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SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF ACTINIDE 

COMPLEXES BEARING An-E BONDS (An = Th, U; E = P, As) 

Michael Lloyd Tarlton 

Dr. Justin R. Walensky, Dissertation Supervisor 

ABSTRACT OF DISSERTATION 

Organoactinide complexes bearing An-E (An = Th, U; E = P, As) bonds were 

synthesized and reactivity studies were performed with various unsaturated and 

industrially/environmentally relevant small molecules in an effort to elucidate further 

information regarding their functionalization, and to expand the currently limited 

knowledge on actinide phosphido/arsenido chemistry.  

Reaction of isostructural, primary pnictido complexes of the form 

(C5Me5)2An[P(H)Mes]2 exhibited insertion-type reactivity with tBuCN, tBuNC, CO2 and 

CO. The products with CO2 and tBuNC were isostructural between Th, and U, resulting in 

the bis(phosphinocarboxylato), and phosphaazaallene complexes, (C5Me5)2An[κ2-(O,O)-

O2CP(H)Mes]2, and (C5Me5)2An[(CNtBu)(η2-(C,N)-tBuNC=PMes)]2, respectively. 

Divergent reactivity was observed with tBuCN, and CO, producing the U(IV) bis(ketimido) 

complex (C5Me5)2U[κ2-(N,N)-(N=CtBu)2(PMes)]2, formed via elimination of free H2PMes, 

and (C5Me5)2U[(κ2-(O,O)-O2C(PMes)C(H)P(H)Mes], for which mechanistic analysis 

(DFT) attributed the difference to lower the acidity of the U-center to that of Th. 

Reaction of  (C5Me5)2Th[P(H)Mes]2 with MN(SiMe3)2 (M = Na, K, Rb, Cs) leads 

to deprotonation of the P-H proton, leading to formation of alkali-metal phosphinidiide 

complexes of the form {(C5Me5)2Th[μ2-P(Mes)][μ2-P(H)Mes]M(L)n}2 (L = THF, Et2O), 

where computational (DFT) analysis and 31P NMR spectroscopy suggests significant Th-
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P multiple bond character. Reaction of (C5Me5)2Th[P(H)Mes]2 with CuMes in a 2:3 molar 

ratio leads to the formation of the bimetallic cluster,  (C5Me5)2Th[(μ2-

PH(Mes)P(Mes)]Cu}2Cu[μ2-PH(Mes)]. 

Reaction of (C5Me5)2ThMe2 with H2PMes in a 2:1 molar ratio leads to the 

formation of the T-shaped, bridging Th-phosphinidiide, [(C5Me5)2Th]2(P-2,6-CH2C6H2-4-

CH3) as a result of C-H bond activation at the o-CH3 groups on the mesityl ring. 

Computational analysis (DFT) of the mechanism reveals that it progresses a different 

mechanism than that of the previously published and analogous reaction with H2PTipp 

(Tipp = 2,4,6-triisopropylphenyl), yielding [(C5Me5)2Th]2(μ2-P[(2,6-CH2CHCH3)2-4-

iPrC6H2]. 

A comparative study was carried out in which isostructural Th and U complexes 

bearing bonds to P and As was conducted, yielding primary bis(pnictido) complexes of the 

form (C5Me5)2An[E(H)Mes]2, dipnictido complexes of the form (C5Me5)2Th(η2-E2Mes2), 

bridging bis(pnictinidiide) complexes of the form [(C5Me5)2U]2(μ2-AsMes)2 (with the 

exception of An = Th, E = P, which underwent C-H bond activation to form 

{(C5Me5)2Th[µ2-P(H)(2,4-Me2C6H2-6-CH2)]}2), and the terminal, U-phosphinidene 

complex, (C5Me5)2U(=PMes)OPPh3. Attempts were made to generate terminal arsinidene 

complexes from the bridging bis(arsinidiide) complexes by reaction with 2 molar 

equivalents of OPPh3, but the oxo group was abstracted in the case of the Th-arsinidiide 

with concomitant elimination of 0.5 Mes-As=As-Mes, resulting in the bridging oxo 

complex [(C5Me5)2Th]2(μ2-AsMes)(μ2-O). The analogous reaction between [(C5Me-

5)2U]2(μ2-AsMes)2 and OPPh3 results in reduction of the U(IV/IV) centers and concomitant
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coupling of the arsinidiide ligands to form the U(III/III) diarsenido/OPPh3 adduct ion pair, 

[(C5Me5)2U(η2-As2Mes2)][(C5Me5)2U(OPPh3)2]. 

Following this study, the An-diarsenido complexes were reacted with CO and 

isoelectronic analog, tBuNC, forming the adducts (C5Me5)2An(η2-As2Mes2)(CNtBu) and 

(C5Me5)2An(η2-As2Mes2)(CO). The latter complexes represent very rare examples of 

characterizable carbonyl compounds of f elements. 
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INTRODUCTION 

The lanthanides and actinides exhibit many similar properties including bonding 

that is primarily electrostatic in nature, oxophilic, with high coordination numbers. Their 

chemical behavior is nearly identical as a result, making differentiation between them 

extremely difficult, which presents a major obstacle to economic recovery of such elements 

from mining operations where many minerals contain significant amounts of both, but most 

importantly from spent nuclear fuel, where both trivalent lanthanides and minor actinides 

(Np, Pu, Am) are present.1-4 Initially, Ln(III)/An(III) differentiation was thought to be 

unfeasible, however an affinity on the part of actinides over lanthanides for softer donor 

atoms such as N and S has been the subject of study for some time, which presented a 

viable basis for separations methods.5-9 The most prominent modern example of this being 

Cyanex 301, in which differentiation is accomplished with the use of 

dialkyldithiophosphonates (S2PR2
−

).10

The origin of this slight selectivity is thought to be the result of a greater degree of 

covalency in the bond between the actinide (An)and soft donor atoms over the analogous 

interaction with lanthanides (Ln), a consequence of the energy-degeneracy driven 

covalency principle which describes the trend in covalent character of the actinides across 

the series, where the energy of the 5f orbital manifold gradually becomes closer to that of 

the ligand orbitals until they are approximately degenerate, an opposite trend in comparison 

with the degree of orbital overlap between the two, which decreases as the f-orbital 

manifold decreases in energy, becoming more core-like.11-15 

Our group seeks to explore this phenomenon by studying such systems bearing An-

soft donor bonds within organoactinide chemistry, using spectroscopic, crystallographic, 
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and computational analysis. Our efforts focus mainly upon the chemistry phosphido- and 

arsenido-complexes of Th(IV) and U(IV) using the bis(pentamethylcyclopentadienyl) 

[(C5Me5)]2
2- ancillary ligand framework. This moiety serve as steric protection for the 

central metal ion, and impose restriction on the chemistry that force it to occur at the 

meridian, enabling a greater degree of control and predictability. The methyl substitution 

on the inner ring carbons also inhibit most reactivity, namely by energetically difficult C-

H bond activation. 

The ligands of primary interest in the subsequent studies primarily consists of 

mesityl (Mes)-substituted (Mes = 2,4,6-Me3C6H2) primary (M-E(H)Mes) (E = P, As), and 

secondary (MnEMes, n = 1-2), where reactivity can take the form of insertion, proton-

migration, E-E oxidative coupling, and protonolysis due to the basic nature of the ligands, 

Fig 1, and both pnictides have potential to undergo redox chemistry with the (III/V) redox 

couple. The high-abundance, I = ½ NMR-active nucleus, 31P is also invaluable in the 

tracking of reaction progress and the study of structural characteristics. Phosphido- and 

arsenido-chemistry with actinides has experienced a great increase in number of 

publications over recent years,16-27 with the former being far more common in the literature. 

This dissertation seeks to expand upon both areas in actinide chemistry, with emphasis on 

arsenido chemistry, and to provide a wealth of direct comparisons between analogous Th/U 

and P/As containing complexes. 

Herein, the synthesis and reactivity of An-phosphido and arsenido complexes of 

the form in Eq. 1 with a variety of substrates is described. 
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Chapter 1 details the insertion-type chemistry of the (C5Me5)2An[P(H)Mes]2 

system (An = Th, U) with the industrially and environmentally relevant small molecules, 

CO, CO2, 
tBuCN and tBuNC, building upon previously reported work and providing a 

direct and useful comparison between the bonding characteristics of Th and U with P. 

Chapter 2 covers the deprotonation-type reactivity of the above mentioned 

(C5Me5)2Th[P(H)Mes]2 with alkali-metal amides of the form MN(SiMe3)2, in an attempt 

to generate phosphinidiide (M2PR) or phosphinidene (M=P-R) complexes exhibiting Th-P 

multiple bonding character, giving insight into the degree of covalency in the Th-P bonding 

interaction. 

Chapter 3 focuses upon the synthesis, and insertion-type reactivity of the T-shaped 

Th-phosphinidiide complex, [(C5Me5)2Th]2(P-2,6-CH2C6H2-4-CH3), complexes prepared 

via protonolysis of H2PMes with (C5Me5)2ThMe2 in a 1:2 molar ratio, similar to that of the 

triisopropyl analog, [(C5Me5)2Th]2(μ2-P[(2,6-CH2CHCH3)2-4-iPrC6H2]. 

Chapter 4 focuses upon a comparative study between isostructural phosphido- and 

arsenido-complexes with tetravalent Th and U centers. The structural characteristics and 

reactivity are examined experimentally and computationally (DFT) in an effort to further 



4 
 

explore energy-driven covalency, and to attempt the preparation of thermally stable 

complexes bearing An-P/As multiple bonds. 

Chapter 5 details a set of reactivity studies with complexes of the form 

(C5Me5)2Th(η2-As2Mes2) with small, unsaturated substrates, specifically synthesis of the 

corresponding An-CO complexes and its isoelectronic analog, tBuNC. Stable carbonyl 

complexes of f-elements are extremely rare due to their limited ability to backbond, leading 

to labile and short-lived interactions. The combination of steric saturation of the metal 

center in each complex and the electronic deficiency facilitated coordination of CO. Insight 

into the structure and reactivity of complexes containing An-P and An-As bonds paints 

broader picture of the An-soft donor interaction phenomenon. Our expansion of this 

knowledge base to phosphorus and arsenic is pertinent, as the majority of research 

conducted upon An-soft donor complexes has been undergone with N and S, which are 

close of the pnictides on the periodic table, and share similar physical, and bonding 

characteristics. These efforts yield important information that will likely in turn be used in 

the design of further fundamental research and applied in the design of advanced 

separations methods. 
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Chapter 1: Comparative Insertion Reactivity of CO, CO2, tBuCN, and tBuNC into 

Thorium- and Uranium-Phosphorus Bonds 

Michael L. Tarlton,1 Iker Del Rosal,2 Sean P. Vilanova,1 Steven P. Kelley,1 Laurent 

Maron,2 Justin R. Walensky1* 

1 Department of Chemistry, University of Missouri, 601 S. College Avenue, Columbia, 

MO 65211, United States 

2Universite de Toulouse, 135 Avenuede Rangueil, 31077 Toulouse (France) 

ABSTRACT.  

A study of the comparative reactivity of CO, CO2, 
tBuCN and tBuNC with 

(C5Me5)2An[PH(Mes)]2 (An = Th, U) has been undertaken. While CO2 
tBuNC form 

identical products with both metals, namely (C5Me5)2An[κ2-(O,O)-O2CPH(Mes)]2 and 

(C5Me5)2An[η2-(tBuNC=PMes](CNtBu), respectively, differing results are obtained with 

CO and tBuCN. The reaction of tert-butylnitrile with (C5Me5)2U[P(H)Mes]2 in a 2:1 ratio 

leads to double insertion into the U-P bonds and elimination of H2PMes forming the 

diketimido complex (C5Me5)2U[κ2-(N,N)-(N=CtBu)2P(Mes)]. This is another case in which 

the analogous reaction with (C5Me5)2Th[P(H)Mes]2 affords a different product, 

(C5Me5)2Th[PH(Mes)][κ2‐(P,N)‐N(H)C(CMe3)P(Mes)]. The reaction of 1 atm of CO with 

(C5Me5)2U[P(H)Mes]2 results in the double insertion with proton migration from one 

phosphido ligand to one of the CO carbons to form (C5Me5)U[(κ2-(O,O)-OC(PMes)-

C(H)P(H)MesO]. This is in contrast to the previously published result of the reaction 

between (C5Me5)2Th[P(H)Mes]2 and CO, in which the product is similar, but both protons 

from the phosphido ligands migrate to one carbon atom, resulting in (C5Me5)2Th[κ2-(O,O)-
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OC=P(Mes)P(Mes)C(H)2O]. Density functional theory calculations were carried out to 

show why this difference occurs. 

INTRODUCTION.  

Metal complexes play an important role in the activation of small-molecules, 

particularly of environmentally, biologically, and industrially relevant C1 feedstocks such 

as CO and CO2. The conversion of these substrates into commodity chemicals is desirable 

but such activation can be challenging. The use of metals like the actinides is thus an 

attractive prospect for this application, due to their high electropositive nature as well as 

and limited orbital participation, which leads to highly reactive centers. Insertion-type 

small-molecule reactivity is one of the most common reaction pathways for these 

substrates, especially with weak metal-ligand bonds. While the activation of CO,1-7 CO2,
8-

20 isocyanates,21-25 and nitriles26-29 with f-element complexes that contain bonds to harder-

donors like carbon, nitrogen, and hydrogen is well stablished, that of complexes containing 

soft-donors such as phosphorus. In this case, the weak interaction of the hard metal and 

soft donor ligand has been shown to lead to new reactivity patterns with respect to small 

molecule activation.  

The analogous reactions of the latter are attractive targets, as they can be investigated 

to provide further insight into the potentially significant role that actinide-pnictido 

complexes can fill in the broader-context of C1 manipulation. The slight differences in ionic 

radius and electronic structure among the actinides (e.g. Th vs. U) may additionally lead to 

divergent reactivity that may be exploited to optimize the strategies for which these 

complexes would be industrially employed. An extensive literature search reveals only a 
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small number of reactions involving CO and nitriles with metal-phosphorus bonds, and no 

such reactions with CO2.  

Herein, we describe the synthesis of a U(IV)-bis(phosphido) complex, 

(C5Me5)2U[P(H)Mes]2, and its reactivity with CO, CO2, tert-butylnitrile, tBuCN, tert-

butylisocyanide, tBuNC, in comparison to the products of the previously published30-31 

analogous set of reactions with (C5Me5)2Th[P(H)Mes]2. The novel reactivity of 

(C5Me5)2An[P(H)Mes]2 (An = Th, U) with CO2 is also explored. Accompanying the 

synthetic details is a computational analysis of the mechanism for the reaction of 

(C5Me5)2U[P(H)Mes]2 with CO. 

EXPERIMENTAL. 

General Considerations. All syntheses were performed under an atmosphere of dry 

nitrogen either on a Schlenk-line or in a glovebox. All reagent-grade gasses were used as 

received and all solvents were dried over columns of activated alumina and molecular 

sieves in a solvent purification system by MBRAUN, USA. Tetrahydrofuran was freshly 

distilled over sodium/benzophenone. The compounds (C5Me5)2UMe2
32

 and 

(C5Me5)2Th[P(H)Mes]2 (1)31 were prepared according to literature procedures. KP(H)Mes, 

Mes = 2,4,6-Me3C6H2, was prepared by addition of KN(SiMe3)2 to a room temperature, 

stirring solution of H2PMes in toluene, followed by filtration over a medium-porosity glass 

frit to collect the product which was washed with 2 x 3 mL portions of toluene, and one 

portion of 5 mL pentane then stripped of volatiles under vacuum. The NMR spectra for 2 

- 7 were recorded on either a 300 MHz or 600 MHz Bruker NMR spectrometer, with 

spectra being referenced to residual solvent. The IR spectra were recorded as KBr plates, 

on a Nicolet Summit PRO FTIR Spectrometer. The elemental analyses were conducted by 
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the University of California Berkeley Microanalytical Facility, Berkeley, CA, United 

States. 

(C5Me5)2U[P(H)Mes]2, 2. A dark-orange pentane solution  (5 mL) of (C5Me5)2UMe2 (503 

mg, 0.934 mmol) was added dropwise to a stirring, colorless 5 mL pentane solution of H2P-

Mes (298 mg, 1.96 mmol) that had been pre-cooled to -30 oC in a glovebox freezer. The 

mixture was allowed to warm to room temperature, and had become dark-brown/black by 

1 h stirring. The stirring was continued for 4 h without further color change, and a fine 

black, microcrystalline solid had precipitated over the time period. The mixture was cooled 

to -30 oC, and the solid was collected by suction filtration over a medium-porosity fritted 

glass funnel, then washed with 2 x 5 mL pentane and stripped of volatiles under vacuum, 

598 mg, 78%. Crystals suitable for X-ray diffraction were grown from a concentrated 

pentane solution at -30 oC. 1H NMR (600 MHz, C6D6, 25 oC): δ 10.04 (s, 30H, C5Me5), 

5.86 (s, 6H, p-CH3), 5.42 (s, 4H, m-Haryl), -14.81 (s, br, 12H, o-CH3), -122.9 (s, br, 2H, As-

H). IR (cm-1): 2950 (s), 2897 (s), 2855 (s), 2723 (w), 2298 (w), 1604 (w), 1459 (s), 1374 

(s), 1261 (m), 1160 (w), 1065 (m), 1057 (s), 1024 (s), 955 (w), 882 (w), 846 (m), 803 (w), 

696 (w), 603 (w). Elemental Analysis calculated for C38H54P2U (893.83 g/mol): C, 56.29%; 

H, 6.71%. Found: C, 55.98%; 6.52%. 

