644 

Res. peak / hole (e-/Å3) 0.563 / -0.426 0.330 / -0.304 0.429 / -0.382 0.382 / -0.327 
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Table 2.2  Crystallographic data for compounds 2.7, 2.8, 2.9, and 2.11 

Compound 2.7 2.8 2.9·C7H8 2.11 

Empirical formula  C54H80N5Nb C58H95N8Nb C56H72N5Nb C42H68N7Nb 

Formula weight (amu) 892.14 997.32 908.09 763.94 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group  P21/c P21/n P21/c P21/n 

a (Å) 19.790(2) 13.0963(5) 32.287(2) 13.1917(7) 

b (Å) 15.626(1) 20.4362(7) 3.8363(8) 16.3220(8) 

c (Å) 17.021(1) 21.6295(7) 24.043(1) 19.952(1) 

α (°) 90 90 90 90 

β (°) 103.833(4) 101.979(2) 110.578(3) 95.670(2) 

γ (°) 90 90 90 90 

V (Å3) 5111.0(7) 5662.8(3) 10055(1) 4274.9(4) 

Z 4 4 8 4 

ρcalcd (g/cm3) 1.159 1.170 1.200 1.187 

μ (mm-1) 0.274 0.255 0.280 0.317 

F000 (e-) 1920 2160 3872 1640 

Crystal size (mm3) .06 x .04 x .04 .07 x .06 x .05 .18 x .08 x .06 .10 x .07 x .05 

Theta min / max (˚) 1.680 / 25.425 1.385 / 25.405 1.347 / 25.461 1.615 / 25.383 

Reflections collected 63130 54452 61211 69669 

Rint 0.0868 0.0619 0.0730 0.0679 

Tmax / Tmin 0.7452 / 0.7083 0.7452 / 0.6831 0.7452 / 0.7021 0.7452 / 0.6512 

Data / restr. / param. 9390 / 12 / 487 10382 / 0 / 622 61211 / 30 / 1134 7831 / 0 / 487 

GoF 1.019 1.046 1.024 1.050 

R1 / wR2 (I>2σ(I)) 0.0481 / 0.1011 0.0571 / 0.1047 0.0590 / 0.1430 0.0390 / 0.0963 

R1 / wR2 (all data) 0.0844 / 0.1189 0.0823 / 0.1572 0.0741 / 0.1515 0.0504 / 0.1024 

Res. peak / hole (e-/Å3) 0.888 / -0.440 1.907 / -0.577 1.361 / -0.766 1.461 / -0.640 

 

DFT Calculations: All structures and energies were calculated using the Gaussian09 suite of 

programs.38 Self-consistent field computations were performed with tight convergence criteria on 

ultrafine grids, while geometry optimizations were converged to tight geometric convergence 

criteria for all compounds. Frequencies were calculated analytically at 298.15 K and 1 atm. 

Structures were considered true minima if they did not exhibit imaginary vibration modes and were 

considered as transition states when only one imaginary vibration mode was found. Intrinsic 

Reaction Coordinates (IRC) calculations were performed to ensure the transition state geometries 

connected the reactants and the products. Optimized geometries were compared using the sum of 
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their electronic and zero-point energies. In order to reduce the computational time, the system was 

structurally simplified by replacing 2,6-diisopropylphenyl groups by phenyl groups. The B3LYP 

hybrid functional was used throughout this computational study.39 For geometry optimizations and 

frequency calculations, the light atoms (H, C, N and F) were treated with the 6-31G(d,p) basis,40 

while the niobium atom was treated with a Stuttgart/Dresden ECP pseudopotential (SDD).41  

   

Figure 2.8  DFT calculated energy profile for nitrene metathesis with Ar = p-MeOPh (left) and Ar 

= 2,6-Xyl (right). Transition state 2.T-8 could not be found. 
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Introduction 

Addition of substrates across metal-ligand multiple bonds is an important reaction pathway in 

catalytic and stoichiometric reactions, especially in high-valent early- and mid-transition metal 

complexes.1–4 The ability of group IV terminal imido complexes to engage in C-H activations of 

methane and other hydrocarbons as well as cycloadditions of unsaturated substrates was first 

realized in the late 1980s.5,6 Since then, further work in investigating reactions across terminal 

imido groups in high-valent early transition metal complexes has led to the development of a 

number of catalytic processes involving nitrene transfers,7,8 including imine and azide 

metatheses,9–12 hydroaminations of alkenes and alkynes,13–18 carboaminations to give α,β-

unsaturated imines,19–21 and oxidative nitrene transfers to form carbodiimides and pyrroles.22,23 

In contrast to well-known nitrene transfer chemistry involving metal imido complexes, 

catalytic reactions that cleave a bond in the substrate without nitrene transfer are rare. This type of 

strategy has been used in reactive group 4 alkylidyne complexes to stoichiometrically 

dehydrogenate linear alkanes into terminal olefins.24,25 While the reactivity observed in these 

systems is impressive, reaction across the multiple bond is extremely thermodynamically downhill, 

precluding any catalytic turnover by regeneration of the reactive alkylidyne moiety. Recently, the 

bis(imido)vanadium cation 3.I was shown to function as a catalyst for the selective semi-

hydrogenation of internal alkynes to Z-alkenes.26,27 This study constituted a new mechanism for 

alkyne hydrogenation involving 1,2-addition of dihydrogen across a V=N bond to give 3.II, 

followed by insertion to give 3.III and finally α-elimination to release the product (Scheme 3.1). 

In contrast to most transition metal catalyzed hydrogenations, the metal center remains in a single 

oxidation state throughout the catalytic cycle. We have since become interested in developing 

group 5 systems that can carry out more complex functionalizations of unsaturated substrates, such 

as hydroboration and hydrosilation by an analogous mechanistic pathway. 

        

Scheme 3.1  Mechanisms for hydrogenation of alkynes catalyzed by a vanadium (V) bis(imido) 

complex (left) and hydrosilation of aldehydes by a rhenium (V) bis(oxo) complex (right).  
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In related work, rhenium (V) and molybdenum (VI) dioxo complexes have been shown to 

catalyze hydrogenations, hydrosilations, hydroborations and hydrophosphonylations of ketones, 

aldehydes, and imines.28–32 While the mechanisms for these reactions are not clear in all cases,33–

35 studies in the rhenium system ReIO2(PPh3) (3.IV) have implicated the 1,2-addition pathway 

shown in Scheme 3.1, in which the rhenium center does not change oxidation state throughout the 

catalytic cycle.31 High-valent group 3,36,37 group 4,38–41 and actinide42,43 imido complexes have 

also been shown to activate dihydrogen, silanes and/or boranes across imido bonds, but in all of 

these cases, only stoichiometric reactivity could be observed. Although the reaction chemistry of 

related group 4 terminal chalcogenide complexes has been much less explored,44–50 a handful of 

titanium and zirconium oxo and sulfido complexes were shown to react with dihydrogen and 

silanes.51–53 In contrast, while many examples of group 5 terminal imido and terminal oxo 

complexes have been reported, only a few have been shown to exhibit 1,2-addition 

reactivity.26,27,54,55 We hoped to take advantage of π-loading26,56–59 in niobium bis(imido) 

complexes and niobium oxo-imido complexes in order to carry out related hydrofunctionalizations 

using 1,2-addition and elimination reactions across imido groups. 

In the previous chapter and in recent publications, we described the synthesis and nitrene 

transfer reactivity of niobium bis(imido) complexes.60,61 In contrast to related mono(imido) 

niobium systems supported by BDI ligands,62–69 π-loading effects in these compounds were shown 

to engender reactivity across their Nb-N π-bonds.56,60 Here we describe their [3+2] and [2+2] 

cycloaddition and 1,2-addition reactivity with a variety of small molecule substrates including 

azides, carbon dioxide, dihydrogen, silanes and boranes. Moreover, we describe the utility of these 

bis(imido) complexes in accessing isolobal niobium terminal oxo-imido complexes. 

Results and Discussion 

 

Scheme 3.2  Formation of tetrazene complexes from cycloaddition to bis(imido) intermediates. 

As discussed in the previous chapter, bis(imido) complexes 3.2 – 3.4 were produced from 

reaction of azides with 2.1; in contrast, reaction with the less hindered alkyl azides RN3 (R = Bn, 

Cy) instead gave conversion to niobatetrazene complexes 3.5 and 3.6, which were isolated as red 

needles from a saturated diethyl ether solution in 33% yield (R = Bn) or as red plates from a 

saturated hexane solution in 77% yield (R = Cy) (Scheme 3.2). Formation of these compounds 



 

45 
 

resulted from initial nitrene transfer to form bis(imido) intermediates 3.A and 3.B, followed by 

[3+2] cycloaddition of a second equivalent of azide. Related group 4 and group 5 tetrazene 

complexes have been accessed from [3+2] cycloadditions of azides across imido groups.7,12,57,70 

The 1H NMR spectrum of 3.5 is consistent with Cs symmetry in solution, consisting of one singlet 

integrating for four protons for the benzylic protons, as well as two septets corresponding to two 

inequivalent isopropyl methine protons, each integrating for two protons. Compound 3.6 displays 

a similar 1H NMR spectrum, also consistent with Cs solution symmetry.  

Compounds 3.5 and 3.6 were also characterized in the solid state by X-ray crystallography; 

ORTEP diagrams along with relevant metrical parameters are shown in Figure 3.1. The benzyl 

derivative 3.5 is a distorted square-based pyramid (τ = 0.13)71 with one of the BDI nitrogen atoms 

occupying the apical position; hence, curiously, 3.5 displays C1 symmetry in the solid state, in 

contrast to its Cs solution symmetry. In contrast, while 3.6 is also a distorted square-based pyramid 

(τ = 0.02), the imido instead occupies the apical position, resulting in a solid-state structure with 

only slight distortions from Cs symmetry. Thus, the solution structure and solid-state structure of 

3.6 are likely similar. 

         

Figure 3.1  Molecular structures of 3.5 (left), 3.6 (middle) and 3.8a (right) determined by X-ray 

diffraction. H atoms and aryl iPr groups have been omitted for clarity; thermal ellipsoids are 

displayed at the 50% probability level. For 3.5 (left), selected bond lengths (Å): Nb-N(1) 2.117(2), 

Nb-N(2) 2.179(2), Nb-N(3) 1.785(2), Nb-N(4) 2.039(2), Nb-N(7) 2.173(2), N(4)-N(5) 1.391(3), 

N(5)-N(6) 1.272(3), N(6)-N(7) 1.365(3); selected bond angles (˚), N(2)-Nb-N(4) 160.04(7), N(3)-

Nb-N(7) 152.52(8), N(1)-Nb-N(3) 103.07(8), Nb-N(3)-C(30) 175.4(2). For 3.6 (middle), selected 

bond lengths (Å): Nb-N(1) 2.231(2), Nb-N(2) 2.224(2), Nb-N(3) 1.756(2), Nb-N(4) 2.056(2), Nb-

N(7) 2.042(2), N(4)-N(5) 1.373(3), N(5)-N(6) 1.288(3), N(6)-N(7) 1.381(3); selected bond angles 

(˚), N(1)-Nb-N(7) 143.95(9), N(2)-Nb-N(4) 143.07(9), N(1)-Nb-N(3) 107.0(1), Nb-N(3)-C(30) 

179.0(2). For 3.8 (right), selected bond lengths (Å): Nb-N(1) 2.299(2), Nb-N(2) 2.207(2), Nb-N(3) 

1.812(2), Nb-N(4) 1.800(2), Nb-C(40) 2.271(3); selected bond angles (˚): N(1)-Nb-N(3) 135.93(9), 

N(2)-Nb-C(40) 161.9(1), N(1)-Nb-N(4) 112.97(9), Nb-N(3)-C(30) 159.8(2), Nb-N(4)-C(34) 

162.5(2). 

In addition to 3.5, a second compound could be observed by 1H NMR spectroscopy as a minor 

reaction product (~10% relative to 3.5). Based on the 1H NMR spectrum, which showed two 
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separate singlets each integrating for two protons corresponding to the benzylic protons, this 

compound could be formulated as the C1-symmetric structural isomer of 3.5 observed in the solid-

state structure. 

 

Scheme 3.3  Azide metathesis chemistry demonstrates reversibility of [3+2] cycloaddition. 

Zirconium imido compounds have been shown to undergo [3+2] cycloaddition reactions with 

azides reversibly in order to promote catalytic azide metathesis; hence, we investigated the ability 

of 3.5 and 3.6 to engage in azide metathesis. Upon heating 3.6 with excess BnN3, conversion to 

3.5 coupled with loss of cyclohexyl azide was observed by 1H NMR spectroscopy. This reaction 

likely proceeded through a series of reversible [3+2] cycloaddition and cycloreversion steps, as 

outlined in Scheme 3.3. Compound 3.7 was observed as an intermediate that built up during the 

reaction, but disappeared after its completion. Under similar conditions, 3.5 reacted more slowly 

with excess cyclohexylazide, and could not be fully converted to 3.6, indicating 3.5 is 

thermodynamically favored over 3.6, likely due primarily to steric considerations.  

 

Scheme 3.4  Reactivity of 3.6 with isocyanides to generate bis(imido) complexes active for 

catalytic nitrene transfer. 

Since four-coordinate bis(imido) compounds analogous to 3.2 – 3.4 were generated as reactive 

intermediates, it seemed plausible that 3.6 could be used as a source of in-situ generated 3.B in 

order to carry out catalytic nitrene transfer chemistry, as discussed in Chapter 2. In fact, mild 

heating of a solution of 3.6 with tert-butylisocyanide resulted in release of cyclohexylazide and 

formation of niobium bis(imido) complex 3.8a (Scheme 3.4) which was isolated as yellow crystals 

in 63% yield and characterized by 1H and 13C NMR spectroscopy and X-ray crystallography 

(Figure 3.1, right). The analogous cyclohexylisocyanide adduct, 3.8b, was also prepared from 

reaction of 3.6 with cyclohexylisocyanide. Initial results have shown that 3.6, 3.8a and 3.8b are 
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all active for catalytic nitrene transfer to generate dialkylcarbodiimides from azides and 

isocyanides. Interestingly, the cyclohexyl imido group was transferred selectively over the tert-

butyl imido group to form only CyN=C=NCy (DCC) from CyN3 and CyNC or tBuN=C=NCy from 

CyN3 and tBuNC. 

Having established that BDI niobum bis(imido) complexes readily engage in nitrene transfer 

and cycloaddition reactivity across their imido groups, we set out to explore their 1,2-addition 

reactivity toward substrates with element-hydrogen bonds. A solution of 3.2 in C6D6 lightened in 

color upon addition of 1 atm H2; 
1H NMR spectroscopy indicated partial conversion to the niobium 

amido-hydride complex 3.9, the result of 1,2-addition of H2 across one of the imido groups 

(Scheme 3.5). Compound 3.9 displayed characteristic Nb-H (broad) and N-H (sharp) singlets at 

9.1 and 7.8 ppm, respectively, and showed Cs symmetry in solution. The ratio of 3.9 to 3.2 in 

solution varied based on H2 pressure introduced to the NMR tube, indicating that an equilibrium 

was established between the complexes (Keq ≈ 8.0 at 20 ˚C). The reaction could be driven almost 

completely to the right by addition of ca. 3.8 atm H2 to an NMR tube containing 3.2.  

 

Scheme 3.5  Reversible 1,2-addition of dihydrogen across a tert-butylimido group. 

Although removing H2 either by exposing solutions of 3.9 to nitrogen atmosphere or placing it 

under vacuum resulted in conversion back to 3.2, X-ray quality crystals of 3.9 could be grown by 

adding a dihydrogen atmosphere to a nearly concentrated solution of 3.2 in hexamethyldisiloxane 

(HMDSO) and slowly cooling. In contrast to its solution behavior, crystals of 3.9 appeared 

relatively stable to nitrogen atmosphere at -40 °C for weeks and to vacuum for at least 30 min. 

Dissolution of the crystals in C6D6 under nitrogen resulted in rapid effervescence of H2(g);1H NMR 

spectroscopy showed that the compound was converted mostly back to 3.2 within minutes.  

The solid-state structure of 3.9 (Figure 3.2) showed a distorted square-based pyramidal 

geometry (τ = 0.02), with the imido moiety occupying the apical position. The niobium hydride 

was located in the difference map and refined isotropically, while all other hydrogens including 

the amido protons were initially placed based on geometry. Disorder in the crystal structure 

between the imido and amido groups made the determination of amido Nb-N-C angles (Nb-N(3)-

C(3) = 176.8(5)° and Nb-N(4)-C(34) = 127.5(4)°), somewhat tenuous, but were consistent with a 

structure containing both a linear imido and a bent amido. The Nb-H stretch, observed at 1652 cm-

1, is consistent with known niobium terminal hydrides.72–74 



 

48 
 

 

Figure 3.2  Molecular structure of 3.9 determined by X-ray diffraction. Selected H atoms and aryl 
iPr groups have been omitted for clarity; thermal ellipsoids are displayed at the 50% probability 

level. Selected bond lengths (Å): Nb-N(1) 2.211(4), Nb-N(2) 2.266(4), Nb-N(3) 1.738(6), Nb-

N(4) 1.955(7), Nb-H(1) 1.76(6); selected bond angles (˚): N(1)-Nb-H(1) 148(2), N(2)-Nb-N(4) 

147.4(2), N(1)-Nb-N(3) 103.5(2), Nb-N(3)-C(30) 176.8(5), Nb-N(4)-C(34) 127.5(4). 

Similarly, 3.4 reacted reversibly with dihydrogen, across the tert-butylimido moiety 

specifically, establishing an equilibrium between 3.4 and 3.10 (Keq ≈ 2.5 at 20 ˚C). In contrast, 3.3 

reacted with little selectivity between the TMS and tBu imido groups to give a mixture of starting 

material and the two possible 1,2-addition products. While no EXSY correlation was observed for 

mixtures of 3.2 and 3.9 at room temperature under 1 atm H2, a strong EXSY correlation was 

observed at higher temperatures (≥65 °C) between the backbone methine signals for 3.2 and 3.9, 

indicating that the process that interconverts 3.2 and 3.9 occurs on the NMR timescale at these 

temperatures. We are currently undertaking efforts to determine the exchange kinetics for this 

process.  

 

Scheme 3.6  Reactions of silanes across an imido group of 3.2. 

Phenylsilane and nbutylsilane each readily underwent 1,2-addition across an imido moiety to 

give silylamido-imido-hydrido niobium complexes 3.11 and 3.12, respectively (Scheme 3.6). Both 

derivatives could be isolated via crystallization from either hexane or HMDSO as pale yellow 

crystals in 75-85% yields. These compounds each displayed 1H NMR spectra containing mostly 

very broad peaks, indicating that the compounds experienced fluxionality in solution at room 

temperature. The 1H NMR spectra of 3.11 and 3.12 showed very broad Nb-H shifts centered at 
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9.10 ppm and 8.65 ppm, respectively, as well as broad doublets at 6.07 and 5.58 ppm for 3.11 and 

very broad singlets at 5.34 ppm and 5.01 ppm for 3.12, each corresponding to the silyl hydrogens. 

The spectrum of 3.11 sharpened significantly at -20 °C and clearly exhibited C1 symmetry so that 

two sharp doublets with 2J = 9.1 Hz were observed for the diastereotopic Si-H protons and four 

septets were observed for the isopropyl methine protons. Similar 2J values have been observed in 

related tantalum phenylsilylamide complexes.55 The FT-IR spectra of 3.11 and 3.12 both displayed 

broad absorptions at 1667 cm-1 attributable to the Nb-H stretches.  

Compound 3.11 was also characterized by X-ray diffraction; a thermal ellipsoid plot of its 

solid-state structure is shown in Figure 3.3. In the solid state, 3.11 has a nearly ideal square based 

pyramidal structure (τ = 0.00), analogous to that of 3.9, with the imido moiety in the apical position. 

                      

Figure 3.3  Molecular structures of 3.11 (left) and 3.13 (right) determined by X-ray diffraction. 

Selected H atoms, aryl iPr groups and a molecule of HMDSO that co-crystallized with 3.11 have 

been omitted for clarity; thermal ellipsoids are displayed at the 50% probability level. For 3.11, 

selected bond lengths (Å): Nb-N(1) 2.262(3), Nb-N(2) 2.228(3), Nb-N(3) 1.750(3), Nb-N(4) 

2.017(3), Nb-H(1) 1.75(3); selected bond angles (˚): N(2)-Nb-H(1) 149(1), N(1)-Nb-N(4) 149.2(1), 

N(1)-Nb-N(3) 103.1(1), Nb-N(3)-C(30) 173.5(2), Nb-N(4)-C(34) 116.4(2), Nb-N(4)-Si(1) 

121.3(1). For 3.13, selected bond lengths (Å): Nb-N(1) 2.168(6), Nb-N(2) 2.292(7), Nb-N(3) 

1.783(6), Nb-N(4) 2.068(6), Nb-H(1) 1.97(7); selected bond angles (˚): N(1)-Nb-H(1) 128(2), 

N(2)-Nb-N(3) 143.6(3), N(1)-Nb-N(4) 126.5(2), N(3)-Nb-N(4) 104.8(3), Nb-N(3)-C(30) 163.1(5), 

Nb-N(4)-C(34) 129.2(5), Nb-N(4)-B 110.0(5). 

Treatment of 3.2 with pinacolborane gave the borylamido-imido-hydrido niobium complex 

3.13 as a yellow microcrystalline powder in 39% isolated yield (Scheme 3.7). In contrast to what 

was observed for 3.11 and 3.12, the 1H NMR spectrum of 3.13 displayed sharp resonances at room 

temperature aside from the broad Nb-H resonance centered at 10.01 ppm and contained four 

distinct isopropyl methine resonances consistent with C1 solution symmetry. The compound was 

characterized by X-ray crystallography; in contrast to 3.9 and 3.11, the solid-state structure of 3.13 
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(Figure 3.3, right) showed a distorted square-based pyramidal geometry with the borylamido group 

in the apical position (τ = 0.28).  

 

Scheme 3.7  Reaction of pinacolborane across an imido group of 3.2. 

Addition of 1 atm CO2 to either 3.12 or 3.13 in hexane resulted in immediate formation of 

corresponding formate complexes 3.14 and 3.15, which were isolated as yellow crystals in 48% 

yield and 35% yield, respectively. (Scheme 3.8) The 1H NMR spectra indicated disappearance of 

the broad Nb-H signal, and appearance of a sharp singlet corresponding to the formate C-H at 7.86 

ppm for 3.14 or 8.60 ppm for 3.15. The rest of the spectra were also sharp at room temperature, 

and consistent with C1 solution symmetry. 

 

Scheme 3.8  Insertion of carbon dioxide into niobium hydride functionalities of 3.12 and 3.13. 

The solid-state structures of both 3.14 and 3.15 revealed nearly ideal trigonal bipyramidal 

geometries (for 3.14, τ = 0.02 and for 3.15, τ = 0.03) analogous to the geometries of 3.9 and 3.11, 

but notably quite different from the geometry of 3.13 (Figure 3.4). The reason for the unusual 

molecular geometry observed for 3.13 remains unclear, but likely does not result from steric effects 

based on the fact that 3.15 contains a slightly more sterically demanding ligand set than 3.13, and 

yet is essentially isostructural with 3.9, 3.11 and 3.12. It is possible that there is a very small energy 

difference between the two geometries, and the geometry observed in the solid-state is therefore 

dictated by crystal packing effects. The Nb-O(1)-C(42) bond angle for the formate ligand of 3.14 

is nearly linear (167.2(2)°), indicating there is some π-donation from both lone pairs of the oxygen 

to the niobium center. In contrast, the Nb-O(3)-C(44) angle of 3.15 is bent (127.8(4)˚) and the Nb-

O bond distance is 0.027 Å longer than the analogous Nb-O bond in 3.14, indicating only one lone 

pair donates to the metal center. Again, however, these bond angles and distances no doubt cause 

very small changes in the overall energies of these complexes, and the differences are most likely 

caused by crystal packing effects rather than any inherent differences between the electronic 

structures of the two compounds. 
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Figure 3.4  Molecular structures of 3.14 (left) and 3.15 (right) determined by X-ray diffraction. 

Selected H atoms, aryl iPr groups and a second crystallographically inequivalent molecule of 3.15 

have been omitted for clarity; thermal ellipsoids are displayed at the 50% probability level. For 

3.14, selected bond lengths (Å): Nb-N(1) 2.189(2), Nb-N(2) 2.282(2), Nb-N(3) 1.757(2), Nb-N(4) 

2.016(2), Nb-O(1) 2.041(2); selected bond angles (˚): N(1)-Nb-O 154.55(8), N(2)-Nb-N(4) 

155.78(8), N(1)-Nb-N(3) 98.00(9), Nb-N(3)-C(30) 173.6(2), Nb-N(4)-C(34) 118.1(2), Nb-N(4)-

Si(1) 117.7(1), Nb-O(1)-C(42) 167.2(2). For 3.15, selected bond lengths (Å): Nb-N(1) 2.192(4), 

Nb-N(2) 2.276(4), Nb-N(3) 1.746(4), Nb-N(4) 2.035(5), Nb-O(3) 2.068(4); selected bond angles 

(˚): N(1)-Nb-O(3) 154.8(2), N(2)-Nb-N(4) 152.7(2), N(1)-Nb-N(3) 98.6(2), Nb-N(3)-C(30) 

175.0(4), Nb-N(4)-C(34) 113.7(3), Nb-N(4)-B(1) 127.6(4), Nb-O(3)-C(44) 127.8(4). 

While 3.2 was found to be unreactive toward alkanes, alkenes and internal alkynes, it reacted 

with tert-butylacetylene upon mild heating in toluene to give the niobium amido-acetylide 

complex 3.16 as pale yellow crystals in 56% yield (Scheme 3.9). Terminal alkynes are relatively 

acidic, and C-H activations of terminal alkynes by group 4 and group 5 imido complexes are 

precedented.38,40 The 1H NMR spectrum of 3.16 contained two sets of broad peaks at room 

temperature (1.9:1 ratio), likely corresponding to two diastereoisomers. An EXSY correlation was 

observed between the resonances of the two isomers at room temperature, indicating that the 

observed fluxionality was likely caused by a process that interconverted the two diastereoisomers. 

The spectrum sharpened into two distinct sets of sharp signals, each consistent with C1 symmetric 

compounds, at -20 ˚C. A 1.4:1 ratio of the two isomers was observed at -20 ˚C. At higher 

temperatures (60 – 80 ˚C), the two sets of peaks began to coalesce into a single set of very broad 

resonances, consistent with averaging between the two diastereoisomers on the NMR timescale. 

In contrast, only a single isomer was observed in the solid-state structure of 3.16 (Figure 3.5, 

left). Like most of the other 1,2-addition products discussed so far, 3.16 has a distorted square-

based pyramidal geometry with the imido group in the apical position. It is not clear which isomer 

observed in the NMR spectrum the crystal structure corresponds to, nor is it clear what the structure 

of the second diastereoisomer is, although distorted square-based pyramidal geometries in which 

one of the ligands other than the imido group occupies the apical position are likely. 
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Scheme 3.9  Reactions of protic substrates across an imido group of 3.2. 

                           

Figure 3.5  Molecular structures of 3.16 (left) and 3.17 (right) determined by X-ray diffraction. 

Selected H atoms and aryl iPr groups have been omitted for clarity; thermal ellipsoids are displayed 

at the 50% probability level. For 3.16, selected bond lengths (Å): Nb-N(1) 2.291(2), Nb-N(2) 

2.204(2), Nb-N(3) 1.783(2), Nb-N(4) 1.959(3), Nb-C(38) 2.199(3), C(38)-C(39) 1.210(4); 

selected bond angles (˚): N(2)-Nb-C(38) 146.7(1), N(1)-Nb-N(4) 159.2(1), N(1)-Nb-N(3) 99.3(1), 

Nb-N(3)-C(30) 172.0(2), Nb-N(4)-C(34) 137.6(2), Nb-C(38)-C(39) 168.3(3), C(38)-C(39)-C(40) 

179.1(3). For 3.17, selected bond lengths (Å): Nb-N(1) 2.065(2), Nb-N(3) 1.748(2), Nb-N(4) 

1.972(2), Nb-S(1) 2.414(1); selected bond angles (˚): N(1)-Nb-S(1) 117.21(5), N(1)-Nb-N(3) 

103.71(7), N(1)-Nb-N(4) 115.28(7), N(3)-Nb-N(4) 106.72(8), N(3)-Nb-S(1) 92.92(6), N(4)-Nb-

S(1) 116.60(5), Nb-N(3)-C(30) 172.3(2), Nb-N(4)-C(34) 139.5(2), Nb-S(1)-C(38) 121.63(6). 

Compound 3.2 reacted with triphenylmethanethiol to give 3.17 as pale yellow crystals in 60% 

yield (Scheme 3.9). Notably, both 1H NMR spectroscopy and X-ray crystallography were 

consistent with a structure in which the BDI ligand was bound in a κ1 fashion to the niobium center, 

presumably to accommodate the sterically demanding triphenylmethanethiolato ligand. The 

unusual κ1 binding of the BDI ligand was apparent from the 1H NMR spectrum based on the large 
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difference in chemical shift between the two BDI backbone methyl units, which appeared at 1.31 

and 2.51 ppm respectively.75 Compound 3.17 is four-coordinate with a distorted tetrahedral 

geometry (τ4’ = 0.89).76 The Nb-N(1) distance is 2.065(2) Å, which is 0.1 to 0.2 Å shorter the 

distances observed in structures with κ2-BDI ligands, consistent with the localized picture of the 

bonding in the BDI ligand depicted in Scheme 3.9, in which the Nb-N(1) interaction is best 

characterized as a covalent single bond. There may also be a small π-component to the bonding 

between the niobium center and either or both the BDI ligand and the thiolate ligand, which may 

serve to help stabilize the electron-deficient 4-coordinate niobium center (14 e- without 

considering these interactions). In fact, the Nb-S(1) distance (2.414(1) Å, which is among the 

shortest of niobium thiolate bonds in the literature) is consistent with considerable Nb-S multiple 

bond character. The thiolate ligand is bent (Nb-S(1)-C(38) = 121.63(6)), consistent with other 

niobium thiolates, indicating that at most one of the sulfur p-orbitals interacts with the metal center. 

With the intention of accessing reactive terminal oxo-imido and sulfido-imido niobium 

complexes isolobal to 3.2 – 3.4, we began investigating the [2+2] cycloaddition reactivity of 3.2 – 

3.4 toward carbon dioxide and carbon disulfide. For  group 4, such reactions are known to lead to 

either isolable carbamate or dithiocarbamate complexes, products resulting from further reaction 

of carbon dioxide with carbamate intermediates, or extrusion of isocyanate or isothiocyanate to 

ultimately give stable bis-μ-oxo or bis-μ-sulfido dimers.77–83 In contrast, there has only been one 

report of group 4 terminal oxo and sulfido complexes accessed via this route.84 Reaction of 3.2 

with carbon disulfide in benzene resulted in precipitation of bis-μ-sulfido complex 3.18 as large 

red crystals (Scheme 3.10). Formation of compound 3.18 resulted from [2+2] cycloaddition of 

carbon disulfide to give 3.C followed by [2+2] cycloreversion to release tert-butylisothiocyanate 

(detected by 1H NMR spectroscopy) and generate a terminal niobium sulfido complex, which 

readily dimerized. We reported the analogous niobium bis-μ-oxo complex, which formed from 

reaction of Nb(III) precursors with oxygen atom transfer reagents.64,67 Like the bis-μ-oxo complex, 

3.18 was sparingly soluble in most organic solvents; none the less it could be characterized by 1H 

NMR spectroscopy by monitoring its appearance prior to precipitation. Characterization by 1H 

NMR spectroscopy and X-ray crystallography (Figure 3.6, left) were consistent with C2h symmetry 

in both solution and in the solid-state. The Nb-S distances in the dimer were consistent with those 

of related niobium complexes bearing bridging sulfide ligands.85,86 

 

Scheme 3.10  Reaction of CS2 across an imido group to give bis-μ-sulfido complex 3.18. 
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Surprisingly, rather than reacting with CS2 at the more basic tert-butylimido group, 3.4 reacted 

preferentially at the arylimido group to once again produce 3.18, which precipitated, as well as a 

5:2 mixture of arylisothiocyanate and tert-butylisothiocyanate. A complex mixture of other 

niobium-containing compounds was observed in solution, originating from a putative terminal 

sulfido intermediate resulting from release of tert-butylisothiocyanate from 3.E. The relatively 

sterically encumbering nature of the remaining arylimido group disfavors dimerization of the 

resulting terminal sulfido complex. Hence, the highly reactive terminal sulfido intermediate 

instead either reacts reversibly with tert-butylisothiocyanate to regenerate 3.4 or degrades to a 

mixture of products. 

                 

Figure 3.6  Molecular structures of 3.18 (left) and 3.19 (right) determined by X-ray diffraction. H 

atoms and aryl iPr groups have been omitted and selected tBu groups have been truncated to the α-

carbon for clarity; thermal ellipsoids are displayed at the 50% probability level. For 3.18, selected 

bond lengths (Å): Nb-N(1) 2.238(2), Nb-N(2) 2.204(1), Nb-N(3) 1.760(1), Nb-S(1) 2.385(1), Nb-

S(1a) 2.419(1); selected bond angles (˚): N(1)-Nb-S(1) 155.12(4), N(2)-Nb-S(1a) 145.30(4), N(1)-

Nb-N(3) 97.73(6), Nb-N(3)-C(30) 173.0(1). For 3.19, selected bond lengths (Å): Nb(1)-N(1) 

2.193(3), Nb(1)-N(2) 2.183(2), Nb(1)-N(3) 1.749(3), Nb(1)-O(1) 2.104(2), Nb(1)-O(2) 2.322(2), 

Nb(1)-O(7) 2.049(2); selected bond angles (˚): N(1)-Nb(1)-O(1) 163.0(1), N(2)-Nb(1)-O(7) 

163.5(1), N(3)-Nb(1)-O(2) 157.4(1), Nb(1)-N(3)-C(30) 172.1(2), Nb(1)-O(1)-C(34) 95.7(2), 

Nb(1)-O(7)-C(74) 131.6(2). 

Rather than accessing a terminal oxo complex, either as an intermediate or a product, 

introduction of carbon dioxide to a solution of 3.2 resulted in conversion to iminodicarboxylate-

bridged dinuclear complex 3.19, which was isolated as yellow-orange crystals (Scheme 3.11). 

Monomeric, chelating iminodicarboxylate complexes resulting from related reactions of titanium 

and scandium imido complexes with carbon dioxide have been reported.78,80,81,87 When exposed to 

a single equivalent of carbon dioxide, 3.2 reacted to give a mixture of 3.19 and starting material, 

indicating that insertion of a second equivalent into the Nb-N bond of intermediate 3.F occurred 

faster than [2+2] cycloreversion to release tert-butylisocyanate. Compound 3.19 exhibited C2h 

symmetry in solution, containing a single BDI backbone methyl signal, a single tBu signal, two 

isopropyl methine and four isopropyl methyl signals; some of these signals were broad in C6D6, 

indicating fluxionality in solution, but the signals were significantly sharper in CDCl3. However, 
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3.19 did not exhibit any symmetry in the solid-state (Figure 3.6, right), containing two 

crystallographically distinct halves of the molecule. 

 

Scheme 3.11  Reaction of 3.2 with two equivalents of CO2 to give diniobium complex 3.19. 

In contrast, reaction of niobium arylimido species 3.4 with carbon dioxide resulted in fast, 

relatively clean conversion to the carbamate complex 3.20 (Scheme 3.12). While 3.20 continued 

to react further with carbon dioxide in aromatic solvents (see below), when the reaction was instead 

carried out in hexane, it could be readily isolated as a red powder that precipitated within seconds 

of introducing CO2. Analytically pure red crystals of 3.20 were obtained by recrystallization of the 

powder from diethyl ether. While the 1H NMR spectrum of 3.20 displayed broad resonances at 

room temperature, the resonances sharpened into a spectrum consistent with C1 solution symmetry 

at -40 ˚C. The X-ray crystal structure of 3.20 showed a distorted square-based pyramidal geometry 

(τ = 0.20) with the arylimido group in the apical position (Figure 3.7, left). 

 

Scheme 3.12  Reactions of 3.4 with CO2 to give carbamate complex 3.20 and bis-μ-carbonate 

complex 3.21. 

Leaving solutions of 3.4 under carbon dioxide atmosphere for extended periods resulted in 

partial conversion from 3.20 to a second major product resulting from further reaction with carbon 

dioxide. Heating a solution of either 3.4 or 3.20 under CO2 resulted in conversion to 3.21, which 

was isolated as red crystalline material in moderate yield (Scheme 3.12). Release of tert-

butylisocyanate was observed by 1H NMR spectroscopy. Unlike the related iminodicarboxylate-

bridged dimer 3.19, compound 3.21 exhibited sharp signals in the 1H NMR spectrum consistent 

with C1 symmetry in solution. The solution symmetry was also reflected in the solid-state structure 
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(Figure 3.7, right). Formation of 3.21 indicated that the putative 4-coordinate terminal oxo-

arylimido intermediate 3.G was generated during the course of the reaction. This intermediate 

reacted with carbon dioxide via [2+2] cycloaddition in order to give a niobium carbonate complex, 

which readily dimerized to give 3.21.  

                         

Figure 3.7  Molecular structures of 3.20 (left) and 3.21 (right) determined by X-ray diffraction. H 

atoms, selected aryl iPr groups, a molecule of diethyl ether that co-crystallized with 3.20 and two 

molecules of HMDSO that co-crystallized with 3.21 have been omitted for clarity; thermal 

ellipsoids are displayed at the 50% probability level. For 3.20, selected bond lengths (Å): Nb-N(1) 

2.097(3), Nb-N(2) 2.211(3), Nb-N(3) 1.789(3), Nb-N(4) 2.071(3), Nb-O(1) 2.070(3), C(46)-N(4) 

1.391(5), C(46)-O(1) 1.345(5), C(46)-O(2) 1.205(5); selected bond angles (˚): N(1)-Nb-O(1) 

128.0(1), N(2)-Nb-N(4) 140.0(1), N(1)-Nb-N(3) 104.9(1), Nb-N(3)-C(30) 174.2(3), Nb-N(4)-

C(42) 146.2(3). For 3.21, selected bond lengths (Å): Nb(1)-N(1) 2.199(3), Nb(1)-N(2) 2.125(3), 

Nb(1)-N(3) 1.787(3), Nb(1)-O(1) 2.085(2), Nb(1)-O(2) 2.290(2), Nb(1)-O(6) 2.072(2); selected 

bond angles (˚): N(1)-Nb(1)-O(6) 165.7(1), N(2)-Nb(1)-O(1) 151.4(1), N(3)-Nb(1)-O(2) 166.9(1), 

Nb(1)-N(3)-C(30) 173.0(3), Nb(1)-O(1)-C(42) 93.6 (2), Nb(1)-O(6)-C(84) 126.0(2). 

The reactivity of early transition metal terminal oxo complexes often manifests itself in 

dimerization, to form inert bis-μ-oxo complexes.64,78 Thus, the following observations indicated 

that in the present system, the combination of a BDI ligand and an arylimido group provided 

enough steric encumbrance to prevent dimer formation: i) reaction of 3.4 with CS2 gave 3.18 as 

the major product and did not produce the analogous arylimido-supported bis-μ-sulfido complex 

(see above, Scheme 3.10) and ii) oxo-imido intermediate 3.G reacted with carbon dioxide to form 

3.21 without generating any bis-μ-oxo complex (see above, Scheme 3.12). Spurred by these 

observations, we set out to trap terminal oxo-arylimido intermediate 3.G and further study its 

reactivity. 

Heating a solution of 3.20 with 20 equivalents of pyridine resulted in release of an equivalent 

of tert-butylisocyanate and relatively clean conversion to a new compound, which was 

characterized by 1H NMR spectroscopy as the 5-coordinate pyridine adduct of 3.G, compound 

3.22 (Scheme 3.13). Compound 3.22 was isolated as orange-yellow crystals in 22% yield by 
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crystallization from toluene. While 3.22 exhibited broad 1H NMR signals at room temperature, the 

signals sharpened in the presence of excess pyridine, indicating the fluxional process responsible 

for the broad signals involved reversible decoordination of pyridine. The low yield of 3.22 was 

attributed to thermal decomposition; 3.22 was only stable in solution at low temperature or in the 

presence of excess pyridine.  

Thermal decomposition of 3.22 proceeded quite cleanly to give the highly dissymmetryic bis-

μ-oxo dimer 3.23, which was isolated as yellow crystals (Scheme 3.13). Based on the observation 

that thermal reaction of 3.22 proceeded much more rapidly without any excess pyridine in solution, 

the transformation was likely initiated by decoordination of pyridine to generate reactive 4-

coordinate intermediate 3.G, which presumably dimerized by reaction with an equivalent of 3.22. 

The solid-state structure of 3.23 (Figure 3.8, left) revealed that in order to accommodate the 

demanding steric environment around the two niobium centers in a bis-μ-oxo dimer, one of the 

BDI ligands coordinated with an unusual κ1 binding mode. This provided further confirmation that 

the κ2-BDI and arylimido ligands provided sufficient steric support in order to prohibit formation 

of bis-μ-oxo complexes. 

 

Scheme 3.13  Reactions of 3.20 with DMAP and Py to give isolable terminal oxo-imido complexes. 

In order to access a more thermally stable analog of 3.22, we investigated the reactivity of 3.20 

toward more strongly coordinating ligands. Addition of 4-dimethylaminopyridine (DMAP) to 3.20 

resulted in a slow color change from red to yellow and precipitation of a yellow powder. Upon 

workup, the yellow powder was isolated in 61% yield and characterized by NMR spectroscopy 

and X-ray crystallography as the five-coordinate terminal oxo-arylimido niobium complex 3.24 

(Scheme 3.13). To the best of our knowledge, 3.24 represented the first structurally characterized 

example of an early transition metal (group 3 to 5) complex bearing both a terminal imido and a 

terminal oxo group (although many examples of related group 6, 7 and 8 complexes have been 

reported).29,88–92 In contrast to the 1H NMR spectrum of 3.22, that of 3.24 exhibited sharp signals 

at room temperature, consistent with the more strongly coordinating DMAP ligand, along with a 

singlet at 5.35 ppm corresponding to the BDI backbone methine proton and six separate septets 

corresponding to the isopropyl methine protons, all of which indicated C1 symmetry in solution.  
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The X-ray crystal structure of 3.24 (Figure 3.8, right) showed a distorted square-based 

pyramidal geometry with the imido group in the apical position and the oxo group in an equatorial 

position trans to a BDI nitrogen (τ = 0.18). The Nb-O distance was 1.750(1) Å, within the typical 

range for terminal niobium oxo complexes (1.7–1.8 Å), while the imido bond distance was 

1.816(1) Å, among the longest distances reported for terminal niobium imido bonds and similar to 

the distances observed in related bis(imido) complexes (see above). The Nb-N(3)-C(30) bond 

angle was 156.1(1), similarly among the most bent bond angles observed in niobium terminal 

imido complexes. Thus, in the solid-state structure, the π-loading in this system manifested itself 

primarily in the metrical parameters of the imido group; however, this was not an indication that 

the imido group was more reactive than the oxo group. In fact, although the reactivity of 3.24 has 

not yet been fully investigated, thus far, we have found that 3.24 reacts with substrates exclusively 

across the niobium oxo group. 

