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Dioxygen reacts with metal-carbon bonds in thorium 
dialkyls to produce bis(alkoxides) 

Nicholas S. Settineri,ab Angela A. Shiaua and John Arnold*ab 

Exposure of bis-amidinate and -guanidinate supported thorium 

dialkyl complexes to dioxygen results in facile oxygen atom 

insertion and formation of the corresponding thorium dialkoxide 

species. Preliminary mechanistic studies suggest a radical 

propagation mechanism is operative. All new complexes were fully 

characterized by 1H and 13C NMR spectroscopy, IR, EA and X-ray 

crystallography. 

The chemical oxidation of inert C-H bonds in hydrocarbons to 

produce value-added products is a major goal of academic and 

industrial research for its implications in a variety of commercial 

processes.1,2 Molecular oxygen presents itself as an ideal 

oxidant, due to its natural availability, non-existant 

environmental impact, and low cost. As a result, many 

industries have adapted to use molecular oxygen as their 

oxidant of choice.1 However, the use of expensive and 

environmentally hazardous oxidants still persists in many 

industies,3 as oxidation with molecular oxygen can be difficult 

to control, often leading to undesirable side reactions such as 

overoxidation.4 While late transition metal complexes and 

catalysts have generally proven themselves to be powerful tools 

for generating value-added products,3,5 their utility in processes 

involving molecular oxygen remains unrealized due to a poor 

understanding of how oxygen reacts with these species.6 The 

Goldberg group has made great progress to address this and 

have investigated a number of mechanistic steps in the reaction 

of oxygen with various late transition metal complexes.7-12 

However, a major drawback to these systems is the high cost of 

the precious metals involved. 

 While the use of early transition metals to facilitate such 

reactions would have the added benefit of low cost due to the 

relative earth abundance of these metals, even less is known 

about how oxygen reacts with d0 transition metal complexes.13-

20 Wolczanski and co-workers were able to observe insertion of 

molecular oxygen into titanium and zirconium dialkyl species 

supported by the tritox ligand (tritox = (tBu)3CO) and formation 

of the corresponding alkoxide complexes.13 Mechanistic 

investigations on this system indicated a radical propagation 

mechanism, was responsible for the observed reactivity, and 

the poorly electron-donating nature of the tritox ligand (and 

increased electrophilicity of the metal center) was partly 

responsible for the inner sphere attack by either oxygen or the 

propagating radical species.14  

 Intrigued by the results observed with group IV metals, we 

were curious to see if appropriately tailored thorium complexes 

would undergo similar molecular oxygen reactivity, as the 

debate regarding whether thorium behaves more like a group 

IV transition metal or actinide is still ongoing.21 While there have 

been studies regarding the reactivity of thorium and oxygen in 

argon and neon matrices at 10 and 4 K, respectively,22 to the 

best of our knowledge no accounts describing molecular 

thorium species are known that report similar reactivity to that 

observed in early transition metal systems. Our group has 

previously described the reactivity of a thorium monoalkyl 

complex supported by a tris-amidinate framework with 

chalcogen-atom transfer reagents23 and a variety of small 

molecules;24 we envisioned a similar, bis-amidinate, dialkyl 

thorium system may be suitable for reactivity with molecular 

oxygen. Additionally, the more electron-donating guanidinate 

ligand,25,26 of which there are currently no thorium complexes 

known, would serve as a useful comparison regarding the effect 

of metal electrophilicity on reaction kinetics. Herein, we present 

the synthesis and characterization of thorium dialkyl amidinate 

and guanidinate complexes, as well as their reactivity towards 

molecular oxygen. 

 Although our previous studies employed the 

bis(isopropyl)methylamidinate (BIMA) ligand, attempted 

syntheses of a ThX2(BIMA)2 complex (where X = halide) were 
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unsuccessful. Eisen and co-workers were successful utilizing a 

