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Abstract 

Direct comparison of homologous molecules provides a foundation from which to elucidate both 

subtle and patent changes in reactivity patterns, redox processes, and bonding properties across a 

series of elements. While trivalent molecular U chemistry is richly developed, analogous Np or Pu 

research has long been hindered by synthetic routes often requiring scarcely available metallic 

phase source material, or high-temperature solid-state reactions producing poorly soluble binary 

halides, or the use of pyrophoric reagents. The development of routes to nonaqueous Np3+/Pu3+ 

from widely available precursors can potentially transform the scope and pace of research into 

actinide periodicity. Here, aqueous stocks of An4+ (An = Np, Pu) are dehydrated to well-defined 

[AnCl4(DME)2], and then a single-step halide exchange/reduction employing Me3SiI produces 

[AnI3(THF)4] in high to near-quantitative crystalline yield, with I2 and Me3SiCl as easily removed 

byproducts. We demonstrate the synthetic utility of these iodide salts through characterization of 

archetypal complexes including the tris-silylamide, [Np{N(SiMe3)2}3], and bent metallocenes, 

[An(C5Me5)2(I)(THF)] (An = Np, Pu) – chosen because these both of these motifs are ubiquitous in 

Th, U, and lanthanide research. Synthesis of [Np{N(Se=PPh2)2}3] is also reported, completing an 

isomorphous series which now extends from U to Am and is the first characterized Np3+–Se bond. 
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Introduction 

Scientific understanding of the role that f-electrons play in the bonding, electronic structure,1-12 redox 

chemistry,13-20 and physics of the actinides (An) is continually evolving.12, 21-22 Widespread advances 

over the last 30 years have remapped the known boundaries of molecular Th and, in particular, U 

molecular chemistry. Progress has ranged from discovery of new oxidation states (An2+; An = Th, 

U, Np, Pu)13, 17-19, 23-24, to an array of non-actinyl multiple-bond chemistry,1-3, 25-32 to covalency 

studies,4, 9, 26, 33-36 and small molecule reactivity.15, 37-38 An expanding and diverse synthetic ‘toolbox’ 

of nonaqueous, organic solvent soluble Th/U starting materials has been key in facilitating the 

explosion of molecular chemistry studies for these early actinide elements. Addressing the 

documented limitation of U3+ starting materials,39 in the late 1980s and mid-1990s, facile routes were 

reported to [UI3(THF)4], [UI3(DME)2], [UI3(py)4], and [UBr3(THF)4], through oxidation of amalgamated 

uranium metal turnings with I2 or Br2 in Lewis-base solvents.40-41 This route to [UI3(THF)4] (and other 

Lewis-base adducts) along with the synthesis of [U(Nʺ)3] (Nʺ = {N(SiMe3)2}) generated from these 

halide complexes (more convenient than prior routes to this silylamide complex, which comprised 

in situ reduction of UCl4 with Na/(C10H8) then reaction with NaNʺ),42 has become a staple of U-

chemistry.43-44 Building upon that contribution, additional precursors and routes to U3+ and U4+ 

synthons have been established using U0 metal as the source material and also metallic-phase free 

routes. Some examples include amalgam-free preparation of [UI3(THF)4] and UI3(Et2O)x,45 

[UCl3(py)4]2,46 the use of UH3 to form [UI4(OEt2)2], [UBr3(DME)2] and [UX4(DME)2] (X = Cl, OTf),47 

and the synthesis of tetravalent [ThCl4(DME)2] from aqueous sources.48 Recently, routes to 

[U(BH4)3(THF)2], [UX3(THF)4] (X = I, Br), and [UCl3(THF)2]n, have been reported by thermal 

reduction of [U(BH4)4] (itself mechanochemically from UCl4, accessible from a large range of 

commercial U-sources)49 in toluene followed by reaction with halide sources as appropriate.50 

 

Turning to the transuranium elements, a directly analogous and similarly diverse ‘synthetic toolbox’ 

for Np and Pu remains underdeveloped. A contribution by Clark, Sattelberger, Zwick, and co-

workers, in 1994 has proved to be an important foundation for modern era Np/Pu synthetic 

chemistry.41 They reported [AnI3(THF)4] and [An(Nʺ)3] (An = Np, Pu), and [PuI3(py)4] which was 
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elaborated further in the mid-2000s by structural data for [PuI3(THF)4], [Pu(Nʺ)3], and 

[PuBr3(THF)4].51-52 More recently, AnI3(Et2O)x (An = Np, Pu) afforded routes into organoplutonium 

chemistry and isolation of formally An2+-containing molecules.17, 19 All of these methods employed 

Np0 or Pu0 in metallic form as the actinide element source, which restricts widespread adoption as 

Pu0 metal is often only available within weapons-oriented National Laboratory-style infrastructures, 

while the absence of a similar application for Np0 metal renders that form scarcely obtainable for 

any laboratory. With increasing interest in nonaqueous transuranium molecular science, and 

neptunium chemistry in particular, in academic laboratories, entry routes that circumvent the need 

for metallic-phase transuranium actinides can promote more universal access into this chemistry.  

 

Unlike routes to trivalent precursors, the tetravalent oxidation state is already catered for by An0-

metal free routes to the non-aqueous, organic soluble, starting materials [AnCl4(DME)2] (An = Np, 

Pu), reported in 2014 from An4+(aq/HCl) solutions, themselves generated by dissolution of NpO2 or 

appropriate Pu sources.53 Soluble [AnL6]2– complexes can serve similar roles.54 Recent progress 

toward trivalent Np3+ and Pu3+ molecular synthons includes using PuO2, (nominally a Pu4+ source) 

dissolved in HBr(aq) which forms a Pu3+(aq/HBr) solution that could be dehydrated using Me3SiBr in 

DME to form [PuBr3(DME)2], on a sub-20 mg scale.55 Np4+ is more stable than Pu4+, and controlled 

reduction to well-defined Np3+ precursors is even less developed. In situ generation of Np3+ halides 

has proven effective in a few organometallic reactions, but the exact identity of the Np3+ species 

were not established.56-57 Reduction of [NpCl4(THF)3] with CsC8 (an uncommon, pyrophoric, 

reductant) generated putative NpCl3(THF)n, from which [NpCl3(py)4] was isolated and structurally 

characterized after pyridine addition.58 However, pyridine is often undesirable in subsequent 

reactions and iodide salts can be preferable to chlorides in facilitating some salt metathesis reaction 

pathways. 

 

Establishing convenient high-yielding, An0-metal free routes to unambiguously characterized 

anhydrous, organic solvent-soluble, iodide precursors with methods that can be applied analogously 

on both Np3+ and Pu3+ would offer a step-change in the general accessibility of trivalent transuranium 
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synthetic chemistry. In turn, this would allow periodic trends to be uncovered across homologous 

series of An3+/Ln3+ (An = U, Np, Pu; Ln = lanthanide) molecules that are currently rare and hindered 

by starting material access. Here, we establish the high-yielding syntheses of trivalent Np and Pu 

iodides, [AnI3(THF)4] (An = Np, Pu), which begins with solid oxides (commercially available) or 

common acid stocks, avoids amalgams and other potently hazardous reagents that pose difficult 

handling or disposal considerations. Their promise for expansive reactivity studies is demonstrated 

through generation and characterization of frameworks ubiquitous in f-element chemistry, namely 

bis-Cp* (Cp* = {C5Me5}) bent metallocenes,11, 31-32, 34, 59-69 and tris-silylamides,43-44 while the 

envelope of known donor atoms to Np3+ is expanded to include an Np3+–Se bond. 

 

 

Results and Discussion 

Synthesis of tetravalent halide complexes 

Synthesis of the title complexes [AnI3(THF)4] (An = Np, 3-Np; Pu, 3-Pu) begins with [AnCl4(DME)2] 

(An = Np, Pu) which, as we previously reported, can be readily synthesized from multi-molar HCl(aq) 

An4+(aq/HCl) solution aliquots containing oxidation-state pure Np4+/Pu4+ free of salt (e.g., NaCl) and 

organic (e.g., H2NOH) impurities.53 Here, we report modified preparations of [AnCl4(DME)2] (An = 

Np, Pu) and they are conducted on larger scales than the original publication. Scheme 1 shows the 

general procedure with full details provided in the Supporting Information. 

 

 

Scheme 1. The synthesis of tetravalent anhydrous Np/Pu chloride DME adducts. 

 

Aqueous aliquots were first dried to a soft-solid (a residue which adheres to the vial walls, or a 

spatula when scraped, rather than becoming free-flowing) under a stream of dry argon gas, then 

An4+
(aq/HCl)

An4+ 
Cl residue

[AnCl4(DME)2]
+ 

2 HCl and (Me3Si)2O 
for each H2O in residue

1) Ar stream
 to dryness

An = Np or Pu
2) Vacuum

Excess
Me3SiCl

DME
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placed in vacuo in the antechamber of a transuranium inert atmosphere (helium) glovebox overnight 

(16 hours). The resultant crunchy, somewhat powdery solids (orange/red for Np and red/brown for 

Pu) were suspended in DME, warmed to loosen solids from the sides of the vial. A large excess of 

Me3SiCl (usually 1-2 mL for stocks of ca. 50–150 mg actinide content) was then added to react with 

coordinated and entrained H2O, presumably forming HCl and (Me3Si)2O (Scheme 1, right). The 

resultant [NpCl4(DME)2] and [PuCl4(DME)2] are only somewhat soluble in DME, the Pu-congener 

less so than Np, thus both give suspensions – pink microcrystalline material under a pale-pink 

solution for Np, orange/brown powder under a pale-yellow solution for Pu. After washing and drying 

steps, [AnCl4(DME)2] (An = Np, Pu) were isolated in excellent yields – for Np ~150 mg [NpCl4(DME)2] 

isolated, >80% (dependent on method of quantification of Np4+(aq/HCl) in the stock, see Supporting 

Information); Pu ~160 mg [PuCl4(DME)2] isolated, >99%. Modifications from the previous report,53 

include decreasing the preparation time (<3 hours from dried residues) and yield optimization. 