                       

Figure 3.8  Molecular structures of 3.23 (left) and 3.24 (right) determined by X-ray diffraction. H 

atoms, selected aryl iPr groups and two molecules of diethyl ether that co-crystallized with 3.24 

have been omitted for clarity; thermal ellipsoids are displayed at the 50% probability level. For 

3.23, selected bond lengths (Å): Nb(1)-N(1) 2.221(2), Nb(1)-N(2) 2.217(2), Nb(1)-N(3) 1.800(3), 

Nb(1)-O(1) 1.938(2), Nb(1)-O(2) 1.949(2), Nb(2)-N(4) 2.100(3), Nb(2)-N(6) 1.777(3), Nb(2)-

N(7) 2.413(2), Nb(2)-O(1) 1.980(2), Nb(2)-O(2) 1.969(2); selected bond angles (˚): N(1)-Nb(1)-

O(1) 146.8(1), N(2)-Nb(1)-O(2) 141.4(1), N(3)-Nb(1)-N(1) 101.1(1), Nb(1)-N(3)-C(30) 173.2(2), 

Nb(1)-O(1)-Nb(2) 100.5(1), N(4)-Nb(2)-O(1) 145.3(1), N(7)-Nb(2)-O(2) 148.0(1), N(6)-Nb(2)-

N(4) 101.7(1), Nb(2)-N(6)-C(71) 170.3(2). For 3.24, selected bond lengths (Å): Nb-N(1) 2.299(1), 

Nb-N(2) 2.186(1), Nb-N(3) 1.816(1), Nb-N(4) 2.263(1), Nb-O 1.750(1); selected bond angles (˚): 

N(1)-Nb-O 143.72(5), N(2)-Nb-N(4) 154.70(5), N(1)-Nb-N(3) 103.89(6), Nb-N(3)-C(30) 

156.1(1).  

Group 4 early transition metal oxo complexes are known to engage in 1,2-additions and [2+2] 

cycloadditions across their very polarized oxo groups.44–53 In contrast, while many niobium 

terminal oxo compounds have been reported, nearly all contain relatively inert Nb=O bonds and 

to our knowledge, none have been shown to undergo 1,2-addition reactions to generate niobium 

oxyhydrides.93 Despite this, compound 3.24 reacted selectively and relatively cleanly across the 
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oxo group with silane reagents to generate the yellow siloxide compounds 3.25a – 3.25c as well 

as free DMAP. While the reactivity of bis(imido) complexes 3.2 – 3.4 was limited to primary 

silanes, 3.24 reacted with the secondary and tertiary silanes diphenylsilane and 

dimethylphenylsilane within seconds at room temperature. All three products exhibited C1 solution 

symmetry and exhibited broad singlets in the NMR between 11.0 and 11.3 ppm corresponding to 

the Nb-H units. In solution, 3.25a and 3.25b completely degraded to mixtures of products within 

12 h at room temperature. While 3.25c was somewhat more thermally stable, isolation of 3.25a – 

3.25c was also complicated by the generation of DMAP, which was difficult to separate from the 

hydride products. Hence, attempts to crystallize 3.25a – 3.25c have not yet been successful. While 

addition across the oxo group rather than the imido group could not be confirmed 

crystallographically, the large geminal coupling constant for the Si-H protons observed for 3.25a 

(2J = 16 Hz) contrasted with the relatively small coupling constant observed for 3.11 (see above, 
2J = 9.1 Hz), indicating differing electronic environments for the diastereotopic silyl groups.94 In 

contrast, 3.24 failed to react with alkynes or alkenes and instead underwent thermal decomposition 

upon heating (see below). 

 

Scheme 3.14  Reactions of silane substrates across a niobium oxo bond of 3.24. 

Compound 3.25c reacted with tert-butylisocyanate via insertion into the Nb-H bond to give 

the niobium κ1-imidate 3.26 (Scheme 3.14). Compound 3.26 was also generated readily from 

reaction of carbamate complex 3.20 with dimethylphenylsilane (thus avoiding any generation of 

free DMAP) and isolated as yellow X-ray quality crystals in 41% yield. The solid-state structure 

of 3.26 (Figure 3.9, left) confirmed that silane added across the oxo group. Like the structures of 

the related compounds 3.11, 3.14 and 3.15 described above, the geometry of 3.26 was a nearly 

ideal square-based pyramid (τ = 0.03). 

While the strong Nb-O and Si-O bonds in 3.26 rendered the compound quite thermally stable 

and no catalytic hydrosilation of isocyanates could be observed, the reactivity of 3.25c with 

isocyanate notably contrasted with that of silylamido niobium hydride complex 3.11 (see above), 

which did not undergo any reaction with isocyanates under similar conditions. Presumably, this 

was because the hydride ligands in 3.25a – 3.25c were more sterically accessible to approach by 

substrates than in 3.11. The reactive nature of the hydride ligand also likely manifested itself in 
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the thermal sensitivity of these compounds. We hope to expand upon this chemistry in order to use 

reactivity across oxo groups in catalytic hydrosilations and other hydrofunctionalizations of 

unsaturated substrates.  

 

                      

Figure 3.9  Molecular structures of 3.26 (left) and 3.28 (right) determined by X-ray diffraction. H 

atoms, selected aryl iPr groups, a molecule of diethyl ether that co-crystallized with 3.28 and a 

second crystallographically inequivalent molecule of 3.28 have been omitted for clarity; thermal 

ellipsoids are displayed at the 50% probability level. For 3.26, selected bond lengths (Å): Nb-N(1) 

2.191(2), Nb-N(2) 2.218(2), Nb-N(3) 1.772(2), Nb-O(1) 1.925(2), Nb-O(2) 1.937(2); selected 

bond angles (˚): N(1)-Nb-O(2) 150.1(1), N(2)-Nb-O(1) 148.5(1), N(1)-Nb-N(3) 100.0(1), Nb-

N(3)-C(30) 172.9(2), Nb-O(1)-Si 154.2(1), Nb-O(2)-C(50) 164.4(2). For 3.28, selected bond 

lengths (Å): Nb-N(1) 2.076(4), Nb-N(2) 2.193(4), Nb-N(3) 1.758(4), Nb-N(4) 2.126(4), Nb-O(1) 

2.134(4), C(46)-N(4) 1.325(6), C(46)-O(1) 1.302(6), C(46)-O(2) 1.293(6); selected bond angles 

(˚): N(1)-Nb-O(1) 134.8(1), N(2)-Nb-N(4) 140.5(2), N(1)-Nb-N(3) 103.7(2), Nb-N(3)-C(30) 

174.0(4), Nb-N(4)-C(42) 144.2(3). 

Having isolated the first examples of early transition metal terminal oxo-imido complexes, we 

next targeted isolable four-coordinate analogs. While the formation of unreactive dimeric products 

with κ1-BDI ligands akin to 3.23 remained possible, it also seemed plausible that such species 

might only form in the presence of a labile σ-donating ligand like pyridine, which served to replace 

the pendant BDI nitrogen in the coordination sphere of the niobium center in 3.23 (see above). 

Attempts to remove the coordinating DMAP ligand from 3.24 to generate a four-coordinate 

complex resulted in degradation to mixtures of products. Next, we hypothesized that heating 3.20 

might result in [2+2] cycloreversion to release tert-butylisocyanate and generate a four-coordinate 

terminal oxo complex. However, unproductive isomerization to the protonated κ2-[O2]-bound 

carbamate complex 3.27 was instead observed upon heating compound 3.20. Finally, we aimed to 

trap a 4-coordinate terminal oxo-imido complex generated from 3.28 by capping either the oxo or 

imido moiety with a triarylborane. This approach has been used to trap complexes containing 

reactive basic functionalities in related systems.95–98 In this case, however, the unbound oxygen of 
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the carbamate functionality simply engaged in a Lewis base-acid interaction with the triarylborane 

to generate 3.28, which was isolated as purple crystals in 45% yield. The X-ray crystal structure 

of 3.28 (Figure 3.9, right) is quite similar to that of 3.20, although coordination of the borane 

resulted in a ~0.9 Å lengthening of the C(46)-O(2) distance and consequential shortening of the 

C(46)-N(4) and C(46)-O(1) distances and lengthening of the Nb-N(4) and Nb-O(1) distances. 

Rather than leading to release of isocyanate and formation of a borane-capped oxo complex, 

prolonged heating of 3.28 led to mixtures of unidentified products. Future efforts will target 

alternative routes to reactive four-coordinate terminal oxo-imido, sulfido-imido and related 

complexes. 

 

Scheme 3.15  Thermal degradation and formation of a Lewis acid adduct of 3.20. 

Summary and Conclusions 

Niobium bis(imido) complexes were demonstrated to react with a variety of substrates across 

their Nb-N π-bonds. Under the oxidizing conditions utilized to generate niobium bis(imido) 

complexes 3.2 – 3.4, the niobium bis(imido) intermediates 3.A and 3.B reacted further with azide 

substrates via [3+2] cycloaddition to give niobium tetrazene complexes 3.5 and 3.6. These 

compounds were found to exist in equilibrium with the corresponding bis(imido) complexes, 

which could be trapped via addition of σ-donating isocyanide ligands, allowing for the use of these 

complexes in catalytic oxidative nitrene transfer chemistry. Compounds 3.2 – 3.4 were also shown 

to engage in stoichiometric 1,2-addition reactivity with dihydrogen, silanes, and boranes to 

generate niobium hydride complexes 3.9 – 3.13, as well as substrates containing relatively acidic 

S-H or C-H bonds to generate products 3.16 and 3.17. Work aimed at both expanding the scope of 

1,2-addition reactions across imido groups in these systems as well as developing these 

stoichiometric processes into catalytic cycles for hydrofunctionalization reactions is ongoing. 

Compounds 3.2 and 3.4 also exhibited [2+2] cycloaddition and cycloreversion reactivity with 

carbon dioxide and carbon disulfide. While reactions with 3.2 generated unreactive dimeric species, 

the reaction between 3.4 and carbon dioxide generated the monomeric niobium carbamate complex 

3.20. Under appropriate conditions, this compound was shown to behave as a source of the reactive 

4-coordinate, monomeric niobium oxo-imido complex 3.G, which could be trapped as the pyridine 

and DMAP adducts 3.22 and 3.24. These represented the first isolated examples of early transition 

metal complexes containing both a terminal imido and a terminal oxo group. Likely as a 
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consequence of π-loading effects, compound 3.24 was reactive toward 1,2-addition of silane 

substrates across its oxo group. While related reactions across oxo groups have been observed in 

d0 group 4 and group 6 complexes and d2 group 7 complexes, this represented a new reaction 

pathway in group 5 chemistry, and the scope of stoichiometric and catalytic reactions this reactivity 

can be applied to remains to be explored. In addition to pursuing the reactivity of 3.24, we are 

continuing to target 4-coordinate terminal oxo-imido complexes, as well as other isolobal π-loaded 

niobium complexes with reactive multiply-bonded ligands, such as terminal sulfides, selenides, 

phosphinidenes, and alkylidenes. 

Experimental 

General Considerations: Unless otherwise noted, all reactions were performed using standard 

Schlenk line techniques or in an MBraun inert atmosphere glove box under an atmosphere of 

nitrogen (<1 ppm O2/H2O). Glassware and Celite were stored in an oven at ca. 140˚ C. Molecular 

sieves (4 Å) were activated by heating to 300 °C overnight under vacuum prior to storage in a 

glovebox. Hexane, n-pentane, diethyl ether, dichloromethane, benzene, toluene, pyridine, and THF 

were purified by passage through columns of activated alumina and degassed by sparging with 

nitrogen. HMDSO was vacuum distilled from sodium/benzophenone, degassed by sparging with 

nitrogen, and stored over molecular sieves. tBuNH2 was distilled from CaH2. Deuterated solvents 

were vacuum-transferred from sodium/benzophenone, degassed with three freeze-pump-thaw 

cycles, and stored over molecular sieves. Azides were degassed with three freeze-pump-thaw 

cycles and filtered through activated alumina. Isocyanides were degassed with three freeze-pump-

thaw cycles and stored over molecular sieves. NMR spectra were recorded on Bruker AV-600, 

AVB-400, AVQ-400, AV-500, and DRX-500 spectrometers. 1H and 13C{1H} chemical shifts are 

given relative to residual solvent peaks. Proton and carbon NMR assignments were routinely 

confirmed by 1H-1H (COSY and NOESY) and 1H-13C (HSQC and HMBC) experiments. FT-IR 

samples were prepared as Nujol mulls and were taken between KBr disks using a Nicolet iS10 FT-

IR spectrometer. Melting points were determined using an OptiMelt automated melting point 

system. tBuN3,
99 DIPPN3,

100 BnN3,
101 CyN3,

102 HBDI,103 Li(BDI)•OEt2,
104 Nb(NtBu)Cl3Py2,

105 

(BDI)Nb(NtBu)Me2,
56 (BDI)Nb(NtBu)(η6-C6H6) (3.1),67 (BDI)Nb(NtBu)2 (3.2),60 

(BDI)Nb(NtBu)(NTMS) (3.3)60 and (BDI)Nb(NtBu)(NAr) (3.4)60 (BDI = 

ArNC(Me)CHC(Me)NAr, Ar = 2,6-diisopropylphenyl) were prepared using the literature 

procedures. All other reagents were acquired from commercial sources and used as received. 

Elemental analyses were determined either at the College of Chemistry, University of California, 

Berkeley or at the School of Human Sciences, Science Center, London Metropolitan University. 

X-ray structural determinations were performed at CHEXRAY, University of California, Berkeley 

on SMART APEX I and SMART APEX II QUAZAR diffractometers. 

(BDI)Nb(NtBu)(BnNNNNBn) (3.5): Compound 3.1 (500 mg, 0.76 mmol) was dissolved in 5 mL 

benzene in a 20 mL vial. In a separate vial, benzylazide (200 mg, 1.5 mmol) was dissolved in 5 

mL hexane. The benzylazide solution was added to the solution of 3.1. The resulting solution was 

stirred at 60 °C for 3 h under N2 atmosphere, resulting in a gradual lightening of the color from 

dark red to red. The volatile materials were removed under vacuum, leaving a dark red oily residue. 

The residue was extracted with hexane; upon dissolution of the residue in hexane, red crystalline 
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material immediately began forming. The crystalline material was isolated and residual solvent 

was removed under vacuum. The supernatant was concentrated and stored at -40 ˚C overnight, 

yielding an additional crop of red crystals. Yield: 220 mg, 35% over two crops. A 10:1 ratio of 

3.5a to 3.5b was observed by 1H NMR spectroscopy at 293 K. 1H NMR (400 MHz, C6D6, 293 

K): Compound 3.5a: δ 7.22–6.97 (m, 16H, Ar/Bn), 5.17 (s, 1H, HC(C(Me)NAr)2), 4.22 (s, 4H, 

CH2Ph), 3.70 (sep, 2H, CHMe2), 2.67 (sep, 2H, CHMe2),  1.62 (s, 6H, HC(C(Me)NAr)2), 1.51 (d, 

6H, CHMe2), 1.31 (d, 6H, CHMe2), 1.29 (s, 9H, tBu), 1.25 (d, 6H, CHMe2), 0.99 (d, 6H, CHMe2). 

Compound 3.5b: δ 7.50 (d, 2H, Ar or Bn), 7.31–6.94 (m, 14H, Ar/Bn), 6.05 (s, 2H, CH2Ph), 5.08 

(s, 2H, CH2Ph), 3.28 (sep, 2H, CHMe2), 2.88 (sep, 2H, CHMe2), 1.60 (s, 6H, HC(C(Me)NAr)2), 

0.64 (s, 9H, tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K) Compound 3.5a: δ 169.7 

(HC(C(Me)NAr)2), 149.3 (Ar or Bn), 143.1 (Ar or Bn), 142.3 (Ar or Bn), 142.1 (Ar or Bn), 128.1 

(Ar or Bn), 127.9 (Ar or Bn), 127.0 (Ar or Bn), 126.3 (Ar or Bn), 124.9 (Ar or Bn), 124.1 (Ar or 

Bn), 102.0 (HC(C(Me)NAr)2), 71.7 (Cα, 
tBu), 58.7 (CH2Ph), 33.4 (Cβ, 

tBu),  29.7 (CHMe2), 28.0 

(CHMe2), 26.7 (HC(C(Me)NAr)2), 26.3 (CHMe2), 25.6 (CHMe2), 24.9 (CHMe2), 24.3 (CHMe2). 

Anal. calcd (%) for Nb1N7C47H64: C, 68.85; H, 7.87; N, 11.96. Found: C, 68.73; H, 7.94; N, 11.77. 

MP: 137–142 ˚C. 

(BDI)Nb(NtBu)(CyNNNNCy) (3.6): Compound 3.1 (300 mg, 0.45 mmol) was added to a 20 mL 

vial. In a separate vial, cyclohexylazide (120 mg, 0.96 mmol) was dissolved in 5 mL hexane. The 

cyclohexylazide solution was added to 2.1, and the mixture was stirred until all of 2.1 had dissolved. 

Upon addition of the azide solution, visible effervescence of dinitrogen was observed, but subsided 

within 5 min. The vial was capped and left at room temperature for an additional 3 h, resulting in 

a gradual lightening of the color from dark red to red and precipitation of red crystalline material. 

The vial was stored at -40 ˚C overnight, resulting in further precipitation of crystalline material. 

The crystals were isolated and residual solvent was removed under vacuum. Yield: 280 mg, 77%. 
1H NMR (500 MHz, C6D6, 293 K): δ 7.18–7.10 (m, 6H, Ar), 5.06 (s, 1H, HC(C(Me)NAr)2), 3.77 

(sep, 2H, CHMe2), 3.14 (m, 2H, Cy CH), 2.62 (sep, 2H, CHMe2), 1.71-1.60 (m, 8H, Cy CH2), 

1.56–1.36 (m, 3H, Cy CH2), 1.52 (d, 6H, CHMe2), 1.48 (s, 6H, HC(C(Me)NAr)2), 1.46 (s, 9H, 
tBu), 1.40 (d, 6H, CHMe2), 1.33-0.94 (m, 9H, Cy CH2), 1.27 (d, 6H, CHMe2), 1.01 (d, 6H, CHMe2). 
13C{1H} NMR (600 MHz, C6D6, 293 K): δ 169.5 (HC(C(Me)NAr)2), 150.9 (Ar), 143.0 (Ar), 

141.0 (Ar), 126.5 (Ar), 125.3 (Ar), 124.0 (Ar), 101.3 (HC(C(Me)NAr)2), 71.3 (Cα, 
tBu), 64.9 (CH, 

Cy), 33.8 (Cβ, 
tBu), 33.6 (CH2, Cy), 29.3 (CHMe2), 28.3 (CHMe2), 27.2 (CH2, Cy), 26.8 

(HC(C(Me)NAr)2), 26.4 (CH2, Cy), 25.4 (CHMe2), 25.3 (CHMe2), 25.3 (CHMe2), 24.6 (CHMe2). 

Anal. calcd (%) for Nb1N7C45H72: C, 67.22; H, 9.03; N, 12.19. Found: C, 67.01; H, 9.17; N, 12.08. 

MP: 146–150 ˚C. 

(BDI)Nb(NtBu)(BnNNNNCy) (3.7): Compound 3.7 was observed as an intermediate by 1H NMR 

spectroscopy upon either heating 3.5 with 10 equiv. cyclohexylazide at 60 ˚C in C6D6 for 4 h or 

allowing 3.6 react with 10 equiv. benzylazide at room temperature for 16 h. 1H NMR (600 MHz, 

C6D6, 293 K): δ 7.32–6.92 (m, 11H, Ar), 5.13 (s, 1H, HC(C(Me)NAr)2), 4.06 (s, 2H, Bn CH2), 

3.70 (sep, 2H, CHMe2), 3.34 (m, 1H, Cy CH), 2.66 (sep, 2H, CHMe2), 1.69–0.98 (m, 10H, Cy 

CH2), 1.56 (s, 6H, HC(C(Me)NAr)2), 1.43 (d, 6H, CHMe2), 1.36 (d, 6H, CHMe2), 1.25 (d, 6H, 

CHMe2), 0.99 (d, 6H, CHMe2). 
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(BDI)Nb(NtBu)(NCy)(CNtBu) (3.8a): Compound 3.6 (300 mg, 0.37 mmol) was added to a 50 

mL flask and dissolved in 5 mL benzene to give a red solution. Tert-butylisocyanide (84 μL, 62 

mg, 0.75 mmol) was added by microsyringe. The solution was heated at 60 °C for 3 h, resulting in 

a color change from red to orange. The volatile materials were removed under vacuum, leaving an 

orange residue. The residue was extracted with HMDSO and the resulting solution was 

concentrated. The solution was stored at -40 ˚C overnight, yielding yellow crystals of 3.8a. The 

crystals were isolated and residual solvent was removed under vacuum Yield: 180 mg, 63% over 

three crops. 1H NMR (600 MHz, C6D6, 293 K): δ 7.26–7.16 (m, 3H, Ar), 7.06–6.98 (m, 3H, Ar), 

5.04 (s, 1H, HC(C(Me)NAr)2), 4.48 (m, 1H, Cy CH), 4.12 (sep, 1H, CHMe2), 3.76 (sep, 1H, 

CHMe2), 3.56 (sep, 1H, CHMe2), 3.51 (sep, 1H, CHMe2), 2.44 (br d, 1H, Cy), 2.07 (br d, 1H, Cy), 

1.85–1.15 (m, 8H, Cy), 1.74 (d, 3H, CHMe2), 1.71 (s, 3H, HC(C(Me)NAr)2), 1.65 (s, 3H, 

HC(C(Me)NAr)2), 1.61 (d, 3H, CHMe2), 1.46 (d, 3H, CHMe2), 1.40 (d, 3H, CHMe2), 1.37 (d, 3H, 

CHMe2), 1.35 (d, 3H, CHMe2), 1.29 (d, 3H, CHMe2), 1.21 (d, 3H, CHMe2), 1.09 (s, 9H, NbNtBu), 

0.78 (s, 9H, C≡NtBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.1 (HC(C(Me)NAr)2), 165.7 

(HC(C(Me)NAr)2), 152.5 (Ar), 152.0 (Ar), 143.0 (Ar), 142.3 (Ar), 142.2 (Ar), 142.2 (Ar), 125.3 

(Ar), 125.1 (Ar), 124.4 (Ar), 124.4 (Ar), 124.3 (Ar), 123.4 (Ar), 99.3 (HC(C(Me)NAr)2), 71.3 (CH, 

Cy), 64.7 (Cα, NbNtBu), 56.0 (Cα, C≡NtBu),  38.6 (Cy), 38.4 (Cy), 33.2 (Cβ, NbNtBu), 29.4 (Cβ, 

C≡NtBu), 28.7 (CHMe2), 28.6 (CHMe2), 28.0 (CHMe2), 27.7 (CHMe2), 27.0 (Cy), 26.9 (Cy), 26.7 

(CHMe2), 26.1 (Cy), 25.9 (CHMe2), 25.3 (HC(C(Me)NAr)2), 25.2 (CHMe2), 25.1 (CHMe2), 24.9 

(HC(C(Me)NAr)2), 24.9 (CHMe2), 24.8 (CHMe2), 24.4 (CHMe2), 23.8 (CHMe2). Anal. calcd (%) 

for Nb1N5C47H70·0.5C6H18OSi2: C, 68.31; H, 9.06; N, 7.97. Found: C, 67.40; H, 9.18; N, 8.23. 

MP: dec. 136–161 ˚C. 

(BDI)Nb(NtBu)(NCy)(CNCy) (3.8b): Compound 3.6 (10 mg, 0.012 mmol) and 

cyclohexylisocyanide (2.7 mg, 0.025 mmol) were dissolved in C6D6 (0.4 mL) in a 4 mL vial and 

transferred to a J. Young NMR tube. The solution was heated at 60 ˚C for 3 h, resulting in a color 

change from red to orange. A 1H NMR spectrum indicated clean conversion to 3.8b and 

dicyclohexylcarbodiimide. 1H NMR (400 MHz, C6D6, 293 K): δ 7.29–7.16 (m, 3H, Ar), 7.10–

6.96 (m, 3H, Ar), 5.06 (s, 1H, HC(C(Me)NAr)2), 4.48 (m, 1H, NbNCy CH), 4.13 (sep, 1H, 

CHMe2), 3.81 (sep, 1H, CHMe2), 3.58 (sep, 1H, CHMe2), 3.53 (sep, 1H, CHMe2), 2.88 (m, 1H, 

CNCy CH), 2.48 (br d, 1H, Cy), 2.09 (br d, 1H, Cy), 1.90–0.67 (m, 20H, Cy), 1.75 (d, 3H, CHMe2), 

1.72 (s, 3H, HC(C(Me)NAr)2), 1.68 (s, 3H, HC(C(Me)NAr)2), 1.62 (d, 3H, CHMe2), 1.50 (d, 3H, 

CHMe2), 1.41 (d, 6H, CHMe2), 1.36 (d, 3H, CHMe2), 1.30 (d, 3H, CHMe2), 1.23 (d, 3H, CHMe2), 

1.12 (s, 9H, tBu). 

(BDI)NbH(NHtBu)(NtBu) (3.9): Compound 3.2 (200 mg, 0.30 mmol) was added to a 25 mL 

Schlenk tube and dissolved in 2 mL HMDSO to give a nearly saturated orange solution. The flask 

was evacuated under reduced pressure for 5 s, and the headspace was backfilled with H2. The 

solution was left at room temperature for 1 day, resulting in a slight lightening of the color. Storage 

at -40 ˚C for 5 days yielded yellow-orange crystals of 3.9. The crystals were isolated and residual 

solvent was removed under vacuum Yield: 91 mg, 41%. Generation in solution: Compound 3.2 

(10 mg, 0.015 mmol) was dissolved in C6D6 (0.4 ml) in a 4 mL vial to give an orange-yellow 

solution and then transferred to a J. Young NMR tube and sealed. The solution was degassed with 

two freeze-pump-thaw cycles. With ca. 95% of the length of the tube submerged in liquid N2, the 
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tube was evacuated under reduced pressure for 5 s, and the headspace was backfilled with 1 atm 

H2. The tube was sealed, and then allowed to warm to room temperature. Upon thawing, the 

solution rapidly changed color from orange-yellow to a lighter yellow-orange. 1H NMR (500 MHz, 

C6D6, 293 K): δ 9.09 (br s, 1H, Nb-H) 7.80 (s, 1H, N-H) 7.24-7.07 (m, 6H, Ar), 5.02 (s, 1H, 

HC(C(Me)NAr)2), 3.56 (sep, 2H, CHMe2), 3.46 (sep, 2H, CHMe2),  1.62 (s, 6H, HC(C(Me)NAr)2), 

1.50 (d, 6H, CHMe2), 1.37 (d, 6H, CHMe2), 1.25 (s, 9H, NbNtBu), 1.23 (d, 6H, CHMe2), 1.21 (d, 

6H, CHMe2), 1.06 (s, 9H, NbN(H)tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.2 

(HC(C(Me)NAr)2), 152.0 (Ar), 145.3 (Ar), 142.1 (Ar), 125.9 (Ar), 124.7 (Ar), 124.3 (Ar), 101.0 

(HC(C(Me)NAr)2), 67.2 (Cα, NbN(H)tBu), 56.5 (Cα, NbNtBu), 33.3 (Cβ, NbN(H)tBu), 33.1 (Cβ, 

NbNtBu), 28.7 (CHMe2), 28.6 (CHMe2), 25.3 (CHMe2), 25.2 (CHMe2), 25.1 (CHMe2), 25.0 

(CHMe2), 24.9 (HC(C(Me)NAr)2). FT-IR (KBr, nujol, cm-1): 3344 (sharp, w, N-H stretch), 3323 

(sharp, w, N-H stretch), 1652 (broad, m, Nb-H stretch). Anal. calcd (%) for Nb1N4C37H61: C, 67.87; 

H, 9.39; N, 8.56. Found: C, 67.69; H, 9.33; N, 8.47. 

(BDI)NbH(NHtBu)(NAr) (3.10): Compound 3.4 (10 mg, 0.013 mmol) was dissolved in C6D6 (0.4 

ml) in a 4 mL vial to give a red solution and then transferred to a J. Young NMR tube and sealed. 

The solution was degassed with two freeze-pump-thaw cycles. With ca. 95% of the length of the 

tube submerged in liquid N2, the tube was evacuated under reduced pressure for 5 s, and the 

headspace was backfilled with 1 atm H2. The tube was sealed, and then allowed to warm to room 

temperature. Upon thawing, the solution lightened in color. 1H NMR (400 MHz, C6D6, 293 K): δ 

9.43 (br s, 1H, Nb-H) 8.66 (s, 1H, N-H) 7.19–6.95 (m, 9H, Ar), 5.24 (s, 1H, HC(C(Me)NAr)2), 

4.26 (br s, 1H, CHMe2), 4.08 (br s, 1H, CHMe2), 3.83 (sep, 1H, CHMe2), 3.38 (sep, 1H, CHMe2), 

3.25 (sep, 1H, CHMe2), 3.21 (sep, 1H, CHMe2), 1.71 (s, 3H, HC(C(Me)NAr)2), 1.69 (s, 3H, 

HC(C(Me)NAr)2), 1.37–1.30 (m, 18H, CHMe2), 1.25 (d, 3H, CHMe2), 1.17–1.09 (m, 12H, 

CHMe2), 1.02 (d, 3H, CHMe2), 0.82 (s, 9H, tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.8 

(HC(C(Me)NAr)2), 166.1 (HC(C(Me)NAr)2), 153.3 (Ar), 149.0 (Ar), 144.4 (Ar), 142.5 (Ar), 141.5 

(Ar), 140.6 (Ar), 140.4 (Ar), 126.6 (Ar), 125.7 (Ar), 125.6 (Ar), 125.1 (Ar), 124.3 (Ar), 124.0 (Ar), 

123.8 (Ar), 123.7 (Ar), 122.5 (Ar), 101.8 (HC(C(Me)NAr)2), 57.1 (Cα, 
tBu), 32.1 (Cβ, 

tBu), 29.9 

(CHMe2), 29.2 (CHMe2), 28.4 (CHMe2), 28.2 (CHMe2), 27.9 (CHMe2), 27.9 (CHMe2), 26.1 

(CHMe2), 25.9 (CHMe2), 25.8 (CHMe2), 25.5 (CHMe2), 25.0 (CHMe2), 25.0 (HC(C(Me)NAr)2), 

24.8 (HC(C(Me)NAr)2), 24.6 (CHMe2), 24.5 (CHMe2), 24.2 (CHMe2), 24.1 (CHMe2), 24.0 

(CHMe2), 23.9 (CHMe2) 23.8 (CHMe2). 

(BDI)NbH(N[SiH2Ph]tBu)(NtBu) (3.11): Compound 3.2 (220 mg, 0.34 mmol) was dissolved in 

10 mL hexane in a 20 mL vial to give an orange solution. Phenylsilane (42 μL, 0.34 mmol) was 

added in one portion using a micropipette, resulting in an immediate color change to yellow. The 

solution was left at room temperature for 15 min, and then the volatile materials were removed 

under vacuum, leaving a yellow powder. The residue was extracted with hexane and the resulting 

solution was concentrated. The solution was stored at -40 ˚C overnight, yielding 3.11 as a pale 

yellow microcrystalline powder. The powder was isolated and residual solvent was removed under 

vacuum. Yield: 220 mg, 85% over 2 crops. X-ray suitable crystals were obtained by 

recrystallization from a concentrated HMDSO solution at -40 °C. 1H NMR (600 MHz, C6D6, 293 

K): δ 9.15 (br s, 1H, Nb-H), 8.19 (br d, 2H, SiH2Ph), 7.37–7.08 (br m, 9H, Ar/SiH2Ph), 6.06 (br 

d, 1H, SiH2Ph), 5.56 (br d, 1H, SiH2Ph), 4.94 (s, 1H, HC(C(Me)NAr)2), 4.42 (sep, 1H, CHMe2), 
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4.29 (br sep, 1H, CHMe2), 3.22 (br sep, 1H, CHMe2), 3.17 (br sep, 1H, CHMe2), 1.86 (br d, 3H, 

CHMe2),  1.65–0.80 (br m, 45H, CHMe2/HC(C(Me)NAr)2/
tBu). 1H NMR (500 MHz, C7D8, 253 

K): δ 9.05 (br s, 1H, Nb-H) 8.16 (d, 2H, SiH2Ph), 7.26 (t, 3H, SiH2Ph), 7.19 (m, 2H, Ar), 7.15–

7.03 (m, 4H, Ar/SiH2Ph), 6.02 (d, 1H, SiH2Ph, 2J = 9.1 Hz), 5.53 (d, 1H, SiH2Ph, 2J = 9.1 Hz), 

4.88 (s, 1H, HC(C(Me)NAr)2), 4.40 (sep, 1H, CHMe2), 4.26 (sep, 1H, CHMe2), 3.16 (sep, 1H, 

CHMe2), 3.11 (sep, 1H, CHMe2), 1.83 (d, 3H, CHMe2),  1.59 (d, 3H, CHMe2), 1.57 (s, 3H, 

HC(C(Me)NAr)2), 1.53 (s, 3H, HC(C(Me)NAr)2), 1.42 (d, 3H, CHMe2), 1.40 (s, 9H, NbNtBu), 

1.29–1.17 (m, 9H, CHMe2), 1.09 (d, 3H, CHMe2), 1.08 (d, 3H, CHMe2), 0.78 (s, 9H, NbN(Si)tBu). 
13C{1H} NMR (500 MHz, C7D8, 253 K): δ 166.2 (HC(C(Me)NAr)2), 165.9 (HC(C(Me)NAr)2), 

152.1 (Ar), 147.1 (Ar), 145.3 (Ar), 143.4 (Ar), 142.1 (Ar), 137.9 (Ar), 135.6 (Ar), 129.4 (Ar), 

128.5 (Ar), 127.5 (Ar), 126.8 (Ar), 126.1 (Ar), 126.0 (Ar), 124.5 (Ar), 123.5 (Ar), 101.3 

(HC(C(Me)NAr)2), 71.0 (Cα, NbN(Si)tBu), 58.6 (Cα, NbNtBu), 32.8 (Cβ, NbtBu), 29.8 (Cβ, 

NbN(Si)tBu), 28.8 (CHMe2), 28.4 (CHMe2), 28.1 (CHMe2), 27.9 (CHMe2), 26.4 (CHMe2), 25.9 

(CHMe2), 25.9 (CHMe2), 25.3 (CHMe2), 25.2 (HC(C(Me)NAr)2), 25.1 (CHMe2), 25.0 (CHMe2), 

24.9 (CHMe2), 24.5 (HC(C(Me)NAr)2), 24.4 (CHMe2). FT-IR (KBr, nujol, cm-1): 2204 (sharp, s, 

Si-H stretch), 2130 (sharp, s, Si-H stretch), 2103 (sharp, s, Si-H stretch), 1667 (broad, m, Nb-H 

stretch). Anal. calcd (%) for Nb1Si1N4C43H67: C, 67.87; H, 8.87; N, 7.36. Found: C, 68.02; H, 8.77; 

N, 7.41. MP: dec. 120–143 ˚C. 

(BDI)NbH(N[SiH2
nBu]tBu)(NtBu) (3.12): Compound 3.2 (180 mg, 0.28 mmol) was added to a 

50 mL Schlenk flask and dissolved in 5 mL toluene to give an orange solution. Phenylsilane (36 

μL, 0.28 mmol) was added using a micropipette, resulting in an immediate color change to orange-

yellow. The solution was left at room temperature overnight, then the volatile materials were 

removed under vacuum leaving an orange-yellow residue. The residue was extracted with 

HMDSO and the resulting solution was concentrated. The solution was stored at -40 ˚C overnight, 

yielding pale yellow crystals of 3.12. The crystalline material was isolated and residual solvent 

was removed under vacuum. Yield: 160 mg, 75% over two crops. 1H NMR (600 MHz, C6D6, 293 

K): δ 8.65 (br s, 1H, Nb-H) 8.19, 7.28–7.07 (br m, 6H, Ar), 5.34 (br s, 1H, SiH2
nBu), 5.01 (br s, 

1H, SiH2
nBu), 4.92 (s, 1H, HC(C(Me)NAr)2), 4.30 (br m, 1H, CHMe2), 4.22 (br m, 1H, CHMe2), 

3.19 (br m, 2H, CHMe2), 1.80–0.80 (br m, 57H, CHMe2/HC(C(Me)NAr)2/
tBu/nBu). FT-IR (KBr, 

nujol, cm-1): 2178 (sharp, m, Si-H stretch), 2092 (sharp, s, Si-H stretch), 1667 (broad, m, Nb-H 

stretch). MP: 148–168 ˚C. 

(BDI)NbH(N[BO2C6H12]tBu)(NtBu) (3.13): Compound 3.2 (210 mg, 0.32 mmol) was dissolved 

in 5 mL hexane in a 20 mL vial to give an orange solution. Pinacolborane (49 μL, 0.32 mmol) was 

added using a micropipette, resulting in an immediate color change to yellow. The solution was 

left at room temperature for 3 h, and then filtered through a pad of Celite. The volatile materials 

were removed under vacuum, leaving a yellow residue. The residue was extracted with a 

hexane/HMDSO mixture and the resulting solution was concentrated. The solution was stored at 

-40 ˚C overnight, yielding 3.13 as a yellow microcrystalline powder. The powder was isolated and 

residual solvent was removed under vacuum. Yield: 97 mg, 39%. X-ray suitable crystals were 

obtained by recrystallization from a concentrated HMDSO solution at -40 °C. 1H NMR (600 MHz, 

C6D6, 293 K): δ 10.01 (s, 1H, Nb-H), 7.26–7.13 (m, 6H, Ar) 5.11 (s, 1H, HC(C(Me)NAr)2), 3.63 

(sep, 1H, CHMe2), 3.52 (sep, 1H, CHMe2), 3.32 (sep, 1H, CHMe2), 3.25 (sep, 1H, CHMe2), 1.69 



 

67 
 

(s, 3H, HC(C(Me)NAr)2), 1.65 (s, 3H, HC(C(Me)NAr)2), 1.63 (d, 3H, CHMe2), 1.61 (d, 3H, 

CHMe2), 1.54 (s, 9H, NbNtBu), 1.45 (d, 3H, CHMe2), 1.44 (d, 3H, CHMe2), 1.29 (d, 3H, CHMe2), 

1.23 (d, 3H, CHMe2), 1.21 (d, 3H, CHMe2), 1.16 (d, 3H, CHMe2), 1.14 (s, 6 H, BPin CH3), 1.13 

(s, 6 H, BPin CH3), 1.11 (s, 9H, NbN(B)tBu). 13C{1H} NMR (400 MHz, C6D6, 293 K): δ 165.5 

(CH(C(Me)NAr)2), 163.8 (CH(C(Me)NAr)2), 153.2 (Ar), 150.0 (Ar), 144.0 (Ar), 142.5 (Ar), 142.2 

(Ar), 142.0 (Ar), 126.3 (Ar), 125.8 (Ar), 125.3 (Ar), 125.1 (Ar), 123.9 (Ar), 123.6 (Ar), 103.7 

(CH(C(Me)NAr)2), 82.4 (Cα, NbNtBu), 56.2 (Cα, NbN(B)tBu), 35.4 (Cβ, NbNtBu), 33.3 (Cβ, 

NbN(B)tBu), 29.1 (CHMe2), 28.9 (CHMe2), 28.0 (CHMe2), 27.4 (CHMe2), 26.8 (CHMe2), 26.4 

(CHMe2), 26.0 (HC(C(Me)NAr)2), 25.8 (HC(C(Me)NAr)2), 25.7 (CHMe2), 25.6 (CHMe2), 25.4 

(CHMe2), 25.0 (BPin CH3), 24.8 (CHMe2), 24.6 (CHMe2), 24.4 (CHMe2), 24.2 (BPin CH3). FT-

IR (KBr, nujol, cm-1): 1662 (broad, m, Nb-H stretch). Anal. calcd (%) for NbO2N4BC43H72: C, 

66.15; H, 9.30; N, 7.18. Found: C, 65.97; H, 9.42; N, 7.08. MP: dec. 142–148 ˚C. 

(BDI)Nb(OC(H)O)(N[SiH2
nBu]tBu)(NtBu) (3.14): Compound 3.12 (190 mg, 0.26 mmol) was 

added to a 100 mL Schlenk flask and dissolved in 10 mL toluene to give a pale yellow solution. 

The flask was evacuated under reduced pressure for 5 s, and the headspace was backfilled with 

CO2, resulting in a slight lightening of the color. The solution was stirred at room temperature 

overnight, and then the volatile materials were removed under vacuum, leaving a yellow residue. 

The residue was extracted with pentane and the resulting solution was concentrated. The solution 

was stored at -40 ˚C overnight, yielding pale yellow crystals of 3.14. The crystalline material was 

isolated and residual solvent was removed under vacuum. Yield: 95 mg, 48% over two crops. 1H 

NMR (400 MHz, C6D6, 293 K) δ 7.86 (s, 1H, OCHO), 7.22–7.11 (m, 5H, Ar), 7.07  (dd, 1H, Ar), 

5.51 (m, 1H, SiH2
nBu), 5.13 (s, 1H, HC(C(Me)NAr)2), 5.06 (m, 1H, SiH2

nBu), 4.11 (sep, 1H, 

CHMe2), 3.67 (sep, 1H, CHMe2), 2.96 (sep, 1H, CHMe2), 2.95 (sep, 1H, CHMe2), 1.65–0.99 (m, 

6H, nBu CH2), 1.64 (d, 3H, CHMe2), 1.61 (s, 3H, HC(C(Me)NAr)2), 1.61 (s, 3H, HC(C(Me)NAr)2), 

1.58 (d, 3H, CHMe2), 1.56 (d, 3H, CHMe2), 1.48 (s, 9H, NbNtBu), 1.37 (d, 3H, CHMe2), 1.25 (d, 

3H, CHMe2), 1.23 (d, 3H, CHMe2), 1.08 (br s, 9H, NbN(Si)tBu), 1.04 (d, 3H, CHMe2), 1.04 (d, 

3H, CHMe2), 0.92 (t, 3H, nBu CH2). FT-IR (KBr, nujol, cm-1): 2182 (s, Si-H stretch), 2098 (s, Si-

H stretch), 1649 (s, C=O stretch). Anal. calcd (%) for NbSiO2N4C42H71: C, 64.26; H, 9.12; N, 7.14. 

Found: C, 64.10; H 9.30; N, 7.03. MP: dec. 123–143 ˚C. 

