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ABSTRACT: Terminal imido complexes, containing metal-nitrogen multiple bonds, have been widely used in organometallic 
chemistry and homogeneous catalysis. The role of terminal imido ligands span from reactive site to spectator motif, largely 
depending on the nature of the metal center and its specific coordination sphere. Aiming at identifying reactivity descriptors 
for M-N multiple bonds, we herein explore solid-state 15N NMR spectroscopy (ssNMR) on early-transition metal terminal 
imido complexes augmented by computaional studies and show that the asymmetry parameter,  (skew, 1 ≥  ≥ -1), readily 
available from experiments or calculations, is diagnostic for the reactivity of M-N multiple bonds in imido complexes. While 
inert imido ligands exhibit skew values () close to 1, highly reactive imido moieties display significantly lower skew values 
( << 1) as found in metallocene or bis-imido complexes. Natural Chemical Shielding analysis shows that skew values away 
from 1 are associated with an asymmetric development of  orbitals around the M-N multiple bond of the imido moiety, with 
a larger double-bond character for reactive imido. Notably, this descriptor does not directly relate to the M-N-C bond angle, 
illustrating the shortcoming of evaluating bonding and hybridization from geometrical parameters alone. Overall, this 
descriptor enables to obtain direct experimental evidence for -loading effect seen in bis(imido) and related complexes, thus 
explaining their bonding/reactivity.

INTRODUCTION 

Terminal imido metal complexes (M=NR) belong to a fundamental class of organometallic compounds, wherein the imido 
ligand can serve as a stabilizing ancillary ligand or be a key reactive intermediate. These imido ligands can indeed also 
participate in numerous stoichiometric and catalytic transformations leading to nitrogen-containing compounds, including 
cycloaddition with unsaturated bonds,1 nitrene transfer,2,3 1,2-addition,4 or C-H bond activation.5  Although a wide range of 
early- and late transition metal imido complexes can be found in catalysis, their reactivity highly depends on the nature of the 
transition-metal element and the specific structure and electronic configuration, which is often related to the other ligands 
complementing the coordination sphere of the metal complex. While terminal mono-imido compounds from groups 3- and 4 
typically exhibit high reactivity of the imido bond, including [2+2]-cycloaddition with unsaturated substrates, C-H bond 
activation etc., the reactivity of the imido group significantly drops for later –e.g. group 5 and 6– transition-metals, and instead 
the imido typically finds application as a spectator ligand6, as exemplified by the ancillary imido ligands in Schrock-type olefin 
metathesis catalysts.7,8 Moving further to the right in the Periodic Table, imido complexes of late transition metals again 
display enhanced reactivity owing to the inherent instability of late transition metal-ligand multiple bonds9, as elucidated by 
the “oxo-wall” principle.10,11 In many instances, the wide range of reactions available to late transition metal imidos hampers 
their isolation and characterization. 

In addition to the effect of metal centre, specific ligand environments are known to enhance the reactivity of the imido ligands. 
For instance, introduction of strongly -donating ligands such as additional imido groups (for groups 5 and 6-elements12–16, 
or a cyclopentadienyl ligand (mainly for 4-group elements)17–20 also boosts the reactivity of the imido ligand, in a concept 
known as the -loading effect.12,21 While these reactivity patterns have attracted research interest leading to extensive studies 
both from experimental and theoretical aspects, no general descriptor of reactivity for the metal-nitrogen bond has been 
uncovered, and a priori prediction of reactivity remains a challenge. 

Solid-state NMR (ssNMR) may offer in this regard an ideal platform to link reactivity patterns observed across transition 
metal imido complexes to specific spectroscopic signatures.22,23 ssNMR enables measuring each principal component of the 
chemical shift tensor – 11, 22 and 33 (11 ≥ 22 ≥ 33/ppm) – and thereby the related asymmetric parameters such as span (, 
eq. 2) and skew (, eq. 3) and offers the possibility to build a molecular orbital picture linking chemical shift to electronic 
structure and reactivity (eq. 1 and Fig. 1). While chemical shift () is observed experimentally with respect to a reference 
compound, chemical shielding ( eq. 4) is an intrinsic property of nuclei in their local environment and accessible by 
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calculations. This shielding value can be decomposed into diamagnetic (dia) and paramagnetic plus spin-orbit (para+SO) terms 
(eq 5).  
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Figure 1. Magnetically induced coupling of occupied and vacant orbitals leading to a deshielding along the i-axis. 

