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This dissertation describes an expansion of reductive rare-earth metal chemistry focused on the 

synthesis and reduction of bimetallic complexes with the goal of examining metal-metal bond 

formation between two rare-earth ions.  While rare-earth species with definitively identifiable 

metal-metal bonds were not obtained, this thesis analyzes the properties and reductive chemistry 

of a variety of bimetallic complexes of the rare-earth metals.  Chapter 1 describes the synthesis of 

the bimetallic bridged-hydride precursors, [Cp′2Ln(μ–H)(THF)]2. (Ln = Y, Tb, Dy; Cp′ = 

C5H4SiMe3).  Chapter 2 describes their reduction with potassium graphite to form dark-colored 

products characteristic of Ln(II) ions.  The room temperature EPR spectrum of the yttrium product 

contains a broad signal at g = 1.983.  Chapter 3 describes the synthesis and reduction of the methyl 

analogs of the hydrides, [Cp′2Ln(μ–CH3)]2 (Ln = Y, Tb, Dy).  Reduction of these complexes 

generates dark-colored solutions and the yttrium complex has an axial EPR spectrum at 77 K 

consistent with an Y(II) ion.  In Chapter 4, reduction with KC8 of the ansa-metallocene hydride, 

[CpAnY(μ–H)(THF)]2, [CpAn = Me2Si(C5H3SiMe3)2], is described.  This generates 

[K(crypt)][CpAnY(μ–H)]2, the first structurally characterizable reduced bimetallic yttrium 

metallocene.  This dark red-brown complex has a two-line EPR spectrum at room temperature 
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characteristic of an Y(II) ion.  The structural and spectroscopic characterization of the analogous 

reduced bimetallic dysprosium complex, [K(18-crown-6)(THF)2][CpAnDy(μ–H)]2, is presented in 

Chapter 5.  Chapter 6 describes a new class of bimetallic complexes, {(C5Me5)2Ln[μ–O(C6H4)μ–

NC]}2 (Ln = Y, Tb, Dy), discovered through the ring opening of benzoxazole to form a rare 

example of a bridging 2-isocyanophenolate ligand.  Reduction of {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2 

forms a red-purple solution with an EPR spectrum consistent with reduction of the bridging ligand.  

Chapter 7 describes the spectroscopic characterization of the reduction of three additional classes 

of yttrium metallocene hydrides, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), 

[(C5Me4H)2Y(μ–H)]2, and {[SiMe2(C5Me4)2]Y(μ–H)}2.  The reduction of [(C5Me4H)2Y(μ–H)]2, 

and the tuckover complex (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5) with KC8 provided 

EPR spectra at 77 K consistent with reduction.  The attempted reduction of {[SiMe2(C5Me4)2]Y(μ–

H)}2 with KC8 in toluene was not successful.  Chapter 8 describes the synthesis of complexes with 

an unusual triphenylboranecarbonitrile ligand, (NCBPh3)1−, LnCl2(THF)4(NCBPh3) (Ln = Y, Dy).  

Exploration of this reaction led to the crystallization of LnCl2(THF)5[BPh4], [Ln(H2O)6Cl2]Cl (Ln 

= Y, Dy), [NEt4][PhBOBPhOBPh2], [K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], and 

[NEt4][Ph2BOBPh2CN].  
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INTRODUCTION 

Rare-Earth Metals.   The rare-earth metals refer to all of the lanthanides, yttrium, and 

scandium.  The lanthanides include the fifteen f-elements:  lanthanum, cerium, praseodymium, 

neodymium, promethium, samarium, europium, gadolinium, terbium, dysprosium, holmium, 

erbium, thulium, ytterbium, and lutetium.  While these elements are referred to as the "rare-earth 

metals", these elements are not rare in the earth's crust, Figure 0.1.1,2  They are about as abundant 

as cobalt, lead, or arsenic.1,2  These elements are also relatively inexpensive compared to the 

precious transition metals, Figure 0.1.1–3   

 

Figure 0.1.  Graph of the abundance of each element versus their atomic number.1,2  

 

The rare-earth metals are important for a variety of applications including batteries in 

hybrid cars, illuminated screens on electronic devices, magnets for computer hard drives, magnets 
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for wind turbines, energy saving light bulbs, magnets for medical devices, jet fighter engines, 

missile guidance systems, and glass fibers for communications, Table 0.1.3–6  Neodymium, 

gadolinium, dysprosium, and terbium are frequently used in magnetic materials making them 

essential to a number of applications.3  Neodymium iron boron (Nd2Fe14B) magnets are considered 

the world's strongest permanent magnets which are commercially available.3  The US Department 

of Energy has labeled five of the rare-earth metals, specifically neodymium, europium, terbium, 

dysprosium, and yttrium as critical materials for clean energy technology.7 

 

Table 0.1.  Common applications for the lanthanides and yttrium.3  

Rare-Earth Metal Applications 

Lanthanum Hybrid engines, metal alloys 

Cerium Automobile catalysts, petroleum refining, metal alloys 

Praseodymium Magnets 

Neodymium 
Automobile catalysts, petroleum refining, hard drives in 

laptops, headphones, hybrid engines, weapon defense 

Samarium Magnets 

Europium Red color for television, computer, and cellphone screens 

Gadolinium Magnets 

Terbium Phosphors, permanent magnets 

Dysprosium Permanent magnets, hybrid engines 

Yttrium Red color, fluorescent, lamps, ceramics, metal alloy agent 

Holmium Glass coloring, lasers 

Erbium Phosphors, glass fibers for communications 

Thulium Medical X-ray units 

Ytterbium Lasers, steel alloys 

Lutetium Catalysts in petroleum refining 
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 The lanthanide elements have a variety of interesting properties.  They are Lewis acidic, 

oxophilic, and halophilic.  The lanthanides exhibit a phenomenon referred to as the lanthanide 

contraction.  The lanthanide contraction describes the decrease in size of the elements observed 

across the lanthanide row, Figure 0.2.8  Each lanthanide ion decreases by about 0.013 Å per 

element moving across the row, Figure 0.3.8  The lanthanide contraction is the result of poor  

 

Figure 0.2.  Rare-earth metal contraction, decrease in size in for 6-coordinate Ln(III) ions and 

Y(III) (spheres shown to scale).8 

 

Figure 0.3.  Lanthanide contraction of 6-coordinate Ln(III) ions as shown in ionic radius versus 

atomic number.8  
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shielding of nuclear charge by the f orbitals.  This results in the electrons being drawn towards the 

nucleus which causes the size to decrease.  The lanthanides are also unique because the 4f orbitals 

do not extend beyond the Xe inert gas core of the ions, Figure 0.4.9  This lack of radial extension 

beyond the Xe inert gas core limits the f orbitals involvement in bonding.  There is less orbital 

overlap with the ligands and therefore, the bonding in lanthanide complexes is primarily ionic.   

 

Figure 0.4.  Radial extension of the f orbitals within the lanthanide metals with Nd3+ as an 

example.9 

 

Rare-Earth Reductive Chemistry.  A fundamental property of any element is the number 

of oxidation states that are available to that element.  This describes the element's ability to gain 

and lose electrons.  The most stable oxidation state for all of the rare-earth elements is the +3 

oxidation state.  Molecular complexes of Eu(II), Yb(II), and Sm(II) have been known since the 

early 1900s10–14 and it was previously believed that these were the only rare-earth elements that 

could access the +2 oxidation state.  This belief was overturned in the early 2000s, when the first 

molecular complexes of neodymium, dysprosium, and thulium in the +2 oxidation state were 
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discovered.  These diiodide complexes are shown in Figure 0.5.15–18  Early lanthanide redox 

chemistry was focused on the interesting reactivity exhibited by Ln(II) ions (Eu, Yb, Sm, Tm, Nd, 

Dy).19  Eu(II) is unique amongst the lanthanides because its redox chemistry can be accessed in 

aqueous media.19,20  

 

Figure 0.5.  First molecular complexes of Nd(II), Dy(II), and Tm(II).15–18 

 

 In 2008, a large leap in the understanding of rare-earth redox chemistry was made when 

the first crystallographically-characterized complexes of lanthanum and cerium were isolated in 

the +2 oxidation state, [K(crypt)][Cp′′3Ln], eq 0.1 [Ln = La, Ce; Cp′′ = C5H3(SiMe3)2–1,3; crypt = 

2.2.2-cryptand].21  These complexes were interesting and went on to inspire the isolation of the 

entire series of lanthanides and yttrium in the +2 oxidation state, [K(crypt)][Cp′3Ln], using the  

 

similar but sterically smaller Cp′ ligand, eq 0.1 (Ln = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, 

Lu; Cp′ = C5H4SiMe3; crypt = 2.2.2-cryptand).22–26  Structural, spectroscopic, and magnetic data 

as well as theoretical calculations are consistent with a 4fn5d1 ground state electron configuration 
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for these new Ln(II) ions (Ln = La, Ce, Pr, Gd, Tb, Ho, Er, Lu).22–26  This electron configuration 

is a mixed quantum number ground state electron configuration and differs from the expected 4fn+1 

electron configuration which is adapted by the “traditional” ions (Ln = Sm, Eu, Tm, Yb).25  

Dysprosium and neodymium are unique in that they adopt a different ground state electron 

configuration, either 4fn5d1 or 4fn+1, depending on the coordination environment.25,27  The 

properties and reactivity of these interesting new ions still remains to be fully explored and the 

population of a d orbital upon reduction has implications for the bonding within these systems.  

This dissertation will focus on the redox chemistry of bimetallic rare-earth systems. 

Dissertation Outline.  This dissertation describes an expansion of the redox chemistry of 

the rare-earth metals that led to the isolation of the first molecular complexes of yttrium and all 

the lanthanides in the +2 oxidation state.  This research is focused on expanding the understanding 

of the rare-earth metals in the +2 oxidation state by exploring bimetallic complexes.  The overall 

goal of this research is to form metal-metal bonds between two rare-earth ions and isolate 

bimetallic divalent or mixed-valent molecular complexes of the rare-earth metals.  Of course, 

metal-metal bonding occurs in the solid state and bonds between rare-earth metals have been 

reported within the special environment of fullerenes for many years.28-35  Bimetallic lanthanide 

molecules of formula [(C5R5)2Ln(µ–X)]2 (X = Cl, H, Me) containing bridging ligands that already 

hold the two lanthanide ions in close proximity to one another were chosen as substrates for 

reduction.  The hydride- and methyl-bridged species were of particular interest since the bridging 

ligands are involved in three-center two-electron electron-deficient bonds which have non-bonding 

orbitals that could accommodate an extra electron.  Complexes with definitively-identifiable 

metal-metal bonds were not characterized by X-ray crystallography.  This thesis did explore the 
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reduction chemistry of bimetallic complexes of the rare-earth metals and provided an interesting 

study of ligand systems that support reduction of bimetallic rare-earth complexes. 

Chapter 1 describes the synthesis of the colorless bimetallic bridged-hydride precursors, 

[Cp′2Ln(μ–H)(THF)]2 (Ln = Y, Tb, Dy; Cp′ = C5H4SiMe3) starting from LnCl3.  LnCl3 is reacted 

with KCp′ to form [Cp′2Ln(μ–Cl)]2 which is reacted with allylmagnesium chloride to synthesize 

the allyl precursor, Cp′2Ln(η3–C3H5)(THF).  Cp′2Ln(η3–C3H5)(THF) is reacted with 60 psi of H2 

gas in a solid/gas phase reaction to form the bridging hydride complexes, [Cp′2Ln(μ–H)(THF)]2.  

By heating under vacuum, the bimetallic hydride complexes interconvert to the trimetallic 

complex, [Cp′2Ln(μ–H)]3, which interconverts back to the bimetallic hydride upon dissolving in 

THF.  Chapter 1 also discusses the synthesis of the Cp′′ yttrium bridging hydride complex 

[Cp′′2Y(μ–H)]2 [Cp′′ = C5H3(SiMe3)2–1,3].  However, X-ray quality crystals of the Cp′′ complex, 

[Cp′′2Y(μ–H)]2 were not isolated. 

Chapter 2 describes the potassium graphite reduction of the bimetallic bridging hydride 

complexes, [Cp′2Ln(μ–H)(THF)]2.  The reduction reactions formed dark-colored solutions 

consistent with Ln(II) ions, and EPR spectra consistent with reduction.  However, the only 

crystallographically-characterizable products from these reductions, were the trimetallic 

tetrahydride complexes, [K(chelate)]{[Cp′2Ln(μ–H)]3(μ–H)} (chelate = crypt or crown; Ln = Y, 

Tb, Dy).  Reduction of [Cp′2Y(μ–Cl)]2 was also investigated.  It formed a dark-colored solution 

with the expected axial EPR spectrum at 77 K with splitting characteristic of an Y(II) ion.  

However, the reduction product of [Cp′2Y(μ–Cl)]2 was very thermally sensitive and was not 

crystallographically-characterized. 

Chapter 3 describes the synthesis and reduction of the analogs of the hydrides described in 

Chapters 1 and 2, but with methyl bridges, [Cp′2Ln(μ–CH3)]2 (Ln = Y, Tb, Dy).  Reduction of 
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these complexes with potassium graphite generates dark-colored solutions with broad absorbance 

peaks around 400 nm and molar extinction coefficients characteristic of Ln(II) ions.  The reduction 

of [Cp′2Y(μ–CH3)]2 formed a solution with EPR spectra indicating that an Y(II) ion was present.  

These reduction products appeared to be more stable than the hydride reduction products, but no 

crystallographic data were obtainable.  

Structural evidence of the reduced bimetallic complexes discussed in Chapters 2–3 was 

elusive.  Therefore, the reduction of the ansa-metallocene hydride, [CpAnY(μ–H)(THF)]2, [CpAn = 

Me2Si(C5H3SiMe3)2] was explored and this is described in Chapter 4.  [CpAnY(μ–H)(THF)]2, is 

synthesized from CpAnY(η3–C3H5)(THF) in a solid/gas reaction with 80 psi of H2 gas.  Reduction 

of [CpAnY(μ–H)(THF)]2, with KC8 forms [K(crypt)][CpAnY(μ–H)]2, the first structurally 

characterized reduced bimetallic complex of yttrium.  This dark red-brown colored complex has 

an Y…Y distance of 3.3992(6) Å compared to 3.6311(5) Å for [CpAnY(μ–H)(THF)]2.  This is the 

shortest distance observed in a bimetallic yttrium hydride complex.  The UV-visible and EPR 

spectroscopic data indicate the presence of an Y(II) ion.   

Chapter 5 describes the extension of the CpAn chemistry from diamagnetic Y(III) to 

paramagnetic Dy(III), µ = 10.6 μB and Tb(III), µ = 9.72 μB.  The structural and spectroscopic 

characterization of the analogous reduced bimetallic dysprosium complex, [K(18-crown-

6)(THF)2][CpAnDy(μ–H)]2, are presented.   

Chapter 6 describes a new class of bimetallic rare-earth metal complexes discovered 

through the ring opening of benzoxazole to form a rare example of a bidentate, 2-

isocyanophenolate ligand.  (C5Me5)2Ln(η3–C3H5) reacts with benzoxazole to generate the dark red 

ring-opened isocyanophenolate rare-earth complexes, {(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2. (Ln = Y, 
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Tb, Dy).  Reduction of {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2 forms a red-purple solution with an EPR 

spectrum consistent with reduction of the bridging ligand.   

Chapter 7 describes the spectroscopic characterization of the reduction products of three 

additional classes of cyclopentadienyl yttrium metallocene complexes: (C5Me5)2Y(μ–H)[μ–η1:η5–

CH2C5Me4]Y(C5Me5), [(C5Me4H)2Y(μ–H)]2, and [CptetAnY(μ–H)]2 [CptetAn = SiMe2(C5Me4)2].  

Reduction of [(C5Me4H)2Y(μ–H)]2, and the tuckover complex (C5Me5)2Y(μ–H)[μ–η1:η5–

CH2C5Me4]Y(C5Me5) provide EPR spectra at 77 K consistent with reduction.  However, both 

decompose to organic radicals upon warming to room temperature.  Reduction of [(C5Me4H)2Y(μ–

H)]2 has an axial EPR spectrum at 77 K, which is consistent with an Y(II) ion.  Reduction of 

(C5Me5)2Y(μ–H)[μ–η1:η5–CH2C5Me4]Y(C5Me5) provides a complicated rhombic EPR spectrum 

at 77 K which indicates reduction, but it does not have the expected pattern for an Y(II) ion.  

Reduction of [CptetAnY(μ–H)]2 in toluene was unsuccessful.  The solution remained colorless and 

was EPR silent.  These systems provide further information about which cyclopentadienyl ligands 

support the formation of bimetallic complexes of Y(II).  

Chapter 8 describes the synthesis of complexes with an unusual 

triphenylboranecarbonitrile ligand, [NCBPh3]1−, synthesized by reacting LnCl3 with NaBPh4 and 

KCN.  Exploration of this reaction led to the synthesis of LnCl2(THF)4(NCBPh3) as well as other 

complexes of the rare-earth metals including [LnCl2(THF)5][BPh4], and [Ln(H2O)6Cl2]Cl (Ln = 

Y, Dy).  A variety of cyanide and phenylborane compounds were also crystallographically-

characterized including [NEt4][PhBOBPhOBPh2], 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], and [NEt4][Ph2BOBPh2CN]. 
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Chapter 1 

Synthesis of Bimetallic, [Cp′2Ln(μ–H)(THF)]2, and Trimetallic, [Cp′2Ln(μ–H)]3, Hydride 

Complexes with Cp′ Ligands [Ln = Y, Tb, Dy; Cp′ = C5H4SiMe3]  

 

Introduction*  

One of the major advances in reductive rare-earth metal chemistry was the discovery that 

the +2 oxidation state was accessible in molecular species for yttrium and all the lanthanides 

(except radioactive Pm).  This was accomplished in molecules containing three trimethylsilyl-

substituted cyclopentadienyl ligands, eq 1.1.1–6  Before that discovery, it was believed that the +2 

oxidation state in molecular species was limited to Eu, Yb, Sm, Tm, Dy, and Nd, which had 4fn+1 

electron configurations obtained by reducing a 4fn Ln(III) precursor.7–10  Interestingly, structural 

and spectroscopic characterization, and density functional theory (DFT) calculations have shown 

that the new Ln(II) ions, i.e. La, Ce, Pr, Gd, Tb, Y, Ho, Er, Lu, exhibited a 4fn5d1 ground state for 

the lanthanides and a 4d1 configuration for yttrium.1–6  Interestingly, Dy and Nd adopt a 4fn+1 or a 

4fn5d1 ground state electron configuration depending on the ligand envionrment.11  Examples of 

molecular complexes of the new Ln(II) ions were later discovered with other ligands including 

C5H3(CMe3)2
 (Cptt),12,13 C5H2(CMe3)3 (Cpttt),14,15 tris(aryloxide) mesitylene ligand, 

(Ad,MeArO)3mes),16,17 and N(SiMe3)2.18   

                                                           
*  Portions of this Chapter have been published: Dumas, M. T.; Chen, G. P.; Hu, J. Y.; 
Nascimento, M. A.; Rawson, J. W.; Ziller, J. W.; Filipp, F.; Evans, W. J. Journal of 

Organometallic Chemistry 2017, 849-850, 38-47. 
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 The 5d1 character of this electron configuration of the new Ln(II) ions raises the possibility 

of generating rare-earth metal complexes containing Ln−Ln bonds.  Traditionally, Ln−Ln bonding 

is considered unlikely due to the limited radial extension of the 4f orbitals which reduces the 

probability of significant overlap.  Of course, metal-metal bonding occurs in the solid state and 

bonds between rare-earth metals have been reported within the special environment of fullerenes 

for many years.19–26  In (Cp′3Ln)1−  and (Cp′′3Ln)1−  complexes [Cp′ = C5H4SiMe3; Cp′′ = 

C5H3(SiMe3)2–1,3], however, the additional electron is in a dz
2 orbital which is suited to making 

metal-metal bonds.  However, the steric protection of the three cyclopentadienyl rings in 

(Cp′3Ln)1− and (Cp′′3Ln)1− is not ideal for forming bimetallic metal-metal bonded species.  

 Therefore, bimetallic molecules containing bridging ligands that hold the two rare-earth 

ions in close proximity to one another were explored as an alternative for forming Ln(II)−Ln(II) 

bonds.  However, it was not known if bimetallic complexes like [(C5R5)2Ln(µ–X)]2 would have 

the appropriate geometries to lower a d orbital such that 4fn5d1 electron configurations would be 

the ground state (X = H, Cl).  To explore this possibility, it was of interest to synthesize bimetallic 

complexes with traditional bridging groups, e.g. hydride or chloride ligands, with mono- or disilyl-

substituted cyclopentadienide ligands that are known to stabilize Ln(II) ions.1–6  The bimetallic 

trimethylsilylcyclopentadienide complexes, [Cp′2Ln(μ–H)]2, were of particular interest, as the 

bridging hydride ligands are involved in three-center two-electron electron-deficient bonds.  

Bridging hydride complexes of the rare-earth metals have been known since 1982, when Evans 
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and coworkers synthesized the first yttrium bridging hydride complex, [(C5H5)2Y(µ–H)(THF)]2.27  

Since then many bridging hydride metallocene complexes of the rare-earth metals have been 

synthesized such as [(C5H4Me)2Ln(µ–H)(THF)]2, (Ln = Er, Y),27 [(C5Me5)2LnH]2 (Ln = Sm,28 

Gd,29 Tb,29 Lu,30,31 Y32,33), [(C5H5)2Lu(µ–H)(THF)]2,34 [(C5H3Me2-1,3)2Y(µ–H)(THF)]2,35 and 

[(C5H3
tBu2-1,3)2Ln(µ–H)(THF)]2 (Ce,36 Sm,36 Lu37).  However, the analogous complexes with Cp′ 

have not been previously synthesized.  This Chapter describes the synthesis of these molecules for 

Y, Tb, and Dy.  

 This Chapter outlines the multi-step synthesis of the bimetallic Cp′ bridging hydride 

complexes, [Cp′2Ln(μ–H)(THF)]2, of Y(III) as well as the paramagnetic Dy(III) (µ = 10.6 µB) and 

Tb(III) (µ = 9.7 µB) complexes that required crystallographic verification at each step.  While 

conducting the synthesis of [Cp′2Ln(μ–H)(THF)]2, the trimetallic bridging hydride complexes, 

[Cp′2Ln(μ–H)]3, were also isolated.  Upon isolation of these two classes of complexes, the 

interconversion between the bimetallic, [Cp′2Ln(μ–H)(THF)]2, and trimetallic, [Cp′2Ln(μ–H)]3, 

bridging hydride complexes was explored.  Unsuccessful attempts to make Cp′′ analogs of these 

complexes are also described. 

 

Results 

 Synthesis of Cp′ Bridging Hydride Complexes, [Cp′2Ln(μ–H)]3 and [Cp′2Ln(μ–

H)(THF)]2.  The synthesis of the precursors to form the desired hydride complexes is shown in 

Scheme 1.1.  Anhydrous LnCl3 was treated with 2 equivalents of KCp′ to synthesize the bridging 

chlorides, [Cp′2Ln(μ–Cl)]2, 1-Ln (Ln = Y, Tb, Dy; Cp′ = C5H4SiMe3).  The synthesis of 1-Y,38 a 

known complex, was confirmed by 1H and 13C NMR spectroscopies.  The paramagnetic 

dysprosium and terbium complexes were characterized by X-ray crystallography, Figure 1.1, since 
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they are highly paramagnetic making characterization by NMR spectroscopy difficult.  1-Tb and 

1-Dy were found to have the expected bimetallic structures and are isomorphous with the yttrium, 

1-Y,39 lutetium,40 ytterbium,41 and samarium analogs.42   

 

Scheme 1.1.  Synthesis of [Cp′2Ln(μ–Cl)]2, 1-Ln, and Cp′2Ln(η3–C3H5)(THF), 2-Ln (Ln = Y, Tb, 

Dy; Cp′ = C5H4SiMe3). 

 

Addition of allylmagnesium chloride, (C3H5)MgCl, to the colorless 1-Ln generated the 

bright yellow allyl complexes Cp′2Ln(η3–C3H5)(THF), 2-Ln (Ln = Y, Tb, Dy), Scheme 1.1.  These 

complexes were crystallographically-characterized, Figure 1.2, and determined to be the 

monometallic THF adducts.  The bound THF is observed in the 1H NMR spectrum of 2-Y in 

deuterated benzene as two multiplet resonances at 3.51 ppm and 1.30 ppm and in the 13C NMR 

spectrum at 70.24 and 23.09 ppm.  Complexes 2-Y, 2-Tb, and 2-Dy are isomorphous. 
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Figure 1.1.  ORTEP depiction of [Cp′2Dy(μ–Cl)]2, 1-Dy, with thermal ellipsoids drawn at the 50% 

probability level.  Hydrogen atoms have been omitted for clarity.  Complexes 1-Y, 1-Tb, and 1-

Dy are isomorphous. 

 

Figure 1.2.  ORTEP depiction of Cp′2Dy(η3–C3H5)(THF), 2-Dy, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms have been omitted for clarity.  Complexes 2-Y, 2-Tb, 

and 2-Dy are isomorphous. 
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Initial attempts at the synthesis of the bridging hydride complexes were conducted with 1 

atmosphere of H2 gas in solution/gas phase reactions.  Upon exposure of a yellow solution of 2-Y 

to 1 atmosphere of H2 gas, a colorless product was formed.  The 1H NMR spectrum of the crude 

product from the solution/gas reaction contained a triplet resonance at 2.29 ppm (JY–H = 36 Hz). 

This resonance is consistent with a hydride ligand bridged between two I = ½ 89Y (abundance = 

100%) ions.  However, multiple products are observed in the crude 1H NMR spectrum.  

Unfortunately, the only crystallographically-characterizable product from these reactions was the 

oxide complex, [Cp′2Y(THF)]2(μ–O), 3-Y, Figure 1.3.  The solution/gas phase reaction conditions 

were varied including the solvent (hexane and pentane), the reaction temperature (0 °C and −20 

°C), and the amount of H2 gas exposure with the intention of increasing the yield of the bridging  

 

Figure 1.3.  ORTEP depiction of [Cp′2Y(THF)]2(μ–O), 3-Y with thermal ellipsoids drawn at the 

50% probability level.  Hydrogen atoms have been omitted for clarity.   
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hydride complex and decreasing the yield of 3-Y.  However, every reaction yielded a mixture of 

products, as indicated by 1H NMR spectroscopy with 3-Y being the only crystallographically-

characterizable product.  While the source of oxygen is unknown, the formation of oxide products 

is not uncommon in rare-earth chemistry.43–45  

Since multiple products were observed in the solution/gas phase reactions between 2-Y 

and H2 gas and the only crystallographically-characterizable product was 3-Y, solid/gas phase 

reactions were explored as this method has been shown to decrease the number of side products 

produced.33  Specifically, it has been found that (C5Me5)2UMe2 reacts with H2 gas in toluene to 

form a variety of byproducts along with a mixture of [(C5Me5)2UH2]2 and [(C5Me5)2UH]2.33  

However, hydrogenolysis of (C5Me5)2UMe2 in a solid/gas phase reaction with H2 forms 

predominately [(C5Me5)2UH2]2 with a minor amount of [(C5Me5)2UH]2 without any byproducts.33  

This was also observed with yttrium:  the solid/gas phase reaction between (C5Me5)2Y(η3–C3H5) 

and H2 gas generated (C5Me5)2Y(μ–H)YH(C5Me5)2 without the decomposition products that are 

observed in solution.33  That reaction provided the first crystallographic-characterization of that 

complex.33   

The reaction of solid 2-Y with 60 psi of H2 gas using a Fischer Porter pressure reactor in 

the absence of solvent produced a white solid, identified by X-ray crystallography as the trimetallic 

complex [Cp′2Y(μ–H)]3, 4-Y, eq 1.2, Figure 1.4.  This is analogous to the previously reported 

trimetallic yttrium complex [(C5H3Me2-1,3)2Y(μ–H)]3.35  The only product observed in the 1H 

NMR spectrum of the crude product from the solid/gas phase reaction is 4-Y.  Interestingly, the 

triplet resonance in the 1H NMR spectrum of 4-Y at 2.86 ppm (JY–H = 32.5 Hz) is different from 

the triplet resonance at 2.29 ppm (JY–H = 36 Hz) observed in the crude product of the solution/gas 

phase reaction.  This raises the possibility that two different hydride species may result from this 
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metal-ligand system.  However, the hydride complex generated from the solution/gas phase 

reaction has not been crystallographically-characterized. 

 

 

Figure 1.4.  ORTEP depiction of [Cp′2Y(μ–H)]3, 4-Y, with thermal ellipsoids drawn at the 50% 

probability level.  Co-crystallized solvent and hydrogen atoms, except for the bridging hydride 

ligands, have been omitted for clarity. 
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 Complexes 2-Tb and 2-Dy were treated with 60 psi of H2 gas in an analogous reaction to 

form 4-Y, eq 1.3.  In contrast, these reactions produced colorless crystals identified by X-ray 

crystallography as the solvated bimetallic complexes [Cp′2Ln(μ–H)(THF)]2, 5-Ln, eq 1.3, (Ln = 

Tb, Dy), Figure 1.5.  These products are analogous to complexes, [(C5H3Me2-1,3)2Y(μ–

H)(THF)]2.35   

 

 

Figure 1.5.  ORTEP depiction of [Cp′2Dy(μ–H)(THF)]2, 5-Dy, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms, except for the bridging hydride ligands, have been 

omitted for clarity.  Complexes 5-Tb and 5-Dy are isomorphous. 
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It has not been determined why Y favors the trimetallic complex, 4-Ln, and Tb and Dy favor the 

bimetallic complex, 5-Ln, upon the initial synthesis, but it may have to do with the difference in 

ionic radius between these ions: terbium (1.04 Å), dysprosium (1.027 Å),  and yttrium (1.019 Å) 

or differences in the crystallization condictions.46   

 However, one reaction of solid 2-Tb with 60 psi of H2 gas produced an unanticipated 

terbium magnesium product, {[Cp′2Tb(μ–H)]2(μ–H)[Mg(THF)2](μ3–H)}, 6-Tb, Figure 1.6.  6-Tb 

was synthesized when the sample containing 2-Tb evidently had residual magnesium present from 

step 2 in Scheme 1.1. 

 

Figure 1.6.  ORTEP depiction of [Cp′2Tb(μ–H)]2(μ–H)[Mg(THF)2](μ3–H), 6-Tb, with thermal 

ellipsoids drawn at the 50% probability level.  Hydrogen atoms, except for the bridging hydride 

ligands, have been omitted for clarity. 

 

Interconversion Between the Bimetallic Hydride, [Cp′2Ln(μ–H)(THF)]2, and 

Trimetallic Hydride, [Cp′2Ln(μ–H)]3.  Due to the two different structures of the bridging hydride 

complexes observed [Cp′2Ln(μ–H)]3, 4-Ln, and [Cp′2Ln(μ–H)(THF)]2, 5-Ln, it was hypothesized 
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that in a solution of THF, 4-Y may bind THF and form the bimetallic species 5-Y.  Dissolving 4-

Y in THF and then trying to crystallize the complex did not lead to X-ray quality crystals.  

Therefore, other methods of determining the structure in a solution of THF were explored, 

specifically molecular weight studies with a Signer isopiestic apparatus, Figure 1.7.  This 

procedure for determining molecular weight involves the principle of isothermal distillation.47,48  

A solution containing a measured weight of the unknown compound and a solution containing a 

measured weight of a known compound are allowed to equilibrate over a week.47,48  The molecular 

weight of the unknown can then be determined using a simple equation, eq 1.4.47,48  The variables 

are defined as: MW represents the molecular weight, m represents the mass of the substance 

dissolved in solution, V represents the volume of the solution, the subscript uk represents the 

unknown and the subscript k represents the standard, eq 1.4.  

���� �	
	�����
�

	�
��
 = 925 g/mol   (1.4) 

 

Figure 1.7.  Diagram of the Signer isopiestic apparatus for molecular weight studies.47,48 

 



23 
 

The molecular weight of 4-Y in THF was determined to be ca. 925 g/mol compared to 

1093 g/mol for 4-Y and 873 g/mol for 5-Y, Figure 1.8, Table 1.1, eq 1.5.48  The determined 

molecular weight is closer to the expected molecular weight of the bimetallic species with THF 

bound, suggesting that the trimer converts to 5-Y in THF, eq 1.5.  It is possible that both the trimer 

and dimer exist in solution but the MW being closer to the dimer suggests that the dimer is more 

prevalent.  

 

Figure 1.8.  Isopiestic measurements for 4-Y in THF over 7 days, standard (top, purple) and 

unknown (bottom, light orange). 
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After observing the formation of 5-Y upon dissolving 4-Y in THF, the reverse process was 

investigated.  The desolvation of 5-Tb and 5-Dy was explored by placing the complexes under 

vacuum (10−5) while heating for a few days, eq 1.6.  5-Dy was placed under 10−5 torr at 70 °C for 

4 days resulting in a 13.5% loss of mass which is in close agreement with the expected value of 

14% corresponding to the complete removal of THF.  Similarly, 5-Tb was placed under 10−5 torr 

at 55 °C for 5 days resulting in a 15% loss of mass which is close to the calculated value of 14%.  

X-ray crystallography identified the desolvated products [Cp′2Ln(μ–H)]3, 4-Ln, [Ln = Dy, Tb], eq.  

 

1.6, Figure 1.9. Interconversion between a bimetallic and trimetallic bridging hydride upon 

solvation or desolvation has been previously observed in the dimethylcyclopentadienyl (C5H3Me2–

1,3) system:  X-ray quality crystals of the trimetallic species [(C5H3Me2–1,3)2Y(μ–H)]3 were 

grown from the slow evaporation of a concentrated toluene solution and upon recrystallization 

from THF the bimetallic complex [(C5H3Me2–1,3)2Y(μ–H)(THF)]2 was isolated.35  The Cp′ 

bridging hydride system has a hexane-soluble trimetallic form 4-Ln, which upon dissolving in 

THF converts to the solvated dimer 5-Ln.  This suggests that the Cp′ bridging hydride complexes 

do not have sufficient steric crowding to form a bimetallic complex in the absence of bound 

solvent. 
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Figure 1.9.  ORTEP depiction of [Cp′2Dy(μ–H)]3, 4-Dy, with thermal ellipsoids drawn at the 50% 

probability level.  Co-crystallized solvent and hydrogen atoms, except for the bridging hydride 

ligands, have been omitted for clarity.  Complexes 4-Y, 4-Tb, and 4-Dy are isomorphous. 

 

Attempted Synthesis of Cp′′ Bridging Hydride Complexes.  The bridging hydride Cp′ 

complexes described above are complicated by the fact that there are two available hydride 

structures, the solvated bimetallic species, 5-Ln, and the unsolvated trimetallic species, 4-Ln.  To 

avoid this complication the sterically larger Cp′′ ligand was also explored as a possible ancillary 

ligand for the synthesis of bimetallic hydrides [Cp′′ = C5H3(SiMe3)2–1,3].  It was hypothesized 

that the sterically larger ligand would facilitate the formation of bimetallic species and decrease 

the probability of forming trimetallic species.  The Cp′′ ligand has also shown success in the 

stabilization of M2+ complexes (M = La, Ce, Pr, Nd Th, U).1,5,49,50  [Cp′′2Y(μ–Cl)]2, 7-Y, was 

synthesized by treating YCl3 with 2 equivalents of KCp′′, Scheme 1.2.  7-Y was treated with 
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allylmagnesium chloride to synthesize [Cp′′2Y(η3–C3H5)], 8-Y, which was an oil that could not be 

crystallographically-characterized.  Both complex 7-Y and 8-Y were identified by 1H NMR 

spectroscopy.   

 

Scheme 1.2.  Proposed synthesis of the Cp′′ allyl complex, [Cp′′2Y(η3–C3H5)], 8-Y.  

 

Complex 8-Y was treated with 1 atmosphere of H2 gas in hexane which led to the formation 

of a dark red-brown solution.  The 1H NMR spectrum of the crude product did not contain the 

expected triplet resonance of a bridging hydride, which suggests the desired product [Cp′′2Y(μ–

H)]2, 9-Y was not synthesized.  Treatment of 8-Y with H2 gas (60 psi) without solvent formed a 

mixture of colorless and pale light orange solids.  The 1H NMR spectrum of the crude product 

contained a triplet hydride resonance at 3.26 ppm (JY–H = 33 Hz) indicating the synthesis of the 

desired complex 9-Y.  However, at least two products are observed in the crude 1H NMR spectrum.  

Unfortunately, complexes 7-Y, 8-Y, and 9-Y were not characterized by X-ray crystallography. 

