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Abstract 

 

While synthesizing a series of rhenium-lanthanide triple inverse sandwich complexes, we unexpectedly 

uncovered evidence for rare examples of end-on lanthanide dinitrogen coordination for certain heavy 

lanthanide elements, as well as for uranium. We begin our report with the synthesis and characterization of 

a series of tri-rhenium triple inverse sandwich complexes with the early lanthanides, Ln[(μ-η5:η5-

Cp)Re(BDI)]3(THF) (1-Ln, Ln = La, Ce, Pr, Nd, Sm; Cp = cyclopentadienide, BDI = N,N′-bis(2,6-

diisopropylphenyl)-3,5-dimethyl-β-diketiminate). However, as we moved across the lanthanide series, we 

ran into an unexpected result for gadolinium in which we structurally characterized two products for 

gadolinium, namely 1-Gd (analogous to 1-Ln) and a diazenido di-rhenium double inverse sandwich 

complex Gd[(μ-η1:η1-N2)Re(η5-Cp)(BDI)][(μ-η5:η5-Cp)Re(BDI)]2(THF)2 (2-Gd). Evidence for analogs of 

2-Gd was spectroscopically observed for other heavy lanthanides (2-Ln, Ln = Tb, Dy, Er), and, in the case 

of 2-Er, structurally authenticated. These complexes represent the first observed examples of 

heterobimetallic end-on lanthanide dinitrogen coordination. Density functional theory (DFT) calculations 

were utilized to probe relevant bonding interactions and reveal energetic differences between both 

experimental and putative 1-Ln and 2-Ln complexes.  We also present additional examples of novel end-

on heterobimetallic lanthanide- and actinide-diazenido moieties in erbium-rhenium complex (η8-

COT)Er[(μ-η1:η1-N2)Re(η5-Cp)(BDI)](THF)(Et2O) (3-Er) and uranium-rhenium complex [Na(2.2.2-

cryptand)][(η5-C5H4SiMe3)3U(μ-η1:η1-N2)Re(η5-Cp)(BDI)] (4-U). Finally, we expand the scope of rhenium 

inverse sandwich coordination by synthesizing divalent double inverse sandwich complex Yb[(μ-η5:η5-

Cp)Re(BDI)]2(THF)2 (5-Yb), as well as base-free, homoleptic rhenium-rare earth triple inverse sandwich 

complex Y[(μ-η5:η5-Cp)Re(BDI)]3 (6-Y). 

 

Introduction 

  

 Despite a commonly held notion that the lanthanides are effectively identical in terms of chemical 

properties and reactivity, there is in fact a good deal of nuance to the diversity of these fifteen f-block 

congeners. For example, while the trivalent oxidation state still dominates the chemistry of the lanthanides, 

an increasing number of complexes isolated in the divalent1–10 or tetravalent11–21 oxidation states have been 

reported in recent years. Through rational ligand choice and molecular design, lanthanide complexes have 

recently been developed for a wide range of chemical applications, including molecular magnetism,22–33 

luminescence and optics,34–38 and catalysis.39–47 Even when considering only the trivalent state, the 
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lanthanides display a broad spectrum of chemical traits, particularly between the early (lighter) and late 

(heavier) elements. A commonly discussed concept, known as the “gadolinium break,” has been used as 

somewhat of a catch-all for describing inconsistencies in chemical and physical properties across the 

lanthanide series.48,49 Some of these disparities are specific to gadolinium(III), often posited as a result of 

its half-filled 4f shell.49 Other deviations, such as preferred coordination numbers and trends in chemical 

reactivity, encompass the full set of lanthanides, with gadolinium often acting as a figurative breaking 

point.50–55 In other cases, there appears to be no significant deviation in properties and thus no evidence of 

a gadolinium break,48,56,57 highlighting that deviations in lanthanide properties should be analyzed more by 

the specific application rather than in the context of misleading, all-encompassing, concepts such as a 

“gadolinium break.” In any case, correlating observed trends in lanthanide reactivity with physical 

properties is crucial to advancing our understanding of molecular lanthanide chemistry for future 

applications. 