 

These terms originate from an isotropic screening and shielding of the nuclei by electrons (dia), and an anisotropic 
component associated typically with deshielding (para+SO), which arises mostly from the frontier molecular orbitals (eq. 6). 
24,25 While dia is usually constant across a broad range of molecular structures for a given nucleus, para+SO often plays a pivotal 
role in driving the NMR chemical shifts, being mostly influenced by the nature (symmetry) and the energy of frontier 
molecular orbitals, thus opening the possibility to connect NMR signature to reactivity.22,23 According to the Ramsey equation 
(eq. 6), deshielding is driven by magnetically coupled occupied and vacant orbitals of appropriate symmetry (orthogonal to 
each other and to the direction of the applied magnetic field), which can be identified by Natural Chemical Shift (NCS) analysis 
(Figure 1).26,27 Recent studies have demonstrated the potential of 13C Chemical Shift Tensor (CST) analysis as a tool to assess 
the electronic structure and understand the reactivity of metal-carbon bonds in transition metal alkyl-, alkylidene and 
alkylidyne species towards metathesis, dimerization and polymerization, exploiting the metal-carbon -interaction as a key 
parameter that describes reactivity.23,28–32 Considering the rather large chemical shift window of 15N NMR (>1000 ppm) and 
the relative ease of 15N-labeling of the imido ligand, analysis of 15N chemical shift tensors of transition metal imido complexes 
could allow an assessment of their electronic structure and thereby create the opportunity to possibly directly tie 
spectroscopic signature to reactivity. In fact, besides solution-NMR studies,33,34 a few available examples of 15N ssNMR draw 
the potential of such approach. For instance, pioneering 15N ssNMR studies on molybdenum imido and nitrido complexes 
shows that the axially symmetric spectral pattern was indicative of sp-hybridization on M≡NR fragment.35 More recently, the 
technique was applied to actinoid-nitrogen multiple bonds to interrogate their covalency.36–38  

In this work, we employ 15N ssNMR to probe the electronic structure of a number of early transition metal imido complexes, 
with the goal to rationalize their reactivity patterns and evaluate chemical shift, a readily available parameter, as a descriptor 
of reactivity. We herein focus on a prototypical reaction, [2+2] cycloaddition with alkynes, because of its prominence as a 
primary step for numbers of organic transformation and because its concerted mechanism allows us to concentrate on imido-
centered reactivity and avoid complex multi-step processes. The solid-state 15N NMR spectra of these imido complexes are 
highly sensitive towards the imido electronic structure and reveal a diagnostic reporter in the degree of anisotropy of the 
chemical shift: skew ( eq 3), which is directly related to the magnitude of each chemical shift tensor principal components 
and related to the N-hybridrization. Natural chemical shielding (NCS) analysis identifies that the development of anisotropy 
resulting from interaction of the two possible (M-N) orbitals defines the reactivity of the imido ligand, highlighting the role 
of specific ligand set/geometry on imido-centered transformation.  
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RESULTS  

Solution 15N NMR studies. In an effort to evaluate the possible relation between 15N NMR chemical shift and reactivity, a 
family of early transition metal imido complexes was selected covering 4-6 group metals with various reactivity profiles 
toward [2+2] cycloaddition with alkynes in which the presence of filled, high-lying (M-N) orbital as well as vacant, low-lying 
(M-N) orbital holds the key. The compounds investigated can be divided in several classes: (i) group 5-6 mono-imido halides, 
which are typically unreactive; along with three classes that are reactive toward cycloaddition: (ii) group 4 mono(imido) 
halide complexes; (iii) group 5/6 bis(imido) complexes; and (iv) group 4 metallocene imido complexes (Summarized in Figure 
2). 

 

Figure 2. (i) [2+2]-cycloaddition of imido complexes and alkyne. (ii) The complexes focused in this study, representing 
imido ligand as (a) spectator motif in group 5-6 mono(imido) complexes, and reactive sites in (b) group 3-4 mono(imido), 
(c) group 5-6 bis(imido) and (d) metallocene imido complexes.

To initiate our investigation, the solution-state 15N NMR chemical shift was first examined (Table 1). The relevant 15N NMR 
chemical shifts were obtained using 1H-15N HSQC experiments without a need of labelling on imido nitrogen (Figure S2-S9).  
Among the series, we could not identify the general trend in the observed 15N chemical shift () against either their reactivity, 
or the M-N-C bond angle which is often used to discuss the hybridization on the imido ligand.33 For instance, V(=NPh)Cl3(dme), 
representing a rather unreactive group 5 mono(imido) complex, displays a  of 498 ppm, similar to what is observed for 
Mo(=NPh)2Cl2(dme) ( = 470 ppm) and Cp2Ti(=NtBu)(py) ( = 483 ppm), both of which exhibit high reactivity for the imido 
moiety. In contrast, another highly reactive bis(imido) complex W(=NDipp)2Cl2(dme) resonates at  = 407 ppm, which is the 
most shielded value among the series. These results have prompted us to record solid-state 15N NMR spectra of the series in 
order to measure the principal components of the chemical shift tensor, and thereby the anisotropy of the signal related to 
the detailed electronic structure. 

Solid-state 15N NMR studies. Because solid-state 15N NMR suffers from inherent insensitivity arising from significant 
broadening of the NMR signal due to the anisotropy and associated spinning side band manifold, four selected 15N-labelled 
complexes were synthetized –V(=15NPh)Cl3(dme) (115N), Ti(=15NPh)Cl2(py)3 (215N), Mo(=15NPh)2Cl2(dme) (315N) and 
Cp2Ti(=15NtBu)(py) (415N) (For synthetic details, see ESI), and their solid-state 15N MAS NMR spectra recorded. These 
compounds were then used to benchmark our computational approach, thereby enabling the extraction of the electronic 
structure of each compound (For fitting details, see ESI). 