(BDI)Nb(OC(H)O)(N[BO2C6H12]tBu)(NtBu) (3.15): Compound 3.13 (160 mg, 0.20 mmol) was 

added to a 100 mL Schlenk flask and dissolved in 10 mL hexane to give a yellow solution. The 

flask was evacuated under reduced pressure for 5 s, and the headspace was backfilled with CO2, 

resulting in a slight lightening of the color. The solution was stirred at room temperature overnight, 

and then the volatile materials were removed under vacuum, leaving a yellow residue. The residue 

was extracted with HMDSO and the resulting solution was concentrated. The solution was stored 

at -40 ˚C overnight, yielding yellow crystals of 3.15. The crystalline material was isolated and 

residual solvent was removed under vacuum. Yield: 57 mg, 35% over three crops. 1H NMR (400 

MHz, C6D6, 293 K): δ 8.60 (s, 1H, NbOCHO), 7.28–7.11 (m, 5H, Ar), 7.06  (dd, 1H, Ar), 5.16 (s, 

1H, HC(C(Me)NAr)2), 4.15 (sep, 1H, CHMe2), 3.78 (sep, 1H, CHMe2), 2.95 (sep, 1H, CHMe2), 

2.90 (sep, 1H, CHMe2), 1.67 (s, 3H, HC(C(Me)NAr)2), 1.60 (s, 3H, HC(C(Me)NAr)2), 1.59 (d, 3H, 

CHMe2), 1.57 (s, 9H, NbNtBu), 1.53 (d, 3H, CHMe2), 1.29 (s, 9H, NbN(B)tBu), 1.26 (d, 3H, 

CHMe2), 1.24 (d, 3H, CHMe2), 1.21 (s, 6H, BPin CH3), 1.20 (d, 3H, CHMe2), 1.19 (d, 3H, CHMe2), 



 

68 
 

1.13 (s, 6H, BPin CH3), 1.06 (d, 3H, CHMe2), 1.04 (d, 3H, CHMe2). 13C{1H} NMR (600 MHz, 

C6D6, 293 K): δ 169.0 (CH(C(Me)NAr)2), 166.2 (CH(C(Me)NAr)2), 164.9 (NbOCHO), 149.1 

(Ar), 148.6 (Ar), 145.8 (Ar), 144.4 (Ar), 143.7 (Ar), 140.5 (Ar), 127.3 (Ar), 126.4 (Ar), 125.7 (Ar), 

125.0 (Ar), 124.6 (Ar), 123.8 (Ar), 103.9 (CH(C(Me)NAr)2), 82.4 (Cα, NbNtBu), 58.2 (Cα, 

NbN(B)tBu), 32.6 (Cβ, NbNtBu), 28.9 (CHMe2), 28.8 (CHMe2), 27.9 (CHMe2), 27.8 (CHMe2), 

26.9 (CHMe2), 26.6 (HC(C(Me)NAr)2), 26.5 (Cα, NbN(B)tBu), 26.3 (HC(C(Me)NAr)2), 26.3 

(CHMe2), 25.9 (CHMe2), 25.9 (CHMe2), 25.8 (CHMe2), 25.5 (CHMe2), 25.4 (CHMe2), 25.0 (BPin 

CH3), 24.8 (BPin CH3), 24.5 (CHMe2). FT-IR (KBr, nujol, cm-1): 1661 (s, C=O stretch). Anal. 

calcd (%) for NbO4N4BC44H72: C, 64.26; H, 9.12; N, 7.14. Found: C, 63.89; H 8.87; N, 6.71. MP: 

113–138 ˚C. 

(BDI)Nb(NtBu)(NHtBu)(CCtBu) (3.16): Compound 3.2 (130 mg, 0.20 mmol) was added to a 100 

mL Schlenk flask and dissolved in 10 mL toluene to give an orange solution. Tert-butylacetylene 

(25 μL, 0.20 mmol) was added using a microsyringe. The solution was heated at 60 ˚C for 15 h, 

resulting in a color change from orange to pale yellow. The volatile materials were removed under 

vacuum, leaving a pale yellow powder. The residue was extracted with hexane and the resulting 

solution was filtered through a pad of Celite and concentrated. The solution was stored at -40 ˚C 

overnight, yielding 3.16 as a pale yellow crystalline solid. The crystalline material was isolated 

and residual solvent was removed under vacuum. Yield: 85 mg, 56% over 2 crops. X-ray suitable 

crystals were obtained by recrystallization from a concentrated hexane solution at -40 °C. A 1.9:1 

ratio of 3.16a to 3.16b was observed by 1H NMR spectroscopy at 293 K, while a 1.4:1 ratio was 

observed at 253 K. 1H NMR (600 MHz, C6D6, 293 K): Compound 3.16a: δ 7.67 (br s, 1H, N-H), 

7.30–7.05 (br m, 6H, Ar), 5.06 (br s, 1H, HC(C(Me)NAr)2), 3.66 (br m, 2H, CHMe2), 3.06 (br m, 

1H, CHMe2), 2.88 (br m, 1H, CHMe2), 1.69–0.94 (br m, 57H, CHMe2/HC(C(Me)NAr)2/
tBu). 

Compound 3.16b: δ 8.65 (br s, 1H, N-H), 7.30–7.05 (br m, 6H, Ar), 5.03 (br s, 1H, 

HC(C(Me)NAr)2), 4.19 (br m, 1H, CHMe2), 3.93 (br m, 1H, CHMe2), 3.14 (br m, 2H, CHMe2), 

1.83 (br m, 3H, CHMe2),1.69–0.94 (br m, 54H, CHMe2/HC(C(Me)NAr)2/
tBu). 1H NMR (500 

MHz, C7D8, 253 K): Compound 3.16a: δ 7.57 (s, 1H, N-H), 7.22–7.04 (m, 6H, Ar), 4.98 (s, 1H, 

HC(C(Me)NAr)2), 3.61 (sep, 1H, CHMe2), 3.60 (sep, 1H, CHMe2), 3.01 (sep, 1H, CHMe2), 2.80 

(sep, 1H, CHMe2), 1.59–0.95 (m, 57H, CHMe2/HC(C(Me)NAr)2/
tBu). Compound 3.16b: δ 8.67 

(s, 1H, N-H), 7.30–7.05 (m, 6H, Ar), 4.95 (s, 1H, HC(C(Me)NAr)2), 4.19 (sep, 1H, CHMe2), 3.89 

(sep, 1H, CHMe2), 3.10 (sep, 2H, CHMe2), 1.83 (d, 3H, CHMe2),1.69–0.94 (m, 54H, 

CHMe2/HC(C(Me)NAr)2/
tBu). 1H NMR (500 MHz, C7D8, 333 K): δ 7.85 (br s, 1H, N-H), 7.19–

6.70 (br m, 6H, Ar), 5.09 (s, 1H, HC(C(Me)NAr)2), 3.88–2.60 (br m, 4H, CHMe2), 1.65–0.85 (br 

m, 57H, CHMe2/HC(C(Me)NAr)2/
tBu).  13C{1H} NMR (500 MHz, C7D8, 253 K): δ 167.7 

(HC(C(Me)NAr)2), 166.8 (HC(C(Me)NAr)2), 165.9 (HC(C(Me)NAr)2), 165.5 (HC(C(Me)NAr)2), 

154.5 (Ar), 152.5 (Ar), 151.9 (Ar), 150.9 (Ar), 143.2 (Ar), 142.6 (Ar), 141.6 (Ar), 141.3 (Ar), 

141.1 (Ar), 140.7 (Ar), 140.4 (Ar), 128.5 (Ar), 127.6 (Ar), 126.2 (Ar), 126.1 (Ar), 125.9 (Ar), 

124.7 (Ar), 124.0 (Ar), 123.8 (Ar), 123.6 (Ar), 123.0 (Ar), 122.8 (Ar), 101.2 (HC(C(Me)NAr)2), 

100.9 (HC(C(Me)NAr)2), 71.5 (Cα, 
tBu), 66.1 (Cα, 

tBu), 57.9 (Cα, 
tBu), 57.1 (Cα, 

tBu), 33.7 (Cβ, 
tBu), 32.3 (Cβ, 

tBu), 31.7 (Cβ, 
tBu), 31.5 (Cβ, 

tBu), 31.3 (Cβ, 
tBu), 30.0 (Cβ, 

tBu), 29.5 (CHMe2), 

29.2 (CHMe2), 28.8 (CHMe2), 28.5 (CHMe2), 28.4 (CHMe2), 28.0 (CHMe2), 27.4 (CHMe2), 26.8 

(CH3), 26.7 (CH3), 26.4 (CH3), 26.2 (CH3), 26.1 (CH3), 25.8 (CH3), 25.7 (CH3), 25.6 (CH3), 25.5 

(CH3), 25.4 (CH3), 25.2 (CH3), 25.1 (CH3), 25.1 (CH3), 24.9 (CH3), 24.8 (CH3), 24.5 (CH3), 24.3 
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(CH3), 23.9 (CH3), 23.7 (CH3). FT-IR (KBr, nujol, cm-1): 3318 (sharp, w, N-H), 2080 (s, C≡C 

stretch). Anal. calcd (%) for NbN4C42H66: C, 70.07; H, 9.24; N, 7.78. Found: C, 70.34; H 8.88; N, 

7.80. MP: dec. 190–209 ˚C. 

(κ1-BDI)Nb(NtBu)(NHtBu)(SCPh3) (3.17): Compound 3.2 (140 mg, 0.22 mmol) was dissolved 

in 5 mL toluene in a 20 mL vial to give an orange solution. In a separate vial, triphenylmethanethiol 

(61 mg, 0.22 mmol) was dissolved in 3 mL toluene. The triphenylmethanethiol solution was added 

to the solution of 3.2, resulting in a slight lightening of the solution color. The solution was left at 

room temperature for 16 h, and then the volatile materials were removed under vacuum, leaving a 

yellow residue. The residue was extracted with HMDSO and the resulting solution was 

concentrated. The solution was stored at -40 ˚C overnight, yielding 3.17 as a pale yellow 

microcrystalline powder. The powder was isolated and residual solvent was removed under 

vacuum. Yield: 120 mg, 60% over two crops. X-ray suitable crystals were obtained by 

recrystallization from a concentrated HMDSO solution at -40 °C. 1H NMR (400 MHz, C6D6, 293 

K): δ 7.62 (m, 6H, SCPh3), 7.29–7.05 (m, 6H, Ar), 7.09 (t, 6H, SCPh3), 6.99 (t, 3H, SCPh3),  6.24 

(s, 1H, N-H), 4.66 (s, 1H, HC(C(Me)NAr)2), 3.84 (sep, 1H, CHMe2), 3.31 (sep, 1H, CHMe2), 2.94 

(sep, 1H, CHMe2), 2.85 (sep, 1H, CHMe2), 2.51 (s, 3H, HC(C(Me)NAr)2), 1.69 (d, 3H, CHMe2),  

1.49 (d, 3H, CHMe2), 1.38 (d, 3H, CHMe2), 1.31 (s, 3H, HC(C(Me)NAr)2), 1.29 (d, 3H, CHMe2), 

1.25 (d, 3H, CHMe2), 1.20 (s, 9H, NbNtBu), 1.16 (d, 3H, CHMe2), 1.13 (d, 3H, CHMe2), 1.11 (d, 

3H, CHMe2), 1.03 (s, 9H, NbN(H)tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 165.0 

(CH(C(Me)NAr)2), 153.1 (Ar), 150.5 (Ar), 149.7 (Ar), 148.6 (Ar), 148.0 (Ar), 144.0 (Ar), 142.7 

(Ar), 137.0 (Ar), 136.1 (Ar), 131.0 (SCPh3), 130.4 (Ar), 128.7 (Ar), 127.9 (SCPh3), 126.8 (SCPh3), 

126.7 (Ar), 124.5 (Ar), 123.3 (Ar), 123.2 (Ar), 123.0 (Ar), 102.5 (CH(C(Me)NAr)2), 73.5 (SCPh3), 

69.0 (Cα, NbN(H)tBu), 57.5 (Cα, NbNtBu), 34.5 (Cβ, NbNtBu), 31.3 (Cβ, NbN(H)tBu), 28.7 

(CHMe2), 28.6 (CHMe2), 28.5 (CHMe2), 28.4 (CHMe2), 26.3 (CHMe2), 26.1 (CHMe2), 25.3 

(CHMe2), 24.4 (CHMe2), 23.9 (CHMe2), 23.4 (CHMe2), 23.2 (CHMe2), 23.0 (CH(C(Me)NAr)2), 

22.9 (CHMe2), 22.1 (CH(C(Me)NAr)2). Anal calcd (%) for NbSN4C56H75: C, 72.39, H, 8.14; N, 

6.03. Found: C, 72.28; H, 7.91; N, 5.95. MP: dec. 169–178 °C. 

[(BDI)Nb(NtBu)(μ-S)]2 (3.18): Compound 3.2 (100 mg, 0.15 mmol) was dissolved in 6 mL 

benzene in a 20 mL vial to give an orange solution. Carbon disulfide (9.2 μL, 0.15 mmol) was 

added using a microsyringe, resulting in an immediate color change from orange to red. The 

solution was left at room temperature for 16 h, resulting in precipitation of 3.18 as red crystalline 

blocks. Yield: 65 mg, 69%. 1H NMR (400 MHz, C6D6, 293 K): δ 7.37–6.95 (m, 12H, Ar), 5.07 

(s, 2H, HC(C(Me)NAr)2), 3.79 (sep, 4H, CHMe2), 2.99 (sep, 4H, CHMe2), 1.54 (d, 12H, CHMe2), 

1.51 (s, 18H, NbNtBu), 1.47 (s, 12H, HC(C(Me)NAr)2), 1.43 (d, 12H, CHMe2), 1.24 (d, 12H, 

CHMe2), 1.10 (d, 12H, CHMe2). Compound 3.18 was not sufficiently soluble in common NMR 

solvents to obtain solution 13C NMR data. Anal. calcd (%) for Nb2S2N6C66H100: C, 64.58; H, 8.21; 

N, 6.85. Found: C, 64.42; H, 8.53; N, 6.62. 

[(BDI)Nb(NtBu)(μ-O2CN(tBu)CO2)]2 (3.19): Compound 3.2 (200 mg, 0.31 mmol) was added to 

a 100 mL Schlenk flask and dissolved in 25 mL benzene to give an orange solution. The flask was 

evacuated under reduced pressure for 5 s, and the headspace was backfilled with CO2, resulting in 

an immediate color change from orange to yellow. The solution was stirred at room temperature 
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overnight. The volatile materials were removed under vacuum, leaving a yellow-orange powder. 

The residue was extracted with toluene and the resulting solution was concentrated. The solution 

was stored at -40 ˚C overnight, yielding yellow-orange crystals of 3.19. The crystalline material 

was isolated and residual solvent was removed under vacuum. Yield: 180 mg, 76% over three 

crops. 1H NMR (400 MHz, C6D6, 293 K): δ 7.22–7.14 (m, 6H, Ar), 7.07–7.03 (m, 6H, Ar), 5.36 

(s, 2H, HC(C(Me)NAr)2), 3.99 (br sep, 4H, CHMe2), 3.00 (br s, 4H, CHMe2), 1.77 (br s, 12H, 

CHMe2), 1.64 (br s, 12H, HC(C(Me)NAr)2), 1.61 (s, 18H, NbNtBu),  1.40 (d, 12H, CHMe2), 1.27 

(br d, 12H, CHMe2), 1.07 (d, 12H, CHMe2), 0.85 (s, 18H O2CNtBu). 1H NMR (400 MHz, CDCl3, 

293 K): δ 7.16 (d, 4H, Ar), 7.07 (t, 4H, Ar), 6.99 (d, 4H, Ar), 5.64 (s, 2H, HC(C(Me)NAr)2), 3.76 

(sep, 4H, CHMe2), 2.82 (br sep, 4H, CHMe2), 1.82 (s, 12H, HC(C(Me)NAr)2), 1.43 (br s, 12H, 

CHMe2), 1.29 (s, 18H, NbNtBu),  1.17 (d, 12H, CHMe2), 1.15 (br d, 12H, CHMe2), 0.99 (d, 12H, 

CHMe2), 0.44 (s, 18H O2CNtBu). 13C{1H} NMR (400 MHz, CDCl3, 293 K): δ 168.3 

(CH(C(Me)NAr)2), 147.6 (Ar), 144.0 (Ar), 143.3 (Ar), 126.2 (Ar), 125.1 (Ar), 123.6 (Ar), 104.7 

(CH(C(Me)NAr)2), 70.3 (Cα, NbNtBu), 54.3 (Cα, O2CNtBu), 31.5 (Cβ, NbNtBu), 28.2 (CHMe2), 

28.2 (Cβ, O2CNtBu), 28.1 (CHMe2), 26.4 (CH(C(Me)NAr)2), 26.2 (CHMe2), 25.5 (CHMe2), 25.4 

(CHMe2), 24.5 (CHMe2). FT-IR (KBr, nujol, cm-1): 1720 (s, C=O stretch). Anal. calcd (%) for 

Nb2O8N8C78H118: C, 63.23; H, 8.03; N, 7.56. Found: C, 63.26; H, 7.92; N, 7.60. MP: dec. 178–

228 ˚C. 

(BDI)Nb(NAr)(N(tBu)CO2) (3.20): Compound 3.4 (1.8 g, 2.4 mmol) was added to a 1000 mL 

Schlenk flask and dissolved in 100 mL hexane to give a red solution. The flask was evacuated 

under reduced pressure for 10 s, and the headspace was backfilled with CO2. The solution was 

stirred at room temperature for 10 min, resulting in a lightening of the solution color and 

precipitation of a red powder. The powder was collected on a fritted funnel and washed with 

hexane (3 x 25 mL), and then extracted with diethyl ether. Upon dissolution of the residue in 

diethyl ether, red crystalline material began forming at room temperature. The solution was stored 

at -40 ˚C overnight, yielding additional red crystals of 3.20. The crystalline material was isolated 

and residual solvent was removed under vacuum. Yield: 1.0 g, 53% over three crops. 1H NMR 

(600 MHz, C6D6, 293 K): δ 7.19–6.87 (br m, 9H, Ar), 5.51 (s, 1H, HC(C(Me)NAr)2), 4.46 (br s, 

1H, CHMe2), 4.14 (br s, 1H, CHMe2), 3.23 (br s, 1H, CHMe2), 2.87 (br s, 1H, CHMe2), 2.83 (br 

s, 1H, CHMe2), 2.73 (br s, 1H, CHMe2), 1.73 (br s, 3H, HC(C(Me)NAr)2), 1.63–1.53 (br m, 6H, 

CHMe2/HC(C(Me)NAr)2), 1.39 (br s, 3H, CHMe2),  1.29–1.03 (br m, 30H, CHMe2/
tBu), 0.95 (br 

s, 3H, CHMe2), 0.85 (br s, 3H, CHMe2), 0.64 (br s, 3H, CHMe2). 1H NMR (500 MHz, C7D8, 233 

K): δ 7.17–6.82 (m, 9H, Ar), 5.51 (s, 1H, HC(C(Me)NAr)2), 4.46 (br sep, 1H, CHMe2), 4.08 (br 

sep, 1H, CHMe2), 3.09 (br sep, 1H, CHMe2), 2.82 (br sep, 1H, CHMe2), 2.75 (br sep, 1H, CHMe2), 

2.65 (br sep, 1H, CHMe2), 1.68 (s, 3H, HC(C(Me)NAr)2), 1.57 (br d, 3H, CHMe2), 1.47 (s, 3H, 

HC(C(Me)NAr)2), 1.36 (br d, 3H, CHMe2), 1.33–1.08 (br m, 21H, CHMe2/
tBu), 1.02 (br d, 3H, 

CHMe2), 1.01 (br d, 3H, CHMe2), 0.93 (br d, 3H, CHMe2), 0.77 (br d, 3H, CHMe2) 0.56 (br d, 3H, 

CHMe2). 13C{1H} NMR (500 MHz, C7D8, 233 K): δ 170.1 (HC(C(Me)NAr)2), 165.8 

(HC(C(Me)NAr)2), 160.6 (NCO2), 154.4 (Ar), 148.8 (Ar), 145.1 (Ar), 144.9 (Ar), 143.1 (Ar), 

141.4 (Ar), 141.3 (Ar), 140.5 (Ar), 132.5 (Ar), 129.4 (Ar), 126.9 (Ar), 126.1 (Ar), 125.7 (Ar), 

124.2 (Ar), 123.7 (Ar), 123.0 (Ar), 122.3 (Ar), 104.5 (HC(C(Me)NAr)2), 57.7 (Cα, 
tBu), 31.2 

(CHMe2), 30.7 (Cβ, NbtBu), 29.2 (CHMe2), 28.2 (HC(C(Me)NAr)2), 28.2 (CHMe2), 28.0 (CHMe2), 

27.7 (CHMe2), 27.2 (CHMe2), 26.9 (CHMe2), 26.6 (CHMe2), 26.0 (CHMe2), 25.7 (CHMe2), 25.2 
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(CHMe2), 25.0 (CHMe2), 24.9 (CHMe2), 24.4 (CHMe2), 23.9 (CHMe2), 23.7 (HC(C(Me)NAr)2), 

22.4 (CHMe2), 21.3 (CHMe2). Anal. calcd (%) for Nb1O2N4C46H67·C4H10O: C, 68.63; H, 8.87; N, 

6.40. Found: C, 68.59; H, 8.72; N, 6.79. MP: dec. 135–152 ˚C. 

[(BDI)Nb(NAr)(μ-CO3)]2 (3.21): Compound 3.4 (250 mg, 0.33 mmol) was added to a 100 mL 

Schlenk flask and dissolved in 10 mL toluene to give a red solution. The flask was evacuated under 

reduced pressure for 5 s, and the headspace was backfilled with CO2. The solution was stirred at 

60 ˚C under N2 atmosphere for 5 h, resulting in a lightening of the solution color. The volatile 

materials were removed under vacuum, leaving a red residue. The residue was extracted with 

HMDSO and the resulting solution was concentrated. The solution was stored at -40 ˚C overnight, 

yielding red crystals of 3.21. The crystalline material was isolated and residual solvent was 

removed under vacuum. Yield: 98 mg, 40% over three crops. 1H NMR (400 MHz, C6D6, 293 K): 

δ 7.19 (d, 2H, Ar), 7.13 (d, 2H, Ar), 7.12–7.04 (m, 10H, Ar), 7.00 (d, 2H, Ar), 6.92 (t, 2H, Ar), 

5.56 (s, 2H, HC(C(Me)NAr)2), 4.50 (sep, 2H, CHMe2), 4.19 (sep, 2H, CHMe2), 3.68 (sep, 2H, 

CHMe2), 3.39 (sep, 2H, CHMe2), 2.92 (sep, 2H, CHMe2), 2.83 (sep, 2H, CHMe2), 1.78 (s, 6H, 

HC(C(Me)NAr)2), 1.75 (s, 6H, HC(C(Me)NAr)2), 1.44 (d, 6H, CHMe2), 1.25–1.15 (m, 15H, 

CHMe2), 1.09 (d, 6H, CHMe2), 1.06–1.00 (m, 24H, CHMe2), 0.98 (d, 6H, CHMe2). 13C{1H} NMR 

(600 MHz, C6D6, 293 K): δ 168.6 (HC(C(Me)NAr)2), 168.2 (HC(C(Me)NAr)2), 166.5 (CO3), 

152.2 (Ar), 149.6 (Ar), 146.9 (Ar), 144.8 (Ar), 144.7 (Ar), 144.4 (Ar), 143.0 (Ar), 142.2 (Ar), 

142.2 (Ar), 127.4 (Ar), 127.0 (Ar), 126.7 (Ar), 125.2 (Ar), 124.8 (Ar), 124.7 (Ar), 124.0 (Ar), 

123.2 (Ar), 121.7 (Ar), 105.9 (CH(C(Me)NAr)2), 28.8 (CHMe2), 28.7 (CHMe2), 28.5 (CHMe2), 

28.4 (CHMe2), 28.3 (CHMe2), 28.1 (CHMe2), 27.3 (CHMe2), 27.2 (CHMe2), 26.6 (CHMe2), 26.5 

(CH(C(Me)NAr)2), 26.5 (CHMe2), 26.1 (CHMe2), 26.0 (CHMe2), 25.8 (CHMe2), 25.7 

(CH(C(Me)NAr)2), 25.5 (CHMe2), 25.0 (CHMe2), 24.7 (CHMe2), 24.4 (CHMe2), 24.2 (CHMe2). 

Anal. calcd (%) for Nb2O6N6C84H116·2C6H18OSi2: C, 63.48; H, 8.43; N, 4.63. Found: C, 63.45; H, 

8.68; N, 4.63. MP: dec. 171–215 ˚C. 

(BDI)Nb(NAr)(O)(Py) (3.22): Compound 3.20 (300 mg, 0.34 mmol) was added to a 50 mL 

Schlenk flask and dissolved in 10 mL toluene to give a red solution. Pyridine (0.55 mL, 6.9 mmol) 

was added to the solution of 3.20. The solution was stirred at 60 ˚C for 2 h, resulting in a color 

change from red to orange. The volatile materials were removed under vacuum, leaving an orange 

residue. The residue was triturated with hexane, and then extracted with toluene. The resulting 

solution was concentrated and then stored at -40 ˚C overnight, yielding orange crystals of 3.22. 

The crystalline material was isolated and residual solvent was removed under vacuum. Yield: 59 

mg, 22% over two crops. 1H NMR (600 MHz, C6D6, 293 K): δ 8.33 (br s, 2H, Py), 7.32–6.82 (m, 

9H, Ar), 6.56 (br s, 1H, Py), 6.17 (br s, 2H, Py), 5.19 (s, 1H, HC(C(Me)NAr)2), 4.68 (br s, 1H, 

CHMe2), 4.26 (br s, 1H, CHMe2), 3.52 (br sep, 4H, CHMe2), 1.70 (s, 6H, HC(C(Me)NAr)2), 1.65–

0.83 (m, 36H, CHMe2). MP: dec. 143–152 ̊ C. 13C{1H} NMR (600 MHz, C6D5Br, 293 K): δ 167.7 

(HC(C(Me)NAr)2), 157.8 (Ar), 153.4 (Ar), 152.0 (Py), 149.5 (Ar), 144.3 (Ar), 141.9 (Ar), 137.9 

(Ar), 136.9 (Py), 129.3 (Ar), 128.6 (Ar), 126.1 (Ar), 125.7 (Ar), 124.6 (Ar), 123.5 (Py), 122.7 (Ar),  

99.6 (CH(C(Me)NAr)2), 29.4 (CHMe2), 28.1 (CHMe2), 25.9 (CH(C(Me)NAr)2), 25.3 (CHMe2), 

25.0 (CHMe2), 24.8 (CHMe2). Anal. calcd (%) for Nb1O1N4C46H63: C, 70.75; H, 8.13; N, 7.17. 

Found: C, 70.18; H, 7.77; N, 6.72. MP: dec. 143–152 ˚C. 
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(κ1-BDI)Nb(Py)(NAr)-(μ-O)2-(NAr)Nb(BDI) (3.23): Compound 3.22 (10 mg, 0.013 mmol) was 

dissolved in C6D6 (0.4 mL) in a 4 mL vial and transferred to a J. Young NMR tube. The solution 

was heated at 60 ˚C for 24 h, resulting in a color change from orange to yellow. A 1H NMR 

spectrum indicated clean conversion to 3.23. The volatile materials were removed under vacuum, 

leaving a yellow residue. The residue was extracted with diethyl ether and the resulting solution 

was concentrated and then stored at -40 ˚C overnight, yielding yellow crystals of 3.23. 1H NMR 

(600 MHz, C6D6, 293 K): δ 8.86 (br s, 2H, Py), 7.31–6.87 (m, 18H, Ar/Py), 6.84 (t, 1H, Ar), 6.60 

(br d, 2H, Py), 5.50 (s, 1H, κ2-BDI HC(C(Me)NAr)2), 4.50 (s, 1H, κ1-BDI HC(C(Me)NAr)2), 4.35 

(sep, 1H, CHMe2), 4.00 (br sep, 2H, CHMe2), 3.92 (br sep, 1H, CHMe2), 3.76 (sep, 1H, CHMe2), 

3.27 (br sep, 1H, CHMe2), 3.04 (br sep, 1H, CHMe2), 3.03 (br sep, 1H, CHMe2), 2.82 (br sep, 1H, 

CHMe2), 2.78 (br sep, 1H, CHMe2), 2.71 (br sep, 2H, CHMe2), 2.66 (s, 3H, κ1-BDI 

HC(C(Me)NAr)2), 1.64 (s, 3H, κ2-BDI HC(C(Me)NAr)2), 1.61 (s, 3H, κ2-BDI HC(C(Me)NAr)2), 

1.54 (br d, 3H, CHMe2), 1.51 (br d, 3H, CHMe2), 1.48 (br d, 3H, CHMe2), 1.39 (br d, 3H, CHMe2), 

1.32 (br d, 3H, CHMe2), 1.31–1.11 (br m, 30H, CHMe2), 1.29 (s, 3H, κ1-BDI HC(C(Me)NAr)2), 

1.06 (br d, 3H, CHMe2), 1.05 (br d, 3H, CHMe2), 0.93 (br d, 3H, CHMe2), 0.89 (br d, 3H, CHMe2), 

0.87 (br d, 3H, CHMe2), 0.67 (br d, 3H, CHMe2), 0.64 (br d, 3H, CHMe2), 0.59 (br d, 3H, CHMe2), 

0.20 (br d, 3H, CHMe2). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 169.5 (κ2-BDI 

HC(C(Me)NAr)2), 169.0 (κ2-BDI HC(C(Me)NAr)2), 165.3 (κ1-BDI HC(C(Me)NAr)2), 157.8 (κ1-

BDI HC(C(Me)NAr)2), 154.3 (Ar), 154.1 (Ar), 151.0 (Py), 149.4 (Ar), 149.0 (Ar), 146.6 (Ar), 

145.2 (Ar), 144.7 (Ar), 144.5 (Ar), 144.3 (Ar), 143.6 (Ar), 143.3 (Ar), 141.9 (Ar), 141.6 (Ar), 

139.9 (Ar), 137.9 (Ar), 137.1 (Ar), 136.6 (Ar), 129.3 (Ar), 128.6 (Ar), 128.0 (Ar), 127.6 (Ar), 

127.4 (Ar), 126.9 (Ar), 126.4 (Ar), 126.0 (Ar), 125.7 (Ar), 124.5 (Py), 124.1 (Ar), 123.7 (Ar), 

123.6 (Ar), 123.5 (Py), 123.4 (Ar), 123.0 (Ar), 122.9 (Ar), 122.5 (Ar),  122.4 (Ar), 122.0 (Ar), 

105.6 (κ2-BDI CH(C(Me)NAr)2), 104.0 (κ1-BDI CH(C(Me)NAr)2), 29.8 (CHMe2), 29.6 (CHMe2), 

28.8 (CHMe2), 28.7 (CHMe2), 28.5 (CHMe2), 28.4 (CHMe2), 28.3 (CHMe2), 28.3 (CHMe2), 28.1 

(CHMe2), 28.0 (CHMe2), 28.0 (CHMe2), 27.7 (CHMe2), 27.1 (κ2-BDI CH(C(Me)NAr)2), 27.0 (κ2-

BDI CH(C(Me)NAr)2), 26.9 (CHMe2), 26.5 (CHMe2), 26.2 (CHMe2), 25.9 (CHMe2), 25.8 

(CHMe2), 25.7 (CHMe2), 25.5 (CH(C(Me)NAr)2), 25.3 (CHMe2), 25.1 (CHMe2), 24.9 (CHMe2), 

24.7 (CHMe2), 24.3 (CHMe2), 23.9 (CHMe2), 23.8 (κ1-BDI CH(C(Me)NAr)2), 23.6 (CHMe2), 23.5 

(CHMe2), 23.1 (κ1-BDI CH(C(Me)NAr)2), 22.3 (CHMe2). 

(BDI)Nb(NAr)(O)(DMAP) (3.24): Compound 3.20 (200 mg, 0.25 mmol) was dissolved in 3 mL 

benzene in a 20 mL vial to give a red solution. In a separate vial, 4-dimethylaminopyridine 

(DMAP) (33 mg, 0.27 mmol) was dissolved in 2 mL benzene. The DMAP solution was added to 

the solution of 3.20. The solution was left at room temperature for 3 days, resulting in a slow color 

change from red to orange-yellow and precipitation of a yellow powder. The volatile materials 

were removed under vacuum, leaving an orange-yellow residue. The residue was washed with 

hexane (3 x 10 mL), and residual solvent was removed under vacuum to give 3.24 as a yellow 

powder. Yield: 126 mg, 61%. X-ray suitable crystals were obtained by recrystallization via slow 

cooling of a concentrated solution in benzene from 60 °C to room temperature. 1H NMR (600 

MHz, CDCl3, 293 K): δ 7.90 (d, 2H, DMAP), 7.17 (t, 1H, Ar), 7.13 (d, 1H, Ar), 7.08 (d, 1H, Ar), 

7.07 (d, 1H, Ar), 6.96 (d, 1H, Ar), 6.92 (t, 1H, Ar), 6.89 (d, 1H, Ar), 6.74 (t, 1H, Ar), 6.63 (d, 1H, 

Ar), 5.92 (d, 2H, DMAP), 5.35 (s, 1H, HC(C(Me)NAr)2), 4.22 (sep, 1H, CHMe2), 3.98 (sep, 1H, 

CHMe2), 3.54 (sep, 1H, CHMe2), 3.34 (sep, 1H, CHMe2), 3.14 (sep, 1H, CHMe2), 2.99 (sep, 1H, 
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CHMe2), 2.93 (s, 6H, DMAP CH3), 1.92 (s, 3H, HC(C(Me)NAr)2), 1.73 (s, 3H, HC(C(Me)NAr)2), 

1.48 (d, 3H, CHMe2), 1.28 (d, 3H, CHMe2), 1.25 (d, 3H, CHMe2), 1.19 (d, 3H, CHMe2), 1.18 (d, 

3H, CHMe2), 1.17 (d, 3H, CHMe2), 1.03 (d, 3H, CHMe2), 0.99 (d, 3H, CHMe2), 0.98 (d, 3H, 

CHMe2), 0.97 (d, 3H, CHMe2), 0.88 (d, 3H, CHMe2), 0.51 (d, 3H, CHMe2). 13C{1H} NMR (600 

MHz, C6D5Br, 293 K): δ 167.2 (HC(C(Me)NAr)2), 166.2 (HC(C(Me)NAr)2), 153.4 (DMAP), 

153.3 (Ar), 152.8 (Ar), 151.5 (DMAP), 147.1 (Ar), 144.7 (Ar), 143.8 (Ar), 142.5 (Ar), 141.4 (Ar), 

140.9 (Ar), 137.1 (Ar), 125.7 (Ar), 125.4 (Ar), 125.2 (Ar), 124.6 (Ar), 123.8 (Ar), 123.0 (Ar), 

122.8 (Ar), 121.4 (Ar), 121.3 (Ar), 104.8 (DMAP), 99.3 (CH(C(Me)NAr)2), 38.3 (DMAP CH3), 

29.8 (CHMe2), 28.6 (CHMe2), 27.7 (CHMe2), 27.6 (CHMe2), 27.5 (CHMe2), 26.9 (CHMe2), 25.9 

(CH(C(Me)NAr)2), 25.6 (CHMe2), 25.4 (CH(C(Me)NAr)2), 25.4 (CHMe2), 25.3 (CHMe2), 25.2 

(CHMe2), 25.0 (CHMe2), 24.9 (CHMe2), 24.8 (CHMe2), 24.2 (CHMe2), 24.1 (CHMe2), 23.5 

(CHMe2), 22.5 (CHMe2), 15.6 (CHMe2). Anal. calcd (%) for Nb1O1N5C48H68: C, 69.97; H, 8.32; 

N, 8.50. Found: C, 70.35; H, 8.26; N, 8.26. MP: dec. 219–236 ˚C. 

(BDI)NbH(O[SiH2Ph])(NAr) (3.25a): Compound 3.22 (10 mg, 0.012 mmol) was suspended in 

C6D6 (0.4 mL) in a 4 mL vial. Phenylsilane (1.6 μL, 0.013 mmol) was added by microsyringe, 

resulting in immediate dissolution of the suspended solid and a slight lightening of the solution 

color. The resulting solution was transferred to a J. Young NMR tube. A 1H NMR spectrum 

indicated clean conversion to 3.25a and free DMAP. 1H NMR (400 MHz, C6D6, 293 K): δ 11.20 

(br s, 1H, Nb-H), 7.34 (d, 2H, SiH2Ph), 7.18–6.95 (m, 12H, Ar/SiH2Ph), 5.19 (s, 1H, 

HC(C(Me)NAr)2),  5.14 (d, 1H, SiH2Ph, 2J = 16 Hz), 4.99 (d, 1H, SiH2Ph, 2J = 16 Hz), 3.98 (sep, 

2H, CHMe2), 3.59 (sep, 1H, CHMe2), 3.56 (sep, 1H, CHMe2), 3.17 (br sep, 1H, CHMe2), 3.14 

(sep, 1H, CHMe2), 1.63 (s, 3H, HC(C(Me)NAr)2), 1.60 (s, 3H, HC(C(Me)NAr)2), 1.33 (d, 3H, 

CHMe2), 1.29–1.11 (m, 30H, CHMe2), 1.07 (d, 3H, CHMe2). 

(BDI)NbH(O[SiHPh2])(NAr) (3.25b): Compound 3.22 (10 mg, 0.012 mmol) was suspended in 

C6D6 (0.4 mL) in a 4 mL vial. Diphenylsilane (2.5 μL, 0.013 mmol) was added by microsyringe, 

resulting in immediate dissolution of the suspended solid and a slight lightening of the solution 

color. The resulting solution was transferred to a J. Young NMR tube. A 1H NMR spectrum 

indicated clean conversion to 3.25b and free DMAP. 1H NMR (600 MHz, C6D6, 293 K): δ 11.32 

(br s, 1H, Nb-H), 7.45 (d, 2H, SiHPh2), 7.30 (d, 2H, SiHPh2), 7.21–6.95 (m, 15H, Ar/SiHPh2), 

5.55 (s, 1H, SiHPh2), 5.20 (s, 1H, HC(C(Me)NAr)2), 3.96 (br s, 2H, CHMe2), 3.60 (br sep, 1H, 

CHMe2), 3.57 (br sep, 1H, CHMe2), 3.09 (br sep, 1H, CHMe2), 3.08 (br sep, 1H, CHMe2), 1.64 (s, 

3H, HC(C(Me)NAr)2), 1.58 (s, 3H, HC(C(Me)NAr)2), 1.39–0.93 (m, 36H, CHMe2). 

(BDI)NbH(O[SiMe2Ph])(NAr) (3.25c): Compound 3.22 (10 mg, 0.012 mmol) was suspended in 

C6D6 (0.4 mL) in a 4 mL vial. Dimethylphenylsilane (2.0 μL, 0.013 mmol) was added  by 

microsyringe, resulting in dissolution of the suspended solid and a slight lightening of the solution 

color within 5 min. The resulting solution was transferred to a J. Young NMR tube. A 1H NMR 

spectrum indicated clean conversion to 3.25c and free DMAP. 1H NMR (600 MHz, C6D6, 293 

K): δ 11.02 (br s, 1H, Nb-H), 7.33 (d, 2H, SiMe2Ph), 7.21–6.97 (m, 12H, Ar/SiMe2Ph), 5.21 (s, 

1H, HC(C(Me)NAr)2), 4.01 (br sep, 1H, CHMe2), 3.92 (br sep, 1H, CHMe2), 3.61 (sep, 1H, 

CHMe2), 3.55 (sep, 1H, CHMe2), 3.08 (br sep, 1H, CHMe2), 3.07 (br sep, 1H, CHMe2), 1.64 (s, 
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3H, HC(C(Me)NAr)2), 1.60 (s, 3H, HC(C(Me)NAr)2), 1.36–1.02 (m, 36H, CHMe2), 0.15 (s, 3H, 

SiMe2Ph), 0.12 (s, 3H, SiMe2Ph). 

(BDI)Nb(OCHNtBu)(O[SiMe2Ph])(NAr) (3.26): Compound 3.20 (200 mg, 0.25 mmol) was 

dissolved in 4 mL benzene in a 20 mL vial to give a red solution. In a separate vial, 

dimethylphenylsilane (29 mg, 0.25 mmol) was dissolved in 2 mL benzene. The silane solution was 

added to the solution of 3.20. The solution was left at room temperature for 40 h, resulting in a 

slow color change from red to yellow. The volatile materials were removed under vacuum, leaving 

a yellow residue. The residue was extracted with hexane and the resulting solution was 

concentrated and then stored at -40 ˚C overnight, yielding yellow crystals of 3.26. The crystalline 

material was isolated and residual solvent was removed under vacuum. Yield: 94 mg, 41%. 1H 

NMR (600 MHz, C6D6, 293 K): δ 11.02 (br s, 1H, Nb-H), 7.88 (d, 2H, SiMe2Ph), 7.29 (t, 2H, 

SiHPh2), 7.24 (tt, 1H, Ar), 7.13 (t, 1H, Ar), 7.09 (dd, 1H, Ar), 7.07–7.00 (m, 5H, Ar), 6.98 (dd, 

1H, Ar), 6.93 (t, 1H, SiMe2Ph), 6.33 (s, 1H, OCHNtBu), 5.33 (s, 1H, HC(C(Me)NAr)2), 4.16 (sep, 

1H, CHMe2), 3.98 (sep, 1H, CHMe2), 3.65 (sep, 1H, CHMe2), 3.36 (sep, 1H, CHMe2), 2.93 (sep, 

1H, CHMe2), 2.81 (sep, 1H, CHMe2), 1.60 (s, 6H, HC(C(Me)NAr)2), 1.33 (d, 3H, CHMe2), 1.31 

(d, 3H, CHMe2), 1.27 (d, 3H, CHMe2), 1.26 (d, 3H, CHMe2), 1.23 (d, 3H, CHMe2), 1.14 (d, 3H, 

CHMe2), 1.15 (s, 9H, tBu), 1.13 (d, 3H, CHMe2), 1.08 (d, 3H, CHMe2), 1.03 (d, 3H, CHMe2), 0.99 

(d, 3H, CHMe2), 0.98 (d, 3H, CHMe2), 0.87 (d, 3H, CHMe2), 0.34 (s, 3H, SiMe2Ph), 0.25 (s, 3H, 

SiMe2Ph). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 167.8 (HC(C(Me)NAr)2), 167.7 

(HC(C(Me)NAr)2), 154.8 (OCHNtBu), 153.0 (Ar), 151.5 (Ar), 150.7 (Ar), 145.0 (Ar), 143.3 (Ar), 

142.7 (Ar), 141.5 (Ar), 141.1 (Ar), 141.1 (Ar), 139.6 (Ar), 135.3 (SiMe2Ph), 129.1 (Ar), 127.6 

(SiMe2Ph), 127.5 (Ar), 126.7 (Ar), 126.4 (Ar), 126.0 (Ar), 125.4 (Ar), 124.8 (Ar), 124.8 

(SiMe2Ph), 123.9 (Ar), 123.2 (Ar), 122.3 (Ar), 102.8 (HC(C(Me)NAr)2), 52.8 (Cα, 
tBu), 31.0 (Cβ, 

tBu), 29.7 (CHMe2), 29.4 (CHMe2), 28.3 (CHMe2), 28.1 (CHMe2), 28.0 (CHMe2), 27.8 (CHMe2), 

26.4 (HC(C(Me)NAr)2), 26.2 (HC(C(Me)NAr)2), 25.6 (CHMe2), 25.5 (CHMe2), 25.2 (CHMe2), 

25.1 (CHMe2), 25.0 (CHMe2), 25.0 (CHMe2), 24.9 (CHMe2), 24.8 (CHMe2), 24.6 (CHMe2), 24.2 

(CHMe2), 24.1 (CHMe2), 23.7 (CHMe2), 1.1 (SiMe2Ph), 0.6 (SiMe2Ph). Anal. calcd (%) for 

Nb1O2N4C54H79: C, 69.20; H, 8.50; N, 5.98. Found: C, 69.28; H, 8.30; N, 5.90. MP: 205–210 ˚C. 

