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Abstract 

The bis(imido) complexes (BDI)Nb(NtBu)2 and (BDI)Nb(NtBu)(NAr) (BDI = N,N’-bis(2,6-
diisopropylphenyl)-3,5-dimethyl-β-diketiminate; Ar = 2,6-diisopropylphenyl) were shown to engage in 
1,2-addition and [2+2] cycloaddition reactions with a wide variety of substrates. Reaction of the bis(imido) 
complexes with dihydrogen, silanes, and boranes yielded hydrido-amido-imido complexes via 1,2-addition 
across Nb-imido π-bonds; some of these complexes were shown to further react via insertion of carbon 
dioxide to give formate-amido-imido products. Similarly, reaction of (BDI)Nb(NtBu)2 with tert-
butylacetylene yielded an acetylide-amido-imido complex. In contrast to these results, many related 
mono(imido) complexes do not exhibit 1,2-addition reactivity, suggesting that π-loading plays an 
important role in activating the Nb–N π-bonds toward addition. The same bis(imido) complexes were also 
shown to engage in [2+2] cycloaddition reactions with oxygen- and sulfur-containing heteroallenes to give 
carbamate- and thiocarbamate-imido complexes: some of these complexes readily dimerized to give bis-
μ-sulfido, bis-μ-iminodicarboxylate, and bis-μ-carbonate complexes. The mononuclear carbamate imido 
complex (BDI)Nb(NAr)N(tBu)CO2) (12) could be induced to eject tert-butylisocyanate to generate a four-
coordinate terminal oxo imido intermediate, which could be trapped as the five-coordinate pyridine or 
DMAP adduct. The DMAP adducted oxo imido complex (BDI)NbO(NAr)(DMAP) (16) was shown to engage 
in 1,2-addition of silanes across the Nb-oxo π-bond; this represents a new reaction pathway in group 5 
chemistry.   

Introduction 

In stark contrast to their late-metal congeners, the transition metals in groups 3–5 of the periodic 
table possess relatively high-energy valence d-orbitals; often, complexes containing these metals are 
found in d0 oxidation states with no valence electrons available to engage in redox chemistry.1 As such, 
these transition metal complexes tend to engage in redox-neutral bond making and breaking processes, 
with σ-bond metathesis being the prime example. One commonly used method to expand the reactivity 
of early metal complexes is to employ a π-donor ligand—such as an oxo, imido, or nitrido—that forms 
more than one bonding interaction with the high valent metal center.2-5 The electrons contained in the 
metal-ligand π-bond(s) can be used to form new chemical bonds, either via cycloadditions with substrates 
containing additional π bonds or by 1,2-additions across the metal-ligand bond.6  

While this strategy has been used and described extensively in the literature, two challenges have 
arisen: first, in some cases, the metal-ligand interaction is too strong, and the supposedly reactive moiety 
instead behaves as a spectator ligand and second, dimerization can occur through the π-donor ligand, 
forming insoluble, unreactive multinuclear species. Due to the increasing covalency of the bonding 
interaction between the metal nd and the ligand 2p orbitals (relative to the more polar and reactive bonds 
formed in complexes of groups 3 and 4), the former issue is of particular relevance to group 5 chemistry.7 



 2 

Related examples of d0 group 5 monoimido complexes that do not engage in 1,2-addition or cycloaddition 
reactions across the imido moiety are depicted in Figure 1.7,60,62,64 To address both of these challenges, 
our group and others have introduced a second multiply-bound ligand into the early metal coordination 
sphere. In terms of the first challenge—unreactive spectator ligands—a second multiply-bound ligand 
serves to electronically saturate the symmetrically available π-bonding orbitals on the metal (a strategy 
termed π-loading), thus activating the π-bonded ligands by polarizing the electron density away from the 
metal center.7-16 Furthermore, the addition of a second π-donor ligand—specifically, one with a sterically 
demanding substituent attached—can impede deleterious dimerization, thus avoiding the formation of 
unreactive species.  

 The π-loading strategy has proven successful in expanding redox-neutral reaction pathways 
available to high-valent early metal complexes. Indeed, the ability of group 4 cyclopentadienide 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.17,18 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,19-21, including imine and azide 
metatheses,22-25 hydroaminations of alkenes and alkynes,26-31 and carboaminations to give α,β-
unsaturated imines.32-34 In addition, Ti imido,35-37 Zr imido,38 and V bis(imido) complexes14 have recently 
been shown to carry out multicomponent coupling to give carbodiimides, pyrroles, pyrazoles, and other 
nitrogen-containing heterocycles. 

While there are numerous examples of nitrene transfer chemistry involving π-loaded metal imido 
complexes, catalytic reactions without nitrene transfer are rare. High-valent transition metal complexes 
of groups 3–539-44 and actinide45,46 imido complexes have been shown to activate dihydrogen, silanes 
and/or boranes across imido bonds, but in all of these cases, only stoichiometric reactivity could be 
observed. A cationic V bis(imido) complex was shown to catalytically hydrogenate alkynes to alkenes via 
a 1,2-addition and 1,2-elimination pathway.8 In the realm of related group 4 terminal chalcogenide 
complexes,47-53 a handful of Ti and Zr oxo and sulfido complexes were shown to react stoichiometrically 
with dihydrogen and silanes via a 1,2-addition pathway.54-56 In contrast, while many examples of group 5 
mono(imido) and mono(oxo) complexes have been reported,57-64 only a few have been shown to exhibit 
1,2-addition reactivity,8,43,65,66 suggesting that these systems could benefit from activation of metal-ligand 
multiple bonds via a π-loading strategy.  

We are interested in developing π-loaded Nb bis(imido) and oxo imido systems that can carry out 
complex hydrofunctionalizations of unsaturated substrates, such as hydroborations and hydrosilations, 
using 1,2-addition and elimination reactions across imido or oxo groups. We have previously described 
the synthesis of Nb bis(imido) complexes:21,67 π-loading effects in these compounds were shown to 
engender reactivity across their Nb-N π-bonds7,21 relative to the chemistry observed with related 
mono(imido) Nb systems.57-64 Here we describe their 1,2-addition and [2+2] cycloaddition68 reactivity with 
a variety of small molecule substrates including dihydrogen, silanes, boranes, carbon disulfide, and carbon 
dioxide. Moreover, we describe the utility of these bis(imido) complexes in accessing isolobal Nb terminal 
oxo imido complexes and subsequently demonstrate unprecedented reactivity across a Nb-oxo group.  

