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The 1:1 molar reactions of niobium and tantalum pentahalides with the monodentate NHC ligand 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 

(IPr), in toluene (or benzene) at ca. 80 °C, afforded the complexes NbX5(Ipr) (X = F, 2; Br, 3) and TaX5(Ipr) (X = F, 4; Cl, 5; Br, 6), in generally 
good yields. Complexes 2-6 represent uncommon cases of stable NHC adducts of metal halides with the metal in oxidation state higher than +4, 
and also rare examples of Nb-NHC and Ta-NHC bonding systems. In particular, the X-ray molecular structure determined for 6 provides the 
unprecedented crystallographic characterization of a tantalum compound with a monodentate NHC ligand. DFT results indicate that the metal-
carbon bond in 2-6 is a purely σ one. According to NMR studies (1H, 13C, 93Nb), the formation of 3, 5, 6, as well as the previously communicated 
NbCl5(Ipr), 1, proceeded with the intermediacy of [MX6]

− salts, presumably due to steric reasons. On the other hand, the intermediate formation of 
MF6

− along the pathways to 2 and 4 was not observed, according to 19F (and 93Nb in the case of 2) NMR. DFT calculations were carried out in 
order to shed light on structural and mechanistic aspects, and allowed to trace possible reaction routes. 

 

Introduction 

N-Heterocyclic carbenes (NHC) have marked a revolutionary 
turning point in coordination chemistry: NHC ligands, whose 
electronic and steric properties can be finely tuned by the 
introduction of suitable substituents, usually confer unique 
properties to the resulting metal complexes.1 This point has 
triggered their pervasive use with reference to the large majority of 
the metal elements across the periodic table.1,2 However, the 
chemistry of NHCs has predominantly focused on low to medium 
valent transition metals, instead the isolation of derivatives of 
oxophilic, high valent metals may be a harder task.2a,3 Especially 
the structurally characterized NHC adducts of elements in 
oxidation state above +4 are rather rare, and include 
WO2Cl2(NHC) and VOCl3(NHC) complexes.3a,4 This is a 
consequence of the moisture sensitivity generally suffered by the 
reaction systems, that may be progressively decreased on replacing 
the halide ligands with oxido groups.3a  

It should be noted also that niobium and tantalum are 
surprising exceptions in the crowded scenario of the NHC 
chemistry;5 as a matter of fact, only few NHC complexes based on 
Nb or Ta have been prepared and/or structurally characterized up 
to now,5,6 and in most cases the NHC moiety is a component of a 
multidentate ligand rendering the coordination more robust.6a-c 
Nearly 20 years ago Kempe stated that "niobium and tantalum 
compounds live in the shadow of metal complexes of group 4”,7 as 
a reflection of the greater performance of the latter in alkene 
polymerization reactions compared to the former.8 The last decade 
has witnessed a significant progress in the chemistry of niobium 
and tantalum halides, encouraged by cost effectiveness, low 
toxicity associated with the metal element and unusual reactivity 
patterns.9 Recently, we have reported the synthesis and the 
structural characterization of NbCl5(Ipr), 1, Ipr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene, providing the first example 
of a niobium complex with a monodentate NHC ligand.5 This 
complex exhibits an abnormally long niobium-carbon bond, 
consisting in a substantially pure σ interaction. In contrast, it 

should be remarked that the metal-carbon bond in a series of NHC 
complexes with d0 high valent transition metal chlorides was 
speculated to hold some π character, resulting from back donation 
of electron density from chloride lone pairs to some vacant 
molecular orbital situated on the carbene carbon.3a-b-d,4b,10 
Herein, we extend the series of niobium and tantalum pentahalides 
(from fluorides to bromides) adducts with a monodentate NHC 
ligand (Ipr), including the unprecedented crystallographic 
characterization of a high valent bromide - NHC complex. The 
synthesis, the reaction mechanism, and the structural features of the 
products will be discussed, with the assistance of extensive DFT 
calculations. The new complexes may find potential application in 
Nb and Ta based organic synthesis. 

Results and Discussion 

The reactions of niobium and tantalum pentahalides 11,12 with the 
bulky NHC ligand 1,3-bis(2,6-diisopropyl-phenyl)imidazol-2-
ylidene, Ipr, were conducted in toluene at 80 °C by using 
NHC/metal = 1 molar ratio. The mononuclear complexes 
MX5(Ipr), 2-6, were isolated in 47-64% yield after work up 
(Scheme 1). 
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Scheme 1. Synthesis of NHC complexes of niobium and tantalum 
pentahalides. 
 
Once isolated in the solid state, 2-6 are almost not soluble in the 
reaction solvent. They rapidly convert into degradation products in 
more polar solvents, and into the relevant imidazolium salts in the 
presence of traces of water.6d Compounds 2-6 were stored under 
nitrogen atmosphere and characterized by elemental analysis and 
IR spectroscopy (in the solid state). The main IR feature is given 
by the disappearance of the strong band at 1670 cm−1, as observed 
in non coordinated Ipr.13 The NMR characterization of 2-6 was 
performed on solutions obtained by allowing MX5 to react with Ipr 
directly in the deuterated solvent (toluene or benzene), in 
conditions analogous to those used for the isolation of the solid 
materials. The 1H NMR and most of the 13C resonances attributed 
to 2-6 are slightly shifted with reference to the corresponding 
values characteristic of Ipr.14 Instead the resonances related to C2 
and C3 and to the carbenic C1 (see Chart 1), when it has been 
possible to detect it (by 2D experiments), undergo major shifts. In 
particular, the C1 nucleus resonates at ca. 190 ppm in 5 and 6, 
while it falls at 220.6 ppm in non coordinated Ipr (C6D6 solution).14 
The 19F NMR spectra of 2 and 4 display a single fluorine peak, at 
129.7 and 81.9 ppm respectively, indicating rapid exchange of all 
five F atoms at room temperature. The same situation is frequently 
observed with mononuclear MF5L complexes (M = Nb or Ta, L = 
group 15 or group 16 donor ligand),9f,15 and low temperature 19F 
NMR experiments often permit to discriminate between the axial 
fluorine and the four equatorial fluorines within the octahedral 
MF5L structure.15 It should be remarked that the 19F NMR spectra 
of ionic complexes containing the [MF6]

