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Abstract  

The bis(tert-butylimido)-molybdenum(VI) framework has previously been used for the 

successful atomic layer deposition and chemical vapor deposition of many molybdenum-

containing thin films. We have now prepared and fully characterized a new thermally 

robust bis(tert-butylimido)molybdenum(VI) complex, bis(tert-butylimido)-bis(N-2-(tert-

butyliminomethyl)pyrrolato)-molybdenum(VI),  (tBuN)2Mo(PyrIm)2 (1), that incorporates 

two N,N’-κ2-monoanionic ligands. The volatility and thermal stability of 1 was measured 

using thermogravimetric analysis and differential scanning calorimetry, where it was 

found to achieve a 1 Torr of vapor pressure at 212 ºC and had an onset of thermal 

decomposition at 273 ºC. Comparison of its thermal properties to the known ALD 

precursor (tBuN)2Mo(dpamd)2 (dpamd = N,N’-diisopropyl-acetamidinato) showed that 1 

exhibits a similar volatility, but with a 78 ºC improvement in thermal stability. Since 1 

exhibits an excellent thermal range (61 ºC), it should be further explored for use as a 

vapor deposition precursor. 



Introduction 

Molybdenum-containing thin films are very versatile, having found applications in 

microelectronic manufacturing,1 high-surface area heterogeneous catalysis,2 gas-

sensing,3 optical materials,4 and lubricants,5 to name a few. One common method used 

to prepare Mo-containing thin films, with sub-nanometer thickness control, is atomic layer 

deposition (ALD). ALD relies on chemical precursors that are delivered in the vapor phase 

to a substrate, where they subsequently undergo gas-surface reactions and chemisorb. 

Then, in conjunction with a co-reagent, they react in a stepwise fashion to deposit thin 

films. The most important criteria in the design of potential precursors are thermal stability, 

volatility, and surface reactivity.6 While volatility and surface reactivity are both important 

for the deposition of thin films, this manuscript will focus on the thermal stability of the 

chemical precursors. In particular, these compounds must have adequate thermal 

stability in a precursor delivery vessel during deposition to ensure consistent gas phase 

pressure and composition.  

A common molecular scaffold used in the syntheses of volatile molybdenum 

precursors is the bis(tert-butylimido)-molybdenum(VI) framework. For example, the 

bis(tert-butylimido)-molybdenum(VI) framework incorporating anionic N,N’-chelating 

ligands has previously been used for the ALD and CVD of various molybdenum-

containing films. The amidinate 2 has been used in conjunction with O3 for the ALD of 

MoO3.3 It has also been employed for the CVD of MoNx
7,8 and MoS2,9 using NH3 and S8 

as co-reagents, respectively. Additionally, MoNx nanoparticles have been prepared from 

the thermolysis of the pyrazolate A.10 Dianionic N,N’-chelating ligands have also been 

used to prepare volatile molybdenum compounds; for example, the diazabutadienyl B 

has been used for the CVD of MoS2 using S8 as a co-reagent.11 A similar molybdenum 

compound that contains only one monoanionic N,N’-chelating ligand, the guanidinate C, 

generated MoCxNy in the presence of NH3, by CVD and has also been used as a single-

source precursor for the CVD of Mo2C.12  

Other similar compounds not used for ALD or CVD, but of structural importance to 

this work, are listed in Chart 1 as well. For example, the synthesis of the amidinate 2 can 

be stopped after the addition of just one ligand, to form the amidinate mono-chloride D, 

which is a sublimable solid (170 ºC, 225 mTorr).13 The preparation of the hydrazido E, a 



distillable oil (75 ºC, 0.75 mTorr) also stops at the mono-chloride, likely due to the steric 

congestion from two tert-butylimido ligands, whereas bis-addition of the hydrazido ligand 

was achieved for the less bulky Group 5 analogues, (tBuN)MCl3 (M = Nb, Ta).14  

 

Chart 1. Known vapor deposition precursors, or volatile compounds, containing the 

bis(tert-butylimido)molybdenum(VI) framework. tBu = tert-butyl; iPr = isopropyl; Me = 

methyl; R = tBu or phenyl. 