Results and Discussion  

1,2-Addition Across Nb-Imido π-Bonds 

A solution of the bis(imido) complex (BDI)Nb(NtBu)2 (BDI = N,N’-bis(2,6-diisopropylphenyl)-3,5-
dimethyl-β-diketiminate) in C6D6 lightened in color from orange to yellow upon addition of an atmosphere 
of H2; 1H NMR spectroscopy indicated partial conversion to the Nb amido-hydrido complex 1, the result 

Jade Fostvedt
I’m still thinking about the best way to address reviewer 1, comment 1, let’s discuss on Monday.
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of 1,2-addition of H2 across one of the imido groups (Scheme 1). Compound 1 displayed characteristic Nb–
H (broad) and N–H (sharp) singlets at 9.1 and 7.8 ppm, respectively, with Cs symmetry in solution being 
evident. The ratio of 1 to starting material in solution varied based on the H2 pressure, indicating that an 
equilibrium was established between the complexes (Keq ≈ 8.0 at 20 ˚C under 1 atmosphere of H2). The 
reaction could be driven almost completely to the H2 addition product by addition of ca. 3.8 atmosphere 
of H2 to an NMR tube containing (BDI)Nb(NtBu)2. 

 

Scheme 1. 1,2-addition of element-hydrogen bonds across Nb-imido π-bonds to yield complexes 1, 2, 3ab, 4, 7, and 
8, and subsequent insertion of CO2 to give complexes 5 and 6.  
 

Although the removal of H2, either by exposing solutions of 1 to nitrogen atmosphere or by placing 
it under vacuum, resulted in conversion back to (BDI)Nb(NtBu)2, X-ray quality crystals of 1 could be grown 
by adding a dihydrogen atmosphere to a highly concentrated solution of (BDI)Nb(NtBu)2 in 
hexamethyldisiloxane (HMDSO) and slowly cooling the resulting reaction mixture. Crystalline 1 was found 
to be stable under a nitrogen atmosphere at -40 °C for multiple weeks and under vacuum for ca. 30 min. 
Dissolution in C6D6 under nitrogen resulted in rapid effervescence of H2 gas; 1H NMR spectroscopy showed 
that the compound was converted back to starting material within minutes. The solid-state structure of 1 
(Figure 1, left, and Table S5, ESI) showed a distorted square-based pyramidal geometry, with the imido 
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moiety occupying the apical position. The Nb-bound hydride was located in the difference map and 
refined isotropically. Disorder in the crystal structure between the imido and amido groups made the 
determination of amido Nb–N–C angles somewhat tenuous, but these metrics (Nb–N(3)–C(30) = 176.8(5)° 
for the imido group and Nb–N(4)–C(34) = 127.5(4)° for the amido group) are consistent with a structure 
containing a linear imido and a bent amido. The Nb–H stretch, observed in the IR spectrum at 1652 cm-1, 
is consistent with similar data on known Nb terminal hydrides.69-71  

Similarly, the bis(imido) complex (BDI)Nb(NtBu)(NAr) (Ar = 2,6-diisopropylphenyl) also reacted 
reversibly with dihydrogen across the tert-butylimido moiety, establishing an equilibrium between the 
starting material and 2 (Keq ≈ 2.5 at 20 ˚C under 1 atmosphere of H2; Scheme 1). Notably, it appears that 
the arylimido group engages in stronger π-interactions with the Nb center, as 1,2-addition of H2 occurred 
solely across the (presumably more polarized) Nb tert-butylimido π-bond. We posit that the asymmetric 
bis(imido) complex (BDI)Nb(NtBu)(NAr) is less reactive toward H2 than the symmetric bis(imido) complex 
(BDI)Nb(NtBu)2 for electronic reasons, in particular the increased strength of the arylimido Nb-N bond. 

 

Figure 1. Crystal structures of 1 (left), 3a (center), and 4 (right) with 50% probability thermal ellipsoids. Selected H 
atoms, aryl iPr groups, and lattice solvent are excluded. 
 

Encouraged by these results, we continued to explore the 1,2-addition reactivity of Nb bis(imido) 
complexes toward substrates containing heteroatom-hydrogen bonds. We found that both phenylsilane 
and n-butylsilane readily underwent 1,2-addition across an imido moiety of (BDI)Nb(NtBu)2 to give 
hydrido-silylamido-imido Nb complexes 3a and 3b, respectively (Scheme 1). These complexes were 
isolated as pale yellow crystals in 75-85% yield, and displayed broad peaks in their 1H NMR spectra, 
indicating fluxionality in solution at room temperature. The spectrum of 3a sharpened significantly at -20 
°C and clearly exhibited C1 symmetry, with two sharp doublets (2J = 9.1 Hz) observed for the diastereotopic 
Si–H protons and four septets observed for the isopropyl methine protons. Similar 2J values have been 
observed in related tantalum phenylsilylamide complexes.66 IR spectra of 3a and 3b both displayed broad 
absorptions at 1667 cm-1 attributable to Nb–H stretches. Compound 3a was also characterized by X-ray 
diffraction: in the solid state, 3a exhibits an ideal square based pyramidal structure, analogous to that of 
1, with the imido moiety in the apical position (Figure 1, center, and Table S6, ESI). 

Similarly, treatment of (BDI)Nb(NtBu)2 with pinacolborane gave the hydrido-borylamido-imido Nb 
complex 4 as a yellow microcrystalline powder in 39% isolated yield (Scheme 1). The 1H NMR spectrum of 
4 displayed sharp resonances at room temperature, aside from the broad Nb–H resonance centered at 
10.01 ppm. The compound was characterized by X-ray crystallography; unlike 1 and 3a, the solid-state 
structure of 4 showed a distorted square-based pyramidal geometry with the borylamido group in the 
apical position (Figure 1, right, and Table S6, ESI). We suggest that the unusual molecular geometry 
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observed for 4 (with the imido moiety not occupying the apical position of a square-based pyramid) is a 
result of crystal packing effects. 

Addition of 1 atmosphere of CO2 to hydrido-amido-imido complexes 3b and 4 in hexane resulted 
in immediate formation of the corresponding formate complexes 5 and 6, respectively, as yellow crystals 
in moderate yield (Scheme 1). The 1H NMR spectrum of each complex revealed the disappearance of the 
broad Nb–H signal and appearance of a sharp singlet corresponding to the formate C–H proton at 7.86 
and 8.60 ppm for 5 and 6, respectively. The solid-state structures of both 5 and 6 revealed square-based 
pyramidal geometries (Figure S1 and Table S7, ESI). The Nb–O(1)–C(42) bond angle for the formate ligand 
of 5 is nearly linear (167.2(2)°), indicating the presence of some π-donation from both lone pairs of the 
oxygen atom to the Nb center. In contrast, the Nb–O(3)–C(44) angle of 6 is bent (127.8(4)˚) and the Nb–
O bond distance is 0.027 Å longer than the analogous Nb–O bond in 5, indicating that only one lone pair 
of the oxygen atom is donating to the metal center. 