− anion usually show a 
typical resonance at room temperature (M = Nb, decet centred at 
ca. 103 ppm; M = Ta, sharp singlet at ca. 39 ppm).9f,15,16 The 19F 
NMR spectrum of 2 (in D8-toluene) did not significantly change on 
cooling to −60 °C. Unfortunately, analyses at lower temperature 
were inhibited by low solubility, thus preventing us to see the 
expected splitting of the 19F pattern on the NMR timescale. 
The 93Nb NMR spectra recorded for 2, 3 and the previously 
reported complex 1 show a unique, broad resonance (1, −318 ppm; 
2, −1447 ppm; 3, −65 ppm).15b,d,17 The NMR spectra of 6 contain 
two sets of resonances, due to the presence of a co-product, that 
will be discussed in the following. 
After several attempts, crystals suitable for X-ray analysis could be 
collected for 6 from a toluene/pentane mixture stored at −30 °C. 
The molecular structure ascertained for 6 (Figure 1, Table 1) 
provides: 1) the unprecedented crystallographic characterization of 
a Ta-monodentate NHC complex; 2) a very rare example of a high 
valent bromide-NHC complex; 3) a rare example of a TaBr5 
coordination compound.9f,18 

 

 
 

Figure 1. Molecular structure of TaBr5(Ipr), 6, with key atoms labeled. 
Displacement ellipsoids are at the 50% probability level. 
 
Table 1.Selected bond distances (Å) and angles (°) for 6. 
Ta(1)–C(1) 2.383(10) Ta(1)–Br(1) 2.5193(13) 
Ta(1)–Br(2) 2.4281(15) Ta(1)–Br(3) 2.4852(13) 
Ta(1)–Br(4) 2.4529(12) Ta(1)–Br(5) 2.4788(12) 
C(1)–N(1) 1.354(13) C(1)–N(2) 1.392(12) 
N(1)–C(2) 1.392(13) N(2)–C(3) 1.352(14) 
C(2)–C(3) 1.308(16) 
    
Br(1)–Ta(1)–C(1) 177.5(2) Br(2)–Ta(1)–Br(4) 175.77(4) 
Br(3)–Ta(1)–Br(5) 170.26(4) Ta(1)–C(1)–N(1) 129.8(7) 
Ta(1)–C(1)–N(2) 127.4(7) N(1)–C(1)–N(2) 102.8(8) 
C(1)–N(1)–C(2) 111.0(8) N(1)–C(2)–C(3) 129.1(7) 
C(2)–C(3)–N(2) 108.8(10) C(3)–N(2)–C(1) 110.6(9) 

 
The Ta(1) centre in 6 displays an octahedral coordination, being 
bonded to five bromides and one carbene ligand. Differently from 
NbCl5(IPr),5 Ta(1) lays almost on the same plane of the four 
equatorial bromides (displacement = 0.064 Å). The bonding 
parameters within the Ipr ligand are in good agreement with those 
previously found in other complexes,3a,10 and the Ta(1)–C(2) 
contact [2.383(10) Å] resembles what found in Ta(V) complexes 
with a pincer NHC ligand.6b The carbenic C(1) atom displays 
C···Br contacts with the four equatorial Br-ligands [3.265-3.476 
Å], these distances being significantly below the sum of the van 
der Waals radii [3.85 Å]. In accordance with DFT calculations and 
in analogy with previous findings on NbCl5(IPr),5 such feature is 
probably ascribable to some intramolecular electrostatic 
interaction, and should not be interpreted as π bonding between the 
Br-lone pairs and the carbene unit. The occurrence of such π 
interaction was previously proposed for other high valent metal 
halide complexes with bulky NHC ligands (see Introduction). 
The structures of complexes 2-6 were calculated by DFT. Views of 
the structures, together with the calculated structure of 1,5 are 
shown in Figure 2, and relevant bonding parameters are given in 
Table 2. It is remarkable that the calculated metal-carbene bond 
distance slightly decreases on decreasing the size of the halide 
ligands, suggesting that these play a steric role contributing to the 
elongation of the metal–C bond. Nevertheless, such distances 
remain relatively long in the fluoride complexes, and especially 
Nb–C in 2 is significantly longer compared to typical Nb(V)–C 
bond lengths.19  Therefore, the coordination of Ipr in 1-6 should be 
viewed as a relatively weak one. 
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Figure 2. DFT-optimized structures of MX5(Ipr) complexes (M = Nb, Ta; 
X = F, Cl, Br). C-PCM/ωB97X/BS1 calculations, dichloromethane as 
implicit solvent. Hydrogen atoms have been omitted for clarity. 
 

 
Table 2. Selected computed bond lengths (Å) and angles (°) for 1-6; C-
PCM/ωB97X/BS1 calculations, dichloromethane as implicit solvent. 
 M–C M–X  M–X  C–M–X  C–M–X 

  (X trans to C)  
(X cis to C) (X trans to C)  (X cis to C) 

2 (M = Nb, X = F) 2.348 1.878 1.883 180.0 85.4 

   1.883  85.4 
   1.883  85.4 
   1.883  85.4 
4 (M = Ta, X = F) 2.355 1.898 1.902 180.0 85.0 

   1.902  85.0 
   1.903  86.1 
   1.903  86.1 
1 (M = Nb, X = Cl) 2.407 2.359 2.328 179.4 81.3 

   2.328  81.9 
   2.340  93.0 
   2.341  93.0 
5 (M = Ta, X = Cl) 2.416 2.363 2.342 179.8 82.1 

   2.343  82.3 
   2.353  92.8 
   2.353  92.9 
3 (M = Nb, X = Br) 2.435 2.546 2.484 180.0 82.0 

   2.484  82.0 
   2.495  94.5 
   2.495  94.5 
6 (M = Ta, X = Br) 2.449 2.538 2.499 179.9 82.6 