 

Discussion 

Synthesis of Cp′ Bridging Hydride Complexes.  The bimetallic [Cp′2Ln(μ–H)(THF)]2, 

5-Ln, and the trimetallic [Cp′2Y(μ–H)]3, 4-Y, hydride complexes were successfully synthesized 

and crystallographically-characterized.  Interestingly, the reaction of the lutetium chloride, 

[Cp′2Lu(μ–Cl)]2, with allylmagnesium chloride gave the unsolvated tetramer, [Cp′2Lu(η3–
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C3H5)]4,40 while Y, Tb, and Dy form the solvated monomer, 2-Ln.  Lu (0.977 Å) has a smaller 

ionic radius than Tb (1.04 Å), Dy (1.027 Å ), and Y (1.019 Å) which may account for this structural 

difference or it may be due to differences in the crystallization condictions.46   

Interestingly, different complexes are formed in the solution/gas phase reaction versus the 

solid/gas phase reaction in the synthesis of [Cp′2Y(μ–H)(THF)]2.  The solution/gas phase reaction 

led to multiple products, while the solid/gas phase reaction produced only the desired bridging 

hydride product.  This has also been observed previously for [(C5Me5)2YH]2, a sterically 

oversaturated species which is highly reactive in solution, and forms the tuckover species, 

(C5Me5)2Y(μ–H)[μ–η1:η5–CH2C5Me4]Y(C5Me5).33  However, it is interesting that even a complex 

which has not been observed to decompose in solution forms multiple products in a solution/gas 

phase reaction, and forms the desired product selectively in a solid/gas phase reaction. 

The synthesis of bimetallic hydride-bridged compounds with Cp′ ligands was complicated 

by the fact that the system exists as a trimetallic species without THF bound or a THF solvated 

bimetallic complex.  Therefore, the desired [Cp′2Ln(μ–H)]2 compound could not be isolated.  The 

complexes are not sterically crowded enough to exist as the bimetallic species without THF bound.  

Instead, trimetallic complexes, [Cp′2Ln(μ–H)]3, form.  Since these complexes were made with the 

overall goal of reducing the complexes with KC8 in THF, the complexes which will be reduced in 

Chapter 2 are the bimetallic bridged hydride complexes, [Cp′2Ln(μ–H)(THF)]2.   

Interconversion Between the Bimetallic Hydride, [Cp′2Ln(μ–H)(THF)]2, and 

Trimetallic Hydride, [Cp′2Ln(μ–H)]3.  There are two accessible Cp′ bridging hydride species, a 

bimetallic hydride with THF bound, [Cp′2Ln(μ–H)(THF)]2, 5-Ln, and a trimetallic hydride without 

THF bound, [Cp′2Ln(μ–H)]3, 4-Ln.  Synthetic methods were developed to purely synthesize each 

complex which allowed for the study of the interconversion between the two complexes.  The 
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trimetallic species is soluble in hexane, but upon dissolving in THF it is shown to convert it to the 

bimetallic complex.   

Attempted Synthesis of Cp′′ Bridging Hydride Complexes.  The synthesis of Cp′′ 

bimetallic yttrium hydride complexes was investigated to determine if the greater steric crowding 

of the Cp′′ ligand would simplify the system and favor the formation of the bimetallic complex.  It 

has been previously observed in the [(C5H3Me2–1,3)2Y(μ–H)(THF)]2 system that increasing the 

size of the cyclopentadienide rings prevented the formation of higher order polymetallic hydride 

species, driving the system towards bimetallic species.35  However, attempts to make the desired 

complexes with the Cp′′ ligand, [Cp′′2Ln(μ–H)]2, were complicated by the fact that none of the 

products were crystallographically-characterizable.  This is most likely because the Cp′′ ligand is 

too sterically large for the smaller rare-earth metals including Y.   

 

Conclusion 

The multi-step synthesis of [Cp′2Ln(μ–H)(THF)]2, 5-Ln, was established (Ln = Y, Tb, Dy).  

The allyl complexes, [Cp′2Ln(η3–C3H5)(THF)], 2-Ln, were synthesized from the bridging chloride 

complexes, [Cp′2Ln(μ–Cl)]2, 1-Ln, with allylmagnesium chloride.  Complexes 2-Ln were treated 

with 60 psi of H2 gas in a solid/gas phase reaction to form the bridging hydride complexes 

[Cp′2Ln(μ–H)]3, 4-Ln, and 5-Ln.  As previously found with the (C5Me5)2UMe2 and (C5Me5)2Y(η3–

C3H5) systems,33 switching from a solution/gas phase reaction to a solid/gas phase reaction resulted 

in the elimination of the formation of byproducts.  This study revealed two different species:  the 

unsolvated trimetallic complex, 4-Ln, and the solvated bimetallic complex, 5-Ln.  Upon 

dissolving 4-Ln in THF, the formation of 5-Ln was observed, and placing 5-Ln under vacuum 

while heating removes the bound THF ligands forming 4-Ln.  To decrease the complication of 
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having two possible bridging hydride species, the synthesis of complexes with a sterically larger 

ligand, Cp′′ was investigated.  However, the attempted synthesis of the analogous complexes with 

Cp′′ did not lead to crystallographically-characterizable products.   

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 

dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried 

over NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  

1H NMR spectra and 13C{1H} NMR spectra were recorded on Bruker GN500 MHz spectrometer 

operating at 125 MHz for 13C at 298 K unless otherwise stated and referenced internally to residual 

protio-solvent resonances.  Elemental analyses were conducted on a Perkin-Elmer 2400 Series II 

CHNS elemental analyzer.  Potassium bis(trimethylsilyl)amide (Sigma-Aldrich) was purified by 

dissolving in toluene, centrifuging to remove insoluble material, and removing solvent from the 

supernatant.  Allylmagnesium chloride (2.0 M solution in THF, Sigma-Aldrich), 1,4-dioxane 

(Sigma-Aldrich), and trimethylsilyl chloride (Alfa Aesar) were used as received.  H2 gas was used 

as received from Praxair.  Anhydrous LnCl3 (Ln = Y, Tb, Dy),51 and KC5H4(SiMe3) (KCp′)52 were 

prepared according to the literature.  [Cp′2Y(μ–Cl)]2 was prepared by a modification of the 

literature procedure.38 

[Cp′2Dy(μ–Cl)]2, 1-Dy.  In an argon-filled glovebox, a solution of KCp′ (374 mg, 2.23 

mmol) in Et2O (20 mL) was slowly added to a stirred solution of DyCl3 (300 mg, 1.12 mmol) in 

Et2O (40 mL).  The resulting cloudy colorless mixture was stirred in a warm water bath overnight.  
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Et2O was removed under vacuum and hexane (60 mL) was added to the colorless solids.  The 

resultant colorless mixture was stirred in a warm water bath overnight.  The solvent was removed 

under vacuum and the colorless solids were brought into a glovebox free of coordinating solvents.  

The colorless solids were extracted with hexane (60 mL), and the slurry was centrifuged to remove 

colorless solids, presumably potassium chloride.  The desired product was extracted from the 

colorless solids by centrifugation with additional hexane (40 mL).  The supernatants were 

collected, combined, and the volatiles were removed under vacuum, yielding 1-Dy as a colorless 

solid (0.360 g, 0.381 mmol, 68%).  Colorless single crystals of 1-Dy suitable for X-ray diffraction 

were grown from a concentrated solution of hexane at −35 °C overnight.  IR:  3988w, 3971w, 

3957w, 3941w, 3931w, 3793w, 3717w, 3653w, 3642w, 3551w, 3403w, 3174w, 3099w, 3083w, 

3069w, 2953s, 2893m, 2796w, 2714w, 2669w, 2616w, 2552w, 2498w, 2474w, 2420w, 2384w, 

2349w, 2266w, 2235w, 2148w, 2081w, 2001w, 1937w, 1873w, 1773w, 1736w, 1676w, 1665w, 

1634w, 1578w, 1443s, 1405s, 1361s, 1322w, 1311m, 1245s, 1194w, 1174s, 1066m, 1042s, 906s, 

850s, 837s, 786s, 779s, 757s, 747s, 690s, 631s. Anal.  Calcd for C32H52Si4Dy2:  C, 40.67; H, 5.55.  

Found:  C, 41.04; H, 5.69. 

[Cp′2Tb(μ–Cl)]2, 1-Tb.  As described for 1-Dy, TbCl3 (300 mg, 1.20 mmol) and KCp′ 

(400 mg, 2.40 mmol) were combined to produce 1-Tb as light-yellow solids (0.423 g, 0.457 mmol, 

76%).  Colorless single crystals of 1-Tb suitable for X-ray diffraction were grown from a 

concentrated solution of hexane and toluene at −35 °C overnight.  IR:  3972w, 3939w, 3794w, 

3728w, 3655w,  3503w, 3177w, 3096w, 3085w, 3066w, 2950w, 2890m, 2793w 2712w, 2665w,  

2616w, 2554w, 2474w, 2421w, 2348w, 2232w, 2151m, 2022w, 1937w, 1871w, 1769w, 1734w, 

1673w, 1634w, 1579w, 1442s, 1403m, 1362s, 1322w, 1309w, 1245s, 1196w, 1173s, 1067w, 
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1067w, 1041s, 904s, 840s, 787s, 752s, 692s, 630s. Anal.  Calcd for C32H52Si4Tb2:  C, 40.98; H, 

5.59.  Found:  C, 41.35; H, 5.54.  

Cp′2Y(η3–C3H5)(THF), 2-Y.  In a nitrogen-filled glovebox, 1-Y (0.319 g, 0.400 mmol) 

was dissolved in toluene (20 mL) to yield a clear colorless solution.  Allylmagnesium chloride (2.0 

M solution in THF, 0.400 mL, 0.800 mmol) was added dropwise, via a syringe, to the stirred 

solution.  The resulting bright yellow solution was stirred overnight.  Volatiles were removed 

under vacuum, then hexane (15 mL) and 1,4-dioxane (0.2 mL) were added.  The resulting yellow 

mixture was stirred for 3 h and centrifuged to remove colorless solids.  The yellow supernatant 

was filtered and isolated.  Additional product was extracted from the colorless solids by 

centrifugation with additional hexane (20 mL).  The yellow supernatants were combined, and the 

solvent was removed under vacuum to yield 2-Y as a crude yellow powder (0.337 g, 0.708 mmol).  

The crude yellow powder was crystallized from a concentrated hexane solution at −35 °C (0.225 

g, 0.473 mmol, 60%) and identified as 2-Y.  Yellow crystals of 2-Y suitable for X-ray diffraction 

were grown from a concentrated solution of hexane at −35 °C overnight.  1H NMR (C6D6):  δ 6.89 

(p, JHH = 12.5 Hz, 1H, (CH2)2CH), 6.48 (t, JHH = 2.5 Hz, 4H, C5H4SiMe3), 6.14 (t, JHH = 2.5 Hz, 

4H, C5H4SiMe3), 3.51 (t, JHH = 6.5 Hz, 4H, THF), 3.04 (d, JHH = 10 Hz, 4H, (CH2)2CH), 1.30 (t, 

JHH = 2.5 Hz, 4H, THF), 0.17 (s, 18H, C5H4SiMe3).  13C{1H} NMR (C6D6):  δ 150.95 (CH2)2CH, 

127.9 (C5H4SiMe3), 118.78 (C5H4SiMe3), 112.37 (C5H4SiMe3), 70.24 (THF), 63.74 [(CH2)2CH], 

23.09 (THF), 0.04 (C5H4SiMe3).  IR:  3736w, 3683m, 3649w, 3070m, 2954s, 2899m, 2854w, 

2802w, 2697w, 2554w, 2477w, 2411w, 2370w, 2250w, 2093w, 2005w, 1937w, 1873w, 1717w, 

1685w, 1638w, 1545m, 1506w, 1456m, 1440s, 1403m, 1387w, 1362w, 1317m, 1251s, 1202m, 

1176w, 1081s, 1045w, 1018w, 971w, 924s, 855s, 838s, 826s, 818s, 780s, 751s, 741s, 726m, 690s, 

674s, 666s, 637s, 626s. 
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Cp′2Dy(η3–C3H5)(THF), 2-Dy.  As described for 2-Y, 1-Dy (0.235 g, 0.249 mmol) and 

allylmagnesium chloride (2.0 M solution in THF, 0.269 mL, 0.538 mmol) were combined to 

produce 2-Dy as a yellow powder (0.272 g, 0.495 mmol).  The crude yellow powder was 

crystallized from a concentrated hexane solution at −35 °C (0.211 g, 0.384 mmol, 77%) and 

identified as 2-Dy.  Yellow crystals of 2-Dy suitable for X-ray diffraction were grown from a 

concentrated solution of hexane and toluene at −35 °C overnight.  IR:  3931w, 3920w, 3801w, 

3683m, 3627m, 3608m, 3083m, 2952s, 2895s, 2851m, 2710w, 2670w, 2618w, 2551w, 2496w, 

2472w, 2425w, 2353w, 2271w, 2237w, 2083w, 2001w, 1934w, 1872w, 1731w, 1640w, 1560w, 

1548w, 1442s, 1403s, 1362s, 1311m, 1253s, 1243s, 1178s, 1133w, 1110w, 1098s, 1041s, 978w, 

952w, 907s, 890w, 871s, 860s, 849s, 840s, 828s, 816s, 796s, 784s, 771s, 762s, 750s, 739s, 724s, 

716m, 702m, 692s, 681m, 657m, 636s, 623s. 

Cp′2Tb(η3–C3H5)THF, 2-Tb.  As described for 1-Y, 1-Tb (0.384 g, 0.415 mmol) and 

allylmagnesium chloride (2.0 M solution in THF, 0.443 mL, 0.886 mmol) were combined to 

produce 2-Tb as an orange/yellow oily solid (0.391 g, 0.716 mmol).  The crude orange/yellow oil 

was crystallized from a concentrated hexane solution at −35 °C (0.261 g, 0.478 mmol, 58%) and 

identified as 2-Tb.  Yellow crystals of 2-Tb suitable for X-ray diffraction were grown from a 

concentrated solution of hexane at −35 °C overnight. IR:  3925w, 3790w, 3679w, 3598w, 3079w, 

2951s, 2893m, 2714w, 2667w, 2612w, 2551w, 2477w, 2421w, 2348w, 2083w, 1930w, 1873w, 

1731w, 1641w, 1550w, 1442m, 1406w, 1359w, 1339w, 1309w, 1290w, 1247s, 1176s, 1129w, 

1063w, 1039s, 1007w, 954w, 904m, 836s, 765s, 750s, 684m, 638m, 626m. 

[Cp′2Y(THF)]2(μ–O), 3-Y.  2-Y (0.168 g, 0.353 mmol) was dissolved in hexane (8 mL) 

in a 100 mL Teflon sealable Schlenk type flask.  The bright yellow solution was degassed through 

three freeze, pump, thaw cycles. The flask was stirred in an ice bath and charged with 1 atm of H2 
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gas.  The solution was allowed to stir for 25 minutes, after which time the solution was clear and 

colorless.  The flask was degassed and charged with H2 gas a total of three times.  The solvent was 

removed under vacuum.  The product was isolated as a colorless solid (0.140 g, 0.158 mmol).  The 

product was crystallized in minimal hexane and toluene.  Colorless single crystals of 3-Y suitable 

for X-ray diffraction were grown from a concentrated solution of hexane at −35 °C overnight.  1H 

NMR (C6D6):  δ 6.72 (t, JHH = 2.5 Hz, 8H, C5H4SiMe3), 6.31 (t, JHH = 2.5 Hz, 8H, C5H4SiMe3), 

0.28 (s, 36H, C5H4SiMe3). 

[Cp′2Y(μ–H)]3, 4-Y.  In a nitrogen-filled glove box, a Fischer-Porter high pressure 

apparatus was charged with solid yellow 2-Y (86 mg, 0.18 mmol), sealed, and attached to a high-

pressure gas line.  The pressure in the vessel was reduced to 0.5 atm and slowly charged with H2 

(60 psi) before being resealed and left overnight.  The sample changed from yellow to colorless 

after 2 h.  After 24 hours, residual hydrogen was removed under vacuum.  The sample was 

transferred to an argon-filled glovebox and collected as a colorless solid (74 mg, 0.057 mmol, 

95%) identified as 4-Y.  Colorless crystals of 4-Y suitable for X-ray diffraction were grown from 

a concentrated solution of hexane at −35 °C overnight.  1H NMR (C6D6):  δ 7.02 (t, JHH = 2.5 Hz, 

12H, C5H4SiMe3), 6.45 (t, JHH = 2.5 Hz, 12H, C5H4SiMe3), 2.85 (t, JYH = 32.5 Hz, 31H, Y–H), 

0.23 (s, 54H, C5H4SiMe3).  13C{1H} NMR (C6D6): δ 128.4 (C5H4SiMe3), 118.71 (C5H4SiMe3), 

113.17 (C5H4SiMe3), −0.66 (C5H4SiMe3).  IR:  3938w, 3790w, 3691w, 3598w, 3083m, 2952s, 

2893s, 2849m, 2714w, 2667w, 2614w, 2554w, 2481w, 2383w, 2346w, 2239w, 2087w, 2003w, 

1937w, 1874w, 1721w, 1631w, 1442s, 1404s, 1362s, 1309w, 1248s, 1178s, 1102w, 1040s, 979w, 

908s, 837s, 769s, 750s, 688s, 640s, 626s. 

[Cp′2Dy(μ–H)(THF)]2, 5-Dy.  As described for 4-Y, 2-Dy (0.106 g, 0.193 mmol) was 

reacted in a Fischer-Porter apparatus charged with H2 gas (60 psi) for 24 hours to produce a white 
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solid (0.098 g, 0.096 mmol, 99%) identified as 5-Dy.  Colorless crystals of 5-Dy suitable for X-

ray diffraction were grown from a concentrated solution of hexane and toluene at −35 °C 

overnight.  IR:  3927w, 3685w, 3647w, 3600w, 3409w, 3086w, 2954s, 2895m, 2714w, 2672w, 

2618w, 2481w, 2348w, 2085w, 2001w, 1932w, 1871w, 1718w, 1631w, 1444s, 1403s, 1361s, 

1311m, 1247s, 1178s, 1043s, 9745w, 906s, 840s, 773s, 754s, 686m, 640m, 628m. 

[Cp′2Tb(μ–H)(THF)]2, 5-Tb.  As described for 4-Y, 2-Tb (0.240 g, 0.439 mmol) was 

reacted in a Fischer-Porter apparatus charged with H2 gas (60 psi) for 24 hours to produce a white 

solid (0.214 g, 0.211 mmol, 96.2%) identified as 5-Tb.  Colorless crystals of 5-Tb suitable for X-

ray diffraction were grown from a concentrated solution of hexane at −35 °C overnight.  IR:  

3675w, 3657w, 3606m, 3081w, 3063w, 2952s, 2893m, 2710w, 2391w, 2267w, 2087w, 1932w, 

1869w, 1634w, 1440m, 1403w, 1362m, 1247s, 1174s, 1129w, 1041s, 904s, 829s, 775s, 750s, 

686m, 636s. 

[Cp′2Dy(μ–H)]3, 4-Dy.  In an argon-filled glovebox colorless, 5-Dy (185 mg, 0.181 mmol) 

was placed in a sublimation tube, sealed, and placed on a high vacuum line.  The sample was 

placed under vacuum (10−5 Torr), while heating at 70 °C for 4 days.  The product was isolated as 

an off-white, light yellow solid (0.160 g, 0.183 mmol), identified as 4-Dy.  Colorless single crystals 

suitable for X-ray diffraction were grown from a concentrated solution of hexane and toluene at 

−35 °C. IR:  3938w, 3683m, 3606m, 3542w, 3407w, 3083m, 2952s, 2895s, 2714w, 2667w, 2616w, 

2556w, 2494w, 2474w, 2421w, 2385w, 2351w, 2235w, 2087w, 1997w, 1932w, 1874w, 1714w, 

1603m, 1444s, 1401s, 1361s, 1311s, 1252s, 1176s, 1041s, 904s, 852s, 821s, 789s, 759s, 687s, 

638s, 628s. Anal.  Calcd for C48H81Si6Dy3: C, 43.87; H, 6.21.  Found: C, 43.65; H, 6.16. 

[Cp′2Tb(μ–H)]3, 4-Tb.  In an argon-filled glovebox, 5-Tb (317 mg, 0.313 mmol) was 

placed in a sublimation tube, sealed, and placed on a high vacuum line.  The sample was placed 
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under vacuum (10−5 Torr), while heating at 55 °C for 5 days.  The product was isolated as an off-

white solid (266 g, 0.306 mmol), identified as 4-Tb.  Colorless single crystals suitable for X-ray 

diffraction were grown from a concentrated solution of hexane and toluene at −35 °C.  IR:  3940w, 

3653m, 3086s, 2944s, 2897s, 2856m, 2710w, 2667w, 2618w, 2556w, 2479w, 2348w, 2230w, 

2086w, 1939w, 1874w, 1725w, 1632w, 1444s, 1406s, 1362s, 1311s, 1245s, 1178s, 1048s, 902s, 

870s, 842s, 814s, 789s, 765s, 748s, 720s, 698s, 638s, 628s.  Anal.  Calcd for C48H81Si6Tb3:  C, 

44.23; H, 6.26.  Found:  C, 44.04; H, 6.22. 

Synthesis of [Cp′′2Y(μ–Cl)]2, 7-Y.  [Cp′′2Y(μ–Cl)]2 was prepared by a modification of the 

literature procedure.53  YCl3 (0.200 g, 1.03 mmol) was slurred in THF (20 mL) and a solution of 

KCp′ (0.510 g, 2.05 mmol) dissolved in THF (20 mL) was slowly added.  The cloudy colorless 

mixture was stirred in a warm water bath overnight.  THF was removed under vacuum and toluene 

(60 mL) was added to the flask.  The resulting colorless slurry was stirred in a warm water bath 

for two hours, the toluene was removed under vacuum, and the colorless solids were brought into 

a glovebox free of coordinating solvents. Hexane (60 mL) was added to the resulting powder and 

the slurry was centrifuged for 10 minutes to remove the colorless solid, presumably potassium 

chloride.  The product was extracted from the colorless solid with additional hexane (40 mL) and 

the mixture was centrifuged for 10 minutes.  The supernatants were combined, and the volatiles 

were removed from the combined supernatant under vacuum, yielding a colorless powder 

identified as 7-Y (0.221 g, 0.194 mmol, 40%).  1H NMR (C6D6):  δ 7.21 [s, 2H, C5H3(SiMe3)2], 

7.16 [s, 1H, C5H3(SiMe3)2], 0.41 [s, 18H, C5H3(SiMe3)2]. 

Synthesis of Cp′′2Y(η3–C3H5), 8-Y.  As described for 7-Y, [Cp′′2Y(μ–Cl)]2 (0.226 g, 

0.208 mmol) and allylmagnesium chloride (2.0 M solution in THF, 0.208 mL, 0.416 mmol) were 

combined to produce a yellow oil (0.190 g, 0.346 mmol) tentatively identified as 8-Y.  1H NMR 
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(C6D6):  δ 7.36 [pd, JHH = 12 Hz, JYH = 2 Hz, 1H, (CH2)2CH], 7.16 [s, 2H, C5H3(SiMe3)2], 6.66 (d, 

JHH = 1 Hz, 4H,  C5H3(SiMe3)2], 2.49 [s, br 4H, (CH2)2CH], 0.18 [s, 32H,  C5H3(SiMe3)2].  13C{H} 

NMR (C6D6):  δ 154.94 [s, (CH2)2CH], 128.35 [s, C5H3(SiMe3)2], 126.81 [s, C5H3(SiMe3)2], 65.48 

(s, [CH2)2CH], 65.45 [s, (CH2)2CH], 0.36 [s, C5H3(SiMe3)2]. 

Synthesis of [Cp′′2Y(μ–H)]2, 9-Y. In a nitrogen-filled glove box, a Fischer-Porter high 

pressure apparatus was charged with oily yellow Cp′′2Y(η3–C3H5) (0.096 g, 0.18 mmol), sealed, 

and attached to a high-pressure gas line.  The pressure in the vessel was reduced to 0.5 atm and 

charged with H2 (60 psi) before it was sealed and left overnight.  Over the first 2 h, the solid sample 

changed from yellow to a light orange/white.  Residual H2 was removed under vacuum and the 

solid was transferred to an argon-filled glovebox.  The product was a light orange/white solid 

(0.089 g) tentatively identified as 9-Y. 1H NMR (C6D6):  δ 7.05 [s, 2H, C5H3(SiMe3)2], 7.41 [s, 

1H, C5H3(SiMe3)2], 3.26 (t, JYH = 33 Hz, 2H, [Cp′′2Y(μ–H)]x), 0.38 [s, 18H, C5H3(SiMe3)2]. 

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Dy(μ–Cl)]2, 1-Dy.  

A colorless crystal of approximate dimensions 0.301 x 0.382 x 0.635 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II 

diffractometer.  The APEX254 program package was used to 

determine the unit-cell parameters and for data collection (10 

sec/frame scan time for a sphere of diffraction data).  The raw 

frame data was processed using SAINT55 and SADABS56 to 

yield the reflection data file.  Subsequent calculations were 

carried out using the SHELXTL57 program.  There were no systematic absences nor any diffraction 

symmetry other than the Friedel condition.  The centrosymmetric triclinic space group P1  was 

assigned and later determined to be correct.  The structure was solved by dual space methods and 
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refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors58 for neutral 

atoms were used throughout the analysis. Hydrogen atoms were located from a difference-Fourier 

map and refined (x,y,z and Uiso).  The molecule was located about an inversion center.  At 

convergence, wR2 = 0.0351 and Goof = 1.188 for 285 variables refined against 4689 data (0.73Å), 

R1 = 0.0144 for those 4674 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Tb(μ–Cl)]2, 1-Tb.  

A colorless crystal of approximate dimensions 0.099 x 0.102 x 0.174 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX254 program 

package was used to determine the unit-cell parameters and for data collection (20 sec/frame scan 

time for a sphere of diffraction data).  The raw frame 

data was processed using SAINT55 and SADABS56 to 

yield the reflection data file.  Subsequent calculations 

were carried out using the SHELXTL57 program.  

There were no systematic absences nor any diffraction 

symmetry other than the Friedel condition.  The 

centrosymmetric triclinic space group P1  was 

assigned and later determined to be correct.  The structure was solved by direct methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors58 for neutral 

atoms were used throughout the analysis. Hydrogen atoms were located from a difference-Fourier 

map and refined (x,y,z and Uiso).  The molecule was located about an inversion center.  At 

convergence, wR2 = 0.0441 and Goof = 1.132 for 285 variables refined against 4577 data (0.73Å), 

R1 = 0.0189 for those 4401 data with I > 2.0σ(I). 
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X-ray Data Collection, Structure Solution and Refinement for Cp′2Y(η3–C3H5)(THF), 

2-Y.  A yellow crystal of approximate dimensions 0.254 x 0.291 x 0.415 mm was mounted on a 

glass fiber and transferred to a Bruker SMART APEX II 

diffractometer.  The APEX254 program package was used to 

determine the unit-cell parameters and for data collection (20 

sec/frame scan time for a sphere of diffraction data).  The raw 

frame data was processed using SAINT55 and SADABS56 to 

yield the reflection data file.  Subsequent calculations were 

carried out using the SHELXTL57 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space group 

P21/c that was later determined to be correct.  The structure was solved by direct methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors58 for neutral 

atoms were used throughout the analysis.  Hydrogen atoms were located from a difference-Fourier 

map and refined (x,y,z and Uiso).  At convergence, wR2 = 0.0580 and Goof = 1.041 for 400 

variables refined against 6059 data (0.74Å), R1 = 0.0245 for those 5454 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for Cp′2Dy(η3–

C3H5)(THF), 2-Dy.  A colorless crystal of approximate 

dimensions 0.221 x 0.225 x 0.349 mm was mounted on a glass 

fiber and transferred to a Bruker SMART APEX II 

diffractometer.  The APEX254 program package was used to 

determine the unit-cell parameters and for data collection (25 

sec/frame scan time for a sphere of diffraction data).  The raw 

frame data was processed using SAINT55 and SADABS56 to yield the reflection data file.  
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Subsequent calculations were carried out using the SHELXTL57 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space group 

P21/c that was later determined to be correct.  The structure was solved by direct methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors58 for neutral 

atoms were used throughout the analysis.  Hydrogen atoms were included using a riding model.  

At convergence, wR2 = 0.0719 and Goof = 1.10 for 250 variables refined against 5565 data 

(0.78Å), R1 = 0.0283 for those 4980 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for Cp′2Tb(η3–

C3H5)(THF), 2-Tb.  A yellow crystal of approximate dimensions 0.108 x 0.140 x 0.228 mm was 

mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX254 

program package was used to determine the unit-cell 

parameters and for data collection (10 sec/frame scan time for 

a sphere of diffraction data).  The raw frame data was 

processed using SAINT55 and SADABS56 to yield the 

reflection data file.  Subsequent calculations were carried out 

using the SHELXTL57 program.  The diffraction symmetry 

was 2/m and the systematic absences were consistent with the monoclinic space group P21/c that 

was later determined to be correct.  The structure was solved by direct methods and refined on F2 

by full-matrix least-squares techniques.  The analytical scattering factors58 for neutral atoms were 

used throughout the analysis.  Hydrogen atoms were included using a riding model.  At 

convergence, wR2 = 0.0516 and Goof = 1.094 for 250 variables refined against 6356 data (0.73Å), 

R1 = 0.0230 for those 5933 data with I > 2.0σ(I).   
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X-ray Data Collection, Structure Solution and Refinement for [Cp′2Y(THF)]2(μ–O), 

3-Y.  A colorless crystal of approximate dimensions 0.110 x 0.283 x 0.356 mm was mounted on a 

glass fiber and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX254 program 

package was used to determine the unit-cell 

parameters and for data collection (60 sec/frame 

scan time for a sphere of diffraction data).  The 

raw frame data was processed using SAINT55 

and SADABS56 to yield the reflection data file.  Subsequent calculations were carried out using 

the SHELXTL57 program.  The diffraction symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space group P2/n that was later determined to be correct.  The 

structure was solved by direct methods and refined on F2 by full-matrix least-squares techniques.  

The analytical scattering factors58 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were located from a difference-Fourier map and refined (x,y,z and Uiso).  The molecule was 

located on a two-fold rotation axis.  At convergence, wR2 = 0.0588 and Goof = 1.030 for 358 

variables refined against 5689 data (0.73Å), R1 = 0.0243 for those 4923 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Y(μ–H)]3, 4-Y.  A 

colorless crystal of approximate dimensions 

0.255 x 0.333 x 0.340 mm was mounted on a 

glass fiber and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX254 

program package was used to determine the 

unit-cell parameters and for data collection (25 
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sec/frame scan time for a sphere of diffraction data).  The raw frame data was processed using 

SAINT55 and SADABS56 to yield the reflection data file.  Subsequent calculations were carried 

out using the SHELXTL57 program.  There were no systematic absences nor any diffraction 

symmetry other than the Friedel condition.  The centrosymmetric triclinic space group P1  was 

assigned and later determined to be correct.  The structure was solved by direct methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors58 for neutral 

atoms were used throughout the analysis. Hydride atoms H(1), H(2) and H(3) were located from a 

difference-Fourier map and refined (x,y,z).  The Uiso parameters associated with H(1) and H(2) 

were refined.  It was necessary to fix the thermal parameter for H(3).  Hydrogen atoms were 

included using a riding model.  There were two half-molecules of n-hexane solvent present.  At 

convergence, wR2 = 0.0651 and Goof = 1.032 for 599 variables refined against 15747 data 

(0.73Å), R1 = 0.0267 for those 13389 data with I > 2.0σ(I).  

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Dy(μ–H)]3, 4-Dy.  

A colorless crystal of approximate dimensions 0.164 x 0.181 x 0.296 mm was mounted in a 

cryoloop and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX254 program 

package was used to determine the unit-cell 

parameters and for data collection (60 sec/frame 

scan time for a sphere  of diffraction data).  The 

raw frame data was processed using SAINT55 

and SADABS56 to yield the reflection data file.  Subsequent calculations were carried out using 

the SHELXTL57 program.  There were no systematic absences nor any diffraction symmetry other 

than the Friedel condition.  The centrosymmetric triclinic space group P1  was assigned and later 
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determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors58 for neutral atoms were used 

throughout the analysis. Hydride atoms H(1), H(2) and H(3) were located from a difference-

Fourier map and included in fixed positions.  Hydrogen atoms were included using a riding model.  

There were two half-molecules of n-hexane solvent present, each located about an inversion center.  

At convergence, wR2 = 0.0620 and Goof = 1.042 for 588 variables refined against 15318 data 

(0.73Å), R1 = 0.0256 for those 13550 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Tb(μ–H)]3, 4-Tb.  

A colorless crystal of approximate dimensions 0.206 x 0.371 x 0.465 mm was mounted in cryoloop 

and transferred to a Bruker SMART APEX II diffractometer.  The APEX254 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was processed using SAINT55 and SADABS56 to 

yield the reflection data file.  Subsequent 

calculations were carried out using the 

SHELXTL57 program.  There were no systematic 

absences or diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic 

space group P1  was assigned and later 

determined to be correct.  The structure was solved by direct methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors58 for neutral atoms were used 

throughout the analysis. Hydride atoms H(1), H(2) and H(3) were located from a difference-

Fourier map but did not refine well.  The hydrides were included fixed at the positions derived 

from the difference-map and with fixed Uiso.  The remaining hydrogen atoms were included using 
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a riding model.  There were two half-molecules of hexane solvent present.  Each was located about 

an inversion center.  At convergence, wR2 = 0.0575 and Goof = 1.102 for 588 variables refined 

against 14806 data (0.74Å), R1 = 0.0234 for those 13871 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Dy(μ–H)(THF)]2, 

5-Dy.  A colorless crystal of approximate dimensions 0.127 x 0.167 x 0.221 mm was mounted in 

a cryoloop and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX254 program 

package was used to determine the unit-cell 

parameters and for data collection (20 sec/frame 

scan time for a sphere of diffraction data).  The raw 

frame data was processed using SAINT55 and 

SADABS56 to yield the reflection data file.  Subsequent calculations were carried out using the 

SHELXTL57 program.  The diffraction symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space groups Cc and C2/c.  It was later determined that space group 

C2/c was correct.  The structure was solved by direct methods and refined on F2 by full-matrix 

least-squares techniques.  The analytical scattering factors58 for neutral atoms were used 

throughout the analysis.  The molecule was located about a two-fold rotation axis.  The hydride 

atom (H1) was located from a difference-Fourier map and refined (x,y,z and Uiso).  The remaining 

hydrogen atoms were included using a riding model.  At convergence, wR2 = 0.0507 and Goof = 

1.056 for 227 variables refined against 5847 data (0.73Å), R1 = 0.0207 for those 5021 data with I 

> 2.0σ(I). 
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X-ray Data Collection, Structure Solution and Refinement for [Cp′2Tb(μ–H)(THF)]2, 

5-Tb.  A colorless crystal of approximate dimensions 0.208 x 0.218 x 0.402 mm was mounted in 

a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX254 program 

package was used to determine the unit-cell 

parameters and for data collection (20 sec/frame 

scan time for a sphere of diffraction data).  The 

raw frame data was processed using SAINT55 and 

SADABS56 to yield the reflection data file.  

Subsequent calculations were carried out using the SHELXTL57 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space groups 

Cc and C2/c.  It was later determined that space group C2/c was correct.  The structure was solved 

by direct methods and refined on F2 by full-matrix least-squares techniques.  The analytical 

scattering factors58 for neutral atoms were used throughout the analysis.  The molecule was located 

on a two-fold rotation axis.  The hydride atom H(1) was located from a difference-Fourier map 

and refined (x,y,z and Uiso).  The remaining hydrogen atoms were included using a riding model.  

At convergence, wR2 = 0.0474 and Goof = 1.203 for 227 variables refined against 4747 data 

(0.80Å), R1 = 0.0211 for those 4069 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for [Cp′2Tb(μ–H)]2(μ–

H)[Mg(THF)2](μ3–H), 6-Tb.  A colorless crystal of approximate dimensions 0.228 x 0.231 x 

0.245 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  

The APEX254 program package was used to determine the unit-cell parameters and for data 

collection (30 sec/frame scan time for a sphere of diffraction data).  The raw frame data was 

processed using SAINT55 and SADABS56 to yield the reflection data file.  Subsequent calculations 
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were carried out using the SHELXTL57 program.  The diffraction symmetry was 2/m and the 

systematic absences were consistent with the monoclinic space group P21/n that was later 

determined to be correct.  The structure was solved 

by direct methods and refined on F2 by full-matrix 

least-squares techniques.  The analytical scattering 

factors58 for neutral atoms were used throughout the 

analysis.  Hydride atoms were located from a 

difference-Fourier map.  H(2), H(3) and H(4) were 

refined (x,y,z and Uiso).  H(1) was included at fixed 

x, y, z and Uiso during refinement.  The remaining hydrogen atoms were included using a riding 

model.  Tb(2) was disordered and included using two components with partial site-occupancy-

factors Tb(2) 0.96, Tb(3) 0.04.  At convergence, wR2 = 0.0502 and Goof = 1.038 for 470 variables 

refined against 11519 data (0.75Å), R1 = 0.0231 for those 9871 data with I > 2.0σ(I).   
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Table 1.1.  Volume measurements for the molecule weight determination for complex [Cp′2Y(μ–

H)]3, 4-Y dissolved in THF using the Signer isopiestic apparatus.   