We continued to explore the 1,2-addition reactivity of the bis(imido) complex (BDI)Nb(NtBu)2, 
turning our attention toward substrates with relatively acidic S–H and C–H bonds. Correspondingly, we 
found that the reaction of (BDI)Nb(NtBu)2 with tert-butylacetylene with heating at 60 oC yielded the Nb 
amido-acetylide complex 7 as pale yellow crystals in 56% yield (Scheme 1); such reactivity patterns are 
precedented for imido complexes of groups 4 and 5.41,43 The 1H NMR spectrum of 7 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 an interconversion of the two diastereomers. Upon 
cooling to -20 ˚C, the spectrum sharpened into two distinct sets of sharp signals, with a 1.4:1 ratio of the 
two isomers observed. 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. Only a single isomer was observed in the solid-state structure of 7 (Figure S2, left, and 
Table S8, ESI). Like most of the other 1,2-addition products presented here, 7 has a distorted square-based 
pyramidal geometry with the imido group in the apical position. It is not clear which solution state isomer 
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.  

Similarly, (BDI)Nb(NtBu)2 reacted with triphenylmethaneylthiol to afford the amido-thiolate 
complex 8 as pale yellow crystals in 60% yield (Scheme 1). 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 
Nb center, presumably to accommodate the sterically demanding triphenylmethanethiolato ligand 
(Figure S2, right, and Table S8, ESI). The κ1 binding of the BDI ligand was apparent from the 1H NMR 
spectrum, based on the unusually large difference in chemical shift between the two BDI backbone methyl 
units. While κ1 binding of BDI ligands is relatively unusual, it is not without precedent.72-74 Compound 8 is 
four-coordinate with a distorted tetrahedral geometry. The Nb–N(1) distance of 2.065(2) Å is 0.1 to 0.2 Å 
shorter than the distances observed in Nb BDI complexes with κ2-BDI ligands, and is consistent with the 
localized picture of the bonding in the BDI ligand depicted in Scheme 1, in which the Nb–N(1) interaction 
is best characterized as an X-type single bond with some dative π-character. Additionally, the Nb–S(1) 
distance of 2.414(1) Å, which is among the shortest of Nb thiolate bonds reported in the literature, is 
consistent with considerable degree of Nb–S multiple bond character. The thiolate ligand is bent (Nb–
S(1)–C(38) = 121.63(6)˚), indicating that, at most, only one of the sulfur p-based orbitals is interacting with 
the metal center. 
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Overall, we were able to demonstrate a variety of 1,2-addition reactions across Nb-imido bonds. 
Addition led to products in which the more electronegative substrate fragment was bound to the 
electropositive Nb center: in the case of silanes and boranes, Nb-hydrides were formed, while addition of 
acidic substrates led to protonation of the imido to form Nb-amidos. In contrast to the reactivity patterns 
presented above, previous reports of related mono(imido) complexes did not display analogous 1,2-
addition reactivity; instead, the Nb imido group behaves purely as an ancillary ligand.7,60,62,64 Specifically, 
the complexes (BDI)Nb(NtBu)PyX2 (X = Cl, F)7 were not observed to react with boranes across the imido 
group, while (BDI)Nb(NtBu)Me2 reacts with H2 to form hydride-bridged imido species or low-valent imido 
species. Thus, these results support the notion that introduction of a second imido moiety enhances 
reactivity due to a π-loading effect.7  

Furthermore, we found the asymmetric bis(imido) complex (BDI)Nb(NtBu)(NAr) to be far less 
reactive than the symmetric bis(imido) complex (BDI)Nb(NtBu)2. While the symmetric bis(imido) complex 
reacted with a diverse array of substrates, the asymmetric bis(imido) complex was only observed to react 
reversibly with H2, preferentially across the tert-butyl imido group, with a smaller equilibrium constant 
than the corresponding reaction with the symmetric bis(imido) complex. We hypothesize that the 
distinctive reactivity patterns observed between the two bis(imido) complexes can be attributed to 
differences in Nb–imido bond strength arising from the imido substituent groups: the tert-butyl moiety is 
weakly electron donating, leading to increased electron density at the already electron-rich, π-loaded 
metal center, while the aromatic 2,6-diisopropylphenyl moiety is weakly electron withdrawing, stabilizing 
the Nb–NAr bonding interaction.  

Toward Nb Oxo Imido and Sulfido Imido Complexes: [2+2] Cycloadditions and Retrocyloadditions of Nb 
Bis(imido) Complexes  

Following our studies involving 1,2-addition reactivity of Nb bis(imido) complexes, we desired to 
access isolobal terminal oxo imido and sulfido imido Nb complexes and subsequently evaluate the effect 
of π-loading on their reactivity. Our group recently described the synthesis, electronic structure, and 
reactivity of the Re(V) oxo imido complexes (BDI)Re(O)(NAr) and (BDI)Re(O)(NtBu): this report 
demonstrated that both π-loading and the asymmetric π-bonding of an imido ligand and an oxo ligand to 
the same metal center led to a substantial enhancement of reactivity of the metal-oxo moiety.16 To begin 
evaluating potential routes to oxo imido and sulfido imido complexes in the Nb system at hand, we began 
investigating the [2+2] cycloaddition reactivity of bis(imido) complexes (BDI)Nb(NtBu)2  and 
(BDI)Nb(NtBu)(NAr) toward oxygen- and sulfur-containing heteroallenes. Such reactivity patterns are 
precedented for group 4 complexes, and are known to lead to either isolable carbamate or 
dithiocarbamate complexes; these products result 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.75-80 To date, there has only been one report of group 4 terminal oxo and sulfido 
complexes accessed via this route.81 

Accordingly, we found that the bis(imido) complex (BDI)Nb(NtBu)2 reacted with diphenylketene 
to give the diphenylethyleneformamide imido compound 9 as brown crystals in in 56% yield (Scheme 2). 
The solid-state structure of 9 (Figure S3 and Table S9, ESI) showed two distinct molecules in the 
asymmetric unit, with each exhibiting a distorted square-based pyramidal geometry. Upon heating 9 in 
solution, we observed a mixture of products including several Nb-containing species and Ph2C=C=NtBu. 
Previous work from our group has shown that (BDI)Nb(NtBu)(NAr) undergoes analogous [2+2] reactivity 
with tert-butylisocyanate, ultimately degrading to give multiple unidentified Nb species and free 
carbodiimide.7 

 

Jade Fostvedt
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Scheme 2. [2+2] Cycloaddition of heteroallenes across Nb-imido π-bonds to yield complexes 9, 10, and 11.  
 