    2.500  82.7 
    2.508  93.8 
    2.508  93.8 
 
Table 3 reports the occupied molecular orbitals most probably 
involved in the covalent interaction between the NHC ligand and 
the MX5 fragment, and the calculated enthalpy values referred to 
the dissociation reaction MX5(Ipr) → MX5 + Ipr. Selected 
molecular orbitals are represented in Figure 3. Little structural 
changes are predicted on replacing niobium with tantalum, 

conversely the M–C bond does appear strongly influenced by the 
nature of the ancillary halide ligands. In all of the cases, the M–C 
bond is σ-type, with the metal centre participating prevalently with 
s and d orbitals. No meaningful M–NHC π-interaction was found 
(see above discussion of the X-ray structure of 6). On increasing 
the electronegativity of the halogen, the energy of the MOs lowers 
with respect to the HOMO and the M–C overlap steps down, while 
electrostatic interactions between M and Ipr progressively reinforce 
the covalent M–C bond. As a matter of fact, 1-6 show several high-
energy occupied MOs, thus suggesting an accumulation of electron 
density in the region of the formal lone pair belonging to the 
carbenic carbon, without significant orbital participation from the 
metal. The electrostatic contribution would explain why the 
calculated dissociation enthalpy of the M-C bond in 2 and 4 is 
comparable with that of the other complexes along the series 1-6, 
despite the expected lower degree of covalency in the former. 
 
Table 3. Occupied MOs most involved in the M-Ipr covalent interactions 
(orbital energies in eV) and M–C dissociation enthalpy values (kcal mol–1; 
C-PCM/ωB97X/BS2 calculations). 
Complex Orbitals M–C 

  Dissociation 

    Enthalpy 

NbF5(Ipr), 2 HOMO-51 (ε = −15.66) 26.1 
(εHOMO = −9.31 eV) HOMO-59 (ε = −16.61)  

TaF5(Ipr), 4 HOMO-55 (ε = −15.86) 30.5 
(εHOMO = −9.31 eV) 

NbCl5(Ipr), 1 HOMO-41 (ε = −14.08) 26.1 
(εHOMO = −9.32 eV) 

TaCl5(Ipr), 5 HOMO-41 (ε = −14.07)  28.9 
 (εHOMO = −9.32 eV) HOMO-47 (ε = −14.74)  

NbBr5(Ipr), 3 HOMO-35 (ε = −13.24)  22.7 
(εHOMO = −9.29 eV) HOMO-38 (ε = −13.49) 
 HOMO-43 (ε = −13.76)  

TaBr5(Ipr), 6 HOMO-35 (ε = −13.23) 26.7 
(εHOMO = −9.29 eV) HOMO-38 (ε = −13.44) 
 HOMO-45 (ε = −14.21) 
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Figure 3. Selected occupied MOs of some MX5(Ipr) complexes. Surface 
isovalue = 0.03 a.u. 
 
By means of NMR studies, we noticed that the reactions of MX5 
(X = Cl, Br) with Ipr at room temperature proceeded with the 
formation of an intermediate product, converting into 1,3,5,6 upon 
prolonged reaction times. In order to complete the conversion, the 
TaCl5/Ipr system required thermal treatment. In general, high 
temperature conditions were used for optimizing the synthesis of 1-

6 (Scheme 1), although these conditions were not effective to 
complete the conversion in the case of TaBr5/Ipr (see above). More 
in detail, 93Nb NMR spectroscopy unambiguously revealed the 
presence of [NbCl6]

− (δ = 8 ppm) 9f,16a-b,17,20 and [NbBr6]
− (δ = 735 

ppm) 21 anions in the solutions obtained at room temperature from 
NbCl5/Ipr and NbBr5/Ipr, respectively, after 30 minutes. In the 
absence of 93Nb data, the formation of an intermediate species from 
TaX5/Ipr could be detected by 1H NMR: the resonance values due 
to the methyl groups and C2-H (see Experimental, Chart 1) 
undergo significant shift, on going from the respective intermediate 
to 5-6 (e.g. for TaCl5/Ipr: ∆δC2–H = 0.37 ppm). Interestingly, 1H and 
19F NMR spectroscopy ruled out the formation of [TaF6]

− from 
TaF5/Ipr, whereas [NbF6]

− was recognized in traces within the 
NbF5/Ipr system at the beginning of the reaction. 
In order to shed light on the mechanisms of the reactions leading to 
1-6, we carried out DFT studies (C-PCM/ωB97X/BS2). First, it 
should be clarified that the ∆G variation for M2X10 + 2Ipr → 
2MX5(Ipr) (X = Cl or Br) is quite favourable in the distinct cases 
(Scheme 2). 

M2X10 + 2Ipr → 2MX5(Ipr) 

 M X ∆G (kcal mol-1) 

1 Nb Cl −45.7 22 
3 Nb Br −34.7 
5 Ta Cl −42.3 
6 Ta Br −40.3 

Scheme 2. Calculated ∆G values (at 298 K) for the formation of MCl5 and 
MBr5 adducts. 
 
The addition of a neutral ligand (L) to MX5 (X = Cl, Br) typically 
results in either symmetric or asymmetric cleavage of the 
dimetallic structure,11 affording MX5(L) and [MX4(L)2][MX6] 
complexes, respectively.9f,15,16a,18 In view of the encumbrance of 
Ipr, the "asymmetric route" accompanied by the binding of only 
one NHC molecule might be kinetically convenient in principle. 
Therefore, we evaluated the possible formation of ionic compounds 
of formula [MX4(Ipr)][MX6] (X = Cl, Br), and this resulted 
substantially viable on the basis of ∆G data (Scheme 3). 

M2X10 + Ipr → [MX4(Ipr)][MX6] 

M X ∆G (kcal mol-1) 

Nb Cl −26.4 23 
Nb Br −28.2 
Ta Cl −24.3 
Ta Br −30.8 

Scheme 3. Calculated ∆G values (at 298 K) for the supposed formation of 
[MX4(Ipr)][MX6] (X = Cl, Br) intermediates. 
 
A view of the cationic part of [NbCl4(Ipr)][NbCl6] is reproduced in 
Figure 4. The full data of the calculated structures of 
[MX4(Ipr)][MX6] (X = Cl, Br) are supplied as Supporting 
Information (Figures S1-S4 and Tables S1-S4). 

 

Figure 4. View of the calculated structure of the cation [NbCl4(Ipr)]+ in 
[NbCl4(Ipr)][NbCl6] (DFT C-PCM/ωB97X/BS1). 
 