 

Synthesis of tetravalent bis-Cp* complexes 

To demonstrate the utility of [NpCl4(DME)2], prepared via the modified procedure here, we have 

synthesized of [Np(Cp*)2(Cl)2] (1),70 previously reported using NpCl4. Treatment of [NpCl4(DME)2] 

with Mg(Cp*)(Cl)·THF (2 equiv.) in toluene (Scheme 2), followed by workup and crystallization from 

toluene, afforded red crystals of 1, which allowed crystallographic characterization of this complex 

for the first time (see Supporting Information) – it is isostructural to Th and U analogues.66-67, 71  

 

 

Scheme 2. The synthesis of [Np(Cp*)2(Cl)2] (1) from [NpCl4(DME)2], and attempted synthesis of 

[Pu(Cp*)2(Cl)2] which only resulted in intractable green/grey solids, possibly an indication of Pu3+-

containing material. 

 

[AnCl4(DME)2] 
+ 

2 Mg(Cp*)(Cl)·THF
[Np(Cp*)2(Cl)2]

An = Pu
Tol, ∆

1

Tol, ∆
An = Np

Intractable
Pu material
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Analogous reactions aimed at producing [Pu(Cp*)2(Cl)2] in the same manner (Scheme 2) resulted 

in formation of intractable green/grey solids, possibly an indication of reduction to Pu3+ based on 

their color and the low solubility of Pu3+Cln materials. 

 

 

Rationale for targeted new routes to trivalent precursors 

Given the possible reduction of [PuCl4(DME)2] to form Pu3+-containing species by reaction with a 

Grignard reagent, we turned our attention to preparing An3+-bis-metallocenes (vide infra). These 

motifs could likely be prepared from the known PuI3(Et2O)x precursor, which is generated from Pu0 

metal pieces and I2 in Et2O (this could be followed by halide-exchange if desired)72-73. However, 

while this route reliably generates PuI3(Et2O)x,17 it is time consuming with Pu0 metal consumption 

typically taking ca. 4–14 days. This variability appears to be based on multiple factors including 

surface area (and relative area of ‘fresh cut’ to oxidized surface), total mass of Pu0, volume of Et2O, 

and I2 concentration. Furthermore, on one occasion we encountered several pale pink crystals of 

[PuI2(OH2)6][I] (2, see Supporting Information) during an iteration of this reaction. For these reasons, 

combined with the rather niche availability of metallic phase Np and Pu, we pursued an alternative 

route to an organic solvate of PuI3 and NpI3, such as by reduction of a tetravalent precursor (Scheme 

3, A), or by disproportionation of a tetravalent iodide complex into a trivalent complex and I2 (Scheme 

3, B) 

 

 

Scheme 3. Two proposed routes to solvated trivalent Np/Pu iodide complexes. Routes A and B 

describe either: A – a two-step process whereby a stable tetravalent iodide complex can be isolated 

by chloride/iodide exchange from [AnCl4(DME)2], and then reduced; or B – a single-step reaction 

[AnCl4(DME)2] ‘AnI3(DME)n’
1) Cl / I exchange

An = Np or Pu

‘AnI4(DME)n’
2) Reduction

‘AnI3(DME)n’ + 0.5 I2

A

B [AnCl4(DME)2]
1) Cl / I exchange
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where a chloride/iodide exchange results in apparent immediate elimination of a trivalent iodide 

complex and I2. This formally represents oxidation of I– (presumably by An4+) to 0.5 I2 and An3+. 

 

Synthetic experimental observations, and thermodynamic measurements on binary actinide halides 

show that in the absence of appropriate Lewis base donors, not only are NpI4 and PuI4 unstable 

with respect to elimination of I2 and formation of AnI3, but so is UI4.74-82 The order of stability is U >> 

Np > Pu, which is in agreement with their respective An4+/3+ redox potentials.76, 83 The presence of 

strong donor ligands results in more stable complexes, but does not change the order of redox 

stability (U4+ >> Np4+ > Pu4+). It thus seemed likely that exchange of chloride to iodide in 

[AnCl4(DME)2] would at a minimum lead to solvated ‘AnI4’ compounds that could be readily reduced 

to the targeted trivalent iodides (A in Scheme 3). Another consideration in developing the chemistry 

of this system is that while [PuCl4(DME)2] is readily synthesized (though unstable for long-term 

storage even at –35 °C) in the presence of DME,53 binary PuCl4 is unstable with respect to 

disproportionation to PuCl3 and Cl2.77 , Given these various literature documentations, it also 

seemed plausible that exchange of chloride in [AnCl4(DME)2] (An = Np, Pu) for iodide could lead 

directly to ‘AnI3’ Lewis base adducts, and elimination of I2 (B in Scheme 3). That is, without an 

isolable ‘AnI4’ complex en-route. 

 

Not only does the use of ancillary ligands affect the apparent stability (e.g., PuCl4 vs [PuCl4(DME)2]), 

but the choice of reaction medium can affect the halide exchange step. While chloride/iodide 

exchange in [ThCl4(DME)2] using Me3SiI has been demonstrated,84-85 activation of DME C–O bonds 

to produce μ4-O clusters under certain conditions was observed.84 Ring-opening of THF to form 

iodo-butoxide groups was found if [ThCl4(THF)3.5]n was used instead.85 Along with the ring-opening 

of THF by [UI4(MeCN)4],86 these observations suggest that chloride/iodide exchange with 

[AnCl4(DME)2] (An = Np, Pu),53 even in the absence of redox chemistry, might be sensitive the 

choice of reaction solvent. Furthermore, elimination of I2 in some solvent systems can be 

problematic due to [I3]– salt formation; indeed [PuI2(THF)4(py)][I3] was isolated from the reaction of 
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[PuI3(py)4] with I2 in THF, in the presence of tBuNH2.52 While examples also exist in lanthanide 

chemistry, 87-88 there is excellent precedent for this issue being obviated in the synthesis of 

[LnI3(Et2O)3] (Ln = Ce, Pr, Nd, Sm, Gd, Tb, and Tm) by using Et2O as the reaction medium.89 As 

described in Scheme 4, and in more detail below, the use of Et2O for the synthesis of [AnI3(THF)4] 

(An = Np, 3-Np; Pu, 3-Pu) complexes herein obviates all the issues described above, whereas the 

presence of THF results in the formation of an [I3]– salt. 

 

 

Scheme 4. The synthesis of anhydrous [AnI3(THF)4] (An = Np, 3-Np; Pu, 3-Pu) from [AnCl4(DME)2]. 

Note, the stoichiometry of 3-Np and 4 described here is given based on Np-atom accountancy, not 

analytical measurements. Excess Me3SiI is removed during workup and is also not accounted for in 

the scheme. 

 

 

One-step synthesis of trivalent iodides from tetravalent chlorides 

Over the course of a few minutes, suspensions of [AnCl4(DME)2] (An = Np, 150 mg; Pu, 60 mg) in 

Et2O react at room temperature with an excess of Me3SiI (25 equiv.) resulting in precipitation of 

solids (with colors that differed from the precursors) below a red supernatant – indicative of I2 in 

Et2O. The crude solids were washed exhaustively with Et2O/pentane until the supernatant was 

colorless, indicating no further I2 was present. With Np, the crude material was black/dark brown, 

and the mass comported excellently to a putative formulation of [NpI3(DME)2], though we have not 

been able to verify this. For Pu, the crude material was cream-colored. Both [NpI3(THF)4] (3-Np) 

and [PuI3(THF)4] (3-Pu) were isolated in excellent microcrystalline yield (Np = 249 mg, >99%; Pu = 

[AnCl4(DME)2] + 25 Me3SiI [AnI3(THF)4] + 4 Me3SiCl + 0.5 I2

1) Et2O
2) THF

0.5 [NpI3(THF)4] + 0.5 [NpI2(THF)5][I3]
+ 4 Me3SiClAn = Np

THF

An = Np or Pu

3-An
3-Np 4
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91 mg, 94% – with respect to starting material An-element content) by warming the crude powders 

in THF followed by precipitation with pentane and then drying in vacuo. For Np, this afforded a 

distinct color change from black/brown to orange as soon as the crude brown/black solids were 

contacted with THF. Both 3-An (An = Np, Pu) complexes are less soluble than the U-analogue, 

[UI3(THF)4] in THF and other ethereal solvents,41 although 2 M solutions of both 3-Np and 3-Pu can 

be made in THF. The formulation and structures (Figure 1) of 3-Np and 3-Pu were confirmed by 

collection of single-crystal X-ray diffraction (XRD) data from orange cubes of 3-Np (Figure S8, and 

also Figure 5, vide infra) and lilac plates of 3-Pu (Figure S15). The structure of 3-Pu was reported 

previously,52 and was collected again in this work to ensure comprehensive and unambiguous 

characterization of the reaction product from this new method for 3-Pu synthesis. . 

 

   

Figure 1. Molecular structures of 3-Np (left) and 3-Pu (right). Ellipsoids set at 50% probability 

respectively, and H-atoms removed for clarity. Only heteroatoms and metals are labelled. 3-Np: 

Np(1)–I(1) = 3.0750(6) Å; Np(1)–I(2) = 3.0914(6) Å; Np(1)–I(3) = 3.1370(7) Å; I(1)–Np(1)–I(2) = 

171.55(2)°; I(1)–Np(1)–I(3) = 94.73(2)°; I(2)–Np(1)–I(3) = 93.60(2)°; SHAPE analysis – pentagonal 

bipyramid = 1.400.90 3-Pu: Pu(1)–I(1) = 3.0712(6) Å; Pu(1)–I(2) = 3.0946(6) Å; Pu(1)–I(3) = 

3.1295(6) Å; I(1)–Pu(1)–I(2) = 170.690(18)°; I(1)–Pu(1)–I(3) = 95.025(17)°; I(2)–Pu(1)–I(3) = 

94.255(17)°; SHAPE analysis – pentagonal bipyramid = 1.561.90 

 

I(1)

I(3)

I(2)

O(1)

O(2)
O(3)

O(4)

Np(1)

I(1)

I(3)

I(2)

O(1)

O(2)
O(3)

O(4)

Pu(1)
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The trivalent iodides, 3-Np and 3-Pu both crystallized in the monoclinic space group P21/c and are 

isomorphous with several other early f-block halides such as the U-congener, 3-U,40-41 as well as Ln 

analogues 3-La,91 3-Ce,92 3-Pr,93 3-Nd.94 Table 1 reveals a pattern in M–I bond lengths for the 3-M 

series whereby the lengths decrease from U > Np > Pu on average, and that Ln–I lengths for La 

and Ce are significantly longer than for An–I lengths for An3+ ions with comparable ionic radii. In this 

series, the bond lengths follow a previously noted trend whereby soft-donor ligands (such as I) 

exhibit shorter bonds with An3+ ions than Ln3+ ions of comparable radii, and this is often proposed 

to arise from greater covalent character in the An–ligand bond.6, 8-9, 33-34, 95-103 

 

Table 1. M–I bond lengths in selected 3-M complexes (M = La, Ce, U–Pu). Unless otherwise stated, 

data reported at 100 K. 