 Recent progress has been made in the synthesis of multimetallic and heterometallic lanthanide 

complexes.58–64 Investigating the interactions between lanthanides and other metals, either directly or 

through bridging ligands, should improve our understanding of fundamental lanthanide bonding properties, 

particularly when it is possible to compare analogous structures made with a series of lanthanide ions. Our 

group reported the isolation of a rhenium-uranium triple inverse sandwich complex, U[(μ-η5:η5-

Cp)Re(BDI)]3(L), which was synthesized via a modular approach utilizing a Na[Re(η5-Cp)(BDI)] metalate 

for the installation of three rhenium(I) metalloligands onto the U3+ ion.65 Given that result, we were curious 

about whether an analogous synthetic strategy could be applied toward the lanthanides, a set of similarly 

large electropositive f-block metals. A number of inverse sandwich complexes of the lanthanides have been 

reported,2,66–96 but examples of heterobimetallic inverse sandwich bonding between a lanthanide and 

another metal are exceedingly rare.97,98 Here, we report the synthesis of a series of rhenium triple inverse 

sandwich complexes involving early lanthanides, as well as the discovery  of an unexpected divergence in 

reactivity between early and late lanthanides wherein we obtain evidence for novel end-on/end-on rhenium-

lanthanide diazenido complexes involving gadolinium and heavier lanthanides. We investigate this series 

of unique complexes, as well as related heterobimetallic rhenium-lanthanide and -actinide diazenido 

species, through a variety of synthetic and computational investigations. 

 

Results and Discussion 

 

Synthesis of Early Lanthanide-Rhenium Triple Inverse Sandwich Complexes 

 

 Inspired by our previous synthetic route to U[(μ-η5:η5-Cp)Re(BDI)]3(L), we began our 

investigations with the lanthanide series by attempting salt elimination reactions between Na[Re(η5-

Cp)(BDI)] and lanthanide(III) chlorides. Our early results were mixed: the insolubility of LnCl3 

necessitated long reaction times that led to deleterious reactivity,99 and we had difficulty isolating clean 

products. However, turning to the more soluble lanthanide(III) iodide adducts, LnI3(L)x (L = Et2O, THF), 

made a marked difference. These reactions, run in THF, led to dark red solutions and the crude products 

were easily extracted into hexane, from which dark red crystals were isolated in moderate yields. For the 

early lanthanides, the products were identified as a series of rhenium-lanthanide triple inverse sandwich 

complexes, Ln[(μ-η5:η5-Cp)Re(BDI)]3(THF) (Ln = La, Ce, Pr, Nd, Sm) (Scheme 1). 
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Scheme 1. Synthesis of triple inverse sandwich complexes 1-Ln (Ln = La, Ce, Pr, Nd, Sm). 

 

 Despite the paramagnetic nature of these complexes (other than 1-La), the 1H and 13C NMR 

resonances attributable to the [(μ-η5:η5-Cp)Re(BDI)] fragments were relatively sharp and located primarily 

within the diamagnetic region (Figures S1–S10), though certain resonances for the Cp protons (bound 

directly to the paramagnetic Ln(III) centers) were found to be slightly broadened (in 1-Pr) and/or shifted 

either upfield (δ = –1.17 ppm in 1-Nd) or downfield (δ = 6.75 ppm in 1-Sm). The resonances for the bound 

THF protons are influenced more significantly by the paramagnetism, as they are broadened significantly 

and found farther upfield in 1-Ce, 1-Nd, 1-Sm and are unobservable in 1-Pr. The spectra also confirm C3v 

solution geometries for these five complexes, with three symmetrically equivalent [(μ-η5:η5-Cp)Re(BDI)] 

metalloligands. Given the sharp resonances and presumed absence of notable unpaired spin density around 

rhenium, we believe these complexes are best described as three Re(I) metalloligands surrounding a Ln3+ 

ion, corroborating the electronic structure observed in U[(μ-η5:η5-Cp)Re(BDI)]3(L).100 

 The solid-state structures for 1-Ln (Ln = La Ce, Pr, Nd, Sm, and Gd – see below for discussion of 

1-Gd synthesis) were determined through X-ray crystallography (Figures 1 and S32-36). Single crystals 

were grown from either hexane or pentane, though we found it was also necessary in certain instances to 

add a drop of THF to the recrystallization vial in order to spur growth of high-quality crystals, which is 

consistent with our previous conclusion that Lewis bases act to stabilize and facilitate crystallization of 

U[(μ-η5:η5-Cp)Re(BDI)]3(L).100 The average Ln–Cp bond distances, measured either as Ln–Cp(C) or Ln–

Cp(centroid) distances, decrease across the lanthanide series from 1-La to 1-Gd as expected with the 

corresponding decrease in ionic radius (Figure 2, Table S17). These distances, as well as the Ln–O bond 

distances and overall geometry, are generally consistent with the analogous measurements in reported 