 

Table 1. Solution-state 15N NMR chemical shift and experimental M-N-C angle on selected imido complexes. 

Compound Na (ppm) M-N-C (°)(ref. No.) 

Ti(NPh)Cl2(py)3 (2) 413b 17739 

Ti(NtBu)Cl2(py)3 462 17240 

V(NPh)Cl3(dme) (1) 498 179 

Mo(NPh)Cl4(thf) 453 17541, c 

W(NPh)Cl4(thf) 434 17742 

Cp2Ti(NtBu)(py) (4) 483 16119 

Mo(=NPh)2Cl2(dme) 
(3) 

470 162 d 

W(=NDipp)2Cl2(dme) 407 16443, d 

a N were obtained by 1H-15N HSQC experiment in C6D6 or bthf-d8 at 500 MHz spectrometer. Chemical shift relative to liquid 
NH3. c Value from p-tolyl(imido) analogue. dAverage value of M-N-C angles in crystal structure. 
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Figure 3. Experimental 15N CP-MAS NMR spectra (black), and simulation (blue/red) of (a) V(=15NPh)Cl3(dme) (115N),  (b) 
Ti(=15NPh)Cl2(py)3 (215N), (c) Mo(=15NPh)2Cl2(dme) (315N) and (d) Cp2Ti(=15NtBu)(py) (415N).  All spectra were collected at 8k 
Hz MAS at 600 M Hz spectrometer.  Decomposition product (15N-aniline) were denoted with asterisk (*).

 

The experimentally obtained solid-state 15N MAS NMR spectra for 115N -415N are shown in Fig. 3. 15N-labelled 
V(=15NPh)Cl3(dme) (115N) exhibits an axial spectral pattern with two strongly deshielded components, 11 = 787 ppm and 22 

= 782 ppm, vs. 33 = -81 ppm, giving iso = 496 ppm with an axial skew value  = 0.98 (Fig. 2a). The coupling of 15N with 
neighboring 51V nuclei (spin=7/2, 99.8% natural abundance) results in an octet for each side band with 1JVN = 135 Hz. A similar 
signature was observed for the group 4 mono(imido) analogue, Ti(=15NPh)Cl2(py)3 (215N) exhibiting  = 0.99. (figure 3b). This 
highly axial solid-state 15N chemical shift pattern was similarly reported for cationic molybdenum(VI) imido or neutral nitrido 
complexes.35 Such spectral signatures are typically observed for axially symmetric (ca. C∞ axis) environments, as found in the 
13C  solid-state NMR spectra of alkynes and transition metal alkylidyne complexes.44 This is indeed consistent with the 
structure of these mono-imido species featuring essentially linear M-N-C angles, pointing to sp-hybridized nature of the 
nitrogen (table 1). While common spectral features are observed for 115N and 215N, they have contrasting reactivity: while 1 
is inert towards cycloaddition with alkyne14, 2 has been known as a potent catalyst for [2+2+1]-pyrrole formation reaction 
which involves [2+2]-cycloaddition process as a key step.45 This difference will be addressed in later section. 

Group 6 bis(imido) complexes have been employed as a reactive center in catalytic/stoichiometric transformations, in 
contrast to the unreactive mono(imido) analogues.13,46 The two imido fragments in bis(imido) species often appear to be 
inequivalent in the solid state;47 this is also true for Mo(=NPh)2Cl2(dme) (3) as revealed by single-crystal X-ray diffraction 
analysis (Figure S1). While one of the imido moieties has shorter Mo-N length (1.704/1.744 Å for 2 molecules in an 
asymmetric unit, respectively, and the same hereafter) as well as larger Mo-N-C angle (167.5/175.5 °), the other imido ligand 
has significantly longer Mo-N distance (1.757/1.755 Å) with a smaller Mo-N-C angle (151.7/151.5 °). These structural 
deviations suggest their different hybridization on nitrogen; the linear imido moiety can be described as sp-hybridized 
nitrogen while bent imido ligand has sp2-character. In fact, ssNMR spectroscopy highlights the contrasting signature for these 
two groups. Although solution state 15N NMR gave single signal for 3 implying the rapid interconversion of these imido ligands 
(Table 1), solid-state 15N NMR of 315N successfully captured the difference of these imido moieties (Figure 3c). Each sideband 
has a “doublet-like” splitting, which can be attributed to the two distinct molecules in an asymmetric unit in the crystal. Since 
each pair of “doublets” has a similar spectral parameter, their average is used in the discussion hereafter (For full extraction 
of the spectrum and fitting, see ESI). The extracted parameters allow for decomposition of the spectrum into two distinct 
signals showing isotropic chemical shifts at 485 ppm and 427 ppm both of which feature a significantly low skew value:  = -
0.54 and 0.27, respectively, contrasting to that of mono(imido) analogues. In fact, such a low skew value combined with a 
large span draws parallels to the solid-state 13C NMR spectra of transition metal alkylidene complexes,44 implying significant 
double-bond character of the N=M bond within these species. Combined with geometrical parameters, the signal at 485 pm 
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( = -0.54,  = 728 ppm) is assigned to the bent-imido moiety, while the one at 427 ppm ( = 0.27,  = 560 ppm) is assigned 
to the linear imido ligand, although such a low skew value is unexpected from its geometrical linearity. These assignments 
were further corroborated by DFT calculations based on the crystal structures (vide infra).  