Comparably, the reaction of (BDI)Nb(NtBu)2 and carbon disulfide in benzene resulted in the 
formation of the dinuclear bis-μ-sulfido complex 10 as large red crystals (Scheme 2). Formation of 
compound 10 likely proceeds via [2+2] cycloaddition of carbon disulfide across a Nb-imido π-bond to give 
intermediate A, followed by [2+2] retrocycloaddition to release tert-butylisothiocyanate (as observed by 
1H NMR spectroscopy) to yield terminal Nb sulfido intermediate B, which readily dimerizes. We previously 
reported an analogous Nb bis-μ-oxo complex, which formed from reaction of a Nb(III) complex with 
oxygen atom transfer reagents.59 Like the bis-μ-oxo complex, 10 is only sparingly soluble in organic 
solvents and rapidly crystallizes from solution upon forming. When we carried out the reaction of 
(BDI)Nb(NtBu)2 and excess carbon disulfide, complex 10 was formed in similar yield, and we observed no 
evidence of products resulting from insertion of more than one equivalent of carbon disulfide into the 
Nb–imido bond. Due to the low solubility, complex 10 could not be characterized by NMR spectroscopy. 
Therefore, confirmation of bulk purity was carried out by combustion analysis. We were also able to 
obtain a crystal structure of 10, which revealed C2h symmetry in the solid state (Figure 2, left, and Table 
S10, ESI). The Nb–S distances in the dimer were consistent with those of related Nb complexes bearing 
bridging sulfide ligands.82,83 
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Figure 2. Crystal structures of 10 (left) and 11 (right) with 50% probability thermal ellipsoids. H atoms, aryl iPr groups, 
and lattice solvent are excluded and selected tBu groups are truncated to the α-carbon. 

Surprisingly, rather than reacting with carbon disulfide exclusively at the more basic tert-
butylimido group, the asymmetric Nb bis(imido) complex (BDI)Nb(NtBu)(NAr) reacted preferentially at the 
arylimido group to once again produce 10 as a precipitate, as well as a 5:2 mixture of arylisothiocyanate 
and tert-butylisothiocyanate (Scheme 3). A complex mixture of other Nb-containing compounds was 
observed in solution, originating from a putative terminal sulfido intermediate, which in turn results from 
release of diisopropylphenylisothiocyanate or tert-butylisothiocyanate from intermediates E and F, 
respectively. The sterically encumbering nature of the arylimido group likely disfavors dimerization of the 
aforementioned terminal sulfido complex to form a dimeric product analogous to complex 10, bearing 
arylimido and κ2-BDI ligands. Hence, the highly reactive terminal sulfido intermediate instead either reacts 
reversibly with tert-butyl- or diisopropylphenylisothiocyanate to regenerate the starting material or 
degrades to a mixture of products. This reaction differs from all others presented in this work: we observe 
preferential reactivity across the arylimido group instead of the tert-butylimido group. This exception to 
the observed trend in reactivity can be attributed to the low solubility of the product 10, which rapidly 
crystallizes from solution upon forming, driving the reaction forward, as well as the bulky nature of the 
combination of an arylimido and a κ2-BDI ligand.  
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Scheme 3. [2+2] Cycloaddition of heteroallenes across Nb-imido π-bonds to yield complexes 10, 12, and 13. 

 Introduction of carbon dioxide to a solution of (BDI)Nb(NtBu)2  resulted in conversion to the 
iminodicarboxylate-bridged dinuclear complex 11, which was isolated as yellow-orange crystals in 76% 
yield (Scheme 2). Monomeric, chelating iminodicarboxylate complexes resulting from related reactions of 
titanium and scandium imido complexes with carbon dioxide have been reported.76,77,79,84 When exposed 
to a single equivalent of carbon dioxide, (BDI)Nb(NtBu)2 reacted to give a mixture of 11 and starting 
material, indicating that insertion of a second equivalent of carbon dioxide into the Nb–N bond of 
carbamate intermediate C to give iminodicarboxylate intermediate D occurs faster than [2+2] 
retrocycloaddition  to release tert-butylisocyanate. Compound 11 was characterized by 1H and 13C NMR 
spectroscopy, as well as X-ray crystallography (Figure 2, right, and Table S10, ESI). It is interesting to note 
the different reactivity patterns observed between carbon disulfide and carbon monoxide in the 
(BDI)Nb(NtBu)2 system; both reactions initially form similar intermediates, A and C, but these 
intermediates ultimately go on to different synthetic fates. While intermediate A releases tert-
butylisothiocyanate via C–S bond cleavage, intermediate C instead inserts another equivalent of carbon 
dioxide to form a second Nb–O linkage. These differences in reactivity can be attributed to the greater 
strength of the carbon–heteroatom bond in carbon dioxide, relative to that of carbon disulfide (X versus 
X, respectively)X, as well as the weaker nature of the average Nb–S bond, as compared to an average Nb–
O bond (X verses X, respectively).X Compare to Mountford, Hillhouse, Warren.  

Exposing the Nb arylimido species (BDI)Nb(NtBu)(NAr) to carbon dioxide resulted in fast, relatively 
clean conversion to the carbamate complex 12 (Scheme 3). While 12 continued to react further with 
carbon dioxide in aromatic solvents (vide infra), when the reaction was instead carried out in hexane, this 
product could be readily isolated as a red powder that precipitated within seconds of introducing carbon 
dioxide. While the 1H NMR spectrum of 12 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 12 exhibited distorted square-based pyramidal geometry with the arylimido group in the 
apical position (Figure 3, left, and Table S11, ESI).  

Jade Fostvedt
Necessary to have numbers and citations here? Or not needed?

Jade Fostvedt
Still working on this. 
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Figure 3. Crystal structures of 12 (left) and 13 (right) with 50% probability thermal ellipsoids. H atoms, aryl iPr groups, 
and lattice solvent are excluded. 