 

We have recently prepared a series of (tBuN)2MoCl2·L (L = neutral N,N’-chelating 

ligand) compounds and reported their volatilities and thermal stabilities.15 Additionally, we 

examined their mechanism of decomposition and found that they decompose via γ-H 

activation of the tert-butylimido group. This first yields isobutene and (tBuNH)MoNCl2, the 

latter of which subsequently decomposes to give tert-butylamine and MoNx.16 It has 

previously been shown that (tBuN)2MoCl2·2py is a single-source precursor for the CVD of 

MoCxNy, with no Cl contamination.17 Additionally, the use of chloride-containing 

compounds can be exploited for the deposition of chlorine-free metal films,18 although 

halogens are generally avoided in precursor design as the byproducts can etch the 

growing film or damage a metal reactor. One way to remove chloride ligands during 

precursor design is through salt metathesis reactions with an alkali salt of an anionic 

ligand. Additionally, ligation (with anionic or neutral ligands) can also be used to tune the 

volatility, thermal stability, and chemical reactivity of metal complexes.  

 

In our recent study we found that by using unsymmetric ligands we could combine 

the thermal stability of an aromatic heterocycle with the volatility conferred from the 

presence of a tert-butyl imino moiety.15 For example, the imino-pyridine ligand (impy, F, 

Chart 1), integrates the superior thermal stability of the 2,2’-bipyridine ligand with the 



excellent volatility of the 1,4-di-tert-butyl-1,3-diazabutadiene ligand.15 Herein, we describe 

application of the same method to anionic ligands, for the preparation of a volatile, yet 

thermally stable, molybdenum precursor. We have synthesized and characterized a 

molybdenum compound that incorporates the N-2-(tert-butyliminomethyl)pyrrolate 

(PyrIm) ligand, which combines an aromatic heterocyclic with a pendant tert-butylimino 

moiety.  

 

Results and Discussion 

Synthesis and Characterization 

We first prepared the known bis(tert-butylimido)-dichloromolybdenum(VI) 1,2-

dimethoxyethane (dme) adduct, (tBuN)2MoCl2·dme, as our Mo(VI) starting material.19 

Treatment of (tBuN)2MoCl2·dme with two equivalents of both sodium hydride and N-2-

(tert-butyliminomethyl)pyrrole (HPyrIm)20 immediately resulted in a reddish-orange 

mixture (Scheme 1). After filtration and purification by crystallization, bis(tert-butylimido)-

bis(N-2-(tert-butyliminomethyl)pyrrolato)-molybdenum(VI), (tBuN)2Mo(PyrIm)2 (1), was 

isolated in moderate yield, as red, block-shaped crystals. 

 

Scheme 1: Synthesis of (tBuN)2Mo(PyrIm)2 (1). 

  

The 1H and 13C NMR spectra confirmed the structure of 1, with both showing two 

equivalent PyrIm environments. Combined with spectral evidence of two equivalent tert-

butylimido ligands, the octahedral complex 1 must adopt a cis geometry, and this was 

confirmed using single-crystal X-ray diffraction (vide infra). The 1H NMR spectrum of 1 

showed slight deshielding of the pyrrole ring in the anionic PyrIm ligand, compared to its 

ligand precursor (HPyrIm). In contrast, the tert-butylimino moiety was slightly shielded 



(compared to HPyrIm) suggesting delocalization throughout the entire ligand framework. 

Thus, the imino group cannot just be a spectator moiety forming a dative bond to Mo. The 

15N NMR spectrum of 1 had three nitrogen environments and their chemical shifts were 

consistent with similar Mo compounds.21,22 Finally, the bulk composition of 1 was verified 

using EA and the molecular ion corresponding to 1 was detected using EI-HRMS; an 

analysis of the fragmentation of 1 can be found in the SI.  

Finally, we attempted to prepare other bis(tert-butylimido)-molybdenum(VI) 

compounds that contain two monoanionic N,N’-chelates. The ligands chosen were N,N-

dimethyl-N’,N’’-diisopropyl-guanidinate (iPrgaun) and N,N’-dimethyl-pentane-2,4-

diimidate (Menacnac);23 however neither resulted in the isolation of bis-addition products 

of the ligand. The reaction between (tBuN)2MoCl2·dme and Li[iPrguan] resulted in the 

known adduct C (Chart 1);24 the crystal structure of which was hitherto unknown. 

Additionally, the reaction between (tBuN)2MoCl2·dme and Li[Menacnac] resulted in an 

intractable mixture, however, a single-crystal of (tBuN)2MoCl(Menacnac) was isolated from 

this mixture and its structure is described in the SI. 