(C5Me5)2U[κ2-(O,O)-O2CP(H)Mes]2, 3. A 50 mL Schlenk-flask containing a dark 

brown/black toluene solution (15 mL) of 2 (140 mg, 0.174 mmol) was cycled onto a high-

vacuum Schlenk-line, and frozen by submersion in a bath of liquid nitrogen. The 

atmosphere was replaced with 1 atm CO2, then the flask was allowed to thaw to room-

temperature with stirring. A red solid immediately precipitated, and the suspension was 

stirred at room temperature for 1 h. After removal of the volatiles under vacuum, the flask 
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containing the red-solid residue was brought into a glovebox, and suspended in 10 mL 

THF, briefly stirred, and filtered over a medium-porosity fritted glass funnel, collecting a 

microcrystalline red solid which was washed with 10 mL more pentane, then stripped of 

volatiles under vacuum again, 115 mg, 77%. Due to the insolubility of this complex as well 

as the presence of two isomers, the 1H NMR spectrum could not be satisfactorily obtained. 

31P{1H} NMR (300 MHz, THF-d8, 25 oC): δ -78.81 (s, Isomer 1), -83.47 (s, Isomer 2). 31P 

NMR (300 MHz, THF-d8, 25 oC): δ -78.81 (d, 1JP-H = 245 Hz, Isomer 1), -83.47 (d, 1JP-H = 

245 Hz, Isomer 2). KBr (cm-1): 2967 (m), 2927 (m), 2904 (s), 2857 (m), 2726 (w), 2372 

(w), 1603 (m), 1488 (m), 1469 (m), 1438 (m), 1378 (m), 1346 (s), 1063 (w), 1031 (m), 947 

(w), 843 (w), 833 (s), 639 (w), 611 (w). Elemental analysis calculated for C40H54P2O2U 

(893.83 g/mol): C, 53.45%; H, 6.06%. Found: C, 53.37%; 5.98%. 

(C5Me5)2Th[κ2-(O,O)-O2CP(H)Mes]2, 4. A 100 mL Schlenk-flask containing a toluene 

solution (13 mL) of 1 (65 mg, 0.081 mmol), was cycled onto a high-vacuum Schlenk-line, 

then frozen by submersion in a bath of liquid nitrogen. The atmosphere was evacuated and 

replaced by 1 atm CO2, then the mixture was allowed to warm to room temperature with 

stirring. The reaction mixture quickly became a white suspension, and was allowed to stir 

for 30 min. After removing the solvent under reduced pressure, the resulting white solid 

was extracted in THF (15 mL), and filtered through Celite®. The filtrate was then 

concentrated which causing immediate precipitation of a white solid. The solution was 

placed in a freezer at -30 oC overnight to facilitate completion of crystallization. The white, 

crystalline product was isolated and volatiles removed under vacuum, 42 mg, 63%. Due to 

the insolubility of this complex as well as the presence of two isomers, the 1H NMR 

spectrum could not be satisfactorily obtained. 31P{1H} NMR (300 MHz, THF-d8, 25 oC): 
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δ -75.33 (s, Isomer 1), -75.43 (s, Isomer 2). 31P NMR (300 MHz, THF-d8, 25 oC): δ 75.33 

(d, 1JP-H = 245 Hz, Isomer 1), 75.45 (d, 1JP-H = 243 Hz, Isomer 2). IR (cm-1): 2968 (m), 

2929 (m), 2902 (s), 2857 (m), 2729 (w), 2371 (m), 1603 (m), 1491 (m), 1469 (m), 1438 

(m), 1379 (m), 1344 (s), 1032 (m), 946 (w), 880 (w), 855 (m), 835 (s), 790 (w), 641 (w), 

611 (w), 550 (w), 473 (m). Despite several attempts, a satisfactory elemental analysis for 

4 could not be obtained. 

(C5Me5)2U[(CNtBu)(η2-(C,N)-tBuNC=PMes)]2, 5. A 2 mL toluene solution of tBuNC (20 

mg, 0.247 mmol) was added dropwise to a stirring, dark brown-black toluene solution (6 

mL) of 2 (75 mg, 0.0925 mmol mmol) that had been pre-cooled to – 30 oC in a glovebox 

freezer. The mixture was stirred at room temperature for 1h, and then stripped of volatiles 

under vacuum, leaving a slightly sticky dark-brown solid. The residue was extracted in 2 

x 4 mL Et2O, filtered through Celite®, and concentrated to 2 mL under vacuum, by which 

point a significant amount of a black crystalline solid had grown. The solution was cooled 

to –30 oC in a glovebox freezer to facilitate completion of crystallization. The crystals were 

isolated and triturated in 2 mL pentane, then isolated again and dried under vacuum, 54 

mg, 71%. Variable-temperature 1H and 31P NMR experiments were performed (70 to -40 

oC), but yielded inconclusive results. Resonances spanned -20 to 40 ppm in the 1H spectra, 

and indicated possibility of a mixture of isomers. No 31P resonances were observable, aside 

from residual free H2PMes. IR (cm-1): 2965 (s), 2905 (s), 2855 (s), 2721 (w), 2299 (w), 

2165 (s), 1604 (w), 1447 (s), 1371 (s), 1192 (m), 1083 (m), 1021 (m), 911 (w), 849 (w), 

803 (w), 716 (w), 642 (w). Elemental analysis calculated for C39H59N2PU (812.89 g/mol): 

C, 56.15%; H, 7.32%; N, 3.45%; Found: C, 56.24 %; H 7.06 %, N 3.57%. 
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(C5Me5)2U[κ2-(N,N)-(N=CtBu)2(PMes)]2, 6. A 2 mL Et2O solution of tBuCN (30 mg, 

0.361 mmol) was added dropwise to a stirring, 6 mL, black solution of 2 (102 mg,  0.126 

mmol) that had been pre-cooled to – 30 oC in a glovebox freezer. The mixture was allowed 

to warm to room temperature, and stir for 2 h. After filtration through Celite®, the mixture 

was concentrated to 1.5 mL under vacuum, by which point a black, crystalline solid had 

begun to grow. The solution was cooled to – 30 oC in a glovebox freezer to facilitate 

completion of crystallization. The crystals were isolated, triturated in 3 mL pentane, then 

isolated again and dried under vacuum, 60 mg, 57%.  1H NMR (C6D6, 25 oC): δ 15.13 (s, 

br, 6H, o-CH3), 13.20 (s, br, 2H, m-H) 7.85 (s, br, 18H, tBu) 6.33 (s, 3H, p-CH3), -4.67 (s, 

br, 30H, C5Me5). 
31P{1H} NMR (C6D6, 25 oC): δ 98.74 (s, br). IR (cm-1): 2962 (s), 2902 

(s), 2858 (s), 2724 (w), 2234 (w), 1577 (s), 1458 (m), 1385 (m), 1375 (w), 1324 (w), 1211 

(w), 1025 (w), 1047 (w), 877 (w), 850 (w), 795 (w), 686 (w). Elemental analysis calculated 

for C39H59N2PU (812.89 g/mol): C, 56.15%; H, 7.32%; N, 3.45%; Found: C, 56.86%; H 

7.21%, N 3.46%. 

 (C5Me5)2U[(κ2-(O,O)-O2C(PMes)C(H)P(H)Mes], 7. A 50 mL Schlenk-flask was 

charged with a 20 mL toluene solution of 2 (105 mg, 0.130 mmol), cycled onto a high-

vacuum Schlenk-line and frozen in a liquid-nitrogen bath. The atmosphere in the flask was 

evacuated, then replaced with 1 atm CO, and the flask was allowed to warm to room-

temperature with stirring. The color changed from dark-brown/black to dark red, and after 

stirring for 5 h, the volatiles were removed under vacuum. The remaining red solid was 

extracted into pentane (2 x 5 mL), filtered through Celite®, and concentrated to ~4 mL, 

then cooled to -30 oC whereby a dark-red, microcrystalline solid had precipitated. The 

crystals were isolated, triturated in ~3 mL cold pentane, isolated again and dried under 
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vacuum, 65 mg, 62%. Crystals suitable for X-ray diffraction were obtained from a 

concentrated, 4:1 methylcyclohexane:pentane solution at -30 oC. 1H NMR (C6D6, 25 oC): 

δ 56.19 (s, 1H, P-C(H)-C), 12.49 (d, 1H, 1JP-H = 113 Hz, -P(H)Mes), 5.88 (s, 2H, m-H), 

1.88 (s, 3H, p-CH3), 1.31 (s, 15H, C5Me5), 0.655 (s, 15H, C5Me5), -1.09 (s, 6H, o-CH3), -

3.29 (s, 3H, p-CH3).  
31P{1H} NMR (300 MHz, C6D6, 25 oC): δ 124.34 (d, 3JP-P = 58 Hz, 

C=P(Mes)), 21.09 (d, 3JP-P = 58 Hz, C(H)-P(H)Mes). 31P NMR (300 MHz, C6D6, 25 oC): δ 

124.32 (dd, 3JP-P = 59 Hz, 3JP-H = 12 Hz, (C=P(Mes)), 21.15 (dd, 1JP-H = 225 Hz, 3JP-P = 58 

Hz, C(H)-P(H)Mes). IR (cm-1): 3008 (w), 2954 (s), 2911 (s), 2856 (s), 2725 (w), 2333 (w), 

1603 (m), 1563 (m), 1442 (m), 1377 (m), 1245 (s), 1173 (m), 1084 (m), 1024 (w), 984 (m), 

882 (w), 848 (m), 728 (w), 700 (w), 620 (m), 507 (w). Elemental Analysis calculated for 

C40H54O2P2U (812.89 g/mol): C, 55.42%; H, 6.28%; N; Found: C, 56.68%; H 6.92% 

(consistent with cocrystallization of 0.5 molar equivalents of pentane). 

Crystallographic Data Collection and Structure Determination. The selected single 

crystal was coated with viscous hydrocarbon oil inside the glove box before being 

mounted on a nylon cryoloop using Parabar® hydrocarbon oil. The X-ray data were 

collected on a Bruker CCD diffractometer with monochromated Mo-Kα radiation (λ = 

0.71073 Å). The data collection and processing utilized Bruker Apex3 suite of programs. 

The structures were solved using direct methods and refined by full-matrix least-squares 

methods on F2 using Bruker SHELX-2014/7 program.33 All non-hydrogen atoms were 

refined with anisotropic displacement parameters, aside from those bound to P atoms in 2 

and 7 where Q-peaks in chemically reasonable positions were modeled as H atoms and 

allowed to freely refine. All other hydrogen atoms were placed at calculated positions and 
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included in the refinement using a riding model. Thermal ellipsoid plots were prepared by 

using Olex234 with 50% of probability displacements for non-hydrogen atoms. 

 

Table 1-1. Summary of crystallographic information for complexes 2-7. 

 2 4 5 6 7 

CCDC Deposition 

Number 

1990082 1990362 1990388 1990456 1989186 

Molecular formula C38H54P2U C40H54O4P2Th C39H59PN2U C39H59N2PU C40H54O2P2U 

Formula weight 

(g/mol) 

810.78 892.81 831.93 824.88 866.83 

Crystal habit/color Black Prism Colorless 

prism 

Black Prism Black Prism Red/Orange 

Prism 

Temperature of 

data collection (K) 

100 100 100 100 100 

Space group Pbcn C2/c P212121 P21 P21/c 

Crystal system Orthorhombic Monoclinic Orthorhombic Monoclinic Monoclinic 

Volume (Å) 3546.0(7) 3789.6(5) 7449.1(6) 2187.5(2) 4427.2(2) 

a (Å) 10.9864(12) 21.6224(17) 18.9349(8) 10.8294(6) 19.8895(6) 

b (Å) 15.3674(17) 8.5000(6) 19.6755(8) 17.4552(10) 11.9242(3) 

c (Å) 21.003(2) 21.0850(14) 19.9948(9) 12.2922(7) 18.7206(6) 

α (o) 90 90 90 90 90 

β (o) 90 102.065(3) 90 109.7047(17) 94.3400(10) 

γ (o) 90 90 90 90 90 

Z 4 4 8 2 4 

Calculated density 

(g/cm3) 

1.519 1.565 1.471 1.252 1.448 
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Absorption 

coefficient (mm-1) 

4.692 4.058 4.428 3.770 3.774 

Final R indices [I > 

2σ(I)] 

R = 0.0267 

Rw = 0.0495 

R = 0.0270 

Rw = 0.0536 

R = 0.0239 

Rw = 0.0460 

R = 0.0517 

Rw = 0.1503 

R = 0.0298 

Rw = 0.0635 

 

RESULTS AND DISCUSSION. 

Addition of (C5Me5)2UMe2 to a pentane solution of H2PMes results in the formation of 

(C5Me5)2U[P(H)Mes]2, 2, in good yield (79%) after workup (Equation 1). The 1H NMR 

spectrum of 2 shows the resonances for the (C5Me5), p-CH3, and m-H groups at 10.03, 

5.86, and 5.42 ppm, respectively. The o-CH3 resonance appears at -14.89 ppm as a 

broadened singlet, and that for the P-H protons appears as another broadened singlet at -

122.9 ppm. No coupling was observed for the P-H signals, likely a consequence of the 

paramagnetic character of the U(IV) center which also precludes detection of a signal in 

the 31P NMR spectrum as the P is bound directly to the U. The IR spectrum indicates a 

characteristic P-H stretch at 2298 cm-1. 

 

The solid-state structure of 2 was determined by X-ray crystallography analysis, Figure 

1. Complex 2 is isostructural with the previously published thorium analog,31 

(C5Me5)2Th[P(H)Mes]2, 1. The U-P bond distance at 2.7768(12) Å is shorter by 

approximately 0.095 Å than that of the Th-P bond, 2.872(5) Å, in 1. Complex 2 is the first 
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bis(primary phosphido) complex of U to be isolated. The U-P bond in 2 is shorter by ~0.042 

Å than the bridging-phodphido complexes of the Liddle group, [{U(TrenTIPS)}2(μ‐PH)],35 

and the Marks-group, [(C5Me5)2U(OCH3)]2PH36. The difference in distance between 2 and 

[{U(TrenTIPS)}2(μ‐PH)] is likely due to the steric bulk of the flanking triisopropyl groups, 

and the dimeric nature of the complex, but the P-H stretching frequency is similar, with 

that of [{U(TrenTIPS)}2(μ‐PH)] appearing at 2169 cm-1. Mark’s [(C5Me5)2U(OCH3)]2PH 

exhibits a P-H stretching frequency at 2193 cm-1. 

 

 

Figure 1-1. Thermal ellipsoid plots of 2 shown at the 50%-probability level. Hydrogen 

atoms have been omitted for clarity, with the exception of those bound to the phosphorus 

atoms. Pertinent structural information is as follows: U-P, 2.7768(12) Å; P-U-P, 102.42(6) 

o. 

The reactivity of 2 with substrates previously explored with 1 were conducted. CO2 

(excess, 1 atm) was added to toluene solutions of 1 and 2, resulting in fast and quantitative 
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conversion to 3 and 4 (Equation 2). The products in each case precipitate from the reaction 

mixture and are only sparingly soluble in organic solvents. Pure samples are only obtained 

by collection of the initial precipitate, or by exhaustively extracting the products in polar 

organic solvents such as THF followed by filtration through Celite®, and precipitation by 

concentration and cooling. The presence of P-H bonds is indicated by pairs of doublet 

resonances in the 31P-NMR spectra collected in THF-d8 of 3 at -78.81 (1JH-P = 245 Hz) and 

-83.47 ppm (1JH-P = 245 Hz), and 4 at -78.33 (1JP-H = 245 Hz) and -75.43 ppm (1JP-H = 243 

Hz). 

 

The pairs of unique doublets in the spectra indicate that the products form as mixtures 

of stereoisomers in an approximate 1:1 ratio, the origin of which is likely conformational 

isomerism where the orientations of the P-H bonds in the phosphine-moieties are either 

pointing in either the same or opposite directions. This phenomenon is also reflected in the 

1H NMR spectra, which show complicated sets of peaks corresponding to these mixtures. 

Variable-temperature NMR experiments were conducted, but yielded inconclusive results 

since cooling to -30 °C did not change the distribution in either case, whereas increasing 

the temperature led to thermal decomposition of 4. Complex 3 was more thermally stable 
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at elevated temperatures, but no change in isomeric distribution was evident. Fortunately, 

the 1H NMR spectra show P-H resonances with clear major/minor character that mirror 

what is seen in the 31P NMR spectra, as well as clear and discreet pairs of Cp*-CH3 

resonances, further supporting the hypothesis that spectral quality suffers as a result of the 

products being isomeric mixtures.  

While X-ray quality crystals of 3 were grown from THF at -30 oC, confirming the 

proposed structure, all attempts to grow X-ray quality crystals of 4 were not successful. 

The 31P spectra, however, as well as the elemental analysis support the proposed structure. 