Lastly, 15N ssNMR spectrum for the titanocene imido complex Cp2Ti(=15NtBu)(py) (415N) was reported in Figure 3d, 
representing the reactive group 4 metallocene imido family. The spectrum of 415N contains 3 species with similar overall 
parameters, which we assign to potential crystal polymorphs. Consistent with this assignment, the solution-state 15N NMR 
collapses into a single species. For this discussion, the average parameters of the 3 signals was used. The isotropic chemical 
shift of 415N is 485 ppm with a moderately asymmetric signature ( = 0.45,  = 651 ppm) showing the intermediate feature 
between mono- and bis(imido) complexes.  

 

DISCUSSION 

Chemical Shift Tensor Orientations. The experimental investigations reveal the high sensitivity of solid-state 15N NMR 
towards the chemical—and potentially electronic—environment around the imido nitrogen, primarily modulating its line-
shape. While the skew value (), which is strongly associated with the position of 22, is identified a key spectroscopic 
parameter, the isotropic chemical shift only shows a minor difference among the complexes and is in agreement with the 
solution-state NMR studies. Since  is by nature associated to the symmetry around the interested nuclei driven by each 
principal component, we next looked at the orientation of the calculated 15N chemical shielding tensor (CSTs) and carried out 
a NCS analysis26,27 for each complex based on their computed structure and NMR signatures in order to further understand 
the observed trends. The calculations were first benchmarked against experimental values, showing good correspondence to 
observations (Table 2). 

 

Table 2. Calculated solid-state 15N NMR parameters. Experimental values are shown in parentheses. 

Compound iso  (ppm)a skew ()b 

115N 513 (496) 1026 (939) 0.94 (0.98) 

215N 440 (407) 716 (728) 0.86 (0.99) 

315N linear 453 (427) 544 (560) 0.16 (0.27) 

315N bent 521 (485) 687 (728) -0.46 (-
0.54) 

415N 556 (485) 647 (651) 0.47 (0.45) 

a Span () = 11-33. b Skew () = 3(22-iso)/(11-33). 

 

The visualized orientations of the CSTs of 1-4 are summarized in Figure 4a-e. The CST orientations were found to be common 
among the herein investigated imido complexes. The most and second-most deshielded tensor components, 11 and 22, are 
oriented perpendicular to the M-N bond, while the most shielded 33 is more along the bond. Such orientations are analogous 
to isoelectronic transition metal alkylidyne species44 implying sp hybridization around the nitrogen atoms, while the spectral 
signature (e.g. skew value) significantly differs among the series. Deviation from this general alignment, which could be found 
in 3bent and 4, potentially implies a modulation in the electronic structure for these species (vida infra). For bis(imido) complex 
3, the deshielded 11 is perpendicular to the Mo-N bond pointing parallel with N-Mo-N plane for both the linear- and bent 
imido ligands, whereas 22 points orthogonal to the plane. Similarly, 11 in metallocene species 4 points to Cp ring, i.e. another 
-donor, while 22 is on the metallocene wedge plane.
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Figure 4. Visualized orientations of CSTs in (a) V(=NPh)Cl3(dme) (1), (b) Ti(=NPh)Cl2(py)3 (2), (c) The linear imido ligand for 
Mo(=NPh)2Cl2(dme) (3linear), (d) the bent imido ligand for Mo(=NPh)2Cl2(dme) (3bent) and (e) Cp2Ti(=NtBu)(py). ). Orientations 
of ()11, ()22 and ()33 are shown in red, green, and blue arrows, respectively. The 15N NMR chemical shift values () are 
indicated in ppm next to the direction of each principal component. (f) Summary of NCS analysis for 11 and 22 for 1-4

Natural Chemical Shift – NCS – Analysis. We next carry out an NCS analysis in order to identify the respective orbital 
contributions to each of the principal components of 1-4, and the results for 11 and 22 are summarized in Figure 4f (for 33, 
see Figure S23). Coming back to the Ramsey equation (eq. 6), the chemical shielding can be divided into two parts: the 
diamagnetic (dia, black bars in Figure 4f) and paramagnetic/spin-orbit terms (para+SO, dark red/green bars). While 
contribution from dia is found to be virtually constant at ca. 310 ppm with minor deviation among the series, para significantly 
differs and drives the entire change of chemical shielding. A closer inspection on  para+SO component allows us to link the NMR 
signature to specific orbital interactions (Fig. 1 and eq. 6). 