Leaving solutions of (BDI)Nb(NtBu)(NAr) under an atmosphere of carbon dioxide for extended 
periods resulted in partial conversion of 12 to a second major product. Heating a solution of either 
(BDI)Nb(NtBu)(NAr) or 12 under an atmosphere of carbon dioxide resulted in a greater degree of 
conversion to the carbonate-bridged complex 13, which was isolated as red crystalline material in 
moderate yield, with concomitant release of tert-butylisocyanate, as observed by 1H NMR spectroscopy 
(Scheme 3). Unlike the related iminodicarboxylate-bridged dimer 11, compound 13 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 (Figure 3, right, and Table S11, ESI). Formation of 13 indicates that 
the putative four-coordinate terminal oxo-arylimido intermediate G is generated during the course of the 
reaction. Intermediate G reacts with carbon dioxide via [2+2] cycloaddition to give Nb carbonate 
intermediate H, which readily dimerizes to yield 13. We have observed similar [2+2] cycloaddition 
reactivity of CO2 with the terminal oxo moiety of (BDI)Re(O)(NAr); however, the isolable carbonate 
complex formed in this system remains mononuclear in the solid and solution states, and readily releases 
CO2 upon standing in solution under an N2 atmosphere.15 Thus, while the reactivity patterns of 
(BDI)Nb(O)(NAr) and (BDI)Re(O)(NAr) with CO2 are similar, key structural and thermodynamic differences 
prevail in the resulting carbonate products. 

 The reactivity of early transition metal terminal oxo complexes often leads to dimerization to form 
inert bis-μ-oxo complexes.59,76 In the present system, it appears that the combination of a κ2-BDI ligand 
and an arylimido group provide enough steric encumbrance to prevent dimer formation, based on the 
following: first, reaction of (BDI)Nb(NtBu)(NAr) with carbon disulfide gave 10 as the major product and did 
not produce the analogous arylimido-supported bis-μ-sulfido complex and second, oxo imido 
intermediate G reacted with carbon dioxide to form 13 without generating a bis-μ-oxo complex. Spurred 
by these observations, we set out to trap terminal oxo-arylimido intermediate G and further study its 
reactivity. 

 Accordingly, we found that heating a solution of the carbamate complex 12 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 proposed oxo imido intermediate G (Scheme 3), compound 14 (Scheme 4). Compound 14 was isolated 
as orange-yellow crystals in 22% yield. While 14 exhibited broad 1H NMR signals at room temperature, 
the signals sharpened in the presence of excess pyridine, indicating the fluxional process responsible for 
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the broad signals involved reversible dissociation of pyridine. The low yield of 14 can be attributed to 
thermal decomposition; 14 was only stable in solution at low temperature or in the presence of excess 
pyridine. 

 

Scheme 4. Syntheses of complexes 14, 15, 16, 17a–c, 18, 19, and 20 from Nb imido carbamate complex 12. 
 

When a solution of 14 in C6D6 was subjected to elevated temperatures, the complex decomposed 
cleanly to give the highly asymmetric bis-μ-oxo dimer 15, which could be isolated as yellow crystals 
(Scheme 4). The thermal decomposition of 14 proceeded much more rapidly in the absence of excess 
pyridine; based on this observation, we hypothesize that the transformation is likely initiated by the 
dissociation of pyridine to generate reactive four-coordinate intermediate G, which subsequently 
dimerizes by reaction with another equivalent of 14. The solid-state structure of 15 (Figure 4, left, and 
Table S12, ESI) revealed that one of the BDI ligands coordinated in an unusual κ1 binding mode, likely to 
accommodate the demanding steric environment around the two Nb centers.72-74 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.  
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Figure 4. Crystal structures of 15 (left) and 16 (right) with 50% probability thermal ellipsoids. H atoms, selected aryl 
iPr groups, and lattice solvent are excluded. 

In order to access a more thermally stable analog of oxo imido pyridine adduct 14, we investigated 
the reactivity of arylimido carbamate complex 12 toward more strongly donating ligands. We found that 
the addition of 4-dimethylaminopyridine (DMAP) to a solution of 12 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 as the five-coordinate terminal oxo arylimido Nb complex 16 (Scheme 4). To the 
best of our knowledge, 16 represents the first structurally characterized example of a group 5 transition 
metal 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).15,16,85-92 In contrast to the 1H NMR spectrum of 
14, that of 16 displayed sharp signals at room temperature, consistent with a more strongly bound DMAP 
ligand. The X-ray crystal structure of 16 (Figure 4, right, and Table S12, ESI) showed a distorted square-
based pyramidal geometry with an apical imido group and an equatorial oxo group. The Nb–O distance of 
1.750(1) Å is within the typical range for terminal Nb oxo complexes (ca. 1.7–1.8 Å), while the imido bond 
distance of 1.816(1) Å is among the longest distances reported for terminal Nb imido bonds and is similar 
to the distances observed in related bis(imido) complexes.21 Similarly, the Nb–N(3)–C(30) bond angle of 
156.1(1)° is among the most bent observed in Nb terminal imido complexes. Thus, the effect of π-loading 
in this system primarily manifests in the metrical parameters of the imido group; however, this is not an 
indication that the imido group is expected to be more reactive than the oxo group. In fact, preliminary 
studies indicate that 16 reacts with substrates exclusively across the Nb oxo moiety.  

 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.47-56 However, while many Nb 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 Nb hydrides.93 Despite this lack of 
precedent, we found that compound 16 reacted with silane reagents selectively and relatively cleanly 
across the oxo group to generate the yellow siloxide compounds 17a–c (with concomitant generation of 
free DMAP; Scheme 4). While the reactivity of the bis(imido) complex (BDI)Nb(NtBu)2 was limited to 
primary silanes, 16 reacted with both secondary and tertiary silanes within seconds at room temperature. 
In solution, 17a and 17b completely degraded to mixtures of products within 12 h at room temperature; 
17c was slightly more stable, decomposing after about 24 h at room temperature. Unfortunately, isolation 
of 17a–c was complicated by the presence of free DMAP, which proved difficult to separate from the Nb 
hydride products. Hence, our attempts to crystallize 17a–c were not successful, and selective addition of 
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the Si-H bonds across the Nb-oxo group could not be confirmed crystallographically. Nevertheless, the 
large geminal coupling constant for the Si-H protons observed in the 1H NMR spectrum of 17a (2J = 16 Hz; 
1,2-addition across the Nb-oxo moiety) contrasted with the relatively small coupling constant observed 
for 3a (2J = 9.1 Hz; 1,2-addition across the Nb-imido moiety) is indicative of different electronic 
environments for these diastereotopic silyl groups.94  