The possible, initial formation of ionic complexes by addition of 
Ipr to the metal pentachlorides or pentabromides is consistent with 
the NMR detection at room temperature of the respective [MX6]

− 
anions (see above). On theoretical grounds, the addition of further 
Ipr to the initially generated [MX4(Ipr)][MX6] might lead to the 
bis-carbene [MX4(Ipr)2][MX6], for which the calculations indicated 
the trans form as the stable one (Figures S5-S8, Tables S5-S8). The 
Gibbs energy variation for such addition ranges in between −7.2 
and −1.6 kcal mol−1, and the ∆H associated to the formation of the 
new M–C bond is comparable to the values calculated for the direct 
combination of Ipr with MX5 (ca. −25 kcal mol-1, see Table 3 for 
comparison). However, since the hypothetical, successive 
rearrangement of [MX4(Ipr)2][MX6] to MX5(Ipr) (X = Cl, Br) 
would pass through poorly stable heptacoordinated species, it is 
likely that the bis-carbene ionic complex does not behave as a key 
intermediate along the formation of MX5(Ipr). 
On the other hand, the transformation of [MX4(Ipr)][MX6] into 
MX5(Ipr) and MX5 was calculated to be a moderately exergonic 
process for X = Cl and a slightly endoergonic one for NbBr5/Ipr, at 
298 K (Scheme 4). The combination of the released mononuclear 
fragment MX5 with still unreacted Ipr giving MX5(Ipr) could 
provide driving force to the formation of MX5(Ipr).24 Interestingly, 
the calculated positive ∆G referred to the reaction 
[TaBr4(Ipr)][TaBr6] → TaBr5(Ipr) (Scheme 4) seems to be in 
alignment with the persistent presence of two products in the 
reaction system TaBr5/Ipr, even after prolonged heating (see 
above). 

[MX4(Ipr)][MX6] → MX5(Ipr) + MX5 

M X ∆G (kcal mol-1) 

Nb Cl  −5.9 25 
Nb Br +0.9 
Ta Cl −4.7 
Ta Br +2.3 

Scheme 4. Calculated ∆G values (at 298 K) for the rearrangement from 
ionic to neutral NHC adducts of MX5 (X = Cl, Br). 
 
The proposed reaction pathway for the reaction between NbCl5 and 
Ipr is sketched in Scheme 5. 
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Scheme 5. Proposed reaction pathway for the reaction Nb2Cl10 + 2Ipr → 
2NbCl5(Ipr), R = iPr) (1). Calculated G values refer to 298 K. 
 
DFT calculations pointed out that the asymmetric rupture of the 
tetranuclear structure of NbF5 

11 to give [NbF4(Ipr)][NbF6] is 
endoergonic (∆G = 1.9 kcal mol−1), therefore it should be 
considered a non feasible pathway along the formation of 
NbF5(Ipr), 2 [1/4 Nb4F20 + Ipr → NbF5(Ipr), ∆G = −31.0 kcal 
mol−1]. This computer outcome agrees with the experimental 
evidence that [MF6]

− may form only to a negligible degree in the 
course of the reactions between MF5 and Ipr (see above). It seems 
plausible that steric factors are less important, in the case of the 
fluorides respect to the other more hindered metal halides, thus 
disfavouring the initial, asymmetric rupture of the polynuclear MF5 
frame. 
A theoretically stable compound, possibly implicated in the 
pathway leading to 2, was ascertained by DFT calculations 
(EDF2/BS3): this is a tetraniobium complex, comprising one 
heptacoordinated metal centre (Figure S9, Table S9). With the aim 
of investigating the point, we performed and monitored by NMR 
the reactions of MF5 (M = Nb, Ta) with Ipr in 4:1 molar ratio, in 
deuterated toluene (see NMR studies, part 2). The NMR analyses 
supported the hypothesis of formation of some intermediate metal 
species, that, however, could not be unambiguously identified. 
We tried to extend the synthesis of MX5 complexes by studying the 
reactions with bulky NHC ligands different from Ipr, i.e. 1,3-
bis(2,6-dimethylphenyl)imidazol-2-ylidene (Ixyl) and 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (Imes). 
Unfortunately, the scarce solubility of the resulting mixtures 
prevented their NMR characterization and, thus, did not allow to 
identify the products. In order to enhance solubility, we tried to 
dissolve the mixtures into chlorinated solvents, acetonitrile or 
acetone. In these conditions, and similarly to what observed for 1-6 
(see above), degradation reactions took place prevalently affording 
imidazolium derivatives. In particular, we could isolate 
[IxylH][TaF6], 7, as a crystalline material in 25% yield, from 
TaF5/Ixyl/CH2Cl2. 
The X-ray molecular structure of 7 was determined (Figure 5, 
Table 4). It consists of an ionic packing of [IxylH]+ imidazolium 
cations and [TaF6]

– anions, with some short inter-molecular 
contacts (in the range 2.362-2.645 Å) between the fluorine atoms 
of the anions and the H-atoms of the cations (sum of the Van der 
Waals radii 2.80 Å).26 The structures of both the cation 27 and the 
anion 28 were, previously, independently determined in different 
salts, showing bonding parameters analogous to those found for 7. 

 

Figure 5. Molecular structure of [IxylH][TaF6], 7, with key atoms labeled. 
Displacement ellipsoids are at the 50% probability level. Symmetry 
transformation used to generate equivalent atoms: x, -y+3/2, z. 
 
Table 4. Selected bond lengths (Å) and angles (deg) for 7. 
Ta(1)–F(1) 1.902(3) Ta(1)–F(2) 1.891(2) 
Ta(1)–F(3) 1.896(2) Ta(1)–F(4) 1.895(3) 
C(1)–N(1) 1.382(5) N(1)–C(2) 1.332(4) 
C(1)-C(1_1) 1.351(7)   
    
C(2)–N(1)–C(1) 108.3(3) N(1)–C(2)–N(1_1) 108.9(4) 
N(1)–C(1)–C(1_1) 107.21(19) 
 

Conclusions 

In the framework of the hugely investigated chemistry of NHC 
ligands, the reactivity with high valent metal halides has been 
relatively little developed. In addition and surprisingly, very few 
examples of NHC complexes of niobium and tantalum have been 
reported up to now, despite the increasing interest that especially the 
halides of these metals have attracted. Herein we have described the 
synthesis and the structural characterization (X-ray and DFT results) 
of the complexes of a bulky, monodentate NHC ligand with niobium 
and tantalum pentahalides, showing that the products are stable and 
tractable materials. In particular, we have presented the unprecedented 
crystallographic characterization of a Ta complex with a monodentate 
NHC. Experimental and computational outcomes agree in that the 
reactions proceed through the intermediacy of ionic species in the 
cases of the bulkier halides, probably due to kinetic factors favouring 
the initial combination of one NHC unit with the dimeric metal frame. 