Starting with the simplest examples, in both the mono(imido) species V(=NPh)Cl3(dme) (1) and Ti(=NPh)Cl2(py)3 (2) the 
(M-N) orbital is the main driver for both 11 and 22, while the (N-C) and (M-N) orbitals follow as the second- and third 
most important contributions. The large deshielding perpendicular to M-N axis, originating from the -orbitals, indicates 
couplings with two low lying (M-N) orbitals oriented perpendicular to the M-N bond by symmetry (Figure 5a). The similar 
values of deshielding in the 11 and 22 components indicate a similar extent of coupling (i.e.  the energy gap between 
the relevant orbitals), further suggesting that the two pairs of (M-N) orbitals have similar energies. This supports the sp-
hybridized nature of the M-N bond in 1 and 2, where the two -orbitals are ideally degenerate as schematically depicted in 
Figure 5a. This can be further observed in the highly shielded 33 component, in which the NCS analysis reveals the shielding 
contribution from a filled (M-N) orbital coupled to another orthogonal filled (M-N) orbital (Figure S23).  

The bis(imido)molybdenum complex (3) shows a significantly asymmetric spectral pattern and two non-equivalent imido 
ligands. This is reflected in NCS analysis shown in Figure 4f with stark contrast in orbital contributions between linear- (Nlin) 
and bent imido ligand (Nbent). The linear imido ligand (Nlin) has (Mo-N), (N-C) and (Mo-N) orbitals as the first, second and 
third drivers for both the 11 and 22 components. The degree of each of these contributions is similar in both directions; this 
situation is analogous to mono(imido) halides 1 and 2 implying sp-hybridized nature of Nlin in 3. On the contrary, the bent 
imido ligand (Nbent) has significantly high contribution from both the (Mo-N) and (Mo-N) orbitals in 11, whereas these 
contributions are suppressed in 22, causing a significant difference between 11/11 and 22/22 components.  

Combined with the visualized CST tensor (Figure 4c, d), the large deshielding in 11 in Nbent suggests the better orbital coupling 
of both the - and (Mo-N) orbitals, which indicates the presence of a low-lying vacant (Mo-N) as well as a high-lying filled 
(Mo-N) orbital in the direction perpendicular to both 11 and M-N bond. On the contrary, the suppressed deshielding 
contribution from - and (Mo-N) orbitals in 22 suggests inefficient coupling between -− and -(Mo-N) orbital-pairs 
within N-Mo-N plane. This is due to the reduced contribution of bent-imido-based orbital in the in-plane (N-Mo-N) orbital, 
which is dominated by the -bonding between metal and linear-imido ligand. Such an environment, based on inspection on 
11 and 22, suggests a more double-bond character of imido ligand with increased sp2-like nature for Nbent. These analyses 
can be summarized in a schematic MO diagram as shown in Figure 5b. The linear imido moiety has two -orbitals in rather 
similar energy level (similarly to complexes 1/2), which leads to more sp character on the nitrogen (Figure 5b. left). On the 
contrary, the -orbitals in bent imido have significantly different energy levels rendering a sp2-hybridized, double-bond 
character. This elevated energy level of the filled -orbital, as well as the lower energy  orbital in the bent imido ligand 
immediately imply its role as frontier orbitals enhancing the reactivity on this moiety, which explains the advantage of d0 cis-
bis(imido) fragment as a reactive site. 
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Figure 5. Qualitative MO diagrams of relevant molecular orbitals for (a) mono(imido), (b) bis(imido) and (c) metallocene-
imido fragments. Transitions relevant to 11(11) and 22(22) are indicated with thick red arrows and thin green arrows, 
respectively. Filled- and vacant orbitals that are relevant to imido-centered reactivity were highlighted in red square.

The large difference between the two CSTs and thus the nature of two -orbitals can be rationalized in terms of the -loading 
effect, or the competitive formation of -bonds between imido ligands. While each of the two imido ligands is formally capable 
of forming two -bonds, there are only three d-orbitals that are allowed by symmetry to participate in such bonding, limiting 
to a maximum of only three -bonds. In an extreme depiction, this situation will result in one of the imido ligands forming a 
triple bond with two -bonds (i.e. sp-hybridization), while the other imido ligand only forming one -bond (sp2-hybridization) 
and thus a strong distortion of the electron density in one specific direction. Such scenario is consistent with the structural 
differences between the linear and bent imido ligands observed by single crystal diffraction, and further the experimental 
signature of the 15N ssNMR as well as the NCS analysis. To summarize, competitive -interactions (-loading) cause a 
difference in hybridization around the two imido ligands in bis(imido) complexes; while one of the two imido ligands forms 
triple bond, and thus is less reactive, the other  develops double-bond character with elevated/dropped energy level in the 
filled (M-N)/empty (M-N) orbital, respectively, offering higher reactivity. 

Finally, the metallocene imido species Cp2Ti(=NtBu)(py) was investigated in which the -donating L2X-type cyclopentadienyl 
ligand is a potential key player. The experimentally-observed medium skew value (0.45) already indicates the asymmetric 
orbital development around the imido ligand, which draws contrast to the mono-imido halides 1 and 2. NCS analysis reveals 
that the contribution from (M-N) orbitals is a primary driver in both the  11 and 22 directions, followed by (M-N) and (N-
C) orbitals as the second- and third- contributors. Combining these observations, the dominant orbital coupling was identified 
to be (M-N) to  *(M-N) along the 11 / 22 axes, and corresponding − transition follows as the second contributor. A 
different degree of couplings in the 11 / 22 directions again points to different development of the relevant orbitals in each 
direction.  