 While our attempts to thoroughly characterize compounds 17a–c were met with limited success, 
we were able to provide further support for our connectivity assignment by studying their reactivity. We 
found that siloxide compound 17c reacted with tert-butylisocyanate via insertion into the Nb–H bond to 
give the Nb κ1-imidate 18 (Scheme 4). Compound 18 could also be generated readily from the reaction of 
carbamate complex 12 with dimethylphenylsilane (thus avoiding problematic generation of free DMAP) 
and isolated as yellow X-ray quality crystals in 41% yield. The solid-state structure of 18 confirmed that, 
in the original reaction of the oxo imido complex 16 with silanes, the silane reagent indeed added across 
the Nb-oxo group (Figure S4, left, and Table S13, ESI). The formation of complex 18 from 12 likely occurs 
via two steps: first, the silane adds across the C-O bond of the four-membered niobacycle to give a 
niobium dimethylphenylsiloxide tert-butylformamide complex, which is followed by rearrangement from 
an N-bound formamide to an O-bound imidate, likely through a κ2-[N,O] formamide intermediate. The 
driving force for this transformation is twofold: first, addition across one side of the four-membered 
metallacycle relieves ring strain and second, rearrangement from an N-bound formamide to an O-bound 
imidate is highly favored by the oxophilic early transition metal center and, in addition, relieves steric 
congestion at the metal center.  

 While the strong Nb-O and Si-O bonds in 18 rendered the compound quite thermally stable, and 
no catalytic hydrosilation of isocyanates was observed, the reactivity of 17c with isocyanate notably 
differed from that of silylamido Nb hydride complexes 3a and 3b, which did not undergo any reaction with 
isocyanates under similar conditions. We believe this can be attributed to more sterically accessible 
hydride ligand in 17c relative to those of 3a and 3b. We hope to expand upon this chemistry in order to 
use reactivity across oxo groups in catalytic hydrosilations and other hydrofunctionalizations of 
unsaturated substrates.  

 Having isolated the first examples of group 5 transition metal terminal oxo imido complexes, we 
next targeted isolable four-coordinate analogs. Our initial attempts to remove the coordinating DMAP 
ligand from 16 (by treatment with Lewis acids) to generate a four-coordinate complex resulted in 
degradation to mixtures of products. Next, we hypothesized that heating carbamate complex 12 might 
result in [2+2] retrocycloaddition to release tert-butylisocyanate and generate a four-coordinate terminal 
oxo complex. However, upon heating 12 in an NMR tube, we instead observed unproductive isomerization 
to the protonated κ2-[O,O] carbamate complex 19, in which a proton from one of the BDI methyl groups 
has migrated to the carbamate nitrogen; this product was characterized by 1H NMR spectroscopy (Scheme 
4). As a final attempt, we aimed to trap a four-coordinate terminal oxo imido complex generated by loss 
of tert-butylisocyanate from 12 by capping the oxo moiety with a triarylborane Lewis acid. 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 the carbamate functionality simply engaged in a Lewis acid-base 
interaction with the triarylborane to generate 20, which was isolated as purple crystals in 45% yield 
(Scheme 4). The X-ray crystal structure of 20 (Figure S4, right, and Table S13, ESI) is quite similar to that 
of 12, although coordination of the borane resulted in lengthening of the C(46)–O(2) distance by ca. 0.9 
Å. Rather than leading to release of isocyanate and formation of the desired borane-capped oxo complex, 
prolonged heating of 20 led to mixtures of unidentified products. While we were ultimately unable to 
satisfactorily access isolable, four-coordinate oxo imido and sulfido imido complexes, we were able to 
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generate complexes that could act as a source of reactive monomeric oxo imido intermediates, as well as 
trap these intermediates with strongly σ-donating ligands.  

Conclusions 

Nb bis(imido) and oxo imido complexes were shown to react with a variety of substrates across 
their Nb–N and Nb–O π-bonds. First, we demonstrated stoichiometric 1,2-addition reactivity with 
dihydrogen, silanes, and boranes to generate Nb hydrido-amido-imido complexes 1–4, as well as with 
substrates containing relatively acidic S–H or C–H bonds to generate products 7 and 8. Second, bis(imido) 
complexes also exhibited [2+2] cycloaddition and retrocycloaddition reactivity with sulfur- and oxygen-
containing heteroallenes. While reactions with (BDI)Nb(NtBu)2 generated unreactive dimeric species, the 
reaction between (BDI)Nb(NtBu)(NAr) and carbon dioxide generated the monomeric Nb carbamate 
complex 12. Under appropriate conditions, this compound was shown to behave as a source of the 
reactive four-coordinate, monomeric Nb oxo imido intermediate G, which could be trapped as the 
pyridine and DMAP adducts 14 and 16. These represent the first isolated examples of group 5 transition 
metal complexes containing both a terminal imido and a terminal oxo group. Likely as a consequence of 
π-loading effects, compound 16 was reactive toward 1,2-addition of silane substrates across its oxo group. 
While related reactions across oxo groups have been observed in complexes of groups 4, 6, and 7, this 
represents a new reaction pathway in group 5 chemistry. The full scope of stoichiometric and catalytic 
reactions that this reactivity can be applied to remains to be explored, and work in this direction is 
ongoing. In addition to pursuing the reactivity of 16, we are continuing to target four-coordinate terminal 
oxo imido complexes of Nb, as well as other isolobal π-loaded Nb 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. n-Hexane, n-pentane, diethyl 
ether, benzene, toluene, and pyridine 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. 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, AVB-400, AVQ-400, AV-500, and DRX-
500 spectrometers. 1H and 13C{1H} chemical shifts are given relative to residual solvent peaks. 1H and 
13C{1H} 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. (BDI)Nb(NtBu)2 and (BDI)Nb(NtBu)(NAr) (BDI = ArNC(Me)CHC(Me)NAr, Ar = 2,6-
diisopropylphenyl) were prepared using the literature procedures.21 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)NbH(NHtBu)(NtBu) (1): (BDI)Nb(NtBu)2 (200 mg, 0.300 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 in color. Storage at -40 ˚C for 5 days yielded yellow-
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orange crystals of 1. The crystals were isolated and residual solvent was removed under vacuum. Yield: 
91.0 mg, 41%. Generation in solution: (BDI)Nb(NtBu)2 (10.0 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 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 (151 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) (2): (BDI)Nb(NtBu)(NAr) (10.0 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 (151 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) (3a): (BDI)Nb(NtBu)2 (220 mg, 0.340 mmol) was dissolved in 10 mL hexane 
in a 20 mL vial to give an orange solution. Phenylsilane (42.0 μL, 0.340 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 under 
vacuum. The solution was stored at -40 ̊ C overnight, yielding 3a 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), 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 
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(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 (126 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: 120 ˚C (dec). 