X-Ray Crystallography 

The results from the single-crystal X-ray diffraction studies of N-2-(tert-

butyliminomethyl)pyrrole (HPyrIm), and the bis(tert-butylimido)molybdenum(VI) adduct 

that incorporates it, (tBuN)2Mo(PyrIm)2 (1), are reported herein. Additionally, we report the 

crystal structures of (tBuN)2MoCl(iPrguan) and (tBuN)2MoCl(Menacnac) in the supporting 

information. Additional crystallographic parameters and images can also be found in the 

supporting information.  

The ligand precursor, N-2-(tert-butyliminomethyl)pyrrole (HPyrIm), was found to 

crystallize in the monoclinic P21/n space group as colorless blocks (Figure 1). The 

asymmetric unit is comprised of two unique molecules that are held together by N−H…N 

hydrogen-bonds (N1−H1n…N4 = 2.078(12) Å, N3−H3n…N2 = 2.102(13) Å). The two 

HPyrIm molecules that comprise the dimer have an angle of 79.96(3)º between the 

planes, defined by each pyrrole ring. The C−C and N−C bond lengths of the pyrrole ring 

are not exactly as expected for alternating double and single bonds, instead each are 

intermediate with the ring forming an aromatic heterocycle (Table 1). As expected, the 

bond length in the imine moiety of HPyrIm (N2−C5) is indicative of double bond character, 



and the C4−C5 bond of the ligand backbone is single (Table 1). The average bond lengths 

of HPyrIm are consistent with those reported previously for other N-2-

(iminomethyl)pyrroles.25 Finally, other than the hydrogen bonds described above, there 

are not any notable intermolecular interactions between different molecules in the 

asymmetric unit. 

 

Figure 1. Solid-state structure of N-2-(tert-butyliminomethyl)pyrrole (HPyrIm); two 

molecules are held together in a dimer via N−H…N hydrogen bonds (dashed lines). 

Thermal ellipsoids are drawn at the 50% probability level.  

 

Table 1. Selected bond lengths of the neutral ligand precursor (HPyrIm) and the adduct 

that incorporates it as an anionic ligand, (tBuN)2Mo(PyrIm)2 (1).a 

Compound C1−C2 / Å C3−C4 / Å C4−C5 / Å N2−C5 / Å N1−C4 / Å 

HPyrIm 1.3767(12) 
1.3758(12) 

1.3846(9) 
1.3848(10) 

1.4456(10) 
1.4434(10) 

1.2754(9) 
1.2769(9) 

1.3700(9) 
1.3720(9) 

1 1.368(8) 
1.382(14) 

1.385(8) 
1.404(13) 

1.419(8) 
1.382(13) 

1.316(7) 
1.281(12) 

1.369(7) 
1.34(9) 



[a] The second value listed for each compound corresponds to the analogous bonds in 

the second HPyrIm molecule comprising (N3, N4, C10−C18) and to the first component 

of the disordered ring in model 1, respectively. 

In the solid-state structure of (tBuN)2Mo(PyrIm)2 (1), the molybdenum center has 

an octahedral coordination environment (Figure 2). One of the PyrIm ligands (comprising 

N3 and N4) is disordered over two positions, with the tert-butylimino moiety (of the PyrIm 

ligand) and the tert-butylimido ligand (N5) occupying the same positions (see SI). In line 

with all reported Group 6 bis(imido) complexes,25 the tert-butylimido ligands in 1 are cis 

to each other. The pyrrole rings are trans to each other and the tert-butylimino groups of 

the PyrIm ligand are trans to each tert-butylimido ligand. Therefore, the octahedral 

complex 1 is best described as a (Λ)-cis-[(tBuN)2Mo(PyrIm)2] complex. The average 

Mo−N(imido) bond lengths in 1 (1.774(7) and 1.818(13) Å) are longer than the 

corresponding bonds in the (tBuN)2MoCl2·L (L = neutral N,N’-chelate) compounds we 

have recently reported (average: 1.739(5) Å).15 The PyrIm ligands are quite electron-rich, 

therefore a smaller contribution from the tert-butylimido ligands is required to satisfy the 

molybdenum center.  