Days Known Volume (mL) Unknown Volume (mL) MW of complex 

0 0.62 0.62 456.5455 

1 0.84 0.4 958.7455 

2 0.8 0.4 913.0909 

2.5 0.815 0.42 885.9156 

3 0.79 0.41 879.6851 

6 0.82 0.39 959.9161 

7 0.79 0.39 924.7972 
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Table 1.2.  X-ray data and collection parameters for [Cp′2Ln(μ–Cl)]2, 1-Tb and 1-Dy. 

Compound 1-Tb 1-Dy 

Empirical Formula  C32H52Cl2Si4Tb2 C32H52Cl2Dy2Si4  

Temperature (K) 88(2) 88(2) 

Crystal System Triclinic Triclinic 

Space Group P1 P1 

a (Å) 8.6293(4) 8.6312(9) 

b (Å) 9.7586(5) 9.7498(10) 

c (Å) 12.4778(6) 12.4628(13) 

α (deg) 70.2558(6) 70.2857(10) 

β (deg) 76.4163(6) 76.4163(10) 

γ (deg) 88.7270(6) 88.7040(10) 

Volume (Å3) 959.44(8) 957.85(17) 

Z 1 10 

ρcalc (Mg/m3) 1.623 1.638 

μ (mm−1) 3.939 4.155 

R1 (I> 2.0s(I))a 0.0189 0.0144 

wR2 (all data)a 0.0428 0.0350 

 

 

Table 1.3. Selected bond lengths [Å] and angles [°] for [Cp′2Ln(μ–Cl)]2, 1-Tb and 1-Dy. 

 
1-Tb 1-Dy 

Ln(1)-Cnt1  2.363 2.353 

Ln(1)-Cnt2  2.366 2.349 

Ln(1)-Cl(1)#1  2.7251(6) 2.6943(4) 

Ln(1)-Cl(1)  2.6978(7) 2.7168(5) 

Cl(1)-Ln(1)#1  2.7251(6) 2.6943(5) 

Cnt1-Ln(1)-Cnt2 129.9 130.1 
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Table 1.4.  X-ray data and collection parameters for Cp′2Ln(η3–C3H5)THF, 2-Y, 2-Tb and 2-Dy. 

Compound 2-Y 2-Tb 2-Dy 

Empirical C23H39OSi2Y C23H39OSi2Tb C23H39OSi2Dy 

Temperature (K) 133(2) 88(2) 133(2) 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P21/c P21/c P21/c 

a (Å) 7.6950(4) 7.7277(4) 7.7355(8) 

b (Å) 23.8441(13) 23.8585(13) 23.882(2) 

c (Å) 13.8731(8) 13.9258(8) 13.9216(13) 

α (Å) 90 90 90 

β (Å) 100.0891(7) 100.3494(7) 100.2508(12) 

γ (Å) 90 90 90 

Volume (Å) 2506.1(2) 2525.7(2) 2530.8(4) 

Z 4 4 4 

ρcalc (Mg/m3) 1.263 1.438 1.444 

μ (mm−1) 2.433 2.905 3.057 

R1 (I>2.0s(I))a 0.0245 0.0230 0.0283 

wR2 (all data)a 0.0563 0.0506 0.0692 

 

 

Table 1.5. Selected bond lengths [Å] and angles [°] for Cp′2Ln(η3–C3H5)THF, 2-Y, 2-Dy, and 2-

Tb. 

 2-Y 2-Dy 2-Tb 

Ln(1)-Cnt1 2.413 2.433 2.418 

Ln(1)-Cnt2 2.392 2.411 2.399 

Ln(1)-C(19)  2.6156(16) 2.634(3) 2.619(2) 

Ln(1)-C(18)  2.6174(16) 2.631(4) 2.618(3) 

Ln(1)-C(17)  2.6229(16) 2.618(4) 2.611(3) 

Cnt1-Ln(1)-Cnt2 126.7 126.6 126.6 
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Table 1.6.  X-ray data and collection parameters for [Cp′2Y(THF)]2(μ–O), 3-Y and [Cp′2Tb(μ–

H)]2(μ–H)[Mg(THF)2](μ3–H), 6-Tb. 

Compound 3-Y 6-Tb 

Empirical Formula C40H68O3Si4Y2 C40H72MgO2Si4Tb2 

Temperature (K) 88(2) 88(2) 

Crystal System Monoclinic Monoclinic 

Space Group P2/n P21/n 

a (Å) 14.0796(6) 11.9628(9) 

b (Å) 9.5993(4) 17.6100(14) 

c (Å) 17.0039(7) 22.5988(18) 

α (Å) 90 90 

β (Å) 105.1054(5) 97.3229(9) 

γ (Å) 90 90 

Volume (Å) 2218.74(16) 4721.9(6) 

Z 2 4 

ρcalc (Mg/m3) 1.328 1.462 

μ (mm−1) 2.744 3.115 

R1 (I>2.0s(I))a 0.0243 0.0231 

wR2 (all data)a 0.0554 0.0472 

 

 

Table 1.7. Selected bond lengths [Å] and angles [°] for [Cp′2Y(THF)]2(μ–O), 3-Y.  

 3-Y 

Y(1)-Cnt1  2.434 

Y(1)-Cnt2  2.428 

Y(1)-O(1)  2.04766(17) 

Cnt1-Y(1)-Cnt2 130.6 
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Table 1.8.  X-ray data and collection parameters for [Cp′2Ln(μ–H)]3, 4-Y, 4-Tb and 4-Dy. 

Compound 4-Y 4-Tb 4-Dy 

Empirical C48H81Si6Y3•(C6H14) C48H81Si6Tb3•(C6H14) C48H81Si6Dy3•(C6H14) 

Temperature (K) 133(2) 133(2) 88(2) 

Crystal System Triclinic Triclinic Triclinic 

Space Group P1 P1 P1 

a (Å) 12.0734(5) 12.0815(16) 12.0434(8) 

b (Å) 12.5604(6) 12.5537(17) 12.5268(9) 

c (Å) 22.4667(10) 22.483(3) 22.4441(16) 

α (Å) 86.2368(6) 86.0853(15) 86.1219(9) 

β (Å) 89.9567(6) 89.9713(15) 89.9315(8) 

γ (Å) 68.8047(5) 68.7956(14) 68.7246(8) 

Volume (Å) 3168.7(2) 3170.5(7) 3147.0(4) 

Z 2 2 2 

ρcalc (Mg/m3) 1.236 1.456 1.478 

μ (mm−1) 2.868 3.453 3.669 

R1 (I>2.0s(I))a 0.0267 0.0234 0.0256 

wR2 (all data)a 0.0622 0.0565 0.0597 

 

Table 1.9. Selected bond lengths [Å] and angles [°] for [Cp′2Ln(μ–H)]3, 4-Y, 4-Tb and 4-Dy. 

 4-Y 4-Tb 4-Dy 

Ln-Cnt  2.351–2.354 2.357–2.361 2.372–2.375 

Ln-H  2.10(2)–2.20(2) 1.9290–2.6764 1.9670–2.5523 

Cnt1-Ln(1)-Cnt2 133.1 133.6 133.6 

Cnt3-Ln(2)-Cnt4 134.4 135.0 135.1 

Cnt5-Ln(3)-Cnt6 133.1 133.4 133.6 
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Table 1.10.  X-ray data and collection parameters for [Cp′2Ln(μ–H)(THF)]2, 5-Tb and 5-Dy. 

Compound 5-Tb 5-Dy 

Empirical C40H70Tb2O2Si4 C40H70Dy2O2Si4 

Temperature (K) 88(2) K 88(2) K 

Crystal System Monoclinic Monoclinic 

Space Group C2/c C2/c 

a (Å) 16.7836(18) 16.7886(12) 

b (Å) 25.180(3) 25.1781(18) 

c (Å) 12.3696(14) 12.3811(9) 

α (Å) 90 90 

β (Å) 117.2529(11) 117.3433(8) 

γ (Å) 90 90 

Volume (Å) 4647.2(9) 4648.8(6) 

Z 4 4 

ρcalc (Mg/m3) 1.448 1.458 

μ (mm−1) 3.151 3.322 

R1 (I>2.0s(I))a 0.0211 0.0207 

wR2 (all data)a 0.0437 0.0481 

 

Table 1.11. Selected bond lengths [Å] and angles [°] for [Cp′2Ln(μ–H)(THF)]2, 5-Tb and 5-Dy. 

 5-Tb 5-Dy 

Ln(1)-Cnt1  2.419 2.418 

Ln(1)-Cnt2  2.431 2.434 

Ln(1)-H(1)  2.15(3) 2.13(3) 

Ln(1)-H(1)#1  2.14(3) 2.13(3) 

Cnt1-Ln(1)-Cnt2 130.3 130.2 

Ln(1)-H(1)-Ln(1)#1 119.4(14) 120.7 

H(1)#1-Ln(1)-H(1) 60.6(14) 59.3(16) 
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Chapter 2 

Reduction of Bimetallic Metallocene Hydride and Chloride Complexes with C5H4SiMe3 

(Cp′) Ligands, [Cp′2Ln(μ–H)(THF)]2 and [Cp′2Y(μ–Cl)]2 [Ln = Y, Tb, Dy] 

 

Introduction† 

This Chapter outlines the reductive chemistry of bimetallic rare-earth hydride complexes, 

[Cp′2Ln(μ–H)(THF)]2 (Ln = Tb, Dy, Y Cp′ = C5H4SiMe3) and the bimetallic bridging chloride 

complex, [Cp′2Y(μ–Cl)]2, whose syntheses were outlined in Chapter 1.  Yttrium was chosen 

initially since its I = ½ nuclear spin is useful in NMR and EPR spectroscopic studies and Cp′ was 

chosen since it has facilitated the crystallographic-characterization and isolation of molecular 

complexes of the rare-earths in the +2 oxidation state.1–4  As described here, density functional 

theory (DFT) calculations on complexes [Cp′2Y(µ–Cl)]2 and [Cp′2Y(µ–H)]2 suggested that 

reduction of these species could possibly lead to Y–Y bonds.  These bridging chloride and hydride 

compounds have two different Ln···Ln distances and electronic environments, which provided an 

interesting comparison of the interactions within these complexes, upon reduction to bimetallic 

Ln(II) systems.  The hydrides are particularly interesting candidates since hydride ligands in rare-

earth complexes are already involved in electron deficient three-center two-electron bonds.5,6  

                                                           
†  Portions of this Chapter have been published:  Dumas, M. T.; Chen, G. P.; Hu, J. Y.; 
Nascimento, M. A.; Rawson, J. W.; Ziller, J. W.; Filipp, F.; Evans, W. J. Journal of 

Organometallic Chemistry 2017, 849-850, 38-47 
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However, the only crystallographically-characterizable products from the reduction of [Cp′2Ln(μ–

H)(THF)]2 were the trimetallic Ln(III) tetrahydride complexes, [K(chelate)]{[Cp′2Ln(μ–H)]3(μ3–

H)} (Ln = Y, Tb, Dy; chelate = 18-crown-6 or 2.2.2-cryptand).   

 

Results  

DFT Calculations on [Cp′2Y(μ–H)]2 and [Cp′2Y(μ–Cl)]2.  DFT calculations performed 

by Dr. Guo P. Chen and Jasper Y. Hu in the group of Professor Filipp Furche at UCI show that the 

LUMO of the trivalent [Cp′2YIII(μ–H)]2 (Cp′ = C5H4SiMe3) and the HOMOs of the mixed-valent 

[Cp′2YIII(μ–H)2YIICp′2]1− and the divalent {[Cp′2YII(μ–H)]2}2− complexes, Figure 2.1, are 

comprised of overlapping yttrium d orbitals.  The calculated Y…Y distances are consistent with 

metal-metal bonding:  the distance decreases from 3.52 Å in the neutral species, [Cp′2YIII(μ–H)]2, 

to 3.46 Å and 3.48 Å in the negatively charged mixed-valent, [Cp′2YIII(μ–H)2YIICp′2]1−, and 

divalent complexes, {[Cp′2YII(μ–H)]2}2−, respectively.   

The formation of a metal-metal bond between the two yttrium ions is also predicted for the 

bimetallic bridging chloride complexes, Figure 2.2.  Upon reduction, the HOMO of both the 

mixed-valent [Cp′2YIII(μ–Cl)2YIICp′2]1− and the divalent {[Cp′2YII(μ–Cl)]2}2− show an orbital with 

contribution from both yttrium ions.  The Y…Y distances decrease upon reduction from 4.03 Å in 

the neutral [Cp′2Y(μ–Cl)]2 to 3.79 Å and 3.59 Å in the mixed-valent {[Cp′2Y(μ–Cl)]2}1− and 

divalent complexes {[Cp′2Y(μ–Cl)]2}2−, respectively, which is consistent with the formation of a 

metal-metal bond based on what is observed for metal-metal bonded species of transition metal 

complexes.7-12 
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Figure 2.1.  LUMO of [Cp′2Y(μ–H)]2 (left), HOMO of {[Cp′2Y(μ–H)]2}1− (middle), and HOMO 

of {[Cp′2Y(μ–H)]2}2− (right) with a contour value of 0.04.  Hydrogen atoms, except for the bridging 

hydride ligands, have been omitted for clarity. 

 

Figure 2.2.  LUMO of [Cp′2Y(μ–Cl)]2 (left), HOMO of {[Cp′2Y(μ–Cl)]2}1− (middle), and HOMO 

of {[Cp′2Y(μ–Cl)]2}2− (right) with a contour value of 0.04.  Hydrogen atoms have been omitted 

for clarity. 

 

 Applying Boys orbital localization13 to {[Cp′2Y(μ–H)]2}2−, the localized molecular orbitals 

for the three-center two-electron bonds between the yttrium ions and the hydride ligands, these 

orbitals resemble the three-center two-electron bonding in B2H6, Figure 2.3.  The localization 
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procedure mixes some of the hydride atom contribution into the Y–Y bonding orbital which makes 

the bonding character within the system more prominent, Figure 2.4. 

 

Figure 2.3.  Three-center two-electron localized molecular orbitals of {[Cp′2Y(μ–H)]2}2− with a 

contour value of 0.04.  Hydrogen atoms, except for the bridging hydride ligands, have been omitted 

for clarity. 

 

Figure 2.4.  Y–Y bonding localized molecular orbital of {[Cp′2Y(μ–H)]2}2− with a contour value 

of 0.04.  Hydrogen atoms, except for the bridging hydride ligands, have been omitted for clarity. 

 

Reduction of Bridging Hydride Complexes, [Cp′2Ln(μ–H)(THF)]2 (Ln = Y, Tb, Dy).  

The reduction of [Cp′2Y(μ–H)(THF)]2, 5-Y, with one equivalent of KC8 in the presence of one 

equivalent of 18-crown-6 (crown) in THF produced a dark-colored solution, 10-Y, typical of Y(II) 
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complexes.1,4,14  The UV-visible spectrum of the dark green solution had a broad absorbance at 

794 nm with an extinction coefficient of approximately 1000 M−1cm−1 based on the moles of 

yttrium present in the starting material and assuming complete reduction, Figure 2.5.  In 

comparison, [K(crown)][Cp′3Y] and [K(crypt)][Cp′3Y] have absorptions at 530 nm (ε = 2500  

 

Figure 2.5.  UV-visible spectra of 5-Ln reduction products in THF:  10-Y (green, top at 800 nm; 

λ = 794 nm, ε = 1000 M−1cm−1; λ = 477 nm, ε = 490 M−1cm−1), 10-Tb (blue, middle at 800 nm; λ 

= 837 nm, ε = 840 M−1cm−1; λ = 464 nm, ε = 480 M−1cm−1), and 11-Dy (orange, bottom at 800 

nm; λ = 715 nm, ε = 640 M−1cm−1; λ = 478 nm, ε = 470 M−1cm−1).   

 

M−1cm−1) and 520 nm (ε = 4500 M−1cm−1), respectively.1,4,14  Reduction of [Cp′2Tb(μ–H)(THF)]2, 

5-Tb, with one equivalent of KC8 in the presence of one equivalent of crown in THF, produced a 

dark-colored solution, 10-Tb, with a broad absorbance and a relatively high molar absorptivity 

typical of Tb(II) complexes (λ = 837 nm; ε = 840 M−1cm−1).2,4  Reduction of [Cp′2Dy(μ–

H)(THF)]2, 5-Dy, with one equivalent of KC8 in the presence of one equivalent of 2.2.2-cryptand 
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(crypt) in THF, produced a dark-colored solution, 11-Dy, with a broad absorbance and a molar 

absorptivity typical of Dy(II) complexes (λ = 715 nm; ε = 640 M−1cm−1).4  Interestingly, a second 

feature is observed at about 470 nm for 10-Y, 10-Tb, and 11-Dy with lower molar absorptivity 

values of 490 M−1cm−1, 480 M−1cm−1, and 470 M−1cm−1, respectively.   

The EPR spectra of the dark green product, 10-Y, at 77 K and room temperature are shown 

in Figure 2.6.  The EPR spectra were simulated by Mitchell Nascimento while working in 

Professor Jeremy Rawson′s laboratory at the University of Windsor.  The solution spectrum was 

simulated with Winsim15 and the simulation of the frozen solution was conducted with 

PIP4WIN.16,17  The room temperature EPR spectrum displays a broad singlet around g = 1.983, 

Table 2.1.  There is a minor impurity present in both the room temperature solution and 77 K EPR 

spectra.  The second derivative of the room temperature spectrum shows a coupling pattern of a 

doublet (8.7 G) of 1:2:1 triplets (6.4 G) of 1:2:1 triplets (2.9 G) through simulation, Table 2.1, 

Figure 2.7.  However, the precise origin of this coupling is unknown because the structure of 10-  

 

Figure 2.6.  EPR spectra of 10-Y at 77 K (left; experimental data: black; simulation: red) and room 

temperature (right; experimental data: black; simulation: red).  Peak marked * is an unidentified 

impurity.  Simulations based on data presented in Table 2.1. 
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Figure 2.7.  Second derivative EPR spectrum of 10-Y (experimental data: black; simulation: red).  

Peak marked * is an unidentified impurity. Simulation based on data presented in Table 2.1. 

 

Y has remained elusive.  The 77 K spectrum exhibits axial symmetry with some hyperfine 

coupling.  Also the room temperature spectrum is unique compared to other Y(II) complexes 

including (Cp′3Y)1− (g = 1.991, AY = 36.6 G) which displays a simple two-line pattern in solution 

as expected due to coupling to 89Y (100% abundant I = ½).4   

 

Table 2.1.  EPR parameters for 10-Y and 14-Y.   

Compound g|| g⊥ A|| 

(G) 

A⊥ (G) giso A (G) 

10-Y 

 14-Y 

1.968 

2.068 

1.997 

2.052 

21.0 

34.5 

3.0* 

35.5 

1.983 

--- 

8.7 (d), 6.4 (t), 2.9 (t) 

--- 

* unresolved.  Value quoted is an upper limit based on linewidth 
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Attempts to crystallize the dark green product, 10-Y, led only to the Y(III) complex, 

[K(crown)]{[Cp′2Y(μ–H)]3(μ3–H)}, 12-Y, which was identified by X-ray crystallography, Figure 

2.8.  The X-ray data were not of high quality, but were sufficient to show that the anion in 12-Y 

 

Figure 2.8.  ORTEP depiction of [K(crown)]{[Cp′2Y(μ–H)]3(μ3–H)}, 12-Y, with thermal 

ellipsoids drawn at the 50% probability level.  Solvent molecules and hydrogen atoms, except for 

the bridging hydride ligands, have been omitted for clarity.  Complexes 12-Y and 12-Tb are 

isomorphous. 

 

is analogous to those in the previously identified trimetallic tetrahydrides, 

[Li(THF)4]{[(C5H4C4H9)2Er(μ–H)]3(μ3–H)}18 and [Na(THF)]{[(C5H5)2Lu(μ–H)]3(μ3–H)}.19  

Similarly crystallization attempts of 10-Tb and 11-Dy led to the isolation of 

[K(crown)]{[Cp′2Tb(μ–H)]3(μ3–H)}, 12-Tb, and [K(crypt)]{[Cp′2Dy(μ–H)]3(μ3–H)}, 13-Dy, 

respectively, Figure 2.9.  Complexes 12-Y and 12-Tb are isomorphous. These complexes were 
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crystallized by vapor diffusion of pentane into a concentrated Et2O or THF solution over the period 

of about a week at –15 °C.  Immediately freezing the dark-colored solution formed after reduction 

of 5-Y generates an EPR active species, 10-Y.  However, growing crystals of the solution over a 

week leads to the EPR silent species, 12-Y. 

 

Figure 2.9.  ORTEP depiction of [K(crypt)]{[Cp′2Dy(μ–H)]3(μ3–H)}, 13-Dy, with thermal 

ellipsoids drawn at the 50% probability level.  Solvent molecules and hydrogen atoms, except for 

the bridging hydride ligands, have been omitted for clarity.  

 

Reduction of the Bridging Chloride Complex, [Cp′2Y(μ–Cl)]2.  The reduction of 

[Cp′2Y(μ–Cl)]2, 1-Y, with 1 equivalent of KC8 in the presence of crypt at −35 °C in THF yielded 

a dark purple/black solution, 14-Y.  The EPR spectrum of the product at 77 K shows an axial signal 

with a splitting indicative of an Y(II) ion, Figure 2.10, Table 2.1.  Rapid sample decomposition 

prevented observation of a room temperature spectrum.  The anisotropic spectral parameters for 

14-Y (g|| = 2.068, g⊥ = 2.052; A|| = 34.5 G, A⊥ = 35.5 G) are consistent with an Y(II) ion.  The 
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isotropic spectral parameters (g = 2.057, AY = 35.2 G) estimated from the anisotropic parameters 

are similar to that of (Cp′3Y)1− (g = 1.99 with AY = 36.6 G).1,4,14  No crystallographically-

characterizable products were isolated from this reaction, unlike (Cp′3Y)1− which crystallizes 

readily.  Complex 14-Y decomposes at –30 °C after a few hours and did not provide 

crystallographic evidence of a metal-metal bonded containing species. 

 

Figure 2.10.  Frozen solution EPR spectra 14-Y (experimental data, black; simulation, red; g|| = 

2.068, g⊥ = 2.052; A|| = 34.5 G, A⊥ = 35.5 G). 

 

Discussion  

DFT Calculations on [Cp′2Y(μ–H)]2 and [Cp′2Y(μ–Cl)]2.  DFT calculations suggest that 

[Cp′2Y(μ–H)]2 and [Cp′2Y(μ–Cl)]2 should be viable precursors to reduction.  Indeed, reduction 

generates products with UV-visible and EPR spectra consistent with reduction.  However, these 

systems are not adequate for isolating crystallographically-characterizable bimetallic complexes 

with Y(II) ions.  

Reduction of Bridging Hydride Complexes, [Cp′2Ln(μ–H)(THF)]2.  Reduction of the 

bridging hydride complex, [Cp′2Y(μ–H)(THF)]2, 5-Y, produces an interesting EPR spectrum that 

is unique compared to spectra observed in other Y(II) complexes.  Unfortunately, the inability to 
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crystallize the reduction product, 10-Y, prevented further analysis of the complicated coupling 

patterns observed in the 77 K and room temperature EPR spectra.  While this unique pattern may 

have to do with coupling to the hydrogen nuclei, lack of structural analysis makes definitive 

assignment difficult.  The major feature in the UV-visible spectra of 10-Ln (Ln = Y, Tb) and 11-

Dy is around 800 nm (640 M−1cm−1–1000 M−1cm−1), which is similar to the wavelength observed 

in the [K(chelate)][(C5Me4H)3Ln] systems, whose absorption maxima are between 750–850 nm.20  

For the [K(chelate)][(C5Me4H)3Ln] compounds, this feature was described by time-dependent 

density functional theory (TDDFT) as strongly dipole-allowed Ln 5d → 6p and 5d → π* 

transitions.20  While the smaller feature of 10-Ln (Ln = Y, Tb) and 11-Dy at 470 nm (470–490 

M−1cm−1) is at a similar wavelength to the features observed in the [K(chelate)][Cp′′3Ln] and 

[K(chelate)][Cp′3Ln] complexes which have absorbance features between 350–600 nm that are 

described by TDDFT as metal to ligand charge transfer bands [Cp′′ = C5H3(SiMe3)2–1,3].1,4,14,21   

Although there is EPR evidence for a metal-based radical present in the yttrium system and 

UV-visible data are similar to other Ln(II) complexes, crystallographic evidence was not be 

obtained.  Crystallization led to the trivalent trimetallic tetrahydride species 

[K(crown)]{[Cp′2Ln(μ–H)]3(μ3–H)}, 12-Y and 12-Tb, and [K(crypt)]{[Cp′2Dy(μ–H)]3(μ3–H)}, 

13-Dy.  Unfortunately, the desired reduction products 10-Ln and 11-Dy do not crystallize quickly 

enough to analyze them structurally.  These complexes decompose to the crystallographically-

characterizable complexes 12-Ln and 13-Dy at −15 °C over several days.   

Reduction of the Bridging Chloride Complex, [Cp′2Y(μ–Cl)]2.  Reduction of [Cp′2Y(μ–

Cl)]2, 1-Y, produced a dark purple/black solution, 14-Y, which rapidly decomposes at –30 °C.  

This rapid decomposition suggests that the bridging chloride system is not adequate for reduction 

to crystallographically-characterizable complexes.  It is interesting to compare the decomposition 
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of the bridging chloride species, 14-Y, to the bridging hydride species 10-Y.  10-Y, slowly 

decomposes into 12-Y at –15 °C over the period of a week.  10-Y is stable enough at room 

temperature to obtain an EPR spectrum and a UV-visible spectrum, while 14-Y rapidly 

decomposes, within a few hours, in the freezer at –30 °C.   

 

Conclusion  

 The reduction of [Cp′2Ln(μ–H)(THF)]2, 5-Ln, with potassium graphite gives EPR-active, 

dark-colored solutions consistent with the formation of Ln(II) ions, but no crystallographic 

evidence of Ln(II) products was obtained.  Only the Ln(III) trimetallic tetrahydride complexes 

[K(chelate)]{[Cp′2Ln(μ–H)]3(μ3–H)}, (chelate = 18-crown-6 or 2.2.2-cryptand; Ln = Y, Tb, Dy) 

were identifiable from the product mixture.  Previous reductive studies of (C5H5)3Ln, 

(C5H4Me)3Ln, Cp"3Ln, Cp"2Ln(C5H5), and (indenyl)3Ln showed the importance of the ligand 

system for isolating crystals of complexes of Ln(II) ions [Cp′′ = C5H3(SiMe3)2–1,3; indenyl = 

C9H7].  None of these other tris(cyclopentadienyl) ligand systems gave Ln(II) products that were 

as stable as the Cp′3Ln reduction products.  Evidently, bridging hydride or chloride ligands in 

conjunction with two Cp′ ligands are not optimal for isolating crystallographically-characterizable 

Ln(II) bimetallic complexes, but this combination does lead to solutions which clearly reflect the 

spectroscopic properties of Ln(II) ions in systems that have the orbital characteristics suitable for 

metal-metal bonding. 

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 
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dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried 

over NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  

1H NMR spectra and 13C{1H} NMR spectra were recorded on Bruker GN500 MHz spectrometer 

operating at 125 MHz for 13C at room temperature unless otherwise stated and referenced internally 

to residual protio-solvent resonances.  UV-visible spectra were collected at room temperature 

using a Varian Cary 50 Scan UV-visible spectrophotometer.  EPR spectra were collected using X-

band frequency (9.3-9.8 GHz) on a Bruker EMX spectrometer equipped with an ER041XG 

microwave bridge, and the magnetic field was calibrated with DPPH (g = 2.0036).  Solution EPR 

spectra were simulated using WINSIM15 whereas frozen spectra were simulated using 

PIP4WIN.16,17  2.2.2-cryptand (Sigma-Aldrich) and 18-crown-6 (Sigma-Aldrich) were placed 

under vacuum (10−3 Torr) before use.  H2 gas was used as received from Praxair.  Anhydrous LnCl3 

(Ln = Y, Tb, Dy),22 KC8,23 and KC5H4(SiMe3) (KCp′)24 were prepared according to the literature.  

[Cp′2Ln(μ–H)(THF)]2, 5-Ln, was prepared according to the literature procedure (Ln = Y, Tb, 

Dy).25 

[K(18-crown-6)]{[Cp′2Y(μ2–H)]3(μ3–H)}, 12-Y, from 5-Y.  In an argon-filled glovebox, 

5-Y (90.5 mg, 0.103 mmol), and 2.2.2 cryptand (39 mg, 0.10 mmol) were combined, and dissolved 

in THF (1.5 mL).  This solution was slowly added to a stirring slurry of KC8 (14 mg, 0.10 mmol) 

in THF (0.5 mL).  After the solution was added, it quickly became a dark green.  The solution was 

allowed to stir for 4 minutes and was filtered to remove a black precipitate, presumably graphite.  

The dark green filtrate was layered with pentane and placed in a freezer at −35 °C overnight to 

produce a dark green oily solid.  The product was isolated as a tacky green solid (110 mg).  Dark 

green single crystals identified as 12-Y, could be grown from a concentrated solution of Et2O 
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layered with pentane at −35 °C, or from a vapor diffusion of pentane into a concentrated solution 

of Et2O at −15 °C after a week.  IR:  3703w, 3081w, 2953m, 2888m, 2811m, 1558w, 1478w, 

1457w, 1444w, 1407w, 1356m, 1298w, 1258m, 1240m, 1182m, 1135m, 1105s, 1082m, 1061w, 

1038m, 1019w, 1011w, 993w, 950m, 932m, 906m, 884w, 868w, 830s, 786w, 755s, 748s, 740m, 

731m, 715w, 706w, 695w, 686w, 675w, 665w, 650w, 639w, 632w, 624w, 616w.  UV-vis (THF) 

λmax = 794 nm; ε = 1000 M−1cm−1. 

[K(18-crown-6)]{[Cp′2Tb(μ–H)]3(μ3–H)}, 12-Tb, from 5-Tb.  In an argon-filled 

glovebox, 5-Tb (101 mg, 0.0977 mmol) and 2.2.2 cryptand (26 mg, 0.10 mmol) were combined, 

and dissolved in Et2O (2 mL).  The solution was slowly added to a stirring slurry of KC8 (14 mg, 

0.10 mmol) in Et2O (0.5 mL).  After the solution was added, it quickly became dark blue.  The 

solution was allowed to stir for 4 minutes and filtered to remove a black precipitate, presumably 

graphite.  The dark blue filtrate was layered with pentane and placed in a freezer at −35 °C 

overnight to produce a dark blue oily solid.  Dark blue single crystals identified as 12-Tb, were 

grown from a concentrated solution of Et2O layered with pentane at −15 °C after a week. IR:  

3705m, 3083m, 2954s, 2897s, 2826m, 2793w, 1662w, 1495w, 1471m, 1443m, 1405w, 1353m, 

1311w, 1284w, 1245s, 1182m, 1112s, 1069w, 1037s, 986w, 963m, 945w, 932w, 907s, 889w, 

867m, 838s, 826s, 774s, 764s, 750s, 738m, 725m, 694m, 640m, 626m.  UV-vis (THF) λmax = 837 

nm; ε = 840 M−1cm−1.  

[K(2.2.2-cryptand)]{[Cp′2Dy(μ–H)]3(μ3–H)}, 13-Dy, from 5-Dy.  In an argon-filled 

glovebox, 5-Dy (77 mg, 0.075 mmol), and 2.2.2 cryptand (28 mg, 0.075 mmol) were combined, 

and dissolved in THF (3 mL).  This solution was slowly added to a stirring slurry of KC8 (10 mg, 

0.075 mmol) in THF (0.5 mL).  After the solution was added, it quickly became a dark blue.  The 

solution was allowed to stir for 3 minutes and filtered to remove a black precipitate, presumably 



70 
 

graphite.  The dark blue filtrate was layered with pentane and placed in a freezer at −35 °C 

overnight to produce a dark blue oily solid.  Dark black single crystals identified as 13-Dy, could 

be grown from a concentrated solution of Et2O layered with pentane, or from a vapor diffusion of 

pentane into a concentrated solution of Et2O at −15 °C after a week. IR:  3706w, 3096w, 3081w, 

3066w, 2952, 2886s, 2819.42m, 2762w, 2728w, 2620w, 2498w, 2359w, 2091w, 1930w, 1869w, 

1604w, 1477m, 1459m, 1444m, 1403w, 1361s, 1297m, 1242s, 1180s, 1134s, 1106s, 1077s, 

1059m, 1039s, 987w, 952s, 932m, 907s, 830s, 770s, 751s, 686m, 643m, 626s.  UV-vis (THF) λmax 

= 715 nm; ε = 640 M−1cm−1. 

X-ray Data Collection, Structure Solution and Refinement for [K(18-crown-

6)]{[Cp′2Y(μ–H)]3(μ3–H)}, 12-Y.  A blue-green crystal of approximate dimensions 0.048 x 0.172 

x 0.306 mm was mounted in a cryoloop and transferred 

to a Bruker SMART APEX II diffractometer.  The 

APEX226 program package was used to determine the 

unit-cell parameters and for data collection (240 

sec/frame scan time for a hemisphere of diffraction 

data).  The raw frame data was processed using 

SAINT27 and SADABS28 to yield the reflection data 

file.  Subsequent calculations were carried out using the SHELXTL29 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space group 

P21/n that was later determined to be correct.  The structure was solved by direct methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors30 for neutral 

atoms were used throughout the analysis.  Hydride atoms were located from a difference-Fourier 

map and included in fixed positions. Hydrogen atoms were included using a riding model.  Atoms 
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(C14), C(15) and C(16) were disordered and included using multiple components with partial site-

occupancy-factors.  There was one molecule of diethyl ether solvent present.  Least-squares 

analysis yielded wR2 = 0.2239 and Goof = 1.036 for 756 variables refined against 19116 data 

(0.77Å), R1 = 0.0765 for those 8870 data with I > 2.0σ(I).  There were several high residuals 

present in the final difference-Fourier map.  It was not possible to determine the nature of the 

residuals as a mixture of four different solvents was used in the crystallization.  The SQUEEZE31 

routine in the PLATON32 program package was used to account for the electrons in the solvent 

accessible voids.  

X-ray Data Collection, Structure Solution and Refinement for [K(18-crown-

6)]{[Cp′2Tb(μ–H)]3(μ3–H)}, 12-Tb.  A green crystal of approximate dimensions 0.031 x 0.200 x 

0.316 mm was mounted in a 

cryoloop and transferred to a 

Bruker SMART APEX II 

diffractometer.  The APEX226 

program package was used to 

determine the unit-cell 

parameters and for data collection (25 sec/frame scan time for a sphere of diffraction data).  The 

raw frame data was processed using SAINT27 and SADABS28 to yield the reflection data file.  

Subsequent calculations were carried out using the SHELXTL29 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space group 

P21/n that was later determined to be correct.  The structure was solved by direct methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors30 for neutral 

atoms were used throughout the analysis.  Hydride atoms were located from a difference-Fourier 
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map and included in fixed positions. The Hydrogen atoms were included using a riding model.  

Several atoms were disordered and included using multiple components with partial site-

occupancy-factors.  There was one molecule of diethyl ether solvent present.  Least-squares 

analysis yielded wR2 = 0.1001 and Goof = 1.025 for 745 variables refined against 17360 data 

(0.80Å), R1 = 0.0373 for those 12296 data with I > 2.0σ(I).  There were several high residuals 

present in the final difference-Fourier map.  It was not possible to determine the nature of the 

residuals as a mixture of four different solvents was used in the crystallization.  The SQUEEZE31 

routine in the PLATON32 program package was used to account for the electrons in the solvent 

accessible voids.   

X-ray Data Collection, Structure Solution and Refinement for K(2.2.2-

cryptand)]{[Cp′2Dy(μ–H)]3(μ3–H)}, 13-Dy.  A black crystal of approximate dimensions 0.264 x 

0.281 x 0.294 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II 

diffractometer.  The APEX226 program package was used to determine the unit-cell parameters 

and for data collection (25 

sec/frame scan time for a sphere of 

diffraction data).  The raw frame 

data was processed using SAINT27 

and SADABS28 to yield the 

reflection data file.  Subsequent 

calculations were carried out using the SHELXTL29 program.  The diffraction symmetry was 2/m 

and the systematic absences were consistent with the monoclinic space groups Cc, and C2/c.  It 

was later determined that space group Cc was correct.  The structure was solved by direct methods 

and refined on F2 by full-matrix least-squares tech niques.  The analytical scattering factors30 for 
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neutral atoms were used throughout the analysis.  There were two molecules of the formula-unit 

present and one molecule of diethyl ether per formula-unit.  Hydride atoms were located from 

difference-Fourier maps and refined in fixed positions. Hydrogen atoms were included using a 

riding model.  Several atoms were refined isotropically and four of the CpSiMe3 ligands were 

included with geometric restraints.  Least-squares analysis yielded, wR2 = 0.1560 and Goof = 

1.063 for 1242 variables refined against 32874 data (0.83Å), R1 = 0.0611 for those 30606 data 

with I > 2.0σ(I).  The absolute structure was assigned by refinement of the Flack parameter.33  

There were several high residuals present in the final difference-Fourier map.  It was not possible 

to determine the nature of the residuals although since a mixture of four solvents was used.  The 

SQUEEZE31 routine in the PLATON32 program package was used to account for the electrons in 

the solvent accessible voids.   