The IR spectra of 3 and 4 further support the proposed structures as well, with stretches at 

2372 and 2373 cm-1, within the typical range for P-H stretches. These species bear 

similarity to the complex obtained37 from double-insertion of benzophenone into the Th-P 

bonds of  (C5Me5)2Th[P(H)Mes]2 and (C5Me5)2Th(μ2-P3Ph3), although no such 

isomerization was observed in those cases. The Th-O bond lengths are similar to previously 

published Th-alkoxides38 and aryloxides.39 

 

Figure 1-2. Thermal ellipsoid plot of 4, shown at the 50% probability level. The hydrogen 

atoms have been omitted for clarity, except those bound to each phosphorus atom. Pertinent 
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structural information is as follows: Th-O1, 2.510(3) Å; Th-O2, 2.500(2) Å; O1-Th-O2, 

52.18(8) o. 

 

Previously, we reported the insertion of tBuNC into the An-P bonds of  

(C5Me5)2Th[P(H)Tipp]2,
31 Tipp = 2,4,6-iPr3C6H2, (C5Me5)2Th[P(H)Mes]2,

31 and 

(C5Me5)2U(P(SiMe3)Ph)2
40 to form the phosphaazaallenes, [(C5Me5)2An(CNtBu)(η2-N,C)-

(tBuNC=PAr)], Ar = Ph, Mes, Tipp. The analogous product (C5Me5)2U(CNtBu)(η2-N,C)-

(tBuNC=PMes), 5 (Equation 4, Figure 4), obtainable in moderate yield (57 %) by with 

elimination of free H2PMes observed in the 31P NMR spectrum. The 1H NMR spectrum at 

room temperature was complicated, indicating another potential mixture of stereoisomers 

and no signal in the 31P NMR spectrum was visible. Variable temperature NMR studies 

were conducted, but no spectrum collected at any temperature within the temperature range 

of -40 oC to 80 oC was reflective of the proposed structure, and no 31P NMR resonance was 

observable within this range either.  

 

The U-C bond distances for the tBuNC ligands in 5 and (C5Me5)2U(CNtBu)[(η2-

N(tBu)C=PPh)] are nearly identical, at 2.555(8) Å and 2.568(3) Å. The U-C bond of the 

phosphaazaallene moiety in 5 at 2.373 (7) Å is slightly longer than the corresponding U-C 
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bond in (C5Me5)2U(CNtBu)[(η2-N(tBu)C=PPh)], but the U-N bond in 5 (2.302(7) Å) is 

conversely, longer than that in (C5Me5)2U(CNtBu)[(η2-N(tBu)C=PPh)] at 2.273(2) Å. 

 

Figure 1-3. Thermal ellipsoid plot of 5 shown at the 50%-probability level. Hydrogen 

atoms have been omitted for clarity. Pertinent structural information is as follows: U-C2, 

2.373(7) Å, U-N2, 2.302(7) Å, U-C1, 2.555(8) Å, C2-U-N2, 33.4(2)o. 

Complex 2 reacts with an excess of tBuCN in toluene for 1 h, to form the (C5Me5)2U[κ2-

(N=C(CtBu)2)PMes], 6, eq 4. This result is different from that of the analogous reaction 

performed with (C5Me5)2Th[P(H)Mes]2 which gave the phosphaamidinate-phosphido 

complex, (C5Me5)2Th[PH(Mes)][κ2‐(P,N)‐N(H)C(CMe3)P(Mes)].30 The 1H NMR 

spectrum shows the expected set of resonances at 6.33, 7.85, 13.20, and 15.13 ppm for the 

p-CH3, 
tBu, m-H, and o-CH3 group, respectively, but a large shift and broadening of the 

resonance for the (C5Me5) peak to -4.67 ppm.  
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The solid-state structure of 6 was obtained by X-ray crystallography. The structural 

parameters for 6 are largely unremarkable and the U-N bond distances at 2.168(4) Å, and 

2.173(4) Å are similar to those of previously reported An-ketimido complexes,41-44 and 

nearly identical to those of (C5Me5)2U(N=CPh2)
45 at 2.179(6) Å and 2.185(5) Å. 

 

Figure 1-4. Thermal ellipsoid plot of 6 shown at the 50% probability level. Hydrogen 

atoms have been omitted for clarity. Pertinent structural information is as follows: U-N1, 

2.168(4) Å; U-N2, 2.173(4) Å; N1-U-N2, 78.75(15) o. 

 

Complex 2 reacts with an excess of CO to yield a dark red colored solution, 7 (Equation 

5). The reaction proceeds to completion within ~1 hour at room-temperature in toluene, 

and isolated in moderate yield via crystallization from pentane. The IR spectrum shows 
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diagnostic P-H and C=P stretches at 2333, and 1603 cm-1, respectively. The 31P{1H} 

spectrum exhibits two doublet resonances at 124.34, and 21.09 ppm with 3JP-P values of 

58.3 and 58.6 Hz, respectively, indicating P-P coupling. The resonance at 21.09 ppm 

further splits into a doublet of doublets in the 31P spectrum with a new 1JP-H value of ~225 

Hz, well within the usual range for a P-H coupling constant. The resonances in the 1H NMR 

spectrum are paramagnetically shifted, with a C-H resonance appearing at 56.19 ppm as a 

singlet, and a P-H resonance appearing as a doublet (1JP-H = 225 Hz) at 12.45 ppm. The 

other resonances for the aryl- and (C5Me5)
1- appear between ~5.9 to -3.29 ppm. Variable-

temperature NMR studies were conducted at the same temperature range of -40 oC to 80 

oC, but no satisfactory spectra were obtained, and decomposition appeared to occur above 

70 oC, with the 31P NMR resonances disappearing. 

 

Crystals suitable for X-ray diffraction analysis were obtained from a saturated 4:1 

methylcyclohexane:pentane solution at -25 °C. The structure of 7, Figure 5, is a similar, 

but not the same product as obtained with thorium, (C5Me5)2Th(κ2‐(O,O)‐

OCH2PMesC(O)PMes), 8. The U-O distances in 7 (U-O1: 2.106(2) Å; U-O2: 2.212(2) Å) 

are slightly shorter than the Th-O bonds in 8. The bond distance of the phosphalkene (P=C 

moiety) in 7 at 1.707(4) Å is the same as the P=C bond in 8 at 1.708(4) Å. The U-O bond 
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distances in 7 of 2.106(2) and 2.212(2) Å are within the typical range for U-O bonds in 

bis(pentamethylcyclopentadienyl) complexes such as (C5Me5)2U(OPh)2.
46 

 

Figure 1-5. Thermal ellipsoid plot of 7 shown at the 50% probability level. Hydrogen 

atoms associated with (C5Me5)
1- ligands have been omitted for clarity. Pertinent structural 

information is as follows: U-O1, 2.106(2) Å; U-O2, 2.212(2) Å; O1-U-O2, 71.71(9)o. 

CONCLUSION. A U(IV)-bis(phosphido) complex, (C5Me5)2U[P(H)Mes]2, was 

synthesized and reacted with CO, CO2, 
tBuCN, and tBuNC. The results are insertion 

reactions, sometimes involving proton migration and/or elimination of H2PMes. The Th 
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analog, (C5Me5)2Th[P(H)Mes]2 was also reacted with CO2, which combined with its 

previously reported reactivity, provides a complete set of results for comparison to those 

of uranium. The products of the reactions with CO2 and tBuNC are identical, but those of 

(C5Me5)2U[P(H)Mes]2 with CO and tBuCN are different, reflecting that the reaction 

pathways are potentially affected by factors such as the increased covalent character of the 

U-P bond and smaller ionic radius relative to that of Th. Further studies of the comparative 

reactivity of (C5Me5)2An[P(H)Mes]2 are underway. 

FUTURE WORK. 

Deprotonation of (C5Me5)2An[P(H)Mes]2 with suitable bases such as alkali metal amides 

or hydrides, or alkyl/aryl-transition metal complexes may yield heterobimetallic complexes 

which could exhibit An-P multiple bond character, providing greater insight into the extent 

of orbital participation of the 5f manifold. 

Reaction of the (C5Me5)2U[P(H)Mes]2 system with suitable oxidants such as ML salts (M 

= Cu, Ag; L = OTf, BPh4, PF6, SbF6) may result in unprecedented U(V) bis(phosphido) 

complexes, which would enable comparison of the bonding characteristics with those of 

the U(IV) starting material. Reduction of the U(V) center by the phosphido ligands may be 

possible, but low-temperature reaction conditions may yield at least transient U(V) 

complexes that could be amenable to spectroscopic characterization. Similarly, oxidation 

of the phosphido ligands themselves may occur, which could yield ligand-based radical 

cations, which would be interesting from the perspective of analyzing the impact of the 

oxidation on the U-P bond. 
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ABSTRACT. Investigation of the formation of a thorium phosphinidiide reveals that 

changing from the 2,4,6-iPr3C6H2 (Trip) substituted phosphido ligand to the 2,4,6-Me3C6H2 

(Mes), forms a similar product, [(C5Me5)2Th]2(P-2,6-CH2C6H2-4-CH3), via a different 

sequence of bond activations. The resulting Th-P-Th bond was further probed through 

reaction with one and two equivalents of tBuCN. The decreasing Th-P-Th angle showed a 

decrease in the Th-P bond order with a corresponding upfield shift in the 31P NMR sepctra. 

INTRODUCTION. 

Activation of P-H bonds1-8  is an essential step in hydrophosphination9-10 and 

hydrodecoupling11-12 reactions, however, the mechanism by which metal complexes 

perform these P-H activations is poorly understood. Further mechanistic insight into these 

bond activations is important to afford strategies for functionalization of phosphines,13-14 

which are of interest for a wide array of applications. The reactivity of metal alkyl,15 

hydride, and amide complexes, especially with electropositive metals, help to facilitate 

these bond activations. There are limited examples of P-H bond activation with f 

elements.16-30 

In 2015, our group showed that the reaction between two equivalents of (C5Me5)2ThMe2 

and H2P(Tipp), Tipp = 2,4,6-iPr3C6H2, formed a bridging phosphinidene, more 

appropriately called a phosphinidiide, [(C5Me5)2Th]2{P-2,6-CH2[C(H)CH3]2C6H2-4-iPr}, 

1, eq 1.  In that reaction, two P-H and two C-H bond activations occurred from the 
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phosphine and two methyl groups, respectively. The mechanism by which this 

phosphinidiide formed was via P-H, C-H, C-H, and P-H bond activation, but no 

intermediates were isolated. 

 

Recently, we reported the reaction of (C5Me5)2ThMe2 with the less sterically crowded 

phosphine, H2PMes, Mes = 2,4,6-Me3C6H2, in attempt to form the bridging phosphinidiide. 

However, the result was a phosphido with a C-H bond activation on one of the methyl 

groups of the mesityl, eq 2, along with another byproduct. This complex closely resembled 

the first step in the mechanism with formation of 1, therefore we postulated that further 

heating and time could lead to the analogous phosphinidiide product.  

Herein, we show that, indeed, the phosphinidiide can be isolated with mesityl, however, 

the mechanism by which the product forms is by P-H, C-H, P-H, and C-H bond activation 

due to the less sterically encumbering mesityl ligand. Reactivity with one and equivalents 

of tBuCN inserts into the Th-C bonds forming six-membered metallocycles with the Th-P-

Th bond still intact. Computational analysis affords further evidence of the change in the 

sequence of bond activations as well as the bonding in the Th-P-Th moiety. 

EXPERIMENTAL. 

General consideration. All syntheses were carried out under an inert atmosphere of 

nitrogen using standard Schlenk and glovebox techniques. All solvents were purchased 

anhydrous, stored over activated 4 Å molecular sieves, and sparged with nitrogen prior to 
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use. All commercially available reactants were purchased from suppliers and used without 

further purification.  (C5Me5)2ThMe2 and H2PMes were synthesized as previously reported. 

Benzene-d6 was dried over molecular sieves and degassed with three cycles of freeze-

pump-thaw. All 1H and 13C NMR spectra were collected either on a Bruker Avance III 500 

or 600 MHZ spectrometer. 31P NMR spectra were collected on Bruker AVII+ 300MHz 

spectrometer. 1H and 13C NMR chemical shifts were referenced internally to the residue 

solvent peak at 7.16 ppm (C6D5H) and 128.06 (13C6D6). 
31P NMR chemical shifts were 

referenced externally to H3PO4 at 0 ppm. Infrared spectra were recorded as a KBr pellets 

on Perkin-Elmer Spectrum One FT-IR spectrometer. Elemental analyses were performed 

by Microanalysis Facility, College of Chemistry, University of California, Berkeley. 

Crystallographic Data Collection and Structure Determination. The selected single 

crystal of each complex was coated with viscous hydrocarbon oil inside a glove box before 

being mounted on a nylon cryoloop using Parabar® hydrocarbon oil. The X-ray data were 

collected on a Bruker Apex SMART diffractometer equipped with a Bruker APEX II area 

detector using Mo-Kα radiation (λ = 0.71073 Å) from a sealed Source Mo with TRIUMPH 

optics. The data collection and processing utilized Bruker Apex3 suite of programs. The 

structures were solved using an iterative dual space method as implemented in SHELXT 

and refined by full-matrix least-squares methods on F2 using Bruker SHELX-2017/1 

program. Full-occupancy non-hydrogen atoms were refined anisotropically. Disorder, 

when present, could be detected and modeled by locating all conformations from the 

difference map. Partial occupany atoms were refined at fixed occupancies, and in most 

cases the minor conformation could only be refined isotropically. Hydrogen atoms were 

placed at calculated positions and included in the refinement using a riding model 
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Table 2-1. Crystallographic Details for Complexes 2 to 4. 

Complex 2 3 4 

Molecular 

Formula 

C49H69P2Th2 C54H78NPTh2 C59H87N2PTh2 

Formula 

weight 

(g/mol) 

1153.09 1236.22 1503.62 

Crystal 

habit/color 

Red Prism Orange Prism Orange Prism 

Temperature 

(K) 

150 150 150 

Space group C2/c P-1 C2/c 

Crystal 

system 

Monoclinic Triclinic Monoclinic 

Volume 

(Å3) 

4941.0(8) 2722.1(7) 6453.1(16) 

a (Å) 19.3686(18) 11.0517(18) 19.523(3) 

b (Å) 12.6400(12) 14.268(2) 22.997(16) 

c (Å) 20.989(2) 18.641(3) 14.809(2) 

α (o) 90 90 90 

β (o) 105.936(2) 104.157(4) 103.937(3) 

γ (o) 90 90 90 

Z 4 2 4 

Calculated 

density 

(g/cm3) 

1.550 1.508 1.548 

Absorption 

coefficient 

(mm-1) 

6.073 5.518 4.671 

Final R 

indices [I > 

2σ(I)] 

R = 0.0300 

Rw = 

0.0655 

R = 0.0431 

Rw = 0.0518 

R = 0.0469 

Rw = 0.0827 
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RESULTS AND DISCUSSION. 

As previously reported, the reaction of (C5Me5)2ThMe2 with H2PMes at 60 °C produces, 

{(C5Me5)2Th[P(H)(2,4-Me2C6H2-6-CH2)]}2, 1, which has a 31P{1H} NMR resonance at -

32 ppm. The other observed resonance is located at -62 ppm, which we attribute to the 

phosphide-methyl complex, (C5Me5)2Th(Me)[P(H)Mes]. When two equivalents of 

(C5Me5)2ThMe2 is reacted with H2PMes at 60 °C, the resonance at -62 ppm is observed, 

but far less, and 1 is still the major product. Increasing the heat to 95 °C, over the course 

of a few hours, the growth of a resonance at 201 ppm in the 31P{1H} NMR spectrum is 

observed. Finally, a chemical shift at 205 ppm is found for the product after prolonged 

heating overnight. 

The 1H NMR spectrum revealed an asymmetric molecule with two (C5Me5)
1- resonances 

at 1.80 and 2.26 ppm. Two methylene protons are found at 0.53 and 3.10 ppm with 3JP-H = 

10.71 Hz. The structure of this complex was structurally characterized using X-ray 

crystallography to reveal the anticipated phosphinidiide, [(C5Me5)2Th]2(µ2-P-(2,6-(CH2)2-

4-(CH3)C6H2), 2, Eq. 2, Fig. 1. 
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Figure 2-1. Thermal ellipsoid plot of 2 shown at the 50% probability level. Hydrogen 

atoms and the methyl groups on the C5Me5 groups have been omitted for clarity. 

Pertinent structural information is as follows: Th–P, 2.7552(3) Å; Th-C, 2.452(4) Å; P–

Th–P, 171.73(6)o. 

Complex 2 exhibits a 31P resonance at 205 ppm, significantly more downfield than that of 

the [(C5Me5)2Th]2{P-2,6-CH2[C(H)CH3]2C6H2-4-iPr, 1 at 161.9 ppm. The Th-P and Th-C 

bond distances in 2 are somewhat shorter than those in 1 by ~0.05-6 Å, and ~0.02-3 Å, 

respectively, likely due to the lower degree of steric strain and smaller size of the 

metallacycle. 