(BDI#)Nb(NAr)(O2CNH(tBu))  (3.27): Compound 3.20 (10 mg, 0.012 mmol) was dissolved in 

C6D6 (0.4 mL) in a J. Young NMR tube. The solution was heated at 60 ˚C for 5 h. A 1H NMR 

spectrum indicated conversion to 3.27. 1H NMR (400 MHz, C6D6, 293 K): δ 7.33 (dd, 1H, Ar), 

7.27–7.03 (m, 5H, Ar), 6.91–6.80 (m, 3H, Ar), 5.46 (s, 1H, HC(C(Me)NAr)), 4.51 (s, 1H, N-H), 

3.95 (sep, 1H, CHMe2), 3.88 (sep, 1H, CHMe2), 3.75 (sep, 1H, CHMe2), 3.74 (sep, 1H, CHMe2), 

3.69 (s, 1H, CH2), 3.53 (s, 1H, CH2), 3.36 (sep, 1H, CHMe2), 3.33 (sep, 1H, CHMe2), 1.70 (s, 3H, 

HC(C(Me)NAr)), 1.64 (d, 3H, CHMe2), 1.53 (d, 3H, CHMe2), 1.47 (d, 3H, CHMe2), 1.44 (d, 3H, 

CHMe2), 1.35 (d, 3H, CHMe2), 1.30 (d, 3H, CHMe2), 1.16 (d, 3H, CHMe2), 1.01 (d, 6H, CHMe2), 

0.98 (s, 9H, tBu), 0.87 (d, 6H, CHMe2), 0.77 (d, 3H, CHMe2). 

(BDI)Nb(NAr)(N(tBu)CO2B(C6F5)3) (3.28): Compound 3.20 (200 mg, 0.25 mmol) was dissolved 

in 5 mL benzene in a 20 mL vial to give a red solution. In a separate vial, 

tris(perfluorophenyl)borane (130 mg, 0.25 mmol) was dissolved in 5 mL benzene. The borane 

solution was added to the solution of 3.20, resulting in an immediate color change from red to 
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purple. The solution was left at room temperature for 5 min, and then the volatile materials were 

removed under vacuum, leaving a purple powder. The residue was extracted with diethyl ether and 

the resulting solution was concentrated and then stored at -40 ̊ C overnight, yielding purple crystals 

of 3.28. Yield: 150 mg, 45%. 1H NMR (600 MHz, C6D6, 293 K): δ 7.33 (t, 1H, Ar), 7.11–7.06 

(m, 2H, Ar), 6.97 (d, 1H, Ar), 6.91–6.81 (m, 5H, Ar), 5.59 (s, 1H, HC(C(Me)NAr)2), 4.09 (sep, 

1H, CHMe2), 3.73 (sep, 1H, CHMe2), 2.91 (sep, 1H, CHMe2), 2.48 (br m, 2H, CHMe2), 2.34 (sep, 

1H, CHMe2), 1.58 (d, 3H, CHMe2), 1.50 (s, 3H, HC(C(Me)NAr)2), 1.41 (s, 3H, HC(C(Me)NAr)2), 

1.35 (d, 3H, CHMe2), 1.08 (d, 3H, CHMe2), 1.06–1.02 (m, 12H, CHMe2/
tBu), 0.99 (d, 3H, CHMe2), 

0.95 (d, 3H, CHMe2), 0.82 (d, 3H, CHMe2) 0.80 (d, 3H, CHMe2), 0.74 (d, 3H, CHMe2), 0.70 (d, 

3H, CHMe2) 0.31 (d, 3H, CHMe2). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 172.3 (NCO2), 

168.2 (HC(C(Me)NAr)2), 167.4 (HC(C(Me)NAr)2), 156.0 (Ar), 151.6 (Ar), 149.4 (C6F5), 147.8 

(C6F5), 145.6 (Ar), 144.4 (Ar), 144.0 (Ar), 142.2 (Ar), 142.1 (Ar), 140.9 (Ar), 138.1 (C6F5), 136.4 

(C6F5), 131.4 (Ar), 129.0 (Ar), 128.5 (Ar), 127.9 (Ar), 125.9 (Ar), 124.4 (Ar), 123.9 (Ar), 123.5 

(Ar), 122.7 (Ar), 107.4 (HC(C(Me)NAr)2), 57.8 (Cα, 
tBu), 32.5 (CHMe2), 30.5 (Cβ, NbtBu), 29.4 

(CHMe2), 29.0 (HC(C(Me)NAr)2), 28.8 (CHMe2), 27.9 (CHMe2), 27.9 (CHMe2), 27.4 (CHMe2), 

27.0 (CHMe2), 26.7 (CHMe2), 26.3 (CHMe2), 25.9 (CHMe2), 25.5 (CHMe2), 25.0 (CHMe2), 24.9 

(HC(C(Me)NAr)2), 24.5 (CHMe2), 24.3 (CHMe2), 23.7 (CHMe2), 23.7 (CHMe2), 22.9 (CHMe2), 

22.3 (CHMe2). Anal. calcd (%) for Nb1F15O2N4C64H67: C, 58.55; H, 5.14; N, 4.27. Found: C, 

58.41; H, 5.18; N, 4.37. MP: 185–195 ˚C. 

X-Ray Crystallographic Studies: Single crystals of 3.5, 3.6, 3.8a, 3.9, 3.11, 3.13, 3.14, 3.15, 3.16, 

3.17, 3.18, 3.19, 3.20, 3.21, 3.23, 3.24, 3.26 and 3.28 were coated in Paratone-N oil, mounted on 

a Kaptan loop, transferred to a Bruker APEX CCD area detector,106 centered in the beam, and 

cooled by a nitrogen flow low-temperature apparatus that had been previously calibrated by a 

thermocouple placed at the same position as the crystal. Preliminary orientation matrices and cell 

constants were determined by collection of 36 10 s frames, followed by spot integration and least-

squares refinement. An arbitrary hemisphere of data was collected, and the raw data were 

integrated using SAINT.107 Cell dimensions reported were calculated from all reflections with I > 

10 (Table 1). The data were corrected for Lorentz and polarization effects, but no correction for 

crystal decay was applied. An empirical absorption correction based on comparison of redundant 

and equivalent reflections was applied using SADABS.108 Structures were solved by direct 

methods with the aid of successive difference Fourier maps and were refined against all data using 

the SHELXTL 5.0 software package.109 Thermal parameters for all non-hydrogen atoms were 

refined anisotropically. The PLATON/SQUEEZE procedure110 was used to remove extraneous 

electron density due to highly disordered toluene solvent in the structure of compound 3.19. 

ORTEP diagrams were created using the ORTEP-3 software package111 and Mercury.112  
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Table 3.1  Crystallographic data for compounds 3.5, 3.6 and 3.8a. 

Compound 3.5 3.6 3.8a 

Empirical formula  C47H64N7Nb C45H72N7Nb C44H70N5Nb 

Formula weight (amu) 819.96 804.00 761.96 

Wavelength (Å) 0.71073 0.71073 0.71073 

Space group  Pbca Pbca P21/n 

a (Å) 13.720(1) 20.5536(5) 17.6899(8) 

b (Å) 17.223(1) 18.1156(4) 12.1612(6) 

c (Å) 37.278(2) 23.8915(6) 20.3860(9) 

α (°) 90 90 90 

β (°) 90 90 92.995(2) 

γ (°) 90 90 90 

V (Å3) 8809.1(7) 8915.4(4) 4379.7(4) 

Z 8 8 4 

ρcalcd (g/cm3) 1.237 1.198 1.156 

μ (mm-1) 0.313 0.308 0.308 

F000 (e-) 3488 3456 1640 

Crystal size (mm3) .13 x .08 x .06 .12 x .08 x .06 .12 x .12 x .10 

Theta min / max (˚) 1.092 / 25.394 1.705 / 25.372 1.486 / 25.376 

Reflections collected 63316 38627 42990 

Rint 0.0660 0.0697 0.0494 

Tmax / Tmin 0.7452 / 0.6685 0.7452 / 0.6986 0.7452 / 0.6865 

Data / restr. / param. 8104 / 0 / 509 8169 / 0 / 491 8036 / 0 / 467 

GoF 1.043 1.023 1.047 

R1 / wR2 (I>2σ(I)) 0.0352 / 0.0780 0.0436 / 0.1040 0.0448 / 0.1136 

R1 / wR2 (all data) 0.0510 / 0.0863 0.0712 / 0.1201 0.0547 / 0.1202 

Res. peak / hole (e-/Å3) 0.464 / -0.395 0.664 / -0.404 1.919 / -0.762 
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Table 3.2  Crystallographic data for compounds 3.9, 3.11 and 3.13. 

Compound 3.9 3.11 · HMDSO 3.13 

Empirical formula  C37H61N4Nb C49H85N4NbOSi3 C43H72BN4NbO2 

Formula weight (amu) 654.80 923.38 780.76 

Wavelength (Å) 0.71073 0.71073 0.71073 

Space group  P21/c P-1 P-1 

a (Å) 13.322(5) 10.6684(3) 9.897(2) 

b (Å) 12.754(5) 12.8523(4) 11.357(2) 

c (Å) 21.266(5) 21.1721(7) 21.303(4) 

α (°) 90 101.451(2) 90.045(6) 

β (°) 91.766(5) 103.695(1) 101.926(5) 

γ (°) 90 103.100(1) 113.572(6) 

V (Å3) 3612(2) 2647.7(1) 2138.1(8) 

Z 4 2 2 

ρcalcd (g/cm3) 1.204 1.158 1.213 

μ (mm-1) 0.362 0.331 0.320 

F000 (e-) 1408 996 840 

Crystal size (mm3) .20 x .20 x .12 .13 x .07 x .05 .08 x .06 x .05 

Theta min / max (˚) 1.529 / 25.496 1.688 / 25.483 0.981 / 25.379 

Reflections collected 70529 46576 18471 

Rint 0.0615 0.0709 0.0456 

Tmax / Tmin 0.7452 / 0.6810 0.7452 / 0.6936 0.7452 / 0.6836 

Data / restr. / param. 6652 / 0 / 436 9696 / 0 / 557 7562 / 6 / 485 

GoF 1.090 1.026 1.066 

R1 / wR2 (I>2σ(I)) 0.0660 / 0.1485 0.0476 / 0.0880 0.0757 / 0.2051 

R1 / wR2 (all data) 0.0694 / 0.1500 0.0771 / 0.0995 0.0843 / 0.2186 

Res. peak / hole (e-/Å3) 1.210 / -1.496 1.117 / -0.912 1.888 / -0.707 
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Table 3.3  Crystallographic data for compounds 3.14, 3.15, 3.16, and 3.17. 

Compound 3.14 3.15 3.16 3.17 

Empirical formula  C42H71N4NbO2Si C44H72BN4NbO4 C43H69N4Nb C56H75N4NbS 

Formula weight (amu) 785.02 824.77 734.93 929.17 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group  P21/n Pn Pbca P-1 

a (Å) 10.650(1) 12.5350(5) 19.517(2) 13.4066(4) 

b (Å) 24.638(2) 17.4460(8) 18.796(2) 13.5108(4) 

c (Å) 16.578(1) 20.5667(8) 22.580(3) 14.4569(4) 

α (°) 90 90 90 101.715(1) 

β (°) 97.111(3) 96.552(2) 90 96.702(2) 

γ (°) 90 90 90 90.848(2) 

V (Å3) 4316.8(5) 4468.3(3) 8283(2) 2544.5(1) 

Z 4 4 8 2 

ρcalcd (g/cm3) 1.208 1.226 1.179 1.213 

μ (mm-1) 0.344 0.313 0.323 0.317 

F000 (e-) 1688 1768 3168 992 

Crystal size (mm3) .08 x .05 x .05 .10 x .06 x .06 .12 x .08 x .08 .08 x .06 x .05 

Theta min / max (˚) 1.488 / 25.428 1.167 / 25.392 1.754 / 25.407 1.449 / 25.426 

Reflections collected 9146 8187 142121 57967 

Rint 0.0361 0.0586 0.0671 0.0478 

Tmax / Tmin 0.7452 / 0.7031 0.7452 / 0.7242 0.7452 / 0.7100 0.7452 / 0.7047 

Data / restr. / param. 9146 / 0 / 477 8187 / 2 / 1013 7601 / 0 / 456 9328 / 0 / 575 

GoF 1.119 1.021 1.065 1.043 

R1 / wR2 (I>2σ(I)) 0.0336 / 0.0948 0.0386 / 0.0839 0.0427 / 0.0916 0.0330 / 0.0785 

R1 / wR2 (all data) 0.0396 / 0.0995 0.0520 / 0.0916 0.0540 / 0.0968 0.0417 / 0.0836 

Flack parameter - 0.08(3) - - 

Res. peak / hole (e-/Å3) 0.630 / -0.421 0.609 / -0.365 1.022 / -0.712 0.469 / -0.357 
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Table 3.4  Crystallographic data for compounds 3.18, 3.19, 3.20, and 3.21. 

Compound 3.18 3.19 · C7H8 3.20 · Et2O 3.21 · 2 HMDSO 

Empirical formula  C66H100N6NbS2 C85H126N8Nb2O8 C50H77N4NbO3 C48H76N3NbO4Si2 

Formula weight (amu) 1227.45 524.58 875.06 908.2 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group  C2/c P21/c Cc P-1 

a (Å) 22.292(5) 17.141(2) 18.1386(6) 13.329(1) 

b (Å) 14.181(5) 25.100(3) 13.7454(5) 15.658(1) 

c (Å) 22.910(5) 22.772(3) 19.8912(7) 24.934(2) 

α (°) 90 90 90 76.581(4) 

β (°) 117.461(5) 111.348(5) 106.288(1) 81.666(4) 

γ (°) 90 90 90 83.559(4) 

V (Å3) 6426(3) 9125(2) 4760.3(3) 4991.7(8) 

Z 4 4 4 4 

ρcalcd (g/cm3) 1.269 1.146 1.221 1.208 

μ (mm-1) 0.465 0.304 0.297 0.332 

F000 (e-) 2608 3352 1880 1944 

Crystal size (mm3) .70 x .40 x .10 .06 x .06 x .04 .12 x .08 x .05 .14 x .12 x .10 

Theta min / max (˚) 1.767 / 25.380 1.257 / 25.415 1.888 / 25.370 1.341 / 25.499 

Reflections collected 70667 71870 27774 85486 

Rint 0.0312 0.0843 0.0524 0.1465 

Tmax / Tmin 0.7452 / 0.7023 0.7452 / 0.6712 0.7452 / 0.7071 0.7452 / 0.6683 

Data / restr. / param. 5882 / 0 / 356 16734 / 0 / 961 7825 / 2 / 542 18439 / 0 / 1085 

GoF 1.045 0.978 1.048 1.011 

R1 / wR2 (I>2σ(I)) 0.0228 / 0.0586 0.0491 / 0.0993 0.0325 / 0.0770 0.0602 / 0.1596 

R1 / wR2 (all data) 0.0244 / 0.0598 0.0830 / 0.1087 0.0347 / 0.0784 0.0848 / 0.1706 

Flack parameter - - -0.04(2) - 

Res. peak / hole (e-/Å3) 0.600 / -0.315 0.503 / -0.525 0.623 / -0.372 1.731 / -1.010 
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Table 3.5  Crystallographic data for compounds 3.23, 3.24, 3.26, and 3.28. 

Compound 3.23 · 1½ Et2O 3.24 · ½ C7H8 3.26 3.28 · Et2O 

Empirical formula  C92.5H135N7Nb2O3.5 C51H71N5NbO C54H79N4NbO2Si C68H77BF15N4NbO3 

Formula weight (amu) 1586.89 863.03 937.21 908.2 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group  P21/n P-1 P21/n P21/c 

a (Å) 17.639(1) 11.665(1) 12.629(2) 22.223(2) 

b (Å) 20.811(1) 12.637(1) 21.336(4) 24.338(2) 

c (Å) 25.088(2) 17.247(1) 19.715(4) 24.561(2) 

α (°) 90 81.664(2) 90 90 

β (°) 100.667(1) 85.819(3) 92.431(4) 91.576(3) 

γ (°) 90 68.744(2) 90 90 

V (Å3) 9050(1) 2343.6(2) 5307(2) 13279(2) 

Z 4 2 4 8 

ρcalcd (g/cm3) 1.165 1.223 1.173 1.388 

μ (mm-1) 0.303 0.298 0.290 0.272 

F000 (e-) 3396 922 2008 5744 

Crystal size (mm3) .18 x .12 x .10 .16 x .12 x .12 .12 x .10 x .08 .14 x .06 x .04 

Theta min / max (˚) 1.280 / 25.359 1.194 / 25.469 1.407 / 25.389 1.507 / 25.427 

Reflections collected 83162 31429 59328 63293 

Rint 0.0546 0.0396 0.0530 0.1107 

Tmax / Tmin 0.7452 / 0.6621 0.7452 / 0.7049 0.7452 / 0.6620 0.7452 / 0.5545 

Data / restr. / param. 16411 / 3 / 968 8583 / 0 / 539 9689 / 0 / 578 24253 / 0 / 1695 

GoF 1.059 1.065 1.042 0.969 

R1 / wR2 (I>2σ(I)) 0.0473 / 0.1178 0.0288 / 0.0716 0.0451 / 0.1023 0.0689 / 0.1719 

R1 / wR2 (all data) 0.0688 / 0.1305 0.0312 / 0.0732 0.0574 / 0.1083 0.1241 / 0.1956 

Res. peak / hole (e-/Å3) 1.248 / -0.933 0.624 / -0.337 0.914 / -0.257 0.941 / -1.599 
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Introduction 

Low-valent complexes of tantalum and niobium undergo a variety of unusual stoichiometric 

reactions with both organic and inorganic substrates. For example, such species have been shown 

to promote C-C couplings,1–5 activations of N2 and other small molecules,6–11 atom and group 

transfer reactions,12,13 and cleavages of strong C-H, and C-N bonds.14–16 Despite their rich 

stoichiometric chemistry, the use of early metal d2 complexes in catalytic applications remains 

underdeveloped, largely due to the relative thermodynamic stability of high-valent early transition 

metal species. 

A fundamentally different strategy to carry out catalytic reductive and oxidative bond-forming 

and bond-breaking reactions using early transition metals exploits redox non-innocent supporting 

ligands.17–26 A variety of ligands typically incorporating oxygen, nitrogen, or sulfur donors within 

conjugated frameworks have been employed; however, ligands involving carbon donors are scarce 

in comparison. Transition metal alkylidenes incorporated into conjugated π systems are well 

primed to support redox behavior, yet only a handful of conjugated alkylidene-containing 

metallacycles have been reported in the literature, and those that have been reported have only 

been studied in the context of olefin metathesis catalysts.27,28 

We recently reported that the niobium(V) complex (BDI)Nb(NtBu)Me2 (BDI = N,N’-diaryl-

β-diketiminate, aryl = 2,6-iPr2-C6H3)
29,30 undergoes hydrogenolysis under 1 atm H2, releasing two 

equivalents of CH4 and generating new niobium compounds.31–35 Depending on solvent used for 

this reaction, a remarkable variety of low-, mid-, and high-valent niobium species have been 

isolated, including η6-arene inverted sandwich complexes,32 a catalyst precursor for alkyne 

semihydrogenation,33,36 and a complex that activates C-F bonds of fluorinated aromatics.34 Our 

studies suggest that a three-coordinate Nb(III) complex is formed as an intermediate, which then 

undergoes divergent reactivity to give the isolated reaction products. While the three-coordinate 

intermediate has not been directly observed, following the hydrogenolysis of (BDI)Nb(NtBu)Me2 

by 1H NMR has shown the appearance and subsequent disappearance of another intermediate, 

which we believe may play an important role in these reactions.34 Although isolation of this 

reactive intermediate has eluded us, it has been characterized in solution as a cyclometallated 

niobium hydride complex. This species likely exists in equilibrium with a three-coordinate Nb(III) 

complex, as has been observed in a related niobium system.9,37,38 

Here we describe the synthesis and reactivity of an analogous cyclometallated tantalum 

hydride complex, and assess its utility as an isolable synthon for trivalent tantalum species. 

Depending on the π-acid that the hydride complex reacts with, we observe either reductive 

elimination leading to low-valent tantalum complexes, or insertion chemistry to form a product 

bearing a unique redox-active alkylidene-containing metallacycle. 

Results and discussion 

Treatment of (BDI)Ta(NtBu)Me2 (4.1)39 with 1 – 4 atm of H2 for 15 h at room temperature in 

either hexane or toluene solution resulted in a slow color change from pale yellow to yellow-

orange. Cooling a concentrated solution in hexane afforded complex 2 in up to 80% yield as a pale 

yellow microcrystalline solid (Scheme 4.1). The 1H NMR spectrum of 2 showed the presence of 
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two diastereoisomers (4.2a and 4.2b), differing in orientation at the methine position of the 

cyclometallated isopropyl group (Figure 4.1). The two isomers are generated in a 4:1 ratio (80% 

4.2a), but are isolated in variable ratios depending on crystallization conditions (i.e. temperature 

and ratio of 4.2a to 4.2b present in solution). Heating a solution of 4.2 in C6D6 under 1 atm H2 at 

40 ˚C for 24 h results in formation of a 3.5:1 equilibrium mixture of 4.2a and 4.2b (78% 4.2a), 

which does not change with further heating at 40 ˚C. The major isomer (4.2a) is obtained in up to 

94% diastereomeric purity by successive crystallizations from hexane. 

 

Scheme 4.1  Synthesis of cyclometallated Ta(V) hydride complex 4.2. 

According to 1H NMR and 13C NMR spectroscopies 4.2a and 4.2b are both C1 symmetric. 

Notably, 4.2a and 4.2b show sharp singlets at 20.9 and 20.5 ppm, respectively, assigned to the Ta-

H. Such highly downfield shifts for Ta(V) hydride species have precedent in the literature.40–43 

The 1H NMR spectrum of 4.2a also displays a characteristic doublet of doublet of quartets at 3.1 

ppm, corresponding to the methine proton of the cyclometallated isopropyl group; this feature 

results from coupling to each of the diastereotopic protons of the Ta bound methylene, as well as 

the unactivated methyl group. Compound 4.2b shows an analogous signal at 4.5 ppm. The 

diastereotopic methylene protons of 4.2a appear as a doublet of doublets of doublets at 1.6 ppm 

(2J = 16 Hz, 3J = 3.6 Hz, 3J(Ta-H) = 1.8 Hz) and a doublet of doublets at 0.9 ppm (2J = 16 Hz, 3J = 

11 Hz), while the analogous protons of 4.2b appear as a doublet of doublet of doublets at 2.4 ppm 

(2J = 16 Hz, 3J = 3.7 Hz, 3J(Ta-H) = 1.2 Hz) and a doublet of doublets at 0.7 ppm (2J = 16 Hz, 3J = 

4.9 Hz). The vicinal coupling constants of the methylene protons are consistent with the dihedral 

angles predicted for the structures shown for 4.2a and 4.2b in Figure 4.1.44,45 Cyclometallation of 

the same BDI ligand to give similar NMR spectral features has been observed by Piers in a related 

scandium complex.46–48 A single absorption at 1779 cm-1 in the FT-IR spectrum confirms the 

presence of a terminal tantalum hydride.49,50  

 

Figure 4.1 Structures of the major (4.2a) and minor (4.2b) diastereoisomers of 4.2. 

Compound 4.2a was characterized in the solid-state by X-ray crystallography (Figure 4.2). The 

structure shows a distorted trigonal bipyramidal geometry (τ = 0.87)51 with the imido group and 

one of the BDI nitrogens in the apical positions. The crystallographic data was of sufficient quality 
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to locate and refine the hydride isotropically; the Ta-H(1) distance is 1.93(4) Å, which is within 

the typical range for tantalum hydride species.52 

                         

Figure 4.2 Molecular structures of 4.2a (left) and 4.3 (right) determined by X-ray diffraction. 

Selected hydrogen atoms and iPr groups are omitted for clarity; thermal ellipsoids are set at the 

50% probability level. For 4.2a (left), selected bond lengths (Å): Ta(1)-H(1) 1.93(4), Ta(1)-N(1) 

1.787(3), Ta(1)-N(2) 2.234(4), Ta(1)-N(3) 2.092(4), Ta(1)-C(17) 2.186(5); selected bond angles 

(˚): N(3)-Ta(1)-H(1) 117(1), C(17)-Ta(1)-H(1) 117(1), N(3)-Ta(1)-C(17) 121.0(2), N(1)-Ta(1)-

N(2) 173.4(1), C(1)-N(1)-Ta(1) 171.8(3). For 4.3 (right), Selected bond lengths (Å): Ta(1)-C(34) 

2.172(2), Ta(1)-N(1) 1.785(2), Ta(1)-N(2) 2.300(2), Ta(1)-N(3) 2.102(2), Ta(1)-C(17) 2.184(2); 

selected bond angles (˚): N(3)-Ta(1)-C(34) 120.5(9), C(17)-Ta(1)-C(34) 115.7(1), N(3)-Ta(1)-

C(17) 119.8(8), N(1)-Ta(1)-N(2) 173.1(1), C(1)-N(1)-Ta(1) 170.2(2). 

Two mechanistic hypotheses can be proposed for the formation of 4.2 from 4.1 (Scheme 4.2). 

In either case, the methyl hydride intermediate 4.A is first generated by σ-bond metathesis of 1 

with H2, with concomitant release of methane. In Path I, 4.A then undergoes reductive elimination 

to release a second equivalent of methane and generate the three-coordinate Ta(III) intermediate 

4.B, which is finally trapped as 4.2 via intramolecular oxidative addition. This mechanism is 

analogous to that proposed for generation of Nb(III) species from hydrogenolysis of 

(BDI)Nb(NtBu)Me2.
32 It is noteworthy that in the niobium case, the analog to the cyclometallated 

hydride species 4.2 is observed as an intermediate by 1H NMR, but undergoes facile further 

reactions. In Path II, 4.A undergoes a second σ-bond metathesis step rather than reductive 

elimination to release methane and form tantalum dihydride intermediate 4.C. Compound 4.C then 

undergoes another, intramolecular σ-bond metathesis to give 4.2.  

A deuterium labelling experiment was carried out in order to gain more insight into the reaction 

mechanism. Assuming Path I, reaction of 4.1 with D2 would selectively give the Ta-H derivative 

of 4.2 accompanied by formation of CH3D, while assuming Path II, the reaction would 

preferentially give the Ta-D derivative of 4.2 accompanied by formation of CH3D and HD at early 

conversion; upon build-up of HD, however, some amount of CH4 and Ta-H 4.2 would also be 

formed. Elucidation of the operant mechanism is significantly complicated by the observation (via 
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2H NMR spectroscopy) that the deuterium label is exchanged into all of the isopropyl methyl 

groups – and to a lesser extent into all of the isopropyl methine groups – indicating that the 

cyclometallation (a) is reversible under H2 atmosphere and (b) occurs at both the methyl and 

methine positions. Hence, a mixture of Ta-H 4.2 and Ta-D 4.2 is observed, along with production 

of CH3D, HD and CH4. At early conversion (~2 h reaction time) a strong preference for Ta-D 4.2 

over Ta-H (11:1) is observed, which at first glance appears to give preference to Path II. However, 

this does not rule out Path I, as it is possible that 4.2 undergoes facile hydride exchange with D2 

via σ-bond metathesis at a significantly faster rate than 4.2 is produced. In fact, the fastest rates for 

σ-bond metathesis observed in the literature are for exchange of a hydride with H2, rather than 

those involving alkyl groups or other heteroatoms.53,54 Deuterium scrambling is also observed 

when isolated 4.2 is exposed to D2. 

The progress of the reaction of 4.1 with H2 was monitored by 1H NMR spectroscopy. A peak 

that grew in at 22.0 ppm subsequently disappeared upon complete conversion of starting material 

to product, suggesting the presence of a tantalum hydride intermediate (See Figure A# in Appendix 

#). This resonance, as well as a singlet at 5.2 integrating to 1 H (BDI backbone C-H) and another 

singlet at 0.7 ppm integrating to 3 H (Ta-CH3) can be assigned to methyl hydride intermediate 4.A 

(Scheme 4.2).  

 

Scheme 4.2  Mechanistic hypothesis for conversion of conversion of 4.1 to 4.2. 

In addition to 4.2 and 4.A, another species forms during the course of the hydrogenolysis 

reaction which has been identified as the cyclometallated methyl complex 4.3. Unlike 4.A, the 

quantity of 4.3 only increases throughout the reaction and remains constant once all of the starting 
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material is depleted, indicating that it is not an intermediate in the formation of 4.2, but rather a 

side-product. Compound 4.3 could not be isolated from this reaction, but has been isolated in pure 

form by a different route (see below, Scheme 4.3). Notably, the 4.3:4.2 product ratio observed is 

highly dependent on the concentration of H2 present in solution. When the reaction is carried out 

by introducing H2 to an NMR tube at room temperature, the ratio of 4.3:4.2 is ca. eight-fold higher 

than that observed from a reaction in which H2 is introduced to an NMR tube cooled to -196 ˚C. 

Surprisingly, exposure of pure 4.3 to H2 does not convert 4.3 to 4.2, even at temperatures up to 

100 ˚C, at which point significant thermal decomposition is observed. Additionally, no exchange 

of D2 into the BDI ligand is observed when 4.3 is exposed to 1 atm D2. 

The observations that the ratio of 4.3 to 4.2 is dependent on H2 concentration and that 4.3 does 

not convert to 4.2 are consistent with Path II in Scheme 2. Hence, Path II depicts the most likely 

mechanistic pathway. After initial production of intermediate 4.A, intramolecular σ-bond 

metathesis to form 4.3 is competitive with σ-bond metathesis with H2 to form the transient 

intermediate 4.C at lower H2 concentration. Intermediate 4.C exists in equilibrium with both 4.2 

and 4.D, explaining the incorporation of the deuterium label into the ligand. Conversion from 4.C 

to 2 likely proceeds by intramolecular σ-bond metathesis, but may occur by reductive elimination 

of H2 followed by oxidative addition of the C-H bond. 

 

Scheme 4.3  Synthesis of compound 4.3 from 4.1. 

Compound 4.3 is observed as one of several products formed on heating a solution of 4.1 in 

C6D6, and can be generated cleanly by heating 4.1 in the presence of a catalytic quantity of 

phenylsilane (Scheme 4.3). As expected, the 1H NMR spectrum is quite similar to that of 

compound 4.2. Unlike 4.2, however, 4.3 is observed and isolated as only a single diastereoisomer, 

with a geometry analogous to that of 4.2a. Compound 4.3 has been crystallographically 

characterized; its structure is shown in Figure 4.2. Like 4.2, 4.3 is a distorted trigonal bipyramid 

(τ = 0.88). Bond angles and lengths are nearly identical between 4.2 and 4.3, implying similar 

electronic structures.  

Heating 4.2 to reflux in toluene under N2 atmosphere for 15 h results in an orange solution 

from which orange crystals of 4.4 can be isolated (Scheme 4.4). Compound 4.4 is observed as the 

major product in an NMR tube reaction, although several other unidentified minor products are 

also formed. In contrast to 4.2, the BDI ligand in 4.4 has been C-H activated at both isopropyl 

methine positions rather than a single isopropyl methyl position, resulting in a symmetric 

molecule. Work to elucidate the mechanism of this unusual transformation is ongoing. We have 

previously reported that the niobium homolog of 4.4 is isolated via the room temperature reaction 

of BDINbMe2 with 1 atm of H2 in hexane.34 Like the niobium derivative, 4.4 displays Cs symmetry 

in its 1H NMR spectrum, exhibiting a septet integrating for two protons corresponding to the 
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isopropyl methines, as well as two singlets and two doublets, each integrating for six protons, 

corresponding to the isopropyl methyl units.  

 

Scheme 4.4  Thermal conversion of 4.2 to 4.4. 

Adding DMAP to 4.2 in hexane results in the precipitation of a pale yellow powder, which has 

been identified as the six-coordinate DMAP adduct, compound 4.5 (Scheme 4.5). The 1H NMR 

spectrum exhibits dynamic behavior, with broad signals for all of the DMAP aryl protons, three of 

the isopropyl methine protons, and one of the isopropyl methyl groups at room temperature. The 

Ta-H resonance appears as a broad singlet at 17.6 ppm, 3.3 ppm upfield from that of the Ta-H in 

4.2a. Upon warming to 60 ˚C, the aromatic DMAP signals and isopropyl methyl signals become 

sharp doublets, the methine signals sharpen into two overlapping septets and a doublet of doublet 

of quartets, and the hydride signal sharpens and shifts downfield to 19.1 ppm, indicating that the 

dynamic process occurs rapidly on the NMR timescale at 60 ˚C. 

 

Scheme 4.5  Reactivity of 4.2 with a sigma donating DMAP ligand. 

Compound 4.5 shows a νTa-H band in the IR spectrum at 1714 cm-1, some 65 cm-1 lower in 

energy than that observed for 4.2, indicating weakening of the Ta-H bond upon coordination of 

DMAP. The apparent decrease in Ta-H bond strength can be attributed to an increase in electron 

density at the Ta center associated with coordination of DMAP. The X-ray crystal structure of 4.5 

is shown in Figure 4.3. The hydride was located in the Fourier difference map and refined 

isotropically. The Ta-H bond length is 1.74(4) Å, almost 0.2 Å shorter than that seen in 4.2, but 

still within the range typically observed for Ta-H bonds. The geometry is significantly distorted 

from octahedral presumably due to a combination of geometric constraints imposed by the 

cyclometallated ligand and the considerable steric hindrance near the metal center. In particular, 

the DMAP ligand bends toward the hydride ligand to avoid steric repulsion between the DMAP 

ligand and the aryl groups, so that the angle N(4)-Ta-H(1) is only 69.3(1)˚. In comparison with 

4.2, the tantalum alkyl and hydride units are brought much closer in proximity (C(17)-Ta-H(1) = 

87.7(1)˚), so less geometric reorganization is required to access a reductive elimination transition 

state. Hence, 4.5 seemed to be an attractive candidate for generating Ta(III) species via C-H 

reductive elimination. 
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Figure 4.3  Molecular structure of 4.5 determined X-ray diffraction. Selected hydrogen atoms, iPr 

groups, and two co-crystallized benzene molecules are omitted for clarity; thermal ellipsoids are 

set at the 50% probability level. Selected bond lengths (Å): Ta(1)-H(1) 1.74(4), Ta(1)-N(1) 

1.788(3), Ta(1)-N(2) 2.301(3), Ta(1)-N(3) 2.167(3), Ta(1)-N(4) 2.299(3), Ta(1)-C(17) 2.216(4). 

Selected bond angles (˚): N(3)-Ta(1)-N(4) 89.9(1), N(4)-Ta(1)-H(1) 69.3(1), H(1)-Ta(1)-C(17) 

87.7(1), N(3)-Ta(1)-C(17) 108.3(1), N(1)-Ta(1)-H(1) 95.5(1), N(1)-Ta(1)-N(3) 104.8(1), N(2)-

Ta(1)-N(3) 82.5(1), N(2)-Ta(1)-H(1) 79.7(1), C(1)-N(1)-Ta(1) 169.7(3). 

Gentle heating of a solution of 4.5 at 40 ˚C under 1 atm H2 for 15 h results in a color change 

to red-orange. Concentration and cooling in hexane yields compound 4.6 as an orange crystalline 

solid (Scheme 4.5). The 1H NMR spectrum of 4.6 no longer shows a singlet between 5 and 6 ppm 

corresponding to the BDI backbone methine proton but instead contains a new singlet at 7.0 ppm, 

corresponding to the monoazabutadiene (MAD) backbone methine proton.35 Additionally, the 

NMR spectrum shows only three distinct isopropyl methine resonances, with one integrating for 

two protons and the others each integrating for one, consistent with a system in which one aryl 

group is capable of free rotation on the NMR timescale and the other is not. The observations that 

all four isopropyl methine protons are represented as septets, and that there is no longer a singlet 

at high field corresponding to a tantalum hydride are also consistent with a system in which the C-

H metallation has been reversed. Our groups and others have observed analogous degradation of 

the BDI ligand, which proceeds through reductive C-N cleavage in d2 early transition metal 

complexes.35,55 Hence, compound 4.E is likely an intermediate species in the formation of 4.6. 

Conversion of 4.5 to 4.6 appears to be catalyzed by H2. Although heating a solution of 4.5 at 

80 ˚C under N2 for 15 h results in conversion to a complex mixture containing 4.6 as the major 

product, the same reaction under H2 goes cleanly to 4.6 at 40 ˚C overnight, or within 60 h at room 

temperature. This may be explained by the formation of a tantalum dihydride intermediate from 

σ-bond metathesis of 4.5 with H2, which then reductively eliminates H2 to generate intermediate 

4.E. Finally, 4.E undergoes fast, irreversible reductive C-N cleavage to give 4.6. 
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Stirring 4.5 under 1 atm of D2 converts it to the monodeuteride derivative 4.5-d with negligible 

incorporation of deuterium into the BDI ligand, as evidenced by the disappearance of the Ta-H 

signal in the 1H NMR spectrum. Isolated 4.5-d under a N2 atmosphere also only exchanges a 

minimal amount (~3%) of deuterium into the ligand isopropyl methyls within 24 h at room 

temperature. These results show that under either H2 or N2 atmosphere, the system does not readily 

establish an equilibrium between 4.E and 4.5 via reductive elimination and oxidative addition, and 

that under H2, 4.5 also does not readily establish an equilibrium with a dihydride complex via σ-

bond metathesis. This implies that conversion to 4.6 is much faster than regeneration of 4.5.  

 

Scheme 4.6  Reductive elimination to generate a six-coordinate Ta(III) dicarbonyl complex. 

Introduction of CO to an Et2O solution of 4.5 resulted in an immediate color change to red-

brown. The product, compound 4.7, was obtained as red crystals from a toluene/hexane mixture 

(Scheme 4.6). The 1H NMR spectrum of 4.7 shows C1 symmetry, with four distinct septets 

corresponding to the isopropyl methine protons, again indicating that reductive elimination of the 

C-H activated methyl group has occurred. We have reported the pyridine adduct of a Nb(III) 

dicarbonyl analog, which shows similar spectral features at low temperature.31 However, the 

niobium analog displays C2v symmetry at higher temperature, likely due to facile decoordination 

and exchange of pyridine. In the case of compound 4.7, decoordination of the more strongly bound 

DMAP is much slower than the NMR timescale at room temperature. The νCO of 4.7 in the IR 

spectrum are at 1949 and 1845 cm-1, also similar to those reported for the niobium analog. Adding 

CO to 4.5 in the presence of a large excess of DMAP does not slow the progress of the reaction, 

indicating that it does not proceed by dissociative displacement of DMAP by CO. Hence, in order 

to form 4.7, a molecule of CO coordinates to make a 7-coordinate complex, so that the reductive 

elimination is promoted by backbonding to CO that begins to develop at the transition state. After 

reductive elimination, a second equivalent of CO binds to the trivalent tantalum center to give 4.7. 

The strong coordination of the DMAP ligand in 4.7 limits its reactivity toward substrates such 

as alkynes. Hence, we hoped to access more reactive Ta(III) species by preparing a 5-coordinate, 

base-free derivative of 4.7. Addition of CO to a hexane solution of 4.2 at room temperature resulted 

in conversion to an intractable mixture of products. However, addition of CO to a solution of 4.2 

in hexane cooled to -77 ˚C, followed by slow warming to room temperature, resulted in relatively 

clean conversion to the five-coordinate dicarbonyl complex 4.8, which was isolated as green 

crystals in 55% yield (Scheme 4.7). It is possible that insertion of CO into the Ta-H bond competes 

with reductive elimination at higher temperature, leading to a mixture of products when CO was 

added at room temperature. In fact, 4.2 undergoes clean insertion reactivity with some other 

unsaturated substrates (see below). Upon addition of DMAP, compound 4.8 is converted cleanly 

to compound 4.7. Like the Nb derivative, compound 4.8 has C2v symmetry in solution, exhibiting 
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only a single septet integrating to four isopropyl methine protons in the 1H NMR spectrum.31 The 
1H NMR spectrum contains sharp resonances under N2 at room temperature, but contains broad 

resonances under CO, likely due to facile CO exchange. Compound 4.8 shows νCO absorptions at 

1975 and 1869 cm-1; both are higher energy than the corresponding absorptions in compound 4.7, 

indicating less back-donation is present in 4.8 than in 4.7 due to decreased electron density at the 

tantalum center in 4.8 relative to 4.7. The absorptions are also lower in energy than for the niobium 

analog (1988 and 1893 cm-1), indicating more back-bonding in the tantalum system, consistent 

with the more reducing nature of tantalum (III) relative to niobium (III). Reductive elimination to 

form 4.8 may be induced by initial coordination of a molecule of CO to 4.2. The resulting 

intermediate then has a vacant coordination site to bind a second equivalent of CO, further 

stabilizing the d2 metal center. 

 

Scheme 4.7  Reductive elimination at low temperature to generate a 5-coordinat Ta(III) 

dicarbonyl complex. 

Addition of one equivalent of 2,6-dimethylphenylisocyanide to a solution of cyclometallated 

tantalum hydride complex 4.2 at low temperature followed by allowing the resulting solution to 

warm to room temperature resulted in a slight darkening of the solution color from pale yellow to 

yellow. The product was isolated as a yellow microcrystalline solid and identified as the η2-

iminoformyl complex 4.9 (Scheme 4.8). Unlike carbon monoxide, which promoted reductive 

elimination to give the Ta(III) dicarbonyl complex 4.8, the isocyanide instead inserts into the Ta-

H bond to give 4.9. Insertions of carbon monoxide or isocyanides into early metal hydrides are 

very well precedented,56,57 but the stark contrast in outcomes for reactions with carbon monoxide 

and isocyanide in this case was surprising. 

 

Scheme 4.8  Insertion of 2,6-dimethylphenylisocyanide to give compounds 4.9 and 4.10. 