 

Figure 2. Solid-state structure of (tBuN)2Mo(PyrIm)2 (1). Thermal ellipsoids are drawn at 

the 50% probability level. Hydrogen atoms have been omitted for visual clarity. The PyrIm 



ligand (comprising N3 and N4) and the imido ligand (comprising N5) are disordered over 

two positions (see the SI); however, only part A of the disorder is shown. 

The bond lengths in the pyrrole ring of the PyrIm ligand in 1 show slight deviations 

compared to those in the ligand precursor (Table 1). Most notable are the elongation of 

the imino bond (N2−C5) and the shortening of the C4−C5 bond of the ligand backbone 

(Table 1). This suggests that there is significant delocalization in the anionic ligand 

framework, specifically in the imino backbone, upon ligation. It must contribute 

electronically to the stabilization of the complex, rather than just forming a dative bond to 

the metal center. Despite being relevant for vapor phase depositions, 1 is only the second 

structurally characterized bis(tert-butylimido)molybdenum(VI) complex that incorporates 

two N,N'-chelating ligands, the other being (tBuN)2Mo(Pz)2 (Pz = 3,5-di-tert-

butylpyrazolato) (A).26 Finally, 1 does not form any intermolecular interactions below the 

sum of the Van der Waals radii. There are only a few long-range, weak C−H…H 

interactions between molecules, a feature which certainly contributes to the observed 

volatility of 1 (vide infra). 

 

Volatility and Thermal Stability 

 (tBuN)2Mo(PyrIm)2 1 was investigated to determine if it would be a suitable 

precursor for the deposition of molybdenum-containing films. Thermogravimetric analysis 

(TGA) of 1 showed a single-step mass loss curve, with an onset of volatilization of 188 

ºC (Figure 3a). Additionally, 1 completely evaporated before 300 ºC without 

decomposition, as indicated by a residual mass of 0%. Isothermal TGA of 1 showed a 

single-step mass loss, with complete evaporation at selected isotherms between 190 and 

250 ºC. The rates of evaporation ranged between 60 and 900 μg·min−1·cm−2, with respect 

to the two boundary temperatures, at atmospheric pressure (Figure 3b). 



 

Figure 3. (a) Thermogravimetric analysis of (tBuN)2Mo(PyrIm)2 (1), with a heating rate of 

10 ºC·min−1. The mass loading was 10.1 mg and the residual mass was 0.2%. (b) 

Isothermal thermogravimetric analysis of 1. The samples were heated at 20 ºC·min−1 and 

then were held at the designated isothermal temperature. The mass loadings were 10.0 

± 0.1 mg for each sample. 

To further quantify the volatility of (tBuN)2Mo(PyrIm)2 1 its vapor pressure was 

estimated using a previously reported model, which uses the first derivative of the mass 

loss curve.27,28 Using this model the temperature at which a precursor achieves 1 Torr of 

vapor pressure (TV), a commonly desired pressure for ALD and CVD precursors in 

industrial deposition tools, can be determined. The TV for 1 was estimated to be 212 ºC, 

which is high for an ALD process temperature (Figure 4), so it was compared to a 

previously used deposition precursor, (tBuN)2Mo(dpamd)2 (2).3,7–9 Compound 2 was 

prepared following reported methods7 before thermogravimetric analysis was carried out 

(Figure S31), for direct comparison to 1. The TV for 2 was estimated to be 206 ºC, which 

is nearly identical to that of 1 (Figure 4).  



 

Figure 4. Vapor pressure of (tBuN)2Mo(PyrIm)2 (1) (pink, bottom) and (tBuN)2Mo(dpamd)2 

(2) (blue, top) modeled according to the Langmuir equation estimated from TGA.27,28 A 

horizontal line is drawn at 1 Torr of vapor pressure (TV at 212 ºC for 1 and 206 ºC for 2). 

Despite having a high TV, it has been shown that 2 can be delivered into ALD or 

CVD reactors between the temperatures of 80-145 ºC.3,7–9 These lower delivery 

temperatures are viable because of the fast kinetics for the vaporization of the precursor. 

A sublimation experiment was performed on 1, which showed that it sublimed without 

decomposition at 150 ºC (40 mTorr), akin to 2. Because 1 and 2 have similar volatilities, 

it is possible that (tBuN)2Mo(PyrIm)2 1 might also be a suitable deposition precursor. 