(BDI)NbH(N[SiH2
nBu]tBu)(NtBu) (3b): (BDI)Nb(NtBu)2 (180 mg, 0.280 mmol) was added to a 50 mL Schlenk 

flask and dissolved in 5 mL toluene to give an orange solution. N-butylsilane (36.0 μL, 0.280 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 under vacuum. The solution was stored at -40 ˚C overnight, yielding pale yellow crystals of 
3b. 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 (melting with dec). 

(BDI)NbH(N[BO2C6H12]tBu)(NtBu) (4): (BDI)Nb(NtBu)2 (210 mg, 0.320 mmol) was dissolved in 5 mL hexane 
in a 20 mL vial to give an orange solution. Pinacolborane (49.0 μL, 0.320 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 under vacuum. The solution was stored at -40 ˚C overnight, yielding 4 as a 
yellow microcrystalline powder. The powder was isolated and residual solvent was removed under 
vacuum. Yield: 97.0 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 (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 (101 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: 142 ˚C (dec). 

(BDI)Nb(OC(H)O)(N[SiH2
nBu]tBu)(NtBu) (5): Compound 3b (190 mg, 0.260 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 
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color of the solution. 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 under vacuum. The solution was stored at -40 ˚C overnight, 
yielding pale yellow crystals of 5. The crystalline material was isolated and residual solvent was removed 
under vacuum. Yield: 95.0 mg, 48% over two crops. 1H NMR (400 MHz, C6D6, 293 K): δ = 7.86 (s, 1H, 
NbOCHO), 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: 123 ˚C (dec). 

(BDI)Nb(OC(H)O)(N[BO2C6H12]tBu)(NtBu) (6): Compound 4 (160 mg, 0.200 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 of the solution. 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 under vacuum. The solution was stored at -40 ˚C overnight, 
yielding yellow crystals of 6. The crystalline material was isolated and residual solvent was removed under 
vacuum. Yield: 57.0 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), 
1.13 (s, 6H, BPin CH3), 1.06 (d, 3H, CHMe2), 1.04 (d, 3H, CHMe2). 13C{1H} NMR (151 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 (melting 
with dec). 

(BDI)Nb(NtBu)(NHtBu)(CCtBu) (7): (BDI)Nb(NtBu)2 (130 mg, 0.200 mmol) was added to a 100 mL Schlenk 
flask and dissolved in 10 mL toluene to give an orange solution. Tert-butylacetylene (25.0 μL, 0.200 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 under vacuum. The solution was stored at -40 ˚C overnight, yielding 7 as a pale 
yellow crystalline solid. The crystalline material was isolated and residual solvent was removed under 
vacuum. Yield: 85.0 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 7a to 7b (diastereomers) 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 7a 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 7b δ = 8.65 (br s, 1H, N-H), 7.30–7.05 (br m, 6H, Ar), 5.03 (br s, 
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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 7a 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 7b 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 (126 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 (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: 190 ˚C (dec). 

(κ1-BDI)Nb(NtBu)(NHtBu)(SCPh3) (8): (BDI)Nb(NtBu)2 (140 mg, 0.220 mmol) was dissolved in 5 mL toluene 
in a 20 mL vial to give an orange solution. In a separate vial, triphenylmethanethiol (61.0 mg, 0.220 mmol) 
was dissolved in 3 mL toluene. The triphenylmethanethiol solution was added to the solution of 
(BDI)Nb(NtBu)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 under 
vacuum. The solution was stored at -40 ˚C overnight, yielding 8 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 (151 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: 169 °C (dec). 

(BDI)Nb(NAr)(N(tBu)C(CPh2)O) (9): (BDI)Nb(NtBu)2 (200 mg, 0.310 mmol) was added to a 20 mL vial and 
dissolved in 10 mL hexane to give an orange solution. In a separate vial, diphenylketene (120 mg, 0.610 
mmol) was dissolved in 4 mL hexane. The ketene solution was added to the solution of (BDI)Nb(NtBu)2. 
The solution was left at room temperature for 16 h, resulting in a color change from orange to brown. The 
volatile materials were removed under vacuum, leaving a brown residue. The residue was extracted with 
hexane and the resulting solution was concentrated under vacuum. The solution was stored at -40 ˚C 
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overnight, yielding brown crystals of 9. The crystalline material was isolated and residual solvent was 
removed under vacuum. Yield: 150 mg, 56% over three crops. 1H NMR (600 MHz, C6D6, 293 K): δ = 7.28 (t, 
2H, Ar), 7.21 (d, 2H, Ar),  7.19–7.13 (m, 4H, Ar), 7.01 (t, 2H, Ar), 7.00–6.96 (m, 3H, Ar), 6.94 (t, 1H, Ar), 6.79 
(br s, 2H, Ar), 5.28 (s, 1H, HC(C(Me)NAr)2), 3.86 (sep, 2H, CHMe2), 2.69 (sep, 2H, CHMe2), 1.63 (s, 6H, 
HC(C(Me)NAr)2), 1.44 (d, 6H, CHMe2), 1.33 (s, 9H, tBu), 1.26 (s, 9H, tBu), 1.25 (d, 6H, CHMe2), 0.98 (d, 12H, 
CHMe2). 13C{1H} NMR (151 MHz, C6D6, 293 K): δ = 169.8 (HC(C(Me)NAr)2), 160.3 (OCN), 144.6 (Ar), 144.2 
(Ar), 143.9 (Ar), 143.8 (Ar), 142.8 (Ar), 134.6 (Ar), 130.0 (Ar), 128.0 (Ar), 127.5 (Ar), 127.1 (Ar), 127.0 (Ar), 
125.3 (Ar), 125.1 (Ar), 124.5 (Ar), 122.5 (Ar), 105.1 (HC(C(Me)NAr)2), 103.7 (C=C(Ph)2), 69.6 (Cα, tBu), 59.8 
(Cα, tBu), 34.2 (Cβ, tBu), 32.4 (Cβ, tBu), 28.7 (CHMe2), 27.7 (CHMe2), 25.8 (CHMe2), 25.5 (HC(C(Me)NAr)2), 
25.2 (CHMe2), 25.1 (CHMe2), 24.9 (CHMe2). Anal. calcd (%) for Nb1O1N4C51H69: C, 72.32; H, 8.21; N, 6.61. 
Found: C, 72.14; H, 8.01; N, 6.36. MP: 150 ˚C (dec). 