Like compound 4.2, 4.9 was isolated as a mixture of two diastereoisomers: 4.9a (major) and 

4.9b (minor), which could not be fully separated by recrystallization due to their nearly identical 

solubility profiles. The two isomers gave distinct 1H NMR spectra consistent with completely 

dissymmetric molecules. The iminoformyl methine signals for 4.9a and 4.9b were observed as 

singlets at 10.37 and 10.39 ppm, respectively. A doublet of doublets with 2J = 15 Hz and 3J = 12 
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Hz corresponding to a diastereotopic proton in the Ta-bound methylene group of 4.9a appeared at 

2.66 ppm; the other diastereotopic methylene proton signal for 4.9a (1.86 ppm) as well as both of 

the signals for 4.9b (3.05 and 1.85 ppm) were also observed, but overlapped with other signals, 

preventing determination of the geminal and vicinal coupling constants. 

Compound 4.9 was structurally characterized using X-ray diffraction; a representation of the 

molecular structure is shown in Figure 4.4. The single crystal of 4.9 that was subjected to X-ray 

crystallographic analysis co-crystallized as a nearly equal mixture of 4.9a and 4.9b; the co-

crystallization of the two diastereomers manifested itself in the structural solution by disorder 

about the cyclometallated isopropyl group. This disorder was fully modeled, and considering the 

centroid of the C=N bond as occupying one coordination site when determining bond angles about 

the tantalum center, the geometry of 4.9 can be described as distorted trigonal bipyramidal (τ = 

0.84) with the imido group and one BDI nitrogen in the apical positions, similar to 4.2. The Ta-

C(17) bond distance is 2.216(6) Å, identical to the distance observed for compound 4.2. The Ta-

C(34) and Ta-N(4) distances of 2.149(6) Å and 2.187(5) Å are consistent with the distances 

reported for related η2-iminoformyl complexes.56 

                  

Figure 4.4  Molecular structures of 4.9a (left) and 4.10 (right) as determined by X-ray diffraction. 

Hydrogen atoms and iPr groups are omitted for clarity; thermal ellipsoids are set at the 50 % 

probability level. For 4.9a (left), selected bond lengths (Å): Ta-N(1) 1.783(5), Ta-N(2) 2.333(4), 

Ta-N(3) 2.139(4), Ta-N(4) 2.187(5), Ta-C(34) 2.149(6), Ta-C(17) 2.216(6), N4-C34 1.266(7); 

selected bond angles (˚): Ta-N(1)-C(1) 171.7(4), Ta-N(4)-C(35) 156.1(4), N(1)-Ta-N(2) 170.2(2), 

N(1)-Ta-N(3) 100.8(2), N(3)-Ta-C(34) 135.9(2), N(3)-Ta-C(17) 116.1(3), C(34)-Ta-C(17) 

101.8(2), N(4)-Ta-C(34) 34.0(2). For 4.10 (right), selected bond lengths (Å): Ta-N(1) 1.787(2), 

Ta-N(2) 2.124(2), Ta-N(3) 2.308(2), Ta-N(5) 2.192(2), Ta-C(34) 2.082(3), C(34)-N(4) 1.410(3), 

N(4)-C(35) 1.339(3), C(35)-N(5) 1.338(4), C(34)-C(17) 1.507(4); selected bond angles (˚): Ta-

N(1)-C(1) 169.6(2), N(1)-Ta-N(5) 119.94(9), N(2)-Ta-N(5) 137.83(8), N(3)-Ta-C(34) 155.41(9). 
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Upon addition of a second equivalent of 2,6-dimethylphenylisocyanide, the color of a solution 

of 4.9 immediately changed to dark green-blue. Likewise, adding two equivalents of 2,6-

dimethylisocyanide to a solution of 4.2 at room temperature resulted in a color change from pale 

yellow to the same dark green-blue color. In both cases, 1H NMR spectroscopy indicated clean 

conversion to a single new product, which was isolated as dark green blocks and identified as the 

Ta(V) amidinylidene, 4.10 (Scheme 4.8). Formation of 4.10 from 4.9 results from insertion of 

isocyanide into the tantalum-carbon bond, followed by coupling of the two equivalents of 

isocyanide. While insertion reactions of unsaturated substrates such as CO and isocyanides into 

metal alkyls or metal hydrides often lead to C-C bond formation between two inserted substrates 

leading to metal enediolates or enediamides, coupling to form a C-N bond is quite unusual, and 

formation of a metallaimidazole structural motif by coupling of isocyanides has not been 

previously reported. The constrained geometry imposed by the cyclometallated nature of the 

supporting BDI ligand likely prohibits C-C bond formation, so that the iminoformyl and iminoacyl 

groups resulting from insertion of isocyanide into the Ta-H and Ta-C bond, respectively, couple 

via the usually less favorable C-N bond formation. Several examples of related M(CNCN) 

metallacycles incorporating Fischer-type carbenes in late transition metal and low-valent mid 

transition metal systems have been reported, but 4.10 is the first example of an alkylidene with 

this structural motif.  

 In contrast to compound 4.9 which was generated and isolated as a mixture of 

diastereoisomers, the 1H NMR spectrum of 4.10 indicated the presence of only a single compound. 

Resonances corresponding to the BDI backbone methine and tantalaimidazolyl methine both 

appeared as singlets in the 1H NMR spectrum at 5.31 and 5.52 ppm, respectively. The 1H NMR 

spectrum also displays two well resolved doublets of doublets at 5.18 ppm (2J = 15 Hz, 3J = 12 Hz) 

and 2.38 ppm (2J = 15 Hz, 3J = 3.6 Hz) corresponding to the methylene protons and a doublet of 

quartet of doublets at 4.16 ppm corresponding to the adjacent methine group. The substantial 

difference in chemical shift for the two methylene protons is likely a consequence of their differing 

proximities to flanking 2,6-dimethylphenyl groups in the compound rather than any significant 

difference in electron density. 

 

Scheme 4.9  Resonance contributors to the overall structure of 4.10. 

The solid-state structure of compound 4.10 (Figure 4.4, right) shows a distorted square-based 

pyramidal geometry about the tantalum center (τ = 0.29) with the imido group in the apical 

position. Notably, the tantalaimidazole ring is nearly planar; the tantalum center is only slightly 

displaced from the N-C-N-C plane, with dihedral angles of N(4)-C(35)-N(5)-Ta = 11.5˚ and C(35)-

N(4)-C(34)-Ta = 14.4˚. The N(4)-C(35) and N(5)-C(35) distances of 1.339(3) and 1.338(4) Å, 

respectively, are effectively identical and are intermediate between single and double bonds. 

Moreover, the Ta-N(5) distance is 2.192(2) Å, intermediate between typical distances for Ta-N 

dative bonds and covalent single bonds. Taken together, this indicates a significant contribution 
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from a charge separated resonance structure, as shown is Scheme 4.9. A strong trans influence 

exerted by C(34) in comparison to N(5) can be observed from the large difference between the 

short N(2)-Ta distance of 2.124(2) Å and long N(3)-Ta distance of 2.308(2) Å. 

 Transition metal complexes supported by 4-membered π-conjugated organic fragments, 

such as enediolates, enediamides, and quinones, are well known to support up to two reversible 

ligand-based redox events, which has been utilized extensively in catalysis and molecular 

electronics.17,18,58 While a small number of alkylidene-containing metallacycles based on 

rhenium27 and molybdenum28 have been reported, their redox chemistry has not been explored.59 

Hence, we set out to investigate the electrochemistry of 4.10. As shown in Figure 4.5, a cyclic 

voltammetry study showed two oxidation waves with Epa of -1.04 and -0.16 V, respectively, 

relative to the Fc0/+ redox couple. While the second oxidation did not appear to be at all reversible, 

the first wave appeared at least quasi-reversible based on the full scan, and a second scan focusing 

on only this redox process (Figure 4.5, right) showed that this was an electrochemically reversible 

redox process with E1/2 at -1.08 V. A plot of ipa versus the square root of scan rate from 10 to 1000 

mV/s was linear, further confirming that the electrochemical process was reversible (see below, 

Figure 4.9).  

          

Figure 4.5  Cyclic voltammogram of complex 4.10 in dichloromethane at 100 mV/s: left, scan 

over a 2 V potential range showing two oxidation events; right, scan over a 1 V potential range 

showing reversible one-electron oxidation process. 

Since the electrochemical data demonstrated that compound 4.10 could be oxidized twice, we 

set out to chemically access and isolate the products of both one- and two-electron oxidation. 

Treatment of 4.10 with one equivalent of AgB(C6F5)4 in Et2O resulted in a color change from dark 

green to dark brown and precipitation of silver metal. Upon workup, compound 4.11, the product 

of one-electron oxidation of 4.10, was isolated as brown crystals in 37% yield (Scheme 4.10). 

Formation of 4.11 likely results from removal of one electron from the redox non-innocent 

amidinylidene ligand. Upon addition of an equivalent of cobaltocene, a solution of compound 4 in 

THF changed color from brown back to dark green. A 1H NMR spectrum of the crude reaction 

mixture showed conversion back to compound 4.10 with formation of cobaltocenium, confirming 

the chemical reversibility of the transformation from 4.10 to 4.11. 
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Scheme 4.10  Reversible one-electron and irreversible two-electron chemical oxidation of 4.10. 

Compound 4.11 is paramagnetic and only broad features were observed in the 1H NMR 

spectrum; regardless, the chemical structure was readily established by single crystal X-ray 

diffraction, as shown in Figure 4.6. As expected based on the cyclic voltammetry data, the 

molecular structure of the cationic portion of 4.11 is quite similar to that of 4.10 (τ = 0.40). The 

most significant difference in metrical parameters between 4.10 and 4.11 is an increase in Ta-

C(34) bond distance from 2.082(3) Å to 2.203(3) Å upon oxidation of 4.10 to 4.11, consistent with 

weakening of the Ta-C π-bond. While the change is much less pronounced, the C(34)-N(4) and 

C(35)-N(5) bonds both shorten from 1.410(3) Å to 1.380(4) Å and 1.338(4) Å to 1.306(3) Å, 

respectively, while the Ta-N(5) and N(4)-C(35) distances remain essentially consistent between 

the two structures. Notably, the TaCNCN metallacycle becomes much more planar upon oxidation 

from 4.10 to 4.11; the dihedral angles for 4.11 are N(4)-C(35)-N(5)-Ta = 3.3˚ and C(35)-N(4)-

C(34)-Ta = 6.6˚, compared to 11.5˚ and 14.4˚ for 4.10. 

Since the tantalum center in compound 4.10 was already in the Ta(V) oxidation state prior to 

oxidation to 4.11, the spin density of the unpaired electron in 4.11 was expected to reside 

predominantly on the ligand. An X-band EPR spectrum taken in room-temperature THF solution 

showed an isotropic 10-line pattern (Figure 4.7). A simulation of the EPR spectrum indicated that 

the splitting pattern resulted from hyperfine coupling to 181Ta (S = 7/2, A181Ta = 38 G) and both 
14N nuclei within the metallacycle (S = 1, A14N(1) = 15 G, A14N(2) = 6 G). The coupling to tantalum 

is weak compared to that reported for Ta(IV) radicals in the literature, consistent with the majority 

of the spin density being located within the CNCN framework.  
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Figure 4.6  Molecular structures of the cationic portions of 4.11 (left) and 4.12 (right) as 

determined X-ray diffraction. Hydrogen atoms, iPr groups, B(C6F5)4
- counterions, and co-

crystallized molecules of diethyl ether are omitted for clarity; thermal ellipsoids are set at the 50 

% probability level. For 4.11 (left), selected bond lengths (Å): Ta-N(1) 1.751(2), Ta-N(2) 2.081(2), 

Ta-N(3) 2.223(2), Ta-N(5) 2.195(2), Ta-C(34) 2.203(3), C(34)-N(4) 1.380(4), N(4)-C(35) 

1.353(3), C(35)-N(5) 1.306(3), C(34)-C(17) 1.505(4); selected bond angles (˚): Ta-N(1)-C(1) 

174.3(2), N(1)-Ta-N(5) 113.5(1), N(2)-Ta-N(5) 138.18(9), N(3)-Ta-C(34) 162.05(9). For 4.12 

(right), selected bond lengths (Å): Ta-N(1) 1.748(3), Ta-N(2) 2.075(2), Ta-N(3) 2.231(2), Ta-N(5) 

2.182(3), Ta-C(34) 2.250(3), C(34)-N(4) 1.434(4), N(4)-C(35) 1.319(4), C(35)-N(5)1.330(4), 

C(34)-C(17) 1.342(4); selected bond angles (˚): Ta-N(1)-C(1) 171.9(2), N(1)-Ta-N(5) 108.5(1), 

N(2)-Ta-N(5) 141.71(9), N(3)-Ta-C(34) 162.1(1). 

 

Figure 4.7  X-band EPR spectrum of 4.11 taken at room temperature in THF solution (black line) 

and simulation (red line). Hyperfine coupling constants: A181Ta = 38 G, A14N(1) = 15 G, A14N(2) 

= 6 G. 
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Since the cyclic voltammogram (Figure 4.5) showed a second, irreversible oxidation, a solution 

of compound 4.10 in THF was exposed to two equivalents of Ag(BC6F5), which resulted in a color 

change to yellow rather than brown and precipitation of silver metal, indicating formation of a 

different product from 4.11. Upon workup, the diamagnetic Ta(V) product 4.12 was isolated as a 

yellow crystalline solid in 59% yield (Scheme 4.10). Compound 4.12 forms from a second one-

electron oxidation of the tantalacycle to give the dicationic intermediate 4.F, which readily 

converts to 4.12 by deprotonation of the methylene group. While the base responsible for this 

deprotonation event was not determined, intermediate 4.F is likely very acidic due to its dicationic 

nature, and could be deprotonated by an adventitious source. 

Unlike 4.11, compound 4.12 is diamagnetic and displays sharp peaks at room temperature in 

its 1H NMR spectrum. Since the methylene group has been deprotonated, compound 4.12 no longer 

contains a pair of characteristic methylene protons. Instead, the single vinylic methine proton 

resonates as a doublet at 5.76 ppm, and the adjacent methine proton resonates as a quintet at 4.56 

ppm. The BDI backbone methine signal appears as a singlet at 6.31 ppm, 1 ppm downfield from 

the corresponding signal for 4.10; this downfield shift is characteristic of conversion from a neutral 

to a cationic BDI complex, and has been observed in other Nb and Ta systems. The signal 

corresponding to the amidinyl methine proton also appears quite deshielded at 7.32 ppm, nearly 2 

ppm downfield from the corresponding signal for compound 4.10, consistent with a considerable 

buildup of positive charge within the TaCNCN metallacycle.  

The solid-state structure of 4.12 again shows a distorted square-based pyramidal geometry for 

the cationic portion of 4.12 (τ = 0.34), analogous to that of 4.10 and 4.11 (Figure 4.6, right). The 

Ta-C(34) bond distance increases 2.203(3) Å to 2.250(3) Å upon oxidation of 4.11 to 4.12; while 

this change is less significant than the change observed upon conversion from 4.10 to 4.11, the 

distance is consistent with a Ta-C single bond. The TaCNCN ring in compound 4.12 is planar 

(N(4)-C(35)-N(5)-Ta = 0.1˚ and C(35)-N(4)-C(34)-Ta = 0.3˚) and C(17) is also essentially 

coplanar with the tantalacycle (C(35)-N(4)-C(34)-C(17) = 4.5˚). Moreover, the C(17)-C(34) 

distance has decreased from 1.505(4) Å to 1.342(4) Å, consistent with the presence of a C-N 

double bond, further confirming the molecular structure of 4.12. 

In order to gain further understanding of the changes in electronic structure associated with 

one-electron oxidation of 4.10 to 4.11, DFT calculations were carried out on both compounds 

using the PBE functional with Grimme’s D3 corrections for dispersion forces. The geometries 

were optimized from the X-ray crystal structures, and the metrical parameters for both optimized 

compounds correlated well with the metrical parameters observed experimentally. The 

planarization of the tantalacycle upon converting from 4.10 (N(4)-C(35)-N(5)-Ta = 17.4˚ and 

C(35)-N(4)-C(34)-Ta = 20.0˚) to 4.11 (N(4)-C(35)-N(5)-Ta = 8.5˚ and C(35)-N(4)-C(34)-Ta = 

11.2˚) is also reproduced in the calculations, although both calculated structures are less planar 

than their analogous experimental solid-state structures. As in the solid-state structures, the most 

significant change in bond distances between 4.10 and 4.11 is observed for the Ta-C bond. Upon 

converting from 4.10 to 4.11, the distance increases from 2.082(3) Å (exp) or 2.091 Å (calc) to 

2.203(3) Å (exp) or 2.216 Å (calc). This is consistent with the majority of the electron density due 

to the one-electron oxidation being removed from the HOMO of 4.10, which is primarily 
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composed of a π-bonding interaction between the tantalum center and the coordinating carbon 

atom (Figure 4.8, left). Moreover, the Mulliken spin-density of the radical cation species 4.11 

correlates very well with this orbital, consistent with the unpaired electron primarily residing on 

the Ta-bound carbon, but also being delocalized throughout the TaCNCN ring (Figure 4.8, right). 

The calculated spin density is also consistent with the relatively weak hyperfine coupling to the 

tantalum atom and the two nitrogen atoms in the ring observed in the EPR spectrum.  

                       

Figure 4.8  GaussView renderings of DFT calculated HOMO of 4.10 (left, isovalue = 0.06), and 

Mulliken spin density of 4.11 (right, blue = α, green = β, isovalue = 0.005). 

Table 4.1  Partial atomic charges and electron spin density on selected atoms in 4.10 and 4.11 

calculated using Mulliken, NPA, and QTAIM approaches. 

 ATOM MULLIKEN 
CHARGE 

NPA 
CHARGE 

QTAIM 
CHARGE 

MULLIKEN 
SPIN 

QTAIM SPIN 

4.10 Ta +0.04 +1.80 +2.19   
 C(Ta-C) -0.26 -0.33 -0.12   
 N(Ta-C-N-C) -0.11 -0.42 -1.17   
 C(Ta-C-N-C) +0.13 +0.22 +0.88   
 N(Ta-N-C-N) -0.37 -0.74 -1.17   
 N(imido) -0.20 -0.89 -1.18   
 N(BDI) -0.35 -0.70 -1.15   
 N’(BDI) -0.32 -0.66 -1.17   
4.11 Ta +0.28 +2.05 +2.28 +0.21 +0.14 
 C(Ta-C) -0.22 -0.13 +0.05 +0.49 +0.41 
 N(Ta-C-N-C) -0.11 -0.43 -1.17 -0.05 +0.02 
 C(Ta-C-N-C) +0.21 +0.32 +0.97 +0.22 +0.17 
 N(Ta-N-C-N) -0.35 -0.71 -1.21 +0.05 +0.01 
 N(imido) -0.15 -0.87 -1.13 +0.05 +0.05 
 N(BDI) -0.37 -0.73 -1.16 -0.01 +0.01 
 N’(BDI) -0.35 -0.68 -1.19 0.00 +0.01 
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Atomic charges and spin densities for optimized structures of 4.10 and 4.11 are summarized 

in Table 4.1. Using Mulliken, NPA, and QTAIM approaches, the atomic charges for the tantalum 

atom and two carbon atoms within the tantalaimidazole ring change most significantly between 

4.10 and 4.11, while most of the other charges remain fairly constant between the two 

compounds, again consistent with removal of electron density from the HOMO shown in Figure 

4.8, left. Mulliken and QTAIM approaches produce similar results for the spin density in 4.11, 

both consistent with most of the spin being localized on the tantalum center and two carbon 

atoms, as depicted in Figure 4.8, right. 

We have previously found that the niobium (III) complex (BDI)Nb(NtBu)(CO)2 catalyzes the 

semihydrogenation of internal alkynes to cis-alkenes via a mechanism involving oxidative addition 

and reductive elimination steps at the niobium center.33 In the absence of dihydrogen, the niobium 

dicarbonyl complex reacted with diphenylacetylene to generate the isolable complex 

(BDI)Nb(NtBu)(CO)(PhCCPh) that was best described as a Nb(V) metallacyclopropene complex, 

but also had considerable Nb(III) η2-alkyne character.31,33 Hence, having isolated the analogous 

tantalum (III) dicarbonyl complex (BDI)Ta(NtBu)(CO)2 (4.8), we set out to investigate its 

reactivity toward internal alkyne substrates. 

 

Scheme 4.11  Reaction of tantalum (III) dicarbonyl complex with diphenylacetylene. 

In contrast to the niobium system, the tantalum dicarbonyl complex did not catalyze 

hydrogenation of alkynes. Moreover, rather than forming a metallacyclopropene complex, 

tantalum dicarbonyl complex 4.8 reacted with an equivalent of diphenylacetylene to give Ta(V) 

complex 4.13, which was isolated as yellow crystals in 68% yield (Scheme 4.11). In 4.13, both the 

alkyne and one of the carbonyl ligands of 4.8 have formed new C-C single bonds to the same BDI 

backbone carbon, thus implicating a monoazadiene (MAD) tantalum bis(imido) complex resulting 

from reductive C-N cleavage of the BDI ligand as an intermediate in the transformation. We have 

observed similar transformations involving insertion chemistry following reductive C-N cleavage 

in the niobium system.60 A plausible mechanism for formation of 4.13 is shown in Scheme 4.11. 

Alkyne first displaces CO to give metallacyclopropene intermediate 4.G. Unlike the niobium 

analog which was an isolable compound, 4.G is unstable toward reductive C-N cleavage, which 

results in transformation to MAD tantalum bis(imido) intermediate 4.H. The remaining carbonyl 
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ligand adds across the arylimido group to generate η2-isocyanate complex 4.I, which then 

rearranges as shown to give 4.J. Finally, alkyne inserts into the Ta-C bond of 4.J to give the 

observed product. The solid-state structure of 4.13 (Figure 4.9) showed a nearly tetrahedral 

geometry about the tantalum center (τ4’ = 0.92)61 and bond distances consistent with covalent 

single bonds between both of the nitrogens originating from the BDI ligand (Ta-N(2) = 2.006(2) 

Å, Ta-N(3) = 2.014(2) Å), as well as the vinylic carbon (Ta-C(36) = 2.105(2) Å). 

 

Figure 4.9  Molecular structure of 4.13 as determined by X-ray diffraction. Hydrogen atoms and 
iPr groups are omitted for clarity; thermal ellipsoids are set at the 50 % probability level. Selected 

bond lengths (Å): Ta-N(1) 1.755(2), Ta-N(2) 2.006(2), Ta-N(3) 2.014(2), Ta-C(36) 2.105(2), 

C(35)-C(36) 1.352(3); selected bond angles (˚): N(1)-Ta-N(2) 109.53(7), N(1)-Ta-N(3) 116.70(7), 

N(1)-Ta-C(36) 110.19(7), N(2)-Ta-N(3) 111.36(6), N(2)-Ta-C(36) 105.83(7), N(3)-Ta-C(36) 

102.51(7), Ta-N(1)-C(1) 170.7(2). 

 

Scheme 4.12  Synthesis and photolytic reaction of a Ta(III) dicarbonyl azide anionic complex. 
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Since terminal nitride functionalities are scarce in group 5 chemistry62–68 and a tantalum 

terminal nitride complex has yet to be reported, we considered 4.8 as a potential source of low-

valent tantalum to target high-valent tantalum nitrido complexes. Addition of tetrabutylammonium 

azide to 4.8 resulted in an immediate color change to red-brown. Upon workup of the reaction, the 

6-coordinate azide adduct 4.14 was isolated in 90% yield (Scheme 4.12) and characterized by 1H 

NMR spectroscopy and X-Ray crystallography. The X-Ray crystal structure (Figure A.2, left) 

showed a distorted octahedral geometry with a long Ta-N(4) bond distance of 2.235(2) Å and a 

bent Ta-N(4)-N(5) angle of 132.7(2)˚, likely due to the trans influence of the carbonyl ligand and 

the fact that 4.14 is already an 18 electron complex without any π-donation from the azido ligand. 

                           

Figure 4.10  Molecular structures of 4.14 (left) and 4.15 (right) as determined by X-ray diffraction. 

Hydrogen atoms, iPr groups, tetrabutylammonium counterions, a co-crystallized molecule of 

diethyl in 4.14 and a second crystallographically inequivalent molecule of 4.15 are omitted for 

clarity; thermal ellipsoids are set at the 50 % probability level. For 4.14, selected bond lengths (Å): 

Ta-N(1) 2.297(2), Ta-N(2) 2.234(2), Ta-N(3) 1.816(2), Ta-N(4) 2.235(2), Ta-C(34) 2.088(3), Ta-

C(35) 2.082(3); selected bond angles (˚): N(1)-Ta-N(3) 169.75(8), N(2)-Ta-C(34) 168.25(9), N(4)-

Ta-C(35) 177.18(9), Ta-N(3)-C(30) 171.0(2), Ta-C(34)-O(1) 172.6(2), Ta-C(35)-O(2) 169.1(2), 

Ta-N(4)-N(5) 132.7(2), N(4)-N(5)-N(6) 176.6(2). For 4.15, selected bond lengths (Å): Ta(1)-N(1) 

1.789(6), Ta(1)-N(2) 2.024(6), Ta(1)-N(3) 2.139(6), Ta(1)-N(4) 2.074(6), Ta(1)-C(15) 2.209(7); 

selected bond angles (˚): N(2)-Ta(1)-N(3) 132.8(2), N(4)-Ta(1)-C(15) 135.8(2), N(1)-Ta(1)-N(2) 

108.2(2), N(2)-Ta(1)-C(15) 79.4(3), N(3)-Ta(1)-C(15) 62.9(2), Ta(1)-N(1)-C(1) 173.0(5), Ta(1)-

N(4)-N(5) 161.9(6), N(4)-N(5)-N(6) 178.2(9). 

Group 5 transition metal azido complexes have been shown to release dinitrogen and generate 

terminal nitrido complexes upon either heating or exposure to UV light.64,69 While heating a 

solution of 4.14 resulted in conversion to a complex mixture of products, photo-activation of 4.14 

resulted in relatively clean conversion to Ta(V) complex 4.15, which was isolated as yellow 

crystals in 35% yield. Rather than promoting release of dinitrogen, UV light influenced release of 

carbon monoxide from 4.14 to generate a reactive Nb(III) center which ultimately rearranged to 

give 4.15, leaving the azido ligand intact. The reaction to give 4.15 likely proceeds by the 

mechanism shown in Scheme 4.12, which is related to the mechanism for transformation of 4.8 

into 4.13. Initial photolysis of a metal-CO bond induces reductive C-N cleavage of the BDI ligand 
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to give MAD bis(imido) intermediate 4.K. The remaining carbonyl ligand adds across the now 

reactive tert-butylimido group to generate η2-isocyanate complex 4.L, which then rearranges to 

give 4.15. The solid-state structure of 4.15 showed a five-coordinate geometry that was highly 

constrained by the tridentate N-C-N ligand, and thus could not be well described as square-based 

pyramidal or trigonal bipyramidal (Figure 4.10, right). Notably, the Ta-N(4) distance was 2.074(6) 

Å and the Ta-N(4)-N(5) angle was 161.9(6)˚, indicating a much stronger π-component to the 

interaction between the azido ligand and the tantalum center than was observed for 4.14. 

Summary and Conclusions 

The cyclometallated hydride 4.2 was generated in high yield via reaction of the tantalum 

dimethyl precursor 4.1 with H2. This reaction most likely proceeds by successive σ-bond 

metathesis steps with H2, leading to a tantalum dihydride intermediate. In contrast, reaction of the 

analogous niobium dimethyl precursor with H2 was shown to generate trivalent complexes; these 

Nb(III) species are likely generated via a cyclometallated niobium hydride intermediate analogous 

to 4.2. Likewise, compound 4.2 could be used as an isolable precursor for accessing Ta(III) species. 

Coordination of a σ-donating DMAP ligand to 4.2, followed by reaction with CO at room 

temperature, afforded the six-coordinate Ta(III) dicarbonyl complex 4.7 via reductive elimination, 

while the analogous highly reducing five-coordinate Ta(III) dicarbonyl complex 4.8 could be 

accessed directly from 4.2 when CO was added at low temperature. Hence, these results give 

credence to the proposal that the niobium analog of 4.2 is an intermediate in accessing Nb(III) 

chemistry, and provide a synthetic platform for accessing low valent tantalum chemistry. 

Compound 4.8 has been utilized in further transformations with elemental phosphorus,70 as well 

as azides and alkynes and promises to be a useful starting material for future Ta(III) chemistry. 

Instead of promoting reductive elimination, 2,6-dimethylphenylisocyanide reacted with 4.2 via 

migratory insertion to give 4.10, a product containing a unique metallaimidazole ring. Compound 

4.10 could be reversibly oxidized by one electron either electrochemically or chemically to give 

the tantalum radical cation species 4.11. DFT calculations, as well as X-ray crystallographic and 

EPR spectroscopic data were consistent with the electron being removed from an orbital primarily 

composed of Ta-C π-bonding character, but also delocalized over the tantalaimidazole ring. We 

hope to further investigate the utility of amidinylidenes and related π-conjugated alkylidene 

ligands as electron reservoirs in early transition metal chemistry. 

Experimental 

General Considerations: Unless otherwise noted, all reactions were performed using standard 

Schlenk line techniques or in an MBraun inert atmosphere glove box under an atmosphere of 

nitrogen (<1 ppm O2/H2O). Glassware and Celite were stored in an oven at ca. 160˚ C. Molecular 

sieves (4 Å) were activated by heating to 200 °C overnight under vacuum prior to storage in a 

glovebox. Hexane, n-pentane, diethyl ether, dichloromethane, toluene, and THF were purified by 

passage through columns of activated alumina and degassed. Pyridine and tBuNH2 were distilled 

from CaH2. Deuterated solvents were vacuum-transferred from sodium/benzophenone and 

degassed with three freeze-pump-thaw cycles. NMR spectra were recorded on Bruker AV-600, 

AVB-400, AVQ-400, AV-500, and DRX-500 spectrometers. 1H and 13C{1H} chemical shifts are 
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given relative to residual solvent peaks. Proton and carbon NMR assignments were routinely 

confirmed by 1H-1H (COSY and NOESY) and 1H-13C (HSQC and HMBC) experiments. FT-IR 

samples were prepared as Nujol mulls and were taken between KBr disks using a Nicolet iS10 FT-

IR spectrometer. Melting points were determined using an OptiMelt automated melting point 

system. TaCl5 was purified by sublimation. AgB(C6F5)4,
71 HBDI,72 Li(BDI)•OEt2,

73 

Ta(NtBu)Cl3Py2,
74 and (BDI)Ta(NtBu)Me2 (4.1)39 (BDI = ArNC(Me)CHC(Me)NAr, Ar = 2,6-

diisopropylphenyl) were prepared using the literature procedures. H2 was obtained from Airgas or 

PraxAir, and D2 was obtained from Liquid Carbonic or Cambridge Isotope Laboratories. All other 

reagents were acquired from commercial sources and used as received. Elemental analyses were 

determined either at the College of Chemistry, University of California, Berkeley or at the School 

of Human Sciences, Science Center, London Metropolitan University. LR-EI-MS data was 

obtained at the QB3/Chemistry Mass Spectrometry Facility, University of California, Berkeley. 

X-ray structural determinations were performed at CHEXRAY, University of California, Berkeley 

on SMART APEX I and SMART APEX II QUAZAR diffractometers. 

{ArNC(Me)CHC(Me)N[2-(CHMeCH2)-6-iPr-C6H3]}Ta(NtBu)H (4.2a, 4.2b): Hexane (150 

mL) was added to a 500 mL Teflon-sealed flask containing 4.1 (5.06 g, 7.23 mmol) at room 

temperature, resulting in a pale yellow solution. Under static vacuum, ca. 80% of the volume of 

the flask was submerged in a Dewar flask filled with liquid nitrogen until the solution was 

completely frozen. With the reaction flask still submerged in the Dewar flask, the reaction flask 

was placed under dynamic vacuum for ca. 30 s, and then filled with 1 atm H2, sealed, and allowed 

to come to room temperature. Upon warming, the color of the solution started to become deeper 

yellow. The solution was stirred vigorously overnight at room temperature resulting in a yellow-

orange solution. The volatile materials were removed under vacuum, and the residue was extracted 

with hexane and the combined hexane extracts were transferred to a Schlenk tube via cannula. The 

solution was concentrated and stored at -40 ˚C overnight, giving a mixture of compounds 4.2a and 

4.2b as pale yellow microcrystals. The solid was isolated and residual solvent was removed under 

vacuum (3.87 g, 80%, 3 crops, 8:1 ratio of 4.2a to 4.2b in 1st crop, 4:1 ratio in 2nd crop, 3:1 ratio 

in 3rd crop). A 15:1 ratio of 4.2a to 4.2b was obtained by recrystallization of material that had been 

isolated as a 1st crop of crystals from hexane at 15 ˚C. The ratio of 4.2a to 4.2b was determined by 

integrating the Ta-H peaks for the two compounds in the 1H NMR spectrum relative to one another. 

X-ray quality crystals were grown from slow evaporation of benzene; data were collected on a 

crystal containing only 4.2a. 1H NMR (600 MHz, C6D6, 293 K) Compound 4.2a: δ 20.89 (s, 1H, 

TaH), 7.15-7.04 (m, 6H, Ar), 5.50 (s, 1H, HC(C(Me)NAr)2), 3.20 (sep, 1H, CHMe2), 3.08 (ddq, 

1H, MeCHCH2Ta), 2.83 (sep, 1H, CHMe2), 2.75 (sep, 1H, CHMe2), 1.83 (s, 3H, 

HC(C(Me)NAr)2), 1.60 (ddd, 1H, MeCHCH2Ta, 2J = 16 Hz, 3J = 3.6 Hz, 3J(Ta-H) = 1.8 Hz),75 

1.57 (s, 3H, HC(C(Me)NAr)2), 1.52 (d, 3H, CHMe2), 1.42 (d, 3H, CHMe2), 1.40 (d, 3H, 

MeCHCH2Ta), 1.36 (d, 3H, CHMe2), 1.20 (d, 3H, CHMe2), 1.11 (d, 3H, CHMe2), 1.09 (s, 9H, 
tBu), 1.03 (d, 3H, CHMe2), 0.97 (dd, 1H, MeCHCH2Ta, 2J = 16 Hz, 3J = 11 Hz). Compound 4.2b:76 

δ 20.52 (s, 1H, TaH), 7.15-7.04 (m, 6H, Ar), 5.46 (s, 1H, HC(C(Me)NAr)2), 4.48 (ddq, 1H, 

MeCHCH2Ta), 3.18 (1H, CHMe2), 2.88 (1H, CHMe2), 2.78 (1H, CHMe2), 2.37 (ddd, 1H, 

MeCHCH2Ta, 2J = 16 Hz, 3J = 3.7 Hz, 3J(Ta-H) = 1.2 Hz), 1.85 (s, 3H, HC(C(Me)NAr)2), 1.54 (s, 

3H, HC(C(Me)NAr)2), 1.50 (3H, CHMe2), 1.42 (3H, CHMe2), 1.29 (d, 3H, CHMe2), 1.19 (3H, 

CHMe2), 1.13-1.08 (m, 15H, MeCHCH2Ta/CHMe2/
tBu) 1.02 (d, 3H, CHMe2), 0.70 (dd, 1H, 
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MeCHCH2Ta, 2J = 16 Hz, 3J = 4.9 Hz).   13C{1H} NMR (600 MHz, C6D6, 293 K) Compound 

4.2a: δ 167.9 (HC(C(Me)NAr)2), 163.2 (HC(C(Me)NAr)2), 150.4 (Ar), 145.2 (Ar), 142.9 (Ar), 

141.4 (Ar), 140.7 (Ar), 140.5 (Ar), 126.8 (Ar), 126.4 (Ar), 124.4 (Ar), 124.4 (Ar), 123.9 (Ar), 

121.7 (Ar), 103.9 (HC(C(Me)NAr)2), 82.7 (MeCHCH2Ta), 62.7 (Cα, 
tBu), 35.2 (MeCHCH2Ta), 

33.5 (Cβ, 
tBu), 28.8 (CHMe2), 28.5 (CHMe2), 28.3 (CHMe2), 25.9 (HC(C(Me)NAr)2), 25.3 

(CHMe2), 25.3 (CHMe2), 25.1 (CHMe2), 24.9 (CHMe2), 24.3 (CHMe2), 24.1 (CHMe2), 23.6 

(CHMe2), 23.5 (HC(C(Me)NAr)2). Anal. calcd (%) for Ta1N3C33H50 (15:1 ratio of 4.2a to 4.2b): 

C, 59.18; H, 7.53; N, 6.27. Found: C, 58.80; H, 7.78; N, 6.30. FT-IR (KBr, nujol, cm-1): 1779 (m, 

Ta-H stretch). MP: dec. 151–159 ˚C. LR-EI-MS: m/z calcd for Ta1N3C33H50: 669, found: 669. 

{ArNC(Me)CHC(Me)N[2-(CHMeCH2)-6-iPr-C6H3]}Ta(NtBu)(Me) (4.3): Compound 4.1 (200 

mg, 0.286 mmol) was added to a 100 mL flask and dissolved in 25 mL toluene. PhSiH3 (71 μL, 

0.58 mmol) was added using a micropipette. The solution was stirred at 80 ˚C for 15 h, resulting 

in a color change from pale yellow to orange. The volatile materials were removed under vacuum 

and the residue was triturated with hexane, resulting in an orange powder. The powder was 

extracted with hexane and the resulting solution was cannula filtered and concentrated. The 

solution was stored at -40 ˚C overnight, yielding pale yellow crystals of 4.3. The crystals were 

isolated and residual solvent was removed under vacuum (130 mg, 65%, 2 crops). X-ray quality 

crystals were grown from slow evaporation of benzene. Under otherwise identical conditions, the 

same product was observed by 1H NMR spectroscopy using a sub-stoichiometric quantity of 

PhSiH3 (0.2 eq). 1H NMR (600 MHz, C6D6, 293 K): δ 7.21-7.11 (m, 4H, Ar), 7.05 (m, 2H, Ar), 

5.45 (s, 1H, HC(C(Me)NAr)2), 3.16 (sep, 1H, CHMe2), 2.97 (m, 2H, CHMe2/MeCHCH2Ta), 2.83 

(sep, 1H, CHMe2), 1.79 (s, 3H, HC(C(Me)NAr)2), 1.74 (dd, 1H, TaCH2, 
2J = 16 Hz, 3J = 3.5 Hz), 

1.56 (s, 3H, HC(C(Me)NAr)2), 1.49 (d, 3H, CHMe2), 1.48 (d, 3H, CHMe2), 1.46 (d, 3H, 

MeCHCH2Ta), 1.33 (d, 3H, CHMe2), 1.17 (d, 3H, CHMe2), 1.15 (dd, 1H, TaCH2, 
2J = 16 Hz, 3J = 

12 Hz), 1.11 (d, 3H, CHMe2), 1.07 (s, 9H, tBu), 1.02 (d, 3H, CHMe2), 0.36 (s, 3H, TaMe). 13C{1H} 

NMR (600 MHz, C6D6, 293 K): δ 168.5 (HC(C(Me)NAr)2), 163.0 (HC(C(Me)NAr)2), 151.6 (Ar), 

145.0 (Ar), 144.1 (Ar), 141.7 (Ar), 141.5 (Ar), 140.6 (Ar), 126.4 (Ar), 126.3 (Ar), 124.9 (Ar), 

124.2 (Ar), 124.2 (Ar), 121.8 (Ar), 103.2 (HC(C(Me)NAr)2), 78.8 (TaCH2), 63.5 (Cα, 
tBu), 52.3 

(TaMe), 35.7 (MeCHCH2Ta), 31.5 (Cβ, 
tBu), 28.6 (CHMe2) , 28.5 (CHMe2), 28.0 (CHMe2), 26.1 

(HC(C(Me)NAr), 25.5 (MeCHCH2Ta), 25.4 (CHMe2), 25.0 (CHMe2), 24.8 (CHMe2), 24.8 

(CHMe2), 24.7 (HC(C(Me)NAr), 24.6 (CHMe2), 24.3 (CHMe2). Anal. calcd (%) for Ta1N3C34H52: 

C, 59.72; H, 7.67; N, 6.15. Found: C, 59.53; H, 7.48; N, 5.98. MP: dec. 220–227 ˚C. 

[κ4-CNNC-BDI]Ta(NtBu) (4.4): Compound 4.2 (160 mg, 0.239 mmol) was added to a 100 mL 

flask and dissolved in 25 mL toluene. The solution was stirred at 120 ˚C for 15 h, resulting in a 

color change from pale yellow to orange. The volatile materials were removed under vacuum and 

the residue was triturated with hexane, resulting in an orange powder. 10 mL of hexane was added 

to the powder, resulting in a suspension. Toluene was added slowly and the suspension was gently 

heated until all of the powder dissolved. The solution was stored at -40 ˚C overnight, yielding 

orange crystals of 4.4. The crystals were isolated and residual solvent was removed under vacuum 

(27 mg, 17%). 1H NMR (600 MHz, C6D6, 293 K): δ 7.39 (t, 2H, Ar), 7.26 (d, 2H, Ar), 7.03 (d, 

2H, Ar), 5.15 (s, 1H, HC(C(Me)NAr)2), 2.83 (sep, 2H, CHMe2), 2.50 (s, 6H, 1.76 (s, 6H, 

HC(C(Me)NAr)2), 1.95 (s, 6H, TaCMe2), 1.46 (s, 6H, TaCMe2), 1.22 (d, 6H, CHMe2), 0.93 (d, 6H, 
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CHMe2), 0.70 (s, 9H, tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 166.0 (HC(C(Me)NAr)2), 

149.0 (Ar), 139.7 (Ar), 139.6 (Ar), 129.3 (Ar), 123.0 (Ar), 122.1 (Ar), 103.9 (HC(C(Me)NAr)2), 

72.1 (TaCMe2), 66.5 (Cα, 
tBu), 33.5 (Cβ, 

tBu), 28.3 (CHMe2), 28.0 (HC(C(Me)NAr)2), 26.0 

(TaCMe2), 24.9 (CHMe2), 21.2 (TaCMe2) 20.9 (CHMe2). Anal. calcd (%) for Ta1N3C33H48: C, 

59.36; H, 7.25; N, 6.29. Found: C, 59.23; H, 7.33; N, 6.19. MP: dec. 229–235 ˚C. 