 Addition of 1 molar equivalent of tBuCN to a stirring, toluene solution of 2 leads 

to insertion into the Th-C bond of one of the (C5Me5)2Th moieties, Eq. 3, Fig 2. 
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Figure 2-2. Thermal ellipsoid plot of 3 shown at the 50% probability level. Hydrogen 

atoms and the methyl groups on the C5Me5 groups have been omitted for clarity. 

Pertinent structural information is as follows: Th1–P1, 2.767(3) Å; Th1-C, 2.424(13) Å; 

Th1–P1–Th2, 157.69(14)o; Th2-N1, 2.176(11) Å. 

The mono-insertion product, 3, exhibits similar Th-P and Th-C distances to 1 and 2, but a 

far more acute Th-P-Th angle compared to 2, at 157.60(14)o, a consequence of the greater 

ring size of the phosphido/ketimido moiety in 3. The 31P NMR shift in 3 of 192 ppm is 

significantly low than that of 2, approaching that of 1, indicating that 3 is intermediate 

between 1 and 2 in electronic environment about the bridging P donor. 
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 Complex 3 undergoes a similar, second insertion of tBuCN, resulting in a 

symmetric bridging Th-phosphinidiide, 4, containing two seven membered-rings, Eq. 4, 

Fig 3. 

 

 

Figure 2-3. Thermal ellipsoid plot of 4 shown at the 50% probability level. Hydrogen 

atoms and the methyl groups on the C5Me5 groups have been omitted for clarity. 

Pertinent structural information is as follows: Th1–P1, 2.8579(8) Å; Th1-N, 2.194(6) Å; 

Th1–P1–Th2, 152.498 o. 

The Th-P bond distance of 2.8579(8) Å in 4 is more similar to, but slightly longer than that 

in 1 at 2.8083(9) Å, possibly due to the steric strain of the C5Me5 moieties upon one another 
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as a consequence of shorter Th-N bonds at 2.194(6) Å compared to the analogous Th-C 

bonds in 1 at 2.482(3) Å and 2.472(3) Å. The 31P NMR shift of the bridging phosphinidiide 

moiety in 4, at 175 ppm is much closer to that of 1, but slightly downfield. 

 The mechanism of formation of complexes 2-4 is currently underway. 

CONCLUSION. 

A bridging Th-phosphinidiide complex, 2, has been synthesized by protonolysis of 

H2PMes (Mes = 2,4,6-trimethylphenyl) with (C5Me5)2ThMe2. Sequential reactions of tert-

butyl nitrile with 2 leads to insertion into the Th-C bonds, forming bridging Th-

phosphinidiide compelxes 3 and 4. 
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Chapter 3: A Systematic Investigation of the Molecular and Electronic Structure of 

Thorium and Uranium Phosphorus and Arsenic Complexes 
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ABSTRACT. Reaction of (C5Me5)2An(CH3)2, An = Th, U, with two equivalents of 

H2AsMes, Mes = 2,4,6-Me3C6H2 forms the primary bis(arsenido) complexes, 

(C5Me5)2An[As(H)Mes]2.  Both exhibit thermal instability at room temperature, leading to 

the elimination of H2, and the formation of the diarsenido species, (C5Me5)2An(η2-

As2Mes2). The analogous diphosphido complexes, (C5Me5)2An(η2-P2Mes2) could not be 

synthesized via the same route, even upon heating the bis(phosphido) species to 100 °C in 

toluene. However, they were accessed via reaction of dimesityldiphosphane, 

MesP(H)P(H)Mes, with (C5Me5)2AnMe2 at 70 oC in toluene. When (C5Me5)2AnMe2 is 

reacted with one equivalent of H2AsMes, the bridging μ2-arsinidiide complexes 

[(C5Me5)2An]2(μ2-AsMes)2 are formed. The reaction of (C5Me5)2UMe2 is reacted with one 

equivalent of H2PMes, the phosphinidiide, [(C5Me5)2U(μ2-PMes)]2, is isolated. However, 

the analogous thorium reaction leads to a phosphido and C-H bond activation of the methyl 

on the mesityl group forming, {(C5Me5)2Th[P(H)(2,4-Me2C6H2-6-CH2)]}2. The reactivity 
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of [(C5Me5)2An(μ2-EMes)]2 was investigated with OPPh3 to attempt to form the terminal 

phosphinidene or arsinidene. When E = As, An = U, a cation-anion pair, [(C5Me5)2U(η2-

As2Mes2)][(C5Me5)2U(OPPh3)2], was isolated with each complex consisting of a U(III)  

center. Reaction of [(C5Me5)2Th)(μ2-AsMes)]2 with OPPh3 does not result in a terminal 

arsinidene, but in elimination of PPh3 to yield a bridging arsinidiide/oxo complex, 

[(C5Me5)2Th]2(μ2-AsMes)(μ2-O). Finally, [((C5Me5)2U)(μ2-PMes)]2 with OPPh3, results in 

a terminal phosphinidene, (C5Me5)2U(=PMes)(OPPh3), with a short U-P bond distance of 

2.502(2) Å.  Electrochemical measurements on the uranium pnictinidiide complexes 

demonstrate only a small anodic shift in the U(V/IV) redox couple for the phosphinidiide. 

Finally, QTAIM analysis shows highly polarized actinide-pnictogen bonds with only slight 

covalent character with the exception of the phosphinidene. 

INTRODUCTION. 

The structural characteristics and fundamental chemical behavior of actinide 

complexes bearing soft donor ligands have become increasingly relevant to the design of 

radionuclide remediation processes, as these complexes serve a role as extractants.1-6 

Such ligands are employed to more efficiently separate the chemically similar lanthanides 

from the actinides, owing to the actinides’ greater selectivity for them over the more 

common N- and O-donors. Greater covalent character of actinide soft-donor bonds has 

been suggested as the reason for this selectivity, but the paucity of such complexes in the 

literature precludes elucidation of the origin, which hinders further progress of potential 

applications as few studies have investigated differences in structure, bonding, and 

reactivity of heavier main group elements.7-17 This is especially true of phosphorus and 

arsenic since arsenic is poorly represented in the organoactinide literature.17-26 
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One of the developments that has emerged in understanding this phenomenon is the 

energy-driven-covalency concept in which the energy difference between the 5f orbitals 

and the np orbitals decreases with increasing n. To probe this concept, our laboratory, along 

with others, have been examining the structure, bonding, and reactivity of actinide-

phosphorus and actinide-arsenic bonds. There are a number of phosphido complexes of 

thorium and uranium,27 but there are few examples of arsenido,17-23, 25-26 diphosphido,28-30 

diarsenido,19, 26 phosphinidiide,21, 31 arsinidiide,19, 21 phosphinidene,28, 32-37 and only one 

arsinidene,18 Scheme 1. However, the design of structurally characterized compounds for 

direct comparison is limited, especially between two Th and U as well as two different 

elements in the same group. Herein, we describe the synthesis and characterization of a 

series of new actinide complexes with phosphorus and arsenic bonds, the molecular and 

electronic structure of these complexes, and reactivity with OPPh3 to achieve actinide-

ligand multiple-bonding.  Magnetic and electrochemical measurements on the uranium 

complexes were also undertaken, and all complexes were studied using QTAIM analysis 

(DFT) to examine the energy-driven-covalency concept. 
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Scheme 1. Functional groups of phosphorus and arsenic involved in this work. 

EXPERIMENTAL. 

General considerations. All reactions were performed under an inert atmosphere of dry 

N2 inside of a glovebox. MesAsH2, MesP(H)P(H)Mes, and (C5Me5)2AnMe2 (An = Th, U) 

were prepared according to literature procedures.38-39 Solvents were dried via activated 

alumina, and dispensed through a solvent-purification system, MBRAUN, USA. C6D6 

(Cambridge Isotope Laboratories) was subjected to three freeze-pump-thaw cycles and 

dried over activated 4 Å molecular sieves for 72 h prior to use. All 1H and 13C{1H} NMR 

experiments were performed on a 500 or 600 MHz Bruker NMR spectrometer. Spectra 

were referenced to residual C6D5H at 7.16 ppm (1H) and 128.06 ppm (13C{1H}), 

respectively. IR spectra were collected from samples prepared as KBr plates with a 

Nicolet Summit PRO FTIR Spectrometer. Elemental analyses were performed by the 

Microanalytical Facility, University of California, Berkeley, USA. 

Synthesis of (C5Me5)2Th[As(H)Mes]2, 1. A colorless, 5 mL pentane solution of H2AsMes 

(757 mg, 3.86 mmol) was added dropwise to a stirring, 5 mL, pentane slurry of 

(C5Me5)2ThMe2 (822 mg, 1.54 mmol) at -30 oC. The mixture was allowed to warm to 

ambient temperature and stirred for 2 h, during which time the color of the reaction mixture 

progressed from colorless to yellow, to yellow/orange, then to deep orange with 

precipitation of a large amount of a fine orange solid. The mixture was then filtered over a 

M-porosity, fritted glass funnel, and washed with 2 x 4 mL cold (-30 oC) pentane, leaving 

a bright orange solid on the filter. The solid was stripped of volatiles under vacuum, leaving 

1 as an analytically pure, bright-orange powder, 1.09 g, 79%. Crystals of 1 suitable for X-

ray crystallography were grown from a concentrated diethyl ether solution at -30 oC.  1H 
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NMR (C6D6, 600 MHz, 25 oC): δ 6.98 (s, 4H, m-H), 2.63 (s, 12 H, o-CH3), 2.51 (s, 2H, As-

H), 2.34 (s, 6H, p-CH3) 1.92 (s, 30H, C5Me5). 
13C{1H} NMR (C6D6, 600 MHz): δ 143.1 

(s, p-Caryl), 140.0 (s, o-Caryl), 134.24 (s, i-Caryl), 127.5 (s, C5Me5), 26.68 (s, o-CH3), 20.93 

(s, p-CH3), 11.73 (s, C5Me5), resonance for m-C(H) overlaps with signal from residual 

C6D5H. IR (cm-1): 2953 (s), 2900 (s), 2855 (s), 2725 (w), 2090 (m), 1712 (w), 1600 (w), 

1550 (w), 1456 (s), 1375 (m), 1261 (m), 1091 (m), 1022 (s), 845 (s), 802 (m), 705 (w), 684 

(w), 611 (w), 543 (w). Elemental analysis calculated for C38H54As2Th (892.71 g/mol): C, 

51.13%; H, 6.10%. Found: C, 50.77%; 5.84%. 

Synthesis of (C5Me5)2U[As(H)Mes]2, 2. A 6 mL, deep orange, Et2O solution of 

(C5Me5)2UMe2 (252 mg, 0.468 mmol) was added dropwise to a stirring, colorless, 5 mL 

Et2O solution of the H2As-Mes (200 mg, 1.02 mmol) at room temperature. The color 

became darker within 5 min, and the mixture was left to stir for 2.5 h. After filtration 

through Celite®, the mixture was concentrated to a black solid, then dissolved in 2 mL 

pentane and cooled to -30 oC in a glovebox freezer to facilitate crystallization. The solution 

grew a crop of black crystals that were collected by filtration over a medium-porosity glass 

frit and washed with another portion of room-temperature pentane (8 mL). A black, 

microcrystalline powder remained, 335 mg, 80%. Crystals of 2 suitable for X-ray 

crystallography were grown from a concentrated pentane solution at -30 oC. 1H NMR (600 

MHz, C6D6, 25 oC): δ 15.43 (s, 30H, C5Me5), 5.04 (s, 6H, p-CH3), 2.95 (s, 4H, m-H), -24.3 

(s, 12H, o-CH3), -153.6 (s, br, 2H, As-H). IR (cm-1): 2935 (m), 2896 (s), 2853 (m), 2723 

(s), 2093 (m), 1599 (w), 1549 (w), 1456 (s), 1375 (s), 1261 (w), 1173 (w), 1046 (w), 

1021(s), 845 (s), 804 (w), 704 (w), 602 (w), 543 (w).  The thermal instability of 2 at room 

temperature made elemental analysis not possible. 
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Synthesis of (C5Me5)2Th(η2-As2Mes2), 3. A 5 mL, colorless toluene solution of H2AsMes 

(225 mg, 1.2 mmol) was added dropwise to a stirring, white slurry of (C5Me5)2ThMe2 (300 

mg, 0.563 mmol) in 5 mL toluene. The mixture was heated to 75 oC overnight, causing a 

color change from  from yellow to orange-red over the first 2 hours, and finally a dark 

green after stirring for 12 hours. The solution was filtered through Celite®, then stripped of 

volatiles under vacuum, triturated in pentane, then collected over a F-porosity fritted glass 

funnel, leaving a  green powder 351 mg, 70%. Crystals suitable for X-ray diffraction were 

grown from an Et2O solution at -30 oC. 1H NMR (C6D6, 600 MHz, 25 oC): δ 6.94 (s, 4H, 

m-H), 2.57 (s, 12H, o-CH3), 2.35 (s, 6H, p-CH3), 1.92 (s, 30H, C5Me5). 
13C{1H} NMR 

(C6D6, 600 MHz): δ 144.06 (s, o-Caryl), 133.04 (s, p-Caryl), 128.16 (s, m-Caryl), 127.98 (s, i-

Caryl), 126.59 (s, C5Me5), 26.86 (s, o-CH3), 20.51 (s, p-CH3), 10.94 (s, C5Me5). IR (cm-1): 

2959 (s), 2919 (s), 2853 (s), 2724 (w), 2107 (w), 1644 (w), 1598 (w), 1451 (m), 1376 (m), 

1261 (m), 1095 (s), 1044 (s), 1022 (s), 848 (w), 803 (m). Elemental analysis calculated for 

C38H52As2Th (890.70 g/mol): C, 51.24%; H, 5.88%. Found: C, 50.91%; 5.74%. 

Synthesis of (C5Me5)2U(η2-As2Mes2), 4. A 100 mL Strauss flask was charged with 

(C5Me5)2UMe2 (143 mg, 0.266 mmol) and 20 mL toluene. To this stirring red solution was 

added H2AsMes (111 mg, 0.566 mmol). The resulting dark red solution was then heated at 

80 oC overnight. The dark-red solution was allowed to cool to room temperature and 

volatiles were removed in vacuo, leaving a dark red solid, which was triturated with ~3 mL 

of pentane and dried again, leaving a dark red powder, 122 mg, 51%. Crystals of 4 suitable 

for X-ray diffraction were grown from a concentrated Et2O solution at -30 °C. 1H NMR 

(C6D6, 600 MHz, 25 °C): δ 7.57 (s, 30H, C5Me5), 1.41 (s, 6H, p-CH3). The o-CH3 and aryl-

H resonances in 4 were not observable at room-temperature or with variable-temperature 
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NMR spectroscopy. IR (cm-1): 2961 (s), 2910 (s), 2855 (s), 2723 (w), 2105 (w), 1627 (w), 

1599 (w), 1558 (w), 1450 (s), 1375 (m), 1269 (w), 1261 (m), 1082 (m), 1021 (s), 846 (m), 

800 (m). Elemental analysis calculated for C38H52As2U (896.69 g/mol): C, 50.90%; H, 

5.84%. Found: C, 50.67%; 5.92%. 

Synthesis of (C5Me5)2Th(η2-P2Mes2), 5. In a glovebox, a 5 mL toluene solution of 

MesP(H)P(H)Mes (247 mg, 0.817 mmol) was added to a 50 mL Strauss flask containing a 

15 mL toluene solution of (C5Me5)2ThMe2 (435 mg, 0.817 mmol), sealed, brought out of a 

glovebox, and heated with stirring to 70 oC for 24 h. The color became dark green, then 

brown over the course of the reaction. The flask was brought back into a glovebox, stripped 

of volatiles under vacuum, and the residue extracted in 2 x 3 mL Et2O, filtered through 

Celite® and concentrated to ~2 mL. Cooling to -40 oC in a glovebox freezer facilitated 

growth of dark-green crystals over ~ 16 h, which were isolated, rinsed with 2 x 2 mL cold 

pentane, and stripped of volatiles under vacuum, 430 mg, 67%. 1H NMR (600 MHz, C6D6, 

25 oC): δ 6.89 (s, 4H, m-H), 2.64 (s, 12H, o-CH3), 2.32 (s, 6H, p-CH3), 1.90 (s, 30H, 

(C5Me5). 
13C{1H} NMR (C6D6, 600 MHz): δ 143.56 (t, 1JC-P = 114 Hz), 140.98 (s, o-Caryl), 

132.36 (s, p-Caryl), 129.22 (s, m-Caryl), 126.77 (s, C5Me5), 126.12 (t, 3JC-P = 36 Hz, o-CH3), 

20.83 (s, p-CH3), 11.37 (s, C5Me5). 
31P{1H} NMR (C6D6, 101 MHz, 25 oC): δ 58.92 (s). IR 

(cm-1): 2956 (s), 2897 (s), 2856 (s), 2725 (w), 1601 (w), 1453 (s), 1376 (s), 1262 (m), 1173 

(w), 1096 (m), 1042 (s), 1022 (s), 949 (w), 849 (m), 712 (w), 616 (w), 547 (w). Elemental 

analysis calculated for C38H52P2Th (802.80 g/mol): C, 56.85%; H, 6.53%. Found: C, 

57.00%; 6.36%. 