Ln(η5-Cp)3(THF) complexes (Table S18).101–106 However, the average Re–Cp distances, which do not 

deviate significantly across the 1-Ln series (mean Re–Cp(C) distances range from 2.148 to 2.158 Å), are 

contracted relative to the Na[Re(η5-Cp)(BDI)] starting material (Re–Cp(C) = 2.153(6) to 2.211(4) Å). This 

shortening of the Re–Cp distance, measured either as Re–Cp(C) or Re–Cp(cent) distances, is consistent 

with that observed in related U[(μ-η5:η5-Cp)Re(BDI)]3(L) (Figure 2), with the degree of shortening nearly 

indistinguishable between the 1-Ln (Ln = La, Ce, Pr, Nd, Sm, Gd) complexes and the analogous uranium 

structure; the longest Re–Cp(cent) distance in 1-Ln is found in 1-Pr at 1.773(5) Å and the shortest in 1-Sm 

at 1.761(2) Å, whereas in the uranium analog it is 1.763(4) Å. In the case of uranium, the shortened Re–Cp 

distances were posited to occur due to a reduction in Coulombic repulsion in the Re–Cp internuclear region 

as the highly Lewis acidic uranium center pulls electron density toward itself.65 An analogous effect is 

understandable for similarly Lewis acidic lanthanide ions. Lastly, the Re–N distances in 1-Ln, which are 

again consistent across the series (ranging from 2.035(2) to 2.050(2) Å with a mean distance of 2.045 Å), 

are also slightly elongated relative to the same bonds in Na[Re(η5-Cp)(BDI)] (2.031(3) Å)107 but still 

consistent with our assignment of rhenium(I) fragments. 
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Figure 1. X-ray crystal structures of 1-La shown with 50% probability ellipsoids. The BDI aryl groups are 

shown in wireframe, and hydrogen atoms and cocrystallized solvent molecules are omitted for clarity. 

 

 
Figure 2. Plot of average metal to Cp centroid distances (Å) for 1-Ln (Ln = La, Ce, Pr, Nd, Sm, Gd) 

compared to reference structures Na[Re(η5-Cp)(BDI)] (“Re”)107 and U[(μ-η5:η5-Cp)Re(BDI)]3(THF) 

(“U")65 highlighting contraction of the Re–Cp bond in these inverse sandwich complexes. Additionally, 

comparable structures Yb[(μ-η5:η5-Cp)Re(BDI)]2(THF)2 (5-Yb) and Y[(μ-η5:η5-Cp)Re(BDI)]3 (6-Y) are 

shown for further comparison with divalent (“Yb”) and homoleptic (“Y") complexes (vida infra). Ln–

Cp(Cent) distances represented by purple columns and Re–Cp(Cent) distances represented by a blue line 

plot. 

 

To gain insight into the bonding of 1-Ln, DFT calculations were carried out utilizing the B3PW91 

functional,108,109 given that this computational approach has been previously used to described the analogous 

uranium complex65 (see SI for full computational details). To check for 4f orbital involvement, calculations 

were carried out with f-in-core relativistic effective core potentials (RECP), adapted to the 3+ oxidation 

state of the lanthanide.110 This methodology has proven its ability to describe the geometry and bonding of 

a large number of lanthanide complexes.111–114 Geometry optimizations were then carried out for the 
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complexes 1-La, 1-Sm, 1-Gd and the putative 1-Dy. Local minima were identified for all four triple inverse 

sandwich complexes, and the optimized geometries agree well with the crystallographic data (Tables S19-

S20). The Ln–Cp(cent) distances are reproduced within 0.06 Å while the Re–Cp(cent) distances are within 

0.02 Å. In the latter case, the Re–Cp(cent) distances are again similar across the series and relatively 

shortened (vide supra), as in the case of U[(μ-η5:η5-Cp)Re(BDI)]3(L).65 The lanthanide contraction is also 

reproduced computationally across the series. Additionally, the calculations suggest that lanthanide 4f 

orbitals do not contribute significantly to the bonding picture, with the largest contribution coming in 1-La 

(2.0%) and decreasing in 1-Sm (1.5%) and 1-Gd (1.2%) (Table S21). In fact, the three highest molecular 

orbitals (HOMOs) are δ bonds involving 5d orbitals on Re, 5d orbitals on Ln and π* orbitals on the Cp 

ligands (Figure 3). Orbital analysis of the inverse sandwich bonds (M–Cp–Re) reveals a 50% metal and 

50% Cp contribution to the bonds, the same distribution as was found in the analogous uranium analog.65 

However, the lanthanides contribute slightly less to the bonding picture than uranium, as we calculate a 

20% Ln to 80% Re ratio for 1-Ln (La, Sm, Gd) compared to a 25% to 75% ratio in U[(μ-η5:η5-

Cp)Re(BDI)]3(THF),65 a result consistent with the current understanding that actinides can form more 

covalent bonds than the lanthanides.115,116 

 

 
Figure 3. Rendering of the HOMO δ-bond for complex 1-Sm (isosurface value of 0.03). 