The origin of this effect can be rationalized analogously to bis(imido) case, where now the Cp ligands are playing -competitor 
role as visualized in the schematic MO diagram in Figure 5c. This -competition picture is consistent with the well-known 
analogy between bis(imido) and bent-metallocene fragments.48 Two Cp ligands in the bent metallocene fragment inherently 
interact with the d orbital pointing toward  

both of the Cp rings; such an orbital further symmetrically matches to one of the  orbitals in imido ligand sitting on Cp-Ti-Cp 
plane. Although both Cp and imido ligand share the same d orbital, the stronger -bonding Cp ligands inhibit efficient M-N 
orbital overlap in this direction, quenching the development of the (M-N) orbital.49 In fact, the deshielded 22 component as 
well as small contribution of this orbital in para+SO in NCS analysis reflects its Cp-based nature resulting in a poor coupling 
despite its high-lying energy (indicated as dashed green arrow in Figure 5c). Consequently, only the d orbital in the 
metallocene wedge position of Cp2Ti fragment is accessible for (Ti-N) bond, which results in a double bond between metal 
and nitrogen, rather than triple bond.  

A similar analysis is also conducted on canonical MOs, in order to identify the responsible couplings for deshielding (see 
detailed discussion for ESI, Figure S29-33), and it is in agreement with the NLMO-based discussion above. The dominant 
couplings correspond again to filled/vacant pairs of -/- transitions among 1-4. To summarize, NCS analysis identified 
the asymmetric development of (M-N) orbital as key factor in driving 15N NMR signatures; these results highlight the 
importance of double-bond character in reactive imido ligand.  
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Computational Evaluation of Reaction Intermediates.  

To this end, one may wonder what the difference between group 4 and 5 imido complexes is: while group 5 mono(imido) 
complexes are known for their low reactivity, group 4 mono(imido) complexes often exhibit stoichiometric/catalytic 
reactivity on the imido moiety, yet experimental 15N ssNMR suggests a virtually identical sp-hybridized spectral signature of 
the imido fragments in 1 and 2 (Figure 3a/b, and Figure 4f). In fact, Ti(=NPh)Cl2(py)3 (2) is one of the most potent catalysts 
for catalytic [2+2+1]-pyrrole formation, which involves [2+2]-cycloaddition45 as a key step. Envisioning to address the 
difference between them, we focus on their potential intermediate for [2+2]-cycloaddition upon dissociation of L-type ligands 
(Figure 6). 

While both Ti(=NPh)Cl2(py)3 and V(=NPh)Cl3(dme) display a pseudo-octahedral geometry, dissociation of the supported 
dative ligands (py or dme) yields intermediates with different geometry: trigonal planar for Ti(=NPh)Cl2 vs. tetrahedral for 
V(=NPh)Cl3. The computationally obtained 15N ssNMR parameters for such species suggest a preserved highly axial pattern 
for V(=NPh)Cl3 with  = 0.99 (Figure 6a), while the Ti(=NPh)Cl2 fragment exhibited lower  = 0.53 which is indicative to the 
development of an asymmetric  orbital, i.e. partial double-bond character while less significant than bis(imido) case (Figure 
6b). The origin of such low skew value is likely due to the Cl ligands: while highly symmetric V(=NPh)Cl3 fragment has virtually 
symmetric imido -bonds, one of the Ti-N  orbitals (parallel to trigonal plane) competes with the Ti-Cl  bonds quenching 
its development which results in an asymmetrically developed  orbital perpendicularly aligned to the plane. In addition, 
removal of an L-ligand from bis(imido) and metallocene imido complexes 3 and 4 preserves their low skew value (  ), 
suggesting they retain their doubly bonded nature in the “naked” state, which is consistent with their high reactivity (Table 
3, entry 12, 14). This example illustrates how the  value can be used as a computational reactivity reporter, offering a facile 
evaluation methodology for reaction intermediates, which may be otherwise inaccessible. 

Finally, to further examine the generality of skew value () as a general reactivity descriptor, the 15N NMR signatures of a 
series of early transition metal imido complexes were computationally investigated (Table 3). The calculated skew values 
indeed draw a nice parallel with the reported reactivity of the complex; while inert mono(imido) complexes have higher  
values approaching 1, the cycloaddition-active complexes and intermediates generally have small  values ( < 1) 
accompanied with lower  22 and higher 33. Notably, the skew value is independent from the M-N-C angle, which is often 
conventionally used to discuss the nature of imido bond (see also Figure S20). This further suggests the advantage of using 
as solid-state NMR parameters to probe the electronic structure and hybridization on imido-nitrogen: crystal packing forces 
or other steric interactions can play a dramatic role in the stolid-state (i.e. single-crystal XRD analysis) M-N-C angle, and thus 
it is often impossible to deconvolute whether the angle is a result of electronic or simple geometric factors. This can be 
exemplified by the earlier examples with V(=NPh)Cl3 and Ti(=NPh)Cl2 both of which have linear imido moieties (Table 3, 
entries 10, 11) but very different skew values (0.99 vs. 0.53, respectively) and reactivity. 