Computational Details.  DFT calculations were performed using the TPSS34 meta-

generalized gradient approximation (meta-GGA) functional with Grimme′s D3 dispersion 

correction.35,36  Initial geometry optimizations were carried out using basis sets of valence double-

zeta quality with polarization functions on nonhydrogen atoms, def2-SV(P).37  Numerical 

vibrational normal mode analyses were performed to confirm that the optimized structures are 

minima on the ground-state potential energy surface.  Starting from each optimized structure, a 

second geometry optimization was performed using basis sets of valence triple-zeta quality plus 

polarization, def2-TZVP.38  Both geometry optimizations were performed in C1 symmetry till the 

Cartesian coordinate gradient was converged to ≤ 10-4 a.u.  The 28 core electrons of yttrium were 

modeled by Stuttgart-Cologne scalar-relativistic effective core potential (ECP).39  Fine density 

grids of at least m4 quality40 were employed for numerical integration.  Solvent effects were 

included by the continuum solvation model (COSMO)41 using the dielectric constant of THF (ε = 
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7.52).42  Boys orbital localization13 was performed for the highest 11 occupied orbitals (1 Y–Y 

bond, 8 (Cp′)1− π2, and 2 H 1s) of {[Cp′2Y(μ–H)]2}2−.  All calculations were performed using 

TURBOMOLE 7.0.43   
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Table 2.2.  X-ray data and collection parameters for [K(18-crown-6)]{[Cp′2Ln(μ–H)]3(μ3–H)}, 

12-Y, 12-Tb and K(2.2.2-cryptand)]{[Cp′2Dy(μ–H)]3(μ3–H)}, 13-Dy. 

Compound 12-Y 12-Tb 13-Dy 

Empirical 
C60H106KO6Si6Y3(

C4H10O) 

C60H106Tb3KO6Si6(

C4H10O) 

C66H118Dy3KN2O6Si6

(C4H10O) 

Temperatu

re (K) 
88(2) 133(2) 133(2) 

Crystal 

System 
Monoclinic Monoclinic Monoclinic 

Space 

Group 
P21/n P21/n Cc 

a (Å) 16.7701(15) 16.7873(17) 15.1359(19) 

b (Å) 25.556(2) 25.814(3) 25.851(3) 

c (Å) 19.5221(18) 19.572(2) 46.038(6) 

α (Å) 90 90 90 

β (Å) 94.4330(12) 94.1161(13) 93.1678(17) 

γ (Å) 90 90 90 

Volume 

(Å) 
8341.8(13) 8459.6(16) 17986(4) 

Z 4 4 8 

ρcalc 

(Mg/m3) 
1.172 1.321 1.333 

μ (mm−1) 2.246 2.655 2.636 

R1 

(I>2.0s(I))a 
0.0765 0.0373 0.0611 

wR2 (all 

data)a 
0.1825 0.1001 0.1532 
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Chapter 3 

Synthesis and Reduction of Bimetallic Methyl-Bridged Rare-Earth Metal Complexes, 

[Cp′2Ln(µµµµ–Me)]2 (Ln = Y, Tb, Dy; Cp′ = C5H4SiMe3) 

 

Introduction‡ 

Chapter 2 described the reduction of complexes [Cpʹ2Y(µ–Cl)]2 and [Cpʹ2Ln(µ–H)(THF)]2 

(Ln = Y, Tb, Dy; Cp′ = C5H4SiMe3).  Although spectroscopic data suggested reduction to Ln(II) 

complexes, crystallographic evidence was elusive.  This Chapter describes the reduction of the 

methyl-bridged complexes, [Cpʹ2Ln(µ–CH3)]2 (Ln = Y, Tb, Dy).  These complexes were of interest 

because bridging methyl ligands form electron deficient bonds, similar to the bridging hydride 

ligands, which led to more stable complexes with Ln(II) ions than the electron precise chloride-

bridged complexes.  However, the bridging methyl ligand is less likely to form trimetallic species 

and complexes analogous to the trimetallic tetrahydride decomposition products, 

[K(chelate)]{[Cpʹ2Ln(μ–H)]3(μ3–H)} observed upon reduction of the hydride-bridged complexes 

(Ln = Y, Tb, Dy; chelate = 18-crown-6 or 2.2.2-cryptand).    

This Chapter describes the synthesis of Cp′ methyl-bridged complexes, [Cpʹ2Ln(µ–CH3)]2 

(Ln = Y, Tb, Dy).  The yttrium complex, [Cpʹ2Y(µ–CH3)]2,1 has been previously synthesized, but 

the Tb and Dy analogs had not. They were synthesized for this study and crystallographically-

                                                           
‡  Portions of this Chapter have been published:  Dumas, M. T.; Ziller, J. W.; Evans, W. J. ACS 

Omega 2019, 4, 398−402. 
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characterized for definitive identification.  The reductions of these [Cpʹ2Ln(µ–CH3)]2 complexes 

and the spectroscopic evidence for Ln(II) products are presented herein. 

 

Results 

The synthesis of the chloride-bridged complexes, [Cpʹ2Ln(μ–Cl)]2, 1-Ln, was described in 

Chapter 1.  Reaction of 1-Ln with 2 equivalents of methyl lithium generates the bridging methyl 

complexes [Cpʹ2Ln(μ–Me)]2, 15-Ln, needed for this study, Scheme 3.1 (Ln = Y, Tb, Dy).  The  

 

 

Scheme 3.1. Synthesis of [Cpʹ2Ln(μ–Cl)]2, 1-Ln, and [Cpʹ2Ln(μ–CH3)]2, 15-Ln [Cpʹ = 

C5H4(SiMe3)]. 

 

previously reported Y complex was identified by 1H and 13C NMR spectroscopy1 and the 

paramagnetic Tb and Dy complexes were identified by X-ray crystallography, Figure 3.1.  15-Tb 

and 15-Dy are isomorphous.  However, 15-Tb and 15-Dy are not isomorphous with 15-Y.  

Crystallographic details can be found in Tables 3.1–3.3. 
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Figure 3.1.  ORTEP depiction of [Cpʹ2Tb(µ–CH3)]2, 15-Tb, with thermal ellipsoids drawn at the 

50% probability level.  Hydrogen atoms have been omitted for clarity.  The unit cell contains two 

molecules: view of a single molecule (top) and view of both molecules in the unit cell (bottom). 
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 The crystallographic data show that the bridging methyl complexes, 15-Ln, have shorter 

Ln…Ln distances than either of the chloride precursors, 1-Ln, or the THF-solvated hydrides, 

[Cpʹ2Ln(µ–H)(THF)]2, 5-Ln, Table 3.1.2  For example, the Tb…Tb distances in the two molecules 

in the unit cell of 15-Tb were determined to be 3.5415(5) and 3.5745(4) Å compared to 4.0705(4) 

Å and 3.7041(6) Å for 1-Tb and 5-Tb,2 respectively.  The Ln-X-Ln angles in 15-Ln were also 

determined to be the smallest when compared to the chloride and hydride analogues.  These angles 

were 89.73(8)° and 90.17(8)° in 15-Tb compared to 97.29(2)° and 120.7(2)° in 1-Tb and 5-Tb,2 

respectively.  These shorter distances could facilitate an interaction between the two rare-earth 

ions upon reduction because the metal centers are closer to each other. 

 

Table 3.1.  Comparison of the Ln…Ln distances and Ln-X-Ln angles in 1-Ln, 15-Ln, and 

[Cpʹ2Ln(µ–H)(THF)]2, 5-Ln.  

Complex Ln…Ln Distance (Å) Ln-X-Ln Angle (°) 

[Cpʹ2Y(µ–CH3)]2, 15-Y1 3.5361(9) 89.18(13) 

[Cpʹ2Y(µ–Cl)]2, 1-Y3 4.0792(9) 98.4(1) 

[Cpʹ2Tb(µ–CH3)]2, 15-Tba 3.5415(5) 

3.5745(4) 

90.17(8) 

89.73(8) 

[Cpʹ2Tb(µ–H)(THF)]2, 5-Tb2 3.7041(6) 120.7(2) 

[Cpʹ2Tb(µ–Cl)]2, 1-Tb2 4.0705(4) 97.29(2) 

[Cpʹ2Dy(µ–CH3)]2, 15-Dya 3.5219(5) 

3.5543(5) 

90.36(8) 

89.70(8) 

[Cpʹ2Dy(µ–H)(THF)]2, 5-Dy2 3.7042(3) 119.4(14) 

[Cpʹ2Dy(µ–Cl)]2, 1-Dy2 4.0806(5) 97.89(1) 

a Unit cell contains two molecules. 

  



83 
 

Reduction of complexes 15-Ln with one equivalent of KC8 in the presence of one 

equivalent of 2.2.2-cryptand (crypt) in THF produced dark red-brown products, 16-Ln, typical of 

crystallographically-characterized complexes of rare-earth ions in the +2 oxidation state, eq 3.1.2,4–

7  The EPR spectrum of 16-Y at 77 K has an axial signal at g1 = 1.99, A1 = 17.9 G; g2 = 2.00, A2 = 

17.7 G and the room temperature EPR spectrum has an isotropic signal at g = 1.99, A = 18.4 G, 

Figure 3.2.  These patterns are consistent with the interaction of an unpaired electron with a 89Y 

nucleus (100% abundant I = ½) and are characteristic of Y(II) complexes.3–5, 11 

 

 

Figure 3.2.  EPR spectra of 16-Y at 77 K (left, blue; g1 = 1.99, A1 = 17.9 G; g2 = 2.00, A2 = 17.7 

G); and room temperature (right, red; g = 1.99, A = 18.4 G). 
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 The UV-visible spectra of 16-Y, 16-Tb, and 16-Dy, Figure 3.3, show broad absorbance 

peaks at 420 nm, 405 nm, and 410 nm, respectively, with molar extinction coefficients of 

approximately 1700 M−1cm−1, 2300 M−1cm−1, and 1800 M−1cm−1, respectively.  The ε values are 

lower estimates that are based on the amount of 15-Ln used to form the sample and assuming 

complete reduction to 16-Ln.  In comparison, [K(18-crown-6)][Cpʹ3Y] and [K(crypt)][Cpʹ3Y] 

have absorptions at 530 nm (ε = 2500 M−1cm−1)4 and 520 nm (ε = 4500 M−1cm−1), respectively.5,6  

The data on 16-Ln are blue-shifted compared to the maximum absorbance of the reductions of the 

bridging hydride complexes, 5-Y, [Cpʹ2Y(µ–H)(THF)]2, 794 nm (ε  = 1000 M−1cm−1), 5-Tb, 837 

nm (ε = 840 M−1cm−1), and 5-Dy, 715 nm (ε = 640 M−1cm−1), Figure 2.5.2   

The dark red-brown solutions of 16-Ln maintained their color in solution at −30 °C for 

several days, but they did not yield crystalline products suitable for definitive characterization by 

X-ray diffraction.  Attempts to make analogs with 18-crown-6 instead of crypt produced dark red-

brown solutions, but crystallization attempts were similarly unsuccessful. 
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Figure 3.3.  UV-visible spectra of 15-Ln reduction products in THF:  16-Y (light blue, bottom at 

450 nm, λ = 420 nm; ε = 1700 M−1cm−1), 16-Tb (orange, top at 450 nm, λ = 405 nm; ε = 2300 

M−1cm−1), and 16-Dy (gray, middle at 450 nm, λ = 410 nm; ε = 1800 M−1cm−1). 

  

Discussion 

 The UV-visible spectra for the reduction of the bridging methyl species, 15-Ln show one 

broad highly absorbing peak around 400 nm (1700 M−1cm−1–2300 M−1cm−1), similar to the spectra 

observed in the [K(chelate)][Cp′′3Ln] and [K(chelate)][Cp′3Ln] complexes which have absorbance 

features between 350–600 nm.4,5,8,9  Interestingly, the products of the reduction of the hydride 

complexes, [Cp′2Ln(μ–H)(THF)]2, 5-Ln, have UV-visible spectra with two major features, the 

larger feature is around 800 nm (640 M−1cm−1–1000 M−1cm−1), which is similar to the wavelength 

observed in the [K(chelate)][(C5Me4H)3Ln] systems, whose absorption maxima are between 750–

850 nm.10  The smaller feature in the UV-visible spectrum of the reduction of 5-Ln is around 470 
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nm (470–490 M−1cm−1) similar to the maximum wavelength observed in complexes 16-Ln.  The 

reason for the difference in the UV-visible spectra between the hydride complexes and the methyl 

complexes remains unknown. 

The EPR spectra of 16-Y (77 K, g1 = 1.99, A1 = 17.9 G; g2 = 2.00, A2 = 17.7 G; room 

temperature, g = 1.99, A = 18.4 G) are what would be expected for a monometallic Y(II) complex.  

Similarly, the room temperature spectrum of (Cp′3Y)1− (g = 1.991, AY = 36.6 G) displays a simple 

doublet in solution as expected due to coupling to 89Y (100% abundant I = ½).5  However, 16-Y 

was expected to be a bimetallic system which should have a three-line EPR pattern if both yttrium 

ions are interacting with the unpaired electron.  This may suggest that the reduction leads to the 

formation of a monometallic species, but the lack of structural data makes further analysis of the 

spectrum difficult and results discussed in Chapter 4 suggest that bimetallic complexes with an 

Y(II) ion may exhibit two-line EPR patterns.  In comparison, the 77 K and room temperature 

spectra of the product of reduction of 5-Y display a complicated coupling pattern not previously 

observed in an Y(II) complex.  It is interesting that the bridging methyl and hydride species have 

EPR and UV-visible spectra that are different.  This reinforces the idea that the ligands chosen are 

extremely important for crystallization of the reduction products as well as their properties. 

  

Conclusion  

 Although the bridging methyl complexes [Cpʹ2Ln(μ–CH3)]2, 15-Ln, can be reduced to form 

dark red-brown solutions with EPR and UV-visible spectroscopic features consistent with Ln(II) 

ions, isolation of crystallographically-characterizable Ln(II) complexes was elusive.  These results 

in conjunction with the bridging hydride and chloride results from Chapter 2 indicate that the 
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bis(Cpʹ) coordination environment is not optimum for crystallizing bimetallic complexes with a 

rare-earth metal in the +2 oxidation state.  

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon 

atmosphere.  Solvents were sparged with UHP argon and dried by passage through columns 

containing Q-5 and molecular sieves prior to use.  Elemental analyses were conducted on a Perkin-

Elmer 2400 Series II CHNS elemental analyzer.  UV-visible spectra were collected at room 

temperature using a Jasco V-670 absorption spectrometer.  EPR spectra were collected using X-

band frequency (9.3‒9.8 GHz) on a Bruker EMX spectrometer equipped with an ER041XG 

microwave bridge, and the magnetic field was calibrated with DPPH (g = 2.0036).  Infrared (IR) 

transmittance measurements were taken as compressed solids on a Cary 630 spectrophotometer 

with a diamond ATR attachment.  2.2.2-Cryptand (Sigma-Aldrich) was placed under vacuum (10−3 

Torr) overnight before use.  The solvent was removed under vacuum from a solution of methyl 

lithium in Et2O (Sigma-Aldrich) to isolate it as a white powder.  Anhydrous LnCl3 (Ln = Y, Tb, 

Dy),11 KC8,12 and KC5H4(SiMe3) (KCpʹ)13 were prepared according to the literature.  [Cpʹ2Ln(μ–

Cl)]2 (Ln = Y,3 Tb,2 Dy2), 15-Ln, and [Cpʹ2Y(μ–CH3)]2
1 were prepared by a modification of the 

literature procedure. 

[Cpʹ2Dy(µµµµ–CH3)]2, 15-Dy.  A −30 °C solution of 1-Dy (150 mg, 0.158 mmol) in Et2O (5 

mL) was slowly added to a −30 °C slurry of MeLi (12 mg, 0.57 mmol) in Et2O (5 mL).  The total 

volume of the solution was increased to 20 mL with cold Et2O.  The slightly cloudy colorless 

solution was allowed to warm to room temperature and stirred overnight.  The volatiles were 
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removed from the solution in vacuo.  The product was extracted into hexane (10 mL) and then 

centrifuged to remove white solids, presumably LiCl.  The white solids were washed with hexane 

(5 mL) twice.  The volatiles were removed from the hexane solution to isolate a white powder.  

The white powder was extracted into hexane (10 mL) again and any insoluble materials were 

discarded.  The volatiles were removed from the hexane solution to isolate 15-Dy as a white 

powder (123 mg, 0.136 mmol, 86%).  X-ray quality crystals were grown from a concentrated 

hexane solution at −30 °C.  IR:  3079(w), 2950(w), 2885(w), 1440(w), 1360(w), 1343(w), 1242(s), 

1176(m), 1038(s) 905(m), 890(w), 829(s), 772(s), 751(s), 688(m).  Anal. Calcd for C34H58Dy2Si4:  

Expected = C, 45.17; H, 6.47.  Found:  C, 41.97; H, 6.23.  The low value suggests incomplete 

combustion as observed in other cases.1, 11–14  The found CH ratio of C34H60.1 is consistent with the 

formula. 

[Cpʹ2Tb(µµµµ–CH3)]2, 15-Tb.  In a procedure analogous to the synthesis of 15-Dy, 1-Tb (150 

mg, 0.161 mmol) and MeLi (11 mg, 0.52 mmol) were combined in Et2O (20 mL) to isolate 15-Tb 

as a white powder (133 mg, 0.148 mmol, 92%).  X-ray quality crystals were grown from a 

concentrated hexane solution at −30 °C.  IR:  3075(w), 2951(w), 2880(w), 2814(w), 2768(w), 

1711(w), 1640(w), 1604(w), 1537(w), 1442(w), 1409(w), 1359(w), 1308(w), 1242(m), 1178(m), 

1130(w), 1038(s), 904(m), 888(w), 830(s), 763(s), 751(s), 687(m).  Anal. Calcd for C34H58Tb2Si4:  

Expected = C, 45.52; H, 6.52.  Found:  C, 41.93; H, 5.90.  The low value suggests incomplete 

combustion as observed in other cases.1, 11–14  The found CH ratio of C34H57 is consistent with the 

formula. 

Reduction of 15-Y.  In an argon filled glovebox, a colorless solution of 15-Y (106 mg, 

0.140 mmol) and crypt (53 mg, 0.141 mmol) in THF (2 mL) were chilled to −30 °C.  The solution 

was passed through a KC8 column chilled to −30 °C and a dark red-brown solution, 16-Y, resulted.  
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EPR spectra were obtained at 77 K and room temperature.  UV−vis (THF) λmax = 420 nm; ε = 

1700 M−1cm−1. 

Reduction of 15-Dy.  In a procedure analogous to the reduction of 15-Y, 15-Dy (198 mg, 

0.219 mmol) and crypt (83 mg, 0.219 mmol) were combined in THF (2 mL) and passed through a 

KC8 column to form a dark red-brown solution, 16-Dy.  UV−vis (THF) λmax = 414 nm; ε = 1800 

M−1cm−1. 

Reduction of 15-Tb.  In a procedure analogous to the reduction of 15-Y, 15-Tb (200 mg, 

0.224 mmol) and crypt (84 mg, 0.224 mmol) were combined in THF (2 mL) and passed through a 

KC8 column to form a dark red-brown solution, 16-Tb.  UV−vis (THF) λmax = 406 nm; ε = 2300 

M−1cm−1. 

X-ray Data Collection, Structure Solution and Refinement for [Cpʹ2Dy(µµµµ–CH3)]2, 15-

Dy.  A colorless crystal of approximate dimensions 0.260 x 0.275 x 0.370 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX219 program 

package was used to determine the unit-cell parameters 

and for data collection (15 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was 

processed using SAINT20 and SADABS21 to yield the 

reflection data file.  Subsequent calculations were carried 

out using the SHELXTL22 program.  There were no 

systematic absences nor any diffraction symmetry other 

than the Friedel condition.  The centrosymmetric triclinic 

space group P1  was assigned and later determined to be correct.  The structure was solved by dual 

space methods and refined on F2 by full-matrix least-squares techniques.  The analytical scattering 
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factors23 for neutral atoms were used throughout the analysis. Hydrogen atoms were included using 

a riding model.  There were two half molecules of the formula-unit present, each located about an 

inversion center.  Least-squares analysis yielded wR2 = 0.0437 and Goof = 1.060 for 375 variables 

refined against 9686 data (0.73 Å), R1 = 0.0177 for those 9138 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for [Cpʹ2Tb(µµµµ–CH3)]2, 15-

Tb.  A colorless crystal of approximate dimensions 0.245 x 0.284 x 0.358 mm was mounted in a 

cryoloop and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX219 program 

package was used to determine the unit-cell 

parameters and for data collection (10 sec/frame 

scan time for a sphere of diffraction data).  The 

raw frame data was processed using SAINT20 and 

SADABS21 to yield the reflection data file.  

Subsequent calculations were carried out using the SHELXTL22 program.  There were no 

systematic absences nor any diffraction symmetry other than the Friedel condition.  The 

centrosymmetric triclinic space group P1  was assigned and later determined to be correct.  The 

structure was solved by dual space methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors23 for neutral atoms were used throughout the analysis. 

Hydrogen atoms were included using a riding model.  There were two half molecules of the 

formula-unit present, each located about an inversion center.  Least-squares analysis yielded wR2 

= 0.0412 and Goof = 1.046 for 375 variables refined against 9618 data (0.73 Å), R1 = 0.0173 for 

those 9062 data with I > 2.0σ(I). 
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Table 3.2.  X-ray data and collection parameters for [Cpʹ2Ln(µ–CH3)]2, 15-Tb and 15-Dy. 

Compound 15-Tb 15-Dy 

Empirical Formula  C34H58Tb2Si4 C34H58Dy2Si4 

Temperature (K) 88(2) 88(2) 

Crystal System Triclinic Triclinic 

Space Group P1  P1  

a (Å) 12.1461(8) 12.1412(9) 

b (Å) 13.4374(8) 13.4216(10) 

c (Å) 14.6385(9) 14.6399(10) 

α (deg) 117.2591(6) 117.2907(7) 

β (deg) 103.0845(7) 103.1817(8) 

γ (deg) 98.8621(7) 98.8758(8) 

Volume (Å3) 1974.9(2) 1969.7(2) 

Z 2 2 

ρcalc (Mg/m3) 1.508 1.524 

μ (mm−1) 3.693 3.906 

R1 (I> 2.0s(I))a 0.0173 0.0177 

wR2 (all data)a 0.0406 0.0430 
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Table 3.3. Selected bond lengths [Å] and angles [°] for [Cpʹ2Ln(µ–CH3)]2, 15-Tb and 15-Dy. 

 
15-Tb 15-Dy 

Ln(1)-Cnt1 2.394 2.381 

Ln(1)-Cnt2 2.393 2.381 

Ln(2)-Cnt3 2.397 2.384 

Ln(2)-Cnt4 2.403 2.389 

Ln(1)-C(17) 2.488(2) 2.474(2) 

Ln(1)-C(17)#1 2.513(2) 2.492(2) 

Ln(2)-C(34) 2.519(2) 2.507(2) 

Ln(2)-C(34)#2 2.548(2) 2.533(2) 

Ln(1)-C(17)-Ln(1)#1 90.16(7) 90.36(8) 

Ln(2)-C(34)-Ln(2)#1 89.73(7) 89.70(8) 

C(17)-Ln(1)-C(17)#1 89.84(7) 89.64(8) 

C(34)-Ln(2)-C(34)#2 90.27(7) 90.30(8) 

Cnt1-Ln(1)-Cnt2 131.6 131.4 

Cnt3-Ln(2)-Cnt4 130.7 130.5 
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Chapter 4 

Crystallographic and Spectroscopic Characterization of a Reduced Bimetallic Yttrium 

Ansa-Metallocene Hydride Complex, [K(crypt)][CpAnY(μ–H)]2 [CpAn = 

Me2Si(C5H3SiMe3)2] 

 

Introduction 

 As described in the introduction of Chapter 1, complexes of yttrium and all the lanthanides 

(except radioactive Pm) in the +2 oxidation state have been isolated and crystallographically-

characterized in tris(cyclopentadienyl) ligand environments with C5H4SiMe3 (Cp′) and 

C5H3(SiMe3)2 (Cp′′) ligands.1–6  Chapters 2 and 3 described the pursuit of molecular species 

containing Y–Y bonds via potassium graphite reductions of [Cp′2Y(µ–Cl)]2,7 [Cp′2Y(µ–CH3)]2,8 

and [Cp′2Y(µ–H)(THF)]2.7  Dark-colored solutions were generated which suggested the formation 

of yttrium in the +2 oxidation state.  Both UV-visible data and EPR spectra suggested Y(II) was 

present, but crystallographic evidence was not obtained on these complexes.7,8  In the case of the 

[Cp′2Y(µ–H)(THF)]2 reduction reactions, the only product identified by X-ray crystallography was 

the Y(III) trimetallic tetrahydride, [K(18-crown-6)]{[Cp′2Y(μ–H)]3(μ3–H)}.7   

 In order to reduce the tendency of the metallocene hydrides to form trimetallic species, 

hydride complexes of the ansa-cyclopentadienyl ligand Me2Si(C5H3SiMe3)2, CpAn, were pursued 
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as starting materials.  A bimetallic CpAn hydride complex of Sm had been synthesized and 

crystallographically-characterized in 2000, eq 4.1.9  In this complex, the CpAn ligands bridge  

 

across the two samarium ions in a structure referred to as a "flyover" complex, eq 4.1.9  Such a 

bonding mode would not be expected to favor a trimetallic species, as was observed in the 

reduction of [Cp′2Y(μ–H)(THF)]2 which formed [K(18-crown-6)]{[Cp′2Y(μ–H)]3(μ3–H)}.  Since 

reduction of Sm(III) forms a "traditional" 4f6 Sm(II) ion, analogs of the hydride in eq 4.1 with 

metals that form 4fn5d1 Ln(II) or 4d1 Y(II) were needed.  The synthesis of the yttrium analog was 

pursued for reduction studies because 89Y has a 100% naturally abundant I = ½ nucleus that could 

be exploited for characterization by EPR.   

 

Results  

Synthesis of CpAnY(η3–C3H5)(THF).  Anhydrous YCl3 reacts with 1 equivalent of 

K2CpAn to form the known bridging chloride, [CpAnY(μ–Cl)]2, 17-Y.10  Complex 17-Y was treated 

with 2 equivalents of allylmagnesium chloride, which yielded the allyl complex, CpAnY(η3–

C3H5)(THF), 18-Y, Scheme 4.1, Figure 4.1.  Complex 18-Y was identified by X-ray  

 

Scheme 4.1. Synthesis of [CpAnY(μ–H)(THF)]2, 19-Y, from [CpAnY(μ–Cl)]2, 17-Y [CpAn = 

Me2Si(C5H3SiMe3)2]. 
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crystallography and found to crystallize as a THF solvate with the allyl group in a trihapto 

coordination mode.  In comparison, both (C5Me5)2Y(η3–C3H5) and [Me2Si(C5Me4)2]Y(η3–C3H5) 

were crystallographically-characterized as the THF-free complexes.11  Bond distances and angles 

are compared in Table 4.1.  As expected, since 18-Y has a higher coordination number due to the 

bound THF, the bond distances are longer.  

 

Figure 4.1.  ORTEP depiction of CpAnY(η3–C3H5)(THF), 18-Y, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms have been omitted for clarity. 
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Table 4.1.  Comparison of selected bond lengths [Å] and angles [°] for CpAnY(η3–C3H5)(THF), 

18-Y, (C5Me5)2Y(η3–C3H5),11 and [Me2Si(C5Me4)2]Y(η3–C3H5).11   

 
CpAnY(η3–

C3H5)(THF), 18-Y 

(C5Me5)2Y(η3–

C3H5)11 

[Me2Si(C5Me4)2]

Y(η3–C3H5) 11 

Y-Cnt 2.412 2.381 2.343 

Y-Cnt 2.406 2.362 2.330 

Cnt-Y-Cnt 119.0 138.8 127.1 

Y-C(C3H5) 2.675(2) 2.601(2) 2.549(5) 

 2.658(2) 2.582(2) 2.548(4) 

 2.606(2) 2.582(2) 2.545(5) 

C(C3H5)-C(C3H5) 1.383(3) 1.392(3) 1.384(7) 

 1.365(3) 1.391(3) 1.380(7) 

C(C3H5)-C(C3H5)-

C(C3H5) 
127.5(2) 125.9(2) 128.1(5) 

 

Synthesis of [CpAnY(μ–H)(THF)]2.  Treatment of the bright yellow yttrium allyl complex, 

18-Y, with 80 psi of H2 gas in a Fischer-Porter pressure reactor in the absence of solvent generated 

a colorless solid within 1 hour.  The product was dissolved in toluene and crystallized to yield 

single crystals of the yttrium hydride complex [CpAnY(μ–H)(THF)]2, 19-Y¸ identified by X-ray 

crystallography, Figure 4.2.  In contrast to the flyover structure of [CpAnSm(μ–H)(THF)]2, eq 4.1,20 

complex 19-Y has both cyclopentadienyl rings of each CpAn ligand coordinated to just one metal 

center.  This more conventional structure allows complex 19-Y to be compared with those of 

[(C5H4Me)2Y(µ–H)(THF)]2,12 [(C5H3Me2-1,3)2Y(µ–H)(THF)]2,13 and {[Me2Si(C5H4)2]Y(μ–

H)(THF)}2
14 as shown in Table 4.2.  The metrical parameters for 19-Y are similar to those in other 
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Figure 4.2.  ORTEP depiction of [CpAnY(μ–H)(THF)]2, 19-Y, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms except for the bridging hydride ligands have been 

omitted for clarity. 

 

hydrides.  In particular, the Y…Y distance of 3.6311(5) Å in 19-Y falls within the typical values 

for other bimetallic bridging hydride complexes including {[Me2Si(C5H4)2]Y(μ–H)(THF)}2 

[3.514(3) Å],14 {[Y(Me3TACD)(µ–H)(THF)]2}[B(3,5-C6H3[CF3]2)4]2 [3.6203(9) Å, TACD = 

1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane],15 [(C5H4Me)2Y(µ–H)(THF)]2 [3.66(1) 

Å],12 [(dadmb)Y(µ–H)(THF)]2 [3.6652(8) Å, dadmb = 2,2′-bis-[(tert-butyl-dimethylsilyl)amido]-

6,6′-dimethylbiphenyl],16 [SiMe2(C5Me4)(NCMe3)Y(µ–H)(THF)]2 [3.672(1) Å],17 [(C5H3Me2-

1,3)2Y(µ–H)(THF)]2 [3.68(1) Å],13 and {Y[(Me3Si)2NC(NiPr)2]2(µ–H)}2 [3.6825(5) Å].18   
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Table 4.2.  Comparison of selected bond lengths [Å] and angles [°] for [CpAnY(μ–H)(THF)]2, 19-

Y, [(C5H4Me)2Y(µ–H)(THF)]2,12 [(C5H3Me2-1,3)2Y(µ–H)(THF)]2,13 and {[Me2Si(C5H4)2]Y(μ–

H)(THF)}2.14  

 
[CpAnY(μ–

H)(THF)]2, 19-Y 

[(C5H4Me)2Y 

(µ–H)(THF)]2
12 

[{(C5H3Me2-1,3)2 

Y(µ–H)(THF)]2
13 

{[Me2Si(C5H4)2]Y(

THF)(μ–H)}2
14 

Y…Y′ 3.6311(5) 3.664(1) 3.68(1) 3.514(3) 

Y-Cnt 2.457 2.4114 2.434 2.357 

 2.392 2.397 2.391 2.315 

Y-H 2.25(3) 2.19(8) 2.27(6) 2.44(7) 

  2.03(3)  2.17(8)  2.03(7)  2.04(7) 

Y-H-Y′ 116(1) 114(3) 117.7(27) 103(3) 

H-Y-H′ 63.9(13) 66(3) 62.3(27) 77(3) 

 

 Reduction of [CpAnY(μ–H)(THF)]2, 19-Y.  The reduction of colorless 19-Y with excess 

KC8 and 1 equivalent of 2.2.2-cryptand (crypt) in THF at –30 °C produced a dark red-brown 

solution.  The solution was layered with pentane and produced dark red-brown crystals.  X-ray 

crystallography revealed the product to be [K(crypt)][CpAnY(μ–H)]2, 20-Y, eq 4.2, Figure 4.3.  To 

my knowledge, this is the first crystallographically-characterized reduced bimetallic complex of 

yttrium.   
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Figure 4.3.  ORTEP depiction of [K(crypt)][CpAnY(μ–H)]2, 20-Y, (top symmetric 

[K(crypt)][CpAnY(μ–H)]2 Y1 unit; bottom asymmetric [K(crypt)][CpAnY(μ–H)]2 unit) with 

thermal ellipsoids drawn at the 50% probability level.  Except for the hydride ligands, hydrogen 

atoms have been omitted for clarity. 
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Complex 20-Y crystallizes in the P1  space group with two crystallographically-

independent bimetallic anions in the unit cell.  Each bimetallic anion contains an inversion center.  

The bimetallic anion involving Y1 is shown in Figure 4.3.  The repeat unit consists of one 

[K(crypt)]1+ and two halves of the bimetallic anion {[CpAnY(μ–H)]2}1−, one with Y1 and one with 

Y2.  This generates the 1:1 stoichiometry of the [K(crypt)][CpAnY(μ–H)]2 formula and is also 

shown in Figure 4.3.   

 Interestingly, the binding mode of the CpAn ligand in 20-Y is not like those in 17-Y, 18-Y 

and 19-Y.  In the reduced yttrium complex 20-Y, a "flyover" structure is found as was observed 

for [CpAnSm(μ–H)(THF)]2.9  This complicates the direct comparison between the structures of 19-

Y and 20-Y.  For example, the Cnt-Y-Cnt angles are widely different, 119.9° and 135.4°, in 19-Y 

and 20-Y, respectively, Table 4.3.  This is unfortunate because one of the characteristic metrics 

used to evaluate new Ln(II) ions is a comparison of bond distances with their Ln(III) analogs.5,19,20  

For 4fn+1 Ln(II) complexes, the bond distances are 0.1‒0.2 Å larger than the Ln(III) analogs.5  For 

4fn5d1 Ln(II) and 4d1 Y(II) complexes, the bond distances increase by only 0.03‒0.05 Å.5  

However, a structural comparison can be made with the similarly-structured ansa-samarium 

complex by taking into account the difference in size of yttrium versus samarium (see below). 

 The 3.3992(6) Å and 3.4022(7) Å Y…Y distances in 20-Y are the shortest Y…Y distances 

in the literature to my knowledge.  Recently, Y‒Y bonds have been claimed inside fullerenes with 

Y…Y distances of 3.635(4) Å and 3.596(2) Å.21  Previously, the shortest Y…Y distance in a 

discrete metal hydride-bridged coordination complex was the 3.514(3) Å distance in the trivalent 

hydride [Me2Si(C5H4)2Y(µ–H)]2, Table 4.2.  The distance reported here for 20-Y is a full 0.1 Å 

shorter which is consistent with a stronger Y…Y interaction.14   
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 In comparison, the Sm…Sm distance in [CpAnSm(μ–H)(THF)]2
9 is 3.762(1) Å.  Nine-

coordinate Sm(III) is 0.113 Å larger than eight-coordinate Y(III) according to Shannon radii,22 so 

a comparable Y…Y distance in a trivalent [CpAnY(μ–H)]2 flyover version of [CpAnSm(μ–

H)(THF)]2 would be expected to be 3.536 Å.  The 3.3992(6) Å and 3.4022(7) Å Y…Y distances 

in 20-Y are much shorter than this estimate for the Y(III) analog, whereas reduction of Y(III) to 

Y(II) would be expected to generate an increase of 0.02‒0.03 Å based on the Cp′3Y/(Cp′3Y)1- 

system.2,5  

 

Table 4.3.  Comparison of selected bond lengths [Å] and angles [°] between [CpAnY(μ–H)(THF)]2, 

19-Y, [K(crypt)][CpAnY(μ–H)]2, 20-Y, and [CpAnSm(µ–H)(THF)]2. 