 

Diazenido Formation in Mid-to-Late Lanthanides 

 

 During our attempts to extend the triple inverse sandwich motif further across the lanthanide series, 

we were unable to cleanly isolate such complexes for any of the Ln3+ metals heavier than samarium. 

Reactions between Na[Re(η5-Cp)(BDI)] and mid-to-late lanthanide(III) halides (Gd, Tb, Dy, Er) in THF 

led to dark red reaction mixtures, but after extracting the crude material into hexane or pentane, we had 

difficulty initiating crystallization of products. This was in contrast to the early lanthanides, which 

crystallized nicely from hexane, and indicated that we may be observing different reactivity as we move 

across the lanthanide series. Eventually, we were able to obtain small crops of crystals from hexane resulting 

from reactions between Na[Re(η5-Cp)(BDI)] and either GdCl3 or GdI3(Et2O)3. 
1H NMR analysis of these 

crystals was not particularly informative, as the peaks were broadened and paramagnetically shifted, and 
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we were unable to confidently assign resonances. However, FT-IR measurements revealed an unexpected 

strong stretching frequency at 1715 cm-1 (Figure S24), which we postulated may be attributable to an N=N 

stretch similar to other heterobimetallic rhenium complexes we had previously synthesized.117–119 We were 

able to recrystallize this material from pentane and XRD studies corroborated our suspicions, as we 

determined the product structure to be Gd[(μ-η1:η1-N2)Re(η5-Cp)(BDI)][(μ-η5:η5-Cp)Re(BDI)]2(THF)2 (2-

Gd, Scheme 2, Figure 4), which contains dinitrogen incorporated from the reaction atmosphere. We 

obtained a second crop of crystals after concentrating the supernatant removed from the initial crop of 2-

Gd, for which FT-IR measurements did not contain any stretching frequency in the 1600–2000 cm-1
 region, 

suggesting an absence of any diazenido N=N bonds (Figure S24). By recrystallizing this second crop from 

pentane, we were able to obtain another set of single crystals suitable for XRD, which this time revealed 

the product as Gd[(μ-η5:η5-Cp)Re(BDI)]3(THF) (1-Gd), being isostructural with the 1-Ln products 

discussed earlier (Figure 1). 

 
Scheme 2. Synthesis of both lanthanide-rhenium diazenido complex 2-Gd and triple inverse sandwich 

complex 1-Gd. 

 

 Formation of dinitrogen-incorporated 2-Gd was unexpected given that these reactions were 

performed at room temperature and that end-on lanthanide dinitrogen bonding is highly unusual.120–124 

While we have significant evidence from prior studies that the Na[Re(η5-Cp)(BDI)] metalate reversibly 

binds and activates dinitrogen in solution,117–119,125 we typically only observe significant dinitrogen 

incorporation into resulting reaction products when performing reactions at low temperatures (ca. –78 ºC). 

Additionally, we had seen no evidence of any dinitrogen incorporation in reactions producing 1-Ln (Ln = 

La, Ce, Pr, Nd Sm), and when we performed subsequent FT-IR measurements on newly synthesized crude 

products of those early lanthanide reactions, we still did not observe any stretching frequencies that could 

be attributed to N=N formation. As another control experiment, we also attempted a low-temperature 

reaction (–78 ºC) with LaI3(Et2O)3 and again saw no evidence of dinitrogen incorporation in FT-IR spectra 

of the crude product mixture. These results suggested a specific change in the reactivity pattern as we move 

to gadolinium in the lanthanide series. 