 

 

 

Figure 6. Orientation of the CSTs in (a) V(=NPh)Cl3(dme) (left)/ V(=NPh)Cl3 (right) and (b) Ti(=NPh)Cl2(py)3 (left)/ 
Ti(=NPh)Cl2 (right). Calculated 15N NMR chemical shift s () are indicated in ppm next to the direction of each principal 
component, with the corresponding shielding values () given in parenthesis. 
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Table 3. Calculated isotropic chemical shifts (diso), principal components (dii), skew () and Span (Ω) of the 15N chemical shift 

tensor for selected transition metal imido complexes and their M-N-C bond angles (°). Experimental diso values from solution 15N 

NMR are given in parentheses when available. Cycloaddition-active imido groups (including pre-active species) are shown in red, 

and inert groups in blue. 

a Initial structure was taken from experimental crystal structures and only H atoms were computationally optimized prior to 
NMR calculation. b Entire structure was optimized prior to the NMR calculation. c Value from solution 15N NMR recorded with 1H-
15N HSQC technique in C6D6, or d THF-d8.

 

Similarly, computational removal of supporting pyridine ligand from Cp2M(=NtBu)(py) (M = Ti or Zr) (entries 5, 6) yields 
coordinatively unsaturated Cp2M(=NtBu) fragments (entries 12, 13), which are intermediates for [2+2]-cycloaddition 
reactions. While the computationally-optimized fragments exhibit virtually linear M-N-C angles (178.1 ° for Ti, and 179.4 ° 
for Zr), the skew value significantly dropped compared to parent complexes (0.47 vs. -0.16 for Ti, and -0.05 vs. -0.55 for Zr), 
indicating higher reactivity.  

Influence of the M-N-C bond angle in imido ligand is further examined by computationally evaluating the effect of bending the 
imido ligand in V(=NPh)Cl3(dme) (1) on calculated 15N NMR parameters and bond-deformation energy (Figure S22). The 
result shows that bending the M–N-Ph bond from 176 ° to 157 °, achieving the most “bent” imido ligand in this work, requires 
only +1.2 kcal/mol.34,50 Upon bending, the skew value also shows a minor decrease to 0.78 and remains significantly higher 
than for bis(imido) or metallocene imido complexes, indicating the dominance of electronic effect in driving 15N NMR 
parameters. The independent nature of 15N NMR parameters from the geometrical structure highlights its strength as a 
bonding/reactivity descriptor for imido complexes. The facile availability of such parameters, including via simple 
computational approaches, opens the way to assess the nature of given imido complexes or reaction intermediate which may 
otherwise be inaccessible, and provides powerful insights into understanding and predicting imido-mediated reactions.  

 

CONCLUSIONS 

The solid-state 15N NMR spectroscopic signatures have been identified to be a powerful methodology to assess the electronic 
structure of transition metal terminal imido complexes. In particular, the skew () value, which is readily available from 
experiments or DFT calculations, is a powerful diagnostic parameter that gives information about the hybridization and 
reactivity of the imido ligand. Analysis of the solid-state 15N NMR spectra reveals that axially symmetric spectral signatures 
with high skew values ( close to 1) predict inert group 5/6 mono(imido) species, while lower skew values (  1) are 
associated with reactive imido ligands, as found in bis-imido and metallocene complexes. NCS analysis indicates that the 
asymmetric development of the (M-N) orbitals, i.e. hybridization switch from an –inert- triply bonded towards a – reactive- 
doubly bonded configuration, encodes for reactivity of the imido ligand. Such asymmetry can be achieved by the introduction 
of an additional ancillary imido ligand or though alternative specific ligand field (bent metallocene). Such situation inhibits 
the complete formation of  bonds, increasing the double-bond character of the imido and yielding both high-lying filled- and 
low-lying empty  orbitals, hence the increased reactivity of this ligand towards [2+2]-cycloaddition. Importantly, the skew 
() is shown to be a very good descriptor of this change of hybridization and reactivity, in contrast to the M-N-C angle, which 
does not provide adequate information on the electronic structure, contrary to expectation. Such readily available NMR 
parameters, obtained from experiments or computations, offer a simple reactivity descriptor for compounds and reaction 
intermediates and can thus serve in developing catalysts. As an immediate extension of this work, application of the same 
strategy on late-transition metal imido complexes is of our interest and will be disclosed in due course.51,52 

 

 

 

 

Entry Compound iso 11 22 33 skew ()  (ppm) M-N-C (°) 

1 Ti(NPh)Cl2(py)3a 440(413) d 696 645 -20 0.86 716 177 
2 V(NPh)Cl3(dme)a 513 (496) c 865 836 -162 0.94 1026 179 
3 Mo(NPh)Cl4(thf)a  479 (455) c 705 675 58 0.91 647 175 
4 W(NPh)Cl4(thf)a 438 (434) c 638 608 68 0.90 569 177 
5 Cp2Ti(NtBu)(py)a 556 (483) c  830 657 182 0.47 647 161 
6 Cp2Zr(NtBu)(py)a  437 628 431 251 -0.05 377 169 
7 V(NPh)2Cl(PMe3)2 a  547 995 511 135 -0.12 860 161 
8 Mo(NPh)2Cl2(dme)b 460 (470) c  756 445 209 -0.14 547 162 
9 W(NDipp)2Cl2(dme)a  421 (407) 691 403 170 -0.11 522 165 