Experimental 

General 

Warning: the metal reactants used in this work are highly 
moisture-sensitive, thus rigorously anhydrous conditions were 
required for the reaction procedures. The reaction vessels were 
oven dried at 150 °C prior to use, evacuated (10–2 mmHg) and then 
filled with argon. NbF5 (99.5%) and TaF5 (99%) were purchased 
from Apollo Sci., sublimed and stored under argon atmosphere in 
sealed glass tubes. NbCl5 (99+%) and TaCl5 (99.9%) were 
purchased from Strem and stored under argon in sealed glass tubes. 
NbBr5, TaBr5

29 and the NHC ligands 14,30 were prepared according 
to the literature by using organic reactants (Apollo Sci.) of the 
highest purity available, and then stored under argon in sealed glass 
tubes. Solvents (Sigma Aldrich) were distilled from appropriate 
drying agents before use. Infrared spectra were recorded at 298 K 
on a FT IR-Perkin Elmer Spectrometer, equipped with UATR 
sampling accessory. Unless otherwise specified, NMR spectra were 
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recorded at 298 K on a Bruker Avance II DRX400 instrument 
equipped with a BBFO broadband probe. The chemical shifts for 
1H and 13C were referenced to the non-deuterated aliquot of the 
solvent; the chemical shifts for 93Nb were referenced to external 
[NEt4][NbCl6]; the chemical shifts for 19F were referenced to 
external CFCl3. The 1H and 13C NMR spectra were assigned with 
the assistance of 1H,13C correlation measured through gs-HSQC 
and gs-HMBC experiments, and are reported with reference to 
Chart 1.31 NMR resonances due to minor amounts of secondary 
products are italicized. Carbon, hydrogen and nitrogen analyses 
were performed on a Carlo Erba mod. 1106 instrument. Chloride 
and bromide were determined by the Mohr method 32 on solutions 
prepared by dissolution of the solid in aqueous KOH at boiling 
temperature, followed by cooling to room temperature and addition 
of HNO3 up to neutralization. The metal (M = Nb, Ta) was 
analyzed as M2O5, obtained by hydrolysis of the samples followed 
by calcination in a platinum crucible. 

 

N

N

iPr

iPr

MX5
12

2

3

3 4

4

4

4

5

5

5

5

6

6

iPr

iPr  

Chart 1. Numbering of carbon atoms for 1H and 13C assignments. 
 
Synthesis and isolation of NbX5(Ipr) (X = F, 2; Br, 3) and 

TaX5(Ipr) (X = F, 4; Cl, 5; Br, 6). General procedure: a solution 
of Ipr in toluene (ca. 15 mL) was treated with the appropriate metal 
halide. The mixture was stirred at 80 °C for 24 h, then pentane (30 
mL) was added. The resulting precipitate was isolated and dried in 
vacuo. NMR samples were prepared as follows: the metal halide 
(0.30 mmol) was added to a solution of Ipr (0.30 mmol) in 
deuterated solvent (1.5 mL), and the mixture was stirred at ca. 80 
°C for 18 h. The resulting solution was allowed to cool to room 
temperature, then an aliquot was analyzed. X-ray quality crystals of 
6 were obtained by setting aside a toluene reaction mixture, layered 
with pentane, at −30 °C. 
NbF5(Ipr), 2. Orange solid, 54% yield from NbF5 (80 mg, 0.426 
mmol) and Ipr (166 mg, 0.427 mmol). Anal. Calcd. for 
C27H36F5N2Nb: C, 56.25; H, 6.29; N, 4.90; Nb, 16.12. Found: C, 
56.13; H, 6.37; N, 4.81; Nb, 16.28. IR (solid state): 2980m, 2933w, 
2875w, 1541w-m, 1465m-s, 1432w, 1398w, 1384w, 1363w, 
1323m, 1260w, 1200w-m, 1143w, 1117m, 1062m, 935m-s, 848m, 
804s, 762s, 676vs cm–1. 1H NMR (C7D8): δ = 7.27 (m, 2 H, C6-H); 
7.10 (m, 4 H, C5-H); 6.68 (s, 2 H, C2-H); 2.90 (sept, 3JHH = 6.85 
Hz, 2 H, CHMe2); 1.30 (d, 3JHH = 6.85 Hz, 12 H, Me); 1.17 ppm (d, 
3JHH = 6.85 Hz, 12 H, Me). 13C NMR{1H} (C7D8): δ = 145.7 (C4); 
134.7 (C3); 130.5 (C6); 124.3 (C5); 123.7 (C2); 28.9 (CHMe2), 
25.8, 22.2 ppm (Me). 93Nb NMR (C7D8): δ = −1447 ppm (∆ν½ = 
1.0·104 Hz). 19F NMR (C7D8): δ = 131.4 ppm (∆ν½ = 100 Hz). 19F 
NMR (C7D8, 213 K): δ = 129.7 ppm (∆ν½ = 60 Hz). 
NbBr5(Ipr), 3. Dark-red solid, 62% yield from NbBr5 (200 mg, 
0.406 mmol) and Ipr (160 mg, 0.412 mmol). Anal. Calcd. for 
C27H36Br5N2Nb: C, 36.81; H, 4.12; N, 3.18; Br, 45.35; Nb, 10.55. 
Found: C, 36.72; H, 4.16; N, 3.11; Br, 45.03; Nb, 10.38. IR (solid 
state): 2950w, 2869w, 1533w, 1463m, 1445m-sh, 1386w, 1365w, 
1330w, 1204w, 1181w, 1059m, 937m, 867w-m, 800s, 755s, 681m 
cm–1. 1H NMR (C6D6): δ = 7.27 (m-br, 2 H, C6-H); 7.19 (m-br, 
3JHH = 7.2 Hz, 4 H, C5-H); 6.63 (s, 2 H, C2-H); 3.02 (br, 2 H, 