We had previously found ligand-design success by utilizing asymmetric ligands,15 

that combine moieties which contribute to desirable volatilities and thermal stabilities in 

one ligand. For example, the tert-butyl(pyridine-2-yl-methyleneamine adduct of 

(tBuN)2MoCl2 (F), resulted in a volatile and thermally stable compound, where the volatility 

was conferred from the tert-butylimino moiety and the thermal stability from the basic 

pyridyl ring of the ligand.15 From this, we speculated that (tBuN)2Mo(PyrIm)2 1 might also 

be sufficiently thermally stable due to the presence of the aromatic pyrrolate moiety. Thus, 

after investigating the volatility of (tBuN)2Mo(PyrIm)2 1, its thermal stability was also 

probed. The thermal stability of 1 was monitored using a “thermal stress test,”29 where 

the kinetics of evaporation were exploited (Figure 5). In such experiments, if the precursor 

decomposes as it volatilizes, increasing the initial mass loading results in a larger residual 

mass. However, even with a 50 mg mass loading of 1, only a negligible residual mass 

(1.8%) was observed. In contrast, (tBuN)2Mo(dpamd)2 (2) shows a slight increase to the 



residual mass with increased loading (Figure S32). Additionally, there appear to be two 

thermal processes in the derivative of the mass-loss curve of 2 with higher initial mass 

loadings. This suggests that 2 initially volatilizes, then undergoes decomposition at higher 

temperatures, before complete evaporation (Figure S33). These thermal properties make 

1 the preferred potential precursor of the two. 

 

Figure 5. Thermal “stress test” of (tBuN)2Mo(PyrIm)2 (1) using TGA. The inset shows the 

increase in the residual mass (m) with increased initial mass loadings (mi) highlighting the 

thermal stability of 1. The heating rate for all experiments was 10 ºC·min−1.  

 Differential scanning calorimetry (DSC) was used to further study the thermal 

properties of (tBuN)2Mo(PyrIm)2 1. Inspection of the DSC curve of 1 revealed two 

endothermic processes, with onset temperatures of 92 and 202 ºC (Figure 6). The first 

endothermic process is an irreversible phase change with a low enthalpy (ΔH = 2.2 

kcal·mol−1); it likely corresponds to ligand rotation, or some other low-barrier, albeit 

irreversible, geometric isomerization. A C6D6 solution of 1 held at 120 ºC for 24 h did not 

show any changes in its 1H NMR spectrum, suggesting the observed phase change is 

either limited to the solid state, is reversible in situ, or has the same chemical shifts as an 

unperturbed sample of 1. 



 

Figure 6. Differential scanning calorimetry plots of (tBuN)2Mo(PyrIm)2 (1) (pink, top) and 

(tBuN)2Mo(dpamd)2 (2) (blue, bottom). A heating rates of 10 ºC·min−1 was used for both 

experiments. Exothermic processes correspond to an increase in heat flow (TD at 273 ºC 

for 1 and 195 ºC for 2). 

The second endothermic process observed in the DSC curve of 1 (202 ºC) is 

reversible and corresponds to the melting point of 1; this was confirmed using an ex situ 

melting point measurement. Following the second endothermic process is a large, 

irreversible, exothermic process, that begins at 273 ºC, and which has been assigned to 

the onset of decomposition (TD) of 1; thermal events after the initial decomposition of the 

precursor were not investigated. The thermal range of 1 is quite good (ΔT = TD – TV = 61 

ºC), further suggesting it would be a suitable deposition precursor. 

(tBuN)2Mo(dpamd)2 2 was also studied using DSC but it did not melt, and it has a 

TD of 195 ºC, which is significantly lower than that of 1. This is unsurprising since 

amidinate ligands have several available low-temperature decomposition pathways.29–32 

Many attempts have been made to enhance the thermal stability of amidinates, however, 

this often comes at the cost of reduced volatility.29,30 Additionally, the lower TD of 2 likely 

explains the theorized decomposition observed in the TGA stress-test of 2.  

It is well known that bis(tert-butylimido)molybdenum(VI) adducts decompose to 

yield isobutylene,7,10,15,16,33,34 assuming that lower-temperature “ancillary ligand-centered” 

decompositions do not occur. Therefore, isobutylene was anticipated to be the primary 

decomposition product in the thermolysis of 1. To further monitor the thermal stability of 



1, and to identify decomposition products, an in situ thermolysis reaction was carried out 

on a C6D6 solution of 1 in a flame-sealed NMR tube. The NMR tube was stored in a 200 

ºC oven (the highest temperature that can safely, and reliably, be reached for extended 

periods of time in a sealed tube).  