 While the gadolinium diazenido 2-Gd was our first direct evidence of N2 incorporation with the 

middle lanthanides, we soon thereafter discovered similar N=N stretching frequencies in FT-IR spectra of 

crude product material from reactions between Na[Re(η5-Cp)(BDI)] and LnX3(L)x (Ln = Tb, Dy, Er; X = 

Cl, I). Each of these displayed strong stretching frequencies at 1713 to 1717 cm-1 (Figures S25-S27), 

strongly suggesting the formation of diazenido complexes analogous to 2-Gd (Scheme 3). Unfortunately, 

despite efforts to promote formation of these diazenido complexes using low-temperature reaction 

conditions, we were unable to isolate clean product material due to the presence of known side products99 

as well as potential unidentifiable impurities; 2-Er was the only other complex for which we could obtain 

a solid-state structure (Figure 4). While the FT-IR data corroborated the formation of diazenido species for 
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the late lanthanides (Er, Tb, Dy), we also performed reactions between Na[Re(η5-Cp)(BDI)] and LnX3(L)x 

(Ln = Tb, Dy, Er; X = Cl, I) under an atmosphere of argon in an attempt to generate triple inverse sandwich-

type complexes for these heavy lanthanides. These attempts were unsuccessful, however, and led to 

intractable mixtures. 

  
Scheme 3. Evidence for lanthanide-rhenium diazenido complexes 2-Ln (Ln = Er, Tb, Dy). Complex 2-Er 

was structurally authenticated and 2-Tb/2-Dy are postulated based on their analogous IR stretching 

frequencies, though none could be isolated cleanly. 

 

 
Figure 4. X-ray crystal structures of 2-Ln (Ln = Gd (left), Er (right)) shown with 50% probability 

ellipsoids. The BDI aryl groups are shown in wireframe, and hydrogen atoms are omitted for clarity. 

 

Similar to the computational investigation of 1-Ln, geometry calculations were carried out for 2-

Gd and 2-Dy and the putative complexes 2-La and 2-Sm, all of which were predicted to be stable (Tables 

S19 and S21). The putative dinitrogen insertion energy of complexes 1-Ln to yield complexes 2-Ln were 

computed and in all cases the formation of complexes 2-Ln are found to be thermodynamically favored by 

8 to 12 kcal mol-1. Therefore, the lack of formation of complex 2-Ln in all cases may be a kinetic problem. 

As for the bonding in 2-Ln, the N–N distance in the complex is compatible with a doubly reduced N2 which 

is corroborated by the nature of the HOMO-6 in complex 2-Dy (Figure 5). In this MO, there is bonding 

overlap between a 5d orbital on Dy, the N2 π* orbital and a 5d orbital on Re. 
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Figure 5. Rendering of the HOMO-6 orbital for complex 2-Dy (isosurface value of 0.03). 

 

 The collective sum of experimental and computational investigations on the formation of 1-Ln 

versus 2-Ln suggest that there is a change in reactivity between the early lanthanides and the later 

lanthanides (from gadolinium on). While the early lanthanides react with Na[Re(η5-Cp)(BDI)] by forming 

three inverse sandwich type bonds, adopting a common geometry reminiscent of LnCp3(L), the heavier 

lanthanides resist adopting the same configuration. Instead, these lanthanides prefer to form just two inverse 

sandwich type bonds with the [(η5-Cp)Re(BDI)] metalloligand, with the third equivalent of rhenium 

bonding through a diazenido ligand to the lanthanide center. We postulate that the decrease in ionic radius 

moving from the early to late lanthanides, with the concurrent decrease in preferred coordination number, 

may be at the heart of our observed reactivity. As the ionic radii of Ln3+ ions decreases across the series, it 

may become less favorable sterically (and kinetically) to have three bulky [(η5-Cp)Re(BDI)] metalloligands 

approach and react with the lanthanide ion center (as in 1-Ln). Instead, the thermodynamically favorable 

diazenido-double inverse sandwich type structures (2-Ln) predominate for gadolinium and heavier 

lanthanides. Mechanistically, formation of the 2-Ln complexes also requires the cooperation of the 

Na[Re(η5-Cp)(BDI)] reagent to initially bind dinitrogen (as observed in prior studies117–119,125) before 

reacting with the lanthanide halide. Thus, mechanistic complications and concurrent formation of 

unproductive side products due to deleterious reactivity of the sensitive Na[Re(η5-Cp)(BDI)] metalate* 

make it difficult to cleanly isolate 2-Ln in good yields. 

 

Synthesis of Comparable Lanthanide and Actinide Diazenido Complexes 

 

 Given the unexpected formation of a terminal diazenido fragment bound to a lanthanide in 2-Ln, 

we were curious to determine whether reactions between Na[Re(η5-Cp)(BDI)] and other late lanthanide(III) 

reagents would lead to inverse sandwich or diazenido type coordination of the rhenium metalloligand. 