CHMe2); 1.55 (br, 12 H, Me); 1.02 ppm (br, 12 H, Me). 13C 
NMR{1H} (C6D6): δ = 146.1 (C4); 134.2 (C3); 131.4 (C6); 124.5 
(C2 + C5); 29.1 (CHMe2); 26.3, 22.5 ppm (Me). 93Nb NMR 
(C6D6): δ = −65 ppm (∆ν½ = 1.3·104 Hz). 
TaF5(Ipr), 4. Light-yellow solid, 47% yield from TaF5 (120 mg, 
0.435 mmol) and Ipr (170 mg, 0.437 mmol). Anal. Calcd. for 
C27H36F5N2Ta: C, 48.80; H, 5.46; N, 4.22; Ta, 27.23. Found: C, 
48.62; H, 5.54; N, 4.13; Ta, 27.10. IR (solid state): 3179w, 2969w, 
2933w, 2875w-m, 1596w, 1477w, 1465m, 1446m, 1403m, 1385m, 
1364w-m, 1351w, 1327m, 1294w, 1205m, 1183w, 1117m, 1061m, 
936m, 803s, 757vs, 706w, 690s cm–1. 1H NMR (C7D8): δ = 7.24 
(m, 2 H, C6-H); 7.12 (m, 4 H, C5-H); 6.52 (s, 2 H, C2-H); 2.71 (m, 
2 H, CHMe2); 1.37 (d, 3JHH = 6.2 Hz, 12 H, Me); 1.04 ppm (d, 3JHH 
= 6.7 Hz, 12 H, Me). 13C NMR{1H} (C7D8): δ = 145.5 (C4); 134.5 
(C3); 130.4 (C6); 123.5 (C2 + C5); 28.8 (CHMe2); 25.6, 22.0 ppm 
(Me). 19F NMR (C7D8): δ  =  81.9 ppm (∆ν½ = 6·102 Hz). 
TaCl5(Ipr), 5. Yellow solid, 59% yield from TaCl5 (120 mg, 0.335 
mmol) and Ipr (135 mg, 0.347 mmol). Anal. Calcd. for 
C27H36Cl5N2Ta: C, 43.42; H, 4.86; N, 3.75; Cl, 23.74; Ta, 24.23. 
Found: C, 43.26; H, 4.82; N, 3.65; Cl, 23.50; Ta, 24.40. IR (solid 
state): 2967m, 2930w, 2869w, 1637w, 1465m, 1444m, 1386m, 
1364w-m, 1327w, 1200w, 1180w, 1059m, 936m, 891m, 800s, 
758s, 729m, 696m cm–1. 1H NMR (C7D8): δ = 7.13 (m, 2 H, C6-
H); 7.01 (m, 4 H, C5-H); 6.82 (s, 2 H, C2-H); 2.86 (sept, 3JHH = 
6.68 Hz, 2 H, CHMe2); 1.35 (d, 3JHH = 6.68 Hz, 12 H, Me); 1.19 
ppm (d, 3JHH = 7.15 Hz, 12 H, Me). 13C NMR{1H} (C7D8): δ = 
189.7 (C1); 145.9 (C4); 137.2 (C3); 132.2 (C6); 125.7 (C5); 125.4 
(C2); 29.2 (CHMe2); 26.2, 21.9 ppm (Me). 
TaBr5(Ipr), 6. Yellow solid, 64% yield from TaBr5 (240 mg, 0.413 
mmol) and Ipr (162 mg, 0.417 mmol). Anal. Calcd. for 
C27H36Br5N2Ta: C, 33.46; H, 3.74; N, 2.89; Br, 41.23; Ta, 18.67. 
Found: C, 33.30; H, 3.81; N, 2.81; Br, 41.09; Ta, 18.55. IR (solid 
state): 3106w, 2964s, 2927m, 2868m, 1584w, 1539w-m, 1458m-s, 
1442w, 1386m, 1365m, 1325m, 1198m, 1182w-m, 1097m, 1058m, 
934w, 851w, 799s, 752s, 676m cm–1. 1H NMR (C7D8): δ = 7.30-
7.02 (m, C6-H + C5-H); 6.65, 6.48 (s, C2-H); 3.10, 2.96 (m, 
CHMe2); 1.52, 1.28, 1.22, 1.06 ppm (d, Me). Isomer ratio 2:1. 13C 
NMR{1H} (C7D8): δ = 188.3 (C1); 146.7, 146.1 (C4); 137.7 (C3); 
130.9 (C6); 125.5 (C5); 124.2, 123.2 (C2); 28.9, 28.4 (CHMe2); 
25.6, 24.4, 23.1, 22.9 ppm (Me). 
 

NMR studies.  

1) Reactions of MX5 with Ipr in 1:1 molar ratio: detection of 

[NbX6]
−−−− (X = Cl, Br). General procedure: the metal halide (0.30 

mmol) was added to a solution of Ipr (0.30 mmol) in deuterated 
solvent (1.5 mL). The mixture was stirred at room temperature. 
Aliquots were withdrawn from the reaction solution at different 
times and then NMR analyzed. The reaction involving TaCl5 
required prolonged heating at ca. 80 °C in order to complete the 
conversion into the final product. 
A) From NbCl5/Ipr. 1H NMR (C6D6, after 30 minutes): δ = 7.26 
(m, 2 H, C6-H); 7.18 (m, 4 H, C5-H); 6.65 (s, 2 H, C2-H); 2.99 
(sept, 3JHH = 6.68 Hz, 2 H, CHMe2); 1.52 (d, 3JHH = 6.68 Hz, 12 H, 
Me); 1.03 ppm (d, 3JHH = 7.15 Hz, 12 H, Me). 93Nb NMR (C6D6, 
after 30 min): δ = 8 (∆ν½ = 4.5·102 Hz, NbCl6