In situ thermolysis was monitored over the course of two months, and 1 appeared 

to decompose with second-order kinetics, giving a calculated half-life of 23 days at 200 

ºC (Figure S14). The observed in situ thermolysis products were isobutylene and tert-

butylamine (as identified by 1H NMR). Both were formed with first-order kinetics and had 

calculated half-lives of 20 and 21 days, respectively. Additionally, a small amount of the 

neutral ligand precursor (HPyrIm) was also observed, albeit growing in very slowly, with 

a calculated half-life of 64 days. Overall, the in situ thermolysis at 200 ºC was very slow, 

further highlighting the excellent thermal stability of 1.  

In contrast to in situ thermolysis, solid-state thermolysis more accurately emulates 

the conditions of a solid-precursor delivery vessel. For example, the in situ thermolysis of 

1 was carried out in a C6D6 solution, whereas solvent is not present in a precursor delivery 

vessel. Molecular rotations might occur more easily in solution, possibly leading to 

different product distributions in situ than might be achieved for thermolysis in lieu of 

solvent. To probe this, a solid sample of 1 was heated to 300 ºC, under dynamic vacuum. 

After thermolysis, the mixture was analysed using 1H NMR spectroscopy (after removal 

of a black residue by filtration). Isobutylene and HPyrIm were observed, however, tert-

butylamine was not. This suggests that slightly different decomposition mechanisms are 

operative depending on the thermodynamic conditions (vide infra).  

tert-Butylamine is a major decomposition product in the thermolysis of 

(tBuN)2MoCl2 adducts.16,33 It forms via an intramolecular γ-H transfer (of a tBuN proton) 

to another imido moiety, resulting in a tert-butylamido ligand and a nitrido (Mo≡N) 

moiety.16 A previous report, based specifically on the thermolysis of (tBuN)2Mo(Pz) (A),10 

proposed that γ-H activation, to yield isobutylene and a hydrogen-terminated imido 

(Mo=NH), occurs first. It is followed by an intramolecular proton transfer to the pyrazolate, 

resulting in the elimination of the neutral pyrazole ligand precursor (HPz).10 We have 

recently shown that the barrier to Mo=NH formation is quite high (ca. 65-70 kcal·mol−1).16 



Here we speculate that the γ-H likely undergoes an intramolecular transfer directly to the 

pyrrolate ring in 1 (Scheme 2). The crystal structure of 1 contains a short 

C22a−H22a…N1pyrrole interaction (H22a…N1 = 2.88 Å, Figure 2). Such a transfer would 

result in the direct formation of isobutylene and HPyrIm, which as a neutral ligand can 

subsequently dissociate from the metal complex. Alternatively, the γ-H could initially 

undergo intramolecular transfer to the second imido moiety, resulting in a tert-butylamido 

ligand, followed by an intramolecular proton transfer to the pyrrolate ligand. The latter 

likely occurs in the in situ thermolysis where tert-butylamine was found to be the most 

abundant. The γ-H elimination of both tert-butylimido groups, and the dissociation of both 

HPyrIm ligands, would result in the formation of metastable “MoN2”. This could 

subsequently decompose into various molybdenum nitrides, MoNx (Equations 1-3,10,35,36 

observed here as a solid black residue during the solid-state thermolysis of 1).16,33 

Therefore, (tBuN)2Mo(PyrIm)2 1 should make a suitable single-source precursor for the 

CVD of MoNx. 

 

Scheme 2. Proposed solid-state thermal decomposition of (tBuN)2Mo(PyrIm)2 (1). 

 2 MoN2 → 2 MoN + N2 (1) 

 4 MoN2 → 2 Mo2N + 3 N2 (2) 

 3 MoN2 → Mo3N2 + 2 N2 (3) 

 

Conclusion 

 A bis(tert-butylimido)molybdenum(VI) complex incorporating two N,N’-κ2-

monoanionic N-2-(tert-butyliminomethyl)pyrrolato ligands, (tBuN)2Mo(PyrIm)2 (1), has 

been synthesized from a salt metathesis reaction of (tBuN)2MoCl2·dme. This compound 

has been fully characterized using spectroscopic techniques and both 1 and the neutral 

ligand precursor have been investigated using single-crystal X-ray crystallography. The 



volatility of 1 has been assessed using TGA and it was found to have a vapor pressure 

of 1 Torr at 212 ºC. It was also found to be sufficiently thermally stable, with a TD of 273 

ºC. Comparisons of 1 to the known vapor deposition precursor, (tBuN)2Mo(dpamd)2 (2), 

revealed them to have similar volatilities, however, 1 showed superior thermal stability. 