bulkier N,N’-bis(trimethylsilyl)-2-pyridylamidinate ligand,27 so 

we turned to  N,N’-bis(trimethylsilyl)benzamidinate (BTBA), for 

its ease of synthesis and prior use with actinide metals.28-30 Salt 

metathesis of ThCl4(DME)2
31 with 2 equiv. of Li(BTBA)(TMEDA)32 

(TMEDA = tetramethylethylenediamine) afforded 

Th(BTBA)2Cl(μ-Cl)2Li(TMEDA) (1) as large, colorless blocks in 

78% yield (Scheme 1). The 1H NMR spectrum of 1 exhibits 

equivalent amidinate ligands in solution, with only one 

observable resonance for the -SiMe3 protons at δ 0.34 ppm and 

phenyl resonances appearing at δ 7.35 and 7.03 ppm, as well as 

two singlets at δ 2.07 and 1.72 ppm corresponding to the 

TMEDA-methyl and methylene protons, respectively. The 

molecular structure of 1 was determined by single-crystal X-ray 

diffraction studies (Figure S17). The Th-Namid bond distances are 

typical of that observed with previous thorium amidinate 

complexes,24,25,27,29 while the terminal Th-Cl1 bond length of 

2.7030(8) Å is, as expected, noticeably shorter than those 

observed for the bridging chlorides (2.8148(8) and 2.7999(6) Å 

for Th-Cl2 and Th-Cl3, respectively). The thorium, lithium and 

two bridging chlorides exhibit a dihedral angle of ~9° and form 

a nearly flat metallacycle, and is similar to that seen with the 2-

pyridyl system reported by Eisen (dihedral angle of ~5°).27 

Electron delocalization is observed throughout the amidinate 

ligands, as all the C-N bond lengths fall between 1.33-1.34 Å. 

 With 1 in hand, we looked to synthesize the corresponding 

dialkyl complex; addition of 2 equiv. of LiCH2SiMe3 to a stirred 

solution of 1 in toluene resulted in immediate precipitation of 

LiCl, followed by a gradual color change from colorless to 

orange. This orange color could be avoided by decreasing the 

reaction time to only a few minutes. Nonetheless, standard 

workup followed by crystallization from hexane afforded the 

dialkyl complex Th(BTBA)2(CH2SiMe3)2 (2) as colorless crystals in 

76% yield (Scheme 1). 1H NMR spectroscopy of 2 confirms the 

incorporation of alkyl moieties as indicated by the presence of 

new singlets arising from the methylene and -SiMe3 protons at 

δ 0.42 and 0.51 ppm, respectively. The molecule exhibits 

averaged C2-symmetry in solution, as there is only a single set 

of peaks corresponding to the alkyl and amidinate ligands. 

Interestingly, the alkyl methylene resonance is significantly 

more downfield than that observed in Th(CH2SiMe3)(BIMA)3 (δ 

-0.08 ppm),23 and may be indicative of a more electrophilic 

thorium center in 2. The methylene singlet serves as a 

diagnostic NMR handle for determining the success of insertion 

reactions. Single-crystals of 2 were grown from a concentrated 

hexane solution, and the molecular structure was determined 

by X-ray diffraction studies (Figure S18). Two molecules 

crystallize in the asymmetric unit, thus the metrics discussed 

henceforth are an average of the two. Although the thorium 

center is six-coordinate, the ligand geometry around the metal 

center is pseudo-tetrahedral, similar to that seen in 

Th(BIMA)4.24 The average Th-C bond length of 2.492(5) Å is 

shorter than that seen in Th(CH2SiMe3)(BIMA)3 (2.557(3) Å), but 

is typical of those of other thorium (IV) complexes bearing the -

CH2SiMe3 ligand.33-38 The Th-C-Si bond angle of 125.1(2)° is ~10° 

more acute than in Th(CH2SiMe3)(BIMA)3, which may be due to 

the less congested nature of the bis-amidinate system. Th-Namid 

bond distances range from 2.440(3) to 2.566(3) Å while the C-N 

bonds within the amidinates fall between 1.32-1.35 Å and are 

typical of that seen with other thorium amidinate 

complexes.23,24,39-41  

 With 2 synthesized, we sought to see if this complex would 

mimic the reactivity seen by group IV tritox systems with 

molecular oxygen.13,14 Exposure of a C6D6 solution of 2 to dry 

oxygen resulted in conversion to a new product in less than five 

minutes. The most striking change in the 1H NMR spectrum is 

the methylene resonance of the alkyl substituents, which shifts 

downfield from δ 0.42 to δ 4.18 ppm. We attribute this dramatic 

shift to the deshielding nature of the oxygen atom on the 

methylene protons. This new product was tentatively assigned 

as Th(BTBA)2(OCH2SiMe3)2 (3, Scheme 2). Scaling up the 

reaction revealed the highly soluble nature of 3, which had to 

be isolated from minimal amounts of hexamethyldisiloxane 

(HMDSO). Fortuitously, X-ray quality crystals were obtained 

Scheme 1 Syntheses of analogous amidinate (1 and 2) and guanidinate (4 and 5) thorium complexes. 
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from a highly concentrated HMDSO solution of 3 stored at -35 