−); −335 ppm (∆ν½ 
= 5·103 Hz). 1H NMR (C6D6, after 72 h): δ = 7.29 (t, 3JHH = 7.8 Hz, 
2 H, C6-H), 7.18 (d, 3JHH = 7.8 Hz, 4 H, C5-H), 6.65 (s, 2 H, C2-
H), 2.98 (sept, 3JHH = 5.87 Hz, 2 H, CHMe2), 1.54 (d, 3JHH = 5.87 
Hz, 12 H, CHMe2), 1.04 ppm (d, 3JHH = 6.99 Hz, 12 H, CHMe2). 
93Nb NMR (C6D6, after 72 h): δ = −318 ppm (∆ν½ = 2.0·103 Hz). 
B) From NbF5/Ipr. 1H NMR (C7D8, after 30 min): δ = 1H NMR 
(C7D8, after 30 min): δ = 7.34 (m, 2 H, C6-H); 7.20 (m, 4 H, C5-
H); 6.59 (s, 2 H, C2-H); 2.82 (sept, 3JHH = 6.85 Hz, 2 H, CHMe2); 
1.46 (d, 3JHH = 6.85 Hz, 12 H, Me); 1.11 ppm (d, 3JHH = 6.85 Hz, 
12 H, Me). 93Nb NMR (C7D8, after 30 min): δ =  −1447 (∆ν½ = 
1.0·104 Hz); −1549 ppm (∆ν½ = 7.0·102 Hz, NbF6

−). 19F NMR 
(C7D8, after 30 min): δ = 129.4 (∆ν½ = 90 Hz); 103.1 (m, NbF6

−, 
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traces). 1H NMR (C7D8, after 18 h): δ = 7.27 (m, 2 H, C6-H); 7.10 
(m, 4 H, C5-H); 6.68 (s, 2 H, C2-H); 2.90 (sept, 3JHH = 6.85 Hz, 2 
H, CHMe2); 1.30 (d, 3JHH = 6.85 Hz, 12 H, Me); 1.17 ppm (d, 3JHH 
= 6.85 Hz, 12 H, Me). 93Nb NMR (C7D8, after 18 h): δ = −1447 
(∆ν½ = 1.0·104 Hz) ppm. 19F NMR (C7D8, after 18 h): δ = 131.4 
ppm (∆ν½ = 100 Hz). 
C) From NbBr5/Ipr. 1H NMR (C6D6, after 30 min): δ = 7.24 (m-br, 
2 H, C6-H); 7.06 (m-br, 3JHH = 7.2 Hz, 4 H, C5-H); 6.54 (s, 2 H, 
C2-H); 2.93 (br, 2 H, CHMe2); 1.44 (br, 12 H, Me); 0.92 ppm (br, 
12 H, Me). 93Nb NMR (C6D6, after 30 min): δ = 735 (∆ν½ = 
1.0·102 Hz, NbBr6

−); −57 ppm (∆ν½ = 1.2·104 Hz). 1H NMR 
(C6D6, after 72 h): δ = 7.27 (m-br, 2 H, C6-H); 7.19 (m-br, 3JHH = 
7.2 Hz, 4 H, C5-H); 6.63 (s, 2 H, C2-H); 3.02 (br, 2 H, CHMe2); 
1.55 (br, 12 H, Me); 1.02 ppm (br, 12 H, Me). 93Nb NMR (C6D6, 
after 72 h): δ = −65 ppm (∆ν½ = 1.3·104 Hz). 
D) From TaF5/Ipr. 1H NMR (C7D8, after 10 min): δ = 7.24 (m, 2 H, 
C6-H); 7.12 (m, 4 H, C5-H); 6.52 (s, 2 H, C2-H); 2.71 (br, 2 H, 
CHMe2); 1.37 (d, 3JHH = 6.2 Hz, 12 H, Me); 1.04 ppm (d, 3JHH = 
6.7 Hz, 12 H, Me). 19F NMR (C7D8, after 10 min): δ =  82.1 ppm 
(∆ν½ = 6·102 Hz). 
E) From TaCl5/Ipr. 1H NMR (C7D8, after 30 min): δ = 7.18 (m, 2 
H, C6-H); 7.01 (m, 4 H, C5-H); 6.45 (s, 2 H, C2-H); 2.90 (sept, 
3JHH = 6.68 Hz, 2 H, CHMe2); 1.41 (d, 3JHH = 6.68 Hz, 12 H, Me); 
1.01 ppm (d, 3JHH = 7.15 Hz, 12 H, Me). 13C NMR{1H} (C7D8, 
after 30 minutes): δ = 189.7 (C1); 145.6 (C4); 137.1 (C3); 130.6 
(C6); 125.0 (C5); 123.9 (C2); 28.7 (CHMe2); 25.5, 22.6 ppm (Me). 
1H NMR (C7D8, after 20 h heating): δ = 7.13 (m, 2 H, C6-H); 7.01 
(m, 4 H, C5-H); 6.82 (s, 2 H, C2-H); 2.81 (sept, 3JHH = 6.68 Hz, 2 
H, CHMe2); 1.38 (d, 3JHH = 6.68 Hz, 12 H, Me); 1.15 ppm (d, 3JHH 
= 7.15 Hz, 12 H, Me). 13C NMR{1H} (C7D8, after 20 h heating): δ 
= 189.7 (C1); 145.9 (C4); 137.2 (C3); 132.2 (C6); 125.7 (C5); 
125.4 (C2); 29.2 (CHMe2); 26.2, 21.9 ppm (Me). 
F) From TaBr5/Ipr. 1H NMR (C7D8, after 30 min): δ = 7.26 (m, 2 
H, C6-H); 7.13 (m, 4 H, C5-H); 6.60 (s, 2 H, C2-H); 3.11 (sept, 
3JHH = 6.36 Hz, 2 H, CHMe2); 1.52 (d, 3JHH = 6.85 Hz, 12 H, Me); 
1.06 ppm (d, 3JHH = 6.36 Hz, 12 H, Me). 13C NMR{1H} (C7D8, 
after 30 min): δ = 188.3 (C1); 146.1 (C4);137.7 (C3); 130.9 (C6); 
125.5 (C5); 124.2 (C2); 28.9 (CHMe2); 25.6, 23.1 ppm (Me). 
2) Reactions of MF5 with Ipr in 4:1 molar ratio. General 