M3+  

(6-coordinate radius, Å) 

U a 
(1.025) 

La b 
(1.032) 

Np  
(1.01) c 

Ce d 
(1.01) c 

Pu  
(1.00) c 

M–I (Å) 

3.1146(7), 

3.0953(6), 

3.0549(6)  

3.190(4), 

3.142(4), 

3.129(4)  

3.1370(7), 

3.0914(6), 

3.0750(6) 

3.1775(4), 

3.1304(4), 

3.1077(4)  

3.1342(5),  

3.0937(5) 

3.0727(5) 
a Reported data collections were performed at room temperature (283–303 K).40-41 A CCDC Private 

Communication (1876221) was performed at 100 K and so these values are used for comparison 

to the Np and Pu complexes. Note that this particular data set is not isomorphous to the others, but 

isostructural. 

b Data collected at room temperature (283–303 K).91 

c Similarity between Np, Ce, Pu, and Pr, means that frequently it is appropriate to use Ce as a model 

for either Np or Pu depending on chemical needs and co-ordination number of the complexes being 

studied. Note that the slope of a plot of metal-radius vs f-electron count differs for the Ln and An 

series, and also by coordination number within each series. 

d Reported data collection was performed at 150 or 173 K.92, 104 A CCDC Private Communication 

(959292) was performed at 100 K and so these values are used for comparison to the Np and Pu 

complexes. 
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The 1H NMR spectra (Figures S50–51) of 3-Np and 3-Pu in d8-THF exhibited residual protio-THF 

(from both the d8-THF NMR solvent and coordinated protio-THF in the sample) resonances 50–70 

times larger than that of residual DME after a single treatment with THF; no other signals were 

observed that were not attributable to solvents used in the synthesis – i.e., the procedure effectively 

removes excess Me3SiI, the Me3SiCl byproduct, and DME from the precursor. 

 

UV-vis-NIR spectra of 3-Np and 3-Pu collected in THF are shown in Figure 2. An orange solution of 

3-Np exhibits an intense absorbance at 24,863 cm–1 (402 nm; ε = 2,536 M–1 cm–1) with a shoulder 

at 21,598 cm–1 (463 nm; ε = 877 M–1 cm–1) both of which are plausibly 5f→6d transitions. In the 

higher energy region, a band likely attributable to ligand-to-metal charge-transfer (LMCT) tails in 

with a somewhat isolated shoulder at 29,429 cm–1 (340 nm; 1,530 M–1 cm–1). For pale-yellow 3-Pu 

in THF, this region is mostly a broad featureless band with the first well-defined feature at 26,441 

cm–1 (378 nm; 1,280 M–1 cm–1) which is also likely LMCT. Both complexes show typical weak (εmax 

ca. 41 M–1 cm–1 for Np; 18 M–1 cm–1 for Pu) and somewhat broad 5f→5f transitions in the 7,000–

19,000 cm–1 (1,429–526 nm) region. Most importantly, both of these spectra closely match those 

reported previously for these complexes synthesized using An0 and I2,41 and there are no 

absorbances readily attributable to An4+ impurities. The spectra of 3-An in THF (An = Np, Pu) in the 

f→f region are also very similar to that for [An(OH2)9][OTf]3 in aqueous HOTf, or An3+ in aqueous 

DClO4.105-106 For example, when 3-Pu is compared to [An(OH2)9][OTf]3 or Pu3+(aq), the only 

significant differences are in peaks around 12,469 and 14,921 cm–1 (802 and 670 nm respectively). 
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Figure 2. Solution UV-vis-NIR spectrum of [NpI3(THF)4] (3-Np, left) (1.05 mM) and [PuI3(THF)4] 

(3-Pu, right) (1.98 mM) in THF shown between 7,000–33,333 cm–1 (1,429–333 nm), both at ambient 

temperature. 

 

 

          

Figure 3. Stills from a video of the addition of neat Me3SiI to a THF solution of [NpCl4(DME)2] at 

room temperature. From left to right: 1) Prior to first drop; 2) Approximately 0.5 s after addition of 

the first drop; 3) Approximately 1 s after addition of the first drop; 4) Reaction mixture after 30 s. 

 

Switching to THF, instead of Et2O, as the solvent in the synthesis of 3-Np, led to an impure mixture 

of [NpI3(THF)4] (3-Np) and [NpI2(THF)5][I3] (4). Addition of neat Me3SiI (25 equiv.) to a pale pink 

solution of [NpCl4(DME)2] in THF at room temperature led to an almost instantaneous darkening of 

the solution, as shown in Figure 3, consistent with the color of a solution of I2 in THF. However, after 

approximately 30 seconds the reaction medium had lightened considerably and precipitated an 

orange microcrystalline solid. Workup consisted of pentane addition to precipitate any Np-halide 

material that had not already deposited from solution, followed by washing with additional pentane 

and drying in vacuo. The pentane washings contained no significant pink/purple coloration, which 

suggested very little I2 was present. A UV-vis-NIR spectrum of the crude solid was collected in THF 

showed similarities to the previously reported spectrum of [NpI3(THF)4],41 and also with the spectrum 

for 3-Np shown in Figure 2, but several additional features were notable; the most patent of which 

are highlighted in Figure 4 with * symbols. These appeared to be either new absorbances, or peaks 

present in pure 3-Np that were shifted moderately. 
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Figure 4. Solution UV-vis-NIR spectra of [NpI3(THF)4] (3-Np) (1.05 mM, THF, black line) and the 

orange powder isolated from the reaction between [NpCl4(DME)2] and Me3SiI (25 equiv.) in THF 

(2.65 mM assuming a 1:1 mixture of 3-Np and 4, THF, red line) shown between 7,700–17,000 cm–

1 (1,299–588 nm) at ambient temperature. * denotes significant peak shifts, or absorbance features 

present in the crude solid but not in 3-Np 

 

The crude orange powder described above was extracted with warm (40 °C) THF, filtered, and 

stored at –35 °C. A crop of orange elongated hexagonal plates grew from this dilute solution, which 

were identified as [NpI2(THF)5][I3] (4, Figure 5) by single crystal X-ray diffraction. Storage of the 

supernatant from these crystals at –35 °C afforded a second crop of different crystals, orange 

blocks, which were identified as 3-Np by single crystal X-ray diffraction. A UV-vis-NIR spectrum of 

4, in THF, was collected from the pure crystalline crop and demonstrated that the peaks present in 

the crude material, but not in the spectrum of pure 3-Np, were due to 4. We note that 5f→5f 

transitions for 4 (or in the crude spectrum) at 13,847 and 14,339 cm–1 (722 and 697 nm) align well 

with a featureless portion of the spectrum of 3-Np, and so could serve as a useful spectroscopic 

fingerprint to check for the presence of 4 in batches of 3-Np (see Figures S3, S40–41). 
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Figure 5. Left: Molecular structure of [NpI2(THF)5][I3] (4). Ellipsoids set at 50% probability 

respectively, and H-atoms removed for clarity. Only atoms unique by symmetry have been labelled. 

Np(1)–I(1) = 3.0599(8) Å; I(1)–Np(1)–I(1) = 179.25(4)°. Right, top: crystals of 3-Np; bottom: crystals 

of 4, showing that while their colors are essentially indistinguishable, we were able to discern them 

based on their morphologies. 

 

It should be noted that in principle, AnO2 (An = Np, Pu) could be dissolved in HI(aq) to directly produce 

An3+(aq), similar to the previously-mentioned synthesis of [PuBr3(DME)2].55 Such a route is likely a 

viable approach to the transplutonium elements Cm–Cf due to the stability of their trivalent oxidation 

state,7-8, 107-108 and it has been demonstrated with the synthesis of [AmBr3(THF)4] by dissolution of 

AmO2.107 However, the relative redox instability of Np3+, coupled with the desire to develop 

homologous routes to both Np3+ and Pu3+ starting materials, led us to the methods herein. The 

procedures above can begin with commercially available AnO2 which are readily dissolved in 

aqueous acids and purified to give An4+ aqueous solutions followed by subsequent conversion to 

[AnCl4(DME)2] and finally 3-An. 

 

With reliable, near-quantitative routes to crystalline 3-Np and 3-Pu in hand, that identify and mitigate 

issues such as [I3]– formation, we sought to demonstrate their use for the synthesis of some 

molecular architectures that are common in f-block chemistry; also presented is a rare type of soft-

donor bond to Np3+ with the goal of completing a homologous series across U3+, Np3+, Pu3+, Am3+, 

Np(1)
O(1)

O(2)O(3) I(1)

I(2)

I(3)
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for which Np3+ was the only missing member. This synthetic utility is outlined in Scheme 5 and 

described in detail in the sections below. 

 

 

Scheme 5. Molecules synthesized using 3-Np and 3-Pu prepared from the new methods described 

herein, which demonstrate their viability to facilitate air-/moisture-sensitive organometallic and 

coordination chemistry. Nʹʹ = {N(SiMe3)2}, Cp* = {C5Me5}, LSe = {N(Se=PPh2)2}. 