Synthesis of (C5Me5)2U(η2-P2Mes2), 6. In a glovebox, a 10 mL toluene solution of 

(C5Me5)2UMe2 (267 mg, 0.496 mmol) was added to a 50 mL round-bottom Strauss flask 
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followed by a 5 mL toluene solution of MesP(H)P(H)Mes (150 mg, 0.496 mmol). The flask 

was sealed and heated to 70 oC with stirring. The mixture darkened to a dark brown/black 

within 5 min, then after 1 h of total stirring, the volatiles were removed under vacuum, 

leaving a black/brown solid. The flask was brought back into a glovebox, the crude product 

extracted in 2 x 15 mL Et2O, filtered through celite, and concentrated to a black solid. The 

solid was triturated in 5 mL pentane, and collected over a M-porosity glass frit, followed 

by washing with 5 mL more pentane, leaving a microcrystalline, black solid which was 

collected and stripped of volatiles under vacuum again, 195 mg, 49%. 1H NMR (600 MHz, 

C6D6, 25 oC): δ 5.05 (s, 30H, C5Me5), 3.73 (s, 6H, p-CH3), 1.23 (s, 4H, m-H), -22.26 (s, br, 

12H, o-CH3). IR (cm-1): 2960 (s), 2907 (s), 2856 (s), 2723 (w), 2329 (w), 1719 (w), 1632 

(w), 1602 (m), 1452 (s), 1376 (s), 1290 (w), 1261 (m), 1095 (s), 1022 (s), 849 (m), 804 

(m), 712 (w), 603 (w), 548 (w), 497 (w). Elemental analysis calculated for C38H52P2U 

(808.79 g/mol): C, 56.43%; H, 6.48%. Found: C, 56.12%; 6.36%. 

Synthesis of [(C5Me5)2Th]2(μ2-AsMes)2, 7. A 5 mL, colorless, Et2O solution of H2AsMes 

(102 mg, 0.520 mmol) was added dropwise to a stirring, 4 mL, colorless solution of 

(C5Me5)2ThMe2 (277 mg, 0.520 mmol) at room temperature. The mixture became golden-

yellow over the course of the addition, then orange, then orange-red over the following 20 

min. The mixture was then left to stir for the night, and by the morning it had become dark 

orange/red. The mixture was filtered through Celite®, and concentrated to ~2 mL, then 

cooled to -30 oC to facilitate crystallization. By 30 min, large dark orange-red crystals had 

formed which were isolated, triturated in ~3 mL pentane then isolated and dried again, 

leaving a dark orange-brown powder, 145 mg, 40%. Crystals suitable for X-ray diffraction 

were grown from a concentrated Et2O solution at -30 oC. 1H NMR (C6D6, 600 MHz, 25 
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oC): δ 7.18 (s, 4H, m-H), 2.67 (s, 12 H, o-CH3), 2.46 (s, 6H, p-CH3), 2.21 (s, 30H, C5Me5). 

13C{1H} NMR (C6D6, 600 MHz, 25 oC): δ 155.93 (s, i-Caryl), 140.78 (s, o-CH3), 132.84 (s, 

p-CH3), 127.84 (s, C5Me5) 127.36 (m-Caryl), 30.87 (s, o-CH3), 20.92 (s, p-CH3), 14.27 (s, 

(C5Me5). IR (cm-1): 2958 (s), 2909 (s), 2857 (s), 2722 (w), 2369 (w), 2308 (w), 2090 (w), 

1627 (w), 1599 (w), 1447 (m), 1377 (m), 1261 (m), 1085 (m), 1018 (s), 846 (w), 803 (w), 

803 (w), 617 (w). Elemental analysis calculated for C58H82As2Th2 (1393.19 g/mol): C, 

50.00%; H, 5.93%. Found: C, 50.25%; 5.67%. 

Synthesis of [(C5Me5)2U]2(μ2-AsMes)2, 8. A 20 mL scintillation vial was charged with 

(C5Me5)2UMe2 (130 mg, 0.241 mmol), and 6 mL toluene. The dark-orange solution was 

cooled to -30 oC in a glovebox freezer, the H2AsMes (47 mg, 0.240 mmol) was added 

dropwise as a 3 mL, colorless toluene solution. The mixture was allowed to warm to 

ambient temperature, and in ~30 min, it had noticeably darkened. By the morning, the 

mixture had become dark brown/black, and was filtered through Celite®, then concentrated 

to a black solid under vacuum. The residue was triturated in 3 mL pentane, then isolated 

and dried under vacuum, leaving a black, analytically pure, microcrystalline solid, 109 mg, 

64%. Crystals suitable for X-ray diffraction were grown from a concentrated Et2O solution 

at -30 oC. 1H NMR (C6D6, 600 MHz, 25 oC): δ 10.17 (s, 60 H, (C5Me5), 5.15 (s, 6 H, p-

CH3), -4.59 (s, 4 H, m-H), -65.7 (s, 12H, o-CH3). IR (cm-1): 2954 (s), 2883 (s), 2856 (s), 

2719 (w), 2091 (w), 1626 (w), 1598 (w), 1449 (s), 1377 (m), 1267 (w), 1261 (w), 1174 

(w), 1095 (w), 1017 (m), 945 (w), 846 (m), 803 (w), 706 (w), 602 (w). Elemental Analysis 

calculated for C58H82As2U2 (1405.17 g/mol): C, 49.58%; H, 5.88%; Found: C, 49.94%; 

5.72%. 
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Synthesis of {(C5Me5)2Th[µ2-P(H)(2,4-Me2C6H2-6-CH2)]}2, 9, Method A. A 10 mL 

toluene solution of (C5Me5)2ThMe2 and H2PMes were heated with stirring in a sealed flask 

to 60 oC for 1 h. The mixture became yellow-orange. The mixture was cooled to room 

temperature and stripped of volatiles inside a glovebox. The yellow/orange residue was 

extracted in 2 x 4 mL Et2O, filtered through Celite, reduced to ~ 2 mL under vacuum, and 

then cooled to -40 oC to facilitate crystallization. After a second recrystallization from 

Et2O, a crop of yellow crystals was recovered, 161 mg, 66%. The 1H NMR spectrum of 9 

exhibited a resonance consistent with 4 equivalent (C5Me5)
- ligands at 1.89 ppm, as well 

as resonances indicative of methyl and methylene groups integrating to 6 and 4H, 

respectively, at -0.12 and -0.19, a doublet for the P-H bonds (1JP-H = 235 Hz), and a single 

resonance corresponding to 4 aryl protons at 6.94, but additional resonances indicative of 

a mixture of products were also visible. 31P{1H} NMR (C6D6, 101 MHz, 25 oC): δ (ppm) -

33.54 (s). 31P NMR (C6D6, 101 MHz, 25 oC): δ (ppm) -32.54 (d, 1JP-H = 192 Hz).  

Method B. A 2 mL C6D6 solution of (C5Me5)2ThMe(I) (50 mg, 0.078 mmol) was added to 

KP(H)Mes (15 mg, 0.079 mmol), resulting in a cloudy mixture that immediately turned 

orange. The mixture was transferred to a J-young tube and shaken vigorously for 5 min. 

The 1H, 31P{1H}, and 31P NMR spectra were collected at 10 min total reaction time, 

indicating conversion to a mixture of the previously published (C5Me5)2Th[P(H)Mes]2, and 

9 in an approximate 1:5 ratio. 

Synthesis of [(C5Me5)2U(μ2-PMes)]2, 10. A 3 mL toluene solution of H2PMes (332 mg, 

2.18 mmol), was added dropwise to a stirring, 5 mL toluene solution of (C5Me5)2UMe2 

(1.174 g, 2.18 mmol). The mixture was allowed to stir for 18 h, then filtered through Celite 

and the volatiles removed under vacuum. The resulting black solid was triturated in 
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pentane, resulting in a microcrystalline suspension which was collected over a medium-

porosity fritted glass funnel. The resulting black solid was washed with 2 x 4 mL cold (-40 

oC) pentane, leaving a microcrystalline black solid, 1.07 g, 74%. 1H NMR (C6D6, 600 MHz, 

25 oC): δ 10.65 (s, 30H, C5Me5), 5.63 (s, 6H, p-CH3), -4.80 (s, 4H, m-H), -74.3 (s, 12H, o-

H). IR (cm-1): 2955 (s), 2909 (s), 2884 (s), 2854 (s), 2718 (w), 2299 (w), 1475 (w), 1449 

(s), 1376 (m), 1260 (w), 1173 (w), 1081 (w), 1034 (m), 1020 (m), 947 (w), 847 (m), 803 

(w), 711 (w), 605 (w). Elemental Analysis calculated for C58H82P2U2 (1317.27 g/mol): C, 

52.88%; H, 6.27%. Found: C, 52.54%; 6.09%. 

Synthesis of [(C5Me5)2Th]2(μ2-AsMes)(μ2-O), 11. A 100 mL Strauss-flask was charged 

with a 10 mL toluene solution of 7 (175 mg, 0.126 mmol) and the OPPh3 (70 mg, 0.252 

mmol) was added dropwise, as a 5 mL solution in toluene. The flask was sealed, and the 

mixture was heated to 70 oC for 2 h, during which the color changed from dark 

orange/brown to dark red-orange/red). The flask was allowed to cool to room-temperature, 

and brought into a glovebox, and the solution filtered through Celite, then concentrated to 

a dark red-brown solid. The solid residue was recrystallized twice from Et2O, affording red 

crystals, 115 mg, 75%. Crystals suitable for X-ray diffraction were grown at -40 oC from a 

concentrated solution in THF. 1H NMR (C6D6, 600 MHz, 25 oC): δ (ppm) 7.22 (s, 2H, m-

H), 2.80 (s, 6H, o-CH3), 2.39 (s, 3H, p-CH3), 2.13 (s, 60H, (C5Me5). 
13C{1H} NMR (C6D6, 

600 MHz): δ (ppm) 153.96 (s, o-C), 140.89 (s, i-C), 133.02 (s, p-C), 128.34 (s, m-C), 

126.54-125.54 (m, C5Me5) 28.55 (s, o-CH3), 21.09 (s, p-CH3), 13.17 (s, (C5Me5)) IR (cm-

1): 2962 (s), 2907 (s), 2858 (s), 2723 (w), 2279 (w), 2903 (w), 1627 (w), 1599 (w), 1439 

(m), 1384 (m), 1261 (m), 1092 (m), 1020 (s), 846 (m), 617 (m), 519 (m). Elemental 
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Analysis calculated for C49H71OAsTh2 (1215.08 g/mol): C, 48.44%; H, 5.89%. Found: C, 

48.79%; 6.07%. 

Synthesis of [(C5Me5)2U(η2-As2Mes2)][(C5Me5)2U(OPPh3)2], 12. A 4 mL toluene 

solution of OPPh3 (60 mg, 0.216 mmol) was added dropwise to a stirring, 3 mL, toluene 

solution of 8 (151 mg, 0.107 mmol) at room temperature. The mixture was allowed to stir 

for 18 h, then filtered through Celite and stripped of volatiles under vacuum, leaving 180 

mg of a brown/black solid. Attempts were made to crystallize the resulting black residue 

from a wide range of organic solvents, but the product would nearly always precipitate as 

an oil. A small number of black crystals were grown from Et2O at -40 oC, only once, which 

were suitable for X-ray diffraction. 31P{1H} (C6D6, 121 MHz, 25 oC): δ 86.97 (s, OPPh3). 

Synthesis of (C5Me5)2U(=PMes)OPPh3, 13. Solid OPPh3 (253 mg, 0.909 mmol) was 

added portion wise to a stirring, 8 mL toluene solution of 10 (600 mg, 0.455 mmol) at 

room-temperature. The mixture was allowed to stir for 45 h at room temperature, then 

filtered through Celite and stripped of volatiles under vacuum, leaving a dark red/brown 

solid. The solid was recrystallized twice from Et2O at -40 oC, 399 mg, 47%. 1H NMR 

(C6D6, 600 MHz, 25 oC): δ 22.89 (s, 2H, Mes-H), 22.71 (s, 3H, p-CH3), 15.62 (s, 6H, o-

CH3), 4.20 (t, 3H, 3JH-H = 7.80 Hz, OPPh3 p-H), 2.52 (s, 6H, OPPh3 m-H), 1.957 (s, 30H, 

C5Me5), -13.22 (s, br, 6H, OPPh3 o-H). 31P{1H} NMR (C6D6, 110 MHz, 25 oC): δ 12.56. 

IR (cm-1): 3055 (s), 2964 (s), 2898 (s), 2854 (s), 2715 (w), 2329 (w), 1590 (w), 1468 (w), 

1454 (w), 1438 (s), 1373 (w), 1160 (w), 1124 (s), 1122 (s), 1078 (s), 1047 (w), 1025 (w), 

997 (w), 750 (m), 720 (m), 695 (m), 626 (w), 541 (s). Elemental Analysis calculated for 

C47H56OP2U (936.92 g/mol): C, 60.25%; H, 6.02%; Found: C, 60.48%; 6.15%. 
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Electrochemistry. Cyclic voltammetry (CV) experiments were conducted using a CH 

Instruments (CHI) model 700D series workstation and the data was analyzed using CHI 

software version 12.05. All experiments were conducted inside a N2 atmosphere glovebox 

with an electrochemical cell consisting of a 10 mL vial, Pt disc electrode (3 mm diameter), 

a platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 

electrode. The working electrode surfaces were polished prior to each set of experiments 

and were periodically replaced to prevent buildup of oxidized or reduced products on the 

electrode surfaces. Solutions employed during CV studies were between 1.0–1.5 mM in 

analyte and 100 mM in tetrabutylammonium tetrakis(pentafluorophenylborate as the 

supporting electrolyte. Potentials were reported versus decamethylferrocene, which was 

added as an internal standard for calibration at the end of each experiment. 

Decamethylferrocene was separately referenced to ferrocene (0 V), under the same 

conditions. The peak-to-peak voltage in decamethylferrocene was found to be 0.573 V, 

which is attributed to the resistivity of the system. The initial scan polarity was negative 

for all measurements. Scan rate dependence experiments were performed at 500, 250, 100, 

and 50 mV/s. All data were collected in a positive-feedback IR compensation mode to 

minimize uncompensated resistance in the solution cells. The THF solution cell resistances 

were measured prior to each run to ensure resistances were approximately 1600 Ω or less. 

Computational Details. Structural optimizations where carried out on phosphido, 

arsenido, diphosphido, diarsenido, phosphinidene, phosphinidiide and arsinidiide 

complexes of U(IV) and Th(IV) utilizing the PBE040,41 density functional along with the 

def-TZVP basis set;42 a 60-electron effective core potential was applied to both thorium 

and uranium centers.43-45 Apart from the dinuclear open-shell U(IV) arsinidiide and 
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phosphinidiide complexes, energetic minima were verified by harmonic frequency 

analysis. In the case of outstanding complexes, frequency analysis revealed imaginary 

frequencies of approximately 𝑖20 cm-1 which could not be eliminated despite repeated 

attempts. Inspection of the corresponding mode revealed them to be associated with 

rotation of peripheral methyl groups, indicating that the non-optimal structures were 

suitable for use in the investigation of metal-ligand bond characterization. All DFT 

calculations were conducted utilizing the Turbomole V6.6 software package;46 orbital 

analysis was conducted utilizing NBO6,47 and schematic production was carried out using 

the GaussView 5.0 visualization package48  and QTAIM analysis was carried out within 

the AIMAll V19.02.13 software suite.49 

Crystallographic Data Collection and Structure Determination. The selected single 

crystal of each complex was coated with viscous hydrocarbon oil inside a glove box before 

being mounted on a nylon cryoloop using Parabar® hydrocarbon oil. The X-ray data were 

collected on a Bruker D8 Phaser diffractometer equipped with a Photon 100 CMOS area 

detector using Mo-Kα radiation (λ = 0.71073 Å) from a microfocus source, or on a Bruker 

Apex SMART diffractometer equipped with a Bruker APEX II area detector using Mo-Kα 

radiation (λ = 0.71073 Å) from a sealed Source Mo with TRIUMPH optics. The data 

collection and processing utilized Bruker Apex3 suite of programs.50 The structures were 

solved using an iterative dual space method as implemented in SHELXT and refined by 

full-matrix least-squares methods on F2 using Bruker SHELX-2017/1 program.51 Full-

occupancy non-hydrogen atoms were refined anisotropically. Disorder, when present, 

could be detected and modeled by locating all conformations from the difference map. 

Partial occupany atoms were refined at fixed occupancies, and in most cases the minor 
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conformation could only be refined isotropically. Hydrogen atoms were placed at 

calculated positions and included in the refinement using a riding model, except for those 

bound to P and As atoms in 1, 2, and 9, where difference map peaks in chemically 

reasonable positions were modeled as H atoms and their coordinates were allowed to freely 

refine. Thermal ellipsoid plots were prepared by using Olex252 with 50% of probability 

displacements for non-hydrogen atoms. In 11, after the assignment of all chemically 

reasonable atoms, several large difference map peaks continued to appear next to full-

occupancy carbon atoms. The unmodeled electron density in these regions had the effect 

of causing C atom coordinates to shift from their realistic positions and ADPs to refine to 

non-positive definite values. The indexing program CELL_NOW found that 3105 out of 

3226 reflections with I/sigma > 4, or 96.24%, were consistent with a single domain of the 

unit cell, which indicated an absence of twinning. It was possible to index the data to a 

larger unit cell with triple volume (related by expansion of the a and c axes but with an 

identical b axis), but no improvement to the difference map was made using this unit cell. 