{ArNC(Me)CHC(Me)N[2-(CHMeCH2)-6-iPr-C6H3]}Ta(NtBu)(DMAP)H (4.5): Compound 

4.2 (200 mg, 0.299 mmol) was added to a 20 mL vial and dissolved in 8 mL hexane. In a separate 

20 mL vial, 4-dimethylaminopyridine (36.4 mg, 0.299 mmol) was dissolved in 12 mL hexane. The 

two solutions were mixed, resulting in a color change from pale yellow to yellow-brown. Upon 

standing at room temperature for 3 h, 4.5 precipitated as a pale yellow powder; the powder was 

filtered off and washed with 10 mL hexane, and residual solvent was removed under vacuum (154 

mg, 65%). 1H NMR (500 MHz, C6D6, 293 K): δ 17.58 (br s, 1H, Ta-H), 8.45 (br s, 2H, DMAP), 

7.27 (d, 1H, Ar), 7.20 (t, 1H, Ar), 7.18 (t, 1H, Ar), 7.14 (m, 1H, Ar), 7.12 (m, 1H, Ar), 7.10 (m, 

1H, Ar), 5.77 (d, 2H, DMAP), 5.47 (s, 1H, HC(C(Me)NAr)2), 3.34 (br m, 1H, MeCHCH2Ta), 3.18 

(sep, 1H, CH(Me)2), 3.06 (br m, 1H, CH(Me)2), 2.96 (br m, 1H, CH(Me)2), 2.05 (s, 6H, DMAP), 

1.86 (s, 3H, HC(C(Me)NAr)2), 1.82 (m, 1H, TaCH2), 1.74 (s, 3H, HC(C(Me)NAr)2), 1.69 (d, 3H, 

MeCHCH2Ta), 1.62 (d, 3H, CHMe2), 1.44 (dd, 1H, TaCH2, 
2J = 15 Hz, 3J = 3.8 Hz), 1.24 (d, 3H, 

CHMe2), 1.20 (d, 3H, CHMe2), 1.17 (s, 9H, tBu), 1.17 (br m, 3H, CHMe2), 1.14 (d, 3H, CHMe2), 

0.73 (br d, 3H, CHMe2). 1H NMR (500 MHz, C6D6, 333 K): δ 19.1 (s, 1H, Ta-H), 8.42 (d, 2H, 

DMAP), 7.19-7.08 (m, 6H, Ar), 5.98 (d, 2H, DMAP), 5.49 (s, 1H, HC(C(Me)NAr)2), 3.18 (ddq, 

1H, MeCHCH2Ta), 3.08 (sep, 1H, CH(Me)2), 3.03 (sep, 1H, CH(Me)2), 2.95 (sep, 2H, CH(Me)2), 

2.22 (s, 6H, DMAP), 1.86 (s, 3H, HC(C(Me)NAr)2), 1.68 (s, 3H, HC(C(Me)NAr)2), 1.55 (d, 3H, 

CHCH2Ta), 1.53 (d, 3H, CHMe2), 1.48 (dd, 1H, TaCH2, 
2J = 15 Hz, 3J = 3.6 Hz), 1.36 (br dd, 1H, 

TaCH2, 
2J = 15 Hz, 3J = 13 Hz), 1.31 (d, 3H, CHMe2), 1.23 (d, 3H, CHMe2), 1.16 (d, 3H, CHMe2), 

1.10 (d, 3H, CHMe2), 1.09 (s, 9H, tBu), 1.01 (d, 3H, CHMe2). 13C{1H} NMR (500 MHz, C6D6, 

293 K): δ 166.2 (HC(C(Me)NAr)2), 162.5 (HC(C(Me)NAr)2), 154.0 (Ar), 151.4 (Ar), 143.8 (Ar), 

142.7 (Ar), 142.3 (Ar), 140.3 (Ar), 125.8 (Ar), 124.9 (Ar), 124.4 (Ar), 124.0 (Ar), 122.9 (Ar), 

121.1 (DMAP), 105.6 (DMAP), 103.0 (HC(C(Me)NAr)2), 81.5 (TaCH2), 63.3 (Cα, 
tBu), 38.3 (Me, 

DMAP), 36.1 (MeCHCH2Ta), 33.1 (Cβ, 
tBu), 28.8 (CHMe2), 28.4 (CHMe2), 28.2 (CHMe2), 26.0 

(MeCHCH2Ta), 25.9 (HC(C(Me)NAr)2), 25.6 (CHMe2), 25.2 (CHMe2), 25.1 (CHMe2), 24.5 

(CHMe2), 24.4 (CHMe2), 24.0 (HC(C(Me)NAr)2), 23.5 (CHMe2). Anal. calcd (%) for 

Ta1N5C40H60: C, 60.67; H, 7.64; N, 8.84. Found: C, 60.74; H, 7.69; N, 8.47. FT-IR (KBr, nujol, 

cm-1): 1714 (m, Ta-H stretch). MP: dec. 112–124 ˚C. 

{ArNC(Me)CHC(Me)N[2-(CHMeCH2)-6-iPr-C6H3]}Ta(NtBu)(DMAP)D (4.5-d): Compound 

4.5 (123 mg, 0.155 mmol) was added to a 100 mL flask and dissolved in 10 mL benzene. While 

stirring the solution, the flask was evacuated under reduced pressure for 10 s, and the headspace 

was backfilled with 1 atm D2. The solution was stirred at room temperature for 2 h, and then the 

volatile materials were removed under vacuum to give 4.5-d as a pale yellow powder. The powder 

was washed with 10 mL hexane and residual solvent was removed under vacuum. 1H NMR 

spectroscopy showed the disappearance of the Ta-H peak at 17.58 ppm, and otherwise contained 

a 1H NMR spectrum identical to that of 4.5. 
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(MAD)Ta(NtBu)(NAr)(DMAP) (4.6): Compound 4.2 (220 mg, 0.328 mmol) and DMAP (40.0 

mg, 0.328 mmol) were added to a 100 mL flask and dissolved in 25 mL toluene, giving a light 

brown solution. While stirring the solution, the flask was evacuated under reduced pressure for ca. 

30 s, and the headspace was backfilled with 1 atm H2. The solution immediately changed color 

from light brown to orange-red upon addition of H2. The solution was stirred at 40 ˚C for 15 h. 

The volatile materials were removed under vacuum and the residue was triturated with hexane, 

resulting in a red-orange powder. The powder was extracted with hexane and the resulting solution 

was concentrated and stored at -80 ˚C overnight, yielding orange crystals of 4.6. The crystals were 

isolated and residual solvent was removed under vacuum (105 mg, 40%, 2 crops). 1H NMR (500 

MHz, C6D6, 293 K): δ 8.12 (d, 2H, DMAP), 7.42 (d, 2H, Ta=NAr), 7.04 (t, 1H, Ta=NAr), 7.01 

(m, 2H, HC(C(Me)NAr)(CMe)/C=NAr), 6.88 (t, 1H, C=NAr), 6.68 (d, 1H, C=NAr), 5.33 (d, 2H, 

DMAP), 4.91 (sep, 2H, CH(Me)2 of Ta=NAr), 3.85 (sep, 1H, CH(Me)2 of C=NAr), 3.10 (sep, 1H, 

CH(Me)2 of C=NAr), 3.01 (s, 3H, (HC(C(Me)NAr)(CMe)), 1.77 (s, 6H, DMAP), 1.65 (m, 12H, 
tBu/HC(C(Me)NAr)(CMe)), 1.62 (d, 6H, CHMe2 of Ta=NAr), 1.53 (d, 3H, CHMe2 of C=NAr), 

1.40 (d, 6H, CHMe2 of Ta=NAr), 1.11 (d, 3H, CHMe2 of C=NAr), 1.04 (d, 3H, CHMe2 of C=NAr), 

0.96 (d, 3H, CHMe2 of C=NAr) 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 186.4 

(HC(C(Me)NAr)(CMe)), 155.0 (HC(C(Me)NAr)(CMe)), 153.5 (Ar), 153.2 (DMAP), 145.8 (Ar), 

143.0 (Ar), 142.1 (Ar), 141.6 (Ar), 131.3 (HC(C(Me)NAr)(CMe)), 126.0 (C=NAr), 123.9 

(C=NAr), 123.3 (C=NAr), 122.2 (Ta=NAr), 119.4 (Ta=NAr), 105.1 (DMAP), 63.8 (Cα, 
tBu), 37.9 

(Me of DMAP), 35.4 (Cβ, 
tBu), 33.8 (HC(C(Me)NAr)(CMe)), 28.9 (CHMe2 of C=NAr), 27.8 

(CHMe2 of C=NAr), 27.1 (CHMe2 of Ta=NAr), 25.1 (CHMe2 of Ta=NAr), 25.0 (CHMe2 of 

C=NAr), 24.9 (CHMe2 of C=NAr), 24.6 (CHMe2 of Ta=NAr), 24.5 (CHMe2 of C=NAr), 23.6 

(CHMe2 of C=NAr), 23.0 (HC(C(Me)NAr)(CMe)). Anal. calcd (%) for Ta1N5C40H60: C, 60.67; H, 

7.64; N, 8.84. Found: C, 60.46; H, 7.48; N, 8.71. MP: dec. 175–191 ˚C. 

(BDI)Ta(NtBu)(CO)2(DMAP) (4.7): Compound 4.5 (295 mg, 0.440 mmol) and DMAP (54 mg, 

0.44 mmol) were added to a 100 mL flask and dissolved in 30 mL diethyl ether, giving a light 

brown solution. While the solution was being stirred, the flask was evacuated under reduced 

pressure for ca. 5 s, and the headspace was backfilled with 1 atm CO. The solution immediately 

changed color from light brown to dark red-brown upon addition of CO. The reaction mixture was 

stirred at room temperature for 2 h, and then the volatiles were removed under reduced pressure, 

giving a red-brown powder. The powder was re-dissolved in diethyl ether and filtered. Ether was 

then removed once again under reduced pressure to give a red-brown powder. The powder was 

extracted with toluene and the resulting solution was concentrated by slowly adding hexane until 

precipitate began to form. The solution was stored at -40 ˚C overnight, yielding red crystals of 4.7. 

The crystals were isolated and residual solvent was removed under vacuum (161 mg, 44%, 3 

crops). 1H NMR (600 MHz, C6D6, 293 K): δ 9.01 (br s, 1H, DMAP), 8.21 (br s, 1H, DMAP), 

7.30 (dd, 1H, Ar), 7.24-7.19 (m, 3H, Ar), 7.12 (dd, 1H, Ar), 7.09 (dd, 1H, Ar), 5.88 (br s, 1H, 

DMAP), 5.79 (br s, 1H, DMAP),  5.33 (s, 1H, HC(C(Me)NAr)2), 3.85 (sep, 1H, CHMe2), 3.15 

(sep, 1H, CHMe2), 3.11 (sep, 1H, CHMe2), 2.95 (sep, 1H, CHMe2), 2.68 (sep, 1H, CHMe2), 2.09 

(s, 6H, DMAP), 2.03 (s, 3H, HC(C(Me)NAr)2), 1.86 (s, 3H, HC(C(Me)NAr)2), 1.82 (d, 3H, 

CHMe2), 1.68 (d, 3H, CHMe2), 1.33 (d, 3H, CHMe2), 1.18 (d, 3H, CHMe2), 1.09 (d, 3H, CHMe2), 

1.07 (d, 2H, CHMe2), 1.06 (s, 9H, tBu), 1.04 (s, 3H, CHMe2), 0.97 (s, 3H, CHMe2). 13C{1H} NMR 

(400 MHz, C6D6, 293 K): δ 165.3 (HC(C(Me)NAr)2), 162.6 (HC(C(Me)NAr)2), 154.0 (Ar), 149.7 
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(Ar), 149.6 (Ar), 144.3 (Ar), 143.8 (Ar), 142.0 (Ar), 141.8 (Ar), 126.0 (Ar), 125.8 (Ar), 124.1 (Ar), 

123.9 (Ar), 123.6 (Ar), 123.5 (Ar), 105.7 (DMAP), 96.7 (HC(C(Me)NAr)2), 65.4 (Cα, 
tBu), 38.3 

(DMAP Me), 31.1 (Cβ, 
tBu), 29.2 (CHMe2), 28.8 (CHMe2), 28.5 (CHMe2), 28.3 (CHMe2), 25.8 

(CHMe2), 25.7 (CHMe2), 25.7 (HC(C(Me)NAr)2), 25.6 (HC(C(Me)NAr)2), 25.4 (CHMe2), 25.2 

(CHMe2), 25.1 (CHMe2), 25.0 (CHMe2), 24.9 (CHMe2), 24.7 (CHMe2). Anal. calcd (%) for 

Ta1O2N5C41H60: C, 58.91; H, 7.24; N, 8.38. Found: C, 58.79; H, 7.40; N, 8.29. FT-IR (KBr, nujol, 

cm-1): 1949 (s), 1845 (s). MP: dec. 185–195 ˚C. 

(BDI)Ta(NtBu)(CO)2 (4.8): Compound 4.2 (241 mg, 0.360 mmol) was added to a 100 mL flask 

and dissolved in 25 mL hexane. The solution was cooled to -77 ˚C, and then the flask was 

evacuated under reduced pressure for ca. 5 s with stirring. The headspace was then refilled with 1 

atm CO. The solution was allowed to slowly come to room temperature with stirring over 3 h, 

resulting in a color change from pale yellow to brown. The solution was then cannula filtered and 

concentrated, and then stored at -40 ˚C overnight, yielding green crystals of 4.8. The crystals were 

isolated and residual solvent was removed under vacuum (145 mg, 55%). 1H NMR (500 MHz, 

C6D6, 293 K): δ 7.18 (dd, 2H, Ar), 7.10 (m, 4H, Ar), 5.43 (s, 1H, HC(C(Me)NAr)2), 2.91 (sep, 

4H, CHMe2), 1.76 (s, 6H, HC(C(Me)NAr)2), 1.48 (d, 12H, CHMe2), 1.11 (d, 12H, CHMe2), 0.82 

(s, 9H, tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 165.9 (HC(C(Me)NAr)2), 148.9 (Ar), 

141.8 (Ar), 126.7 (Ar), 124.0 (Ar), 102.4 (HC(C(Me)NAr)2), 66.5 (Cα, 
tBu), 31.3 (Cβ, 

tBu), 28.9 

(CHMe2), 25.4 (CHMe2), 24.7 (HC(C(Me)NAr)2), 24.5 (CHMe2). Anal. calcd (%) for 

Ta1O2N3C35H50: C, 57.92; H, 6.94; N, 5.79. Found: C, 57.88; H, 7.11; N, 5.68. FT-IR (KBr, nujol, 

cm-1): 1975 (s), 1959 (s), 1869 (s). MP: dec. 181–187 ˚C. 

{ArNC(Me)CHC(Me)N[2-(CHMeCH2)-6-iPr-C6H3]}(η2-N(Xyl)CH)Ta(NtBu) (4.9a, 4.9b): 

Diethyl ether (60 mL) was added to a 100 mL flask containing 4.2 (276 mg, 0.412 mol), resulting 

in a pale yellow solution. Diethyl ether (20 mL) was added to a separate 100 mL flask containing 

2,6-dimethylphenylisocyanide (52 mg, 0.40 mmol), resulting in a colorless solution.  The resulting 

solutions were both cooled to -80 ̊ C with stirring, and then the isocyanide solution was transferred 

to the flask containing 4.2 via cannula.  The solution was stirred at -80˚ C for 30 minutes, and then 

allowed to warm to room temperature.  Upon warming to room temperature, the solution became 

darker yellow.  The solution was stirred at room temperature for 2 h.  The volatile materials were 

removed under vacuum, and the resulting pale yellow-green residue was extracted with hexanes 

(75 mL) and the resulting solution was filtered and concentrated.  The solution was stored at -40 

˚C for 1 week to give 4.9a and 4.9b as a pale yellow microcrystalline powder, which was isolated 

and residual solvent was removed under vacuum. X-ray quality crystals were obtained from slow 

evaporation of benzene solvent. Yield: 169 mg, 52% over 3 crops in ~3:1 ratio of 4.9a to 4.9b. 1H 

NMR (600 MHz, C6D6) Compound 4.9a: δ 10.37 (s, 1H, TaC(NXyl)H),  7.34 (d, 1H, Ar), 7.20 

(t, 1H, Ar), 7.16-7.01 (m, 4H, Ar), 6.95 (d, 1H, Xyl), 6.87 (t, 1H, Xyl), 6.80 (d, 1H, Xyl), 5.28 (s, 

1H, HC(C(Me)NAr)2), 3.56 (sep, 1H, CHMe2), 3.17 (sep, 1H, CHMe2), 3.08 (m, 1H, 

MeCHCH2Ta), 2.66 (dd, 1H, TaCH2, 
2J = 15 Hz, 3J = 12 Hz), 2.54 (sep, 1H, CHMe2), 2.39 (s, 3H, 

Xyl), 1.86 (m, 1H, TaCH2), 1.84 (s, 3H, Xyl), 1.71 (d, 3H, MeCHCH2Ta), 1.67 (s, 3H, 

HC(C(Me)NAr)2), 1.62 (s, 3H, HC(C(Me)NAr)2), 1.58 (d, 3H, CHMe2), 1.20 (d, 3H, CHMe2), 1.13 

(d, 3H, CHMe2), 1.07 (d, 3H, CHMe2), 0.92 (s, 9H, tBu), 0.80 (d, 3H, CHMe2), 0.63 (d, 3H, 

CHMe2). Compound 4.9b: δ 10.39 (s, 1H, TaC(NXyl)H),  7.22 (d, 1H, Ar), 7.16-7.01 (m, 5H, Ar), 
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6.95 (m, 1H, Xyl), 6.87 (m, 1H, Xyl), 6.79 (m, 1H, Xyl), 5.23 (s, 1H, HC(C(Me)NAr)2), 4.77 (m, 

1H, MeCHCH2Ta), 3.52 (sep, 1H, CHMe2), 3.25 (sep, 1H, CHMe2), 3.05 (m, 1H, TaCH2), 2.55 

(m, 1H, CHMe2), 2.36 (s, 3H, Xyl), 1.85 (m, 1H, TaCH2), 1.84 (s, 3H, Xyl), 1.65 (s, 2H, 

HC(C(Me)NAr)2), 1.55 (d, 3H, CHMe2), 1.26 (d, 3H, MeCHCH2Ta), 1.20 (d, 3H, CHMe2), 1.13 

(d, 3H, CHMe2), 1.09 (d, 3H, CHMe2), 0.94 (s, 9H, tBu), 0.77 (d, 3H, CHMe2), 0.58 (d, 3H, 

CHMe2).  13C{1H} NMR (600 MHz, C6D6) Compound 4.9a: δ 167.3 (HC(C(Me)NAr)2), 162.6 

(HC(C(Me)NAr)2), 152.2 (Ar), 146.8 (Ar), 145.2 (Xyl), 144.9 (Ar), 142.6 (Ar), 142.2 (Ar), 139.5 

(Ar), 132.0 (Xyl), 130.3 (Xyl), 129.6 (Xyl), 128.7 (Xyl), 126.2 (Xyl), 126.0 (Ar), 125.7 (Ar), 124.8 

(Ar), 124.0 (Ar), 123.7 (Ar), 121.6 (Ar), 104.2 (HC(C(Me)NAr)2), 73.8 (TaCH2), 64.2 (Cα, 
tBu), 

36.4 (MeCHCH2Ta), 32.4 (Cβ, 
tBu), 28.4 (CHMe2) , 27.9 (CHMe2), 27.1 (CHMe2), 25.9 

(HC(C(Me)NAr), 25.5 (CHMe2), 25.5 (CHMe2), 25.3 (CHMe2), 24.9 (CHMe2), 24.7 (CHMe2), 

24.2 (CHMe2), 24.2 (CHMe2), 23.9 (HC(C(Me)NAr), 19.2 (Xyl), 18.3 (Xyl). Anal. calcd (%) for 

Ta1N4C42H59: C, 62.99; H, 7.43; N, 7.00. Found: C, 62.60; H, 7.36; N, 6.66. MP: dec. 151–159 ˚C. 

{ArNC(Me)CHC(Me)N[2-(CHMeCH2CN(Xyl)C(H)N(Xyl))-6-iPr-C6H3]}Ta(NtBu) (4.10): 

Diethyl ether (100 mL) was cooled to -80 ̊ C, and then added to a 200 mL Schlenk flask containing 

4.2 (600 mg, 0.896 mmol) and 2,6-dimethylphenylisocyanide (247 mg, 1.88 mmol), resulting in a 

pale yellow-green solution. The solution was stirred for 2 h at room temperature. As the solution 

warmed to room temperature, it became progressively dark green-blue. The volatile materials were 

removed under vacuum, and the residue was extracted with hexanes (3 x 50 mL) and filtered to 

give a dark green-blue filtrate. The solution was concentrated and stored at -40 ˚C overnight, 

yielding 4.10 as a dark green crystalline solid, which was isolated and residual solvent was 

removed under vacuum.  Yield: 506 mg, 61% over two crops. Alternatively, 4.10 can be prepared 

from the reaction of 4.9 with one equivalent of 2,6-dimethylphenylisocyanide. 1H NMR (400 

MHz, C6D6): δ 7.13-7.01 (m, 5H, Ar), 6.95 (d, 1H, Xyl), 6.85 (t, 1H, Xyl), 6.82 (t, 1H, Xyl), 6.76 

(m, 2H, Ar and Xyl), 6.68 (d, 1H, Xyl), 6.59 (d, 1H, Xyl), 5.52 (s, 1H, Ta=CN(Xyl)CHN(Xyl)), 

5.31 (s, 1H, HC(C(Me)NAr)2), 5.18 (dd, 1H, Ta=CCH2CH(Me)Ar, 2J = 15 Hz, 3J = 3.6 Hz), 4.16 

(dqd, 1H, Ta=CCH2CH(CH3)Ar, 3J(CH2) = 12 Hz, 3J(CH3) = 7.0 Hz, 3J(CH2)’ = 3.6 Hz), 3.38 (sep, 

1H, CHMe2), 3.02 (m, 2H, CHMe2), 2.47 (s, 3H, Xyl), 2.35 (dd, 1H, Ta=CCH2CH(CH3)Ar, 2J = 

15 Hz, 3J = 12 Hz , 1.98 (s, 3H, Xyl), 1.66 (s, 3H, HC(C(Me)NAr)2), 1.62 (s, 3H, Xyl), 1.61 (s, 

9H, tBu), 1.56 (s, 3H, HC(C(Me)NAr)2), 1.46 (d, 3H, Ta=CCH2CH(Me)Ar), 1.33 (d, 3H, CHMe2), 

1.29 (s, 3H, Xyl), 1.23 (d, 3H, CHMe2), 1.22 (d, 3H, CHMe2), 1.14 (d, 3H, CHMe2), 1.07 (d, 3H, 

CHMe2), 0.86 (d, 3H, CHMe2). 
13CNMR (500 MHz, C6D6): 170.7 (HC(C(Me)NAr)2), 167.4 

(HC(C(Me)NAr)2), 151.7 (Ar), 149.6 (Ar), 149.0 (Xyl), 141.8 (Ar), 141.5 (Ta=C), 141.3 (Ar), 

140.4 (Ar), 136.7 (Xyl), 135.7 (Xyl), 135.1 (Xyl), 133.0 (Ar or Xyl), 132.8 

(Ta=CN(Xyl)CHN(Xyl)), 128.7 (Xyl), 128.4 (Ar or Xyl), 128.2 (Ar or Xyl) 128.0 (Xyl), 127.8 

(Ar), 127.7 (Xyl) 127.4 (Xyl), 125.9 (Ar or Xyl), 125.3 (Ar), 124.5 (Xyl), 124.2 (Xyl), 123.9 (Ar), 

123.6 (Ar), 122.7 (Ar), 107.3 (HC(C(Me)NAr)2), 68.6 (Cα, 
tBu), 46.6 (Ta=CCH2CH(CH3)Ar), 

36.3 (Ta=CCH2CH(CH3)Ar),  34.9 (Cβ, 
tBu), 28.7 (CHMe2), 28.4 (CHMe2), 28.1 (CHMe2), 26.8 

(HC(C(Me)NAr)2), 26.7 (CHMe2), 26.2 (CHMe2), 25.6  (CHMe2), 25.3 (CHMe2), 24.4 (CHMe2), 

24.4 (HC(C(Me)NAr)2), 23.3 (CHMe2), 20.7 (Xyl), 20.3 (Xyl), 19.2 (CHMe2), 18.2 (Xyl), 16.7 

(Xyl). Anal. calcd (%) for Ta1N5C51H68: C, 65.72; H, 7.35; N, 7.51. Found: C, 65.97; H, 7.68; N, 

7.21. MP: dec. 154–176 ˚C. 
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[{ArNC(Me)CHC(Me)N[2-(CHMeCH2CN(Xyl)C(H)N(Xyl))-6-iPr-

C6H3]}Ta(NtBu)][B(C6F5)4] (4.11): Diethyl ether (5 mL) was added to 4.10 (100 mg, 0.11 mmol) 

in a 20 mL scintillation vial, resulting in a dark green-blue solution. In a separate 20 mL 

scintillation vial, AgB(C6F5)4·Et2O (120 mg, 0.14 mmol) was dissolved in diethyl ether (5 mL). 

Both vials were cooled to -40 ̊ C, and the Ag+ solution was transferred to the solution of 4.10 while 

stirring. The color of the solution changed from dark green to dark brown with a dark precipitate, 

and the solution was stirred while being allowed to warm to room temperature for 10 minutes. The 

suspension was filtered through a pad of Celite to remove silver metal. Upon standing at room 

temperature, 4.11 began to precipitate from the diethyl ether solution as a dark brown crystalline 

solid. The suspension was stored at -40 ˚C overnight, resulting in the formation of additional 

crystals, which were isolated and residual solvent was removed under vacuum. Yield: 66 mg, 37%. 

No peaks were observed in the 1H NMR or 13C NMR spectra of 4.11 due to its paramagnetism. 

Anal. calcd (%) for Ta1F20N5C75B1H68: C, 55.91; H, 4.25; N, 4.35. Found: C, 55.85 H, 4.31; N, 

4.27. MP: dec. 143–173 ˚C. 

[{ArNC(Me)CHC(Me)N[2-(CHMeCHCN(Xyl)C(H)N(Xyl))-6-iPr-

C6H3]}Ta(NtBu)][B(C6F5)4] (4.12): Diethyl ether (5 mL) was added to 4.10 (100 mg, 0.11 mmol) 

in a 20 mL scintillation vial, resulting in a dark green-blue solution. In a separate 20 mL 

scintillation vial, AgB(C6F5)4·Et2O (250 mg, 0.29 mmol) was dissolved in diethyl ether (5 mL). 

Both vials were cooled to -40 ̊ C, and the Ag+ solution was transferred to the solution of 4.10 while 

stirring. The color of the solution changed from dark green to dark brown to yellow with a dark 

precipitate, and the solution was stirred while being allowed to warm to room temperature for 10 

minutes. The suspension was filtered through a pad of Celite to remove silver metal. Upon standing 

at room temperature, 4.12 began to precipitate from the diethyl ether solution as a yellow 

crystalline solid. The suspension was stored at -40 ˚C overnight, resulting in the formation of 

additional crystals, which were isolated and residual solvent was removed under vacuum. Yield: 

106 mg, 59%. 1H NMR (600 MHz, CDCl3): δ 7.32 (s, 1H, TaCN(Xyl)CHN(Xyl)), 7.22-7.07 (m, 

7H, Ar), 6.97 (d, 2H, Ar), 6.82 (t, 1H, Ar), 6.73 (d, 1H, Ar), 6.45 (d, 1H, Ar), 6.31 (s, 1H, 

HC(C(Me)NAr)2), 5.76 (d, 1H, TaCCH=CH(Me)Ar), 4.56 (quint, 1H, TaCCH=CH(CH3)Ar), 2.90 

(sep, 1H, CHMe2), 2.68 (sep, 1H, CHMe2), 2.65 (sep, 1H, CHMe2), 2.44 (s, 3H, Xyl), 2.25 (s, 3H, 

Xyl), 2.02 (s, 3H, HC(C(Me)NAr)2), 1.96 (s, 3H, HC(C(Me)NAr)2), 1.68 (s, 3H, Xyl), 1.62 (s, 3H, 

Xyl), 1.43 (d, 3H, TaCCH=CH(Me)Ar), 1.42 (s, 3H, Xyl), 1.38 (d, 3H, CHMe2), 1.34 (s, 9H, tBu), 

1.17 (s, 3H, Xyl), 1.14 (d, 3H, CHMe2), 1.10 (d, 3H, CHMe2), 1.01 (d, 3H, CHMe2), 0.95 (d, 3H, 

CHMe2). 13C{1H} NMR (600 MHz, CDCl3): 190.6 (TaCN(Xyl)CHN(Xyl)), 176.4 

(HC(C(Me)NAr)2), 163.6 (TaCN(Xyl)CHN(Xyl)), 161.0 (HC(C(Me)NAr)2), 145.9 (Ar), 144.8 

(Ar), 149.0 (Xyl), 143.0 (Ar), 141.6 (Ar), 141.3 (Ar), 140.6 (Ar), 140.2 (Ar), 135.6 (Ar), 135.5 

(Ar), 135.3 (Ar), 133.6 (Ar), 132.6 (Ar), 130.2 (Ar), 130.0 (Ar), 129.3 (Ar) 129.2 (Ar), 129.0 (Ar), 

128.7 (Ar) 128.2 (Ar), 127.9 (Ar), 125.0 (Ar), 124.9 (Ar), 124.7 (Ar), 122.3 (Ar), 108.0 

(HC(C(Me)NAr)2), 71.9 (Cα, 
tBu), 36.6 (TaCCH=CH(CH3)Ar),  32.8 (Cβ, 

tBu), 29.7 

(HC(C(Me)NAr)2), 29.4 (CHMe2), 29.2 (CHMe2), 28.6 (CHMe2), 26.3 (CHMe2), 25.7  (CHMe2), 

25.5 (HC(C(Me)NAr)2), 25.5 (CHMe2), 24.8 (CHMe2), 24.0 (CHMe2), 23.5 (CHMe2), 20.7 (Xyl), 

19.6 (Xyl), 17.7 (Xyl), 16.6 (CHMe2), 16.0 (Xyl). Anal. calcd (%) for Ta1F20N5C75B1H67: C, 55.95; 

H, 4.19; N, 4.35. Found: C, 55.88 H, 4.10; N, 4.27. MP: dec. 190–240 ˚C. 
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{ArNC(Me)C(H)C(Me)(C(Ph)=C(Ph))C(O)NAr}Ta(NtBu) (4.13): Compound 4.8 (200 mg, 

0.27 mmol) and diphenylacetylene (48 mg, 0.27 mmol) were dissolved in 10 mL hexane in a 20 

mL vial. The resulting solution was left at room temperature for 18 h, resulting in a slow color 

change from green to yellow. The solution was concentrated and stored at -40 ˚C overnight, 

yielding yellow crystals of 4.13. Yield: 160 mg, 68% over two crops. X-ray suitable crystals were 

obtained by recrystallization from a concentrated n-pentane solution at -40 °C. 1H NMR (600 

MHz, C6D6, 293 K): δ 7.26 (dd, 1H, Ar or Ph), 7.22–7.18 (m, 2H, Ar/Ph), 7.18–7.07 (m, 6H, 

Ar/Ph), 7.03 (t, 2H, Ph), 6.99 (dd, 1H, Ar or Ph), 6.94 (m, 1H, Ar or Ph), 6.89–6.81 (m, 3H, Ar/Ph), 

4.57 (s, 1H, HC(C(Me)NAr)), 4.02 (sep, 1H, CHMe2), 3.41 (sep, 1H, CHMe2), 3.13 (sep, 1H, 

CHMe2), 2.90 (sep, 1H, CHMe2), 1.87 (s, 3H, HC(C(Me)C(O)NAr)), 1.64 (d, 3H, CHMe2), 1.57 

(s, 3H, HC(C(Me)NAr)), 1.41 (d, 3H, CHMe2), 1.40 (d, 3H, CHMe2), 1.38 (d, 3H, CHMe2), 1.35 

(d, 3H, CHMe2), 1.34 (d, 3H, CHMe2), 1.10 (d, 3H, CHMe2), 0.93 (br d, 3H, CHMe2), 0.79 (s, 9H, 
tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 210.4 (HC(C(Me)C(O)NAr), 174.7 

(HC(C(Me)NAr)), 150.0 (Ar or Ph or PhC=CPh), 146.2 (Ar or Ph or PhC=CPh), 145.3 (Ar or Ph 

or PhC=CPh), 145.2 (Ar or Ph or PhC=CPh), 143.7 (Ar or Ph or PhC=CPh), 143.6 (Ar or Ph or 

PhC=CPh), 143.3 (Ar or Ph or PhC=CPh), 143.1 (Ar or Ph or PhC=CPh), 142.9 (Ar or Ph or 

PhC=CPh), 140.9 (Ar or Ph or PhC=CPh), 129.9 (Ar or Ph), 129.4 (Ar or Ph), 128.7 (Ar or Ph), 

128.5 (Ar or Ph), 127.4 (Ar or Ph), 127.2 (Ph), 127.2 (Ar or Ph), 127.0 (Ar or Ph), 125.8 (Ph), 

124.1 (Ar or Ph), 123.9 (Ar or Ph), 123.5 (Ar or Ph), 123.5 (Ar or Ph), 102.0 (HC(C(Me)NAr)), 

69.9 (HC(C(Me)C(O)NAr)), 52.9 (Cα, 
tBu), 33.3 (HC(C(Me)C(O)NAr)), 32.6 (Cβ, 

tBu), 30.3 

(CHMe2), 29.4 (CHMe2), 29.0 (CHMe2), 28.5 (CHMe2), 26.3 (CHMe2), 25.4 (CHMe2), 25.4 

(CHMe2), 24.5 (CHMe2), 24.4 (CHMe2), 24.3 (CHMe2), 24.0 (CHMe2), 23.9 (HC(C(Me)NAr)), 

23.6 (CHMe2). Anal. calcd (%) for Ta1O1N3C48H60: C, 65.82; H, 6.90; N, 4.80. Found: C, 65.75; 

H, 6.79; N, 4.87. MP: dec. 112–140 ˚C. 

[(BDI)Ta(NtBu)(CO)2N3][nBu4N] (4.14): Compound 4.8 (400 mg, 0.55 mmol) was dissolved in 

5 mL toluene in a 20 mL vial. In a separate vial, tetrabutylammonium azide (160 mg, 0.55 mmol) 

was dissolved in 5 mL toluene. The azide solution was added to the solution of 4.8, resulting in an 

immediate color change from green to red. The solution was left at room temperature for 30 

minutes, and then the volatile materials were removed under vacuum, leaving a red residue. The 

residue was triturated with hexane, and then extracted with diethyl ether. The resulting red solution 

was concentrated and stored at -40 ˚C overnight, yielding red crystals of 4.14. Yield: 500 mg, 90% 

over two crops. 1H NMR (600 MHz, C6D6, 293 K): δ 7.40 (dd, 2H, Ar), 7.29 (dd, 2H, Ar), 7.19 

(t, 2H, Ar), 4.98 (s, 1H, HC(C(Me)NAr)2), 4.64 (br s, 2H, CHMe2), 4.06 (sep, 2H, CHMe2), 2.31 

(m, 8H, NCH2CH2CH2CH3), 1.81 (s, 6H, HC(C(Me)NAr)2), 1.79 (d, 6H, CHMe2), 1.71 (br d, 6H, 

CHMe2), 1.59 (br s, 9H, tBu), 1.48 (br d, 6H, CHMe2), 1.38 (d, 6H, CHMe2), 0.98–0.83 (m, 16H, 

NCH2CH2CH2CH3), 0.72 (t, 12H, NCH2CH2CH2CH3). 13C{1H} NMR (600 MHz, C6D6, 293 K): 

δ 165.1 (HC(C(Me)NAr)2), 152.2 (Ar), 144.3 (Ar), 143.3 (Ar), 124.7 (Ar), 124.4 (Ar), 123.8 (Ar), 

99.7 (HC(C(Me)NAr)2), 64.8 (Cα, 
tBu), 58.3 (NCH2CH2CH2CH3), 33.3 (Cβ, 

tBu), 29.1 (CHMe2), 

28.2 (CHMe2), 26.1 (CHMe2), 25.9 (CHMe2), 25.7 (CHMe2), 25.7 (CHMe2), 25.1 

(HC(C(Me)NAr)2), 23.7 (NCH2CH2CH2CH3), 19.6 (NCH2CH2CH2CH3), 13.7 

(NCH2CH2CH2CH3). Anal. calcd (%) for Ta1O2N7C51H86: C, 60.63; H, 8.58; N, 9.71. Found: C, 

60.40; H, 8.43; N, 9.79. MP: dec. 114–126 ˚C. 
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[{ArNC(Me)C(H)C(Me)C(O)NAr}Ta(NtBu)N3][nBu4N] (4.15): Compound 4.14 (200 mg, 0.20 

mmol) was dissolved in 20 mL toluene in a 100 mL Schlenk flask to give a red solution. The 

solution was irradiated with UV light in a photo-reactor under N2 atmosphere for 16 h, resulting 

in a color change from red to orange. The volatile materials were removed under vacuum, leaving 

an orange residue. The residue was triturated with hexane, and then extracted with toluene. The 

resulting orange solution was concentrated and stored at -40 ˚C overnight, yielding yellow crystals 

of 4.15. Yield: 68 mg, 35% over two crops. X-ray suitable crystals were obtained by 

recrystallization from a concentrated diethyl ether solution at -40 °C. 1H NMR (600 MHz, C6D6, 

293 K): δ 7.30 (dd, 1H, Ar), 7.19–7.15 (m, 3H, Ar), 7.13 (dd, 1H, Ar), 6.91 (t, 1H, Ar), 5.69 (s, 

1H, HC(C(Me)NAr)), 4.30 (sep, 1H, CHMe2), 4.17 (sep, 1H, CHMe2), 4.15 (sep, 2H, CHMe2), 

2.72–2.67 (m, 11H, HC(C(Me)C(O)NAr)/NCH2CH2CH2CH3), 1.85 (d, 3H, CHMe2), 1.81 (s, 9H, 
tBu), 1.72 (s, 3H, HC(C(Me)NAr)), 1.51 (d, 6H, CHMe2), 1.47 (d, 3H, CHMe2), 1.31 (d, 6H, 

CHMe2), 1.30 (d, 3H, CHMe2), 1.20 (d, 3H, CHMe2), 1.17–1.10 (m, 16H, NCH2CH2CH2CH3), 

0.88 (t, 12H, NCH2CH2CH2CH3). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 154.4 

(HC(C(Me)NAr)), 147.0 (Ar), 146.7 (Ar), 145.3 (Ar), 143.3 (Ar), 126.1 (Ar), 124.0 (Ar), 123.7 

(Ar), 121.9 (Ar), 120.5 (Ar), 111.7 (HC(C(Me)NAr)), 71.0 (HC(C(Me)C(O)NAr)), 58.7 

(NCH2CH2CH2CH3), 53.4 (Cα, 
tBu), 30.6 (Cβ, 

tBu), 28.2 (CHMe2), 28.1 (CHMe2), 27.8 (CHMe2), 

25.7 (CHMe2), 25.5 (HC(C(Me)C(O)NAr)), 25.4 (CHMe2), 25.3 (CHMe2), 25.0 (CHMe2), 24.1 

(CHMe2), 24.1 (NCH2CH2CH2CH3), 24.1 (CHMe2), 20.0 (NCH2CH2CH2CH3), 18.5 

(HC(C(Me)NAr)), 13.9 (NCH2CH2CH2CH3). Anal. calcd (%) for Ta1O1N7C50H86: C, 61.14; H, 

8.83; N, 9.98. Found: C, 61.47; H, 8.96; N, 9.80. MP: 148–156 ˚C. 

Cyclic Voltammetry Studies: Electrochemical data were obtained with a BASi Epsilon 

potentiostat at room temperature using a glassy carbon working electrode, a platinum counter 

electrode, and a silver wire floating reference electrode. Cyclic voltammograms were recorded in 

a glovebox at room temperature in dichloromethane solution containing 0.1 M [nBu4N][PF6] as the 

supporting electrolyte and 0.001M of 4.10. All potentials were referenced against a [Cp2Fe]0/+ 

internal standard. 
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Figure 4.11  Plot (R2 = 0.9996) of ipa vs. sqrt(scan rate) from 10 to 1000 mV/s for 4.10. 

EPR Measurements: Solution EPR spectra were obtained with a Varian E-12 spectrometer, an 

EIP-547 microwave frequency counter, and a Varian E-500 gaussmeter, which was calibrated 

using 2,2-diphenyl-1-picrylhydrazyl (DPPH, g¼ 2.0036). The spectral simulations were 

performed with EasySpin.77 

DFT Calculations: Structures were calculated using the Gaussian09 suite of programs.78 Self-

consistent field computations were performed with tight convergence criteria on ultrafine grids, 

while geometry optimizations were converged to tight geometric convergence criteria for all 

compounds. The PBE pure functional79,80 with Grimme’s D3 corrections for dispersion forces81 

was used throughout this computational study. The light atoms (H, C and N) were treated 

with  Dunning’s correlation consistent polarized valence double zeta basis,82 while the tantalum 

atom was treated with a Stuttgart/Dresden ECP pseudopotential (SDD).83,84 QTAIM analyses were 

performed with AIMAll Version 16.01.09.85 

X-Ray Crystallographic Studies: Single crystals of 4.2a, 4.3, 4.5, 4.9, 4.10, 4.11, 4.12, 4.13, 4.14 

and 4.15 were coated in Paratone-N oil, mounted on a Kaptan loop, transferred to a Bruker APEX 

CCD area detector,86 centered in the beam, and cooled by a nitrogen flow low-temperature 

apparatus that had been previously calibrated by a thermocouple placed at the same position as the 

crystal. Preliminary orientation matrices and cell constants were determined by collection of 36 10 

s frames, followed by spot integration and least-squares refinement. An arbitrary hemisphere of 

data was collected, and the raw data were integrated using SAINT.87 Cell dimensions reported 

were calculated from all reflections with I > 10 (Table 1). The data were corrected for Lorentz and 

polarization effects, but no correction for crystal decay was applied. An empirical absorption 

correction based on comparison of redundant and equivalent reflections was applied using 

SADABS.88 Structures were solved by direct methods with the aid of successive difference Fourier 

maps and were refined against all data using the SHELXTL 5.0 software package.89 Thermal 
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parameters for all non-hydrogen atoms were refined anisotropically. ORTEP diagrams were 

created using the ORTEP-3 software package90 and Mercury.91 

Table 4.2  Crystallographic data for compounds 4.2a, 4.3 and 4.5. 

Compound 4.2a · ½ C6H6 4.3 · ½ C6H6 4.5 · C6H6 

Empirical formula  C36H53N3Ta C37H55N3Ta C46H66N5Ta 

Formula weight (amu) 708.76 722.79 869.99 

Wavelength (Å) 0.71073 0.71073 0.71073 

Space group  P-1 P-1 P21/n 

a (Å) 9.1595(3) 9.0824(5) 11.413(5) 

b (Å) 11.4603(4) 11.2781(6) 17.448(5) 

c (Å) 17.0518(6) 18.1047(9) 21.602(5) 

α (°) 87.553(2) 74.765(2) 90 

β (°) 81.957(2) 84.576(2) 97.815(5) 

γ (°) 71.414(2) 73.290(2) 90 

V (Å3) 1679.9(1) 1713.4(2) 4262(2) 

Z 2 2 4 

ρcalcd (g/cm3) 1.401 1.401 1.356 

μ (mm-1) 3.299 3.235 2.616 

F000 (e-) 726 742 1800 

Crystal size (mm3) .10 x .06 x .06 .08 x .04 x .04 .06 x .04 x .04 

Theta min / max (˚) 2.23 / 25.43 1.95 / 25.41 1.51 / 25.44 

Reflections collected 32504 31904 57607 

Rint 0.0337 0.0302 0.0466 

Tmax / Tmin 0.7452 / 0.6457 0.8815 / 0.7818 0.9026 / 0.8588 

Data / restr. / param. 6169 / 0 / 377 6289 / 0 / 383 7837 / 0 / 487 

GoF 1.077 1.064 1.062 

R1 / wR2 (I>2σ(I)) 0.0310 / 0.0766 0.0184 / 0.0401 0.0287 / 0.0602 

R1 / wR2 (all data) 0.0354 / 0.0793 0.0208 / 0.0409 0.0354 / 0.0627 

Res. peak / hole (e-/Å3) 4.278 / -0.721 1.759 / -0.780 3.682 / -2.095 
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Table 4.3  Crystallographic data for compounds 4.9, 4.10, 4.11, and 4.12. 