The decomposition of 1 has been investigated using in situ and solid-state thermolysis 

reactions, which revealed isobutylene and either tert-butylamine or N-2-(tert-

butyliminomethyl)pyrrole, respectively, as the primary decomposition products. To 

summarize, 1 exhibits sufficient volatility and has an excellent thermal range (ΔT = 61 ºC) 

making it a potential vapor deposition precursor, which should be further explored. 

 

Experimental Section 

Synthesis. General Experimental. All manipulations were performed under air-

free conditions using either standard Schlenk techniques or in a nitrogen-filled (99.998% 

purity) MBraun glovebox. Sodium molybdate (≥98%), triethylamine (≥99%), 

chlorotrimethylsilane (≥98%), tert-butylamine (98%), 1,2-dimethoxyethane (≥99%), and 

pyrrole-2-carboxaldehyde (98%) were purchased from Sigma-Aldrich and were used as 

received. Sodium hydride (60% dispersion in mineral oil) was also purchased from Sigma-

Aldrich and was washed with hexane prior to use. N-2-(tert-butyliminomethyl)pyrrole 

(HPyrIm),20 (tBuN)2MoCl2·dme,19,37 and (tBuN)2Mo(dpamd)2 (2)7 were prepared following 

known methods. All solvents (ACS reagent-grade) were purified using an MBraun Solvent 

Purification System and were stored over 4 Å molecular sieves. All glassware was oven-

dried at 130 ºC, for at least 3 hours, prior to use. 1H, 13C{1H}, and 15N NMR spectra were 

collected on either a Bruker AVANCE 300 MHz spectrometer or a JEOL RESONANCE 

ECZ400S (400 MHz) spectrometer, at room temperature. 1H and 13C NMR spectra are 

internally referenced to residual solvent (1H: δ = 7.16 ppm; 13C: δ = 128.06 ppm for C6D6) 

and 15N spectra are referenced to an external standard of CH3NO2 (90% in CDCl3, δ = 



380.23 ppm). C6D6 was purchased from Cambridge Isotope Laboratories, Inc. and was 

degassed using freeze-pump-thaw cycles prior to being stored over 4 Å molecular sieves 

under nitrogen. High-resolution mass spectra were collected on a Kratos Concept 

electron impact mass spectrometer, at the University of Ottawa. Elemental analysis (EA) 

was performed on a PerkinElmer 2400 combustion CHN analyser at the University of 

Windsor. 

Synthesis of (tBuN)2Mo(PyrIm)2 (1). Solid sodium hydride (0.309 g, 12.9 mmol) 

was added to a solution of N-2-(tert-butyliminomethyl)pyrrole (1.642 g, 10.93 mmol) in 

100 mL of THF, at room temperature. After the evolution of hydrogen gas had ceased 

(ca. 2 h) a solution of (tBuN)2MoCl2·dme (2.158 g, 5.406 mmol) in 15 mL of toluene was 

slowly added to the first solution. The mixture was stirred at room temperature for 18 h 

then the volatiles were removed under reduced pressure. The product was extracted into 

60 mL of toluene and filtered through Celite. The volatiles of the filtrate were removed 

under reduced pressure, resulting in an orange powder. The product was then isolated 

as red block-shaped crystals after storing a toluene solution at −30 ºC for 48 h. The 

crystals were subsequently crushed and dried in vacuo prior to analysis. Yield = 1.757 g 

(3.274 mmol, 61%). Mp = 200-201 ºC. 1H NMR (400 MHz, C6D6, ppm): δ 1.06 (s, 18H, 

C(CH3)3), 1.21 (s, 18H, Mo=NC(CH3)3), 6.60 (m, 2H, C(2)H of pyrrole), 6.80 (m, 2H, C(3)H 

of pyrrole), 7.33 (m, 2H, C(1)H of pyrrole), 7.93 (s, 2H, N=C(5)H). 13C{1H} NMR (100 MHz, 