 

Silylamide complexes 

The reaction between 3-Np (10-15 mg scale) and NaNʺ (3 equiv.) at room temperature in Et2O 

generated a blue/purple solution with a fine white precipitate (presumably NaI). The mixture was 

dried in vacuo then extracted with pentane to give 5-Np in excellent crude yield (81%) as a dark 

purple/black powder. We have confirmed the identity of this material and determined the structure 

of 5-Np (Figure 6) by cooling a saturated Et2O solution of the crude material, which caused 

purple/black needles of 5-Np to grow above the solvent line – see below for structural comparisons 

to other 5-M complexes (M = Ln/U/Pu). The high solubility of 5-Np in most compatible organic 

solvents (alkanes and ethers) precluded the determination of a crystalline yield. However, NMR 

spectroscopy: 1H (singlet, 2.84 ppm, 54 H), 13C{1H} (singlet, –48.46 ppm), and 29Si (singlet, –243.69 

ppm) of the crude material (see Supporting Information) shows it to be of high purity, and the 

magnetic moment (μeff) by the Evans method, 2.62 μB, suggested no significant Np4+ impurities 

because this would result in a higher observed moment. The theoretical moment for Np3+ (5f4, 5I4) 

using the Russel-Saunders coupling scheme is 2.68 μB, or 2.88 μB using an intermediate 

[AnI3(THF)4]
3 NaNʹʹ

3-An
[Np(Nʹʹ)3]
5-Np
81%

Et2O

3 NaNʹʹ

THF
‘[Np(Nʹʹ)3]’

3 HLSe

toluene
[Np(LSe)3]
7-Np
76%

2 KCp*

1) THF
2) toluene

[An(Cp*)2(I)(THF)]
8-An

Np = 63%
Pu = 48%

• 10–35 mg scale
• Room temperature conditions
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scheme;109-113 whereas Np4+ (5f3, 4I9/2) has a much higher theoretical moment of 3.62 μB. Only 

traces of cyclometallated impurities were observed by 1H NMR spectroscopy,111 a common problem 

with the synthesis of 5-U introduced by impurities in the precursors or improper stoichiometry.40, 114 

 

   

Figure 6. Left: Molecular structure of [Np(Nʺ)3] (5-Np); Nʹʹ = {N(SiMe3)2}. Ellipsoids set at 50% 

probability, and H-atoms removed for clarity. Only heteroatoms, and metals, unique by symmetry 

have been labelled. Np(1)–N(1) = 2.338(3) Å; Np(1)–N3plane = 0.6511(3) Å; N(1)–Np(1)–N(1) = 

112.56(2)°; Np(1)–N(1)–Si(1) = 128.94(11)°. Closest Np(1)–C contact = 2.945(3) Å. Right: Solution 

UV-vis-NIR spectrum of 5-Np (1.00 mM) in hexane shown between 7,000–33,333 cm–1 (1,429–333 

nm) at ambient temperature. 

 

The UV-vis-NIR spectrum of 5-Np (Figure 6, right) collected in hexane is consistent with a Np3+ 

complex, exhibiting numerous weak (εmax ca. 62 M–1 cm–1) and broad 5f→5f transitions between 

8,000–14,000 cm–1 (1,250–714 nm). In the higher energy portion of the spectrum, there are two 

intense and broad features centered at 17,470 cm–1 (572 nm; ε = 302 M–1 cm–1) and 25,880 cm–1 

(386 nm; ε = 858 M–1 cm–1), the former appears to have fine structure and could plausibly be a 

grouping of 5f→6d transitions, while the latter is essentially featureless except for a broad shoulder 

at ca. 23,256 cm–1 (454 nm). When we compare the UV-vis-NIR peaks for 5-Np here to those 

previously reported (Table S5),41 we find excellent agreement within 1–2 nm across all twelve of the 

reported peaks, and our ε values are within 5–10%. This prior work reported no data below 572 nm, 

so our data below that wavelength cannot be compared. For additional context, 5-Np can be 

Np(1)

N(1)

Si(1)
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compared to previously reported [Np(Nʺ)3(Cl)]2[(μ3-Cl){K(dibenzo-18-crown-6)(THF)}3] 

([Np(Nʺ)3(Cl)]–, Figure S45),111 which reveals substantial similarities with some diagnostic 

differences. Both exhibit broad features above ca. 13,500 cm–1 (740 nm) which are responsible for 

their blue/purple and yellow colors respectively, though intensities differ drastically, and the apparent 

5f→6d transition at 17,470 cm–1 (572 nm) for 5-Np is either absent, or shifted to much higher energy 

for the [Np(Nʺ)3(Cl)]– complex. This is noteworthy because several Ln and An complexes with the 

5-M motif have been shown to be amenable to reduction, with several of the reduced products 

exhibiting UV-vis-NIR spectra and magnetic data consistent with fnd1 configurations.115-116 The loss 

of an observable 5f→6d transition upon chloride coordination along the molecular z-axis of 5-Np 

hints at the accessibility of the 6d manifold in 5-Np, and thus the future possibility of a 5f46d1 Np2+ 

complex using the tris-silylamide motif. The 5f→5f region of both is similar with the splitting of peaks 

at ca. 11,300 cm–1 (885 nm) and 8,500–9,000 cm (1,176–1,111 nm) being the only remarkable 

differences. 

 

Table 2. Selected bond metrics in relevant 5-M complexes (M = Ce, U–Pu). 

M3+  

(6-coordinate radius, Å) 

U a 
(1.025) 

La  
(1.032) 

Np b 
(1.01) 

Ce c 
(1.01) 

Pu d 
(1.00) 

M–N (Å) 2.320(4)  2.338(3) 2.320(3) 2.315(10) 

M–N3-plane (Å) 0.456  0.651 0.310 0.579 

Collection temp. 163 K117  100 K 173 K118 141 K51 

 

The M–N bond lengths in the structurally characterized 5-M (M = Ce, U–Pu) complexes are 

statistically indistinguishable and hence no trend can be defined (Table 2). It was noted previously 

that the Pu···(CH3)3Si contacts in 5-Pu were shorter, and hence the Pu atom was displaced further 

out of the N3 plane, than in the Ce congener.51 The order of displacement is Np (0.651 Å) > Pu 

(0.579 Å) > U (0.456 Å) > Ce (0.310 Å),51, 117-118 which is not a pattern that follows the ionic radii of 

these metals, though all the actinides above exhibit larger out-of-plane displacements than Ce. 

However, caution is required in comparing these bond lengths as a means of assessing any 

covalency differences for the following reasons: 1) all four data sets were collected at differing 
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temperatures (Np, 100 K; Pu, 141 K; U, 163 K; Ce, 173 K) and it is noteworthy that the trend in M–

N3-plane displacement mimics this order, and 2) all four were crystallized from different solvents (Np, 

Et2O; Pu, pentane; U, cyclohexane; Ce, hexane). As is the case for every f-block example of 5-M, 

there is lattice solvent disordered along the crystallographic c-axis that cannot be resolved.44 It 

seems plausible to us that the M–N bond lengths and M–N3-plane displacement in 5-M complexes 

are influenced significantly by the lattice solvent and temperature of data collection (indeed the 

variance in unit cell parameters with temperature between these four complexes is not intuitive 

either). Thus, even comparisons amongst isostructural series can be stymied by subtle experimental 

variations, and that truly isomorphous series (ideally with consistent XRD collection temperatures) 

are extremely valuable due to having identical lattice properties. 

 

On one occasion during the preparation of 5-Np in neat THF, a vibrant red/orange coloration 

persisted under prolonged drying in vacuo instead of drying to a blue/black powder. The reaction 

mixture was extracted into hot hexane, and upon storage at –35 °C several crystals of [Np(Nʺ)3(I)] 

(6-Np) formed from which we were able to obtain the single crystal XRD structure (see Supporting 

Information), and to collect the 1H NMR spectrum which showed a slightly broadened (ν1/2 = 10.4 

Hz) singlet at –1.37 ppm, which compares well with that of [Np(Nʹʹ)3(Cl)] at –2.48 ppm.111 The U-

analogue of 6-Np has been reported previously as an impurity during the oxidation of 5-U with 

Me3NO in the presence of traces of NaI.119 The iodide in NaI can be both photo- and chemically-

oxidized, and it is possible that 6-Np formed due to the presence of traces of an adventitious oxidant 

(such as O2), or by disproportionation, producing 0.25 equiv. of Np0-metal.120 We note that three 

subsequent reaction attempts using the same solvents, NaNʺ, and 3-Np, did not result in the 

formation of 6-Np, meaning that 6-Np does not appear to be an easily reproduced problem in the 

preparation of 5-Np. 

 

 

A trivalent complex with an Np–Se bond 
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In order to provide an example of the suitability of 3-Np (prepared by the route herein) to support 

multi-step reactions, we have synthesized [Np(LSe)3] (7-Np, Figure 7, LSe = {HN(Se=PPh2)2}) in 

two steps. Solid NaNʺ (3 equiv.) was added to a suspension of 3-Np (15 mg scale) in THF which 

immediately formed a bright orange clear solution (Figure S20). After 20 minutes, the clear orange 

solution was dried in vacuo to give a tacky orange solid, which under prolonged evacuation 

darkened to a purple powdery solid. The crude material was extracted with toluene then 

concentrated in vacuo to ca. 0.5 mL. This putative solution of 5-Np was then layered with a THF 

solution of HLSe (3 equiv.) and left to stand overnight (16 hours) whereupon large red 

parallelepipeds (Figure 7) of 7-Np formed at room temperature in good yield (76%). The composition 

of the isolated product was verified by single crystal XRD, and the structure is shown in Figure 7. 

 

   

Figure 7. Left: A photograph of crystals of 7-Np after drying in vacuo. Right: Molecular structure of 

7-Np. Ellipsoids set at 50% probability, and H-atoms removed for clarity. Only heteroatoms, and 

metals, unique by symmetry have been labelled. Np(1)–Se(1) = 3.0763(3) Å, Np(1)–N(1) = 2.677(2) 

Å, Se(1)–P(1) = 2.1349(6) Å. 

 

The 7-M motif is now known with M = La, Ce, Nd, U–Am, and all are isomorphous.8, 97, 121-122 This 

series all crystallize in the rhombohedral space group 𝑅"3c with a disordered toluene molecule that 

resides on a site of 6-fold symmetry and thus cannot be resolved fully. As the metal atom also 

P(1)

Se(1)
N(1)

Np(1)
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resides on a site of symmetry, there is just a single unique M–Se bond length to analyze, along with 

a single P and N atom, though the metal is 9-coordinate whereby each LSe ligand binds in tridentate 

fashion (κ-Se,Se,N). This greatly simplifies comparisons between metals. Data for relevant 7-M 

complexes are shown in Table 3. 