Compound 4.9 4.10 4.11 · ½ Et2O 4.12 · ½ Et2O 

Empirical formula  C42H59N4Ta C51H68N5Ta C77H73N5O½ 

BF20Ta 

C77H72N5O½ 

BF20Ta 

Formula weight (amu) 800.88 932.05 1648.16 1647.15 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group  P212121 P-1 P-1 P-1 

a (Å) 10.989(1) 11.0249(7) 13.596(2) 13.7780(7) 

b (Å) 18.570(2) 12.2748(8) 16.095(2) 16.0261(9) 

c (Å) 18.795(2) 17.777(1) 17.884(3) 17.5749(8) 

α (°) 90 73.929(1) 96.674(8) 79.572(2) 

β (°) 90 75.071(1) 112.279(5) 67.312(2) 

γ (°) 90 83.673(1) 93.021(6) 86.219(2) 

V (Å3) 3835.4(6) 2231.7(2) 3576.8(9) 3521.6(3) 

Z 4 2 2 2 

ρcalcd (g/cm3) 1.387 1.387 1.530 1.553 

μ (mm-1) 2.899 2.503 1.637 1.663 

F000 (e-) 1648 964 1664 1662 

Crystal size (mm3) .14 x .10 x .04 .20 x .15 x .09 .12 x .08 x .06 .07 x .03 x .02 

Theta min / max (˚) 1.54 / 25.36 1.73 / 25.41 1.62 / 25.45 1.60 / 25.40 

Reflections collected 73304 8204 51203 72955 

Rint 0.0581 0.0328 0.0419 0.0604 

Tmax / Tmin 0.7452 / 0.5820 0.7452 / 0.6588 0.7452 / 0.6518 0.7452 / 0.6927 

Data / restr. / param. 7015 / 0 / 459 8204 / 0 / 556 13089 / 0 / 980 12930 / 6 / 988 

GoF 1.087 1.105 1.056 1.011 

R1 / wR2 (I>2σ(I)) 0.0261 / 0.0572 0.0191 / 0.0564 0.0280 / 0.0578 0.0312 / 0.0570 

R1 / wR2 (all data) 

Flack parameter 

0.0289 / 0.0587 

0.50(1) 

0.0198 / 0.0567 

- 

0.0348 / 0.0604 

- 

0.0424 / 0.0604 

- 

Res. peak / hole (e-/Å3) 2.480 / -0.798 0.940 / -1.059 0.632 / -0.680 1.229 / -0.565 
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Table 4.4  Crystallographic data for compounds 4.13, 4.14 and 4.15. 

Compound 4.13 4.14 · C4H10O 4.15 

Empirical formula  C48H60N3OTa C55H96N7O3Ta C50H86N7OTa 

Formula weight (amu) 875.94 1084.33 982.20 

Wavelength (Å) 0.71073 0.71073 0.71073 

Space group  P21/n P-1 P-1 

a (Å) 11.795(5) 12.538(1) 15.846(1) 

b (Å) 19.733(5) 12.866(1) 16.219(1) 

c (Å) 18.398(5) 17.601(1) 21.967(1) 

α (°) 90 93.269(3) 92.497(2) 

β (°) 94.317(5) 92.588(3) 99.864(2) 

γ (°) 90 90.765(3) 90.841(2) 

V (Å3) 4270(2) 2832.5(4) 5555.7(4) 

Z 4 2 4 

ρcalcd (g/cm3) 1.363 1.271 1.174 

μ (mm-1) 2.612 1.986 2.016 

F000 (e-) 1800 1144 2064 

Crystal size (mm3) .08 x .08 x .06 .12 x .10 x .10 .08 x .06 x .05 

Theta min / max (˚) 1.52 / 25.39 1.16 / 25.45 0.94 / 25.40 

Reflections collected 70000 80943 35443 

Rint 0.0236 0.0217 0.0309 

Tmax / Tmin 0.7452 / 0.5832 0.7452 / 0.6947 0.7452 / 0.6418 

Data / restr. / param. 7830 / 0 / 491 10469 / 0 / 614 19494 / 0 / 1085 

GoF 1.075 1.072 1.162 

R1 / wR2 (I>2σ(I)) 0.0156 / 0.0378 0.0224 / 0.0583 0.0524 / 0.1268 

R1 / wR2 (all data) 0.0166 / 0.0385 0.0232 / 0.0589 0.0737 / 0.1370 

Res. peak / hole (e-/Å3) 0.957 / -0.423 4.172 / -0.929 2.902 / -1.119 
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Introduction 

The highly reducing nature of low-valent early transition metal complexes has been exploited 

to carry out a variety of challenging stoichiometric transformations, including reductive couplings 

to form new C-C bonds,1–8 activation of small molecules, such asN2 and CO2,
9–21 and atom and 

group transfer reactions to generate reactive imido, oxo, alkylidene, and related multiply bonded 

fragments.22–30 In contrast, catalytic reactions involving d0-d2 redox couples in early transition 

metals are quite rare,31–35 but have recently become the focus of increased attention.36–40 Recently, 

we published a series of reports on a niobium system supported by the combination of a sterically 

encumbering β-diketiminate ligand with 2,6-diisopropylphenyl N-substituents and a tert-

butylimido ligand,41–43 which not only demonstrates novel stoichiometric reactivity,44–51 but also 

catalytic transformations, including alkyne semihydrogenation,37,38 arene hydrodefluorination,39 

and nitrene transfer,40 all using the Nb(III)-Nb(V) redox couple under relatively mild conditions.  

The most successful approach for generating Nb(III) complexes using this system is reaction 

of Nb(V) dimethyl compounds with dihydrogen.52–54 During the course of this research, we found 

that the dark purple Nb(IV)-Nb(IV) bis-μ-hydride complex {(BDI)Nb(NtBu)(μ-H)}2 is generated 

in low yield (<1% to 21% depending on conditions).45 While the chemistry of this compound was 

not studied beyond basic NMR and X-Ray characterization (due to its poor yield and poor 

solubility in organic solvents), related bridging niobium and tantalum hydride complexes studied 

by the Fryzuk and Kawaguchi groups have been shown to be reactive, readily eliminating 

dihydrogen in order to activate dinitrogen and other small molecules.55–71 Moreover, related 

hydride-bridged dimers have also been amenable to reversible one-electron metal-based redox 

processes leading to mixed-valence complexes with interesting electronic structures.72 

Prior to the studies discussed in this chapter, we had not yet investigated the influence of 

changing the electronic and steric profile of the BDI N-substituents on the reactivity of group 5 

imido systems. Here, we discuss niobium and tantalum imido complexes supported by BDI ligands 

with 2,4,6-trimethylphenyl N-substituents (BDIMes) and 2,6-dichlorophenyl N-substituents 

(BDICl) that are less sterically encumbering than 2,6-diisopropylphenyl substituents. These ligands 

were used by Schrock and coworkers to support related high-valent molybdenum imido alkylidene 

complexes used in olefin metathesis catalysis.73,74 While the ready cleavage of aryl C-Cl bonds 

under reducing conditions presents a challenge in utilizing the BDICl ligand in mid- and low-valent 

group V chemistry, the BDIMes ligand has proven useful for supporting mid-valent and mixed-

valent dimeric niobium imido complexes. We discuss the unusual redox reactivity of these 

complexes and investigate their electronic structures as determined using NMR spectroscopy, EPR 

spectroscopy, X-Ray crystallography, and DFT calculations. 

Results and Discussion 

Compound 5.1 was isolated in 70% yield as a red crystalline solid from salt metathesis of 

BDIMesLi·THF with Nb(NtBu)Cl3Py2. The room temperature 1H NMR spectrum of 5.1 contains 

sharp signals consistent with a Cs symmetric molecule with shifts and multiplicities typical for 

early transition metal BDI systems. In contrast, the analogous system in which the BDI ligand 

exhibits much more sterically encumbering diisopropylphenyl substituents showed broad signals 
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at room temperature, which was attributed to facile pyridine dissociation.43 Stronger coordination 

of pyridine to 5.1 likely explains the sharper peaks that are observed. 

 

Scheme 5.1  Preparation of high-valent BDIAr niobium imido complexes. 

Single crystal X-ray diffraction analysis of 5.1 indicates a distorted octahedral geometry about 

the niobium center with the two chlorides trans to one another (Figure 5.1, left). A large disparity 

between the Nb-N(1) (2.379(1) Å) and Nb-N(2) (2.096(1) Å) distances is consistent with the strong 

trans influence of the imido ligand. The Nb-N(1) distance is, however, noticeably shorter than the 

Nb-N(1) distance in the N-diisopropylphenyl derivative (2.420(2) Å), which may be a 

consequence of the less bulky flanking mesityl groups allowing for closer proximity of the BDI 

ligand to the Nb center. 

                

Figure 5.1  Molecular structures of 5.1 (left) and 5.2 (right) as determined by X-ray diffraction. 

Hydrogen atoms and a molecule of diethyl ether in 5.1 are omitted for clarity; thermal ellipsoids 

are set at the 50% probability level. For 5.1 (left), selected bond lengths (Å): Nb-N(1) 2.379(1), 

Nb-N(2) 2.096(1), Nb-N(3) 1.764(1), Nb-N(4) 2.380(1), Nb-Cl(1) 2.4314(4), Nb-Cl(2) 2.4339(4); 

selected bond angles (˚): Nb-N(3)-C(24) 165.4(1), Cl(1)-Nb-Cl(2) 162.7(2), N(1)-Nb-N(3) 

173.50(5), N(2)-Nb-N(4) 170.99(5). For 5.2 (right), selected bond lengths (Å): Nb-N(1) 2.325(2), 

Nb-N(2) 2.116(2), Nb-N(3) 1.773(2), Nb-C(28) 2.190(2), Nb-C(29) 2.228(2); selected bond 

angles (˚): Nb-N(3)-C(24) 170.2(2), N(2)-Nb-C(28) 111.81(8), N(2)-Nb-C(29) 127.54(8), C(28)-

Nb-C(29) 118.36(9), N(1)-Nb-N(3) 171.69(8). 

Since niobium dimethyl complexes had proven useful as a starting material for accessing 

reactive low-valent niobium complexes,42,45,52,53 a dialkyl complex containing the mesityl 

substituted BDI framework was targeted. The analogous dimethyl complex 5.2 was prepared by 
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reaction of 1 with methyl Grignard and isolated as orange-yellow crystalline material in 75% yield. 

The 1H NMR spectrum of 5.2 indicates that it is Cs symmetric in solution and shows a slightly 

upfield shifted BDI backbone methine peak at 5.29 ppm (compared to the analogous resonance for 

compound 5.1 at 5.48 ppm). The X-ray crystal structure of 5.2 (Figure 5.1, left) shows a distorted 

trigonal bipyramidal geometry (τ5 = 0.74)75 with the imido group and one of the BDI nitrogen 

donors in the apical positions.  

With the idea of accessing reactive Nb(III) species by hydrogenolysis of the methyl groups, a 

solution of 5.2 was exposed to 4 atm of H2. The solution changed color from orange to purple, and 

a 1H NMR spectrum indicated relatively clean conversion to a single new diamagnetic product. 

Bis-μ-hydride complex 5.3 was isolated as a deep purple microcrystalline powder in 77% yield 

upon stirring a solution of 5.2 in benzene under hydrogen atmosphere (Scheme 5.2).  

 

Scheme 5.2  Reaction of 5.2 with H2 to generate diniobium(IV) bis-μ-hydride complex 5.3. 

 

Figure 5.2. Molecular structure of 5.3 as determined by a single crystal X-ray diffraction study. 

Hydrogen atoms are omitted for clarity; thermal ellipsoids are set at the 50% probability level. 

Selected bond lengths (Å): Nb(1)-Nb(1a) 2.701(1), Nb(1)-H(1) 1.91(3), Nb(1)-H(1a) 1.95(3), 

Nb(1)-N(1) 2.206(3), Nb(1)-N(2) 2.204(3), Nb(1)-N(3) 1.775(3). Selected bond angles (˚): Nb(1)-

N(3)-C(24) 175.4(2), N(1)-Nb(1)-H(1) 149.6(1) N(2)-Nb(1)-H(1a) 149.7(1), H(1)-Nb(1)-H(1a) 

91.1(1). 
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DFT calculations on 5.3 using a B3LYP hybrid functional were carried out. The geometry was 

optimized starting from the atom coordinates in the solid-state crystal structure of 5.3, and like the 

solid-state structure, the optimized geometry was C2h symmetric with two equivalent Nb atoms 

related by an inversion center. As shown in Figure 5.3, the HOMO of 5.3 contains Nb(dz2)-Nb(dz2) 

σ-bonding character, as well as additional contribution to the σ-bonding character from the 

bridging hydride units and some contribution from the BDI π system. Overall, this DFT calculated 

picture of the HOMO lends credence to the formulation of 5.3 as a Nb-Nb σ-bonded complex. 

 

Figure 5.3  GaussView rendering of DFT calculated HOMO of 5.3 (isovalue = 0.02).  

Since there are few examples of mixed-valent early transition metal complexes bridged by 

hydride ligands72,76 (and none, to our knowledge, that contain niobium), we sought to access a 

mixed-valence Nb(IV)-Nb(V) species by one-electron oxidation of 5.3. Oxidation with 

AgB(C6F5)4 resulted in an immediate color change of a dimethoxyethane suspension of 5.3 from 

dark purple to dark green. After workup, dark green crystals of the dimeric bis-μ-imido complex 

5.4a were isolated in 43% yield. Similarly, the analogous B(C6H5)4 salt 5.4b could be prepared 

from AgB(C6H6)4 in 41% yield. 

Notably, 5.4 no longer contains bridging hydride ligands; the two niobium atoms are now 

bridged by the two imido moieties (Scheme 5.3). The one-electron oxidation presumably yields a 

reactive mixed valent hydride species that eliminates dihydrogen to give the formally Nb(III)-

Nb(IV) imido bridged mixed-valent dimer 5.4. Generation of H2 was observed by 1H NMR 

spectroscopy when following the conversion from 5.3 to 5.4. The 1H NMR spectrum of 5.4 

displays only very broad features due to its paramagnetism.  
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Scheme 5.3  Synthesis of mixed-valent diniobium complexes 5.4 from oxidation of 5.3. 

The molecular structure of the cationic portion of compound 5.4a is shown in Figure 5.4. In 

analogy to compound 5.3, the cationic portion of 5.4a is C2h symmetric so that only one half of the 

molecule appears in the asymmetric unit. The Nb-Nb distance is 2.717(1) Å, again within the 

normal range for a Nb-Nb single bond,45,68,70,77–80 and slightly longer (0.016 Å) than the Nb-Nb 

distance in 5.3. Ignoring the Nb-Nb interaction, the geometry of 5.4a can be considered distorted 

tetrahedral at either niobium center (τ4’ = 0.85).81  

 

Figure 5.4. Molecular structure of the cationic portion of 5.4a as determined by a single crystal 

X-ray diffraction study. One of two crystallographically inequivalent molecules of 5.4a is shown. 

Hydrogen atoms, a B(C6F5)4 counterion, and diethyl ether are omitted for clarity; thermal ellipsoids 

are set at the 50% probability level. Selected bond lengths (Å): Nb(1)-Nb(1a) 2.717(1), Nb(1)-

N(1) 2.095(2), Nb(1)-N(2) 2.113(2), Nb(1)-N(3) 1.991(2), Nb(1)-N(3a) 1.974(2). Selected bond 

angles (˚): Nb(1)-N(3)-C(24) 132.1(2), N(1)-Nb(1)-N(3) 119.5(1), N(1)-Nb(1)-N(3a) 116.4(1), 

N(2)-Nb(1)-N(3) 120.21(9), N(2)-Nb(1)-N(3a) 117.7(1). 
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Although its formation was unexpected, very few examples of mixed-valent group 5 

compounds containing direct metal-metal bonds have been reported,72,76,82,83 with the majority of 

those being M(IV)-M(V) mixed-valent dimers, and none, to our knowledge, being M(III)-M(IV) 

dimers; as such, compound 5.4 represented an interesting target for further structural and reactivity 

studies. Both 5.3 and 5.4 are highly colored and thus absorb strongly in the visible range, as can 

be seen in their UV-Vis spectra (Figure 5.5). Upon conversion from 5.3 to 5.4, the band in the 

visible region shifts from 580 nm to 650 nm, as can be observed qualitatively from a color change 

from dark purple to dark green. The absorption coefficients for the bands in the visible region for 

5.3 and 5.4 are ~ 4000 cm-1mol-1 and ~ 3000 cm-1mol-1, respectively. Hence, they likely result 

from either metal-ligand, ligand-metal, or intervalence charge transfers, rather than Laporte 

forbidden d-d transitions. Additionally, 5.4 has a band in the NIR region centered at 1020 nm. TD-

DFT calculations on 5.4 indicated that both the band centered at 650 nm and the band centered at 

1020 nm (18028 cm-1, fosc = 0.106 and 11929 cm-1, fosc = 0.0381) can be tentatively assigned 

principally to LMCT transitions but the multiple nature of each transition does not allow for an 

accurate description without the help of more intensive calculations.84 In addition to the bands in 

the visible region, both compounds display very intense bands in the ultraviolet region, which can 

likely be attributed to ligand-based π-π* transitions.  

 

Figure 5.5. Ultraviolet-visible spectra of 5.3 (black trace) and 5.4 (red trace) in THF solution. 

The electronic structure of complex 5.4 was further studied with X-band EPR spectroscopy, 

which revealed a multiline signal at a g value of 1.96 that displayed a slight dissymmetry. The 

spectrum was acquired in frozen THF solution at 77 K and did not change to a great extent within 

the temperature range from 4 K to 77 K. Only a very broad signal with unresolved hyperfine 

structure was observed in solution at room temperature. The EPR spectrum at 77 K along with a 

numerical simulation using the best parameters that fit the experimental data is presented in Figure 

5.6. The mixed-valence diniobium complex 5.4 contains an unpaired electron spin (S = ½) where 

each 93Nb possesses a 9/2 nuclear spin (100% natural abundance). Since the two niobium atoms 

share the unpaired electron spin density, the EPR spectrum was expected to be comprised of 19 

lines (2nI+1). However, the observed spectrum is somewhat more complicated than a simple 

isotropic 19-line pattern; this is likely due to a combination of two effects: i) the spectral 
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simulations indicate the presence of a rhombic g-tensor with distinct values of the principal 

components gx, gy, and gz, and ii) as suggested by the highly anisotropic and slightly different 93Nb 

hyperfine coupling constants, the distribution of the electron spin density on the two niobium 

atoms is inequivalent. However, the differentiation between the two niobium atoms is not large 

and is about 13 MHz (4.6 G). Thus, the complex is best described as a Robin-Day class 3 mixed-

valence complex with a delocalized unpaired electron.85 Other mixed-valent formally Nb(IV)-

Nb(V) compounds containing Nb-Nb interactions in the literature have either shown isotropic 19-

line EPR spectra consistent with full delocalization of the lone electron over both metal centers 

(Robin-Day class 3),83 or spectra in which no hyperfine coupling could be resolved.82 Similarly, 

metal-metal bonded mixed-valent complexes of other transition metals in the literature either 

display EPR spectra consistent with equal delocalization over both metal centers86,87 or do not 

display any discernable hyperfine coupling.88–93  

 

Figure 5.6. X-band EPR spectrum of 5.4 taken at 77 K in frozen THF solution (black line) and 

simulation (green line). Hyperfine coupling constants (MHz) and g tensor: A93Nb(1) = [111, 48, 

200], A93Nb(2) = [115, 52, 234], g = [1.996, 1.969, 1.902]. 

DFT calculations using a B3LYP hybrid functional were carried out in order to better 

understand the electronic structure of 5.4. Like compound 5.3, the geometry of 5.4 was optimized 

from the solid-state structure, in which the two halves of the molecule were related by an inversion 

center. Using this functional, the inversion symmetry was maintained in geometry optimizations. 

GaussView representations of the spin density, as well as SOMO – 1 and SOMO orbitals are shown 

in Figure 5.7. The SOMO – 1 shows a Nb(dz2)-Nb(dz2) σ-bonding interaction similar to that 

observed in the HOMO of compound 5.3. This molecular orbital also has bridging imido character, 

but this does not contribute to any great extent to the σ-bonding, in contrast to the bridging hydrides 

in 5.3. The SOMO is predominantly metal dx2-y2 orbital based, with some contribution from the 

BDI π system. While the molecular orbital has equal contributions from both niobium centers, in 

contrast to the SOMO – 1, the interaction between the two metals is either nonbonding or weakly 
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δ-antibonding in nature. Hence, the calculated frontier orbitals of 5.4 are consistent with a Nb-Nb 

bond with at most a bond order of one; the slight lengthening of the Nb-Nb bond upon conversion 

from 5.3 to 5.4 may be a consequence of the δ-antibonding nature of the SOMO, but is more likely 

simply the result of 5.4 containing bridging imido ligands rather than bridging hydride ligands. As 

shown on the right side of Figure 5.7, the largest component of the spin density is distributed 

between the dx2-y2 orbitals of the two niobium centers, but a significant amount of the spin density 

is also delocalized over the bridging imido ligands and the BDI supporting ligands. 

Calculations on 5.4 carried out using a PBE0 hybrid functional resulted in an optimized 

structure in which some of the metrical parameters, in particular the Nb-N(BDI) distances, are in 

better agreement with those in the X-ray crystal structure (See below, Table 5.1); however, unlike 

both the X-ray structure and the B3LYP-optimized structure, the PBE0-optimized structure no 

longer exhibits inversion symmetry. As would be expected for a structure exhibiting inversion 

symmetry, the spin density is evenly distributed over both halves of the molecule and EPR 

hyperfine constants calculated for both Nb centers are nearly equivalent in the B3LYP-optimized 

structure (See below, Table 5.2). However, the PBE0-optimized structure reflects subtle 

differences between the two niobium centers in both spin density and hyperfine constants, in 

accord with the slight differentiation in hyperfine coupling constants observed experimentally in 

the EPR spectrum taken at 77 K. The difference in the EPR hyperfine constants between the two 

niobium atoms (ΔA93NbExpt = 14 G, ΔA93NbB3LYP = 7 G, ΔA93NbPBE0 = 22 G) correlates well with 

the metrical observations described above.  

   

Figure 5.7. GaussView renderings of DFT calculated α SOMO – 1 (left) and SOMO (middle), and 

spin density (right, blue = α, green = β), of 5.4 (isovalue = 0.02).  

It seemed plausible that one electron reduction of 5.4 could generate a reactive low-coordinate 

Nb(III) complex. It was found that 5.4 reacted instantaneously with an excess of potassium 

graphite in THF at -40 ˚C to generate a dark red solution from which compound 5.5 was isolated 

in 25% yield (Scheme 5.4). Compound 5.5 is a diamagnetic compound containing two distinct 

Nb(V) centers. Presumably, it forms by initial one-electron reduction of 5.4 to the symmetric 

Nb(III)-Nb(III) intermediate 5.A, which then undergoes reductive C-N cleavage to generate 

intermediate 5.B, which finally rearranges to the Nb(V)-Nb(V) product by two electron reduction 
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of the resulting monoazadiene ligand. This type of degradation pathway in which a nitrene 

fragment is transferred from a BDI ligand to a metal center is well known in low-valent early 

transition metal52,54,94–99 and main group BDI systems;100–104 however, systems in which the 

monoazadiene ligand rearranges to bridge two transition metal centers as a μ-carbene are, to our 

knowledge, unprecedented. 

 

Scheme 5.4  Synthesis of Nb(V) dimer 5.5 from reduction of 5.4 and proposed mechanism. 

The 1H NMR spectrum of 5.5 exhibits sharp peaks and is consistent with a C1-symmetric 

structure, containing twelve distinct mesityl methyl signals as well as four distinct BDI backbone 

methyl signals each integrating for three protons. Two different backbone methine singlets appear 

at 5.37 and 5.23 ppm, consistent with the low symmetry structure of 5. The crystallographically-

determined solid-state structure of 5.5 (Figure 5.8) reveals a significantly lengthened Nb-Nb 

distance of 3.0802(6) Å, in agreement with the lack of a significant Nb-Nb interaction, as expected 

for a d0-d0 system. The geometry about Nb(1) can be considered distorted square pyramidal (τ5 = 

0.28), while the geometry about Nb(2) (considering only the covalent bonds to N(4), C(30), N(5), 

and C(51)) is best considered distorted tetrahedral (τ4’ = 0.82). The N(4)-C(28), C(28)-C(29), and 

C(29)-C(30) distances are consistent with alternating single and double bonds as depicted in 

Scheme 5.4 and there appears to be a dative interaction between the C(28)-C(29) π-bond and the 

niobium center (Nb-C(28), 2.392(5) Å; Nb-C(29), 2.338(5) Å). Moreover, the Nb(1)-C(30) and 

Nb(2)-C(30) distances are 2.168(5) and 2.208(5) Å, consistent with C(30) behaving as a bridging 

μ-alkylidene group between the two niobium centers. The geometry about C(30) is, however, 

severely distorted from an ideal tetrahedron due to significant geometric constraints imposed in 

the complex; the smallest angle about C(30), Nb(2)-C(30)-C(29), is 77.4(3)˚, while the largest 

angle about C(30), Nb(1)-C(30)-C(29), is 145.7(3)˚. Curiously, although the Nb(1)-N(5) and 

Nb(2)-N(5) distances of 1.980(4) and 2.094(4) Å are consistent with the formulation of 5.5 as a μ-

arylimido species, the Nb(1)-N(5)-C(42) bond angle is 161.6(3)˚, closer to values typically 

observed for terminal linear imido groups than for bridging imido groups. Notably, Nb(2) has a 
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relatively close contact with C(42), the ipso carbon of the arylimido group, of 2.507(5) Å, 

suggesting that the unusual geometry at the μ-imido group may at least in part be caused by an 

interaction between the ipso carbon and the relatively electron deficient (14 e-) niobium center. 

Similar interactions with ipso carbons have been observed in other electron deficient early metal 

complexes.105–108 However, another important factor that may drive the μ-imido moiety into this 

unusual geometry is the presence of the flanking mesityl groups on the intact BDI ligand, which 

would likely clash significantly with the aryl group if the imido moiety were more strongly bent. 

 

Figure 5.8  Molecular structure of 5.5 as determined by a single crystal X-ray diffraction study. 

Hydrogen atoms and a molecule of n-hexane are omitted for clarity; thermal ellipsoids are set at 

the 50% probability level. Selected bond lengths (Å): Nb(1)-Nb(2) 3.0802(6), Nb(1)-N(1) 

2.218(4), Nb(1)-N(2) 2.301(4), Nb(1)-N(3) 1.754(4), Nb(1)-N(5) 1.9804, Nb(1)-C(30) 2.208(5), 

Nb(2)-N(4) 2.077(4), Nb(2)-N(5) 2.094(4), Nb(2)-N(6) 1.785(4), Nb(2)-C(30) 2.168(5), Nb(2)-

C(28) 2.392(5), Nb(2)-C(29) 2.338(5), Nb(2)-C(42) 2.507(5), N(4)-C(28) 1.403(6), C(28)-C(29) 

1.394(7), C(29)-C(30) 1.468(7), N(5)-C(42) 1.405(6). Selected bond angles (˚): Nb(1)-N(3)-C(24) 

173.0(4), Nb(1)-N(5)-C(42) 161.6(3), Nb(2)-N(5)-C(42) 89.3(3), Nb(2)-N(6)-C(51) 169.7(4), 

Nb(1)-C(30)-Nb(2) 89.5(2), Nb(1)-N(5)-Nb(2) 98.2(2), N(1)-Nb(1)-C(30) 141.6(2), N(2)-Nb(1)-

N(5) 158.4(2), N(4)-Nb(2)-N(5) 116.9(2), N(4)-Nb(2)-N(6) 123.4(2), N(4)-Nb(2)-C(30) 91.6(2), 

N(5)-Nb(2)-N(6) 118.2(2), N(5)-Nb(2)-C(30) 83.1(2), N(6)-Nb(2)-C(30) 106.5(2). 

Reaction of Li(BDICl)·THF and M(NtBu)Cl3py2 (M = Nb, Ta) in THF resulted in the formation 

of (BDICl)M(NtBu)Cl2py (5.6: M = Nb, 5.7: M= Ta, BDICl = HC(C(Me)NAr)2, Ar = 2,6-Cl2-C6H3), 

which were isolated from diethyl ether as red-orange and yellow-orange microcrystalline solids, 

respectively (Scheme 5.5). 1H NMR spectroscopy indicated Cs symmetric solution structures 
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similar to the previously reported analogs (BDIDipp)M(NtBu)Cl2py (M = Nb, Ta). As in the BDIDipp 

complexes, the chemical shift of the tert-butyl imido protons (0.62 ppm) was upfield by around 1 

ppm from that of the Nb(NtBu)Cl3py2 starting material. This could be attributed to the shielding 

effect imposed by the flanking aryl ring of the BDI in spatial proximity to the imido group. 

Additionally, the 1H NMR shift of the singlet corresponding to the BDI backbone methine in both 

5.6 and 5.7 is notably downfield compared to that of the BDIDipp analogs (5.51 vs. 5.34 ppm for 

Nb, 5.44 vs. 5.22 ppm for Ta). This indicated an electron-withdrawing effect of the dichloride 

substituents on the BDI aryl rings, which resulted in reduced electron donation from the ligand to 

the metal center and therefore deshielding of the backbone methines. 

 

Scheme 5.5  Preparation of BDICl niobium and tantalum imido dichloride and dialkyl complexes.  

The room temperature 1H NMR spectra of both 5.6 and 5.7 show a second set of broad peaks 

likely corresponding to geometric isomers (~12:1 ratio for 5.6a to 5.6b at room temperature; ~6:1 

ratio of major isomer 5.7a to minor isomer 5.7b at room temperature). For both the Nb and Ta 

systems, the two sets of peaks show facile exchange by EXSY (10 ms at room temperature for 5.7 

at room temperature), indicating that a fast equilibrium is established between the isomers at room 

temperature. 1H NMR spectra collected at 80 ˚C show coalescence of the two sets of resonances 

into a single set of broad resonances due to a hastening of the dynamic process that interconverts 

the isomers relative to the NMR timescale. 1H NMR spectra taken at -40 ˚C showed disappearance 

of the minor isomer, indicating an enthalpic preference for the major isomer. Similar fluxional 

behavior has been observed with analogous complexes supported by the BDIiPr ligand, and can be 

attributed to a dissociative rearrangement involving decoordination and recoordination of the 

pyridine ligand.43 

The molecular structures of 5.6 and 5.7, along with selected bond lengths and angles, are shown 

in an ORTEP diagram in Figure 5.9. In the solid state, 5.6 and 5.7 exhibit distorted octahedral 

geometry with the chlorides oriented trans to one another, and the pyridine and imido group each 

oriented trans to one of the BDI nitrogens, analogous to the structures of the BDIDipp derivatives. 

The chlorides in 5.6 are considerably displaced towards the pyridine (Cl(5)-Nb-Cl(6) = 

164.84(3)°), indicative of a weakened Nb-py binding interaction (Nb-N(4) = 2.348(2) Å). A 

similar effect is seen in 5.7 with the chloride ligands (Cl(5)-Ta-Cl(6) = 165.37(5)°) bent in towards 

the elongated Ta-py bond (Ta-N(4) = 2.302(5) Å). 
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Figure 5.9  Molecular structures of 5.6 (left) and 5.7 (right) as determined by X-ray diffraction. 

Hydrogen atoms and a molecule of diethyl ether in each structure are omitted for clarity; thermal 

ellipsoids are set at the 50% probability level. For 5.6 (left), selected bond lengths (Å): Nb-N(1) = 

1.770(2), Nb-N(2) = 2.372(2), Nb-N(3) = 2.104(2), Nb-N(4) = 2.348(2), Nb-Cl(5) = 2.3992(7), 

Nb-Cl(6) = 2.4368(7), N(2)-C(5) = 1.321(4), C(5)-C(6) = 1.421(4), C(6)-C(7) = 1.374(4), C(7)-

N(3) = 1.375(4); selected bond angles (˚): N(1)-Nb-N(2) = 174.44(9), N(3)-Nb-N(4) = 170.81(9), 

Cl(5)-Nb-Cl(6) = 164.84(3), Nb-N(1)-C(1) = 167.5(2). For 5.7 (right), selected bond lengths (Å): 

Ta-N(1) = 1.794(5), Ta-N(2) = 2.359(5), Ta-N(3) = 2.111(5), Ta-N(4) = 2.302(5), Ta-Cl(5) = 

2.3838(15), Ta-Cl(6) = 2.4140(15), N(2)-C(5) = 1.314(7), C(5)-C(6) = 1.413(8), C(6)-C(7) = 

1.371(8), C(7)-N(3) = 1.377(7); selected bond angles (˚): N(1)-Ta-N(2) = 175.55(18), N(3)-Ta-

N(4) = 171.27(16), Cl(5)-Ta-Cl(6) = 165.37(5), Ta-N(1)-C(1) = 167.4(4). 

Addition of two equivalents of methyl magnesium chloride to a cooled solution of either 5.6 

or 5.7 in Et2O resulted in a rapid color change to pale yellow (Scheme 5.5). After evaporation of 

solvent and extraction with hexane, (BDICl)M(NtBu)Me2 (5.8: M = Nb, 5.9: M = Ta) were isolated 

as pale yellow needles. Compounds 5.8 and 5.9 were somewhat thermally sensitive, decomposing 

into unidentified brown solids after several days at room temperature, but storage was possible for 

several months at -40 ˚C with no noticeable decomposition. 

The 1H NMR spectra of 5.8 and 5.9 in C6D6 each show one singlet integrating to six protons 

corresponding to the two methyl ligands at 0.99 ppm for 5.8 and 0.70 ppm for 5.9. Moreover, the 
1H NMR spectra of 5.8 and 5.9 also show singlets integrating to six protons corresponding to the 

BDI backbone methyl groups at 1.70 ppm and 1.65 ppm, respectively, indicating Cs symmetry in 

solution. The molecular structures of 5.8 and 5.9 both show distorted trigonal bipyramidal 

geometries75 (5.8: τ = 0.81 5.9: τ = 0.80) with the imido group and one BDI nitrogen in the apical 

positions (Figure 5.10). The bond lengths in the BDI ligand are closer to a fully delocalized 

structure than for 5.6 and 5.7; in particular, the C-C bonds in the backbone have essentially 

identical lengths (1.384(5) vs. 1.397(5) Å). Distortion from ideal trigonal bipyramidal geometry is 

especially evident in the difference between the Nb-methyl bond lengths (2.178(3) vs. 2.208(3) Å) 

and Ta-methyl bond lengths (2.143(8) vs. 2.200(8) Å). 
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Figure 5.10  Molecular structures of 5.8 (left) and 5.9 (right) as determined by X-ray diffraction. 

Hydrogen atoms and a second crystallographically inequivalent molecule in each structure are 

omitted for clarity; thermal ellipsoids are set at the 50% probability level. For 5.8 (left), selected 

bond lengths (Å): Nb-N(1) = 1.772(3), Nb-N(2) = 2.328(3), Nb-N(3) = 2.115(3), Nb-C(1) = 

2.208(3), Nb-C(2) = 2.178(3), N(2)-C(7) = 1.329(4), C(7)-C(8) = 1.397(5), C(8)-C(9) = 1.384(5), 

C(9)-N(3) = 1.365(4); selected bond angles (˚): N(1)-Nb-N(2) = 172.57(11), N(1)-Nb-N(3) = 

98.50(11), N(1)-Nb-C(1) = 90.57(12), N(1)-Nb-C(2) = 97.05(13), N(2)-Nb-N(3) = 82.98(10), 

N(2)-Nb-C(1) = 82.63(11), N(2)-Nb-C(2) = 89.20(11), N(3)-Nb-C(1) = 124.17(11), N(3)-Nb-C(2) 

= 110.36(12), C(1)-Nb-C(2) = 123.03(13), C(3)-N(1)-Nb = 171.4(2). For 5.9 (right), selected bond 

lengths (Å): Ta-N(1) = 1.781(6), Ta-N(2) = 2.314(6), Ta-N(3) = 2.107(6), Ta-C(1) = 2.143(8), Ta-

C(2) = 2.200(8), N(2)-C(7) = 1.333(10), C(7)-C(8) = 1.399(11), C(8)-C(9) = 1.388(11), C(9)-N(3)  

= 1.365(10); selected bond angles (˚): N(1)-Ta-N(2) = 173.1(3), N(1)-Ta-N(3) = 98.1(3), N(1)-Ta-

C(1) = 97.6(3), N(1)-Ta-C(2) = 91.8(3), N(2)-Ta-N(3) = 82.8(2), N(2)-Ta-C(1) = 88.6(3), N(2)-

Ta-C(2) = 82.1(3), N(3)-Ta-C(1) = 109.5(3), N(3)-Ta-C(2) = 125.2(3), C(1)-Ta-C(2) = 122.4(3), 

C(3)-N(1)-Ta = 171.2(6). 

In addition to the dimethyl niobium and tantalum derivatives, dibenzyl and 

di(trimethylsilyl)methyl tantalum derivatives 5.10 and 5.11 were prepared via reaction of 2 with 

the respective Grignard reagents (Scheme 5.5). Characterization by 1H NMR and 13C NMR 

spectroscopies indicated Cs symmetry in solution. In contrast, previous attempts to prepare 

dibenzyl and di(trimethylsilyl)methyl derivatives from the (BDIiPr)M(NtBu)Cl2Py precursors have 

been unsuccessful. Hence, the decrease in steric bulk around the metal center associated with 

changing the 2,6-diisopropyl substituents for 2,6-dichloride substituents allowed for the 

introduction of a wider range of alkyl ligands into the coordination sphere of the metal.  

Treatment of compounds 5.6 – 5.11 with reducing reagents such as KC8 or dihydrogen has led 

only to intractable mixtures of products. Based on previous results from our group in which low-

valent group V complexes have been shown to readily activate aromatic C-X bonds (X = F, Cl),39 

it seems plausible that in-situ generated low-valent complexes either inter- or intramolecularly 

activate aromatic C-Cl bonds in the BDICl ligand, leading to mixtures of products. 
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Summary and Conclusions 

High-valent dichloride and dimethyl niobium tert-butylimido complexes supported by a BDI 

ligand bearing mesityl substituents, compounds 5.1 and 5.2, were prepared and shown to exhibit 

structural features similar to those of previously described complexes featuring a BDI ligand with 

more sterically encumbering diisopropylphenyl substituents. Reaction of dimethyl complex 5.2 

with dihydrogen led to generation of a bis-μ-hydrido Nb(IV)-Nb(IV) complex containing a metal-

metal σ-bond in high yield. The analogous diisopropylphenyl-substituted BDI compound could 

only be isolated in low yield as a minor product in reactions of the dimethyl precursor with H2 and 

exhibited relatively poor solubility in organic solvents, making 5.3 much more amenable to further 

reactivity studies. It was found that rather than giving a mixed-valent bis-μ-hydrido cation, one-

electron oxidation of 5.3 resulted in release of dihydrogen to generate the imido-bridged mixed-

valent Nb(III)-Nb(IV) dimer 5.4. EPR spectroscopic measurements and DFT calculations were 

consistent with a symmetric structure for 5.4 containing a Nb-Nb single bond in which the unpaired 

electron is delocalized over both niobium centers. Rather than generating a neutral Nb(III) 

complex, one-electron reduction of 5.4 gave the high valent Nb(V)-Nb(V) dimer 5.5, the product 

of reductive C-N cleavage followed by two-electron reduction of the resulting redox-active 

monoazadiene ligand. Interestingly, conversion from 5.3 to 5.4 effectively results from an 

oxidatively induced reductive elimination to generate a complex in an overall lower formal 

oxidation state than that of the starting material, while conversion from 5.4 to 5.5 results from a 

reductively induced overall four electron oxidation of the two niobium centers to give a complex 

with a higher formal oxidation state than that of the starting material. 

Additionally, niobium and tantalum imido dichloride and dialkyl complexes were prepared in 

high yield by straightforward routes. Complexes 5.6 – 5.9 were characterized and shown to be 

mostly structurally analogous to a series of group 5 imido complexes supported by the 

diisopropylphenyl analog of the BDI ligand. Notably, the reduced steric bulk of the BDICl ligand 

relative to the BDIiPr analog allowed for the synthesis of tantalum dibenzyl and 

di(trimethylsilyl)methyl imido complexes 5.10 and 5.11, while still providing enough support to 

avoid dimerization or decomposition. While the BDICl ligand does not appear to be well-suited to 

stabilizing low-valent complexes, the ability of the BDICl ligand to stabilize low-coordinate, 

cationic group 5 imido species remains a topic of interest. 

Experimental 

General Considerations: Unless otherwise noted, all reactions were performed using standard 

Schlenk line techniques or in an MBraun inert atmosphere glove box under an atmosphere of 

nitrogen (<1 ppm O2/H2O). Glassware and Celite were stored in an oven at ca. 140˚ C. Molecular 

sieves (4 Å) were activated by heating to 300 °C overnight under vacuum prior to storage in a 

glovebox. Hexane, diethyl ether, dichloromethane, benzene, toluene, pyridine, and THF were 

purified by passage through columns of activated alumina and degassed by sparging with nitrogen. 
tBuNH2 was distilled from CaH2. Deuterated solvents were vacuum-transferred from 

sodium/benzophenone, degassed with three freeze-pump-thaw cycles, and stored over molecular 

sieves. NMR spectra were recorded on Bruker AV-600, AV-500, DRX-500, AVB-400, and AVQ-

400 spectrometers. 1H and 13C{1H} chemical shifts are given relative to residual solvent peaks. 
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Proton and carbon NMR assignments were routinely confirmed by 1H-1H (COSY) and 1H-13C 

(HSQC) experiments. Melting points were determined using an OptiMelt automated melting point 

system. AgB(C6F5)4,
109 AgB(C6H5)4,

110 KC8,
111 HBDIAr,112 Li(BDIAr)•THF,112 HBDICl,113 

Li(BDICl)•THF,113 and py2Cl3Nb(NtBu)114 were prepared using the literature procedures. All other 

reagents were acquired from commercial sources and used as received. Elemental analyses were 

carried out on the first crop of isolated material. Elemental analyses were determined either at the 

College of Chemistry, University of California, Berkeley or at the School of Human Sciences, 

Science Center, London Metropolitan University. X-ray structural determinations were performed 

at CHEXRAY, University of California, Berkeley on SMART APEX I and SMART APEX II 

QUAZAR diffractometers. 