Examination of the coordinates of the difference map peaks revealed that they tended to 

have similar x and nearly identical z coordinates to Th and As atoms. Furthermore they 

appeared in traingular groups with very similar distances to the triangle formed between 

the Th and As atoms. In the crystal packing it can be seen that the molecules are arranged 

in columns parallel to the b axis, so taken together this suggested a form of disorder 

analogous to a stacking fault in which entire columns of molecules are shifted along b with 

respect to the rest of the structure. Three peaks were assigned as alternate positions for Th 

atoms and two peaks were assigned as alternate positions for As atoms and refined 

isotropically. The occupancies were refined with constraints so that the sum of all Th atoms 
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would equal 2 and all As atoms would equal 1. The final refinement indicates that 91.7% 

of the molecules are in the main position, and the remaining 8.3 % are shifted in either the 

positive or negative b direction in equal probability. The occupancies of the partial atoms 

are too low to allow location and refinement of the light atoms, so all carbon and oxygen 

atoms were left at full occupancy, and the minor metal atoms were completely excluded 

from the connectivity table. Inclusion of the minor metal atoms allowed all carbon atoms 

to be refined anisotropically without restraint. In structures 1 and 2 the partial occupancy 

carbon atoms which were refined anisotropically have very prolate ellipsoids; this is 

common when partial occupancy light atoms are refined anisotropically against a heavy 

atom data set. In structures 7 and 10, the molecules appear to be disordered by very slight 

rotation about an axis passing through the center of the molecule; this causes the carbon 

atoms farthest from the center, on the mesityl groups, to have prolate ellipsoids. Structure 

8 has a false B-level alert due to the unusually large difference in thermal motion of the As 

and Th atoms along the bond axis; the As atoms are expected to have larger motion in this 

direction because it is perpindicular to the rigid C-As bond. Structure 9 has a several large 

residual different map peaks which cannot be assigned to chemically reasonable atoms; 

this is likely caused by contributions to Fobs from other crystal domains. There were a 

significant number of intense reflections from the crystal of 9 that did not fit the unit cell. 

These could be fit to a second domain related by very slight rotation about an arbitrary 

axis, indicating the crystal may have cracked. Correcting for twinning using this matrix as 

a SHELXL TWIN instruction did not significantly improve the model. 



65 
 

Table 3-1. Crystallographic Details for Complexes 1 to 6. 

CSD 

Deposition 

mumbers 

1998117 1996293 1996917 1996892 2056215 2056207 

Complex 1 2 3 4 5 6 

Molecular 

Formula 

C38H54As2Th C38H54As2U C38H52As2Th C38H52As2U C38H52P2Th C38H52P2U 

Formula 

weight 

(g/mol) 

892.71 898.71 890.70 896.69 802.80 808.79 

Crystal 

habit/color 

Orange Prism Black Prism Dark Green 

Prism 

Black Prism Dark Green 

Prism 

Black 

Prism 

Temperature 

(K) 

100 100 100 100 150 150 

Space group Pbcn Pbcn P21/n P21/n P21/n P21/n 

Crystal 

system 

Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic 

Volume 

(Å3) 

3643.7(3) 3597.44(19) 3549.4(3) 3524.9(3) 3458.9(6) 3410.1(14) 

a (Å) 10.7977(5) 10.8517(3) 12.3115(5) 12.26197) 12.2999(12) 12.222(3) 

b (Å) 15.7582(7) 15.6491(5) 19.0955(16) 18.9207(11) 19.1890(18) 18.804(4) 

c (Å) 21.4141(9) 21.1839(7) 15.1279(6) 15.2189(8) 14.6779(14) 14.856(4) 

α (o) 90 90 90 90 90 90 

β (o) 90 90 93.6162(16) 93.316(2) 93.202(2) 92.814(4) 

γ (o) 90 90 90 90 90 90 

Z 4 4 4 4 1 1 

Calculated 

density 

(g/cm3) 

1.624 1.648 1.667 1.690 1.542 1.575 

Absorption 

coefficient 

(mm-1) 

5.918 5.994 6.075 6.492 4.428 4.878 
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Final R 

indices [I > 

2σ(I)] 

R = 0.0518 

Rw = 0.1600 

R = 0.0326 

Rw = 0.0783 

R = 0.0395 

Rw = 0.0715 

R = 0.0288 

Rw = 

0.0746 

R = 0.0220 

Rw = 

0.0503 

R = 0.0301 

Rw = 

0.0680 

       

Table 3-2. Crystallographic Details for Complexes 7 to 10. 

CSD 

Deposition 

mumbers 

1998880 1998572 2061431 2056283 

Complex 7 8 9 10 

Molecular 

Formula 

C58H82As2T

h 

C58H82As2U C58H82P2Th2 C58H82P2U2 

Formula 

weight 

(g/mol) 

1393.16 1405.17 1305.29 1317.27 

Crystal 

habit/color 

Dark 

Orange/Red 

Prism 

Black Prism Yellow 

Prism 

Black Prism 

Temperature 

(K) 

150 150 100 100 

Space group Fddd Fddd P21/c Fddd 

Crystal 

system 

Orthorhomb

ic 

Orthorhomb

ic 

Monoclinic Orthorhomb

ic 

Volume 

(Å3) 

15119.6(11) 14738.3(12) 6310.3(10) 14606(4) 

a (Å) 19.3992(8) 19.1333(9) 12.3619(11) 19.272(3) 

b (Å) 20.6778(8) 20.1994(10) 23.682(2) 19.838(3) 

c (Å) 37.6922(16) 38.1347(19) 21.556(2) 38.203(5) 

α (o) 90 90 90 90 

β (o) 90 90 90.711(3) 90 

γ (o) 90 90 90 90 
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Z 8 8 4 8 

Calculated 

density 

(g/cm3) 

1.224 1.267 1.530 1.198 

Absorption 

coefficient 

(mm-1) 

4.823 5.306 4.799 4.499 

Final R 

indices [I > 

2σ(I)] 

R = 0.0397 

Rw = 

0.1203 

R = 0.0283 

Rw = 

0.0795 

R = 0.0337 

Rw = 

0.0.0806 

R = 0.993 

Rw = 

0.0337 

 

Table 3-3. Crystallographic Details for Complexes 11 to 13. 

2062035 2056521 2056520 

11 12 13 

C49H71AsOTh C94H112As2P

2O2U2 

C58H82As2U 

983.04 1961.74 1405.17 

Dark Orange/Red Prism Black Prism Black Prism 

100 100 100 

P21/c P-1 Fddd 

Monoclinic Orthorhomb

ic 

Orthorhombic 

4884.7(13) 14738.3(12) 14738.3(12) 

17.084(3) 19.1333(9) 9.5838(8) 

17.783(3) 20.1994(10) 20.0944(18) 

16.628(2) 38.1347(19) 21.3079(19) 

90 90 90 

104.770(3) 90 91.450(2) 
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90 90 90 

4 8 4 

1.753 1.267 1.517 

6.798 5.306 4.069 

R = 0.0478 

Rw = 0.1030 

R = 0.0283 

Rw = 

0.0795 

R = 0.0495 

Rw = 0.0495 

RESULTS AND DISCUSSION. 

Complexes 1, (C5Me5)2Th[As(H)Mes]2, and 2, (C5Me5)2U[As(H)Mes]2, were prepared 

via protonolysis reactions between (C5Me5)2AnMe2 and two equivalents of H2AsMes, and 

isolated in yields of 79% and 80% for 1 and 2, respectively, eq 1. The resonances of 1 in 

the 1H NMR spectrum spans the typical diamagnetic range, with the As-H resonance at 

2.51 ppm, slightly upfield than that of (C5Me5)2Th[As(H)Tipp]2
20 at 2.61 ppm. Complex 2 

exhibits the broadened and paramagnetically shifted resonances in the 1H NMR spectrum 

characteristic of a U(IV) species. The chemical shift of the As-H resonance in 2 at -153.6 

ppm is upfield compared to that reported for [U(TrenTIPS)(AsH2)]
18 at -131.4 ppm as well 

as the -122.9 ppm for the P-H in (C5Me5)2U[P(H)Mes]2. Both 1 and 2 have absorptions at 

2090 and 2093 cm-1, respectively, which are attributed to the As-H bond stretch.18 
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The solid-state structures of 1 and 2 were determined using X-ray crystallographic 

analysis, Figure 1. The Th-As bond distance of 2.9942(7) Å is very close to that of 

(C5Me5)2Th[As(H)Tipp]2
20

 at 3.0028(6) Å, and the arsenido-moiety in [{(C5Me5)2Th[μ2-

As(H)Tip](μ2-AsTipp)}K]2 at 3.0860(4) Å.25 The structural characteristics of 1 are similar 

to the previously reported Th-arsenido complexes22 bearing ancillary triamidosilylamine 

(Tren) ligands, [Th(TrenTIPS)(AsH2)], [Th(TrenTIPS){As(SiMe3)2}], 

[Th(TrenDMBS){As(SiMe3)2}], at 3.065(3) Å, 2.956(9) Å, and 3.0456(9) Å, respectively. 

Complex 1 also bears some similarity to the arsenido-cluster-bridged [Cp′2Th(μ-η2:1:2:1-

As6)ThCp′2] (Cp′ = 1,3-di(tert-butyl)cyclopentadienyl) complex reported by the 

Wolmerhauser group,26 with the Th-As bond distances at 2.930(3) Å, 3.018(2) Å, 3.040(2) 

Å, 3.044(2) Å, 3.005 Å, and 2.913(2) Å. Complex 2, exhibiting a U-As bond length of 

2.9087(5) Å is shorter than that in [U(TrenTIPS)(AsH2)],
18 with a U-As bond distance of 

3.004(4) Å, and within the range of the asymmetric bond distances of [{U(TrenTIPS)}2(μ-

As)]53 at 2.943(4) Å and 2.889(4) Å. The structural characteristics of 2 are also similar to 

the previously reported U-arsenido complexes22 of 2.942(9) Å and 2.9062(7) Å for the 

cases of TrenDMBS, and TrenTIPS, respectively. 
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Figure 3-1. Thermal ellipsoid plot of 1 (left) and 2 (right) are shown at the 50% probability 

level. Hydrogen atoms have been omitted for clarity, with the exception of those bound to 

the arsenic atoms. Pertinent structural information is as follows: Th1-As1, 2.9942(7) Å; 

As1-Th1-As1, 103.48(3)o; U1-As1, 2.9087(5) Å; As1-U1-As1, 100.61(2)o. 

Both 1 and 2 exhibit thermal instability at room temperature, gradually eliminating one 

equivalent of H2 (as observed by 1H NMR spectroscopy) and coupling the arsenido 

moieties, forming the diarsenido species, (C5Me5)2An(η2-As2Mes2), An = Th, 3; U, 4, eq 

2. Likely as a  consequence of the steric bulk at the ortho-positions on the aryl rings, 

(C5Me5)Th[As(H)Tip]2
4 did not exhibit thermal decomposition to a diarsenido complex 

even after stirring for extended periods of time at room temperature. Beginning with 1, 

conversion to 3 is completed over 12-16 h when stirring in either Et2O or toluene with an 

accompanying color change of deep orange to dark green. The 1H NMR spectrum of 3 

showed the (C5Me5)
1- methyl resonances for both 1 and 3 are nearly identical, and that the 

resonances for the ring-protons and ortho/para methyl groups in 3 deviate only slightly 

from those of 1. The (C5Me5)
1- methyl resonance for 4 exhibited a large shift to 7.47 ppm, 

from that of 2 at 15.57 ppm. Apart from that for the para-methyl groups in 4, the resonances 
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for the aryl protons and methyl groups on the rings in 4 are unobservable across the range 

of temperatures examined.  

 

The structures of 3 and 4 were determined by X-ray crystallography analysis. This, and 

similar moieties11, 54 often take the form of anionic clusters containing As-As bonds, and 

more commonly encountered in transition-metal chemistry.55-61 Several carborane-type 

anionic ligands incorporating diarsenido-type fragments have also been reported.62-67 The 

Th-As bond distances of 2.923(2) and 2.971(3) Å, and U-As bond lengths of 2.9231(9) and 

2.8994(7) Å are slightly shorter than those observed in 1 and 2, respectively. The As-As 

bond lengths of 2.4454(7) Å in 3 and 2.4320(3) Å in 4, are consistent with As-As bond 

distances of 2.472(3) Å in Mes2AsAsMes268 as well as the 2.4572(3) Å in (C5H5)2Ti(η2-

As2Tip2).
69 Complexes 3 and 4 bear similarity to the Liddle group’s bridging (HAsAsH)2- 

complex, [U(TrenTIPS)]2(μ2:η
2-As2H2),

19 with U-As bond distances at 3.1203(7) Å, and 

3.1273(7) Å, a significant increase in bond length due to the steric demand of TrenTIPS 

ligand. We note that the As-As bond distance is 2.1402(13) Å in [U(TrenTIPS)]2(μ2:η
2-

As2H2). The An-As1-C(ipso) bond angles are 99.18(14)° and 111.53(14)° for 3, and 

96.70(7)° and 111.13(7)° for 4. Complex 4 exhibits anagostic interactions70 from the o-CH3 
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groups on one of the mesityl rings in each case, with a U-H36C distance of ~2.55 Å. This 

is contrast to the thorium analog, 3, whose closest Th-H contact is 2.798 Å. 

 

 

Figure 3-2. Thermal ellipsoid plot of 3 (left) and 4 (right) are shown at the 50% probability 

level. Hydrogen atoms have been omitted for clarity. Pertinent bond distances and angles 

are as follows: Th1-As1, 2.923(2) Å; Th1-As2, 2.971(3) Å; As1-As2, 2.4454(7) Å; As1-

Th-As2, 49.01(4)o; U1-As1, 2.9231(9) Å; U1-As2, 2.8914(11) Å; As1-As2, 2.4320(3) Å; 

As1-U-As2, 49.326(18)o. 

In contrast to the bis(arsenido) complexes, the bis(phosphido) complexes are more 

thermally stable. Heating (C5Me5)2An[P(H)Mes]2 to 100 °C in toluene does not form the 

diphosphido complexes or lead to decomposition, hence an alternate method was 

employed. The reaction of (C5Me5)2An(CH3)2 with dimesityldiphosphane, 

MesP(H)P(H)Mes,71 was conducted, eq 3. At room temperature, no reaction takes place, 
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but heating to 70 °C afforded the desired diphosphido complexes, (C5Me5)2An(η2-P2Mes2), 

An = Th, 5; U, 6. We note that the uranium complex reacted immediately with the 

diphosphane at elevated temperature, while the reaction with thorium took several hours to 

reach completion. This is presumably due to the higher effective nuclear charge of uranium, 

giving more basicity to the methyl groups coordinated to uranium versus thorium. Complex 

5 is dark green while 6 is black in color, similar to their diarsenido counterparts. The 31P 

NMR spectrum of 5 exhibits a resonance at 58.92 ppm, somewhat downfield from that of 

the Holoch group’s recently reported72 (PN)2La(η2-P2Mes2) (PN = N-(2-(diisopropyl-

phosphanyl)-4- 

methylphenyl)-2,4,6-trimethylanilide) complex, at 30.5 ppm, but similar to the resonance 

at 55.3 ppm in (C5Me5)2Th(κ2-P3Ph3),
73 and in between those of  81.9 and 14.4 ppm for 

(1,3-tBu2C6H3)2Th(η2-P2Tip2) and (1,3-tBu2C6H3)2Th(η2-P2Tip2)(DMAP),30 respectively. 

 

The An-P bond distances are 2.8463(7) and 2.8322(6) Å in 5, and 2.7799(10) and 

2.7903(10) Å in 6. These can be compared to (1,3-tBu2C6H3)2Th(η2-P2Tip2)(DMAP) which 

has a P-Th-P bond angle of 44.5(1)°,30 smaller than the P-An-P angles of 45.486(18) and 

46.13(3)° in 5 and 6, respectively. The identical Zr(IV) structure, (C5Me5)2Zr(η2-P2Mes2), 

has a P-Zr-P angle of 48.65(9)°.74 The P-P bond distance in 5 and 6 of 2.1953(8) Å and 
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2.1825(13) Å, respectively, is consistent with the 2.1826(7), Ar = Tip, and 2.1699(5), Ar 

= 2,6-iPr2C6H3, Å in (C5H5)2Ti(η2-P2Ar2) complexes.75 As observed in the uranium 

diarsenido, 4, the uranium diphosphido, 6, also displays anagostic interactions. The U1-

H36C distance is 2.545 Å with a U-H36C-C36 angle of 147.9°. In contrast to the diarsenido 

complexes, the 5 does contain a Th-H29A contact of 2.672 Å. We note that in all cases, 

the hydrogen atoms were modeled. 

 

Figure 3-3. Thermal ellipsoid plot of 5 (left) and 6 (right) are shown at the 50% probability 

level. Hydrogen atoms have been omitted for clarity, with the exception of the methyl 

group participating in the anagostic interaction in 6. Pertinent bond distances and angles 

are as follows: Th1-P1, 2.8463(7) Å; Th1-P2, 2.8322(6) Å; P1-P2, 2.1953(8) Å; P1-Th-P2, 

45.486(18)o; U1-P1, 2.7799(10) Å; U1-P2, 2.7903(10) Å; U1-H36C, 2.545 Å; P1-P2, 

2.1825(13) Å; P1-U-P2, 46.13(3)o. 