 

Table 3. Pertinent bond lengths in the 7-M series. 

M3+  

(6-coordinate radius, Å) 
M–Se (Å)a Δ Ln/An (Å)b M–N (Å) Δ Ln/An (Å) 

La (1.032) 3.1229(3)  2.706(3)  

U (1.025) 3.0869(4) 0.0360(5) 2.701(3) 0.005(4) 

Ce (1.01) 3.1013(3)  2.691(3)  

Np (1.01) 3.0763(2) 0.0250(4) 2.677(2) 0.014(4) 

Pu (1.00) 3.0710(2) 0.0303(4) 2.668(2) 0.023(4) 

Nd (0.983) 3.0801(3)  2.678(3)  

Am (0.975) 3.0625(8) 0.0176(9) 2.672(2) 0.006(4) 
a Only a single unique M–Se and M–N distance is present due to the high symmetry of these 

molecules. 

b Both Np and Pu are compared to Ce here. 

 

Bond length analysis suggests that 7-Np fits in well with the previously established trend, with M–

Se distances for An3+ complexes that are consistently shorter than in Ln congeners with Ln3+ ions 

of similar radii. Moreover, the magnitude of the Ln vs An M–Se differences appeared to be greater 

for the earlier An3+ complexes (U3+ and Pu3+, tailing off by Am3+). However, as noted elsewhere,8 

the non-linear trend in Δ Ln/An for both M–Se and M–N lengths upon going from U to Am does 

suggest that care must be taken in the choice of Ln when making such comparisons. We note here 

that while comparisons between Ce and Pu have been made due to their similar ionic radii (6-

coordinate Ce3+, 1.01 Å; Pu3+, 1.00 Å),98-99, 122 and we do so here for consistency, a smaller Ln than 

Ce, such as Pr (6-coordinate Pr3+ = 0.99 Å) could be an alternative candidate for comparison with 

Pu3+ for this series of complexes,123 though this is beyond the scope of this work. 
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1H NMR spectra of 7-Np (Figures S56-57) show the three unique arene environments as two triplets: 

6.61 ppm (J = 7.6 Hz, 24 H, m-CH) and 6.97 ppm (J = 7.4 Hz, 12 H, p-CH), and a multiplet at 7.07 

ppm (24 H, o-CH); while the 13C{1H} NMR spectrum (Figure S58) showed all six unique 13C 

resonances at 126.79, 128.60, 128.90, 130.75, 132.33, and 133.88 ppm. The 31P signal (Figures 

S59-S60) was observed at –396.70 ppm, and the 77Se resonance (Figure S61) shows as a doublet 

at 371.6 ppm (1JSe-P = 618.9 Hz) due to 31P-77Se coupling. The UV-vis-NIR spectrum in THF (Figure 

S46) shows broad and weak 5f→5f transitions between 7,000–17,000 cm–1 (1,428–588 nm; εmax ca. 

47 M–1 cm–1); followed by an intense broad featureless peak centered at 21,422 cm–1 (466 nm; ε = 

1,189 M–1 cm–1), and then a rise that goes beyond our spectrometer window which is likely a LMCT 

band. 

 

 

Trivalent metallocenes 

The metallocenes, [An(Cp*)2(I)(THF)] (An = Np, 8-Np); Pu, 8-Pu) were both synthesized by addition 

of solid KCp* (2 equiv.) to their respective 3-An precursors (40 mg scale) in THF. The orange/brown 

suspension of 3-Np in THF immediately turned intensely blue/purple, whereas the pale-yellow 

suspension of 3-Pu turned apple/lime green – both formed a white precipitate, presumably KI. These 

were worked up after stirring at room temperature for 1 hour. Blue/black rod-shaped crystals of 

[Np(Cp*)2(I)(THF)] (8-Np) were obtained in good yield (63%) by vapor diffusion of pentane into a 

THF solution cooled to –35 °C, while golden plates of [Pu(Cp*)2(I)(THF)] (8-Pu) were grown both 

from a saturated pentane solution at –35 °C and also by pentane/THF vapor diffusion (both batches 

of 8-Pu were combined to give a moderate yield of 48 %). The identities of all crops of 8-An were 

confirmed by single-crystal XRD, and their structures are shown in Figure 8. 
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Figure 8. Molecular structures of 8-Np (left) and 8-Pu (right). Ellipsoids set at 50% probability, and 

H-atoms removed for clarity. Only heteroatoms, and metals, unique by symmetry have been 

labelled. 8-Np: Np(1)–I(1) = 3.0560(14) Å, Np(1)–Cpcent = 2.530(5) Å; Np(1)–Cpcent = 2.561(5) Å; 

Np–Crange = 2.781(8)–2.839(7) Å; Cpcent–Np–Cpcent = 135.12(11)°. 8-Pu: Pu(1)–I(1) = 3.0353(7) Å, 

Pu(1)–Cpcent = 2.455(6) Å; Pu(1)–Cpcent = 2.463(5) Å; Pu–Crange = 2.712(8)–2.766(7) Å; Cpcent–Pu–

Cpcent = 135.49(13)°. 

 

The M–C and M–I bonding in the 8-M series represent an opportunity to compare the soft I-donor, 

with the harder C-donors in Cp*, and to compare these with Ln congeners. However, the only f-

block metal of comparable ionic radius to Np/Pu for which this motif has been structurally 

characterized is U,124 and structurally authenticated examples beyond U are rare.125 The Sm,126 and 

Dy127 congeners have been reported but these metals are significantly smaller than U–Pu. In fact, 

the prevalence of LnCl3 precursors, rather than LnI3/LnBr3, for the synthesis of bis-CpR (CpR = 

substituted Cp) complexes across the Ln series, coupled with the large ionic radius of the earlier 

Ln3+ members, means that bis-CpR complexes with a terminal bromide or iodide, and a single 

coordinated Lewis base are somewhat rare. The M–I lengths in 8-An (M = U, 3.0955(6) Å; Np, 

3.0560(14) Å; Pu, 3.0353(7) Å) are broadly comparable to [U(C5Me4Et)2(I)(THF)] (3.0929(4) Å),128 

[U{C5Me4(SiMe2CH2CH=CH2)}2(I)(THF)] (3.0852(2) Å),129 [La(C5H3-1,3-SiMe3)2(I)(THF)] (3.094(16) 

Å),130 and [Ce(C5H2-1,2,4-SiMe3)2(I)(THF)] (3.1000(4) Å),130 whereby the Ln complexes have longer 

Ln–I lengths than U–I in some cases, and 8-Np and 8-Pu have shorter An–I lengths than any U-

analogue, but the steric profiles of the various CpR ligands render such comparisons non-ideal. The 

Np(1)
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trend of An–C bond lengths in the 8-An series (M = U, 2.748(6)–2.791(5) Å; Np, 2.781(8)–2.839(7) 

Å; Pu, 2.712(8)–2.766(7) Å), is similar to the trend of M–N lengths in 5-An complexes where the Np 

complex exhibits the longest bonds;however, upon taking into consideration the broad spread of 

values within each 8-An complex and the error values, we refrain from drawing any significance 

from these structural metrics. The An–I lengths in 8-An do not reveal Np as an outlier. 

 

NMR spectroscopy of both 8-Np and 8-Pu (Figures S62-65) reveal resonances consistent with those 

expected from their solid-state molecular structures (given free rotation along the M–Cp* axis in 

solution). The 1H NMR spectrum of 8-Np in d6-benzene showed a single sharp peak at 0.20 ppm 

for the ten equivalent Me groups (1.41 ppm for 8-Pu), while we assign broadened features at 1.37 

ppm and 3.36 ppm (1.74 ppm and 4.40 ppm for 8-Pu) to the coordinated THF which is likely to be 

labile, as is the case for Ce(Cp*)2I,131 and broadened due to a monomer/dimer equilibrium in 

solution. The 13C{1H} NMR spectrum for 8-Np (8-Pu values shown in parenthesis) showed 

resonances at –64.77 ppm (2.54 ppm) and 160.61 ppm (99.14 ppm) which we assign to the Cp*–

Me groups, and Cp* quaternary carbons respectively, slightly broad signals at 25.63 ppm and 67.67 

ppm for 8-Np correspond to the THF moiety, but we were unable to confidently identify these 

resonances in 8-Pu. 

 

    

Figure 9. Solution UV-vis-NIR spectrum of [Np(Cp*)2(I)(THF)] (8-Np, left) (0.55 mM) in THF, and 

[Pu(Cp*)2(I)(THF)] (8-Pu, right) (1.00 mM) in toluene, both shown between 7,000–28,000 cm–1 

(1,429–357 nm) and both at ambient temperature. 
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The UV-vis-NIR spectrum of 8-Np (Figure 9, left, and Figure S47) in THF shows typical slightly 

broad and weak (εmax ca. 115 M–1 cm–1) 5f→5f transitions from 7,000–14,000 cm–1 (1,429–714 nm), 

followed by a richly featured set of absorbances, the two largest of which are centered at 17,825 

cm–1 (561 nm; ε = 467 M–1 cm–1) and 19,920 cm–1 (502 nm; ε = 600 M–1 cm–1) and both of which 

appear to have structure suggestive of 5f→6d transitions. There is a broad shoulder at 26,539 cm–

1 (377 nm; ε = 572 M–1 cm–1) before the intense LMCT (presumed) band which extends beyond our 

spectral range. When the same spectral window is examined using a solution of 8-Np in toluene 

rather than THF (Figure S48), we see a very similar spectrum except much of the fine detail is 

somewhat broadened – potentially due to a monomer-dimer equilibrium. The UV-vis-NIR spectrum 

of 8-Pu in toluene (Figure 9, right; and Figure S49) is like that of 8-Np in that it also shows slightly 

broad and weak (εmax ca. 122 M–1 cm–1) 5f→5f transitions from 7,000–14,000 cm–1 (1,429–714 nm), 

followed by richly featured groups of peaks around 17,544 cm–1 (570 nm; ε = 159 M–1 cm–1) and 

22,727 cm–1 (440 nm; 712 M–1 cm–1), the latter of which could be 5f→6d transitions, then a likely 

LMCT band that tails beyond our spectral window. 