[(BDI)Nb(NtBu)(μ-S)]2 (10): (BDI)Nb(NtBu)2 (100 mg, 0.150 mmol) was dissolved in 6 mL benzene in a 20 
mL vial to give an orange solution. Carbon disulfide (9.20 μL, 0.150 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 10 as red crystalline blocks. Yield: 65.0 mg, 69%. Compound 10 was not 
sufficiently soluble in common NMR solvents to obtain solution 1H or 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 (11): (BDI)Nb(NtBu)2  (200 mg, 0.310 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 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 under vacuum. The solution was stored at -40 ˚C 
overnight, yielding yellow-orange crystals of 11. 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). 13C{1H} NMR (101 
MHz, C6D6, 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: 178 ˚C (dec). 

(BDI)Nb(NAr)(N(tBu)CO2) (12): (BDI)Nb(NtBu)(NAr) (1.80 g, 2.40 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 12. 
The crystalline material was isolated and residual solvent was removed under vacuum. Yield: 1.01 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), 
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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 (126 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 (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 NbO2N4C46H67·C4H10O: C, 68.63; H, 8.87; 
N, 6.40. Found: C, 68.59; H, 8.72; N, 6.79. MP: 135 ˚C (dec). 

[(BDI)Nb(NAr)(μ-CO3)]2 (13): (BDI)Nb(NtBu)(NAr) (250 mg, 0.330 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 under vacuum. The solution was stored at -40 ˚C overnight, yielding red crystals of 13. 
The crystalline material was isolated and residual solvent was removed under vacuum. Yield: 98.0 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 (151 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: 171 ˚C 
(dec). 

(BDI)Nb(NAr)(O)(Py) (14): Compound 12 (300 mg, 0.340 mmol) was added to a 50 mL Schlenk flask and 
dissolved in 10 mL toluene to give a red solution. Pyridine (0.55 mL, 6.90 mmol) was added to the solution 
of 12. 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 under vacuum and then 
stored at -40 ̊ C overnight, yielding orange crystals of 14. The crystalline material was isolated and residual 
solvent was removed under vacuum. Yield: 59.0 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). 13C{1H} NMR (151 MHz, C6D6, 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 NbON4C46H63: C, 70.75; H, 8.13; N, 7.17. Found: C, 70.18; H, 7.77; N, 6.72. MP: 143 ˚C (dec). 
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(κ1-BDI)Nb(Py)(NAr)-(μ-O)2-(NAr)Nb(BDI) (15): Compound 12 (10.0 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 
15. 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 (151 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) (16): Compound 12 (200 mg, 0.250 mmol) was dissolved in benzene (3 mL) in a 
20 mL vial to give a red solution. In a separate vial, 4-dimethylaminopyridine (DMAP) (33.0 mg, 0.270 
mmol) was dissolved in 2 mL benzene. The DMAP solution was added to the solution of 12. 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 16 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, 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 (151 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 NbON5C48H68: C, 69.97; H, 8.32; N, 
8.50. Found: C, 70.35; H, 8.26; N, 8.26. MP: 219 ˚C (dec). 
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(BDI)NbH(O[SiH2Ph])(NAr) (17a): Compound 16 (10.0 mg, 0.012 mmol) was suspended in C6D6 (0.4 mL) in 
a 4 mL vial. Phenylsilane (1.60 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 17a 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) (17b): Compound 16 (10.0 mg, 0.012 mmol) was suspended in C6D6 (0.4 mL) in 
a 4 mL vial. Diphenylsilane (2.50 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 17b 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) (17c): Compound 16 (10.0 mg, 0.012 mmol) was suspended in C6D6 (0.4 mL) 
in a 4 mL vial. Dimethylphenylsilane (2.00 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 17c 
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, 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) (18): Compound 12 (200 mg, 0.250 mmol) was dissolved in 4 mL 
benzene in a 20 mL vial to give a red solution. In a separate vial, dimethylphenylsilane (29.0 mg, 0.250 
mmol) was dissolved in 2 mL benzene. The silane solution was added to the solution of 12. 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 under vacuum and then stored at -40 ˚C overnight, yielding 
yellow crystals of 18. The crystalline material was isolated and residual solvent was removed under 
vacuum. Yield: 94.0 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 (151 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), 
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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 NbO2N4C54H79: C, 69.20; H, 8.50; N, 5.98. Found: C, 69.28; H, 8.30; N, 5.90. MP: 205–210 ˚C 
(melting with dec). 

(BDI#)Nb(NAr)(O2CNH(tBu)) (19): Compound 12 (10.0 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 
19. 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) (20): Compound 12 (200 mg, 0.250 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, 
0.250 mmol) was dissolved in 5 mL benzene. The borane solution was added to the solution of 12, resulting 
in an immediate color change from red to 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 under vacuum and then stored 
at -40 ˚C overnight, yielding purple crystals of 20. 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 (151 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 
NbF15O2N4C64H67: C, 58.55; H, 5.14; N, 4.27. Found: C, 58.41; H, 5.18; N, 4.37. MP: 185–195 ˚C (melting 
with dec). 

X-Ray Crystallographic Studies: Single crystals of 1, 3a, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 16, 18, and 20 
were coated in Paratone-N oil, mounted on a Kaptan loop, transferred to a Bruker APEX CCD area 
detector,99 centered in the beam, and cooled by a nitrogen flow low-temperature apparatus. Preliminary 
orientation matrices and cell constants were determined by collection of 36 10s frames, followed by spot 
integration and least-squares refinement. An arbitrary hemisphere of data was collected, and the raw 
data were integrated using SAINT.100 An empirical absorption correction based on comparison of 
redundant and equivalent reflections was applied using SADABS.101 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.102 Thermal parameters for all non-hydrogen atoms were refined 
anisotropically. The PLATON/SQUEEZE procedure103 was used to remove extraneous electron density due 
to highly disordered lattice solvent in the structures of compounds 3 and 7. ORTEP diagrams were created 
using the ORTEP-3 software package104 and Mercury.105 All structures were deposited to the Cambridge 
Crystallographic Data Centre (CCDC) with deposition numbers: CSD 2004310 (1), 2004311 (3a), 2004312 
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