°C for 24 h, which confirmed the identity of 3 as the O2 insertion 

product (Figure 1). The Th-O1 and Th-O2 bond distances of 

2.133(4) and 2.127(4) Å, respectively, are similar to the Th-O 

bond length of 2.1663(15) Å seen in Th(OCH2NMe2)(BIMA)3
23 

and fall in the range observed for known thorium alkoxide and 

aryloxide species.42-45 The near linear Th-O1-C27 and Th-O2-C31 

bond angles of 175.4(3)° and 169.4(3)°, respectively, are also 

consistent with these similar complexes. The Th-Namid bond 

distances range from 2.508(4) to 2.577(4) Å, while the C-N bond 

distances in the amidinate fall in between 1.32-1.34 Å. Next, we 

were curious if this insertion reaction was operating by a radical 

mechanism analogous to Wolczanski’s group IV tritox 

complexes. However, carrying out the conversion of 2 to 3 in 

the presence of 1,4-cyclohexadiene did not produce an 

appreciable amount of tetramethylsilane (the product expected 

to form if the •CH2SiMe3 radical species was present), and the 

rate of formation of 3 was not noticeably affected. This does not 

disprove the radical-based mechanism, though, as the kinetics 

of formation of 3 may be significantly faster than radical 

abstraction by 1,4-cyclohexadiene. 

 With the amidinate dialkyl complex successfully able to 

insert O2 to form the dialkoxide, we turned our attention to the 

analogous thorium guanidinate complex to probe what effect 

the more electron-donating guanidinates would have on O2 

insertion. The similar steric profile combined with our success 

using the N, N, N’, N”-tetraisopropylguanidinate (TIG) ligand 

with uranium26 prompted us to utilize this ligand for the 

synthesis of our analogous thorium complex.  Salt metathesis of 

ThCl4(DME)2 with 2 equiv. of Li(TIG)(THF)46 afforded 

Th(TIG)2Cl2(THF) (4) in 56% yield (Scheme 1). Slow addition of 

Li(TIG)(THF) is critical for the clean formation of the target bis-

guanidinate species 4, as the tris-guanidinate complex 

Th(TIG)3Cl is readily formed in the presence of excess 

Li(TIG)(THF). 

 

The bound THF molecule in 4 is important for crystallization but 

can be removed under dynamic vacuum. The 1H NMR spectrum 

of 4 exhibits two different isopropyl environments on the TIG 

ligand, with two septets and two doublets observed in total, and 

indicates averaged C2-symmetry of the molecule in solution. 

The solid-state structure of 4 features two Th-Cl distances of 

2.673(1) and 2.746(1) Å, a Cl1-Th-Cl2 bond angle of 115.19(3)°, 

and a Th-O1 bond length of 2.564(3) Å; these values are typical 

of those seen in similar thorium dichloride complexes with a 

bound THF molecule (Figure S19).47,48 Exposing 4 to 2 equiv. of 

LiCH2SiMe3 produced the desired bis-guanidinate thorium 

dialkyl complex Th(TIG)2(CH2SiMe3)2 (5, Scheme 1) in 96% yield. 

The 1H NMR spectrum of 5 contains one new set of peaks 

attributable to the alkyl moieties; however, the methylene 

singlet is now seen further upfield at δ 0.21 ppm (compared to 

δ 0.42 in 2), possibly indicating a more electron-rich metal 

center. The molecular structure of 5 was determined by X-ray 

diffraction studies (Figure S20); 5 crystallizes in the monoclinic 

space group C2/c, with half of the molecule in the asymmetric 

unit. The Th-C14 bond length of 2.528(2) Å is similar to that seen 

in Th(CH2SiMe3)(BIMA)3 and 2, and the Th-C14-Si1 bond angle 

of 126.22(10)° is only 1° larger than that observed in 2. All other 

crystallographic metrics are unremarkable. 

 Exposing a C6D6 solution of 5 to 1 atm of O2 resulted in the 

formation of a new product with a downfield singlet appearing 

in the 1H NMR spectrum at δ 4.22 ppm, along with shifted 

resonances corresponding to the TIG ligand and -SiMe3 protons 

on the alkyl moieties. Based on these results, we concluded that 

O2 insertion had been achieved and Th(TIG)2(OCH2SiMe3)2 (6) 

had been formed (Scheme 2). This transformation occurred 

more slowly than that seen with 2, with completion times 

routinely taking >3 h when monitored by 1H NMR spectroscopy. 