(BDIAr)Nb(NtBu)Cl2Py (5.1): THF (150 mL) was added to a solid mixture of BDIArLi(THF) (7.0 

g, 17 mmol) and Nb(NtBu)Cl3py2 (7.3 g, 17 mmol) in a 500 mL Schlenk flask to give a red solution. 

The solution was stirred at room temperature for 16 h, resulting in a dark red solution with a fine 

precipitate. The solvent was removed under vacuum to give a dark red residue, which was 

triturated with Et2O (20 mL) and with hexane (2 x 20 mL). The residue was extracted with 

refluxing hexane using a Soxhlet apparatus, forming dark red crystals in the hexane extract as the 

extraction proceeded. Further crystals formed upon cooling to room temperature, and the dark red 

crystalline product was isolated and residual solvent was removed under vacuum. The solution 

was concentrated and cooled to -40 °C to yield a second crop. Yield: 7.7 g, 70%. 1H NMR (400 

MHz, C6D6, 293 K): δ 8.82 (d, 2H, Py), 6.86 (s, 2H, Ar), 6.74 (t, 1H, Py), 6.60 (s, 2H, Ar), 6.32 

(t, 2H, Py), 5.48 (s, 1H, HC(C(Me)NAr)2), 2.71 (s, 6H, o-Me), 2.20 (s, 3H, p-Me), 2.18 (s, 3H, p-

Me), 2.12 (s, 6H, o-Me), 1.56 (s, 6H, HC(C(Me)NAr)2), 0.79 (s, 9H, tBu). 13C{1H} NMR (400 

MHz, C6D6, 293 K): δ  171.0 (HC(C(Me)NAr)2), 159.9 (HC(C(Me)NAr)2), 154.3 (py), 137.7 

(py), 134.8 (Ar), 133.7 (Ar), 133.4 (Ar), 133.0 (Ar), 129.8 (Ar), 129.0 (Ar), 122.6 (py), 107.2 

(HC(C(Me)NAr)2), 68.3 (Cα, 
tBu), 28.9 (Cβ, 

tBu), 25.1 (HC(C(Me)NAr)2), 24.5 (HC(C(Me)NAr)2), 

20.9 (p-Me), 20.7 (o-Me), 20.5 (p-Me), 19.64 (o-Me). Anal. calcd for C32H42Cl2N4Nb: C, 59.45; 

H, 6.55; N, 8.67. Found: C, 59.58; H, 6.67; N, 8.72. MP: dec. 165–190 ˚C. 

(BDIAr)Nb(NtBu)Me2 (5.2): Et2O (200 mL) was added to 5.1 (5.5 g, 8.5 mmol) in a 500 mL 

Schlenk flask to give a red suspension. A solution of 3.0 M CH3MgCl in THF (5.7 mL, 17 mmol) 

was added dropwise to the suspension of 5.1 at -72 °C with stirring, resulting in a color change 

from red to orange. After the addition was complete, the suspension was allowed to warm to room 

temperature with continued stirring. Upon warming to room temperature, the color of the solution 

became yellow-brown and a pale precipitate formed. After 10 minutes at room temperature, the 

solvent was removed under vacuum to give a yellow-brown residue. The residue was extracted 

with hexane, filtered, concentrated and stored at -40 °C overnight to give yellow block-like crystals 

of 5.2, which were isolated and residual solvent was removed under vacuum. Yield: 3.3 g, 75%. 
1H NMR (400 MHz, C6D6, 293 K): δ 6.83 (s, 4H, Ar), 5.29 (s, 1H, HC(C(Me)NAr)2), 2.18 (s, 

6H, p-Me), 2.15 (s, 12H, o-Me), 1.62 (s, 6H, HC(C(Me)NAr)2), 1.14 ppm (s, 9H, tBu), 0.82 (s, 6H, 

NbMe2). 13C{1H} NMR (400 MHz, C6D6, 293 K): δ 165.3 (HC(C(Me)NAr)2), 151.2 

(HC(C(Me)NAr)2), 134.1 (Ar), 131.1 (Ar), 129.8 (Ar), 101.2 (HC(C(Me)NAr)2), 64.8 (Cα, 
tBu), 

44.4 (NbMe2), 30.6 (Cβ, 
tBu), 25.0 (HC(C(Me)NAr)2), 20.9 (p-Me), 19.7 (o-Me). Anal. calcd for 

C29H44N3Nb: C, 66.02; H, 8.41; N, 7.96. Found: C, 65.93; H, 8.50; N, 7.94. MP: dec. 141–155 ˚C. 



139 
 

{(BDIAr)Nb(NtBu)(μ-H)}2 (5.3): Benzene (5 mL) was added to 5.2 (250 mg, 0.48 mmol) in a 

Fischer-Porter tube, resulting in a yellow-orange solution. While stirring the solution, the 

headspace was evacuated and the vessel was pressurized with 60 psi H2. The color of the solution 

immediately began to darken and became dark purple within 5 minutes. The solution was stirred 

for 14 h at room temperature, resulting in a purple-brown suspension with a fine purple precipitate. 

The headspace was evacuated and replaced with nitrogen, and the suspension was transferred to a 

Schlenk flask via cannula. The solvent was removed under vacuum to give a purple-brown residue, 

which was suspended in hexane, transferred to a Schlenk frit via cannula and washed further with 

hexane, leaving 5.3 as a purple microcrystalline powder which was collected on the frit. Residual 

solvent was removed under vacuum. X-Ray quality crystals of 5.3 were obtained from cooling a 

concentrated solution of 5.3 in toluene. Yield: 180 mg, 77%. 1H NMR (600 MHz, C6D6, 293 K): 

δ 6.94 (s, 4H, Ar), 6.76 (s, 4H, Ar), 5.15 (s, 2H, HC(C(Me)NAr)2), 2.33 (s, 12H, p-Me), 2.05 (s, 

12H, o-Me), 1.99 (s, 12H, o-Me), 1.66 ppm (s, 18H, tBu), 1.62 (s, 12H, HC(C(Me)NAr)2), -1.04 

(br s, 2H, µ-H). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 165.8 (HC(C(Me)NAr)2), 145.8 (Ar), 

133.1 (Ar), 132.2 (Ar), 131.9 (Ar), 130.4 (Ar), 128.9 (Ar), 99.5 (HC(C(Me)NAr)2), 70.5 (Cα, 
tBu), 

33.7 (Cβ, 
tBu), 23.1 (HC(C(Me)NAr)2), 21.0 (p-Me), 20.1 (o-Me). Anal. calcd for C54H78N6Nb2: 

C, 65.05; H, 7.89; N, 8.43. Found: C, 64.96; H, 7.68; N, 8.33. MP: dec. 242–250 ˚C. 

[{(BDIAr)Nb(μ-NtBu)}2][B(C6F5)4] (5.4a): Compound 5.3 (220 mg, 0.22 mmol) was suspended 

in 10 mL dimethoxyethane in a 20 mL scintillation vial. AgB(C6F5)4·Et2O (0.26 g, 0.30 mmol) 

was dissolved in 5 mL dimethoxyethane in a separate 20 mL scintillation vial. Both vials were 

cooled to -40 ˚C, and the Ag+ solution was transferred to the suspension of 3 by pipette while 

stirring. The color of the suspension changed from dark purple to dark brown to dark green with a 

dark precipitate within 1 minute, and the solution was allowed to stir while warming to room 

temperature for 20 minutes. The suspension was filtered through Celite to remove silver metal and 

the dark green filtrate was concentrated. Addition of 10 mL Et2O to the concentrated DME solution 

resulted in precipitation of dark green crystals of 5.4a. The suspension was stored at -40 ˚C 

overnight, resulting in the formation of additional crystals, which were isolated and residual 

solvent was removed under vacuum. Yield: 160 mg, 43%. 1H NMR (400 MHz, C6D5Br, 293 K): 

6.1-5.2 (br s), 3.25-3.05 (br s), 2.8-1.3 (br s). Anal. calcd for C78H76N6B1F20Nb2: C, 55.96; H, 4.58; 

N, 5.02. Found: C, 55.69; H, 4.55; N, 4.85. 

[{(BDIAr)Nb(μ-NtBu)}2][B(C6H5)4] (5.4b): Compound 5.3 (200 mg, 0.20 mmol) and 

AgB(C6F5)4·Et2O (94 mg, 0.22 mmol) were suspended in 20 mL dimethoxyethane in a 20 mL 

scintillation vial. The suspension was stirred for six hours, during which time the color slowly 

changed from dark purple to dark brown to dark green with a dark precipitate. After the suspension 

was green, it was stirred for an additional 12 hours, then filtered through Celite to remove silver 

metal and concentrated. The concentrated DME solution was stored at -40 ˚C overnight to give 

dark green crystals of 5.4b, which were isolated and residual solvent was removed under vacuum. 

Yield: 110 mg, 41%. 1H NMR (400 MHz, C6D6, 293 K): δ 8.17 (br s, BPh4), 7.44 (br s, BPh4), 

7.28 (br s, BPh4), 6.1-5.2 (br s), 3.25-3.05 (br s), 2.8-1.3 (br s). MP: dec. 189–205 ˚C. 

(BDIAr)Nb(NtBu)(μ-N(Ar))(μ-C(Me)C(H)C(Me)N(Ar))Nb(NtBu) (5.5): Compound 5.4b (100 

mg, 0.07 mmol) was dissolved in 3 mL THF in a 20 mL scintillation vial and cooled to -40 ˚C. 
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The solution was passed through a plug of KC8 and Celite and the color of the solution 

instantaneously changed from dark green to dark red. The solvent was removed under vacuum to 

give a red oily residue, which was extracted with hexane and filtered through Celite to remove 

KB(C6H5)4 and give a red solution (Note: even after extracting with copious amounts of hexane, 

the solid residue which was presumably mostly composed of KB(C6H5)4 retained a red color).  The 

solution was concentrated and stored at -40 °C overnight to give red crystals of 5.5, which were 

isolated and residual solvent was removed under vacuum. Yield: 19 mg, 27%. 1H NMR (400 

MHz, C6D6, 293 K): δ 7.22 (s, 1H, Ar), 6.96 (s, 1H, Ar), 6.94 (s, 1H, Ar), 6.93 (s, 1H, Ar), 6.88 

(s, 1H, Ar), 6.84 (s, 1H, Ar), 6.82 (s, 1H, Ar), 6.63 (s, 1H, Ar), 5.29 (s, 1H, HC(C(Me)NAr), 5.15 

(s, 1H, HC(C(Me)NAr), 3.01 (s, 3H, Ar CH3), 2.43 (s, 3H, Ar CH3), 2.41 (s, 3H, Ar CH3), 2.34 (s, 

3H, Ar CH3), 2.29 (s, 3H, Ar CH3), 2.27 (s, 3H, Ar CH3), 2.24 (s, 3H, Ar CH3), 2.23 (s, 3H, Ar 

CH3), 2.21 (s, 3H, Ar CH3), 2.16 (s, 3H, Ar CH3), 2.07 (s, 3H, Ar CH3), 2.05 (s, 3H, 

HC(C(Me)NAr)), 1.96 (s, 3H, HC(C(Me)(Nb)2)), 1.79 (s, 3H, HC(C(Me)NAr)), 1.56 (s, 3H, 

HC(C(Me)NAr)), 1.48 (s, 3H, Ar CH3), 1.23 (s, 9H, tBu), 0.77 (s, 9H, tBu). 13C{1H} NMR (600 

MHz, C6D6, 293 K): δ 167.8 (HC(C(Me)NAr)), 165.7 (HC(C(Me)NAr)), 165.7 

(HC(C(Me)NAr)), 151.4 (Ar), 150.5 (Ar), 145.9 (Ar), 144.0 (Ar), 139.3 (Ar), 135.8 (Ar), 134.5 

(Ar), 134.2 (Ar), 134.1 (Ar), 134.0 (Ar), 133.9 (Ar), 133.5 (Ar), 132.8 (Ar), 132.0 (Ar), 131.9 (Ar), 

130.8 (Ar), 130.4 (Ar), 130.2 (Ar), 130.1 (Ar), 129.7 (Ar), 129.7 (Ar), 129.4 (Ar), 129.1 (Ar),  

128.8 (HC(C(Me)(Nb)2)), 104.2 (HC(C(Me)NAr), 100.2 (HC(C(Me)NAr), 69.9 (Cα, 
tBu), 67.9 

(Cα, 
tBu), 32.9 (Cβ, 

tBu), 32.6 (Cβ, 
tBu), 28.2 (Ar CH3), 25.1 (HC(C(Me)NAr), 23.8 

(HC(C(Me)(Nb)2)), 23.7 (HC(C(Me)NAr), 23.6 (HC(C(Me)NAr), 21.4 (Ar CH3), 21.1 (Ar CH3), 

21.0 (Ar CH3), 21.0 (Ar CH3), 20.9 (Ar CH3), 20.8 (Ar CH3), 20.4 (Ar CH3), 20.3 (Ar CH3), 20.1 

(Ar CH3), 19.8 (Ar CH3), 19.2 (Ar CH3). Anal. calcd for C54H76N6Nb2: C, 65.18; H, 7.70; N, 8.45. 

Found: C, 63.73; H, 7.52; N, 7.88. MP: dec. 163–170 ˚C. 

(BDICl)Nb(NtBu)Cl2Py (5.6): Nb(NtBu)Cl3py2 (1.21 g, 2.83 mmol, 1.0 equiv.) was dissolved in 

40 mL of THF and cooled to 0 °C. In a separate flask, Li(BDICl)·THF (1.32 g, 2.83 mmol, 1.0 

equiv.) was dissolved in 30 mL of THF and added slowly to the metal solution, which immediately 

turned orange. The solution was stirred room temperature for 18 h, resulting in a color change to 

bright red. The volatile materials were removed under vacuum to afford a red-orange solid. Soxhlet 

extraction with Et2O produced red-orange microcrystals of 5.6. The solid was isolated and residual 

solvent was removed under vacuum. Yield: 1.16 g, 59%. 1H NMR (500 MHz, C6D6, 293K) 

Compound 5.6a: δ 9.01 (d, 2H, py), 7.1-6.3 (br m, 9H, py/Ar), 5.51 (br s, 1H, HC(C(Me)NAr)2), 

1.69 (s, 6H, HC(C(Me)NAr)2), 0.83 (br s, 9H, NtBu). 1H NMR (500 MHz, C7D8, 293K) Compound 

5.6a: δ 8.93 (br d, 2H, py), 6.9-6.8 (br m, 4H, py/Ar), 6.48 (br m, 3H, py/Ar), 6.37 (br m, 2H, 

py/Ar), 5.43 (s, 1H, HC(C(Me)NAr)2), 1.66 (br s, 6H, HC(C(Me)NAr)2), 0.77 (br s, 9H, tBu). 1H 

NMR (500 MHz, C7D8, 253K) Compound 5.6a: δ 8.90 (d, 2H, py), 6.90 (d, 2H, Ar), 6.76 (d, 2H, 

Ar), 6.72 (t, 1H, py), 6.43 (t, 1H, Ar), 6.37 (t, 1H, Ar), 6.26 (t, 2H, py), 5.41 (s, 1H, 

HC(C(Me)NAr)2), 1.63 (s, 6H, HC(C(Me)NAr)2), 0.77 (s, 9H, tBu). 1H NMR (500 MHz, CDCl3, 

293K) Compound 5.6a: δ 8.79 (d, 2H, py), 7.74 (t, 1H, py), 7.35 (m, 2H, py/Ar), 7.13 (m, 5H, 

py/Ar), 7.00 (t, 1H, Ar), 5.68 (s, 1H, HC(C(Me)NAr)2), 1.85 (s, 3H, HC(C(Me)NAr)2), 1.76 (s, 

3H, HC(C(Me)NAr)2), 0.62 (s, 9H, tBu). 13C{1H} NMR (125.8 MHz, C6D6, 293K) Compound 

5.6a: δ 164.68 (C, HC(C(Me)NAr)2), 161.68 (C, HC(C(Me)NAr)2), 153.98 (CH, py), 150.48 (Ar), 

144.90 (Ar), 138.65 (Ar), 133.13 (Ar), 132.79 (Ar), 128.99 (Ar), 128.14 (Ar), 126.81 (Ar), 125.96 
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(Ar), 123.38 (CH, py), 106.36 (CH, HC(C(Me)NAr)2), 77.36 (Cα, 
tBu), 28.78 (Cβ, 

tBu), 25.70 

(CH3, HC(C(Me)NAr)2), 24.40 (CH3, HC(C(Me)NAr)2). Anal. calcd (%) for Nb1Cl6N4C26H27: C, 

44.54; H, 4.03; N, 8.00. Found: C, 45.67; H, 4.00; N, 7.67. MP: dec. 195–228 ˚C. 

(BDICl)Ta(NtBu)Cl2Py (5.7): Ta(NtBu)Cl3Py2 (12.8 g, 24.8 mmol, 1.0 equiv.) and Li(BDICl) (11.6 

g, 24.8 mmol, 1.0 equiv.) were added to a 500 mL flask and dissolved in 300 mL THF. The solution 

was stirred at 60 ˚C for 15 h, resulting in a color change from light yellow to yellow-orange. The 

volatile materials were removed under vacuum and the residue was triturated with diethyl ether, 

resulting in a yellow-orange powder. The solid was extracted into diethyl ether and filtered using 

a Soxhlet apparatus. During the extraction, a yellow-orange solid began to precipitate. The flask 

containing the product was allowed to cool to room temperature, sealed under nitrogen, and stored 

at -40 ˚C overnight, yielding 5.7 as a yellow-orange microcrystalline solid. The solid was isolated 

and residual solvent was removed under vacuum. Yield: 16.4 g, 84%. 1H NMR (500 MHz, C6D6, 

293 K) Compound 5.7a: δ 9.06 (d, 2H, Py), 7.09 (d, 2H, Ar), 6.81 (d, 2H, Ar), 6.79 (t, 1H, Py), 

6.49 (t, 1H, Ar), 6.38 (t, 1H, Ar), 6.31 (t, 2H, Py), 5.44 (s, 1H, HC(C(Me)NAr)2), 1.68 (s, 3H, 

HC(C(Me)NAr)2), 1.67 (s, 3H, HC(C(Me)NAr)2), 0.86 (s, 9H, tBu). Compound 5.7b: 8.84 (br m, 

2H, Py), 7.01-6.90 (m, 6H, Ar/Py), 6.67 (br m, 2H, Ar/Py), 6.42 (t, 1H, Ar/Py), 5.34 (s, 1H, 

HC(C(Me)NAr)2), 1.66 (br s, 6H, HC(C(Me)NAr)2), 1.48 (br s, 9H, tBu). 1H NMR (500 MHz, 

C6D6, 350 K): δ 8.85 (br s, 2H, Py), 7.1-6.3 (br m, 9H, Ar/Py), 5.39 (s, 1H, HC(C(Me)NAr)2), 

1.67 (s, 6H, HC(C(Me)NAr)2), 1.13 (br s, 9H, tBu). 13C{1H} NMR (500 MHz, CDCl3, 293 K) 

Compound 5.7a: δ 172.9 (HC(C(Me)NAr)2), 162.7 (HC(C(Me)NAr)2), 153.9 (Ar/Py), 149.6 

(Ar/Py), 144.7 (Ar/Py), 138.8 (Ar/Py), 133.8 (Ar/Py), 133.4 (Ar/Py), 129.0 (Ar/Py), 128.2 (Ar/Py), 

126.8 (Ar/Py), 126.1 (Ar/Py), 123.5 (Ar/Py), 106.2 (HC(C(Me)NAr)2), 64.8 (Cα, 
tBu), 30.8 (Cβ, 

tBu), 25.8 (HC(C(Me)NAr)2), 24.7 (HC(C(Me)NAr)2). Anal. calcd (%) for Ta1Cl6N4C26H27: C, 

39.57; H, 3.45; N, 7.10. Found: C, 39.18; H, 3.41; N, 6.90. MP: dec. 226–252 ˚C. 

(BDICl)Nb(NtBu)Me2 (5.8): MeMgCl (1.0 mL of 3.0 M soln. in THF, 3.28 mmol, 1.95 equiv.) 

was added dropwise to a stirred suspension of 5.6 (1.15 g, 1.64 mmol, 1.0 equiv.) in 50 mL of 

Et2O at -78 °C. The reaction mixture was allowed to warm to room temperature, resulting in a 

color change from light red to pale yellow-brown. After 30 min., the volatile materials were 

removed by vacuum and the residue was extracted with hexane and filtered through Celite. The 

clear yellow filtrate was concentrated and stored at -40 °C overnight, resulting in formation of pale 

yellow needles of 5.8. The solid was isolated and residual solvent was removed under vacuum. 

Yield: 250 mg, 27%. 1H NMR (500 MHz, C6D6, 293K): δ 7.01 (d, 4H, Ar), 6.44 (t, 2H, Ar), 5.29 

(s, 1H, HC(C(Me)NAr)2), 1.70 (s, 6H, HC(C(Me)NAr)2), 1.16 (s, 9H, tBu), 0.99 (s, 6H, NbMe2). 
13C{1H} NMR (125.8 MHz, C6D6, 293K): δ 167.07 (C, HC(C(Me)NAr)2), 149.93 (C, 

HC(C(Me)NAr)2), 131.99 (Ar), 128.83 (Ar), 128.61 (Ar), 128.35 (Ar), 126.19 (Ar), 101.79 (CH, 

HC(C(Me)NAr)2), 65.22 (Cα, NtBu), 46.63 (CH3, NbMe2), 30.67 (Cβ, 
tBu), 24.91 (CH3, 

HC(C(Me)NAr)2). Anal. calcd (%) for Nb1Cl4N3C23H28: C, 47.53; H, 4.86; N, 7.23. Found: C, 

47.51; H, 4.89; N, 6.93. MP: 138–142 ˚C. 

(BDICl)Ta(NtBu)Me2 (5.9): Compound 5.7 (1.69 g, 2.14 mmol, 1 equiv.) was added to a 100 mL 

flask and dissolved in 25 mL Et2O. MeMgCl (1.4 mL of 3.0 M soln. in THF, 4.17 mmol, 1.95 

equiv.) was added dropwise at 0 ˚C with stirring, resulting in a color change from yellow-orange 
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to light yellow and formation of a white precipitate. The volatile materials were removed under 

vacuum. The residue was extracted with hexane and filtered through Celite to give a clear yellow 

solution. The solution was concentrated and stored at -40 ˚C overnight, yielding pale yellow 

needles of 5.9. The solid was isolated and residual solvent was removed under vacuum. Yield: 

0.931 g, 65% over two crops. 1H NMR (500 MHz, C6D6, 293 K): δ 7.00 (d, 4H, Ar), 6.42 (t, 2H, 

Ar), 5.27 (s, 1H, HC(C(Me)NAr)2), 1.65 (s, 6H, HC(C(Me)NAr)2), 1.18 (s, 9H, tBu), 0.70 (s, 6H, 

TaMe2). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 167.2 (HC(C(Me)NAr)2), 149.7 (Ar), 132.2 

(Ar), 128.8 (Ar), 126.5 (Ar), 103.5 (HC(C(Me)NAr)2), 64.0 (Cα, 
tBu), 56.5 (TaMe2), 32.1 (Cβ, 

tBu), 25.0 (HC(C(Me)NAr)2). Anal. calcd (%) for Ta1Cl4N3C23H28: C, 41.28; H, 4.22; N, 6.28. 

Found: C, 41.40; H, 4.11; N, 6.13. MP: 148–151 ˚C. 

(BDICl)Ta(NtBu)Bn2 (5.10) Compound 5.7 (50 mg, 0.063 mmol, 1.0 eq) was added to a 20 mL 

vial and dissolved in 5 mL THF. BnMgCl (86.6 μL of 1.5 M soln. in THF, 0.130 mmol, 2.05 eq) 

was added at -40 °C with stirring, resulting in a color change from yellow-orange to orange-red. 

The solution was stirred for 30 min at room temperature, and then the volatile materials were 

removed under vacuum. The residue was triturated with hexane and then extracted with hexane 

and filtered through Celite to give an orange-red solution. The solution was concentrated and 

stored at -40 ˚C overnight, yielding orange needles of 5.10. The solid was isolated and residual 

solvent was removed under vacuum. Yield: 12 mg, 23%. 1H NMR (600 MHz, C6D6, 293 K): δ 

7.22-7.15 (m, 8H, Ar), 6.94 (d, 4H, Ar), 6.87 (t, 2H, Ar), 6.34 (t, 2H, Ar), 5.39 (s, 1H, 

HC(C(Me)NAr)2), 2.55 (d, 2H, Ta(CH2Ph)2, 
2J = 12 Hz), 2.28 (d, 2H, Ta(CH2Ph)2, 

2J = 12 Hz) 

1.68 (s, 6H, HC(C(Me)NAr)2), 0.57 (s, 9H, tBu). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 149.7 

(Ar), 132.3 (Ar), 129.1 (Ar), 128.2 (Ar), 128.1 (Ar), 126.8 (Ar), 123.2 (Ar), 104.1 

(HC(C(Me)NAr)2), 85.6 (Ta(CH2Ph)2), 64.8 (Cα, 
tBu), 32.0 (Cβ, 

tBu), 25.5 (HC(C(Me)NAr)2). 

(BDICl)Ta(NtBu)(CH2SiMe3)2 (5.11) Compound 5.7 (50 mg, 0.063 mmol, 1.0 eq) was added to a 

20 mL vial and dissolved in 5 mL THF. BnMgCl (97.5 μL of 1.3 M soln. in THF, 0.130 mmol, 

2.05 eq) was added at -40 °C with stirring. Upon warming to room temperature, the solution 

changed color from yellow-orange to pale yellow. The solution was stirred for 30 min at room 

temperature, and then the volatile materials were removed under vacuum. The residue was 

triturated with hexane and then extracted with hexane and filtered through Celite to give an orange-

red solution. The solution was concentrated and stored at -40 ˚C overnight, yielding pale yellow 

needles of 5.11. The solid was isolated and residual solvent was removed under vacuum. Yield: 

31 mg, 60% over 2 crops. 1H NMR (600 MHz, C6D6, 293 K): δ 7.02 (d, 4H, Ar), 6.46 (t, 2H, Ar), 

5.33 (s, 1H, HC(C(Me)NAr)2), 1.62 (br s, 6H, HC(C(Me)NAr)2), 1.40 (d, 2H, Ta(CH2SiMe3)2, 
2J 

= 9.8 Hz), 1.26 (s, 9H, tBu), 1.05 (d, 2H, Ta(CH2SiMe3)2, 
2J = 9.8 Hz), 0.21 (s, 18H, 

Ta(CH2SiMe3)2). 13C{1H} NMR (600 MHz, C6D6, 293 K): δ 132.6 (Ar), 129.4 (Ar), 126.6 (Ar), 

104.8 (HC(C(Me)NAr)2), 69.0 (Ta(CH2SiMe3)2), 64.7 (Cα, 
tBu), 32.6 (Cβ, 

tBu), 25.3 

(HC(C(Me)NAr)2), 4.0 (Ta(CH2SiMe3)2. 

EPR Measurements: The EPR spectra were obtained on a custom‐designed continuous‐wave 

(cw)/pulsed X‐band Bruker Elexsys 580 EPR spectrometer. The variable‐temperature cw EPR 

measurements were performed with a dual‐mode resonator ER 4116‐DM (Bruker BioSpin, 

Billerica, MA) that was equipped with a continuous‐flow helium E900 cryostat (Oxford 
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Instruments, Oxfordshire, U.K.) for acquisition temperatures between 4‐77 K. The operating 

frequency of the ER 4116‐DM resonator in the perpendicular mode was 9.38 GHz. The spectra 

were acquired under non-saturating conditions with a modulation frequency of 100 kHz and 

modulation amplitude of 4 G. A sample of 5.4 was dissolved in THF under anaerobic conditions, 

transferred to a 4 mm J. Young quartz EPR tube (Wilmad Labglass, Vineland, NJ) and rapidly 

frozen at 77 K. The spectral simulations were performed with EasySpin.115 The numerical 

simulations of the EPR spectrum of a frozen solution of 5.4 at 77 K included a rhombic g tensor 

(gx = 1.996, gy  = 1.969, gz = 1.902) for the unpaired electron spin (S = ½) and individual hyperfine 

tensors for the interaction of the electron spin (S = ½) with the 93Nb nuclear spin(s) (I = 9/2) 

(93Nb(1) (MHz): Ax = 111, Ay = 48, Az = 200 and A93Nb(2) (MHz): Ax = 115, Ay = 52, Az = 234). 

DFT Calculations: Calculations using B3LYP hybrid functionals116 were performed using the 

Gaussian09 suite of programs.117 For geometry optimizations and frequency calculations, the light 

atoms (H, C, N and F) were treated with the 6-31G(d,p) basis,118 while the niobium atom was 

treated with a Stuttgart/Dresden ECP pseudopotential (SDD).119 Calculations using PBE0 hybrid 

functionals were performed with the ORCA 3.0.2 program package.120 Full optimization were 

carried out using the hybrid functional PBE0121 with and without additional dispersion 

corrections122 and the TZVP basis set123, the RIJCOSX approximations and ZORA relativistic 

approximation.124 The EPR g matrix and hyperfine coupling constants were obtained from single 

point calculations using the two hybrid functional PBE0121 and the TZVP123 basis set for all carbon, 

hydrogen atoms and niobium atom, while a IGLO-III125 basis set has been used for hydrogen and 

nitrogen atoms and TZVPP for the niobium atom.126 TD-DFT calculations were performed for 4 

with the hybrid functional PBE0121. For all calculations, tight SFC convergence criteria were used. 

Differences in the geometrical parameters between structures calculated using B3LYP and PBE0 

are given in Table 5.1. QTAIM analyses were performed with AIMAll Version 16.01.09.127 

Table 5.1  Comparison of selected experimental and computed metrical parameters for 5.4. 

 Bond distance (Å) XRD B3LYP PBE0 

Nb1-Nb2 2.717 2.753 2.686 

Nb1-N1(imido) 1.974 2.021 1.970 

Nb2-N1(imido) 1.974 2.021 1.999 

Nb1-N2(imido) 1.991 2.006 1.953 

Nb2-N2(imido) 1.991 2.006 2.011 

Nb1-N(BDI) 2.095 2.147 2.093 

Nb1-N(BDI) 2.113 2.148 2.109 

Nb2-N(BDI) 2.095 2.147 2.107 

Nb2-N(BDI) 2.113 2.148 2.116 

Bond angle (˚)    

N1(imido)-Nb1-N(BDI) 119.8 119.3 125.3 

N1(imido)-Nb1-N(BDI) 116.4 118.6 117.0 

N2(imido)-Nb2-N(BDI) 120.2 119.3 127.8 

N2(imido)-Nb2-N(BDI) 117.7 118.6 118.8 
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Table 5.2  Calculated and experimental g-tensors and hyperfine coupling constants for 5.4. 

Magnitudes of coupling constants are given in parenthesis. 

Table S3  Partial atomic charges and electron spin density on selected atoms in B3LYP-optimized 

structures of 5.3 and 5.4 calculated using Mulliken, NPA, Hirshfeld, and QTAIM approaches. 

  

Atom 

Mulliken 

Charge 

NPA 

Charge  

Hirshfeld 

Charge 

QTAIM 

Charge 

Mulliken 

Spin 

Hirshfeld 

Spin 

QTAIM 

Spin 

5.3 Nb +0.85 +1.06 +0.30 +1.87    

 N(imido) -0.60 -0.73 -0.22 -1.20    

 N(BDI) -0.67 -0.64 -0.16 -1.32    

 μ-H -0.24 -0.21 -0.08 -0.48    

5.4 Nb +1.10 +1.71 +0.40 +1.89 +0.57 +0.47 +0.47 

 N(imido) -0.83 -1.17 -0.23 -1.30 -0.11 -0.05 -0.06 

 N(BDI) -0.72 -0.74 -0.14 -1.33 -0.03 -0.03  0.00 

 

Table S4  Partial atomic charges and electron spin density on selected atoms in PBE0-optimized 

structure of 5.4 calculated using Mulliken and Loewdin approaches. 

  

Atom 

Mulliken 

Charge 

Mulliken 

Spin 

Loewdin 

Spin 

5.4 Nb +1.35 

+1.40 

+0.53 

+0.67 

+0.49 

+0.62 

 N(imido) -0.76 

-0.77 

-0.13 

-0.14 

-0.96 

-1.06 

 N(BDI) -0.46 

-0.44 

-0.42 

-0.43 

-0.40 

-0.39 

-0.27 

-0.29 

-0.26 

-0.25 

-0.16 

-0.18 

 

X-Ray Crystallographic Studies: Single crystals of 5.1, 5.2, 5.3, 5.4a, and 5.5 were coated in 

Paratone-N oil, mounted on a Kaptan loop, transferred to a Bruker APEX CCD area detector,128 

centered in the beam, and cooled by a nitrogen flow low-temperature apparatus that had been 

previously calibrated by a thermocouple placed at the same position as the crystal. Preliminary 

orientation matrices and cell constants were determined by collection of 36 10 s frames, followed 

by spot integration and least-squares refinement. An arbitrary hemisphere of data was collected, 

and the raw data were integrated using SAINT.129 Cell dimensions reported were calculated from 

all reflections with I > 10 (Table 1). The data were corrected for Lorentz and polarization effects, 

but no correction for crystal decay was applied. An empirical absorption correction based on 

 g1, g2, g3 A93Nb(1) (G) A93Nb(2) (G) ΔA93Nb 

PBE0 1.997  1.977 1.842 38 76 187 (100) 59 98 209 (122) 22 

B3LYP 1.997  1.980 1.833 73 91 226 (130) 81 100 229 (137) 7 

Exp 1.996  1.968 1.908 111 48 200 (120) 115 52 234 (134) 14 
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comparison of redundant and equivalent reflections was applied using SADABS.130 Structures 

were solved by direct methods with the aid of successive difference Fourier maps and were refined 

against all data using the SHELXTL 5.0 software package.131 Thermal parameters for all non-

hydrogen atoms were refined anisotropically. ORTEP diagrams were created using the ORTEP-3 

software package132 and Mercury.133 

Table 5.5  Crystallographic data for compounds 5.1 – 5.3. 

Compound 5.1 · Et2O 5.2 5.3 

Empirical formula  C36H53N4OCl2Nb C29H44N3Nb C54H78N6Nb2 

Formula weight (amu) 721.63 527.58 997.1 

Wavelength (Å) 0.71073 0.71073 0.71073 

Space group  P-1 P21/c P21/n 

a (Å) 9.1510(5) 11.6055(5) 12.1729(5) 

b (Å) 11.5419(7) 25.688(1) 15.8007(6) 

c (Å) 17.856(1) 9.5984(4) 13.4968(5) 

α (°) 87.826(1) 90 90 

β (°) 77.694(1) 98.730(1) 93.481(2) 

γ (°) 84.586(1) 90 90 

V (Å3) 1834.1(2) 2828.4(2) 2591.2(2) 

Z 2 4 2 

ρcalcd (g/cm3) 1.307 1.239 1.278 

μ (mm-1) 0.506 0.445 0.482 

F000 (e-) 760 1120 1052 

Crystal size (mm3) .40 x .32 x .24 .08 x .08 x .02 .06 x .04 x .04 

Theta min / max (˚) 1.773 / 25.329 1.585 / 25.359 1.987 / 25.405 

Reflections collected 88948 86456 25246 

Rint 0.0408 0.0506 0.0516 

Tmax / Tmin 0.7452 / 0.6826 0.7452 / 0.6573 0.7452 / 0.6696 

Data / restr. / param. 6661 / 0 / 410 5183 / 0 / 311 4749 / 0 / 295 

GoF 1.111 1.101 1.021 

R1 / wR2 (I>2σ(I)) 0.0231 / 0.0588 0.0332 / 0.0820 0.0421 / 0.0979 

R1 / wR2 (all data) 0.0236 / 0.0591 0.0399 / 0.0875 0.0619 / 0.1094 

Res. peak / hole (e-/Å3) 0.441 / -0.446 1.183 / -0.411 1.952 / -0.379 
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Table 5.6  Crystallographic data for compounds 5.4 and 5.5. 

Compound 5.4a · 1.5 Et2O 5.5 

Empirical formula  C83.75H90.25N6 O1.75F20BNb C57H83N6Nb2 

Formula weight (amu) 1785.49 1038.11 

Wavelength (Å) 0.71073 0.71073 

Space group  P21/c P21/c 

a (Å) 29.313(2) 19.6714(6) 

b (Å) 16.020(1) 13.6781(4) 

c (Å) 27.544(1) 20.0479(6) 

α (°) 90 90 

β (°) 100.729(3) 92.016(2) 

γ (°) 90 90 

V (Å3) 8094.5(9) 5390.9(3) 

Z 4 4 

ρcalcd (g/cm3) 1.465 1.279 

μ (mm-1) 0.380 0.466 

F000 (e-) 3663 2196 

Crystal size (mm3) .08 x .06 x .03 .04 x .02 x .02 

Theta min / max (˚) 1.414 / 25.415 1.803 / 25.397 

Reflections collected 116724 29828 

Rint 0.0789 0.0718 

Tmax / Tmin 0.7452 / 0.6997 0.7452 / 0.6327 

Data / restr. / param. 14873 / 0 / 1062 9833 / 0 / 640 

GoF 1.014 1.043 

R1 / wR2 (I>2σ(I)) 0.0418 / 0.0909 0.0571 / 0.1218 

R1 / wR2 (all data) 0.0647 / 0.1004 0.0961 / 0.1363 

Res. peak / hole (e-/Å3) 0.821 / -0.614 0.937 / -0.824 
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Table 5.7  Crystallographic data for compounds 5.6 – 5.9. 

Compound 5.6·Et2O 5.7·Et2O 5.8 5.9 

Empirical formula C30H37Cl6N4NbO C30H37Cl6N4TaO C23H28Cl4N3Nb C23H28Cl4N3Ta 

Formula weight (amu) 775.24 527.58 997.1 1785.49 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Space group P-1 P-1 P-1 P-1 

a (Å) 10.1695(4) 10.1863(5) 11.3884(10) 11.3843(8) 

b (Å) 13.0882(6) 13.0477(7) 14.1175(12) 14.1122(10) 

c (Å) 14.5004(6) 14.4884(7) 17.0308(14) 16.9985(12) 

α (°) 111.000(2) 110.8560(10) 93.146(4) 92.9880(10) 

β (°) 103.913(2) 104.1750(10) 107.855(4) 107.7240(10) 

γ (°) 95.672(2) 95.2560(10) 94.062(5) 94.3570(10) 

V (Å3) 1712.12(13) 1710.35(15) 2591.2(4) 2585.6(3) 

Z 2 2 4 4 

ρcalcd (g/cm3) 1.504 1.676 1.490 1.719 

μ (mm-1) 0.850 3.712 0.893 4.680 

F000 (e-) 792 856 1184 1312 

Crystal size (mm3) .08 x .06 x .04 .14 x .09 x .08 .25 x .20 x .13 .10 x .08 x .03 

Theta min / max (˚) 1.575 / 25.538 1.576 / 25.378 1.260 / 25.478 1.262 / 25.361 

Reflections collected 53743 38535 51932 42703 

Rint 0.0780 0.0876 0.0279 0.0652 

Tmax / Tmin 0.7452 / 0.5916 0.7452 / 0.5968 0.7452 / 0.6850 0.7452 / 0.5333 

Data / restr. / param. 6333 / 0 / 386 6257 / 0 / 386 9564 / 0 / 573 9413 / 0 / 573 

GoF 0.738 1.055 1.050 1.116 

R1 / wR2 (I>2σ(I)) 0.0324 / 0.0770 0.0428 / 0.0984 0.0343 / 0.0927 0.0408 / 0.0865 

R1 / wR2 (all data) 0.0464 / 0.0890 0.0526 / 0.1029 0.0408 / 0.0966 0.0625 / 0.0944 

Res. peak / hole (e-/Å3) 0.765 / -0.807 4.485 / -2.562 1.478 / -0.575 2.433 / -1.418 
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In Chapter 3 of this work, the syntheses of niobium terminal oxo-imido complexes 3.22 and 

3.24 were described. While preliminary studies showed that these compounds were reactive across 

their terminal oxo groups (in contrast to most other group 5 oxo complexes in the literature), their 

utility was limited by the number of synthetic steps necessary to prepare these materials. Hence, it 

would be prudent to devise an alternative synthetic route to access terminal oxo complexes, as well 

as related terminal sulfido, selenido, phosphinidene, nitrido, and phosphido complexes. Early 

transition metal (group 3 to 5) complexes bearing any of these moieties in addition to a terminal 

imido group have not been reported, and are expected to be quite reactive due to π-loading effects. 

In 2010, Tomson, Arnold, and Bergman reported the preparation of (BDI)Nb(NAr)Cl2 (1.4, 

see Chapter 1, Scheme 1.1). In contrast to the related tert-butylimido systems 

(BDI)Nb(NtBu)Cl2Py (1.1) and (BDI)Nb(NtBu)Cl2 (1.3), the chemistry of 1.4 has not yet been 

investigated in detail. Based on the results presented in Chapter 3, the BDI-arylimido ligand 

scaffold provides an excellent support for monomeric complexes containing a second multiply 

bonded functionality. The pyridine adduct of 1.4 has not yet been reported, but is expected to be 

prepared in higher yield and fewer steps than 1.4, as was observed for 1.1 and 1.3. 

 

Scheme 1  Proposed route to niobium complexes with terminal multiply-bonded ligands. 

Scheme A.1 shows a proposed route to terminal oxo-arylimido, sulfido-arylimido, and related 

complexes A.4. First, A.1 can likely be prepared via salt-metathesis of the readily prepared ligand 

and metal precursors BDILi·OEt2 and Nb(NAr)Cl3Py2. While this might not necessarily be the 

case in the arylimido system, methylation of the dichloride starting material in the tert-butylimido 

system provided the best means of accessing reactive niobium (III) species. Methylation of A.1 

will give compound A.2, which will likely give an isolable Nb(III) species A.3 such as an arene 

adduct upon reaction with dihydrogen. It is certainly possible, however, that other routes to Nb(III) 

species, such as direct reduction of A.1 with KC8 or Na/Hg, or reactions of A.2 with π-acids may 

prove more effective in this system. Once a Nb(III) source has been obtained, a wide variety of 

complexes A.4 can potentially be accessed through reactions with substrates like N2O, Ph2SO, 

Ph3P=E (E = O, S, Se), various N-oxides, S8, Se8, P4, RP=C=O, -P=C=O, and N3
-. It is important 

to note that compounds A.4 may require coordinating ligands such as pyridine or DMAP in order 

to isolate, as they are expected to be highly reactive. It is unlikely, however, that dimers with 

bridging ‘E’ ligands will be able to form due to the sterically demanding ligand framework, 

although the ability for the BDI ligand to coordinate in a κ1 binding mode may allow for dimer 

formation, as was observed in 3.23 (see Chapter 3). The cycloaddition reactivity of complexes A.4 

with unsaturated substrates should be thoroughly investigated, as should their 1,2-addition 

reactivity. The chemistry of low-valent derivatives (A.3) may also contrast significantly with that 

of the tert-butylimido system, and may be worth investigating in detail. 
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