Bond lengths and 

angles 

[CpAnY(µµµµ–

H)(THF)]2, 19-Y 

[K(crypt)][CpAn

Y(µµµµ–H)]2, 20-Y 

[CpAnSm(µµµµ–

H)(THF)]2 

Ln(1)-Cnt1 2.392 2.358 2.462 

Ln(1)-Cnt2 2.457 2.358 2.486 

Ln(2)-Cnt3  2.362  

Ln(2)-Cnt4  2.367  

Cnt1-Ln(1)-Cnt2 119.9 135.4 132.4 

Cnt3-Ln(2)-Cnt4  137.5  

Ln(1)-Ln(1′) 3.6311(5) 3.3992(6) 3.762(1) 

Ln(2)-Ln(2′)  3.4022(7)  

 

The structural features of 20-Y can also be evaluated with the metal-(ring centroid) bond 

distances.  The Sm-Cnt distances in [CpAnSm(μ–H)(THF)]2 are 2.462 Å and 2.486 Å.9  The 

expected Y-Cnt distance in a trivalent [CpAnY(μ–H)]2 flyover complex based on the 0.113 Å 
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smaller radius would be 2.349‒2.373 Å.  The 2.358‒2.367 Å Y-Cnt distances in 20-Y are in this 

range, i.e. there is no evidence of the 0.02-0.03 Å increase previously observed for reduction of 

Y(III) to Y(II).2,5  

Spectroscopy.  EPR spectra of the crude red-brown reaction mixture formed from 

reduction of [CpAnY(μ–H)(THF)]2, 19-Y, were obtained at 77 K and room temperature, Figure 4.4.  

The room temperature EPR spectrum contains a two-line pattern at giso = 1.99 with a hyperfine 

coupling constant of 40 G.  The data are similar to the EPR spectra obtained from KC8 reductions 

of Cp′3Y (giso = 1.991, 36.6 G)2 and Cp′′3Y (giso = 1.9908, 36.1 G)23 except that the A value is 

slightly higher [Cp′ = C5H4SiMe3; Cp′′ = C5H3(SiMe3)2].  Reduction of [Cp′2Y(µ–Me)]2 gave an 

EPR signal at g = 1.99 with A = 18.4 G, but crystals of that reduction product were not available 

for structural characterization.  Potassium graphite reduction of other monometallic yttrium 

complexes gave higher A values:  (C5H5)3Y(THF) (giso = 1.9905, 42.8 G),23 (C5H4Me)3Y(THF) 

(giso = 1.9903, 46.9 G),23 and Y[N(SiMe3)2]3 (giso 1.976, 110 G).24  It is interesting that the EPR 

spectra of 20-Y are consistent with a monometallic complex of Y in the +2 oxidation state. 

A UV-visible spectrum of the crude red-brown reaction mixture containing 20-Y in THF 

displays a broad absorbance at 410 nm with a minimum extinction coefficient of approximately 

1680 M−1cm−1 based on the assumption that all of complex 19-Y in the sample was reduced, Figure 

4.5.  This spectrum is similar to those of [K(crown)][Cp′3Y] and [K(crypt)][Cp′3Y] which have  
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Figure 4.4.  EPR spectra of 20-Y at 77 K (top, experimental:  purple, simulation:  dotted red; g1 = 

1.99, A1 = 35 G; g2 = 2.00, A2 = 21 G) and room temperature (bottom, experimental:  green, 

simulation:  dotted blue; giso = 1.99, A = 40 G). 
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Figure 4.5.  UV-Visible spectra of 20-Y in THF (λ = 410 nm, ε  = 1680 M−1cm−1). 

 

absorptions at 530 nm (ε  = 2500 M−1cm−1)2 and 520 nm (ε  = 4500 M−1cm−1),4,5 respectively.  In 

comparison, the spectrum of the reduction product of [Cp′2Y(µ–H)(THF)]2 has an absorption at 

794 nm (ε  = 1000 M−1cm−1), which is red shifted compared to 20-Y.7  While, the dark red-brown 

color of 20-Y appears to slowly fade a room temperature, it is stable enough to obtain an EPR 

spectrum and a UV-visible spectrum at room temperature. 

Theoretical Analysis of 20-Y.  Density functional theory (DFT) was used to evaluate the 

bonding in 20-Y.  Calculations were carried out by Maria J. Beltrán-Leiva in the group of Professor 

Ramiro Arratia-Pérez at the Universidad Andrés Bello in Chile.  For calibration, the structure of 

19-Y was analyzed.  DFT calculations on 19-Y at the BP86/TZ2P level of theory reproduced the 

bond distances within 0.03 Å.  
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DFT analysis of 20-Y similarly gave good agreement between calculated and measured  

bond distances, within 0.03 Å.  These calculations show that the SOMO of the complex is 

comprised of 100% dz
2 and dx

2
-y

2 orbitals of the yttrium atoms, Figure 4.6.  This orbital has a clear 

bonding character which is consistent with a direct metal-metal bonding interaction.  Another 

orbital prominent in the bonding in the interior of the molecule is the SOMO−6 which has a 60% 

contribution from the s orbitals of the hydrogen atoms with yttrium dyz contributing 36% and the 

remaining 4% being due to the CpAn ligands, Figure 4.6.  The SOMO−10 also has contributions of 

the same yttrium orbitals (dz
2 and dx

2
-y

2) and some s contribution of the hydrogen atoms.   

 

 

                                             SOMO−6                                     SOMO 

Figure 4.6. Molecular orbitals of [CpAnY(µ–H)]2
1− with relevant contributions of the hydrides 

and yttrium atoms.  

 

 Additional evidence regarding the delocalization of the unpaired electron between both 

metals is given by the spin density distribution in the structure.  In Figure 4.7 it is possible to see 

that the electron is located in a region with a bonding connection between both metal atoms with 

a spin density of 0.486 on each center.  On the other hand, Figure 4.7 also shows that the spin 
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density on the hydride is negative (−0.062) which is evidences for some spin polarization 

associated to the electron delocalization. 

 

 

Figure 4.7. Spin density map of [CpAnY(µ–H)]2
1−.  The contour plot in the plane containing 

yttrium atoms and hydrides is also presented. Blue represent the positive values; Red represent 

negative values. 

 

Complex 20-Y was also analyzed by CASSCF methods.  The CASSCF results showed 

only three of the five molecular orbitals included in the active space as active orbitals in the Y−Y 

bonding.  These three include the two orbitals with the same contributions obtained in DFT 

calculation, shown in Figure 4.6, and one antibonding orbital.  The two remaining orbitals have 

exactly two and zero occupation numbers.  In Figure 4.8, the first active orbital shows an important 

H contribution in the Y−Y bonding interaction.  It demonstrates that the bridging hydrides are 

responsible for the enhancement of the bonding interaction that stabilizes the complex.  A suitable 

description of the bonding could be obtained from both the bonding and antibonding orbitals which 
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are fractionally occupied.  Thus, an effective bond order of 0.88 was calculated.  However, this 

value does not represent a direct bonding interaction between both yttrium atoms, which 

contributes only 10% of the total bond order.  That allows us to conclude that a more realistic 

picture to describe the bonding in this molecule is a 3-center-2-electron scheme with the unpaired 

electron partially delocalized in the structure.  The calculated g-factor was 2.002, in good 

agreement with the experimental data and the proposed model of bonding. 

 

 

Figure 4.8.  Active orbitals obtained from the CASSCF calculation. 

 

Discussion 

 In contrast to reductions of [Cp′2Y(μ–H)(THF)]2, [Cp′2Y(μ–Me)]2 and [Cp′2Y(μ–Cl)]2 

which give dark-colored products with EPR spectra consistent with the presence of Y(II), but no 

isolable single crystals, reduction of the ansa-cyclopentadienyl hydride, [CpAnY(µ–H)(THF)]2, 19-

Y, gives the crystalline complex, [K(crypt)][CpAnY(μ–H)]2, 20-Y, which is mixed-valent by 

charge balance according to the crystal structure.  The intense color is consistent with the presence 

of an Y(II) ion.  The EPR spectrum is consistent with the presence of only one Y(II) ion.  The X-

ray crystal structure reveals the shortest Y…Y distances observed to date, 3.3992(6) Å and 



110 
 

3.4022(7) Å, which are significantly shorter than the 3.635(4) Å and 3.596(2) Å distances reported 

for a fullerene complex that is described as having Y−Y bonds.21  The short distances in 20-Y are 

also about 0.1 Å smaller than predicted for an Y(III) complex with a similar flyover structure.  

Although short metal-metal bond distances are suggestive of metal-metal bonding, it is well known 

that metal-metal distances can be deceiving in terms of bonding.25–28  However the EPR spectra of 

20-Y are consistent with a monometallic complex of an Y(II) ion.  This suggests that the two metal 

ions are not interacting under these conditions or that the species is a monometallic complex under 

these conditions. 

 DFT studies are consistent with the presence of a formal metal-metal bond via the dz
2 and 

dx
2

-y
2 orbitals of the metals, but CASSCF analysis suggests that the metal-metal bonding 

interaction is not through a direct bond, but instead through a 3-center-2-electron Y‒H‒Y bonding 

interaction with a delocalized electron.  Surprisingly, no hydride coupling is observed in the EPR 

spectra of this complex.  Although these analyses may seem mutually exclusive of each other, they 

should be understood as complementary, where the DFT is employed as a first approximation. 

This idea is supported by the initial orbital analysis, which showed a SOMO with bonding 

character between the two yttrium centers, but also a SOMO−6 with important s contribution from 

the hydride ligands.  The problem is that, at this level of theory, the role of the hydride ligands in 

the bonding is not clear enough, because the single configuration with integer occupancies does 

not allow evaluation of the relative weight of the Y‒Y and Y‒H‒Y bonding interactions.  In this 

sense, the subsequent CASSCF calculation showed the multiconfigurational nature of the bonding 

in 20-Y which is apparent from the active orbitals and their occupancies.  Thus, the bonding in this 

molecule can be seen as an Y‒Y bonding interaction being aided significantly by the bridging 

hydride ligands.  The UV-visible and EPR spectra of 20-Y are consistent with the presence of 
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Y(II), but it is not clear why the hyperfine coupling appears as a two-line pattern rather than a 

three-line pattern and lacks 1H hyperfine coupling.  However these results are ambiguous.  There 

is not enough evidence to show this is a mixed-valent complex or whether the two metal ions are 

interacting to form a direct metal-metal bond.  More evidence is needed to make a direct conclusion 

about the work presented here. 

 

Conclusion 

The reduction of [CpAnY(μ–H)(THF)]2, 19-Y, with excess KC8 and one equivalent of 2.2.2-

cryptand produced the reduced bimetallic yttrium complex [K(crypt)][CpAnY(μ–H)]2, 20-Y, which 

was characterized by X-ray crystallography.  Spectroscopic data are consistent with the presence 

of Y(II), however EPR data are consistent with a monometallic complex.  DFT calculations 

suggest that there is a predominant metal-metal bonding interaction through the yttrium d orbitals, 

but CASSCF analysis indicates that a 3-center-2-electron bond involving the two metals and the 

bridging hydride is present with a delocalized electron.  Unfortunately, while these results are 

interesting, there is not enough evidence to definitely state if there is a direct metal-metal bonding 

interaction in this complex. 

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 

dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried 

over NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  
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1H NMR spectra and 13C{1H} NMR spectra were recorded on Bruker AVANCE600 spectrometer 

operating at 151 MHz for 13C at 298 K unless otherwise stated and referenced internally to residual 

protio-solvent resonances.  Elemental analyses were conducted on a Perkin-Elmer 2400 Series II 

CHNS elemental analyzer.  UV-visible spectra were collected at 298 K using a Jasco V-670 

absorption spectrometer.  Infrared (IR) transmittance measurements were taken as compressed 

solids on a Thermo Scientific Nicolet iS5 spectrophotometer with an iD5 ATR attachment.  EPR 

spectra were collected using X-band frequency (9.3‒9.8 GHz) on a Bruker EMX spectrometer 

equipped with an ER041XG microwave bridge, and the magnetic field was calibrated with DPPH 

(g = 2.0036).  EPR simulations were performed as least-squares fits of the experimental spectra 

using the SpinCount software package29 employing second-order perturbation in cases where 

hyperfine coupling was on the same order of magnitude as the Zeeman energy.  Potassium 

bis(trimethylsilyl)amide (Sigma-Aldrich) was purified by dissolving in toluene, centrifuging to 

remove insoluble material, and removing solvent from the supernatant.  Allylmagnesium chloride 

(2.0 M solution in THF, Sigma-Aldrich), 1,4-dioxane (Sigma-Aldrich), and trimethylsilyl chloride 

(Alfa Aesar) were used as received.  2.2.2-cryptand (Sigma-Aldrich) was placed under vacuum 

(10−3 Torr) before use.  H2 gas was used as received from Praxair.  Anhydrous YCl3,30 KC8,31 and 

KC5H4(SiMe3) (KCp′)32 were prepared according to the literature.  K2[Me2Si(C5H3SiMe3)2] 

(K2CpAn) was synthesized from KCp′ in an analogous procedure with Me2SiCl2.33  [CpAnY(μ–Cl)]2 

was prepared by a modification of the literature procedure and confirmed with 1H and 13C NMR 

spectroscopy.10 

CpAnY(η3–C3H5)(THF)x, 18-Y.  In a nitrogen-filled glovebox, [CpAnY(μ–Cl)]2 (528 mg, 

0.584 mmol) was dissolved in toluene (150 mL) to yield a clear colorless solution.  

Allylmagnesium chloride (2.0 M solution in THF, 0.48 mL, 0.966 mmol) was added dropwise, via 
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a syringe, to the stirred solution.  The resulting bright yellow solution was stirred overnight.  After 

volatiles were removed under vacuum, hexane (150 mL) and 1,4-dioxane (7 mL) were added.  The 

resulting cloudy yellow mixture was stirred overnight.  The cloudy yellow solution was 

centrifuged to remove colorless solids.  The yellow supernatant was filtered and isolated.  

Additional product was extracted from the colorless solids by centrifugation with hexane (40 mL) 

twice.  The yellow supernatants were combined, and the solvent was removed under vacuum to 

yield 18-Y as a crude yellow powder (0.478 g, 0.899 mmol, 80%).  The crude yellow powder was 

crystallized from a concentrated hexane solution at –35 °C to yield 18-Y (186 g, 0.350 mmol, 

32%).  X-ray quality crystals were grown from a concentrated solution of hexane at –35 °C over a 

few months.  1H NMR (600 MHz, C6D6):  δ 6.46 (t, JHH = 2.5 Hz, 1 H, [Me2Si(C5H3SiMe3)2], 6.30 

(t, JHH = 2.5 Hz, 1 H, [Me2Si(C5H3SiMe3)2], 5.93 (t, JHH = 2.5 Hz, 1 H, [Me2Si(C5H3SiMe3)2]), 

5.72 (quint, JHH = 5 Hz, 1 H, [CH2]2CH), 3.44 (br s, 4H, THF), 2.97 (d, JHH = 15 Hz, 4 H, 

[CH2]2CH), 1.26 (t, JHH = 7.5 Hz, 4 H, THF), 0.89 (s, 3 H, [Me2Si(C5H3SiMe3)2], 0.28 (s, 3 H, 

[Me2Si(C5H3SiMe3)2]), 0.26 (s, 18 H, [Me2Si(C5H3SiMe3)2]).  13C{1H} NMR (151 MHz, C6D6):  δ 

148.03 ([CH2]2CH), 129.34 [Me2Si(C5H3SiMe3)2], 128.57 [Me2Si(C5H3SiMe3)2], 125.10 

[Me2Si(C5H3SiMe3)2], 120.05 [Me2Si(C5H3SiMe3)2], 118.41 [Me2Si(C5H3SiMe3)2], 71.49 (THF), 

62.32 ([CH2]2CH), 23.05 (THF), 14.35 [Me2Si(C5H3SiMe3)2], 1.27 [Me2Si(C5H3SiMe3)2], 0.26 

[Me2Si(C5H3SiMe3)2].  IR:  3061m, 2954s, 2891w, 1552m, 1440m, 1403w, 1340w, 1316w, 1246s, 

1209w, 1175w, 1144w, 1129w, 1077s, 1040w, 1021w, 921m, 875w, 832s, 765m, 773s, 750m, 

738w, 712w, 676w, 665m, 649w, 628m, 610m, 603w, 591m, 578w, 571w, 560w, 549w, 538w, 

528w, 519w, 508m, 490s, 480m, 471m, 464m, 457s, 445m, 439m, 426w, 421m, 413m, 403w.  

Anal. Calcd. for C21H35Si3Y:  C, 54.75; H, 7.66.  Found C, 54.90; H, 7.92.   
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[CpAnY(μ–H)(THF)]2, 19-Y.  In a nitrogen-filled glove box, a Fischer-Porter high pressure 

apparatus was charged with solid yellow 18-Y (150 mg, 0.326 mmol), sealed, and attached to a 

high-pressure gas line. The pressure in the vessel was reduced and slowly charged with H2 (80 psi) 

before being sealed and left overnight. The sample changed from yellow to colorless after 1 hour. 

After 24 h, residual hydrogen was removed under vacuum. The sample was transferred to an argon-

filled glovebox, washed with cold pentane (2 mL) twice, and collected as a colorless solid (136 

mg, 0.138 mmol, 85%) identified as 19-Y. Colorless crystals of 19-Y suitable for X-ray diffraction 

were grown from a concentrated solution of toluene at –30 °C overnight.  1H NMR (600 MHz, 

C6D6):  δ 7.45 (t, JHH = 5 Hz, 1 H, [Me2Si(C5H3SiMe3)2], 6.50 (t, JHH = 5 Hz, 1 H, 

[Me2Si(C5H3SiMe3)2], 6.17 (t, JHH = 5 Hz, 1 H, [Me2Si(C5H3SiMe3)2], 3.44 (br, s, 4H, THF), 3.19 

(t, JYH = 30 Hz, 1 H, YH), 1.26 (t, JHH = 6 Hz, 4 H, THF) 0.81 (s, 3 H, [Me2Si(C5H3SiMe3)2]), 0.46 

(s, 3 H, [Me2Si(C5H3SiMe3)2]), 0.37 (s, 18 H, [Me2Si(C5H3SiMe3)2]).  13C NMR (151 MHz, C6D6):  

δ 125.64 [Me2Si(C5H3SiMe3)2], 122.77 [Me2Si(C5H3SiMe3)2], 120.16 [Me2Si(C5H3SiMe3)2], 

118.73 [Me2Si(C5H3SiMe3)2], 116.29 [Me2Si(C5H3SiMe3)2], 69.12 (THF), 31.77 (THF), 0.87 

[Me2Si(C5H3SiMe3)2], − 3.27 [Me2Si(C5H3SiMe3)2], − 4.96 [Me2Si(C5H3SiMe3)2].  IR:  3092w, 

3050w, 2986m, 2960m, 2896w, 1437w, 1406w, 1385w, 1360w, 1321w, 1251m, 1242s, 1205m, 

1080s, 1074s, 1057m, 1033m, 921s, 872m, 832s, 818s, 805s, 771s, 753s, 730m, 687m, 675s, 657s 

cm−1.  Anal. Calcd.   

[K(crypt)][CpAnY(μ–H)]2, 20-Y.  In an argon filled-glovebox, a colorless solution of 19-

Y (170 mg, 0.202 mmol) and 2.2.2-cryptand (76 mg, 0.20 mmol) in THF (6 mL) was cooled to –

30 °C in a freezer.  A pipette was packed with a Kimwipe and excess KC8 to form a flash reduction 

column.3  The KC8 reduction column, an empty 20 mL glass scintillation vial, and several glass 

pipettes were cooled to –30 °C in a freezer.  The cold colorless solution was quickly passed through 
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the cold reduction column, forming a dark red-brown solution, which was expressed directly into 

the cold vial.  The dark red-brown solution was placed at –30 °C for about 2 hours, after which 

time it was layered with pentane (4 mL).  After 3 days a small amount of a dark red-brown oil 

formed at the bottom of the vial, and the –30 °C solution was layered with additional pentane (10 

mL).  Dark red-brown crystals of 20-Y suitable for X-ray diffraction were grown overnight –30 

°C.  IR:.  3040w, 2985w, 2947w, 2881w, 2917w, 1476w, 1463w, 1140w, 1353w, 1260w, 1235m, 

1174w, 1134m, 1101s, 1075s, 948m, 925m, 819s, 799s, 748s, 656s cm−1.  UV-Vis (THF) λ = 410 

nm, ε  = 1680 M−1cm−1.  Anal. Calcd for C54H98KN2O6Si6Y2: C, 51.61; H, 7.86; N, 2.23.  Found 

C, 51.29; H, 7.90; N, 2.46.   

Computational Details.  The geometry optimization was performed in the framework of 

the relativistic density functional theory using the Amsterdam Density Functional (ADF) code,34 

where the relativistic scalar and spin–orbit coupling effects are incorporated by the zeroth-order 

regular approximation (two-component relativistic ZORA Hamiltonian).35  The calculations were 

carried out with the generalized-gradient approximation (GGA) BP86 functional and a TZ2P basis 

of Slater type orbitals.36,37  This step allowed us to obtain a first insight into the electronic structure 

of the compound to describe the Y‒Y bonding interaction, through molecular orbital (MO) 

analysis.  

In a second step, wave-function-based methods were employed to include a 

multiconfigurational picture in the description of the electronic structure of the system. All the 

calculations were performed using the ORCA 4.0.2 package.38  Multiconfigurational ab-initio 

method based on the complete active space self-consistent field approximation (CASSCF) was 

used to incorporate correlation effects.39  Additionally, quasi-degenerate perturbation theory 

(QDPT) was used to account for mixing due to spin-orbit coupling (SOC).  Scalar relativistic 
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effects were taken into account by the second-order Douglas-Kroll-Hess Hamiltonian (DKH2).40  

For all atoms the def2-TZVPP basis set was used.41,42  The CASSCF calculations were performed 

including five electrons in five orbitals CAS(5,5)SCF.  This active space was chosen to incorporate 

the interacting d orbitals from the yttrium centers, the s orbital from the hydrogens and the possible 

contribution from the ligands.  The effective bond order (EBO)43 between both yttrium atoms 

regarding also the hydride bridge atoms was calculated based in a very well defined and stable 

quantities: the occupation numbers of the natural orbitals (NOs).  Therefore, it can only be used 

along with wave functions which give realistic values for these quantities. 

X-ray Data Collection, Structure Solution and Refinement for CpAnY(η3–C3H5)THF, 

18-Y.  A colorless crystal of approximate dimensions 0.168 x 0.195 x 0.350 mm was mounted in 

a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX244 program 

package was used to determine the unit-cell parameters and for data collection (30 sec/frame scan 

time for a sphere of diffraction data).  The raw frame data was 

processed using SAINT45 and SADABS46 to yield the 

reflection data file.  Subsequent calculations were carried out 

using the SHELXTL47 program.  The diffraction symmetry 

was 2/m and the systematic absences were consistent with the 

monoclinic space group P21/n that was later determined to be 

correct.  The structure was solved by dual space methods and 

refined on F2 by full-matrix least-squares techniques.  The 

analytical scattering factors48 for neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  Least-squares analysis yielded wR2 = 0.0857 and Goof 
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= 1.051 for 279 variables refined against 7323 data (0.73 Å), R1 = 0.0322 for those 6563 data with 

I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for [CpAnY(μ–H)(THF)]2. 

19-Y.  A colorless crystal of approximate dimensions 0.270 x 0.327 x 0.568 mm was mounted in 

a cryoloop and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX244 program 

package and the CELL_NOW49 were used to 

determine the unit-cell parameters.  Data was 

collected using a 45 sec/frame scan time for a sphere 

of diffraction data.  The raw frame data was 

processed using SAINT45 and TWINABS50 to yield 

the reflection data file (HKLF 5 format)50.  

Subsequent calculations were carried out using the SHELXTL47 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space group 

P21/n that was later determined to be correct.  The structure was solved by dual space methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors48 for neutral 

atoms were used throughout the analysis.  Hydride atom H(1) was located from a difference-

Fourier map and refined (x,y,z and Uiso).  The remaining hydrogen atoms were included using a 

riding model.  The molecule was located about an inversion center.  Least-squares analysis yielded 

wR2 = 0.0803 and Goof = 1.054 for 258 variables refined against 6921 data (0.74 Å), R1 = 0.0316 

for those 6253 with I > 2.0σ(I).  The structure was refined as a three-component twin.  
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X-ray Data Collection, Structure Solution and Refinement for [K(crypt)][CpAnY(μ–

H)]2, 20-Y.  A purple crystal of approximate dimensions 0.182 x 0.220 x 0.426 mm was mounted 

in a cryoloop and transferred to 

a Bruker SMART APEX II 

diffractometer.  The APEX244 

program package was used to 

determine the unit-cell 

parameters and for data 

collection (45 sec/frame scan time for a sphere of diffraction data).  The raw frame data was 

processed using SAINT45 and SADABS46 to yield the reflection data file.  Subsequent calculations 

were carried out using the 

SHELXTL47 program.  There were no 

systematic absences nor any 

diffraction symmetry other than the 

Friedel condition.  The 

centrosymmetric triclinic space group 

P was assigned and later determined 

to be correct.  The structure was solved by dual space methods and refined on F2 by full-matrix 

least-squares techniques.  The analytical scattering factors48 for neutral atoms were used 

throughout the analysis. Hydride atoms were located from a difference-Fourier map and refined 

(x,y,z and fixed Uiso).  Hydrogen atoms were included using a riding model.  Each yttrium complex 

was a dimmer located about an inversion center.  Least-squares analysis yielded wR2 = 0.1491 

and Goof = 1.024 for 662 variables refined against 15726 data (0.78 Å), R1 = 0.0542 for those 
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11666 data with I > 2.0σ(I).  There were several high residuals present in the final difference-

Fourier map.  It was not possible to determine the nature of the residuals although it was probable 

that tetrahydrofuran and/or diethylether solvents were present.  The SQUEEZE51 routine in the 

PLATON52 program package was used to account for the electrons in the solvent accessible voids.   
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Table 4.4.  X-ray data and collection parameters for CpAnY(η3–C3H5)(THF), 18-Y, [CpAnY(μ–

H)(THF)]2, 19-Y, and [K(crypt)][CpAnY(μ–H)]2, 20-Y.  

Compound 18-Y 19-Y 20-Y 

Empirical Formula  C25H43OSi3Y C44H78O2Si6Y2 C54H98KN2O6Si6Y2 

Temperature (K) 88(2) 133(2) 88(2) 

Crystal System Monoclinic Monoclinic Triclinic 

Space Group P21/n P21/n P 

a (Å) 15.1232(8) 12.5547(12) 11.5304(12) 

b (Å) 10.9085(6) 11.5014(11) 13.5630(14) 

c (Å) 17.5450(10) 18.1993(18) 24.544(3) 

α (deg) 90 90 96.3017(14) 

β (deg) 98.6842(7) 106.1808(13) 100.8811(14) 

γ (deg) 90 90 105.4951(14) 

Volume (Å3) 2861.2(3) 2523.8(4) 3579.9(6) 

Z 4 2 2 

ρcalc (Mg/m3) 1.237 1.297 1.166 

μ (mm−1) 2.178 2.463 1.812 

R1 (I> 2.0s(I))a 0.0322 0.0316 0.0542 

wR2 (all data)a 0.0857 0.0803 0.1491 
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Table 4.5.  Selected bond lengths [Å] and angles [°] for CpAnY(η3–C3H5)(THF), 18-Y.  

 18-Y 

Y(1)-Cnt1 2.412 

Y(1)-Cnt2 2.406 

Y(1)-C(21) 2.606(2) 

Y(1)-C(20) 2.658(2) 

Y(1)-C(19) 2.675(2) 

Cnt1-Y(1)-Cnt2 119.0 

C(20)-C(19)-Y(1) 74.51(13) 

C(19)-C(20)-C(21) 127.5(2) 

C(19)-C(20)-Y(1) 75.83(12) 

C(21)-C(20)-Y(1) 72.67(12) 

C(20)-C(21)-Y(1) 76.90(13) 

  

 

 

Table 4.6.  Selected bond lengths [Å] and angles [°] for [CpAnY(μ–H)(THF)]2, 19-Y. 

 19-Y 

Y(1)-Cnt1 2.457 

Y(1)-Cnt2 2.392 

Y(1)-H(1)#1 2.03(3) 

Y(1)-H(1) 2.25(3) 

H(1)#1-Y(1)-H(1) 63.9(13) 

Cnt1-Y(1)-Cnt2 119.9 
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Table 4.7.  Selected bond lengths [Å] and angles [°] for [K(crypt)][CpAnY(μ–H)]2, 20-Y.  

 20-Y 

Y(1)-Y(1)#1 3.3992(7) 

Y(1)-Cnt1 2.358 

Y(1)-Cnt2 2.358 

Y(1)-H(1) 2.18(5) 

Y(1)-H(1′)#1 2.19(5) 

Y(2)-Y(2)#2 3.4022(7) 

Y(2)-Cnt3 2.362 

Y(2)-Cnt4 2.367 

Y(2)-H(2) 2.14(4) 

Y(2)-H(2′)#2 2.16(5) 

Cnt1-Y(1)-Cnt2 135.4 

H(1)-Y(1)-H(1)#1 77.9(19) 

Cnt3-Y(2)-Cnt4 137.5 

H(2)-Y(2)-H(2)#2 75.2(19) 

 

 

 

 

 

 

 

 

 

 

 



123 
 

References 

(1)  Hitchcock, P. B.; Lappert, M. F.; Maron, L.; Protchenko, A. V. Angew. Chem. Int. Ed 2008, 

47, 1488–1491. 

(2)  MacDonald, M. R.; Ziller, J. W.; Evans, W. J. J. Am. Chem. Soc. 2011, 133, 15914–15917. 

(3)  MacDonald, M. R.; Bates, J. E.; Fieser, M. E.; Ziller, J. W.; Furche, F.; Evans, W. J. J. Am. 

Chem. Soc. 2012, 134, 8420–8423. 

(4)  Macdonald, M. R.; Bates, J. E.; Ziller, J. W.; Furche, F.; Evans, W. J. J. Am. Chem. Soc. 

2013, 135, 9857–9868. 

(5)  Fieser, M. E.; MacDonald, M. R.; Krull, B. T.; Bates, J. E.; Ziller, J. W.; Furche, F.; Evans, 

W. J. J. Am. Chem. Soc. 2015, 137, 369–382. 

(6)  Palumbo, C. T.; Darago, L. E.; Windorff, C. J.; Ziller, J. W.; Evans, W. J. Organometallics 

2018, 37, 48. 

(7)  Dumas, M. T.; Chen, G. P.; Hu, J. Y.; Nascimento, M. A.; Rawson, J. M.; Ziller, J. W.; 

Furche, F.; Evans, W. J. J. Organomet. Chem. 2017, 849–850, 38–47. 

(8)  Dumas, M. T.; Ziller, J. W.; Evans, W. J. ACS Omega 2019, 4, 398–402. 

(9)  Desurmont, G.; Li, Y.; Yasuda, H.; Maruo, T.; Kanehisa, N.; Kai, Y. Organometallics 2002, 

19, 1811–1813. 

(10)  Molander, G. A.; Dowdy, E. D.; Schumann, H. J. Org. Chem. 1998, 63, 3386–3396. 

(11)  Evans, W. J.; Kozimor, S. a.; Brady, J. C.; Davis, B. L.; Nyce, G. W.; Seibel, C. a.; Ziller, 

J. W.; Doedens, R. J. Organometallics 2005, 24, 2269–2278. 

(12)  Evans, W. J.; Meadows, J. H.; Wayda, A. L.; Hunter, W. E.; Atwood, J. L. J. Am. Chem. 

Soc. 1982, 104, 2008–2014. 

(13)  Evans, W. J.; Drummond, D. K.; Hanusa, T. P.; Doedens, R. J. Organometallics 1987, 6, 

2279–2285. 

(14)  Zhang, J.; Yi, W.; Zhang, Z.; Chen, Z.; Zhou, X. Organometallics 2011, 30, 4320–4324. 

(15)  Arndt, S.; Kramer, M. U.; Fegler, W.; Nakajima, Y.; Del Rosal, I.; Poteau, R.; Spaniol, T. 

P.; Maron, L.; Okuda, J. Organometallics 2015, 34, 3739–3747. 

(16)  Gountchev, T. I.; Tilley, T. D. Organometallics 1999, 18, 2896–2905. 

(17)  Hultzsch, K. C.; Spaniol, T. P.; Okuda, J. Angew. Chem. Int. Ed 1999, 38, 227–230. 

(18)  Trifonov, A. A.; Skvortsov, G. G.; Lyubov, D. M.; Skorodumova, N. A.; Fukin, G. K.; 

Baranov, E. V; Glushakova, V. N. Chem. - A Eur. J. 2006, 12, 5320–5327. 



124 
 

(19)  Woen, D. H.; Evans, W. J. Handb. Phys. Chem. Rare Earths 2016, 50, 337–394. 

(20)  Evans, W. J. Organometallics 2016, 35, 3088–3100. 

(21)  Pan, C.; Shen, W.; Yang, L.; Bao, L.; Wei, Z.; Jin, P.; Fang, H.; Xie, Y.; Akasaka, T.; Lu, 

X. Chem. Sci. 2019, 10, 4707–4713. 

(22)  Shannon, R. D. Acta Cryst 1976, 32, 751. 

(23)  Corbey, J. F.; Woen, D. H.; Palumbo, C. T.; Fieser, M. E.; Ziller, J. W.; Furche, F.; Evans, 

W. J. Organometallics 2015, 34, 3909–3921. 

(24)  Fang, M.; Bates, J. E.; Lorenz, S. E.; Lee, D. S.; Rego, D. B.; Ziller, J. W.; Furche, F.; 

Evans, W. J. Inorg. Chem. 2011, 50, 1459–1469. 

(25)  Liddle, S. T. Molecular Metal-Metal Bonds: Compounds, Synthesis, Properties; Liddle, S. 

T., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2015. 

(26)  Vahrenkamp, H. Angew. Chem. Int. Ed 1978, 17, 379–472. 

(27)  Nichols, J. M.; Wolf, J.; Zavalij, P.; Varughese, B.; Doyle, M. P. J. Am. Chem. Soc. 2007, 

129, 3504–3505. 

(28)  Zhang, Q.; Li, W.-L.; Zhao, L.; Chen, M.; Zhou, M.; Li, J.; Frenking, G. Chem. - A Eur. J. 

2017, 23, 2035–2039. 

(29)  Golombek, A. P.; Hendrich, M. P. J. Magn. Reson. 2003, 165, 33. 

(30)  Taylor, M. D. Chem. Rev. 1962, 62, 503–511. 

(31)  Bergbreiter, D. E.; Killough, J. M. J. Am. Chem. Soc. 1978, 100, 2126–2134. 

(32)  Peterson, J. K.; MacDonald, M. R.; Ziller, J. W.; Evans, W. J. Organometallics 2013, 32, 

2625–2631. 

(33)  Bunel, E. Synthetic and Mechanistic Studies of Organoscandium Compounds. Dimerization 

and Branching of Alkenes Catalyzed by Scandocene Hydrides., 1989. 

(34)  Baerends, E. J.; Ziegler, T.; Autschbach, J.; Bashford, D.; Bérces, A.; Bickelhaupt, F. M.; 

Bo, C.; Boerrigter, P. M.; Cavallo, L.; Chong, D. P. . Amsterdam Density Functional. SCM, 

Theor. Chem. Vrije Univ. Amsterdam, Netherlands http //www.scm.com. 2012. 

(35)  van Lenthe, E.; Baerends, E. J.; Snijders, J. G. J. Chem. Phys. 1993, 99, 4597–4610. 

(36)  Perdew, J. P.; Yue, W. Phys. Rev. B Condens. Matter Mater. Phys. 1986, 33, 8800. 

(37)  van Lenthe, E.; Baerends, E. J. J. Comput. Chem. 2003, 24, 1142–1156. 

(38)  Neese, F. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73–78. 

(39)  Roos, B.; Taylor, P. R.; Sigbahm, P. E. M. Chem. Phys. 1980, 48, 154–173. 



125 
 

(40)  Roos, B. O.; Lindh, R.; Malmqvist, P. A.; Veryazov, V.; Widmark, P.-O. J. Phys. Chem. A 

2004, 108, 2851–2858. 

(41)  Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, R. Theor. Chem.Acc. 1997, 97, 119–124. 

(42)  Weigend, F.; Ahlrichs, R. Phys. Chem.Chem.Phys. 2005, 7, 3297–3305. 

(43)  Roos, B. O.; Borin, A. C.; Gagliardi, L. Angew. Chem. Int. Ed 2007, 46, 1469–1472. 

(44)  APEX2; Version 2014.11-0; Bruker AXS, Inc.: Madison, WI, 2014. 

(45)  SAINT; Version 8.34a; Bruker AXS, Inc.: Madison, WI, 2013. 

(46)  Sheldrick, G. M. SADABS; Version 2014/5; Bruker AXS, Inc.: Madison, WI, 2014. 

(47)  Sheldrick, G. M. SHELXTL; Version 2014/7; Bruker AXS, Inc.: Madison, WI, 2014. 