C6D6, ppm): δ 30.4 (C(CH3)3), 30.9 (Mo=NC(CH3)3), 59.4 (C(CH3)3), 70.8 (Mo=NC(CH3)3), 

112.0 (C(2)H of pyrrole), 115.5 (C(3)H of pyrrole), 139.8 (C(4) of pyrrole), 140.6 (C(1)H 

of pyrrole), 153.0 (N=CH). 15N NMR (40 MHz C6D6, ppm): δ 95.7 (Mo=NC(CH3)3), 208.0 

(N=CH), 285.2 (N(1) of pyrrole). Selected IR data (KBr, cm−1): ν(Mo=N) 1203 (vs) & 



1225(s); ν(N=C) 1603 (vs). EA calcd for C26H44MoN6 [%]: C, 58.19; H, 8.26; N, 15.66; 

found [%]: C, 57.75; H, 7.87; N, 15.46. HRMS (EI) m/z: [M]+ calcd for C25H41MoN6 

538.2682; Found 538.2682.  

Thermal Characterization. Thermogravimetric Analysis. TGA was performed on 

a TA Instruments Discovery TGA 55 instrument which was housed in a “chemical-free”, 

nitrogen-filled (99.998%) MBraun Labmaster 130 glovebox. In a typical experiment 

10.000 ± 0.100 mg of analyte was placed in a platinum pan and heated to 500 ºC with a 

ramp rate of 10 ºC min−1, unless otherwise stated, using nitrogen (99.999% purity, 60 

sccm) as the purge gas. Platinum pans were cleaned by sequential sonication in glacial 

acetic acid then isopropanol, followed by heating until red-hot with a propane torch. 

Langmuir vapor pressure equations were derived from the TGA data using a previously 

reported method, employing benzoic acid as the calibrant.27,28  

Differential Scanning Calorimetry. DSC experiments were performed with a TA 

Instruments Q10 instrument. The DSC was calibrated at the melting point of indium metal 

(156.6 ºC). All DSC samples were hermetically sealed in aluminum pans inside a 

glovebox prior to analysis. All samples were heated to 500 ºC with a ramp rate of 10 ºC 

min−1, unless otherwise stated, using nitrogen (99.998% purity, 50 sccm) as the purge 

gas. 

Solid-State Thermolysis of 1. The solid compound (0.120 g of 1) was weighed into 

a 25 mL Schlenk flask and placed under static vacuum (40 mTorr). The flask was then 

slowly, and thoroughly, heated with a heat-gun (~300 ºC). The compound gradually 

darkened, eventually forming a blackish-brown residue and a metallic-like film on the 

inside of the flask (Figure S8). After the thermolysis, the flask was slowly cooled to room 



temperature then 2 mL of C6D6 was added to the flask, under nitrogen. The mixture was 

filtered through a pad of Celite, directly into an NMR tube, giving a brownish-orange 

solution. 1H NMR spectroscopy revealed signals assigned to the intact precursor (1), as 

well as isobutylene and N-2-(tert-butyliminomethyl)pyrrole (Figure S9). 

In Situ Thermolysis of 1.  (tBuN)2Mo(PyrIm)2 1 was dissolved in C6D6, in a thick-

walled NMR tube. The solution was frozen in liquid nitrogen and the NMR tube was flame-

sealed under vacuum. It was stored at room temperature for 18 hours to ensure 

stoichiometry and stability. The flame-sealed NMR tube was then placed in an oven with 

an internal temperature of 200 ºC and left for two months. 1H NMR spectra were collected 

every few days, to show stability, and identify the thermolysis products (Figure S11). 

X-Ray Crystallography. The crystallographic diagrams in the main manuscript 

were prepared using ORTEP-3 for Windows.38 Specific details about the data collections 

and refinements can be found in the Supporting Information. 
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For Table of Contents Only 

A new thermally robust bis(tert-butylimido)molybdenum(VI) complex that incorporates 

two N,N’-κ2-monoanionic ligands was prepared. The compound is volatile and very 

thermally stable, due incorpoartion of an unsymmetric ligand that combines both 

properties. Comparisons to a structurally similar deposition precursor show the new 

compound is superior and should be investigated for use as a deposition precursor. 

 