Reaction of one equivalent of H2AsMes with (C5Me5)2AnMe2 (An = Th, U) in diethyl 

ether or toluene, and stirring the reaction for ~12-16 h at room temperature. Complexes 7 

and 8 are isolable in average yields of approximately 40, and 64%, respectively, eq 4. The 
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chemical shifts for 7 in the 1H NMR spectrum are similar to those of 1 except for the lack 

of an As-H resonance. The 1H NMR spectrum of 8 shows expected paramagnetic character, 

with the resonance for the o-CH3 groups appearing at -65.7 ppm, a stark contrast from that 

of 2 at -24.30 ppm. The (C5Me5)
1- resonances for 2 and 8 appear at 15.43, and 10.17 ppm, 

respectively, reflecting a similar upfield shift. 

 

The structures of 7 and 8 were also determined by X-ray crystallography analysis, 

Figure 4. The Th-As bond distance of 2.8787(6) Å in 7 is longer than the arsinidiide bond 

distance of 2.7994(4) Å in [{(C5Me5)2Th[μ2-As(H)Tipp](μ2-AsTipp)}K]2, 2.8565(7) Å in 

Th(TrenTIPS)(μ2-AsH)K(15C5), 15C5 = 15-crown-5, and {Th(TrenTIPS)}2(μ-

As)][K(15C5)2
22 at 2.8063(14) and 2.8060(14) Å. The U-As bond length of 2.8310(4) Å is 

much longer than the terminal arsinidene [U(TrenTIPS)(AsH)]1- bond distance of 2.7159(13) 

Å as well as the 2.74(1) Å in the arsinidiide [U(TrenTIPS)(AsH)K(2.2.2-cryptand)].18 

However, these distances are significantly shorter than the corresponding An-As distances 

in 1, 2.9953(7) Å, and 2, 2.9087(5) Å. 
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Figure 3-4. Thermal ellipsoid plot of 7 (left) and 8 (right) are shown at the 50% probability 

level. Hydrogen atoms and cyclopentadienyl methyl groups have been omitted for clarity. 

Pertinent bond distances and angles are as follows: Th-As, 2.8787(6) Å; As-Th-As, 

71.516(4)o; U-As, 2.8310(4) Å; As-U-As, 69.808(19)o. 

To make a comparison with phosphorus, the analogous reactions with (C5Me5)2ThMe2 

and one equivalent of H2PMes was attempted, eq 5. Heating the reaction to 60 °C was 

necessary to observe a color change from colorless to yellow. However, it was apparent 

from the 31P{1H} NMR spectrum that the phosphinidiide did not form, as a doublet at -

33.54 ppm in the 31P NMR spectrum was observed, while other thorium phosphinidiide 

complexes show 31P{1H} NMR resonances >100 ppm. Additionally, the 31P NMR 

spectrum showed a doublet (1JP-H = 192 Hz) as well as a νP-H stretch at 2305 cm-1, indicative 

of a primary phosphido ligand.76 Spectroscopic characterization of 9 is consistent with the 

proposed structure, however the 1H NMR spectrum exhibited signals indicative of two 

products, which persisted through multiple recrystallizations. While 9 seems to be the 

major product, the presence of the other byproduct indicates the reactivity of 
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(C5Me5)2ThMe2 with H2PMes is more complicated. Efforts to understand this reaction in 

more detail are currently underway. 

Reaction of (C5Me5)2UMe2 with one equivalent of H2PMes at room temperature 

afforded a black solid in good yield (74%). The 1H NMR spectrum showed a resonance at 

10.65 ppm for the (C5Me5)
1-, similar to the 10.03 ppm for (C5Me5)2U[P(H)Mes]2.

77 With 

no resonance for the P-H bond observed in the 31P NMR or IR spectra, the X-ray 

crystallography showed the expected phosphinidiide product, [(C5Me5)2U(μ2-PMes)]2, 10. 

The difference between thorium and uranium is striking. Whether this is due to the 5f 

orbitals participating in bonding uranium to form the multiply-bonded phosphinidiide is 

not understood at present time. However, we note that in a previous report, the reaction of 

(C5Me5)2U[P(H)Mes]2 with two equivalents of tBuCN formed (C5Me5)2U[κ2-

(N=CtBu)2P(Mes)],77 which we attributed to the formation of a transient phosphinidene or 

phosphinidiide. Reaction of 10 with tBuCN also forms (C5Me5)2U[κ2-(N=CtBu)2P(Mes)], 

which provides evidence of this intermediate, as is the case for zirconium.78 
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The structure was determined by X-ray crystallography to be a dimeric alkyl-phosphido 

complex, {(C5Me5)2Th[μ2-P(H)(2,4-Me2C6H2-6-CH2)]}2, 9, the result of C-H bond 

activation at the o-CH3 of the mesityl ring on the phosphido moiety. This result may be due 

to insufficient steric saturation of the available coordination site of the (C5Me5)2Th2+
 

moiety, given that the smaller U(IV) center does form a bridging phosphinidiide complex. 

An alternate synthetic route was employed in an effort to obtain [(C5Me5)2Th(μ2-PMes)]2, 

involving reaction of (C5Me5)2ThMe(I) with KP(H)Mes. The result was again a mixture, 

this time of 9 as well as the previously reported bis(phosphido) complex, 

(C5Me5)2Th[P(H)Mes]2, in an approximate 5:1 ratio. This metalation is reminiscent of the 

proposed mechanism for the formation of the bridging phosphinidiide from reaction of two 

equivalents of (C5Me5)2ThMe2 with H2P(2,4,6-iPr3C6H2).
31 In that reaction, transition state 

calculations described a P-H, followed by a C-H bond activation, similar to the formation 

of 9. 

Complex 9 has Th1-P bond distances of 3.020(1) and 3.085(1) Å and Th2-P bond 

lengths of 3.080(1) and 3.036(1) Å. These distances are much longer than the 2.872(5) Å 

in (C5Me5)2Th[P(H)Mes]2
20 and 2.888(4) Å in (C5Me5)2Th(Cl)[P(SiMe3)2].

79 The Th1-C1 

and Th2-C10 bond distances are 2.542(5) and 2.533(5) Å, respectively. These Th-C bond 

lengths are significant longer than other phosphido-methyl complexes reported which 

range from 2.429(5) to 2.473(4) Å.80-81 Complex 10 is a symmetric dimer in the solid-state 

with a U-P bond distance of 2.742(3) Å. This is only slightly shorter than the 2.7768(12) 

Å in (C5Me5)2U[P(H)Mes]2,
77 but identical to the 2.743(1) Å for the bridging 

phosphinidiide, [(C5Me5)2U(OMe)]2(μ2-PH).82  
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Figure 3-5. Thermal ellipsoid plot of 9 and 10 shown at the 50% probability level. All 

hydrogens apart from the phosphido (in 9) and the methyl groups on the (C5Me5)
1- ligands 

have been omitted for clarity. Selected bond distances and angles: Th1-P1: 3.0202(14) Å; 

Th1-C1: 2.541(6) Å; Th1-P2: 3.0849(14) Å; Th2-P1: 3.0806(14) Å; Th2-P2: 3.0364(14) 

Å; Th2-C10: 2.534(5) Å; P1-Th1-P2: 58.96(4)°; P1-Th2-P2: 58.84(4)°; U1-P1: 2.742(3) 

Å; U1-P1-U1*: 109.72(3)°; P1-U1-P1*: 70.28(2)°. 

Computational Analysis. Complexes 1-10 were analyzed using density functional 

analysis incorporating the PBE0 exchange-correlation functional to compare the amount 

of covalent bonding in the pnictido, dipnictido, and pnictinidiide complexes. The thorium 

phosphinidiide, which is not observed experimentally, was modeled after the analogous 

uranium phosphinidiide, 10, to make a direct comparison. All bond distances and angles 

showed excellent agreement (within 0.03 Å and 2°) with the experimentally determined 

values, Table 3-4. As would be expected, bond covalency is more pronounced in the U  
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Complex Calculated M-E (avg) (Å) Experimental M-E (avg) (Å) 

 Th U Th U 

Phosphido 2.888 2.774 2.888(4)20 2.7768(12)77 

Arsenido 3.013 2.935 2.9942(7) 2.9087(5) 

Diphosphido 2.840 2.786 2.839(1) 2.785(1) 

Diarsinido 2.962 2.933 2.947(3) 2.907(1) 

Phosphinidiide 2.835 2.784 --- 2.742(3) 

Arsinidiide 2.922 2.873 2.8787(6) 2.8310(4) 

Phosphinidene 2.548 2.499 --- 2.502(1) 

Table 3-4. Calculated and experimental bond distances. Values are averaged over M-E 

bonds (E = P, As). 

complexes than the Th analogues. This is more pronounced in U-P than U-As bonds but is 

supressed from the pnictido  dipnictido  pnictinidene  pnictidiide complex. 𝜌𝐵𝐶𝑃 is 

small in all cases, indicative of predominantly ionic interactions, Table 3-5. These densities 

compare well with previously reported thorium and uranium phosphido and arsenido 

complexes.22, 76, 83 Bond ellipticities were typically found to be larger in the U complexes, 

indicative of higher multiple bond character, with the exception of the pnictidiide 

complexes, for which the Th-E bonds had notably high ellipticity. The ellipticity of the U-

E bond in the arsenido complex appears to be anomalous. The delocalization indices (DI), 

quantifying electron sharing between bonded atoms, are typically larger in the U complexes 

and, in contrast to the 𝜌𝐵𝐶𝑃 values, increases in the order pnictido < dipnictido < pnictidiide. 

It is worth noting that 𝜌𝐵𝐶𝑃 will only measure 𝜎-type bond character whereas DI measures 

electron sharing through all bonding interactions.  
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Complex 𝜌𝐵𝐶𝑃 (a.u.) ∇2𝜌𝐵𝐶𝑃 

(a.u.) 

𝜀 (a.u.) H (a.u) DI (a.u) 

 Th U Th U Th U Th U Th U 

Phosphido 0.056 0.062 0.035 0.050. 0.228 0.32

7 

-0.015 -0.018 0.594 0.691 

Arsenido 0.050 0.054 0.021 0.027 0.129 0.07

6 

-0.013 -0.015 0.584 0.655 

Diphosphido* 0.062 0.067 0.032 0.027 0.149 0.18

6 

-0.019 -0.022 0.604 0.667 

Diarsinido* 0.055 0.057 0.022 0.015 0.149 0.16

1 

-0.016 -0.017 0.625 0.671 

Phosphinidene 

(M-O bond) 

0.077 

(0.060 

0.082 

0.057 

0.105 

0.210 

0.116 

0.225 

0.297 

0.046 

0.55

3 

0.21

5 

-0.027 

-0.009 

-0.030 

-0.007 

1.195 

0.365 

1.345 

0.354) 

Phosphinidiide* 0.060 0.062 0.040 0.047 0.332 0.20

6 

-0.017 -0.018 0.657 0.731 

Arsinidiide* 0.055 0.056 0.034 0.040 0.336 0.21

5 

-0.015 -0.016 0.662 0.734 

Table 3-5. QTAIM-derived bond metric for M-X bonds (M = Th, U; X = P, As). 𝜀 = 

bond ellipticity, H = energy density, DI = Delocalization index. 

 

In comparison, 𝜌𝐵𝐶𝑃 is consistently larger in M-P than M-As bonds, with the difference 

being more pronounced in the U complexes. Bond ellipticities are noticeably larger in the 

phosphido complexes when compared to the arsenide analogues, whereas values are 

comparable in the dipnictido and pnictidiide. Delocalization indices indicate that M-E 

electron sharing is comparable, irrespective of the chemical nature of E, although the 

general trend is for M-As bonds to exhibit slightly greater electron sharing than M-P bonds. 

This is suggestive of greater overlap-driven covalency in M-P bonds, and greater energy 

degeneracy-driven covalency in M-As bonds. 

Electrochemistry of 8 and 10. To experimentally compare the donating properties of 

phosphorus and arsenic ligands, electrochemical measurements were performed on the 
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uranium(IV) arsinidiide, 8, and phosphinidiide, 10. While several irreversible features are 

observed in each cyclic voltammagram, one quasi-reversible wave is also observed, with 

E1/2 values of -2.316 V, and -2.385 V, for 8 and 10, respectively, corresponding to the UIV/III 

couple, Fig. 3-6 and 3-7. This is consistent with the calculations in which the LUMO of 8 

and 10 are both uranium-based. While a direct comparison cannot be made, it is noteworthy 

that the reduction potentials of 8 and 10 are far more negative than those of the imido 

complexes reported by Kiplinger, (C5Me5)2U=N(2,4,6-tBu3C6H2)
84 and 

(C5Me5)2U(THF)[=N(2,6-iPr2C6H3)],
85 which have more cathodic potentials. This is a 

consequence of the large change in electronegativity from N to P, and the nearly identical 

electronegativity of P and As,86 but also supports the computational results that the 

differences in bonding between P and As are small, and not as good a donor as nitrogen. 

 

Figure 3-6. Overlaid cyclic voltammograms of 8 for the quasireversible region at scan 

rates (V/s) of 0.5 (blue), 0.25 (orange), 0.125 (grey), and 0.05 (yellow). E1/2 = -2.316 V. 
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Figure 3-7. Overlaid cyclic voltammograms of 10 for the quasireversible region at scan 

rates (V/s) of 0.5 (blue), 0.25 (orange), 0.125 (grey), and 0.05 (yellow). E1/2 = -2.385 V. 

Reactivity with OPPh3. Next, we endeavored to separate the dimeric phosphinidiide and 

arsinidiide complexes of 7, 8, and 10 with triphenylphosphine oxide, OPPh3, to prepare 

the corresponding thorium and uranium arsinidene as well as the uranium phosphinidene. 

The reaction of 7 with OPPh3, eq 6, exhibited no reaction at room temperature, but upon 

heating to 70 °C, a color change from dark orange-brown to dark red-brown. The 

(C5Me5)
1- resonance shifted from 2.21 ppm from 7, to 2.13 ppm in the 1H NMR 

spectrum. Surprisingly, a single resonance in the 31P{1H} spectrum at -6 ppm, indicative 

of free PPh3 was observed. Indeed, structural characterization showed the product, 

[(C5Me5)2Th]2(μ2-AsMes)(μ2-O), 11, an arsinidiide, oxo bridged dimer, Figure 3-8. We 

note that the presumed byproduct, MesAs=AsMes, has not been reported. 

-2

-1

0

1

2

3

4

5

6

-2.47-2.42-2.37-2.32-2.27-2.22-2.17-2.12-2.07

C
u

rr
en

t 
(μ

A
)

Potential (V) vs Cp*2Fe/Cp*2Fe+



84 
 

 

This use of OPPh3 as an oxo-delivering agent is rare with f elements. Even Sm(II) and 

U(III) complexes, known for their reductive chemistry,87 typically only coordinate 

OPPh3
88-89 due to the P-O bond strength. For this reason, the conversion of OPPh3 to 

PPh3 is rare,90 and has been recently done electrochemically.91-93 The formation of 11 

demonstrates the tremendous electronic unsaturation and oxophilicity of thorium in 7. 

Since the oxo and arsinidiide are quite different in electronegativity and ionic radii, the 

Th-E-Th bond angles differ significantly with a Th-O-Th angle of 132.0(3)°, and Th-As-

Th angle of 85.94(3)°. The Th-O bond distances of 2.146(5) and 2.151(5) Å are similar to 

[(C5H2
tBu3)2Th(µ2-O)]2 which has average Th-O bond lengths of 2.179(2) Å.94 The Th-

As bond distances of 2.8733(10) and 2.8850(10) Å are very similar to the 2.8787(6) Å in 

the parent arsinidiide, 7. 
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Figure 3-8. Thermal ellipsoid plot of 11, shown at the 50% probability level. All 

hydrogens in the structure, and methyl groups on the (C5Me5)
-1 ligands, have been 

omitted for clarity. Pertinent bond lengths and angles are as follows: Th1-As1, 

2.8733(10) Å; Th2-As1, 2.8850(10); Th1-O1, 2.146(5) Å; Th2-O1, 2.151(5) Å; Th1-As1-

Th2, 85.94(3)o; Th1-O1-Th2, 132.0(3)o.  