(48)  International Tables for Crystallography, Vol. C.; Dordrecht: Kluwer Academic 

Publishers., 1992. 

(49)  Sheldrick, G. M. CELL_NOW; Version 2008/4; Bruker AXS, Inc.: Madison, WI, 2008. 

(50)  Sheldrick, G. M. TWINABS; Version 2012/1; Bruker AXS, Inc.: Madison, WI, 2012. 

(51)  Spek, A. L. Acta cryst. 2015, C71, 9–18. 

(52)  Spek, A. L. Acta Cryst. 2009, D65, 148–155. 

 

 

 

 

 

 

 

 

 

 

 

 



126 
 

Chapter 5 

Crystallographic and Spectroscopic Characterization of [K(18-crown-

6)(THF)2][CpAnDy(μ–H)]2, a Reduced Bimetallic Dysprosium Metallocene Complex 

 

Introduction  

 Chapter 4 describes the reduction of the bimetallic ansa-cyclopentadienide complex 

[CpAnY(μ–H)(THF)]2 to form the reduced bimetallic species [K(crypt)][CpAnY(μ–H)]2 [CpAn = 

Me2Si(C5H3SiMe3)2, crypt = 2.2.2-cryptand].  This exciting discovery led to the exploration of this 

ligand system with other rare-earth metals.  This discovery was especially interesting because other 

ligand systems including [Cpʹ2Y(µ–Cl)]2,1 [Cpʹ2Ln(µ–H)(THF)]2,1 and [Cpʹ2Ln(µ–Me)]2
2 (Cpʹ = 

C5H4SiMe3 ; Ln = Y, Tb, Dy), which were described in Chapters 2 and 3, had not yielded 

crystalline materials of bimetallic reduced products, although spectroscopic data suggested 

reduction to Ln(II) complexes.  While many ligand systems have been explored, the CpAn ligand 

provided the only X-ray quality crystals of a bimetallic reduced bimetallic rare-earth complex.   

 This Chapter describes the synthesis of the bridging hydride complexes, [CpAnLn(μ–

H)(THF)]2 for dysprosium and terbium which is similar to the synthesis described in Chapter 4.  

The reduction of [CpAnLn(μ–H)(THF)]2 (Ln = Dy, Tb) is discussed and the crystallographically-

characterized reduced complex [K(18-crown-6)(THF)2][CpAnDy(μ–H)]2 is presented.  The 

synthesis of the monometallic complexes, CpAnLnCpʹ are also described in this Chapter (Ln = Dy, 

Tb). 

 



127 
 

Results  

Synthesis of Bimetallic Bridging Hydride Complexes, [CpAnLn(μ–H)(THF)]2 (Ln = 

Dy, Tb).  Anhydrous LnCl3 reacts with 1 equivalent of K2CpAn to form the monometallic chloride 

complexes, CpAnLnCl(THF), 21-Ln, Figure 5.1, Scheme 5.1 (Ln = Dy, Tb).  Interestingly, the 

dysprosium complex crystallizes as the monometallic THF species, while the known yttrium 

complex crystallizes as the bimetallic bridging chloride, [CpAnY(μ–Cl)]2, 17-Y.3  This may be due 

to the difference in ionic radii between yttrium (1.019 Å) and dysprosium (1.027 Å),4 or a 

difference in the crystallization conditions.   

 

Scheme 5.1.  Synthesis of [CpAnLn(μ–H)(THF)]2, 19-Ln, from CpAnLnCl(THF), 21-Ln [CpAn = 

Me2Si(C5H3SiMe3)2]. 

 

Reduction of 21-Dy and 21-Tb with 1 equivalent of KC8 in the presence of 2.2.2-cryptand 

(crypt) led to dark-colored solutions consistent with the formation of Dy(II) and Tb(II) 

complexes.5,6  However, crystallographic evidence was elusive.  Interestingly, the dark colors of 

the reduced species do not fade even after several days in the freezer at –30 °C.  This is in contrast 

to the product of reduction of [Cpʹ2Y(μ–Cl)]2, 1-Y whose color fades after a few hours at –30 °C, 

as described in Chapter 2 (Cpʹ = C5H4SiMe3).1  This suggest that the CpAn ligand may produce 

more stable reduced complexes than the Cpʹ system.  However, further studies are needed.   



128 
 

 

Figure 5.1.  ORTEP depiction of CpAnDyCl(THF), 21-Dy, with thermal ellipsoids drawn at the 

50% probability level.  Hydrogen atoms have been omitted for clarity. 

 

21-Ln was treated with 1 equivalent of allylmagnesium chloride, which yielded the allyl 

complexes, CpAnLn(η3–C3H5)(THF), 18-Ln, Scheme 1, Figure 5.2 (Ln = Dy, Tb).  Complex 18-

Ln was identified by X-ray crystallography and found to crystallize as a THF solvate with the allyl 

group in a trihapto coordination mode.  Complexes 18-Y, 18-Dy, and 18-Tb are isomorphous and 

bond distances and angles are compared in Table 5.1.   
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Table 5.1.  Selected bond lengths [Å] and angles [°] for CpAnLn(η3–C3H5)(THF), 18-Ln (Ln = Y, 

Dy, Tb).   

 18-Y 18-Dy 18-Tb 

Ln-Cnt 2.412 2.417 2.429 

Ln-Cnt 2.406 2.412 2.423 

Cnt-Ln-Cnt 119.0 119.1 118.6 

Ln-C(allyl) 2.675(2) 2.666(4) 2.685(3) 

 2.658(2) 2.662(4) 2.676(3) 

 2.606(2) 2.601(4) 2.631(3) 

C(allyl)-C(allyl) 1.383(3) 1.347(7) 1.349(5) 

 1.365(3) 1.365(7) 1.376(5) 

C(allyl)-C(allyl)-

C(allyl) 
127.5(2) 127.4(5) 127.4(3) 

 

Figure 5.2.  ORTEP depiction of CpAnDy(η3–C3H5)(THF), 18-Dy, with thermal ellipsoids drawn 

at the 50% probability level.  Hydrogen atoms have been omitted for clarity.  18-Y, 18-Dy, and 

18-Tb are isomorphous.   
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Treatment of the bright yellow allyl complexes, 18-Ln, with 80 psi of H2 gas in a Fischer-

Porter pressure reactor in the absence of solvent generated colorless products within 1 hour (Ln = 

Dy, Tb).  The colorless product was dissolved in toluene and crystallized to yield single crystals 

of the hydride [CpAnDy(μ–H)(THF)]2, 19-Dy¸ identified by X-ray crystallography, Figure 5.3.  

Complex 19-Dy is isomorphous with complex 19-Y, which is described in Chapter 4.  In these two  

 

Figure 5.3.  ORTEP depiction of [CpAnDy(μ–H)(THF)]2, 19-Dy, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms have been omitted for clarity.  19-Y and 19-Dy are 

isomorphous.   
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compounds, both cyclopentadienyl rings of each CpAn ligand are bound to just one metal center, 

in contrast to the flyover structure of [CpAnSm(μ–H)(THF)]2, eq 2.20  The crystal data on 19-Dy 

are not of sufficient enough quality to locate the hydrogen atoms and unexplained residual electron 

density is found in the region expected for the bridging ligands.  However, the 3.6265(15) Å 

Dy…Dy distance in complex 19-Dy is very similar to the 3.6311(5) Å Y…Y distance in the 

isomorphous complex, 19-Y.  If other bridging ligands were present, this should change the 

Ln…Ln distance (see Table 3.1 in Chapter 3).  

 

Reduction of Bimetallic Hydride Complexes, [CpAnLn(μ–H)(THF)]2.  Reduction of 

colorless 19-Dy with excess KC8 and 1 equivalent of 18-crown-6 (crown) in THF at –30 °C 

produced an dark-colored black-brown solution.  The solution was layered with pentane and 

produced dark black-brown crystals.  X-ray crystallography revealed the product to be 

[K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy, eq 5.1, Figure 5.5.  However, the data were not high  
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Figure 5.4.  ORTEP depiction of [K(crown)(THF)2][CpAnDy(μ–H)]2 22-Dy, with thermal 

ellipsoids drawn at the 50% probability level.  Hydrogen atoms and the disorder in the THF 

molecules bound to the potassium have been omitted for clarity. 

 

enough quality to find the bridging hydride atoms.  Elemental analysis data are consistent with the 

formula [K(crown)(THF)2][CpAnDy(μ–H)]2.  Complex 22-Dy was crystallized multiple times, but 

every single crystal was of similar quality.  Interestingly, similar to the yttrium complex the 

binding mode of the CpAn ligand changes upon reduction.  In the neutral species, 19-Dy, the CpAn 

ligand binds to one metal, while in the reduced species, 22-Dy, the CpAn ligand binds across the 

two metals in a manner referred to as a ́ flyoverʹ structure.  Interestingly, the 3.3376(12) Å Dy…Dy 
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distance in complex 22-Dy is similar to the 3.3992(6) Å and 3.4022(7) Å Y…Y distances in 

complex [K(crypt)][CpAnY(μ–H)]2, 20-Y.  While dark-colored solutions are obtained upon 

reduction of 19-Tb, X-ray quality crystals were elusive.  

The UV-visible spectra of the reduction of complexes 19-Ln contain broad absorbance 

peaks with molar extinction coefficients estimated from the moles of metal in the starting material 

assuming complete reduction (Tb, λ = 424 nm; ε = 3930 M−1cm−1, λ = 696 nm; ε = 1580 M−1cm−1; 

Y, λ = 408 nm; ε = 1680 M−1cm−1; Dy, λ = 432 nm; ε = 720 M−1cm−1), Figure 5.6.  These  

 

 

Figure 5.5.  UV-visible spectra of the reduction of 19-Ln in THF:  23-Tb (Tb, green, top at 430 

nm, λ = 424 nm; ε = 3930 M−1cm−1, λ = 696 nm; ε = 1580 M−1cm−1); 20-Y (Y, red, middle at 430 

nm, λ = 408 nm; ε = 1680 M−1cm−1); 22-Dy (Dy, blue, bottom at 430 nm, λ = 432 nm; ε = 720 

M−1cm−1).  
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spectra are consistent with Ln(II) ions.6–8  In comparison complexes [K(crypt)][Cpʹ3Ln] have 

extinction coefficients of 4500 M−1cm−1, 3400 M−1cm−1, and 4800 M−1cm−1 for Y, Dy, and Tb, 

respectively.6,8  The reduction of 19-Ln can also be compared with the reduction of [Cpʹ2Ln(μ–

H)(THF)]2, 5-Ln, from Chapter 2, Figure 2.5 and the reduction of [Cpʹ2Ln(μ–CH3)], 15-Ln, from 

Chapter 3, Figure 3.3 (Ln = Y, Tb, Dy).  The UV-visible data from these reduction products are 

compared in Figures 5.6–5.8.   

 

 

Figure 5.6.  Comparison of the UV-visible spectra in THF of the [Cpʹ2Y(μ–H)(THF)]2 reduction 

product, 10-Y (green, top at 800 nm; λ = 794 nm, ε = 1000 M−1cm−1; λ = 477 nm, ε = 490 M−1cm−1), 

the [Cpʹ2Y(μ–CH3)]2 reduction product, 16-Y (purple, middle at 800 nm, λ = 420 nm; ε = 1700 

M−1cm−1) and 20-Y (red, bottom at 800 nm, λ = 410 nm; ε = 1680 M−1cm−1). 
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Figure 5.7.  Comparison of the UV-visible spectra in THF of the [Cpʹ2Tb(μ–H)(THF)]2 reduction 

product, 10-Tb (blue, middle at 800 nm; λ = 837 nm, ε = 840 M−1cm−1; λ = 464 nm, ε = 480 

M−1cm−1), the [Cpʹ2Tb(μ–CH3)]2 reduction product, 16-Tb (purple, bottom at 800 nm, λ = 405 nm; 

ε = 2300 M−1cm−1) and 23-Tb (red, top at 800 nm, λ = 424 nm; ε = 3930 M−1cm−1, λ = 696 nm; ε 

= 1580 M−1cm−1).  

 

The reduction of the bridging hydride complexes 5-Ln produces dark-colored solutions 

whose highest absorbance peaks are red shifted compared to the reduction of 19-Ln.  On the other 

hand, the reduction of 15-Ln produced similar UV-visible spectra compared to the reduction of 

19-Ln, all of which have maximum absorbance peaks at ca. 400 nm.  Interestingly the reduction 

products of 5-Ln have two obvious absorbance peaks in their UV-visible spectra, one at ca. 460 

nm and another at ca. 800 nm, with the largest being at ca. 800 nm.  Reduction of 19-Y and 19-

Dy only shows one major absorbance peak in their UV-visible spectra at ca. 400 nm.  While the 
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reduction of 19-Tb shows two absorbance peaks, with the highest at ca. 400 nm and the lower 

peak at ca. 800 nm.   

 

 

Figure 5.8.  Comparison of the UV-visible spectra in THF of the [Cpʹ2Dy(μ–H)(THF)]2 reduction 

product, 11-Dy (blue, top at 800 nm; λ = 715 nm, ε = 640 M−1cm−1; λ = 478 nm, ε = 470 M−1cm−1), 

the [Cpʹ2Dy(μ–CH3)]2 reduction product, 16-Dy (purple, middle at 800 nm, λ = 410 nm; ε = 1800 

M−1cm−1) and 22-Dy (red, bottom at 800 nm, λ = 432 nm; ε = 720 M−1cm−1).  

 

Synthesis of Monometallic CpAnLnCpʹ Complexes.  The CpAn ligand was also of interest 

for the formation and reduction of monometallic species of rare-earth metals in the +2 oxidation 

state.  Monometallic species with one CpAn ligand and one Cpʹ ligand were of interest as precursors 

for reduction of heteroleptic Ln(II) complexes.  Therefore, the synthesis of these complexes was 

also explored.  The reaction of the Dy and Tb chloride, 21-Ln, with 1 equivalent of KCpʹ generates 

the yellow monometallic complexes CpAnLnCpʹ, 24-Ln, eq 5.2 (Ln = Dy, Tb).  Complexes 24-Ln  

 



137 
 

 

were identified by X-ray crystallography, Figure 5.4 (Ln = Dy, Tb).  24-Dy and 24-Tb are 

isomorphous.  Reduction of 24- Dy and 24-Tb with 1 equivalent of KC8 in the presence of crypt 

led to dark-colored solutions consistent with the formation of Dy(II) and Tb(II) complexes.5,6  

However, X-ray quality crystals were not obtained. 

 

Figure 5.9.  ORTEP depiction of CpAnDyCpʹ, 24-Dy, with thermal ellipsoids drawn at the 50% 

probability level.  Hydrogen atoms have been omitted for clarity.  24-Dy and 24-Tb are 

isomorphous.   
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Discussion 

Similar to the yttrium analogs, the reductions of [Cpʹ2Dy(μ–H)]2, [Cpʹ2Dy(μ–Me)]2 and 

[Cpʹ2Dy(μ–Cl)]2 provided dark-colored products consistent with Dy(II) (Cpʹ = C5H4SiMe3).  

However, X-ray quality crystals were not obtained.  The reduction of the ansa-cyclopentadienyl 

hydride complex, [CpAnDy(µ–H)(THF)]2, 19-Dy, with KC8 in the presence of 18-crown-6 (crown) 

gives the crystalline reduced bimetallic complex, [K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy 

[CpAn = SiMe2(C5H3SiMe3)].  The dark color of 22-Dy is consistent with Dy(II).  While the 

crystallographic data are not high quality, the two dysprosium ions were found to be equivalent, 

and EA data are consistent with the formula [K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy.  The CpAn 

ligand may be the key to crystallographically-characterizable bimetallic complexes of the rare-

earth metals, since it has been shown to form X-ray quality crystals of both yttrium and 

dysprosium.  The terbium analogue also crystallizes.  However, X-ray quality crystals have not 

been isolated thus far. 

Interestingly, the product of the reduction of the chloride complex, CpAnLnCl(THF), 21-

Ln, appears to be more thermally stable than the product of the reduction of the Cpʹ analog of 

yttrium [Cpʹ2Y(μ–Cl)]2, 1-Y.  While the dark color from the reduction of 1-Y fades within hours 

at –30 °C, the products from the reduction of complexes 21-Ln are stable at –30 °C for days.  

Preliminary results also suggest that the CpAn ligand can support monometallic divalent 

complexes.  Reduction of complexes 24-Ln, CpAnLnCpʹ, led to dark-colored solutions (Ln = Dy, 

Tb).  However, X-ray quality single crystals have not been obtained yet.  These results suggest 

that the CpAn ligand is a good ancillary ligand for reduction and should be investigated further.   
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Conclusion 

 The reduction of the bimetallic bridging hydride complex, [CpAnDy(μ–H)(THF)]2, 19-Dy, 

with excess KC8 in the presence of one equivalent of crown produced the reduced bimetallic 

dysprosium complex [K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy, identified by X-ray 

crystallography.  Interestingly the binding mode of the CpAn ligand changes upon reduction which 

is also observed in the yttrium analog.  In the neutral species both CpAn rings are bound to a single 

metal, while in the reduced species each ring of a CpAn ligand are attached to two different 

dysprosium centers in a “flyover” configuration.  UV-visible spectra of the reduction of 

[CpAnLn(μ–H)(THF)]2, 19-Ln, contain broad absorbance peaks at ca. 400 nm with high extinction 

coefficients of 1680 M−1cm−1, 720 M−1cm−1, 3930 M−1cm−1 for yttrium, dysprosium, and terbium, 

respectively.  While the X-ray data of 22-Dy are not high enough quality to find the bridging 

hydride ligands, it does show that the two Dy atoms are crystallographically equivalent.  

Preliminary reduction results of CpAnLnCpʹ, 24-Ln, and CpAnLnCl(THF), 21-Ln suggest reduction 

to Ln(II) ions.  However, further studies are needed to confirm this.  These results indicate that the 

CpAn ligand is effective at supporting Ln(II) ions, including bimetallic reduced bimetallic 

complexes, and it should be investigated further.  

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 

dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  Elemental analyses were conducted on 

a Perkin-Elmer 2400 Series II CHNS elemental analyzer.  UV-visible spectra were collected at 
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298 K using a Jasco V-670 absorption spectrometer.  Infrared (IR) transmittance measurements 

were taken as compressed solids on a Thermo Scientific Nicolet iS5 spectrophotometer with an 

iD5 ATR attachment.  Potassium bis(trimethylsilyl)amide (Sigma-Aldrich) was purified by 

dissolving in toluene, centrifuging to remove insoluble material, and removing solvent from the 

supernatant.  Allylmagnesium chloride (2.0 M solution in THF, Sigma-Aldrich), 1,4-dioxane 

(Sigma-Aldrich), and trimethylsilyl chloride (Alfa Aesar) were used as received.  2.2.2-cryptand 

(Sigma-Aldrich) and 18-crown-6 (Sigma-Aldrich) were placed under vacuum (10−3 Torr) before 

use.  H2 gas was used as received from Praxair.  Anhydrous DyCl3,9 TbCl3,9 KC8,10 and 

KC5H4(SiMe3) (KCpʹ)11 were prepared according to the literature.  K2[Me2Si(C5H3SiMe3)2] 

(K2CpAn) was synthesized from KCpʹ in an analogous procedure with Me2SiCl2.12  

CpAnDyCl(THF), 21-Dy.  In an argon-filled glovebox, a solution of KCpAn (610 mg, 1.50 

mmol) dissolved in THF (20 mL) was added to a stirring slurry of DyCl3 (400 mg, 1.50 mmol) in 

THF (10 mL).  The resulting cloudy colorless mixture was stirred at reflux overnight.  The THF 

was removed under vacuum and the resulting colorless solids were dissolved in toluene (30 mL).  

This colorless mixture was stirred at reflux overnight.  Solvent was removed under vacuum and 

the colorless solids were extracted into hexane (60 mL), and centrifuged to remove colorless solids, 

presumably potassium chloride.  The desired product was extracted an additional two times from 

the colorless solids by centrifugation with hexane (40 mL).  The supernatants were collected, 

combined, and volatiles were removed under vacuum, yielding light-yellow oily solids.  The light-

yellow solids were washed with cold pentane yielding 21-Dy as a colorless solid (350 mg, 0.583 

mmol, 40%).  X-ray quality crystals of 21-Dy were grown from a concentrated hexane solution at 

–35 °C. 
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CpAnTbCl(THF), 21-Tb.  In a procedure analogous to the synthesis of 21-Dy, TbCl3 (400 

mg, 1.52 mmol) and KCpʹ (619 mg, 1.52 mmol) were stirred in THF (30 mL) to yield 21-Tb as a 

light-yellow oily solid.  The crude product was washed with cold pentane to yield 21-Tb as a 

colorless solid (418 mg, 0.700 mmol, 46%).   

CpAnDy(η3–C3H5)(THF), 18-Dy.  In a nitrogen-filled glovebox, 21-Dy (372 mg, 0.619 

mmol) was dissolved in toluene (150 mL) to yield a clear colorless solution.  Allylmagnesium 

chloride (2.0 M solution in THF, 0.352 mL, 0.704 mmol) was added dropwise, via a syringe, to 

the stirring solution.  The resulting bright yellow solution was stirred overnight.  Volatiles were 

removed under vacuum, hexane (150 mL) and 1,4-dioxane (2 mL) were added.  The resulting 

cloudy yellow mixture was stirred overnight.  The cloudy yellow solution was centrifuged to 

remove colorless solids.  The yellow supernatant was filtered, and solvent was removed in vaco 

yielding a yellow solid.  Additional product was extracted from the colorless solids by 

centrifugation with hexane (40 mL) twice.  The additional fractions of yellow solutions were 

combined, and the solvent was removed under vacuum to yield 18-Dy as a crude yellow powder 

(484 mg, 0.798 mmol).  The crude yellow powder was crystallized from a concentrated hexane 

solution at –35 °C to yield 18-Dy (320 mg, 0.528 mmol, 85%).  X-ray quality yellow crystals of 

18-Dy were grown from a concentrated solution of hexane at –35 °C over a few months.  Anal. 

Calcd. for C25H43OSi3Dy:  C = 47.21; H = 6.60.  Found C = 47.03; H = 7.32.   

CpAnTb(η3–C3H5)(THF), 18-Tb.  In a procedure analogous to the synthesis of 18-Dy, 21-

Tb (155 mg, 0.260 mmol) and allylmagnesium chloride (2.0 M solution in THF, 0.130 mL, 0.260 

mmol) were combined in toluene (100 mL) to isolate 18-Tb as a crude yellow powder.  The crude 

yellow powder was crystallized from a concentrated hexane solution at –35 °C to yield 18-Tb (92 

g, 0.153 mmol, 60%).  X-ray quality yellow crystals of 18-Tb were grown from a concentrated 
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solution of hexane at –35 °C over a few months.  Anal. Calcd. for C25H43OSi3Tb:  C = 49.81; H = 

7.19.  Found C = 49.74; H = 7.09.   

[CpAnDy(μ–H)(THF)]2, 19-Dy.  In a nitrogen-filled glovebox, a Fischer-Porter high 

pressure apparatus was charged with solid yellow 18-Dy (320 mg, 0.528 mmol), sealed, and 

attached to a high-pressure gas line. The pressure in the vessel was reduced and slowly charged 

with H2 (80 psi) before being sealed and left overnight. The sample changed from yellow to 

colorless after 1 hour.  After 24 h, residual hydrogen was removed under vacuum.  The sample 

was transferred to an argon-filled glovebox, washed with cold pentane (2 mL) twice, and collected 

as a colorless solid (302 mg, 0.260 mmol, 98%) identified as 19-Dy.  Colorless crystals of 19-Dy 

suitable for X-ray diffraction were grown from a concentrated solution of toluene at –30 °C 

overnight.  

[CpAnTb(μ–H)(THF)]2, 19-Tb.  In a procedure analogous to the synthesis of 19-Dy, 18-

Tb (223 mg, 0.370 mmol) and 80 psi H2 gas were combined without solvent to isolate 19-Tb as a 

crude colorless powder (216 mg, 0.190 mmol, 99%), 19-Tb.  

 [K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy.  In an argon filled-glovebox, a colorless 

solution of 19-Dy (127 mg, 0.112 mmol) and 18-crown-6 (59 mg, 0.22 mmol) in Et2O (10 mL) 

was cooled to –30 °C in a freezer.  A vial with KC8 (15 mg, 0.11 mg), an empty 20 mL glass 

scintillation vial, filter pipettes and several glass pipettes were cooled to –30 °C.  The cold colorless 

solution was pipetted onto the KC8 and allowed to stir for 4 minutes.  The solution immediately 

became a deep brown with black solids.  The solution was passed through cold filter pipets to 

remove black solids, presumably graphite.  The dark brown solution was layered with cold pentane 

(6 mL).  Black-brown solids (63 mg, 0.0439 mmol, 40%) percipitated out of the solution.  The 

black-brown solids were dissolved in THF.  Dark black-brown crystals suitable for X-ray 
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diffraction were grown from a vapor diffusion of pentane into a concentrated THF solution over a 

week.  UV-Vis (THF)  λ = 432 nm; ε = 720 M−1cm−1.  Anal. Calcd for C56H102Dy2KO8Si6: 

Expected C = 46.84; H = 7.16; Found C = 46.36; H = 6.76.  

Reduction of [CpAnTb(μ–H)(THF)]2, 19-Tb.  In an argon filled-glovebox, a colorless 

solution of 19-Tb (155 mg, 0.158 mmol) and 18-crown-6 (60 mg, 0.16 mmol) in THF (10 mL) 

was cooled to –30 °C in a freezer.  A vial with KC8 (25 mg, 0.19 mg), an empty 20 mL glass 

scintillation vial, filter pipettes and several glass pipettes were cooled to –30 °C.  The cold colorless 

solution was pipetted onto the KC8 and allowed to stir for 4 minutes. The solution immediately 

became a deep brown with black solids.  The solution was passed through cold filter pipets to 

remove black solids, presumably graphite.  The dark brown solution, 23-Tb, was layered with cold 

pentane (6 mL).  UV-Vis (THF)  λ = 424 nm; ε = 3930 M−1cm−1. 

CpAnDyCpʹ, 24-Dy.  A colorless solution of KCpʹ (43 mg, 0.244 mmol) in toluene (4 mL) 

was pipetted into a colorless solution of 18-Dy (129 mg, 0.122 mmol) in toluene (6 mL).  The 

solution quickly became a deep yellow.  The yellow solution was stirred overnight.  The volatiles 

were removed under vacuum to isolate a yellow oil.  The product was extracted into pentane (5 

mL) forming a yellow solution with white solids.  The solution was centrifuged to remove white 

solids, presumably KCl.  The solids were extracted with additional pentane (5 mL) twice.  The 

yellow supernatants were combined, and the solvent was removed under vacuum to yield 24-Dy 

as a bright yellow oily solid (111 mg, 0.176 mmol, 72%).  Yellow X-ray quality crystals of 24–

Dy were grown from a concentrated pentane solution at –30 °C. 

CpAnTbCpʹ, 24-Tb.  In a procedure analogous to the synthesis of 24-Dy, 18-Tb (80 mg, 

0.0762 mmol) and KCpʹ (27 mg, 0.152 mmol) were combined in toluene (10 mL) to isolate 24-Tb 
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as a yellow oily solid (81 mg, 0.129 mmol, 85%).  Yellow X-ray quality crystals of 24-Tb were 

grown from a concentrated pentane solution at –30 °C.  

Reduction of CpAnDyCl(THF), 21-Dy.  In an argon filled-glovebox, a colorless solution 

of 21-Dy (100 mg, 0.166 mmol) and 2.2.2-cryptand (69 mg, 0.18 mmol) in THF (2 mL) was cooled 

to –30 °C in a freezer.  A KC8 column, an empty 20 mL glass scintillation vial, and glass pipettes 

were cooled to –30 °C.  The cold colorless solution was pipetted into the KC8 column and the 

eluted solution was a dark black/brown.  The dark brown solution was layered with cold pentane 

(8 mL) and left at –30 °C.  

Reduction of CpAnTbCl(THF), 21-Tb.  In an argon filled-glovebox, a colorless solution 

of 21-Tb (100 mg, 0.167 mmol) and 2.2.2-cryptand (70 mg, 0.18 mmol) in THF (2 mL) was cooled 

to –30 °C in a freezer.  A KC8 column, an empty 20 mL glass scintillation vial, and glass pipettes 

were cooled to –30 °C.  The cold colorless solution was pipetted into the KC8 column and the 

eluted solution was a dark black/brown.  The dark brown solution was layered with cold pentane 

(8 mL) and left at –30 °C.  

Reduction of CpAnTbCpʹ, 24-Tb.  A light yellow solution of 24-Tb (80 mg, 0.128 mmol) 

and colorless 2.2.2-cryptand (48, 0.128 mmol) in Et2O (2 mL) and THF (1 mL) was cooled to 

cooled to –30 °C in a freezer.  A KC8 column, an empty 20 mL glass scintillation vial, and glass 

pipettes were cooled to –30 °C.  The cold yellow solution was pipetted into the KC8 column and 

the eluted solution was a dark purple/brown.  The dark brown solution was layered with cold 

pentane (8 mL) and left at –30 °C.  
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X-ray Data Collection, Structure Solution and Refinement for CpAnDy(η3–

C3H5)(THF), 18-Dy.  A yellow crystal of approximate dimensions 0.204 x 0.251 x 0.276 mm was 

mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX213 

program package was used to determine the unit-cell 

parameters and for data collection (30 sec/frame 

scan time for a sphere of diffraction data).  The raw 

frame data was processed using SAINT14 and 

SADABS15 to yield the reflection data file.  

Subsequent calculations were carried out using the 

SHELXTL16 program.  The diffraction symmetry 

was 2/m and the systematic absences were consistent with the monoclinic space group P21/n that 

was later determined to be correct.  The structure was solved by dual space methods and refined 

on F2 by full-matrix least-squares techniques.  The analytical scattering factors17 for neutral atoms 

were used throughout the analysis.  Hydrogen atoms were included using a riding model.  Least-

squares analysis yielded wR2 = 0.0863 and Goof = 1.104 for 279 variables refined against 7278 

data (0.73 Å), R1 = 0.0353 for those 6466 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for CpAnTb(η3–

C3H5)(THF), 18-Tb.  A yellow crystal of approximate dimensions 0.174 x 0.350 x 0.633 mm was 

mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX213 

program package was used to determine the unit-cell parameters and for data collection (10 

sec/frame scan time for a sphere of diffraction data).  The raw frame data was processed using 

SAINT14 and SADABS15 to yield the reflection data file.  Subsequent calculations were carried 
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out using the SHELXTL16 program.  The diffraction 

symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space group P21/n that was 

later determined to be correct.  The structure was solved by 

dual space methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors17 for 

neutral atoms were used throughout the analysis.  Hydrogen 

atoms were included using a riding model.  Least-squares 

analysis yielded wR2 = 0.0610 and Goof = 1.035 for 279 variables refined against 7270 data (0.73 

Å), R1 = 0.0249 for those 6710 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for CpAnDyCl(THF), 21-

Dy.  A colorless crystal of approximate dimensions 0.096 x 0.198 x 0.231 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX213 program 

package was used to determine the unit-cell parameters 

and for data collection (20 sec/frame scan time for a 

sphere of diffraction data).  The raw frame data was 

processed using SAINT14 and SADABS15 to yield the 

reflection data file.  Subsequent calculations were carried 

out using the SHELXTL16 program.  The diffraction 

symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space group P21/n that was later determined to be correct.  The 

structure was solved by dual space methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors17 for neutral atoms were used throughout the analysis.  
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Hydrogen atoms were included using a riding model.  Least-squares analysis yielded wR2 = 

0.0597 and Goof = 1.042 for 261 variables refined against 6558 data (0.74 Å), R1 = 0.0255 for 

those 5488 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for of [CpAnDy(μ–

H)(THF)]2 19-Dy.  A gold crystal of approximate dimensions 0.114 x 0.121 x 0.125 mm was 

mounted in a cryoloop and transferred to a Bruker 

SMART APEX II diffractometer.  The APEX213 

program package and the CELL_NOW19 were used 

to determine the unit-cell parameters.  Data was 

collected using a 60 sec/frame scan time for a sphere 

of diffraction data.  The raw frame data was 

processed using SAINT14 and TWINABS20 to yield 

the reflection data file (HKLF 5 format).20  Subsequent calculations were carried out using the 

SHELXTL16 program.  The diffraction symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space group P21/n that was later determined to be correct.  The 

structure was solved by dual space methods and refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors17 for neutral atoms were used throughout the analysis.  

Hydrogen atoms were included using a riding model.  The molecule was a dimmer located about 

an inversion center.  The proposed structure was expected to include hydrides bridging the 

dysprosium atoms.  Electron density corresponding to the hydride positions was observed but was 

greater than expected for a hydride.  A possibility is that the complex is a mixture of bridging 

hydride and undetermined ligand.  The structure was refined as a three component twin. 
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X-ray Data Collection, Structure Solution and Refinement for of 

[K(crown)(THF)2][CpAnDy(μ–H)]2 22-Dy.  A colorless crystal was mounted in a cryoloop and 

transferred to a Bruker SMART APEX II diffractometer.  The APEX213 program package was 

used to determine the unit-cell parameters and for data 

collection (5 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using 

SAINT14 and SADABS15 to yield the reflection data file.  

Subsequent calculations were carried out using the 

SHELXTL16 program.  There were no systematic 

absences nor any diffraction symmetry other than the 

Friedel condition.  The centrosymmetric triclinic space 

group P1 was assigned and later determined to be correct.  The structure was solved by dual space 

methods and refined on F2 by full-matrix least-squares techniques.  The analytical scattering 

factors17 for neutral atoms were used throughout the analysis. Hydrogen atoms were included using 

a riding model.  The molecule was a dimmer located about an inversion center.  The potassium 

atom was located on an inversion center.  There were four molecules of tetrahydrofuran solvent 

present.  Disordered atoms were included using multiple components with partial site-occupancy-

factors.  The proposed structure was expected to include hydrides bridging the dysprosium atoms, 

however, due to the poor quality of the data set it was not possible to locate and refine the hydrides. 

X-ray Data Collection, Structure Solution and Refinement for CpAnDyCpʹ, 24-Dy.  A 

yellow crystal of approximate dimensions 0.101 x 0.215 x 0.302 mm was mounted on a glass fiber 

and transferred to a Bruker SMART APEX II diffractometer.  The APEX213 program package was 

used to determine the unit-cell parameters and for data collection (20 sec/frame scan time for a 
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sphere of diffraction data).  The raw frame data was processed using SAINT14 and SADABS15 to 

yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL16 

program.  The diffraction symmetry was 2/m and the 

systematic absences were consistent with the monoclinic 

space groups P21 and P21/m.  It was later determined that 

space group P21 was correct.  The structure was solved by 

dual space methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors17 for 

neutral atoms were used throughout the analysis.  Hydrogen atoms were included using a riding 

model.  Least-squares analysis yielded wR2 = 0.0350 and Goof = 1.036 for 291 variables refined 

against 7341 data (0.73 Å), R1 = 0.0139 for those 7287 data with I > 2.0σ(I).  The absolute 

structure was assigned by refinement of the Flack18 parameter. 

X-ray Data Collection, Structure Solution and Refinement for CpAnTbCpʹ, 24-Tb.  A 

yellow crystal of approximate dimensions 0.146 x 0.179 x 0.292 mm was mounted in a cryoloop 

and transferred to a Bruker SMART APEX II 

diffractometer.  The APEX213 program package was used 

to determine the unit-cell parameters and for data 

collection (30 sec/frame scan time for a sphere of 

diffraction data).  The raw frame data was processed using 

SAINT14 and SADABS15 to yield the reflection data file.  

Subsequent calculations were carried out using the SHELXTL16 program.  The diffraction 

symmetry was 2/m and the systematic absences were consistent with the monoclinic space groups 

P21 and P21/m.  It was later determined that space group P21 was correct.  The structure was solved 
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by dual space methods and refined on F2 by full-matrix least-squares techniques.  The analytical 

scattering factors17 for neutral atoms were used throughout the analysis.  Hydrogen atoms were 

included using a riding model.  Least-squares analysis yielded wR2 = 0.0343 and Goof = 1.061 

for 292 variables refined against 7361 data (0.73 Å), R1 = 0.0157 for those 7195 data with I > 

2.0σ(I).  The structure was refined as a two-component inversion twin. 
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Table 5.2.  X-ray data and collection parameters for CpAnLn(η3–C3H5)(THF), 18-Dy, 18-Tb, and 

CpAnDyCl(THF), 21-Dy. 