 

Electronic absorption spectra for trivalent [An(C5H3-1,3-SiMe3)3] (An = Np, Pu)17, 19 were previously 

reported and showed broad and somewhat intense (compared to f→f transitions) features at ca. 

11,700 cm–1 (850 nm) for Np, and ca. 16,700 cm–1 (600 nm) for Pu that corresponded to 5f→6d 

transitions as determined by TD-DFT calculations. For both 8-Np and 8-Pu, the putative 5f→6d 

transitions are much higher in energy than those for [An(C5H3-1,3-SiMe3)3], which could suggest 

that divalent, An2+-containing, molecules using the 8-M ligand set, might be expected to be less 

stable than those previously described, at least from the perspective of the 6d manifold becoming 

populated. 

 

We have also explored the synthesis of 8-Np by treatment of 3-Np with the common Grignard 

reagent, Mg(Cp*)(Cl)·THF in Et2O. After workup and crystallization, we identified two new 

organometallic Np complexes (9 and 10) which feature {MgnClx} moieties bound to {Np(Cp*)y} units, 
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as well as Np–Cl–Np linkages that are not present in the starting material. We cannot conclusively 

determine the formulation of these complexes due to poor quality X-ray diffraction data, which 

results in linkages that cannot be differentiated between O2–/OH–, and the mixture of the two 

complexes in the solid-state precluded determination of oxidation state by solution methods. 

However, the mixture of 9 and 10 from a single reaction suggested to us that Grignard reagents 

might not be a reliable route to 8-Np, though we note that the common ‘MgX2’ precipitation strategy 

using a post-reaction treatment with dioxane was not employed here. Molecular structures of 9 and 

10 are presented in the Supporting Information. 

 

 

Conclusions 

In summary, we have demonstrated a simple, low hazard, synthetic route to [AnI3(THF)4] (An = Np, 

Pu) that is accessible by dissolution and processing of commercially available AnO2 oxide 

precursors to An4+ stocks, or indeed any aqueous acid An4+ stocks/recycled material. This obviates 

the need for extremely scarce transuranium metal sources or pyrophoric reductants. The synthetic 

protocols can be carried out in any laboratory and glovebox suitably equipped and certified to 

conduct transuranium chemistry. Only a single day is needed to convert dried aqueous acidic An4+ 

residues through to [AnI3(THF)4] in high yields. These trivalent iodides were then used to prepare 

silylamide and metallocene complexes which are valuable frameworks across the f-block and will 

serve as precursors and scaffolds for future studies into transuranium redox and bonding. We also 

demonstrated the synthetic viability of using these compounds in multi-step reactions by 

synthesizing a Np3+ tris-imidodiphosphine-selenide complex that completes a rare isomorphous 

series which now extends from U to Am. 

 

While U3+ is accessible by many routes and U0 metal is a routine precursor in many laboratories, 

and the trivalent oxidation state is dominant for the post-Pu elements, prior routes to Np3+/Pu3+, and 

thus chemical knowledge, has been limited by the inaccessibility of these metals in pure form for 

synthetic chemistry. The new access routes herein, homologous for both Np and Pu, along with the 
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silylamide and bent-metallocene chemistry presented, provides a means for an expedited bridging 

of that gap, fostering the increasing recent interest from both academic and National Laboratory-

style settings in non-aqueous synthetic transuranium chemistry. 

 

Experimental methods 

Caution! 237Np (t½ = 2.144×106 years)132 and 239Pu (t½ = 24,110 years)132 isotopes, and their 

daughters, present serious health threats due to their α-, b-, and γ-emissions. Hence, all studies that 

involved manipulation of these isotopes were conducted in radiologically controlled laboratories at 

LANL by approved and trained personnel, with extensive analyses of hazards and implementation 

of controls. See the Supporting Information for additional safety details, standard material 

preparation (solvents, ligand synthesis), and provisions for sample handling for spectroscopic and 

crystallographic analysis. The Supporting Information also contains complete protocols for the 

synthesis of all complexes described herein, including photographs of each step for most of the 

procedures and some details on the characterization of aqueous acidic stocks containing An4+. 

 

Synthesis of [NpCl4(DME)2]. A crunchy, somewhat powdery orange/red residue was obtained by 

drying an aliquot of Np4+(aq/HCl) (containing ~102.7 mg of 237Np by Hagan’s, or ~80.8 mg by Neck’s 

ε960 values, respectively – representing the more disparate ends of a range of reported ε960 values 

for Np4+ assay)133-134 under a stream of UHP argon gas. The residue was then dried in vacuo in the 

antechamber of an inert atmosphere (UHP helium) negative pressure glovebox overnight (16 hours). 

The resultant solid was introduced into the glovebox enclosure, and DME (2 mL) was added along 

with a Teflon-coated stir bar. The orange/red suspension was heated to 60 °C for 10 min, which 

freed most of the solids from the walls of the vial and gave a pink solution above pink solids. After 

cooling to ambient temperature, any remaining solids adhered to the vial walls or bottom were 

loosened with a spatula which was rinsed with DME (~0.1 mL). Me3SiCl (2 mL) was added dropwise 

with stirring, and then heated to 60 °C for 1 hour. The mixture was allowed to cool to room 

temperature without stirring, which gave a large crop of crystalline pink solids. Subsequent stirring 

and pentane (10 mL) addition caused immediate precipitation of more pink material. The suspension 
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was stirred for 5 min and then placed in the glovebox freezer at –35 °C to allow solids to settle to 

the bottom of the vial. At –35 °C the supernatant, while free of visibly suspended material and 

visually colorless, usually appears slightly cloudy which then clears upon warming undisturbed to 

room temperature. Collection of the supernatant followed by removal of the volatiles in vacuo 

routinely leaves single-mg amounts of material and thus the cloudy appearance can effectively be 

ignored with this procedure/scale. The colorless supernatant was pipetted away and the solid stirred 

with pentane (5 mL), allowed to settle again at –35 °C, then the colorless pentane was pipetted 

away. This washing step with pentane was repeated once more, then the solid was dried in vacuo 

for 1 hour, to afford a pink free-flowing microcrystalline powder (160.0 mg, 66% by Hagan’s or 84% 

by Neck’s ε960 values, respectively). This [NpCl4(DME)2] product was used without further 

purification for the preparation of [NpI3(THF)4] (3-Np). 

 

Note! The synthesis of solid [NpCl4(DME)2] can occasionally result in a tacky or oily pink solid 

instead of a free-flowing solid. The presence of any tacky/oily solids may be remedied by 

suspending/dissolving the material in DME and repeating the treatment with Me3SiCl ensuring that 

a vast excess is used, and a free-flowing powdery product will be obtained following subsequent 

washing and drying. 

 

Synthesis of [NpI3(THF)4] (3-Np). Solid [NpCl4(DME)2] (150 mg, 268 μmol), prepared as described 

above, was added into a pre-weighed 20 mL glass scintillation vial and a Teflon-coated stir bar was 

added. The pink powder was suspended in Et2O (3 mL) and stirred for 2 min, which did not result in 

any visible pink coloration in the supernatant (Figure S4-L). Neat Me3SiI (1.350 g, 6.750 mmol, 25 

equiv. with respect to Np) was filtered from any traces of Cu/CuI stabilizer, into a 4 mL glass vial. 

This was added neat to the stirred suspension of [NpCl4(DME)2] at room temperature which caused 

a rapid red/brown coloration to develop in the supernatant, along with the deposition of a fine black 

powder that adhered to the walls of the vial (Figure S4-R and Figure S5-L). The 4 mL vial used to 

weigh the Me3SiI was rinsed once with additional Et2O (1 mL) into the reaction vial, which was 

capped and stirred at room temperature for 2 min. Examination of the vial bottom showed that some 
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of the deposited black powder had encapsulated some of the pink [NpCl4(DME)2], so a spatula was 

used to loosen the material while ensuring any scraping was conducted below the solvent line. If 

the black solid is scraped with a spatula while outside of the Et2O solvent, it will adhere strongly to 

the spatula and mechanical separation is difficult. Once no more pink solids were visible, the vial 

was capped and stirred for an additional 3 minutes. Pentane (10 mL) was added to the black 

suspension, which led to a clear red supernatant above the black powder (Figure S5-R). This 

mixture was stirred for 5 min and then transferred to the glovebox freezer and allowed to settle at –

35 °C for 10 min. The red supernatant was pipetted away. Fresh Et2O (1 mL) was added to the 

isolated black powder and stirred for 2 min. Pentane (5 mL) was added to the suspension and stirred 

for another 2 min, then the solids were allowed to settle, and the supernatant was pipetted away. 

The Et2O/pentane washes were repeated as above until the washing solvents were completely 

colorless (Figure S6-L). The black solids were then dried in vacuo for 1 hour to remove any 

remaining traces of I2. THF (1 mL) was added to the dried brown/black powder (Figure S6-R) which 

caused an instantaneous color change to orange, and some microcrystalline orange material rapidly 

precipitated from the THF (Figure S7-L). Any black solids that remained trapped under the newly 

precipitated orange solids were freed with a spatula, which was rinsed with THF (~0.1 mL). The vial 

was capped and heated gently (50 °C) to help ensure all material adhered to the sidewalls was freed 

and fully contacted with the THF. The orange suspension was allowed to cool to room temperature 

without stirring, and then pentane (~15 mL) was added, which caused prompt precipitation of more 

orange solids. The mixture was left to settle at –35 °C for 20 min, and the very pale-yellow 

supernatant was pipetted away. Pentane (4 mL) was added to the orange solids, stirred for 2 min, 

and then pipetted away carefully. The solid was dried in vacuo for 1 hour to afford [NpI3(THF)4] 

(3-Np) as a free-flowing microcrystalline orange powder (249 mg, >99%, within weighing error – 

Figure S7-R). Yields of 85% and higher have been achieved using smaller scales (e.g., 60 mg of 

[NpCl4(DME)2]). The product can be recrystallized from hot THF, though is substantially less soluble 

than the U analogue, [UI3(THF)4]. Crystals of 3-Np were orange and appeared roughly cubic when 

grown at –35 °C from THF (Figure S8-L). 1H NMR (d8-THF, 400.13 MHz, 298 K): δ = 1.73 (s, THF, 

3,4-CH2), 1.78 (m, THF, 3,4-CH2), 3.58 (s, THF, 2,5-CH2), 3.62 (m, THF, 2,5-CH2). These two sets 
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of signals correspond to coordinated/non-coordinated THF. Magnetic moment (Evans method, d8-

THF, 298 K): μeff = 1.77 μB. UV-vis-NIR (THF): λmax (cm–1; ε) = 1,186 (8,430, 4), 1,042 (9,597, 6), 

1,018 (9,819, 13), 1,006 (9,936, 13), 1,001 (9,988, 12), 969 (sh. 10,320, 22), 962 (10,393, 30), 931 

(10,741, 9), 878 (sh. 11,387, 14), 872 (sh. 11,468, 15), 857 (11,674, 41), 808 (12,370, 14), 789 

(12,671, 22), 766 (13,054, 31), 671 (14,899, 14), 642 (15,581, 27), 618 (16,181, 17), 572 (17,483, 

21), 563 (17,755, 22), 545 (18,349, 38), 463 (sh. 21,598, 877), 402 (24,863, 2,536), 340 (29,429, 

1,530), 315 (31,706, 2,318), 304 (32,895, 2,327), 284 (35,211, 2,534). 