The reaction of 8 with OPPh3 was attempted to form the corresponding terminal 

uranium arsinidene, eq 7, resulted in a black solution. The 31P NMR spectrum of the 

product shows only a single singlet resonance at 86.97 ppm. The oily nature hampered 

characterization, and while the purity and yield are questionable, a small number of black 

crystals suitable for X-ray crystallography were isolated only once. The structure was 

identified via X-ray crystallography to be [(C5Me5)2U(η2-

As2Mes2)][(C5Me5)2U(OPPh3)2], 12. We note that a related product, 

[(C5H3
tBu2)2U(OPMe3)2][C5H3

tBu2], was recently reported in low yield from the 

reduction of U(IV) with KPHMes*, Mes* = 2,4,6-tBu3C6H2.
34 

Th1 

O1 

Th2 
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Based on charge balance, 12 is a cation-anion pair of two U(III) complexes with the 

anion consisting of two (C5Me5)
1- and one (MesAsAsMes)2- ligands, while the cation has 

two (C5Me5)
1- and two neutral OPPh3 ligands. The U-As bond distances in 12 are 

2.9757(8) and 2.9814(8) Å, which are longer than the 2.9231(9) and 2.8994(7) Å in 4, 

indicating that 12 contains more reduced metal center than 4. The only other U(III)-As 

bonds, with distances of 2.895(4) and 2.923(4) Å are in the mixed-valence complex, 

[U(TrenTIPS)2(μ-η2-(OAs):η2-(CAs)-OCAs]1-.53 The U-O distances of 2.361(4) and 

2.359(3) Å in 12 are similar compared to those in [(C5H3
tBu2)2U(OPMe3)2][C5

tBu2H3] of 

2.331(5) and 2.348(5) Å.
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Figure 3-9. Thermal ellipsoid plot of 12 shown at the 50% probability level. All 

hydrogens and the methyl groups on the (C5Me5)
1- ligands on the cationic complex have 

been omitted for clarity. Pertinent bond distances and angles are as follows: U1-As1, 

2.9813(6) Å; U1-As2, 2.9756(6) Å; As1-As2, 2.4671(8) Å; U2-O1, 2.361(4) Å; U2-O2, 

2.359(3) Å. 

Reaction of 10 with OPPh3 takes place slowly over time as monitored by 1H and 31P 

NMR spectroscopy, eq 8. Finally, after 45 hours, the reaction was complete during which 

time the color changed from black to red-brown. One resonance in the 31P NMR 

spectrum at 12.56 ppm, which was attributed to the OPPh3 coordinating to the uranium 

center in (C5Me5)2U(=PMes)(OPPh3), 13. Crystals suitable for X-ray crystallographic 

analysis were grown from a saturated diethyl ether solution at -40 °C, Figure 3-10. 

Complex 13 is nearly identical to the first uranium phosphinidene isolated, 

(C5Me5)2U(=PMes*)(OPMe3), Mes* = 2,4,6-tBu3C6H2, which has a U-P bond distance of 

2.562(3) Å and U-P-C(ipso) angle of 143.7(3)°, while the U-P and U-P-C(ipso) in 9 is 

2.502(2) Å and 156.8(2)°, respectively. In addition, these metrics can be compared to 
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three recent metallocene uranium phosphinidene complexes, (C5H2
tBu3)2U=PMes* with 

U-P length of 2.495(1) Å, and U-P-C(ipso) angle of 177.4(1)°,34 and 

(C5H3
tBu2)2U(=PMes*)(OPMe3) with U-P bond distance of 2.508(1) Å and U-P-C(ipso) 

angle of 162.8(1)°.34 

 

Figure 3-10. Thermal ellipsoid plot of 13 shown at the 50% probability level. The 

hydrogen atoms have been omitted for clarity. Pertinent bond distances are angles are as 

follows: U1-P1, 2.5022(18) Å; U1-O1, 2.364(4) Å; U-P1-C(ipso): 156.8(2)°. 

Complex 13 was also analyzed by QTAIM analysis. The bond ellipticity, 𝜀, is an 

indicator of multiple bond character, measuring the deviation from cylindrical symmetry 

of a bond. For a single or triple bond, 𝜀 should be close to zero, whereas for a double 

bond, deviations are substantial. All complexes considered here show deviations larger 

than would be expected for a single bond, however this is most pronounced in 13, which 

might be expected to have more developed multiple bond character. To further 
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investigate potential multiple bond character, NBO analysis was performed. Qualitative 

analysis of the phosphinidene complexes revealed a single M-E 𝜎-bond, as well as two 

well-defined NBOs representing M-E 𝜋-bonding interactions, Figure 3-11. The 

delocalization index for 13 is 1.345, which can be compared to both the calculated 

thorium analog of 1.19, as well as our previously reported thorium phosphinidene, 

{(C5Me5)2Th(=PTrip)[P(H)Trip]}1-, which also has a DI of 1.19.21 
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Figure 3-11. Uranium-phosphorus σ-bond (left) and two π-bonds (middle and right), 

derived from NBO analysis. 

CONCLUSION. 

The investigation of the structure, bonding, and reactivity of primary phosphine 

and arsine, H2EMes, has been conducted with thorium and uranium complexes. 

Differences in thermal stability are observed for not only the phosphido and arsenido 

complexes, but also between thorium and uranium. Computational methods, in tandem 

with electrochemical measurements, demonstrate that these are highly polarized, thus the 

electronegativity of phosphorus and arsenic drive their donating properties, which are 

nearly identical. Computational analysis also suggests that there is greater overlap-driven 

covalency in An-P bonds, and greater energy degeneracy-driven covalency in An-As 

bonds.95 However, all of these complexes indicate that the energy-driven covalency 

concept does not have any effect on stability or reactivity, and the electronegativity of the 

ligands drives their overall chemistry. 

FUTURE WORK. 

Future work will include extension of the aforementioned chemistry to the 

preparation of Sb analogs. Similar analysis of the structural characteristics, stability, and 

reactivity of such Sb complexes would provide an even more complete trend that would 

yield more information regarding the interplay of overlap and energy-degeneracy driven 
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covalency, in that the chemistry should still be driven primarily by the ionic character of 

the An-Sb bonds. However, the An-Sb bonds should exhibit even greater covalent 

character than those of the arsenido complexes, so the increased degree of covalent 

character may lead to divergent characteristics and reactivity. 

A wider range of Lewis bases could be reacted with phosphinidiide and 

arsinidiide complexes, 7 and 10, in an attempt to generate stable, terminal arsinidenes. No 

such neutral arsinidenes stable at room temperature have been reported, likely due to the 

poor orbital overlap of the arsinidene moiety with An-centers. Although reduction of 

U(IV) centers will likely occur for 10, complex 7 may yield s terminal arsinidene if it is 

reacted a suitable Lewis base with a donor atom that is not amenable to abstraction, such 

as fluoroorgnanic phoshine oxides such as O=P(C6F5)3. 

Given the wide range of oxidation states readily accessible to U (typically III to 

VI), reaction of the aforementioned U-complexes with suitable oxidants and reductants 

could yield U(III), U(V), and potentially U(VI) complexes, which would provide a 

valuable comparison for bonding characteristics. Reduction of the U-centers by the 

ligands may occur, but the high stability of the diphosphido and diarsenido ligands may 

allow for stabilization of U-dipnictido complexes of varying oxidation states. Suitable 

oxidants could include Ag(L) salts (L = OTf-, BPh4
-, PF6

-, SbF6
-), CuI, CuPF6

-, and KC8-

/Cryptand-222. 
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Appendix A: Synthesis and Characterization of the First U(IV)-Carbonyl complex, 

(C5Me5)2U(η2-As2Mes2)(CO) 

Michael L. Tarlton,1 Steven P. Kelley,1 and Justin R. Walensky1* 

1 Department of Chemistry, University of Missouri, 601 S. College Avenue, Columbia, 

MO 65211, United States 

ABSTRACT. Reactivity of (C5Me5)2U(η2-As2Mes2) with with tBuNC, and CO was 

conducted, leading to the formation of (C5Me5)2U(η2-As2Mes2)(L), is observed, with L = 

tBuNC and CO. The latter compound is the first characterized U(IV) carbonyl complex. 

Both (C5Me5)2U(η2-As2Mes2)(CO) and (C5Me5)2U(η2-As2Mes2)(
13CO) were prepared, 

demonstrating a shift in CO stretching frequency , further supporting the proposed 

structure. The CO ligand sufficiently labile that loss was observed at room temperature 

when the atmosphere was removed or substituted with N2, precluding X-ray 

crystallographic characterization. 

INTRODUCTION. 

The influence of steric and electronic properties on the ability to control metal complexes 

cannot be overstated. This can be readily observed throughout the periodic table when 

sterically unsaturated compounds show higher reactivity towards small molecules. The 

alternative scenario, when sterically saturated, readily isolable complexes are 

electronically unsaturated. Our group has previously investigated the reactivity of such 

substrates by reacting tert-butylnitrile, tert-butylisocyanide, and isoelectronic CO with 

Th- and U-phosphido complexes.1-3 The products of which were largely the result of 

insertion reactions, usually concomitant with elimination of H2EMes (E = P, As; Mes = 

2,4,6-trimethylphenyl) via proton migration. We endeavored to investigate the reactivity 
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of such unsaturated small molecules In contrast to the ubiquity of metal carbonyl 

chemistry in the transition block, the inherently poor ability of the f-orbitals to participate 

in backbonding interactions makes coordination of CO to f-elements rare. The first 

example was reported by Slater and Sheline in 1971,4 which entailed the use of matrix-

isolation techniques to prepare a series of U(CO)n species, and similar techniques were 

employed to prepare lanthanide-carbonyl complexes with Ce.5 The first molecular f-

element CO complex, (Me3SiC5H4)3U(CO), was reported by Andersen in 1986,6 in which 

the lability of the CO led to immediate dissociation under vacuum. Following this, 

(C5Me4H)3U(CO) was prepared by Parry and coworkers,7 which exhibited significantly 

greater stability owing to the more donating C5Me4H ligands, enabling solid-state 

characterization including single crystal X-ray diffraction (U-CO, 2.383(6) Å, ν(CO): 

1880 cm-1). Similarly, the Evans’ group reported preparation of the pentamethyl analog, 

(C5Me5)3U(CO)8. The only known Th-CO complex, [(C5Me5)3Th(CO)][BPh4] was also 

isolated using this ligand framework, with a CO stretching frequency of 2131cm-1, near 

that of free CO at 2143 cm-1.9 Our group recently reported the synthesis of (C5Me5)2U(η2-

As2Mes2) via elimination of H2 through thermolysis of (C5Me5)2U[As(H)Mes]2 (Mes = 

2,4,6-trimethylphenyl), the crystal structure of which exhibits an anagostic interaction 

between the U(IV) center and the ortho-CH3 group on one of the mesityl rings. Such a 

feature implies that the ligand environment affords insufficient electron density to the U 

making for the potential to favorably bind small ligands to the U(IV) center such as CO. 

Therefore, the resulting adduct could be stable enough to characterize despite the lower 

electron density hence less ability to backbond of the f2 system in U(IV) when compared 
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to the f3 configuration of U(III). We have undertaken the efforts reported herein, to 

prepare adducts of (C5Me5)2U(η2-As2Mes2) with CO, and it’s analogs tBuCN and tBuNC. 

EXPERIMENTAL. 

General Considerations. All reactions were performed under an inert atmosphere of dry 

N2 inside of a glovebox. The previously reported Th- and U-diarsenido complexes 

(C5Me5)2Th(η2-As2Mes2) and (C5Me5)2U(η2-As2Mes2) were prepared according to 

literature procedures.10 Solvents were dried via activated alumina, and dispensed through 

a solvent-purification system, MBRAUN, USA. C6D6 (Cambridge Isotope Laboratories) 

was subjected to three freeze-pump-thaw cycles and dried over activated 4 Å molecular 

sieves for 72 h prior to use. All 1H and 13C{1H} NMR experiments were performed on a 

500 or 600 MHz Bruker NMR spectrometer. Spectra were referenced to residual C6D5H 

at 7.16 ppm (1H) and 128.06 ppm (13C{1H}), respectively. IR spectra were collected from 

samples prepared as KBr plates with a Nicolet Summit PRO FTIR Spectrometer. 

Elemental analyses were performed by the Microanalytical Facility, University of 

California, Berkeley, USA. 

Synthesis of (C5Me5)2Th(η2-As2Mes2)(CNtBu), 2. A toluene solution of tBuNC (1 molar 

equivalent, 0.5 M) was added to a stirring, dark green, Et2O slurry of 1. The color 

progressed quickly from dark green, to dark red, to light red orange, with concomitant 

precipitation of a bright orange powder. The mixture was stirred for 30 min at room 

temperature, then filtered over a M-porosity fritted glass funnel to collect the precipitate. 

The precipitate was rinsed with ~2 mL Et2O, then stripped of volatiles under vacuum, 

103 mg, 78%. 1H NMR (C6D6, 600 MHz, 25 oC): δ 6.99-6.91 (m, 4H, m-H), 2.97 (s, 12H 

o-CH3), 2.29 (s, 6 H, p-CH3), 2.04 (s, 30H, C5Me5), 0.787 (s, 9H, tBu). 13C{1H} NMR 
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(C6D6, 600 MHz, 25 oC): δ 145.84 (s, o-Caryl), 143.80 (s, p-Caryl), 132.6-132.4 (m, 

CNtBu), 128.34 (s, m-H), 123.21 (s, C5Me5), 50.72 (s, CN-C(CH3)3), 29.27 (s, o-CH3), 

CNC(CH3)3), 20.9 (s, p-CH3), 12.29 (s, C5Me5). IR (cm-1): 2976 (m), 2947 (m), 2907 (s), 

2858 (m), 2722 (w), 2152 (s), 1597 (w), 1452 (s), 1425 (m), 1371 (m), 1261 (w), 1234 

(w), 1187 (m), 1086 (m), 1022 (m), 1009 (m), 948 (w), 845 (m), 801 (w), 706 (w), 543 

(w), 463 (w).  The 13C{1H} resonance corresponding to the ipso-C in the mesityl rings 

overlapped with the C6D6 peaks. Elemental analysis calculated for (C43H61NAs2Th) 

(973.83 g/mol): C, 53.03%; H, 6.31%; N, 1.44%. Found: C, 53.15%; H, 6.44%; N, 

1.53%. 

 

Figure 4-1. Thermal ellipsoid plot of 3 shown at the 50% probability level. The hydrogen 

atoms have been omitted for clarity. Pertinent bond distances are angles are as follows: U1-

C21, 2.46(2) Å; U1-As1, 2.960(2) Å; U1-As1, 2.912(2) Å; As1-U1-As2: 48.02(6)°. 
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Synthesis of (C5Me5)2U(η2-As2Mes2)(CNtBu), 3. To a stirring, 5 mL toluene solution of 

(C5Me5)2U(η2-As2Mes2) ( 75 mg, 0.084 mmol), tBuNC (0.167 mL, 1 equivalent of a 0.5 

M solution in toluene) was added dropwise with stirring, at room temperature. The color 

of the mixture immediately changed from dark brown to dark orange, and stirring was 

continued for 1 h. The volatiles were then removed from the solution under vacuum, and 

the resulting dark orange/black residue was triturated in pentane and filtered over a fritted 

glass funnel to isolate a black solid, which was washed with an additional 2 mL volume 

of pentane and isolated and evacuated to remove residual solvent, leaving a black, 

microcrystalline solid, 81 mg, 99%. 1H NMR (C6D6, 600 MHz, 25 oC): δ 6.39 (s, 30H, 

C5Me5), 4.44 (s, 3H, p-CH3), 3.75 (s, 3H, p-CH3). 
1H NMR resonances for the meta-H 

and o-CH3 signals were unobservable. IR (cm-1): 2977 (s), 2948 (s), 2906 (s), 2860 (s), 

2721 (w), 2131 (s), 1713 (w), 1597 (w), 1452 (s), 1370 (s), 1184 (s), 1085 (s), 1024 (s), 

948 (w), 846 (s), 799 (w). Elemental analysis calculated for C43H61NAs2U (979.82 

g/mol): C, 52.71%; H, 6.27%; N, 1.43%. Found: C, 52.35%; H, 6.49%; N, 1.05%. 
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Figure 4-2. Thermal ellipsoid plot of 3 shown at the 50% probability level. The hydrogen 

atoms have been omitted for clarity. Pertinent bond distances are angles are as follows: U1-

C21, 2.46(2) Å; U1-As1, 2.960(2) Å; U1-As1, 2.912(2) Å; As1-U1-As2: 48.02(6)°. 

Synthesis of (C5Me5)2U(η2-As2Mes2)(CO), 4. A J-young tube was charged with a ~1.5 

mL C6D6 solution of 25 mg (C5Me5)2U(η2-As2Mes2), the solution frozen with liquid N2, 

and the N2 atmosphere in the headspace replaced with 1 atm CO. The color of the 

solution immediately changed from dark brown to dark red, and was complete (by 1H 

NMR spectroscopy) by 10 min at room temperature. The CO ligand is labile enough to 

disassociate quickly upon removal of the CO atmosphere, so solid-state characterization 

methods could not be performed. An IR spectrum was collected by quickly transferring a 

toluene solution to a liquid-IR cell, where the compound was stable enough for the 
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spectrum to be collected. 1H NMR (C6D6, 600 MHz, 25 oC): δ 5.73 (s, 30H, C5Me5), 3.49 

(s, 6H, p-CH3). 
1H NMR resonances for the meta-H and o-CH3 signals were 

unobservable. IR (cm-1, solution-state): 2965 (w), 2987 (w), 1939 (s), 1434 (w), 1374 

(w), 1020 (w), 847 (w), 727 (s), 470 (m). 

Synthesis of (C5Me5)2U(η2-As2Mes2)(13CO), 5. A preparative procedure identical to that 

of 4 was performed, using 13CO instead. IR spectra was identical with the exception of 

the IR absorption corresponding to the CO stretching mode, at 1898 cm-1. 
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