Fortuitously, around this time we had also been experimenting with installing the [(η5-Cp)Re(BDI)] ligand 

into a (Cp*)Ln(COT) (Cp* = C5Me5
1–, COT = C8H8

2–) type architecture; we were interested in studying the 

impact replacing the Cp* ligand with a rhenium metalloligand would have on the magnetic properties of 

the molecules.126,127 We began by attempting room-temperature reactions between Na[Re(η5-Cp)(BDI)] and 
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(COT)ErCl(THF)x in THF. From these reactions, we obtained small dark red crystals of crude products 

following workup and crystallization from Et2O. FT-IR measurements revealed a strong stretch at 1770 cm-

1 (Figure S28), an early indication that dinitrogen had been incorporated yet again. Recrystallization from 

Et2O led to single crystals of X-ray quality, which revealed the structure to be (η8-COT)Er[(μ-η1:η1-

N2)Re(η5-Cp)(BDI)](THF)(Et2O) (3-Er, Scheme 4, Figure 6), though we were unable to isolate analytically 

pure material suitable for elemental analysis. While the bridging diazenido product precluded us from being 

able to isolate the desired inverse sandwich erbium(III) complex for magnetic study, the observation of 

diazenido formation helped to reinforce the preferred bonding mode between the [(η5-Cp)Re(BDI)] 

metalloligand and heavy lanthanide ions. 

 

 
Scheme 4. Synthesis of lanthanide- and actinide-rhenium diazenido complexes 3-Er and 4-U. 

 

 
Figure 6. X-ray crystal structure of 3-Er shown with 50% probability ellipsoids. The BDI aryl groups are 

shown in wireframe. Hydrogen atoms, a second molecular unit in the asymmetric unit, and cocrystallized 

Et2O molecules are all omitted for clarity. 
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 We also revisited our attempts to form a diazenido-type bond to uranium(III), considering that our 

initial report of a triple inverse sandwich complex had included no efforts to enforce diazenido bonding to 

uranium.65 To favor N2 binding by Na[Re(η5-Cp)(BDI)], we attempted a low temperature reaction (–78 ºC) 

with UI3(1,4-dioxane)1.5; however, FT-IR spectra of the crude reaction material included no indication of 

diazenido formation. Our inability to form a diazenido in this case seems reasonable considering the large 

ionic radius of U3+ and its preference for higher coordination numbers. 

 We made a separate effort to form a uranium diazenido complex using another U3+ reagent, this 

time utilizing U(CpTMS)3 (CpTMS = C5H4SiMe3),
128 which our group has previously used to bond to a variety 

of donor fragments.129,130  At –78 ºC, we added a solution of Na[Re(η5-Cp)(BDI)] to a solution containing 

both U(CpTMS)3 and [2.2.2-cryptand] in Et2O, and from the reaction mixture we were eventually able to 

isolate dark red crystals of diazenido complex [Na(2.2.2-cryptand)][(CpTMS)3U(μ-η1:η1-N2)Re(η5-

Cp)(BDI)] (4-U, Scheme 4) in good yield, allowing us to characterize it further. Despite the paramagnetic 

U3+ ion, we were able to observe sharp 1H and 13C NMR resonances for the product (Figures S14–S15). We 

also identified a clear N=N stretching frequency in the infrared spectrum at 1789 cm-1 (Figure S29), and X-

ray diffraction allowed for determination of the full diazenido structure (Figure 7). 

 

 

 

Figure 7. X-ray crystal structure of 4-U shown with 50% probability ellipsoids. The BDI aryl groups are 

shown in wireframe. Hydrogen atoms, a second molecular unit in the asymmetric unit, Na[2.2.2-cryptand] 

counterion units, and cocrystallized Et2O molecules are all omitted for clarity. 

 

 Lanthanide- and actinide-rhenium diazenido complexes 2-Ln, 3-Er, and 4-U have fairly 

comparable diazenido geometries (Table 1). Most noteworthy are the N–N distances, which range from 

1.16(2) Å for 4-U to 1.193(8) Å for 2-Er and are elongated relative to free N2 (1.098 Å).131 This lengthening 

of the N–N bond is corroborated by the observed stretching frequencies (1713–1789 cm-1), which indicate 

significant bond activation relative to free N2 (2359 cm-1).132 While the Re–N bond distances to the 

diazenido fragment are consistently ca. 1.8 Å in these four complexes, the Ln–N or U–N distances are 

specific to each metal and trend in accordance with their ionic radii, with the shortest bond measuring 
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2.179(6) Å for 2-Er and the longest 2.448(9) Å for 4-U. While not perfectly linear, the measured Re–N1–

N2 and M–N2–N1 angles are all between 157° and 178°, indicating they are not particularly bent. 