 

Isolation of crystals of [NpI2(THF)5][I3] (4). When the reaction between Me3SiI (25 equiv.) and 

[NpCl4(DME)2] is instead conducted in THF, rather than Et2O, the color changes are different, and 

the isolated material is not pure. Rather than the instantaneous deposition of black powder under a 

red supernatant, the reaction mixture rapidly turns black upon the addition of Me3SiI but then over 

the course of 20-40 seconds the black fades to an orange/red. This is accompanied by the prompt 

precipitation of microcrystalline orange material. When this material is dried, then rinsed with 

pentane or hexane there is no visible red/purple coloration in the supernatant to indicate the 

presence of free I2. If Et2O is added, the same black powder as above (in the synthesis of 3-Np) is 

observed, and the washing procedure can be commenced, though we have not been successful in 

isolating 3-Np that is pure by UV-vis-NIR spectroscopy using this method. If instead, the orange 

solid is extracted with hot THF, crystals of [NpI2(THF)5][I3] (4) can be grown from this extract, 

followed by additional crops of 3-Np. Crystals of 4 were orange and difficult to visually distinguish 

from 3-Np, though their morphologies are different (Figure S8). The color of the two (3-Np and 4) in 

THF solution is somewhat distinct with 3-Np appearing more yellow, and 4 as orange (Figure S9). 

UV-vis-NIR (THF): λmax (cm–1; ε) = 1,262 (7,925, 5), 1,198 (8,347, 3), 1,049 (sh. 9,533, 6), 1,032 

(9,686, 10), 1,012 (9,885, 16), 989 (10,115, 12), 972 (10,284, 15), 961 (10,404, 16), 924 (10,823, 

24), 898 (11,133, 25), 884 (11,310, 22), 858 (11,660, 36), 832 (12,016, 27), 821 (12,180, 28), 763 

(13,110, 32), 722 (13,847, 31), 697 (14,339, 27), 642 (15,581, 33), 587 (17,024, 66), 467 (21,432, 

796). 
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Synthesis of [PuCl4(DME)2]. A crunchy, somewhat powdery red/brown residue was obtained by 

drying an aliquot of Pu4+(aq/HCl) (containing ~63 mg of 239Pu) under a stream of UHP argon gas. The 

residue was then dried in vacuo in the antechamber of an inert atmosphere (UHP helium) negative 

pressure glovebox overnight (16 hours). The resultant solid was introduced into the glovebox 

enclosure, and DME (2 mL) was added along with a Teflon-coated stir bar. The brown suspension 

was heated to 60 °C for 10 min, which freed most of the solids from the walls of the vial and gave 

an orange/brown solution above brown solids. After cooling to ambient temperature any remaining 

solids adhered to the vial walls and bottom were loosened with a spatula, which was rinsed with 

DME (~0.1 mL). Me3SiCl (2 mL) was added dropwise with stirring then heated to 60 °C for 1 hour. 

The hot mixture was somewhat clearer than at room temperature as [PuCl4(DME)2] is only sparingly 

to moderately soluble in DME at room temperature, but more so when heated. The mixture was 

allowed to cool to room temperature, without stirring, which gave a crop of microcrystalline orange 

solids on top of already present orange/brown powder. Pentane (10 mL) was added to the stirred 

mixture, which caused immediate precipitation of a little more orange-brown material. The 

suspension was stirred for 5 minutes and then placed in the glovebox freezer at –35 °C to allow 

solids to settle to the bottom of the vial. The colorless supernatant was pipetted away and the solid 

was stirred with pentane (5 mL), allowed to settle again at –35 °C and the colorless pentane was 

pipetted away. This step was repeated once more then the solid was dried in vacuo for 1 hour, to 

afford an orange free-flowing microcrystalline powder (159.2 mg). The quoted mass is above a 

100% yield with respect to the calculated quantity of 239Pu in the stock and reflects a small 

uncertainty in the total stock volume that was used (see Supporting Information). This 

microcrystalline powder of [PuCl4(DME)2] was used without further purification for the preparation 

of [PuI3(THF)4] (3-Pu). 

 

Synthesis of [PuI3(THF)4] (3-Pu). The same procedure detailed above for 3-Np was followed for 

3-Pu; however, the following differences were observed (see Figure S12-R to Figure S15): The 

‘PuI3’-material that precipitates (the black powder for 3-Np) does not adhere to the vial as it does for 

Np. Instead, a slightly pink/red blocky solid formed rapidly. The addition of pentane, followed by 
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rapid stirring, revealed this solid to be an off-white/tan powder which, by following the steps above 

for 3-Np, resulted in a cream/white microcrystalline material after drying. An example synthesis from 

[PuCl4(DME)2] (60 mg, 0.107 μmol) gave [PuI3(THF)4] (3-Pu) as a free-flowing cream powder (91.0 

mg, 94%). The material can be recrystallized from warm THF but is less soluble than 3-Np. While 

microcrystalline or powder 3-Pu appears cream/white (Figure S14-L), single crystals are pale 

lavender (Figure S15). 1H NMR (d8-THF, 400.13 MHz, 298 K): δ = 1.73 (s, THF, 3,4-CH2), 1.78 (m, 

THF, 3,4-CH2), 3.58 (s, THF, 2,5-CH2), 3.62 (m, THF, 2,5-CH2). These two sets of signals 

correspond to coordinated/non-coordinated THF. Magnetic moment (Evans method, d8-THF, 298 

K): μeff = 1.17 μB. UV-vis-NIR (THF): λmax (cm–1; ε) = 1,164 (8,590, 4), 1,109 (9,019, 10), 1,065 

(9,391, 3), 1,016 (9,846, 16), 943 (10,616, 3), 900 (11,109, 8), 821 (12,189, 5), 802 (12,469, 7), 776 

(12,880, 9), 670 (14,921, 4), 618 (16,186, 7), 608 (16,453, 9), 578 (17,301, 17), 568 (17,593, 18), 

549 (18,228, 11), 512 (19,547, 6), 378 (26,441, 1,280), 356 (28,121, 1,340). 

 

Synthesis of [Np(Nʺ)3] (5-Np). Et2O (2 mL) was added to a mixture of solid [NpI3(THF)4] (10 mg, 

11 μmol) and NaNʺ (6.0 mg, 32.7 μmol, 3 equiv.) in a 20 mL glass scintillation vial. The mixture 

slowly brightened to an orange slurry (Figure S16-L), which revealed a dark blue/black supernatant, 

if allowed to settle. Note! The reaction is somewhat slow when conducted in neat Et2O, and  several 

drops of THF can be added which causes the blue/black solution to instantly turn bright orange 

(Figure S16-R). This greatly accelerates the reaction rate, with no observable effects on the resultant 

purity or yield. If conducted in neat THF, no solids will precipitate. The slurry was stirred for 1 hour 

and then the volatiles were removed in vacuo to afford a blue/purple powder. Pentane (2 mL) was 

added to the solids, material adhered to the vial walls was loosened, and the suspension was stirred 

for 3 min (Figure S17-L). The mixture was filtered into a 4 mL glass vial through 2 half-discs of glass 

microfiber packed into a glass pipette. The slightly orange solids on the filter discs were washed 

with additional pentane (1 mL), which afforded a dark blue/black solution (appeared cherry red when 

a light was shone through it) and which turns orange if exposed to THF vapor (Figure S17-R and 

Figure S18). The volatiles were removed in vacuo, and dried for 1 hour to afford [Np(Nʺ)3] (5-Np) as 

a free-flowing blue/purple powder (6.4 mg, 81%). Crystals of 5-Np were obtained from a 
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concentrated Et2O solution stored at –35 °C – a separate sample of 5-Np was prepared as above, 

and after isolation it was dissolved in Et2O (1 mL). The solution was then concentrated and warmed 

gently. While still warm, the cap was loosened and then sealed again which resulted in a reduced 

pressure in the vial headspace once cooled to room temperature. In the freezer this reduced 

pressure results in crystals growing slightly above the solvent line which are then not able to 

redissolve – this procedure allowed near quantitative recovery of crystalline material, but we report 

the yield of isolated powder because that was used for both NMR and UV-vis-NIR spectroscopies. 