We postulated that the kinetics of O2 insertion had indeed been 

slowed due to the increased electron-richness of the thorium 

metal center caused by the guanidinate ligands, although the 

role of the different steric profile of TIG vs. BTBA cannot be 

discounted. Due to the poorer solubility of the TIG framework, 

6 could be isolated as colorless, block crystals in 89% yield from 

hexane. The molecular structure of 6 was determined by X-ray 

diffraction studies (Figure 1); like that observed with 5, complex 

6 crystallizes in the monoclinic space group C2/c, with half of 

the molecule in the asymmetric unit. Perhaps the most 

noticeable feature of this structure is the orientation of the alkyl 

groups, with the moieties almost eclipsed; the dihedral angle 

between the SiMe3 groups (defined by the Si-CH2-CH2-Si atoms 

of the two SiMe3 moieities) is 21.9(1)° in 6 (compared to 

164.8(3)° in 3). Although this kind of packing was not observed 

Scheme 2 Syntheses of dialkoxide thorium species (3 and 6) by reaction of 

amidinate and guanidinate alkyl complexes with O2. 
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in 3, it is presumably the lowest energy conformation for this 

molecule, and not the result of additional intramolecular 

interactions. The Th-O1 bond length of 2.1525(18) Å and Th-O1-

C14 bond angle of 170.52(16)° are all consistent with those 

observed in 3. 

 With the kinetics of O2 insertion slowed for 5 compared to 

that of 2, we looked to see if we could perform the same 

trapping experiment we had attempted using 1,4-

cyclohexadiene to find evidence for a radical-based mechanism 

(Scheme S1). Three NMR-scale experiments were run in Teflon-

capped J-Young NMR tubes simultaneously and monitored over 

a period of 5 days to test this: first, as a control, a sample of 5 

was subjected to 1,4-cyclohexadiene in C6D6, which brought 

about no observable change to the 1H NMR spectrum. Second, 

a sample of 5 in C6D6 was subjected to dry O2, and the rate of 

conversion to 6 was monitored as judged by the ratio of 6:5. 

Lastly, a sample of 5 in C6D6 containing 1,4-cyclohexadiene was 

subjected to dry O2 and the rate of conversion to 6 was 

monitored similarly. All samples contained an internal standard 

of hexamethylbenzene. When the O2 experiment was carried 

out in the presence of 1,4-cyclohexadiene, the generation of 

tetramethylsilane increased and the rate of formation of 6 

decreased (Figures S13-16). Additional experiments showed 

that increasing the amount of 1,4-cyclohexadiene decreased 

the amount of 6 formed and increased the amount of 

tetramethylsilane generated. However, in the presence of 

excess 1,4-cyclohexadiene the conversion of 5 to 6 did not 

proceed cleanly, and this increase in SiMe4 cannot be 

conclusively stated to be the result of hydrogen abstraction by 

•CH2SiMe3 radicals, as it may be the result of decomposition of 

5. Considering this evidence and prior literature precedent,14 

we hypothesize that a radical-based mechanism similar to that 

observed with group IV tritox species is operative in the 

formation of 3 and 6 (Scheme S1), and that the greater electron-

donating nature of the guanidinate ligand plays a role in 

affecting the kinetics of the reaction. This is consistent with 

Wolczanski’s assertion that the electrophilicity of the metal 

center is important in synthesizing systems capable of this 

reactivity. However, these results are very preliminary and the 

possibility of an α-O insertion mechanism18 cannot be ruled out; 

more thorough investigations are necessary to give credence to 

the proposed mechanism for these amidinate and guanidinate 

systems. 

 In summary, the amidinate- and guanidinate-supported 

thorium dialkyl complexes 2 and 5 undergo oxygen atom 

insertion to form the corresponding dialkoxide species. This 

type of reactivity is seldom seen with early metal systems and, 

until now, has not been reported with the oxophilic actinides. 

Probing the mechanism of this reactivity provided initial 

evidence for a radical-based mechanism, although further 

experiments are necessary to confirm this theory. This is 

consistent with the mechanism likely operative with group IV 

metal systems. The electrophilicity of the metal center plays an 

important role in the ability of O2 to react with these actinide 

systems, as was evidenced by the kinetic differences in the 

amidinate and guanidinate frameworks. 
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