Interestingly, 3-Er, which contained two molecular units within the asymmetric unit of the triclinic cell, 

had fairly different diazenido angles for the two individual units, indicating that perhaps the angles in this 

particular complex are sensitive to crystal packing considerations. In any case, the general end-on/end-on 

coordination of these heterobimetallic diazenido complexes is clearly displayed in the solid-state structures. 

 These diazenido complexes are noteworthy given the rarity of end-on coordination of “N2” 

fragments to lanthanide and actinide metals. Admittedly, the heavy-lifting in terms of dinitrogen binding 

and activation is likely accomplished by the Na[Re(η5-Cp)(BDI)] starting material prior to reaction with 

the lanthanide or uranium reagents, given all of the prior evidence we have of dinitrogen incorporation with 

this rhenium metalate.119 Still, the ability to bind these electrophilic Ln3+ and U3+ ions through the distal 

diazenido nitrogen in an end-on fashion is unusual. Indeed, there are only two reported systems that display 

end-on coordination of any N2 fragment to a lanthanide in the literature,120,121,124 whether in a mono- or 

bimetallic fashion. Instead, lanthanide dinitrogen complexes are primarily found as side-on/side-on 

adducts.122,123 Similarly, end-on coordination of a dinitrogen fragment to an actinide is rare, with only two 

reported examples of bimetallic diazenido complexes133,134 and one example of a monometallic uranium 

dinitrogen complex.135 In any case, our surprising results leading to the synthesis of bridging rhenium 

heterobimetallic diazenido complexes has expanded our understanding of diazenido-type bonding with 

lanthanide and actinide centers. 

 

Table 1. Select bond distances (Å) and angles (degrees) in 2-Ln (Ln = Gd, Er), 3-Er, and 4-U. 

complex Re–N1 Ln/U–N2 N1–N2 Re1–N1–N2 M1–N2–N1 

2-Gd 1.822(5) 2.295(5) 1.191(7) 172.9(4) 177.8(4) 

2-Er 1.813(6) 2.179(6) 1.193(8) 170.6(5) 163.3(5) 

3-Era 1.831(3), 1.828(2) 2.272(3), 2.264(3) 1.170(4), 1.179(4) 176.8(2), 171.2(2) 171.9(2), 160.8(2) 

4-Ua 1.862(8), 1.873(8) 2.446(9), 2.448(9) 1.17(2), 1.16(2) 174(2), 173.0(7) 157.4(8), 157.6(9) 
aThere are two molecular units within the asymmetric unit. 

 

Ln2+ and Homoleptic Inverse Sandwich Complexes 

  

 Thus far, we have only discussed reactions with trivalent lanthanide and uranium reagents, and all 

of the resulting inverse sandwich products, including 1-Ln and 2-Ln, have been supported with an L-type, 

THF ligand. As a means of extending the inverse sandwich binding motif to a wider range of complexes, 

we also attempted to bind the [(η5-Cp)Re(BDI)] metalloligand to lanthanides in the 2+ oxidation state, and 

separately, to isolate an inverse sandwich complex that did not require an additional L-type supporting 

ligand. We found that reactions between Na[Re(η5-Cp)(BDI)] and YbI2(THF)2 successfully led to the 

isolation of double inverse sandwich complex Yb[(μ-η5:η5-Cp)Re(BDI)]2(THF)2 (5-Yb, Scheme 5). Despite 

running this reaction at −78 ºC (which we found necessary to cleanly isolate the products in good yield), 

we did not observe any evidence suggesting simultaneous formation of any diazenido type minor products. 

The crystal structure of 5-Yb was generally consistent with other inverse sandwich complexes 1-Ln in 

terms of short Re–Cp distances and Ln–Cp distances trending with ionic radius (Figure 8, Table 2). 

However, compared with the trivalent inverse sandwich complexes (1-Ln), the contraction of the Re–Cp 
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bond in this divalent structure is on the lower end, with the Re–Cp(cent) distance measuring 1.776(7) Å 

(Figure 2).  

 

 
Scheme 5. Syntheses of double inverse sandwich complex 5-Yb and base-free triple inverse sandwich 

complex 6-Y. 