10 V(NPh)Cl3 b  548 803 800 42 0.99 761 180 
11 Ti(NPh)Cl2b 496 820 636 30 0.53 790 180 
12 Cp2Ti(=NtBu)b 538 812 510 291 -0.16 521 178 
13 Cp2Zr(=NtBu)b 461 729 378 276 -0.55 461 179 
14 Mo(=NPh)2Cl2 b 471 774 459 179 -0.06 595 160 
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EPILOGUE 

“Spectator” Imido Ligand in Schrock-type Olefin Metathesis Catalysts. The analysis of 15N NMR parameters can further 
highlight the general role of spectator imido ligands in olefin metathesis process, in combination with the complementary 13C 
NMR parameters, which have been thoroughly discussed in the last decade.23,30,32,53,54 We have presented above bis(imido) 
species, in which one triply bonded imido ligand acts as a supporting ligand while the other doubly bonded imido displays 
increased reactivity. Such a scenario draws parallel with Schrock-type olefin metathesis catalysts (X)(Y)M(=CHR)(=NAr) (M 
= Mo or W), featuring a spectator imido ligand along with a doubly bonded alkylidene reactive center. The alkylidene moiety 
has a sp2-hybridized carbon clearly lacking the in-plane  orbital, hence the imido ligand can be expected to develop its full 
triply bonded character.55,56  This is indeed reflected in the calculated 15N NMR parameters for M(=CHtBu)(=NPh)(OtBuF3)2 
(OtBuF3 = trifluoro(tert)butyl), which gives skew values of  = 0.69 and 0.68 for M = Mo and W, respectively. The rather high 
 implies the presence of two (M-N) orbitals of similar energy forming an M-N triple-bond, although it is clear that the 
presence of the -donor alkylidene ligand induces an asymmetry around the imido -bonds. (Fig. 7a). On the other hand, the 
calculated chemical shift anisotropy pattern of the alkylidene carbon diplays a low skew value (-0.83 for Mo, and -0.57 for W) 
and reflects the expected more sp2-hybridized nature of this ligand. This is indicative of the presence of the high-lying (M-C) 
orbital as well as low-lying (M-C) orbital, which are consistent with its high reactivity towards [2+2]-cycloaddition with an 
olefin (Figure 7b, red/brown spectrum). Consequently, despite a decreased skew values in the 15N NMR signature of the imido, 
the doubly bonded alkylidene ligand dominates the overall reactivity in Schrock-type alkylidene catalyst while the imido 
ligand behaves as spectator motif. The lack of high-lying M-N  orbital in these metathesis catalysts, which was seen in the 
bent-imido ligand of bis(imido) complex 3, is indeed consistent with having a spectator imido ligand during metathesis. 

 

Figure 7. (a) Simulated solid-state 15N NMR chemical shift anisotropy (CSA) pattern for M(=CHtBu)(=NPh)(OtBuF3)2 (M = Mo 
(red) or W (brown)). (b) Simulated solid-state 13C NMR CSA pattern for M(=CHtBu)(=NPh)(OtBuF3)2 (M = Mo (red) or W 
(brown)) and Ta(=CHtBu)(CH2tBu)3 (blue). (c) key orbital interaction around alkylidene moiety. 

Although such 13C NMR signatures with low skew values are commonly found among the alkylidene ligands of similar Schrock-
type alkylidenes,23,53 the closely related unreactive tantalum alkylidene complex Ta(=CHtBu)(CH2tBu)3 exhibits a highly 
deshielded 22 component with significantly higher 13C skew value ( = 0.02).32 This NMR signature indicates the development 
of MC triple-bond character, consistent with a very wide M-C-C bond angle and the presence of an −H agostic interaction 
(Figure 7b, blue spectrum).31 The main origin of the different electronic structure for the alkylidene ligand can be traced back 
to the availability of an empty d-orbital for additional -interaction (Figure 7c). While the imido ligand in Schrock-type 
catalysts occupies the in-plane  orbital and forms a triple bond around nitrogen (left), no such in-plane -saturation occurs 
in Ta(=CHtBu)(CH2tBu)3, resulting in an additional low lying d-orbital sitting perpendicular to the Ta-Calkylidene  orbital and 
able to interact with the p orbitals on carbon (Figure 7c, right), likely explaining the lack of reactivity of this alkylidene. In fact, 
the presence of the “spectator” imido in Schrock-type metathesis catalysts and bis-imido compounds does not only serve as 
an ancillary ligand, but also as an activator of the sp2-hybridized fragment (M=NR or M=CR2), generating the key reactive site 
for cycloaddition.55–57 In other words, the formation of the triple bond around the spectator imido ligand “quenches” the 
second (potential) -interaction around the reactive site in the same plane, which promotes the double-bond nature of 
reactive alkylidene center (i.e. a high-lying filled  orbital and low-lying empty  orbital).  
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