Compound 18-Dy 18-Tb 21-Dy 

Empirical Formula  C25H43OSi3Dy C25H43OSi3Tb C22 H38 Cl Dy O Si3 

Temperature (K) 88(2) 88(2) 133(2) 

Crystal System Monoclinic Monoclinic Monoclinic 

Space Group P21/n P21/n P21/n 

a (Å) 15.1381(13) 15.1587(14) 10.7327(8) 

b (Å) 10.9325(9) 10.9025(10) 23.0457(17) 

c (Å) 17.4999(14) 17.5185(17) 11.9335(9) 

α (deg) 90 90 90 

β (deg) 98.3731(10) 98.6097(11) 115.5678(9) 

γ (deg) 90 90 90 

Volume (Å3) 2865.3(4) 2862.6(5) 2662.6(3) 

Z 4 4 4 

ρcalc (Mg/m3) 1.406 1.399  

μ (mm−1) 2.747 2.610 1.499 

R1 (I> 2.0s(I))a 0.0353 0.0249 0.0255 

wR2 (all data)a 0.0863 0.0610 0.0597 

 

Table 5.3.  Selected bond lengths [Å] and angles [°] for CpAnDyCl(THF), 21-Dy. 

 21-Dy 

Dy-Cnt 2.380 

Dy-Cnt 2.369 

Cnt-Dy-Cnt 121.4 

Cnt1-Dy(1)-Cl(1) 111.8 

Cnt2-Dy(1)-Cl(1) 114.9 
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Table 5.4.  X-ray data and collection parameters for [CpAnDy(μ–H)(THF)]2, 19-Dy, and  

[K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy. 

Compound 
[CpAnDy(μ–H)(THF)]2, 

19-Dy 

[K(crown)(THF)2][CpAnDy

(μ–H)]2, 22-Dy 

Empirical Formula  C44H78Dy2O2Si6 C72H134Dy2KO14Si6 

Temperature (K) 88(2) 88(2) 

Crystal System Monoclinic Triclinic 

Space Group P21/n P1 
a (Å) 12.500(3) 13.597(3) 

b (Å) 11.503(3) 14.412(3) 

c (Å) 18.156(4) 15.109(4) 

α (deg) 90 64.664(2) 

β (deg) 106.019(4) 63.908(2) 

γ (deg) 90 62.076(2) 

Volume (Å3) 2509.4(9) 2255.7(9) 

Z 2 1 

ρcalc (Mg/m3) 1.499 1.293 

μ (mm−1) 3.131 1.821 

 

 

Table 5.5.  Selected bond lengths [Å] and angles [°] for [CpAnDy(μ–H)(THF)]2, 19-Dy. 

 [CpAnDy(μ–H)(THF)]2, 19-Dy 

Dy-Cnt1 2.454 

Dy-Cnt2 2.391 

Dy(1)-Dy(1ʹ) 3.6265(15) 

Cnt1-Dy(1)-Cnt2 119.9 

 



153 
 

Table 5.6.  Selected bond lengths [Å] and angles [°] for [K(crown)(THF)2][CpAnDy(μ–H)]2, 22-

Dy. 

 [K(crown)(THF)2][CpAnDy(μ–H)]2, 22-Dy 

Dy-Cnt1 2.635 

Dy-Cnt2 3.372 

Dy(1)-Dy(1ʹ) 3.3376(12) 

Cnt1-Dy(1)-Dy(1ʹ) 110.7 

Cnt2-Dy(1)-Dy(1ʹ) 112.4 

Cnt1-Dy(1)-Cnt2 136.8 

 

Table 5.7.  X-ray data and collection parameters for CpAnLnCpʹ, 24-Dy and 24-Tb. 

Compound 24-Dy 24-Tb 

Empirical Formula  C26H43Si4Dy C26H43Si4Tb 

Temperature (K) 88(2) 88(2) 

Crystal System Monoclinic Monoclinic 

Space Group P21 P21 

a (Å) 9.3883(4) 9.4036(8) 

b (Å) 14.0705(5) 14.0776(12) 

c (Å) 11.4755(4) 11.4802(10) 

α (deg) 90 90 

β (deg) 101.5110(4) 101.3743(10) 

γ (deg) 90 90 

Volume (Å3) 1485.40(10) 1489.9(2) 

Z 2 2 

ρcalc (Mg/m3) 1.410 1.397 

μ (mm−1) 2.688 2.546 

R1 (I> 2.0s(I))a 0.0139 0.0157 

wR2 (all data)a 0.0350 0.0343 
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Table 5.8.  Selected bond lengths [Å] and angles [°] for CpAnLnCpʹ, 24-Dy and 24-Tb.   

 24-Dy 24-Tb 

Ln-Cnt1 2.399 2.414 

Ln-Cnt2 2.423 2.434 

Ln-Cnt3 2.394 2.409 

Cnt1-Ln-Cnt2 116.5 116.2 

Cnt1-Ln-Cnt3 121.7 121.7 

Cnt2-Ln-Cnt3 121.5 121.7 
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Chapter 6 

Synthesis of an Isocyanophenolate Ligand by Ring-Opening Benzoxazole and Reduction of 

the Resulting {(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2 Rare-Earth Metal Complexes 

 

Introduction  

Benzoxazole, C7H5NO, Figure 6.1 (A), and its derivatives are important building blocks in 

the synthesis of pharmaceutical agents,1 natural products,2 functional materials,3 and agrochemical 

compounds.4  Due to these numerous applications, the functionalization of benzoxazole and its 

derivatives has been explored extensively.1,4–11  In this Chapter, benzoxazole is explored to expand 

 

Figure 6.1.  Structure of benzoxazole (left, A) and CpIn
3Ln(THF) (right, B, Ln = La, Pr, Nd, Sm, 

Dy, Ho, Y).12,13   
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ligand diversity for the rare-earth metals.  Benzoxazole is a neutral heteroatomic version of the 

ligand indenyl, which readily forms complexes of the rare-earth metals, Figure 6.1 (B).  Indenyl is 

an interesting ligand because it has multiple binding modes depending on the ancillary ligand 

environment of the metal.  It typically binds in a pentahapto fashion as in the tris(indenyl) 

complexes, CpIn
3Ln(THF) (Ln = La, Pr, Nd, Sm, Dy, Ho, Y; CpIn = C9H7), Figure 6.1 (B),12–15 but 

it can also bind in a trihapto or monohapto form.15  Although rare-earth metal complexes of 

benzoxazole have not been reported in the literature, ytterbium trifuoromethanesulfonate, 

Yb(OTf)3, (OTf = CF3SO3) has been reported to catalyze the ring-opening of benzoxazole in a C‒

N bond forming reaction with 1,3-diphenylprop-2-ynol and similar substrates, eq 6.1.16  

 

 While complexes between benzoxazole and the rare-earth metals are not known, 

benzoxazole has been explored extensively as a ligand for transition metals.  In compounds with 

transition metals, benzoxazole and its derivatives function mainly as N‐heterocyclic carbene 

(NHC) ligands, Figure 6.2.  These complexes have been observed with a variety of ancillary 

ligands and many different transition metals including chromium,17 iron,18 tungsten,19 rhenium,20 

and platinum. 21  Some example complexes are shown below, Figure 6.2.   
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Figure 6.2.  Selected transition metal complexes of benzoxazole (NHC) ligands.17–21   

 

Complexes of the rare-earth metals with carbene ligands are much less common than the 

analogous d-block complexes.  However, there are some known examples of rare-earth carbene 

complexes, including the yttrium-alkyl-carbene complex, [Y(BIPM)(CH2C6H5)(THF)] (BIPM = 

{C(PPh2NSiMe3)2}), Figure 6.3.22–25  It would be interesting if benzoxazole provided a route to 

expanding the carbene chemistry of the rare-earth metals. 

 

Figure 6.3.  The yttrium-alkyl-carbene complex, [Y(BIPM)(CH2C6H5)(THF)] {BIPM = 

[C(PPh2NSiMe3)2]}.22 

 

While benzoxazole typically binds to transition metals as a carbene ligand, some mixed-

transition metal systems have shown that ring-opening of benzoxazole can occur upon 

deprotonation to form an aryloxide-isocyanide ligand, 2-isocyanophenolate, eq 6.2.  These 

complexes were obtained in low to moderate yields (10–50%) and could only be isolated in mixed- 
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metal systems.26  Addition of the titanium starting material, Cp2TiCl2 to the deprotonated 

benzoxazole ligand did not lead to any isolatable products.26  Treating the M(CO)6 (M = Cr, W) 

starting material with the trimethylsilyl-protected form of benzoxazole, (2-

isocyanophenoxy)trimethylsilane, led to quantitative conversion to the carbene complexes, 

Scheme 6.1 (B).17,18,26  This reaction was driven by the stability of the cyclic carbene, Scheme 6.1 

(B).17,18,26  The unstable intermediate, Scheme 6.1 (A), could not be isolated from these 

reactions.17,18,26  The isolation of the bimetallic ring-opened benzoxazole complexes in eq 6.2 was 

rationalized due to the oxophilic nature of the titanium metal which drives the equilibrium away 

from the formation of a carbene and leads to the isolated products.26  

 

Scheme 6.1.  Formation of carbene complexes of chromium, tungsten, and iron.17,18,26  

 

This Chapter describes the exploration of benzoxazole as a ligand for the rare-earth metals 

with these possibilities in mind.  While there are many theoretically possible binding modes, this 

research only observed one crystallographically-characterizable complex of benzoxazole and the 
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rare-earth metals.  This Chapter describes the reaction of the allyl complexes (C5Me5)2Ln(η3–

C3H5) (Ln = Y, Tb, Dy) with benzoxazole which led to the synthesis of the bimetallic rare-earth 

metal complexes, {(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, which contain an isocyanophenolate ligand.  

The reduction of {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2 was explored to determine if this bimetallic 

complex would form a reduced bimetallic species containing an Y(II) ion as was described in 

Chapter 4.  

 

Results 

Synthesis of Isocyanophenolate Rare-Earth Complexes, {(C5Me5)2Ln[μ–O(C6H4)μ–

NC]}2.  Initially, when exploring benzoxazole as a ligand, the synthesis of tris(benzoxazole anion) 

complexes was explored by reactions of Y(NR2)3 (R = SiMe3) with 3 equivalents of benzoxazole 

and YCl3 with 3 equivalents of the potassium salt of benzoxazole.  The red deprotonated potassium 

salt of benzoxazole, KBen, was synthesized by treating benzoxazole, HBen, with a base 

[KN(SiMe3)2, KOtBu, or KH], eq 6.3.17,27–29  Formation of KBen was supported by 1H NMR 

spectroscopy.  The singlet CH resonance at 8.30 ppm in HBen (red hydrogen in eq 6.3) was lost 

upon deprotonation and a shift in the other resonances was observed.  

 

Treating Y(NR2)3 (R = SiMe3) with colorless HBen in toluene produced a dark brown 

product with four resonances in the 1H NMR spectrum in deuterated THF:  7.10 (d, 1 H, JHH = 5 

Hz), 7.00 (t, 1 H, JHH = 5 Hz), 6.88 (d, 1 H, JHH = 5 Hz), and 6.44 ppm (t, 1 H, JHH = 5 Hz) (R = 

SiMe3).  The reaction between YCl3 and KBen in THF or Et2O led to a dark brown product with 
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four resonances in the 1H NMR spectrum in deuterated THF:  7.77 (s, 1 H), 7.66 (t, 1 H, JHH = 5 

Hz), 7.30 (t, 1 H, JHH = 5 Hz), and 7.00 ppm (t, 2 H, JHH = 5 Hz).  These spectra are different from 

the 1H NMR spectra observed for HBen and KBen and both lack the singlet CH resonance at 8.30 

ppm in HBen.  However, X-ray quality crystals were not obtained from any of these reactions. 

 Due to the lack of crystallographic data from the previous reactions, another method for 

the synthesis of a rare-earth benzoxazole complex was explored.  Rather than making a tris(Ben) 

complex, the possibility of forming complexes with one Ben ligand and two ancillary C5Me5 

ligands was explored.  This strategy has been employed extensively when studying how substrates 

bind to the f elements.30–33  Typically this strategy has involved the reaction of the 

tetraphenylborate salt of a metallocene cation, (C5Me5)2Ln(μ–Ph)2BPh2 with a substrate.30–33  

Initial studies of this reaction did not yield crystalline products, so reaction of the precursor to the 

metallocene cation, namely, the allyl complex, (C5Me5)2Ln(η3–C3H5), with HBen was examined.  

(C5Me5)2Ln(µ–Cl2)K(THF)x, 25-Ln, and allylmagnesium chloride were combined according to 

the literature procedure to synthesize the allyl complexes (C5Me5)2Ln(η3–C3H5), 26-Ln, Scheme  

 

Scheme 6.2.  Synthesis of the allyl complexes (C5Me5)2Ln(η3–C3H5), 26-Ln, from (C5Me5)2Ln(µ–

Cl2)K(THF)x, 25-Ln.34,35 

 

6.2 (Ln = Y, Tb, Dy).34,35  To synthesize complexes 25-Ln, LnCl3 and KC5Me5 were combined 

according to the literature procedure, Scheme 6.2 (Ln = Y, Tb, Dy).35,36  Complexes 26-Ln were 
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an attractive starting material to react with HBen, because the allyl ligand of complexes 26-Ln 

should deprotonate HBen, leaving a product with two C5Me5 ligands and one Ben ligand, which 

may crystallize more readily. 

Treating complexes 26-Ln with HBen resulted in at least two different complexes.  The 

major product was a blood-red hexane-soluble complex identified by X-ray crystallography as 

{(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Ln, Figure 6.4, eq 6.4 (Ln = Y, Tb, Dy).  Complexes 27-Y,  

 

 

Figure 6.4.  ORTEP depiction of {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2, 27-Y with thermal ellipsoids 

drawn at the 50% probability level.  Hydrogen atoms and co-crystallized solvent molecules have 

been omitted for clarity.  27-Y, 27-Tb, and 27-Dy are isomorphous.   
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27-Tb, and 27-Dy are isomorphous.  However, this reaction also produces a dark lavender product 

that was soluble in toluene and THF and whose structure has not been crystallographically-

characterized. 

The more readily characterized product of this reaction, 27-Ln, results from the 

deprotonation and ring-opening of benzoxazole forming the bidentate ligand, 2-

isocyanophenolate, which binds two different metals, one through the phenolate and the other 

through the isocyanide moiety.  27-Ln was isolated in high yields between 80–90%.  This type of 

reactivity has been previously observed in mixed-metal systems of chromium, molybdenum, and 

tungsten with titanium, eq 6.2.26  While NMR evidence confirms that complexes 27-Ln can be 

synthesized with solvated allyl (C5Me5)2Ln(η3–C3H5)(THF), 26-Ln(THF), crystallization of 27-

Ln was only consistently viable when it was synthesized from the desolvated allyl complex, 26-

Ln.   

The UV-visible spectra of the dark red complexes 27-Ln each showed multiple broad 

absorbances, Figure 6.5 (Ln = Tb, Dy).  27-Dy had broad absorbance peaks at 570 nm, 455 nm, 

and 405 nm with extinction coefficients of 400 mol−1cm−1, 2810 mol−1cm−1, and 2810 mol−1cm−1 

respectively.  27-Tb had broad absorbance peaks at 564 nm, 489 nm, and 415 nm with extinction 

coefficients of 170 mol−1cm−1, 850 mol−1cm−1, and 1280 mol−1cm−1 respectively.  These molar 

absorptivity values are based on the moles of metal.  These strongly absorbing and dark-colored 

complexes are uncommon for the rare-earth metals in the +3 oxidation state and the color is most 

likely due to the 2-isocyanophenolate ligand.  While the UV-visible spectrum of the 2-

isocyanophenolate ligand has not been previously obtained, the potassium salt of the ligand is a 
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similar color to the rare-earth complex.  The analogous transition metal complexes are also either 

red or yellow.26 

 

 

Figure 6.5.  UV-visible spectra of {C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Dy (blue, top at 500 nm, 

λ = 570 nm, ε = 400 mol−1cm−1; λ = 455 nm, ε = 2810 mol−1cm−1; λmax = 405 nm, ε = 2810 

mol−1cm−1) and 27-Tb (yellow, bottom at 500 nm, λ = 564 nm, ε = 170 mol−1cm−1; λ = 489 nm, ε 

= 850 mol−1cm−1; λmax = 415 nm, ε = 1280 mol−1cm−1).   

 

Surprisingly an isocyanide stretch was not observed in the IR data for complexes 27-Ln, 

Figure 6.6.  The distance of ca. 1.15 Å between N(1)-C(21) is consistent with a C≡N triple bond, 

Table 6.2.26  Therefore, a strong absorbance is expected to be observed between 2110–2165 cm−1.  
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The analogous transition metal complexes have one peak between 2146–2110 cm−1 corresponding 

to the C≡N triple bond.26 

 

Figure 6.6.  IR Data for {(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Ln [Ln = Y (orange), Tb (blue), 

Dy (gray)]. 

 

The 1H NMR spectrum of complex 27-Y contains five resonances as expected: the four 

multiplet resonances for the isocyanophenolate ligand (7.15 ppm, 7.06 ppm, 6.71 ppm, 6.40 ppm) 

and a singlet for the C5Me5 ligand at 2.07 ppm.  The 13C NMR spectrum of complex 27-Y contains 

a doublet at 167.15 ppm (JYC = 24 Hz) for C21.  A doublet is expected because C21 is interacting 

directly with an 89Y nucleus with a nuclear spin of I = ½.   

The second unidentified product from the reaction described in eq 6.4 is a dark lavender 

complex which is soluble in THF and toluene.  The 1H and 13C NMR spectra of the lavender 

complex indicate the presence of multiple products but they were not identified.  There are doublet 
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resonances in the 13C NMR spectrum which may suggest a carbon interacting directly with an 

yttrium ion.  However, without structural data, this cannot be confirmed. 

While many attempts were made, X-ray quality crystals from the lavender extract were 

only obtained once.  Colorless crystals were isolated from a concentrated THF solution layered 

with pentane at –30 °C.  The isolated crystals as determined by X-ray crystallography were sodium 

trifluoromethanesulfonate solvated with THF, {[(CF3)SO3]Na(THF)}n.  A single unit of this 

polymeric system is shown in Figure 6.7, and the polymer is shown in Figure 6.8.  It was postulated 

that the most likely source of contamination was the benzoxazole starting material, since sodium 

trifluoromethanesulfonate was never intentionally introduced to the reaction mixture.  The proton, 

carbon, and fluorine NMR spectra of the benzoxazole starting material did not show the presence 

of any triflate-containing impurities:  no fluorine resonances were observed in the 19F NMR.  

However, a small amount of sodium trifluoromethanesulfonate within the material may not be 

detectible by NMR spectroscopy.  The source of the sodium trifluoromethanesulfonate remains 

unknown.  The 1H and 13C NMR spectra of the lavender product contains multiple products and 

complexes, which suggests that compounds of interest are present within the sample. The crystals 

of sodium trifluoromethanesulfonate were due to contamination and were only observed once. 
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Figure 6.7.  ORTEP depiction of a single repeated unit of {[(CF3)SO3]Na(THF)}n with thermal 

ellipsoids drawn at the 50% probability level.  Hydrogen atoms have been omitted for clarity. 

 

Figure 6.8.  ORTEP depiction of the extended polymeric chain {[(CF3)SO3]Na(THF)}n with 

thermal ellipsoids drawn at the 50% probability level.  Hydrogen atoms have been omitted for 

clarity. 

 

The reactions between complexes 26-Ln and HBen were also explored in 

mechanochemical reactions.  Ball milling complex 26-Y with HBen produced a dark lavender 
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solid with only a small amount of the dark red 27-Y, eq 6.5.  1H NMR analysis of the crude dark 

lavender sample showed multiple products, similar to the lavender products obtained in solution.  

The analogous mechanochemical reaction between complex 26-Dy and HBen gave similar results 

with the major product being a lavender solid.  While mechanochemistry produced an unknown 

lavender product, crystallization was still elusive using this method.  

 

 

Reduction of {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2, 27-Y.  The reduction of 27-Y was 

investigated to determine if reduction would take place at the metal, forming an Y(II) complex, or 

within the ligand system.  Reduction of a dark red solution of 27-Y and 2.2.2-cryptand with KC8 

led to the reduction product 28-Y.  Interestingly, reduction did not result in an obvious color 

change.  Typically, a drastic color change accompanies reduction of a pale Ln(III) complex to a 

dark-colored Ln(II) complex, however, the starting Ln(III) complex in this instance, 27-Y, was 

dark red.13,37,38  The EPR spectrum of 28-Y at 77 K exhibited a quartet at g = 2.16, with five broad 

lines and a hyperfine splitting of A = 9.4 G, Figure 6.9.  The EPR spectrum of 28-Y at room 

temperature exhibited a complicated pattern.  The room temperature EPR spectrum appears to be 

a quintet of quartets, Figure 6.9.  The quintet feature is at g = 1.99 with a hyperfine splitting value 

of A = 5.0 G, Figure 6.9.  The smaller quartet features are not well resolved but appear to be 

quartets; they are observed at each line of the five-line pattern each with a hyperfine splitting value 

of 1 G, Figure 6.9.   
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These EPR spectra are not consistent with an Y(II) complex, which would be expected to 

have a two-line pattern based on the nuclear spin of 89Y(I = of ½).37,39  Instead the EPR spectra 

indicate reduction on the bridging ligand.  However, definitive structural determination was 

elusive.  The five-line pattern that is observed in both the room temperature and 77 K EPR spectra 

can be explained from splitting by two 14N (I = 1) nuclei.  Simulation of the EPR spectra at room 

temperature and 77 K using two 14N nuclei provides a basic match to the pattern observed in each 

spectrum, Figure 6.9.  However, the finer quartet features observed in the room temperature EPR  

 

 

Figure 6.9.  EPR experimental and simulated data of 28-Y at 77 K (left, experimental: red, 

simulation: dotted orange; giso = 2.16, Aiso = 9.4 G) and room temperature (right, experimental: 

purple, simulation: dotted blue; giso = 1.99, Aiso = 5.0 G). 

 



170 
 

spectrum could not be simulated and the broadness of the 77 K EPR spectrum made it difficult to 

get an exact match.  It is unclear which nuclei are responsible for the quartet features and whether 

they are definitely a quartet, since these finer features are not completely resolved.  Interestingly, 

cooling the solution to 77 K, allowing it to warm to room temperature, cooling again to 77 K, and 

allowing the solution to warm to room temperature again resulted in the same EPR spectra at both 

77K and room temperature.  18-Crown-6 was also explored as a chelating agent for the K+ 

counteraction to aid in crystallization.  However, it also did not lead to X-ray quality crystals.   

 

Discussion 

Synthesis of Isocyanophenolate Rare-earth Complexes, {(C5Me5)2Ln[μ–O(C6H4)μ–

NC]}2, 27-Ln.  Interestingly, the only crystallographically-characterizable complex from the 

reactions between (C5Me5)2Ln(η3–C3H5), 26-Ln, and benzoxazole was the bimetallic complex, 

{(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Ln.  Before undertaking this research, it was proposed that 

benzoxazole had many possible binding modes, similar to what was observed with indenyl or in 

the analogous transition metal chemistry.  However, it seems that the oxophilic nature of the rare-

earth ions prefers the aryloxide isocyanide moiety, [O(C6H4)NC]1−.  The rare-earth metals are hard 

Lewis acids similar to titanium, which facilitates this preference for binding to the hard Lewis 

bases of the aryloxide isocyanide moiety, [O(C6H4)NC]1−, compared to other possible binding 

modes including the carbene, making 27-Ln the only crystallographically-characterizable complex 

from these reactions.  Carbene complexes of the rare-earth metals are much rarer than the 

analogous d-block complexes.  However, examples are known.22–25  1H NMR spectra suggested 

that other products were also being formed during these reactions.  While these other products may 

contain alternative binding modes of benzoxazole, structural analysis of these complexes was 



171 
 

elusive.  However, these reactions were not studied in the absence of a base, which may provide a 

different binding mode if the neutral ligand did bind to a rare-earth metal. 

Reduction of {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2, 27-Y.  The 77 K and room temperature 

EPR spectra from the reduction of 27-Y show a complicated pattern which indicates reduction of 

the ligand.  If reduction were to occur at the Y ion, a two-line spectrum would be expected due to 

the nuclear spin of yttrium (I = 1/2).37,39  However, the 5-line pattern observed at both room 

temperature and 77 K indicate reduction at the ligand.  Unfortunately, the reduced complex, 28-Y, 

has not yet been structurally characterized.  The EPR spectrum of 28-Y at 77 K exhibited a broad 

five-line pattern at g = 2.16 with a hyperfine splitting of A = 9.4 G, this is consistent with splitting 

from two 14N (I = 1) nuclei.  In the room temperature EPR spectrum the 5-line pattern at g = 1.99 

with a hyperfine splitting value of A = 5.0 G also indicates splitting from two 14N (I = 1) nuclei.  

The hyperfine splitting value of 5.0 G at room temperature is consistent with the 5.8 G value 

observed for the 14N hyperfine coupling in the yttrium dinitrogen complex, 

{[(Me3Si)2N]2Y(THF)}2(μ3-η2:η2:η2-N2)K.40  Simulations of the room temperature and 77 K 

spectra using two 14N (I = 1) nuclei are in agreement with the experimental data.  

 

Conclusion 

Reaction of the allyl complexes (C5Me5)2Ln(η3–C3H5), 26-Ln, with benzoxazole led to the 

dark red complex {(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Ln (Ln = Y, Tb, Dy), as identified by X-

ray crystallography.  Formation of 27-Ln indicates deprotonation and ring-opening of benzoxazole 

forming the bidentate aryloxide isocyanide ligand, 2-isocyanophenolate.  This ligand binds two 

metal ions:  one metal ion through the phenolate and the other metal ion through the isocyanide 

moiety to yield a bimetallic complex.  While other products are observed in the 1H NMR spectra 
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of these reactions, structural characterization of any complex besides 27-Ln was elusive.  

Reduction of 27-Y produced a product, 28-Y, with EPR spectra indicating reduction on the 

isocyanophenolate bridging ligand.  The spectra are consistent with hyperfine splitting arising from 

two 14N (I = 1) nuclei.  However, definitive structural determination was elusive. 

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 

dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  Deuterated NMR solvents were dried 

over NaK alloy, degassed by three freeze-pump-thaw cycles, and vacuum transferred before use.  

1H NMR spectra and 13C{1H} NMR spectra were recorded on Bruker AVANCE600 or GN500 

MHz spectrometer operating at 151 MHz or 125 MHz, respectively for 13C at room temperature 

unless otherwise stated and referenced internally to residual protio-solvent resonances.  Elemental 

analyses were conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer.  UV-visible 

spectra were collected at room temperature using a Varian Cary 50 Scan UV-visible 

spectrophotometer.  EPR spectra were collected using X-band frequency (9.3‒9.8 GHz) on a 

Bruker EMX spectrometer equipped with an ER041XG microwave bridge, and the magnetic field 

was calibrated with DPPH (g = 2.0036).  EPR simulations were performed as least-squares fits of 

the experimental spectra using the SpinCount software package41 employing second-order 

perturbation in cases where hyperfine coupling was on the same order of magnitude as the Zeeman 

energy.  Infrared (IR) transmittance measurements were taken as compressed solids on a Thermo 

Scientific Nicolet iS5 spectrophotometer with an iD5 ATR attachment.  Disperser milling was 
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performed with an Ultra-Turrax Tube Drive and BMT-20-S tubes, both purchased from IKA.  

2.2.2-cryptand (Sigma-Aldrich) and 18-crown-6 (Sigma-Aldrich) were placed under vacuum (10−3 

Torr) before use.  Anhydrous LnCl3 (Ln = Y, Gd, Tb, Dy),42 (C5Me5)2Ln(η3–C3H5) (Y,34 Tb,35 

Dy35), KC8,43 and KC5Me5
44 were prepared according to the literature. 

K(C7H4NO), KBen.  A colorless solution of benzoxazole (100 mg, 0.840 mmol) in THF 

(5 mL) was pipetted into a stirring slurry of KH (51 mg, 1.3 mmol) in THF (5 mL).  The solution 

immediately became a deep red and began to evolve gas.  The bright red solution was stirred 

overnight.  THF was added to the red solution (15 mL) and the bright red solution was centrifuged 

to remove colorless solids, presumably excess KH, and filtered.  The product was extracted from 

the colorless solids with THF (5 mL) twice.  Volatiles were removed under vacuum from the bright 

red solution.  KBen was isolated as a red solid (140 mg, 0.875 mmol).  1H NMR (500 MHz, (THF-

d8):  δ 6.89 (d, 1 H, JHH = 10 Hz), 6.79 (t, 1 H, JHH = 10 Hz), 6.37 (d, 1 H, JHH = 10 Hz), 5.88 ppm 

(t, 1 H, JHH = 10 Hz). 

Y(NR2)3 and benzoxazole (R = SiMe3).  A solution of benzoxazole (63 mg, 0.53) in 

toluene (6 mL) was added to a stirring solution of Y(NR2)3 (R = SiMe3) (100 mg, 0.175 mmol) in 

toluene (4 mL).  The solution became a dark brown color after 10 minutes and was allowed to stir 

overnight.  The volatiles were removed from the solution.  The brown solids were washed with 

hexane (4 mL) until the washes were colorless.  The yellow-orange hexane solution was discarded.  

The brown solids were extracted into toluene and volatiles were removed under vacuum.  The 

product was isolated as a dark brown solid (29 mg).  1H NMR (500 MHz, THF-d8):  δ 7.10 (d, 1 

H, JHH = 5 Hz), 7.00 (t, 1 H, JHH = 5 Hz), 6.88 (d, 1 H, JHH = 5 Hz), and 6.44 ppm (t, 1 H, JHH = 5 

Hz). 
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YCl3 and KBen.  A red-orange solution of KBen (120.8 mg, 0.768 mmol) in Et2O (6 mL) 

was added to a stirred slurry of YCl3 (50 mg, 0.26 mmol) in E2O (4 mL).  After a few minutes the 

solution became a dark brown-red.  The dark-red solution was stirred overnight.  The cloudy brown 

solution was centrifuged.  The dark brown pellet was washed with Et2O (5 mL) four times.  The 

product was exacted from the dark brown pellet with THF and the volatiles were removed under 

vacuum.  The product was isolated as a dark brown solid (22 mg).  1H NMR (500 MHz, THF-d8):  

δ 7.77 (s, 1 H), 7.66 (t, 1 H, JHH = 5 Hz), 7.30 (t, 1 H, JHH = 5 Hz), and 7.00 ppm (t, 2 H, JHH = 5 

Hz).  

{(C5Me5)2Y[μ–O(C6H4)μ–NC]}2, 27-Y.  In an argon-filled glovebox free of coordinating 

solvents, a colorless solution of benzoxazole (31 mg, 0.26 mmol) in hexane (5 mL) was added to 

a bright yellow solution of (C5Me5)2Y(η3–C3H5) (100 mg, 0.250 mmol) in hexane (5 mL).  After 

the addition, the reaction mixture immediately became a dark blood-red color.  The dark red 

solution was stirred overnight.  The solution was filtered, and insoluble purple solids were 

discarded.  The solvent was removed from the deep red solution under reduced pressure, and the 

dark red solids were extracted into hexane again (10 mL).  The solution was filtered, and the 

solvent was removed from the deep red solution under reduced pressure, yielding 27-Y as a dark 

blood-red solid (107 mg, 0.112 mmol, 90%).  Dark red crystals of 27-Y suitable for X-ray 

diffraction were grown from a concentrated solution of hexane at –35 °C.  1H NMR (500 MHz, 

C6D6):  δ 7.15 (d, 1 H, JHH = 6 Hz, O(C6H4)NC) 7.06 (m, 1 H, JHH = 6 Hz, O(C6H4)NC), 6.71 (d, 

1 H, JHH = 6 Hz, O(C6H4)NC), 6.40 (t, 1 H, JHH = 6 Hz, O(C6H4)NC), 2.07 (s, 30 H, C5Me5).  13C 

NMR (125 MHz, C6D6):  δ 167.15 (d, JYC = 24 Hz, O(C6H4)NC), 137.53 O(C6H4)NC), 131.94 

O(C6H4)NC), 128.96 O(C6H4)NC), 125.33 O(C6H4)NC), 122.45 O(C6H4)NC), 116.85 

O(C6H4)NC), 115.06 (C5Me5), 11.21 (C5Me5).  IR:  3696w, 3667w, 3650w, 3056w, 2961w, 
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2904m, 2855m, 2723w, 2367w, 2362w, 2358w, 2355w, 2349w, 2324w, 1630w, 1589m, 1571w, 

1536w, 1514w, 1496w, 1477w, 1467m, 1452m, 1377w 1345w, 1317m, 1279m, 1279m, 1250w, 

1237w, 11944w, 1171w, 1141m, 1106w, 1106w, 1062w, 1020w, 982w, 972w, 937w, 920w, 885w, 

887w, 872w, 862w, 803w, 778w, 744s, 609s, 592s, 590s, 578s, 575s, 568w, 562m, 561m, 558s. 

{(C5Me5)2Dy[μ–O(C6H4)μ–NC]}2, 27-Dy.  In an analogous procedure to 27-Y, colorless 

benzoxazole (38 mg, 0.32 mmol) and deep yellow (C5Me5)2Dy(η3–C3H5) (150 mg, 0.317 mmol) 

were combined in hexane (15 mL) to isolate 27-Dy as a dark blood-red solid (143 mg, 0.129 mmol, 

81%).  Dark red crystals of 27-Dy suitable for X-ray diffraction were grown from a concentrated 

solution of hexane at –30°C. IR:  3739w, 3632w, 3378w, 2981w, 2957m, 2921s, 2852m, 2725w, 

2361w, 2343w, 2324w, 1631w, 1589w, 1574w, 1559w, 1534w, 1497m, 1497m, 1497m, 1475m, 

1446m, 1377w, 1344w, 1344w, 1344w, 1313w, 1289w, 1277m, 1264m, 1253w, 1214w, 1171s, 

1151s, 1141s, 1099w, 1031w, 1021w, 985w, 884w, 872w, 811w, 739s, 721w, 676m, 668s, 655w, 

649w, 644w, 638w, 633w, 626w, 621s, 614w, 608w, 603m, 595w, 595w, 591w, 588w, 582w, 

578s, 573s, 566s, 561s, 556m, 551s.  UV-Vis (hexane) λ = 570 nm, ε = 400 mol−1cm−1; λ = 455 

nm, ε = 2810 mol−1cm−1; λmax = 405 nm, ε = 2810 mol−1cm−1.   

{(C5Me5)2Tb[μ–O(C6H4)μ–NC]}2, 27-Tb.  In an analogous procedure to 27-Y, colorless 

benzoxazole (38 mg, 0.32 mmol) and deep yellow (C5Me5)2Tb(η3–C3H5) (150 mg, 0.319 mmol) 

were combined in hexane (15 mL) to isolate 27-Tb as a dark blood-red solid (159 mg, 0.145 mmol, 

91%).  Dark red crystals of 27-Tb suitable for X-ray diffraction were grown from a concentrated 

solution of hexane at –35 °C.  IR:  3733w, 3388w, 3061w, 298w, 2964w, 2908m, 2855m, 2729w, 

2598w, 2361w, 2344w, 2322w, 1630w, 1582m, 1535w, 1496w, 1667s, 1452s, 1377w, 1341w, 

1315s, 1452s, 1377w, 1341w, 1315s, 1278s, 1262m, 1172w, 1141s, 1100w, 1061w, 1034w, 

1022w, 988w, 920w, 883w, 870w, 861m, 803w, 790w, 775w, 742s, 694w, 668w, 665w, 644w, 



176 
 

633w, ,627w, 625w, 618w, 614w, 610w, 603m, 595s, 590s, 586m, 579m, 572m, 569m, 567w, 

562m, 555w.  UV-Vis (hexane) λ = 564 nm, ε = 170 mol−1cm−1; λ = 489 nm, ε = 850 mol−1cm−1; 

λmax = 415 nm, ε = 1280 mol−1cm−1).   

(C5Me5)2Y(η3–C3H5) and Benzoxazole:  Ball Milled.  (C5Me5)2Y(η3–C3H5) (92 mg, 0.23 

mmol) and benzoxazole (28 mg, 0.23 mmol) were placed in a plastic tube drive along with 40 steel 

balls.  Once the two solids touched they became a dark black.  The sample became a deep dark 

lavender after ball milling for a few minutes.  The sample was ball milled for about 40 mins on 

high speed.  The solids were washed with hexane (2 mL).  The lavender sample was extracted into 

THF (10 mL).  The volatiles were removed under vacuum and the product was isolated as a dark 

lavender solid (102 mg).   

Reduction of 27-Y to 28-Y.  27-Y (121 mg, 0.126 mmol) and 2.2.2-cryptand (48 mg, 0.13 

mmol) were dissolved in THF (3 mL) to form a dark blood-red solution.  The red solution, a KC8 

column, an EPR tube, a collection vial and several pipets were chilled to –30 °C.  The –30 °C 

solution was passed through the –30 °C KC8 column, which resulted in no color change.  A small 

aliquot of the solution was removed, diluted by a factor of three, and frozen in an EPR tube.  EPR 

spectra was acquired at 77 K and room temperature. 