 
Figure 8. X-ray crystal structure of 5-Yb shown with 50% probability ellipsoids. The BDI aryl groups are 

shown in wireframe, and hydrogen atoms are omitted for clarity. 

 

Table 2. Select average (mean) bond distances (Å) in 5-Yb and 6-Y. 

complex Re–Cp(cent) Re–Cp(C) Ln–Cp(cent) Ln–Cp(C) Ln–O Re–N 

5-Yb 1.776 2.159 2.417 2.710 2.416 2.045 

6-Y 1.760 2.151 2.339 2.645 – 2.036 
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 As for isolating a base-free inverse sandwich complex in the absence of L-type donors, we 

speculated that it would be necessary to use either a heavy lanthanide or similar metals with smaller ionic 

radii and lower preferred coordination numbers. As such, we attempted reactions between Na[Re(η5-

Cp)(BDI)] and several non-solvated heavy lanthanide reagents, as well as other rare earth metals including 

YCl3, using Et2O as the solvent as opposed to THF.136 Despite observing consumption of the YCl3 starting 

material during these reactions, we had difficulty isolating crystalline products, though we were finally able 

to crystallize a small amount of product Y[(μ-η5:η5-Cp)Re(BDI)]3 (6-Y) from a toluene/pentane mixture 

(Scheme 5). An infrared spectrum of crude material included a stretching frequency at 1714 cm-1 that could 

be attributed to possible dinitrogen incorporation, suggesting that a limiting factor in the yield of 6-Y may 

be concurrent formation of a diazenido side product. Regardless, the 1H NMR spectra of pure 6-Y had an 

absence of THF or other L-type adduct resonances (Figure S18) and the solid-state structure confirmed the 

synthesis of a homoleptic, base-free triple inverse sandwich complex (Figure 9). The bonding metrics of 6-

Y were also in line with those of other inverse sandwich complexes reported herein (Table 2, Figure 2), 

with no major deviations from those THF supported species. However, the Re–Cp(cent) distance was on 

the shorter end at 1.760(6) Å. Given our inability to isolate any early lanthanide or uranium triple inverse 

sandwich complexes without an L-type adduct, the smaller ionic radius of Y3+ is likely the key to formation 

of the base-free species, though it is less stable and more difficult to isolate in good yield relative to the 

base-stabilized analogs. 

 

 
Figure 9. X-ray crystal structure of 6-Y shown with 50% probability ellipsoids. The BDI aryl groups are 

shown in wireframe, and hydrogen atoms are omitted for clarity. 

 

Concluding Remarks 

 

 We have synthesized a series of tri-rhenium triple inverse sandwich complexes with the early 

lanthanides, extending the scope of a bonding motif first observed by our group with uranium. These 

complexes adopt similar bonding metrics to that observed previously with uranium, with the main feature 
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being shortened Re–Cp bonds due to a decrease in electrostatic repulsions upon bonding to electrophilic 

lanthanide ions. Moving across the lanthanide series, we observe a break in reactivity at gadolinium, 

wherein the heavier lanthanides do not adopt a triple inverse sandwich geometry but instead form diazenido-

double inverse sandwich type complexes, likely due to their smaller ionic radii and lower preferred 

coordination numbers. The unexpected formation of end-on lanthanide diazenido complexes led us to 

pursue the synthesis of similar diazenido species with other lanthanides and uranium. Collectively, these 

lanthanide- and actinide-rhenium heterobimetallic diazenidos are noteworthy given the scarcity of reported 

end-on coordination of dinitrogen to f-block elements. As such, they represent an expansion in known 

dinitrogen coordination modes and broaden our understanding of diazenido interactions in the f-block. 

Finally, we were successfully able to expand the inverse sandwich bonding motif with this rhenium 

metalloligand to both a divalent lanthanide ion as well as to isolate the first base-free, homoleptic triple 

inverse sandwich complex with this system. Future efforts are underway to study both the reactivity and 

magnetic properties of these unique compounds, as well as to extend this modular synthetic approach to the 

synthesis of rhenium inverse sandwich complexes with other metals. 
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Synopsis: Salt elimination reactions between a rhenium metalate and lanthanide(III) salts lead to the 

synthesis of a series of triple inverse sandwich complexes for the early lanthanides. However, unexpected 

reactivity for gadolinium leads to structural characterization of both a triple inverse sandwich complex as 

well as an end-on/end-on heterobimetallic diazenido complex. We observe evidence for end-on diazenido 

formation with other heavy lanthanides as well as with uranium(III). 

 