procedure: the metal fluoride (0.40 mmol) was added to a solution 
of Ipr (0.40 mmol) in deuterated toluene (2 mL). The mixture was 
stirred at room temperature. An aliquot was withdrawn from the 
reaction solution after 15 minutes and then NMR analyzed. 
A) From NbF5/Ipr (red solution). 1H NMR (C7D8): δ = 7.29, 7.24 
(m, C6-H); 7.14, 7.12 (m, C5-H); 6.54 (s, C2-H); 2.68, 2.13 (m, 
CHMe2); 1.34, 1.11 (d, 3JHH = 6.2 Hz, Me); 1.05, 1.04 ppm (d, 3JHH 
= 6.7 Hz, Me). Isomer ratio ca. 3:1. 19F NMR (C7D8): δ =  156 ppm 
(∆ν½ = 7·102 Hz). 93Nb NMR (C7D8): δ = −1365 (∆ν½ = 1·104 
Hz);  −1486 ppm (∆ν½ = 1·104 Hz). 
B) From TaF5/Ipr (orange solution over abundant orange-brown 
precipitate). 19F NMR (C7D8): δ =  82.0 (∆ν½ = 3·102 Hz, major), 
62.2 (∆ν½ = 20 Hz), 57.8 ppm (∆ν½ = ca. 30 Hz). 
 

Formation and isolation of [IxylH][TaF6], 7. A solution of Ixyl 
(173 mg, 0.626 mmol) in toluene (10 mL) was treated with TaF5 
(170 mg, 0.616 mmol). The mixture was allowed to stir for 18 h at 
room temperature, during which a dark brown precipitate was 
formed. The solid was dissolved in CH2Cl2 (20 mL), and the 
solution was layered with heptane and settled aside at −30 °C. 
Light-brown X-ray quality crystals were collected after one week. 
Yield 88 mg, 25%. Anal. Calcd for C19H21F6N2Ta: C, 39.87; H, 
3.70; N, 4.89; Ta, 31.62. Found: C, 39.76; H, 3.78; N, 4.75; Ta, 
31.30. 1H NMR (CD2Cl2): δ = 8.65 (s, 1 H, C1-H); 7.69 (s, 2 H, 
C2-H); 7.51 (t, 3 H, 3JHH = 7.3 Hz, C6-H); 7.38 (d, 4 H, 3JHH = 7.8 
Hz, C5-H); 2.24 ppm (s, 12 H, Me). 19F NMR (CD2Cl2): δ = 38.7 
ppm (s, TaF6

−). 

 

X-ray crystallography. 

Crystal data and collection details for 6 and 7 are reported in Table 
5. The diffraction experiments were carried out on a Bruker APEX 
II diffractometer equipped with a CCD detector using Mo–Kα 
radiation. Data were corrected for Lorentz polarization and 
absorption effects (empirical absorption correction SADABS).33 
Structures were solved by direct methods and refined by full-
matrix least-squares based on all data using F2.34 Hydrogen atoms 
were fixed at calculated positions and refined by a riding model. 
All non-hydrogen atoms were refined with anisotropic 
displacement parameters. 
 

Table 5. Crystal data and experimental details for 6 and 7. 
 6 7 

Formula C27H36Br5N2Ta C19H21F6N2Ta 
Fw 969.08 572.33 
T, K 100(2) 100((2) 
λ, Å 0.71073 0.71073 
Crystal system Monoclinic Orthorhombic 
Space group P21/n Pnma 

a, Å 10.232(3) 11.105(2) 
b, Å 17.868(5) 16.481(3) 
c, Å 17.892(5) 10.701(2) 
β, ° 105.018(3) 90 
Cell Volume, Å3 3159.3(14) 1958.7(7) 
Z 4 4 
Dc, g cm-3 2.037 1.941 
µ, mm-1 9.822 5.673 
F(000) 1840 1104 
Crystal size, mm 0.22×0.20×0.14 0.16×0.11×0.10 
θ limits, ° 1.64–26.00 2.27–27.00 
Reflections collected 29725 17842 
Independent reflections 6217 [Rint= 0.0727] 2220 [Rint= 
0.0609] 
Data / restraints /parameters 6217 / 0 / 316 2220 / 0 / 135 
Goodness of fit on F2 1.101 1.044 
R1 (I > 2σ(I)) 0.0581 0.0238 
wR2 (all data) 0.1413 0.0549 
R1 (I > 2σ(I)) 0.0581 0.0238 
Largest diff. peak and hole, e Å-3 4.113 / –1.987 1.084 / –0.925 

Computational studies 

The computational geometry optimizations were carried out 
without symmetry constrains, using the range-separated DFT 
functional ωB97X 35 in combination with a polarized basis set 
composed by the 6-31G(d,p) set on the light atoms and the ECP-
based LANL2TZ(f) and LANL2DZ(d) sets on metal centres and 
bromine, respectively (BS2).36 In some cases, the same functional 
was used also in combination with the split-valence polarized basis 
set (with effective core potentials for elements beyond Kr) of 
Ahlrichs and co-workers, indicated as BS1.37 The C-PCM implicit 
solvation model (ε = 9.08) was added.38 Some reaction 
intermediates were finally optimized in vacuo using the hybrid-
GGA EDF2 functional 39 and the BS3 basis set (6-31G** plus 
LANL2DZ on Nb).40 In all the cases, the “restricted” formalism 
was applied. The stationary points were characterized by IR 
simulations (harmonic approximation), from which zero-point 
vibrational energies and thermal corrections were obtained.41 The 
software used for C-PCM/ωB97X calculations was Gaussian ‘09,42 
while EDF2 calculations were performed with Spartan ’08.43 

 

Supplementary Material. Figures S1-S9 show the DFT-calculated 
structures of possible reaction intermediates, while tables S1-S9 
contain the relevant bonding parameters; figures S10-S24 show the 
NMR spectra of the products. Cartesian coordinates of all DFT-
optimized compounds are collected in a separated .xyz file. CCDC 
reference numbers 1437953 (6) and 1437954 (7) contain the 
supplementary crystallographic data for the X-ray studies reported 
in this paper. These data can be obtained free of charge at 



8 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge 
Crystallographic Data Centre, 12, Union Road, CambridgeCB2 
1EZ, UK; fax: (internat.) +44-1223/336-033; e-mail: 
deposit@ccdc.cam.ac.uk). 
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