1H NMR (d6-benzene, 400.13 MHz, 298 K): δ = 2.84 (s, 54 H, Si(CH3)3). 13C{1H} NMR (d6-benzene, 

100.62 MHz, 298 K): δ = –48.46 (Si(CH3)3). 29Si INEPT NMR (d6-benzene, 79.49 MHz, 298 K): δ = 

–243.69 (Si(CH3)3). Magnetic moment (Evans method, d6-benzene, 298 K): μeff = 2.62 μB. UV-vis-

NIR (toluene): λmax (cm–1; ε) = 1,489 (6,716, 9), 1,374 (7,278, 16), 1,133 (8,816, 23), 1,100 (9,089, 

19), 1,024 (9,764, 12), 993 (10,070, 18), 935 (10,693, 23), 902 (11,084, 31), 883 (11,330, 29), 833 

(12,002, 25), 812 (12,318, 43), 791 (12,645, 50), 764 (13,082, 62), 572 (17,470, 302), 545 (18,362, 

276), 535 (18,678, 291), 511 (19,562, 183), 487 (20,534, 142), 429 (23,299, 461), 386 (25,880, 

858), 275 (36,337, 1,660). See Figure S44 and Table S5 for a comparison of this data with that of 

the previous report of this complex.41 

 

Synthesis of [Np(LSe)3] (7-Np). THF (2 mL) was added to a mixture of solid [NpI3(THF)4] (15 mg, 

16.6 μmol) and NaNʺ (9.1 mg, 49.6 μmol, 3 equiv.) in a 20 mL glass scintillation vial. This led to the 

immediate dissolution of both reagents and gave a clear bright orange solution (Figure S20-L). This 

solution was stirred for 20 min, which resulted in no further visual changes. The volatiles were 

removed in vacuo, leading first to an orange oil, then an orange tacky solid. Further drying (~15 min) 

caused the orange tacky solid to change to a dark purple powder (Figure S20-R). Toluene (1 mL) 

was added to the solids, and the suspension was filtered into a 4 mL glass vial through 2 half-discs 

of glass microfiber packed into a glass pipette. The solids on the filter discs were washed with 

additional toluene (1 mL), which afforded a dark blue/black solution (which appeared cherry red 

when a light was shone through it), containing putative [Np(Nʺ)3] (5-Np) prepared in situ. The 

solution was concentrated to ~0.5 mL, and a solution of HLSe (26.9 mg, 49.5 μmol, 3 equiv.) in THF 
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(~0.5 mL) was carefully layered into the toluene. The concentrated HLSe solution in THF sunk below 

the toluene. The layered system was stored at room temperature for 16 hours (overnight). A single 

crop of [Np(LSe)3] (7-Np) was collected as large red/orange parallelepipeds (23.4 mg, 76% with 

respect to 237Np, Figure S21). 1H NMR (d8-THF, 400.13 MHz, 298 K): δ = 6.61 (t, J = 7.6 Hz, 24 H, 

m-CH), 6.97 (t, J = 7.4 Hz, 12 H, p-CH), 7.07 (m, 24 H, o-CH). 13C{1H} NMR (d8-THF, 100.62 MHz, 

298 K): δ = 126.79, 128.60, 128.90, 130.75, 132.33, 133.88. 31P{1H} NMR (d8-THF, 161.98 MHz, 

298 K): δ = –396.70. 77Se{1H} NMR (d8-THF, 76.31 MHz, 298 K): δ = 371.6 (d, 1JSe-P = 618.9 Hz, 

N(Se=PPh2)2). Magnetic moment (Evans method, d8-THF, 298 K): μeff = 2.04 μB. UV-vis-NIR (THF): 

λmax (cm–1; ε) = 1,233 (8,113, 5), 1,032 (9,713, 17), 1,003 (9,970, 30), 994 (10,062, 25), 952 (10,502, 

14), 924 (10,818, 16), 869 (11,505, 34), 859 (11,636, 30), 814 (12,291, 43), 799 (12,516, 47), 789 

(sh. 12,668, 33), 677 (14,771, 44), 666 (14,993, 33), 627 (15,974, 41), 608 (16,453, 43), 566 (sh. 

17,712, 210), 466 (21,422, 1,189). 

 

Synthesis of [Np(Cp*)2(I)(THF)] (8-Np). THF (1.5 mL) was added to solid [NpI3(THF)4] (40 mg, 44 

μmol) in a 20 mL glass scintillation vial which gave an orange solution with some undissolved 

material. These solids could be warmed into solution, but precipitate at room temperature. Solid 

KCp* (15.4 mg, 88 μmol, 2 equiv.) was added in several small portions. The mixture immediately 

turned intensely purple and was stirred for 1 hour at room temperature. The purple suspension was 

reduced to dryness in vacuo, which afforded a purple powder. Pentane (1 mL) was added to the 

powder, stirred for 1 minute, and the pale blue supernatant was decanted and discarded in order to 

remove any traces of HCp* which might impede crystallization. The washed purple powder was 

dried in vacuo. Fresh THF (1 mL) was added to the solids, and the purple solution was filtered into 

a 4 mL glass vial through 2 half-discs of glass microfiber packed into a glass pipette. The solids on 

the filter discs were washed with additional THF (~0.1 mL). The purple solution was concentrated 

to ~0.2 mL, and the 4 mL vial was placed uncapped inside a 20 mL glass scintillation vial. Pentane 

(~12 mL) was added to the outer vial, which was capped and stored at –35 °C for 16 hours 

(overnight). Dark blue clusters of plate-like crystals grew and were determined to be 

[Np(Cp*)2(I)(THF)] (8-Np). The crystals were rinsed once with pentane before being dried in vacuo 
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to afford a free-flowing blue/purple powder (two crops combined: 19.5 mg, 63%, Figure S23). 1H 

NMR (d6-benzene, 400.13 MHz, 298 K): δ = 0.20 (s, 30 H, Cp*-CH3), 1.37 (br. s, THF, 3,4-CH2), 

3.36 (br. s, THF, 2,5-CH2). 13C{1H} NMR (d6-benzene, 100.62 MHz, 298 K): δ = –64.77 (Cp*-CH3), 

25.63 (THF, 3,4-CH2), 67.67 (THF, 2,5-CH2), 160.61 (Cp*-C). Magnetic moment (Evans method, 

d6-benzene, 298 K): μeff = 2.23 μB. UV-vis-NIR (toluene): λmax (cm–1; ε) = 1,206 (8,289, 82), 1,111 

(9,002, 80), 1,045 (sh. 9,571, 90) 1,019 (9,812, 201), 980 (10,200, 109), 968 (sh. 10,328, 99), 911 

(10,972, 110), 882 (11,340, 139), 872 (sh. 11,471, 143), 817 (12,227, 167), 794 (12,591, 159), 692 

(14,443, 196), 667 (sh. 15,002, 259), 627 (15,934, 443), 596 (16,767, 554), 584 (17,123, 621), 531 

(18,839, 654). 

 

Synthesis of [Pu(Cp*)2(I)(THF)] (8-Pu). THF (1.5 mL) was added to solid [PuI3(THF)4] (40 mg, 44 

μmol) in a 20 mL glass scintillation vial. Solid KCp* (15.4 mg, 88 μmol, 2 equiv.) was added to this 

pale-yellow suspension in several small portions. The mixture immediately turned apple/lime green 

and was stirred for 1 hour at room temperature. The green suspension was filtered into a second 

20 mL glass scintillation vial through 2 half-discs of glass microfiber packed into a glass pipette, and 

then reduced to a lime green oil in vacuo. Pentane (3 mL) was added to the oil, which immediately 

produced a green/brown powder and a lime green solution. The pentane supernatant was carefully 

pipetted away from the solids, filtered into a 4 mL vial through 2 half-discs of glass microfiber packed 

into a glass pipette, and stored at –35 °C. The solids left behind were dried in vacuo which gave a 

red/brown powder. THF (1 mL) was added to the solids which caused an immediate change from 

red/brown back to green, and the resultant solution was filtered into a 4 mL glass vial through 2 half-

discs of glass microfiber packed into a glass pipette. The solids on the filter discs were washed with 

additional THF (~0.1 mL). The green solution was concentrated to ~0.2 mL, and the 4 mL vial was 

placed uncapped inside a 20 mL glass scintillation vial. Pentane (~12 mL) was added to the outer 

vial, which was capped and stored at –35 °C for 16 hours (overnight). Green/brown clusters of plate-

like crystals grew from both the pentane supernatant fraction, and also from the vapor diffusion in 

the freezer (Figure S25-L). Both sets were determined to be [Pu(Cp*)2(I)(THF)] (8-Pu). Material from 

the THF/pentane vapor diffusion crystallization was washed with pentane before being dried in 
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vacuo to afford a free-flowing pale green powder (15 mg, 48%). 1H NMR (d6-benzene, 400.13 MHz, 

298 K): δ = 1.41 (s, 30 H, Cp*-CH3), 1.74 (br. m, THF, 3,4-CH2), 4.40 (br. s, THF, 2,5-CH2). 13C{1H} 

NMR (d6-benzene, 100.62 MHz, 298 K): δ = 2.54 (Cp*-CH3), 25.34 (THF, 3,4-CH2), 99.14 (Cp*-C). 

We could not conclusively locate the 2,5-CH2 peak of the THF. Magnetic moment (Evans method, 

d6-benzene, 298 K): μeff = 0.97 μB. UV-vis-NIR (toluene): λmax (cm–1; ε) = 1,334 (7,497, 15), 1,227 

(8,150, 6), 1,178 (8,487, 90), 1,135 (8,809, 64), (9043, 17), 1,086 (9,204, 20), 1,067 (9,374, 17), 

1,042 (sh. 9,593, 31), 1,029 (9,720, 96), 1,007 (9,929, 95), 990 (10,099, 50), 940 (10,641, 122), 920 

(sh. 10,865, 59), 916 (10,915, 79), 888 (11,264, 31), 842 (11,879, 29), 826 (12,100, 40), 817 

(12,234, 35), 788 (12,690, 56), 778 (12,854, 68), 770 (sh. 12,984, 55), 638 (15,669, 47), 631 

(15,853, 69), 625 (15,990, 74), 615 (16,250, 113), 604 (16,551, 109), 590 (16,961, 129), 580 

(17,235, 128), 570 (17,544, 159), 561 (sh. 17,813, 104), 553 (18,070, 102), 545 (18,355, 92), 533 

(18,755, 117), 526 (19,004, 148), 474 (21,097, 493), 464 (sh. 21,542, 532), 460 (21,749, 575), 455 

(21,968, 621), 449 (sh. 22,252, 620), 446 (sh. 22,422, 675), 443 (22,553, 696), 440 (22,727, 712), 

434 (23,042, 679), 429 (23,299, 688), 426 (sh. 23,452, 672), 420 (23,832, 624), 415 (24,108, 589), 

400 (sh. 24,988, 525), 396 (sh. 25,255, 590), 387 (sh. 25,867, 732), 382 (26,151, 800). 
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