X-ray Data Collection, Structure Solution and Refinement for {(C5Me5)2Y[μ–

O(C6H4)μ–NC]}2, 27-Y.  A red crystal of approximate dimensions 0.221 x 0.226 x 0.318 mm was 

mounted on a glass fiber and transferred to 

a Bruker SMART APEX II diffractometer.  

The APEX245 program package was used 

to determine the unit-cell parameters and 

for data collection (20 sec/frame scan time 
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for a sphere of diffraction data).  The raw frame data was processed using SAINT46 and SADABS47 

to yield the reflection data file.  Subsequent calculations were carried out using the SHELXTL48 

program.  There were no systematic absences nor any diffraction symmetry other than the Friedel 

condition.  The centrosymmetric triclinic space group P1  was assigned and later determined to be 

correct.  The structure was solved by dual space methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors49 for neutral atoms were used throughout the 

analysis.  Hydrogen atoms were included using a riding model.  The molecule was a dimer located 

about an inversion center.  Several atoms were disordered and included using multiple components 

with partial site-occupancy-factors.  There was one molecule of n-hexane solvent present.  The 

solvent was located on an inversion center.  Least-squares analysis yielded wR2 = 0.0660 and Goof 

= 1.052 for 394 variables refined against 6472 data (0.74 Å), R1 = 0.0271 for those 5882 data with 

I > 2.0σ(I).  

X-ray Data Collection, Structure Solution and Refinement for {(C5Me5)2Tb[μ–

O(C6H4)μ–NC]}2, 27-Tb.  A violet crystal of approximate dimensions 0.159 x 0.177 x 0.261 mm 

was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The 

APEX245 program package was used to 

determine the unit-cell parameters and for 

data collection (45 sec/frame scan time for a 

sphere of diffraction data).  The raw frame 

data was processed using SAINT46 and 

SADABS47 to yield the reflection data file.  Subsequent calculations were carried out using the 

SHELXTL48 program.  There were no systematic absences nor any diffraction symmetry other 

than the Friedel condition.  The centrosymmetric triclinic space group P1  was assigned and later 
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determined to be correct.  The structure was solved by dual space methods and refined on F2 by 

full-matrix least-squares techniques.  The analytical scattering factors49 for neutral atoms were 

used throughout the analysis. Hydrogen atoms were included using a riding model.  The molecule 

was a dimmer and located about an inversion center.  Disordered atoms were included using 

multiple components with partial site-occupancy-factors.  There was one molecule of n-hexane 

present.  The solvent was located on an inversion center.  Least-squares analysis yielded wR2 = 

0.0382 and Goof = 1.075 for 404 variables refined against 7620 data (0.73 Å), R1 = 0.0165 for 

those 6400 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for {(C5Me5)2Dy[μ–

O(C6H4)μ–NC]}2, 27-Dy.  A violet crystal of approximate dimensions 0.100 x 0.170 x 0.348 mm 

was mounted on a glass fiber and transferred to a Bruker SMART APEX II diffractometer.  The 

APEX245 program package was used to 

determine the unit-cell parameters and for 

data collection (30 sec/frame scan time for a 

sphere of diffraction data).  The raw frame 

data was processed using SAINT46 and 

SADABS47 to yield the reflection data file.  Subsequent calculations were carried out using the 

SHELXTL48 program.  There were no systematic absences nor any diffraction symmetry other 

than the Friedel condition.  The centrosymmetric triclinic space group P1  was assigned and later 

determined to be correct.  The structure was solved by dual space methods and refined on F2 by 

full-matrix least-squares techniques.  The analytical scattering factors49 for neutral atoms were 

used throughout the analysis.  Hydrogen atoms were included using a riding model.  The molecule 

was a dimmer located about an inversion center.  Several atoms were disordered and included 
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using multiple components with partial site-occupancy-factors.  There was one molecule of n-

hexane solvent present.  The solvent was located on an inversion center.  Least-squares analysis 

yielded wR2 = 0.0592 and Goof = 1.077 for 304 variables refined against 6491 data (0.74 Å), R1 

= 0.0241 for those 6052 data with I > 2.0σ(I). 

X-ray Data Collection, Structure Solution and Refinement for 

{[(CF3)SO3]Na(THF)}n.  A colorless crystal of approximate dimensions 0.106 x 0.151 x 0.311 

mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The 

APEX21 program package was used to determine the unit-cell parameters and for data collection 

(60 sec/frame scan time for 606 frames of diffraction data).  The raw frame data was processed 

using SAINT2 to yield the reflection data file.  

Subsequent calculations were carried out using the 

SHELXTL4 program.  There were no systematic 

absences nor any diffraction symmetry other than 

the Friedel condition.  The centrosymmetric 

triclinic space group P1  was assigned and later determined to be correct.  The structure was solved 

by dual space methods and refined on F2 by full-matrix least-squares techniques.  The analytical 

scattering factors5 for neutral atoms were used throughout the analysis.  Hydrogen atoms were 

included using a riding model.  The structure was polymeric.  Due to the limited data set collected 

complete refinement was not possible, however, molecular connectivity has been established. 
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Table 6.1.  X-ray data and collection parameters for{(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Y, 27-

Dy, 27-Tb, and {[(CF3)SO3]Na(THF)}n.  

Compound 27-Y 27-Tb 27-Dy 
{[(CF3)SO3]Na

(THF)}n 

Empirical 

Formula 
C60H82N2O2Y2 C60H82N2O2Tb2 C60H82N2O2Dy2 

C16H24F12Na4O

15S4]n 

 

Temperature (K) 133(2) K 88(2) K 133(2) K 133(2) 

Crystal System Triclinic Triclinic Triclinic Triclinic 

Space Group P1 P1 P1 P1 

a (Å) 10.1721(6) 10.1749(7) 10.1747(6) 11.616(12) 

b (Å) 12.1320(7) 12.1673(9) 12.1519(7) 12.936(13) 

c (Å) 12.5606(7) 12.5742(9) 12.5653(8) 13.209(13) 

α (deg) 65.0934(7) 65.0208(8) 65.1568(7) 111.21(2) 

β (deg) 77.0813(7) 77.0035(8) 76.9661(7) 107.62(2) 

γ (deg) 78.4931(7) 78.4772(8) 78.4498(7) 99.635(18) 

Volume (Å3) 1360.57(14) 1365.23(17) 1363.70(14) 1676(3) 

Z 1 1 1 2 

ρcalc (Mg/m3) 1.271 1.437 1.447 1.792 

μ (mm−1) 2.164 2.611 2.761 0.465 

R1 (I> 2.0s(I))a 0.0271 0.0165 0.0241 - 

wR2 (all data)a 0.0660 0.0382 0.0592 - 
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Table 6.2.  Selected bond lengths [Å] and angles [°] for {(C5Me5)2Ln[μ–O(C6H4)μ–NC]}2, 27-Y, 

27-Dy, and 27-Tb.  

 27-Y 27-Tb 27-Dy 

Ln-Cnt1 2.367 2.386 2.372 

Ln-Cnt2 2.366 2.393 2.372 

Ln-O(1) 2.1305(11) 2.1607(11) 2.1469(18) 

Ln-C(21) 2.5299(16) 2.5510(17) 2.526(3) 

N(1)-C(21) 1.149(2) 1.149(2) 1.154(3) 

N(1)-C(23)#1 1.3977(19) 1.397(2) 1.397(3) 

C(22)-C(23) 1.408(2) 1.411(2) 1.410(4) 

C(22)-C(27) 1.413(2) 1.411(2) 1.409(4) 

C(23)-C(24) 1.394(2) 1.395(2) 1.393(4) 

C(24)-C(25) 1.372(3) 1.375(3) 1.371(4) 

C(25)-C(26) 1.386(3) 1.391(3) 1.390(5) 

C(26)-C(27) 1.374(3) 1.375(3) 1.375(4) 

Cnt1-Ln-Cnt2 138.5 138.6 138.6 

Cnt1-Ln-C(21) 98.7 98.4 98.5 

Cnt2-Ln-C(21) 102.0 102.0 101.9 

Cnt1-Ln-O(1) 107.0 106.8 106.9 

Cnt2-Ln-O(1) 107.0 107.0 107.1 

O(1)-Ln-C(21) 93.88(5) 94.66(5) 94.18(8) 

C(22)-O(1)-Ln 166.72(11) 166.42(11) 166.32(18) 

N(1)-C(21)-Ln 170.90(13) 171.22(14) 171.3(2) 

O(1)-C(22)-C(23) 121.74(14) 121.54(15) 121.5(2) 

O(1)-C(22)-C(27) 122.92(15) 123.11(16) 123.0(2) 

C(24)-C(23)-N(1)#1 118.38(14) 118.61(15) 118.7(2) 

N(1)#1-C(23)-C(22) 118.74(13) 118.63(14) 118.7(2) 
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Chapter 7 

Reduction of Methyl-Substituted Cyclopentadienyl Metallocene Complexes of Yttrium 

Including the Tuckover Complex, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), and the 

Hydride Complexes [(C5Me4H)2Y(μ–H)]2, and [CptetAnY(μ–H)]2 [CptetAn = SiMe2(C5Me4)2] 

 

Introduction 

 Chapters 2 and 3 describe the reductions of complexes [Cpʹ2Y(µ–Cl)]2, [Cpʹ2Y(µ–

H)(THF)]2, and [Cpʹ2Y(µ–Me)]2 (Cp′ = C5H4SiMe3).  While spectroscopic evidence suggested the 

presence of Y(II) ions in the products, crystallographic evidence was elusive.  Chapter 4 describes 

the reduction of [CpAnY(µ–H)(THF)]2 which formed the crystallographically-characterizable 

complex, [K(crypt)][CpAnY(µ–H)]2 [CpAn = Me2Si(C5H3SiMe3)2]; crypt = 2.2.2-cryptand].  All of 

the complexes described in Chapters 2–4 contain trimethylsilyl-substituted cyclopentadienide 

ligands, based on the discovery that all of the lanthanides can be isolated in monometallic 

complexes with Ln(II) ions using the trimethylsilyl-cyclopentadienide ligand, 

[K(chelate)][Cp′3Ln] [chelate = crypt or 18-crown-6 (crown)].1–3  

 In 2018, the discovery that reduction of tris(tetramethylcyclopentadienide) complexes, 

(C5Me4H)3Ln, with potassium graphite in the presence of crypt led to the crystallographically-
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characterized Ln(II) complexes, [K(crypt)][(C5Me4H)3Ln] (Ln = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy),4 

sparked interest in exploring bimetallic complexes with methyl-substituted cyclopentadienide 

ligands.  Since the only bimetallic yttrium complex that led to a crystallographically-

characterizable example of an Y(II) ion was [K(crypt)][CpAnY(µ–H)]2, it was of interest to 

determine if bimetallic complexes with methyl-substituted cyclopentadienide ligands would lead 

to complexes which would readily crystallize. 

This Chapter describes the synthesis of a variety of known and previously unknown 

bimetallic complexes of yttrium with the goal of investigating their reductive chemistry.  Yttrium 

was chosen as the metal of interest because it is diamagnetic in the +3 oxidation state which allows 

the precursors to be identified by NMR spectroscopy.  Yttrium was also attractive because it has a 

nuclear spin of I = ½ which allows for facile identification in the +2 oxidation state by EPR 

spectroscopy.  The complexes that were investigated were the known tuckover complex, 

(C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5),5,6 and the known tetramethylcyclopentadienide 

hydride-bridged complex [(C5Me4H)2Y(μ–H)]2.7  [CptetAnY(μ–H)]2 which had not been previously 

synthesized, was also investigated [CptetAn = SiMe2(C5Me4)2].  Upon reduction of the tuckover 

complex, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), an interesting EPR spectrum was 

obtained at 77 K which indicated reduction took place.  Reduction of the hydride-bridged complex 

[(C5Me4H)2Y(μ–H)]2 produced an EPR spectrum at 77 K which was consistent with an Y(II) ion.  

Upon warming the reduction products of (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5) and 

[(C5Me4H)2Y(μ–H)]2 to room temperature only organic radicals are observed in the EPR spectra.  

Reduction of the CptetAn complex, [CptetAnY(μ–H)]2, in toluene was unsuccessful.   

 

 



187 
 

Results 

Synthesis and Reduction of (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), 30-Y.  

The synthesis of the known yttrium hydride complex [(C5Me5)2Y(μ–H)YH(C5Me5)2], 29-Y , was 

conducted as shown in Scheme 7.1.5  Anhydrous YCl3 was treated with 2 equivalents of K(C5Me5) 

to synthesize (C5Me5)2Y(μ–Cl)2K(THF)2, 25-Y.  The allyl complex (C5Me5)2Y(η3–C3H5), 26-Y,  

 

Scheme 7.1.  Synthesis of [(C5Me5)2Y(μ–H)YH(C5Me5)2], 29-Y from (C5Me5)2Y(μ–Cl)2K(THF)2, 

25-Y.5  

 

was synthesized by treating 25-Y with allylmagnesium chloride and removing the coordinated 

THF from the complex under vacuum while heating.  The desolvated allyl complex, 26-Y, was 

then reacted with 80 psi of dihydrogen gas in a solid/gas phase reaction to isolate 29-Y, Scheme 

7.1.5  The tuckover complex, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5),  30-Y was 

synthesized from the hydride complex, 29-Y, by heating under vacuum over a few days, eq 7.1.5,6  

30-Y was isolated a red powder. 

 

 Reduction of the tuckover complex, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), 30-

Y, was explored.  Complex 30-Y in THF was treated with KC8 in the presence of 2.2.2-cryptand 
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(crypt) and passed through a cold KC8 column, which produced a dark/black brown solution, 31-

Y.  The EPR spectrum at 77 K of 31-Y is consistent with reduction, Figure 7.1.  The rhombic EPR  

  

Figure 7.1.  EPR spectra of the reduction of (C5Me5)2Y(μ–H)[μ–η1:η5–CH2C5Me4]Y(C5Me5), 30-

Y, 77 K (left, green, g = 2.00, 1.98, 1.97, and 1.94) and room temperature (right, orange, g = 2.00).  

 

spectrum at 77 K contains a large signal at g = 2.00 and smaller signals g = 1.98, 1.97, and 1.94.  

This is different from the expected EPR spectrum for an Y(II) ion, which should be a two-line 

pattern based on the nuclear spin of yttrium, I = ½.3,8,9  Interestingly the rhombic EPR spectrum of 

31-Y at 77 K has a pattern similar to the EPR spectrum observed upon the reduction of [Cp′2Y(μ–

H)(THF)]2, 5-Y, which is described in Chapter 2, Figure 7.2.  10  However, these two features 

appear at different g values and 31-Y appears to have extra features compared to the reduction of 

5-Y.  While the 77 K EPR spectra of these two species are similar, the room temperature spectra 

of 31-Y and 5-Y are different from each other, Figure 7.3.  The EPR spectrum at room temperature  
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Figure 7.2.  77 K EPR spectra of the reduction of (C5Me5)2Y(μ–H)[μ–η1:η5–

CH2C5Me4]Y(C5Me5), 30-Y, 77 K (green, g = 2.00, 1.98, 1.97, and 1.94) and reduction of 

[Cp′2Y(μ–H)(THF)]2, 5-Y, (blue, g|| = 1.968, A = 21 G, g⊥, = 1.997, A = 3.0 G).   

 

Figure 7.3.  Room temperature EPR spectra of the reduction of (C5Me5)2Y(μ–H)[μ–η1:η5–

CH2C5Me4]Y(C5Me5), 30-Y, 77 K (orange, g = 2.00) and reduction of [Cp′2Y(μ–H)(THF)]2, 5-Y, 

(purple, giso = 1.983, A = 8.7 G (d), 6.4 G (t), 2.9 G (t)).  
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of 31-Y shows only a sharp single signal at g = 2.00, which indicates an organic radical.  This is 

different from the room temperature spectrum of 5-Y which exhibits a broad peak at giso = 1.983 

with a coupling pattern discerned from the second derivative spectrum as A = 8.7 G (d), 6.4 G (t), 

2.9 G (t).  While the 77 K EPR spectrum indicated reduction, crystallization of this complex was 

elusive. 

Synthesis and Reduction of [(C5Me4H)2Y(μ–H)]2, 34-Y.  The synthesis of the known 

tetramethylcyclopentadienide yttrium hydride complex, 34-Y, was conducted as shown in Scheme 

7.2.7  (C5Me4H)2Y(μ–Cl)2K(THF)2, 32-Y, was synthesized according to the literature procedure 

from anhydrous YCl3 and 2 equivalents of K(C5Me4H).7  Complex 32-Y was treated with  

 

Scheme 7.2.  Synthesis of the known bridging hydride complex [(C5Me4H)2Y(μ–H)]2, 34-Y, from 

(C5Me4H)2Y(μ–Cl)2K(THF)2, 32-Y.7  

 

allylmagnesium chloride to synthesize the known solvated allyl complex, (C5Me4H)2Y(η3–

C3H5)(THF), 33-Y(THF).  To desolvate the allyl complex, it was placed under vacuum while 

heating over a few days.  The desolvated allyl complex (C5Me4H)2Y(η3–C3H5), 33-Y, was treated 

with 80 psi of H2 gas in a solid/gas phase reaction to isolate the known hydride-bridged complex 

[(C5Me4H)2Y(μ–H)]2, 34-Y.  

 Complex 34-Y was determined to be a symmetric dimer in solution because a triplet was 

observed in the 1H NMR spectrum of the complex at 3.82 ppm (JYH = 33 Hz), which is expected 
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for a hydride atom interacting with two yttrium ions each with a nuclear spin, I = ½.7  To determine 

an adequate solvent for reduction of complex 34-Y, its stability in room temperature THF, Et2O, 

and toluene was explored.  Complex 34-Y was dissolved in each solvent and allowed to stir at 

room temperature for about an hour.  The solvent was removed under vacuum and then a 1H NMR 

spectrum was taken of the resulting solid in C6D6.  Decomposition was observed upon dissolving 

in THF or Et2O at room temperature.  The triplet at 3.82 ppm was no longer present in the 1H NMR 

spectrum, and a variety of peaks not observed in the original 1H NMR spectrum of complex 34-Y 

were present.  The 1H NMR spectrum of the complex dissolved in room temperature toluene 

retained the triplet at 3.82 ppm, but a few additional peaks are observed which indicate some 

decomposition.  However, there was significantly less decomposition then what was observed 

upon exposure to room temperature THF or Et2O. 

 Reduction of complex 34-Y was explored.  Complex 34-Y was dissolved in toluene and a 

small amount of cold THF was added since reductions to form Ln(II) ions in toluene alone as a 

solvent are generally unsuccessful.  The colorless solution was passed through a cold KC8 column 

and a dark black-brown solution, 35-Y, was eluted.  This dark color is indicative of the presence 

of an Y(II) ion and has been observed in previous complexes of Y(II).3,8  EPR spectra of 35-Y 

were taken at 77 K and at room temperature, Figure 7.4.  The frozen EPR spectrum at 77 K (g⊥ = 

1.98, A = 63 G; g∥ = 2.00, A = 56 G) contains a pattern that is consistent with an Y(II) ion.3,8,9  In 

comparison, reduction of the tris(tetramethylcyclopentadienide) complex, (C5Me4H)3Y leads to a 

dark blue solution with an EPR spectrum at 77 K which contains a similar pattern to 35-Y, and a 

hyperfine coupling constant of Aavg = 62.8 G, g∥ = 2.001 and g⊥ = 1.981.  Upon warming 35-Y to 

room temperature, the Y(II) ion appears to decompose and only an organic radical was observed 

with a sharp signal at g = 2.00.   
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Figure 7.4.  EPR spectra of the reduction of [(C5Me4H)2Y(μ–H)2]2, 34-Y, 77 K (left; experimental: 

purple; simulation: dotted red; g⊥ = 1.98, A = 63 G; g∥ = 2.00, A = 56 G) and room temperature 

(right, green, g = 2).   

 

Synthesis and Reduction of [CptetAnY(μ–H)]2 [CptetAn = SiMe2(C5Me4)2].  The synthesis 

of the desired CptetAn yttrium hydride-bridged complex was conducted as shown in Scheme 7.3.  

YCl3 and K2CptetAn were combined to form the known complex CptetAnY(μ–Cl)2K(THF)2, 36-Y.11  

Complex 36-Y was then reacted with allylmagnesium chloride to synthesize the known allyl 

complex, CptetAnY(η3–C3H5)(THF), 37-Y.11  The allyl complex 37-Y was reacted with 80 psi of  

 

Scheme 7.3.  Synthesis of [CptetAnY(μ–H)2]2, 38-Y, from the known allyl complex, CptetAnY(η3–

C3H5)THF, 36-Y.11 
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H2 gas to form the bridging hydride complex 38-Y.  The 1H NMR spectrum of 38-Y contains a 

triplet at 2.11 ppm with a coupling constant of 50 Hz, consistent with a hydride ligand interacting 

with two yttrium ions each with a nuclear spin of I = ½.10,12 However, crystallographic-

characterization of this complex was elusive. 

 The stability of complex 38-Y in both THF and Et2O was explored to determine which 

solvent would be an adequate medium for reduction of 38-Y.  Complex 38-Y was allowed to stir 

in THF for an hour at room temperature, the solvent was removed under vacuum, and then a 1H 

NMR spectrum was obtained.  The 1H NMR spectrum showed decomposition of 38-Y with the 

loss of the triplet at 2.11 ppm and the growth of many peaks not observed in the original spectrum 

of 38-Y.  Unfortunately, the analogous experiment with Et2O revealed similar results.  Since 

complex 38-Y did not seem to be stable upon dissolving in room temperature Et2O or THF the 

reduction of this complex was explored in toluene.  However, reduction of the cold toluene solution 

was not successful as is often the case using this solvent.  No color change was observed upon 

reaction with KC8 and the colorless solution was EPR silent.   

 

Discussion 

 The reductions of the tuckover complex, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), 

30-Y, the tetramethyl cyclopentadienyl complex [(C5Me4H)2Y(μ–H)]2, 34-Y, and the hydride-

bridged complex [CptetAnY(μ–H)]2, 38-Y, [CptetAn = SiMe2(C5Me4)2] were of interest to determine 

if these ligand systems would provide crystallographically-characterizable bimetallic complexes 

with Y(II) ions.  Unfortunately, complex 38-Y was determined to not be an adequate system for 

reduction since it reacts with THF and Et2O therefore the reduction had to be done in toluene.  
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Reduction in toluene is rarely observed and the same was observed in this system:  upon reaction 

with KC8 a color change was not observed, and the colorless solution was EPR silent.   

 Upon reduction of the tuckover complex, 30-Y, EPR spectra were observed which indicate 

reduction was taking place.  The rhombic EPR spectrum at 77 K contains a large signal at g = 2.00 

along with smaller signals at g = 1.98, 1.97, and 1.94.  The pattern exhibited at 77 K is similar to 

what was seen in the reduction of [Cp′2Y(μ–H)(THF)]2, 5-Y.  However, none of the reduction 

products were crystallographically-characterized so a direct comparison is difficult.  The major 

features in the EPR spectra of these two reduction products are found at different g values.  The 

major feature in the reduction of 30-Y is at g = 2, while the major feature in the reduction of 5-Y 

is at g = 1.968.  A simple sharp signal at g = 2.00 is observed in the room temperature EPR 

spectrum of 30-Y indicating an organic radical.  Reduction of 34-Y is consistent with an Y(II) ion 

at 77 K.  However, decomposition to an organic radical was observed in the room temperature 

spectrum.  It was not surprising that an Y(II) ion results from the reduction of complex 34-Y since 

reduction of (C5Me4H)3Y also produces an EPR spectra consistent with an Y(II) ion.  However, 

the reduced (C5Me4H)3Y product was not crystallographically-characterized.4  The A values for 

the reduction of 34-Y and the reduction of (C5Me4H)3Y are similar.  It is interesting that each of 

these complexes, 30-Y, 34-Y, and 38-Y exhibit different EPR spectra upon reduction, further 

emphasizing the importance of ancillary ligands in redox rare-earth metal chemistry.  However, 

the inability to study any of these reduction products by X-ray crystallography limits the amount 

of data obtainable from these systems. 
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Conclusion 

 The reduction of (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5), 30-Y, [(C5Me4H)2Y(μ–

H)]2, 34-Y, and [CptetAnY(μ–H)]2, 38-Y, did not yield the desired crystalline products.  

Interestingly each of these ligand systems produced different EPR spectra at 77 K upon reduction.  

While complexes 30-Y and 34-Y produced EPR spectra at 77 K consistent with reduction, 

warming to room temperature resulted in organic radicals being observed.  Reduction of complex 

38-Y in toluene was unsuccessful.  

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 

dinitrogen atmosphere.  Solvents (THF, Et2O, toluene, hexane, and pentane) were sparged with 

UHP argon (Praxair) and dried by passage through columns containing Q-5 and molecular sieves 

prior to use.  All ethereal solvents were stored over activated 4 Å molecular sieves.  Deuterated 

NMR solvents (Cambridge Isotopes) were dried over NaK, degassed by three freeze-pump-thaw 

cycles, and vacuum transferred before use.  1H and 13C{1H}NMR spectra were recorded on a 

Bruker GN500 MHz or CRYO500 spectrometer operating at 500 and 125 MHz respectively, at 

298 K unless otherwise stated.  1H spectra were referenced internally to solvent resonances.  EPR 

spectra were collected using X-band frequency (9.3-9.8 GHz) on a Bruker EMX spectrometer 

equipped with an ER041XG microwave bridge, and the magnetic field was calibrated with DPPH 

(g = 2.0036).  EPR simulations were performed as least-squares fits of the experimental spectra 

using the SpinCount software package13 employing second-order perturbation in cases where 

hyperfine coupling was on the same order of magnitude as the Zeeman energy.  Potassium 
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bis(trimethylsilyl)amide (Sigma-Aldrich) was purified by dissolving in toluene, centrifuging to 

remove insoluble material, and removing solvent from the supernatant.  Allylmagnesium chloride 

(2.0 M solution in THF, Sigma-Aldrich), 1,4-dioxane (Sigma-Aldrich), dimethylsilyl chloride 

(Alfa Aesar) and trimethylsilyl chloride (Alfa Aesar) were used as received.  KCp′,14 KC8,15 

KC5Me4H16, and KCptetAn {K[SiMe2(C5Me4)2]}11 were prepared according to the literature.  

[(C5Me5)2YH]2,17 (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5),6 [(C5Me4H)2Y(μ–H)]2,7 and 

CptetAnY(η3–C3H5)(THF)11 were prepared by a modification of the literature procedure. 

Reduction of (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5) , 30-Y.  In an argon-filled 

glovebox, (C5Me5)2Y(μ–H)(μ–η1:η5–CH2C5Me4)Y(C5Me5) (110 mg, 0.153 mmol) and 2.2.2-

cryptand (58 mg, 0.15 mmol) were dissolved in THF (4 mL) to form a light orange solution and 

placed at –30 °C.  An empty vial, an EPR tube, and a KC8 column were placed at –30 °C.  The 

light orange solution was passed through the KC8 column and the eluted solution was dark brown.  

The solution was immediately frozen and an EPR was taken at 77 K and 273 K.   

Reduction of [(C5Me4H)2Y(μ–H)]2, 34-Y.  In an argon-filled glovebox, [(C5Me4H)2Y(μ–

H)]2 (121 mg, 0.180 mmol) and 2.2.2-cryptand (132 mg, 0.352 mmol) were dissolved in toluene 

(5 mL) and cooled to –30 °C.  A small amount of cold –30 °C THF (2 mL) was added to the 

solution.  The solution was placed at –30 °C along with a KC8 column, an empty vial, and pipettes.  

The solution was passed through the KC8 column which formed a dark black/brown solution.  The 

solution was immediately frozen and EPR spectra were taken at 77 K and 273 K.   

[CptetAnY(μ–H)]2, 38-Y.  In an argon-filled glovebox, Fischer-Porter high pressure 

apparatus was charged with solid bright yellow CptetAnY(η3–C3H5)(THF) (125 mg, 0.235 mmol) 

sealed, and attached to a high-pressure gas line.  The pressure in the vessel was reduced and slowly 

charged with H2 (60 psi) before being resealed and left overnight.  The sample immediately 
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changed from yellow to dark orange.  After 24 hours, residual hydrogen was removed under 

vacuum.  The sample was transferred to an argon-filled glovebox and collected as a dark orange 

solid [CptetAnY(μ–H)]2 (120 mg, 0.120 mmol).  1H NMR (C6D6):  δ 2.36 [s, 12H, SiMe2(C5Me4)2], 

2.11 [t, JYH = 50 Hz, YH), 1.69 (s, 12H, SiMe2(C5Me4)2], 0.89 [s, 6H, SiMe2(C5Me4)2]. 

Reduction of [CptetAnY(μ–H)(THF)]2, 38-Y.  In an argon-filled glovebox, a light orange 

solution of [CptetAnY(μ–H)(THF)]2 (101 mg, 0.130 mmol) and 2.2.2-cryptand (48 mg, 0.13 mmol) 

in toluene (8 mL), KC8 column, an empty vial, and pipettes were placed at –30 °C overnight. Upon 

passing the solution through the cold KC8 column no change color was observed, the solution 

remained a light orange.  The solution was immediately frozen and an EPR spectrum was taken at 

77 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 



198 
 

 

References 

(1)  MacDonald, M. R.; Bates, J. E.; Fieser, M. E.; Ziller, J. W.; Furche, F.; Evans, W. J. J. Am. 

Chem. Soc. 2012, 134, 8420–8423. 

(2)  Macdonald, M. R.; Bates, J. E.; Ziller, J. W.; Furche, F.; Evans, W. J. J. Am. Chem. Soc. 

2013, 135, 9857–9868. 

(3)  Fieser, M. E.; MacDonald, M. R.; Krull, B. T.; Bates, J. E.; Ziller, J. W.; Furche, F.; Evans, 

W. J. J. Am. Chem. Soc. 2015, 137, 369–382. 

(4)  Jenkins, T. F.; Woen, D. H.; Mohanam, L. N.; Ziller, J. W.; Furche, F.; Evans, W. J. 

Organometallics 2018, 37, 3863–3873. 

(5)  Booij, M.; Deelman, B. J.; Duchateau, R.; Postma, D. S.; Meetsma, A.; Teuben, J. H. 

Organometallics 1993, 12, 3531–3540. 

(6)  Schmiege, B. M.; Fieser, M. E.; Ziller, J. W.; Evans, W. J. Organometallics 2012, 31, 5591–

5598. 

(7)  Lorenz, S. E.; Schmiege, B. M.; Lee, D. S.; Ziller, J. W.; Evans, W. J. Inorg. Chem 2010, 

49, 6655. 

(8)  MacDonald, M. R.; Ziller, J. W.; Evans, W. J. J. Am. Chem. Soc. 2011, 133, 15914–15917. 

(9)  Corbey, J. F.; Woen, D. H.; Palumbo, C. T.; Fieser, M. E.; Ziller, J. W.; Furche, F.; Evans, 

W. J. Organometallics 2015, 34, 3909–3921. 

(10)  Dumas, M. T.; Chen, G. P.; Hu, J. Y.; Nascimento, M. A.; Rawson, J. M.; Ziller, J. W.; 

Furche, F.; Evans, W. J. J. Organomet. Chem. 2017, 849–850, 38–47. 

(11)  Evans, W. J.; Kozimor, S. A.; Brady, J. C.; Davis, B. L.; Nyce, G. W.; Seibel, C. A.; Ziller, 

J. W.; Doedens, R. J. Organometallics 2005, 24, 2269–2278. 

(12)  Evans, W. J.; Drummond, D. K.; Hanusa, T. P.; Doedens, R. J. Organometallics 1987, 6, 

2279. 

(13)  Golombek, A. P.; Hendrich, M. P. J. Magn. Reson. 2003, 165, 33–48. 

(14)  Peterson, J. K.; MacDonald, M. R.; Ziller, J. W.; Evans, W. J. Organometallics 2013, 32, 

2625–2631. 

(15)  Bergbreiter, D. E.; Killough, J. M. J. Am. Chem. Soc. 1978, 100, 2126–2134. 

(16)  Evans, W. J.; Kozimor, S. A.; Ziller, J. W.; Fagin, A. A.; Bochkarev, M. N. Inorg. Chem. 



199 
 

2005, 44, 3993–4000. 

(17)  Haan, K. H. Den; Wielstra, Y.; Teuben, J. H. Organometallics 1987, 6, 2053–2060. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



200 
 

CHAPTER 8 

Synthesis of Rare-Earth Triphenylboranecarbonitrile Complexes, LnCl2(THF)4(NCBPh3), 

from Rare-Earth Metal Trichlorides, Potassium Cyanide, and Sodium Tetraphenylborate 

 

Introduction 

 Axial complexes of dysprosium are of great interest due to their applications as single-

molecule magnets.  Complexes of dysprosium with a strong axial ligand field typically have large 

energy barriers to magnetic relaxation making them good single-molecule magnets.  This design 

is based on simple electrostatic models1 and ab initio calculations.2  However, the synthesis of 

these complexes has posed some difficulty because a 2-coordinate dysprosium complex would not 

have a sterically saturated environment.  Initially, pentagonal bipyramidal complexes of 

dysprosium were synthesized with strong axial ligands and weak equatorial ligands to provide an 

electronic environment similar to a linear environment.  Examples of pentagonal bipyramidal 

complexes include [Dy(Cy3PO)2(H2O)5]Cl3,3 [Dy(Cy3PO)2(H2O)5]Br3 (Cy3PO = 

tricyclohexylphosphine oxide),3 [Dy{O[P(tBu)(NH(iPr)2}2(H2O)5]I3,4 and 

[Dy(OtBu)2(py)5][BPh4],5 which have magnetic relaxation energy barriers of 328, 370, 511, and 

1262 cm−1, respectively, and magnetic hysteresis at temperatures up to 11, 20, 12, and 14 K, 

respectively, Figure 8.1.  
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Figure 8.1.  Examples of pentagonal bipyramidal dysprosium complexes, with strong axial ligands 

and weak equatorial ligands, that are single-molecule magnets.3–5  

 

 A huge leap forward was taken when the nearly linear complex [Dy(C5H2
tBu3)2][B(C6F5)4], 

was discovered, Figure 8.2.6,7  This complex has a Cp–Dy–Cp angle of 152.8°, an energy barrier 

of 1277 cm−1 and magnetic hysteresis at temperatures of up to 60 K.6,7  This new world record for 

the highest temperature for magnetic hysteresis of a single-molecule magnet was soon broken by 

the complex [(C5
iPr5)Dy(C5Me5)][B(C6F5)4], which has an energy barrier of 1541 cm−1, magnetic 

hysteresis at temperatures of up to 80 K, and a Cp–Dy–Cp angle of 162.507(1)°, Figure 8.2.8  

Subsequently, a study by Long and coworkers looked at different cyclopentadienide ligands 

comparing the Cp–Dy–Cp angles, the energy barrier, and highest temperature at which magnetic 

hysteresis was observed, Figure 8.2.9  These four complexes [Dy(C5
iPr4H)2][B(C6F5)4], 

[Dy(C5
iPr4Me)2][B(C6F5)4], [Dy(C5

iPr4Et)2][B(C6F5)4], and [Dy(C5
iPr5)2][B(C6F5)4] have Cp–Dy–

Cp angles of 147.2°, 156.6°, 161.1°, and 162.1°, respectively, energy barriers of 1285, 1468, 1380, 

and 1334 cm−1, respectively, and magnetic hysteresis observed at temperatures of up to 17, 62, 59, 

and 56 K respectively, Figure 8.2.9  
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Figure 8.2.  Examples of dysprosium single-molecule magnets with two cyclopentadienide 

ligands.6–9  

 

 This Chapter describes attempts to make pentagonal bipyramidal complexes of dysprosium 

with cyanide ligands.  While pentagonal bipyramidal complexes were elusive, interesting 

triphenylboranecarbonitrile complexes were isolated.  Reacting LnCl3 with sodium 

tetraphenylborate and potassium cyanide led to the synthesis of LnCl2(THF)4(NCBPh3) (Ln = Dy, 

Y).  The reaction between LnCl3 and sodium tetraphenylborate led to the isolation of the cationic 

complex [LnCl2(THF)5][BPh4] (Ln = Dy, Y).  While exploring these water sensitive complexes, 

the water solvated trichlorides, [Ln(H2O)6Cl2]Cl (Ln = Dy, Y), were crystallographically-

characterized.  Efforts to independently synthesize the (NCBPh3)1− ligand by treating 

triphenylborane with potassium cyanide or tetraethylammonium cyanide led to the 

crystallographic-characterization of the complexes [NEt4][PhBOBPhOBPh2], 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], and [NEt4][Ph2BOBPh2CN].  

 

Results 

 The synthesis of pentagonal bipyramidal complexes was explored by treating DyCl3 with 

the potassium salt of a variety of possible ligands and sodium tetraphenylborate.  Sodium 
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tetraphenylborate was added to these reactions to abstract a halide and provide a good counteranion 

to aid in crystallographic-characterization.  A variety of possible ligands were explored including 

the potassium salts of 3,3-dimethylbutyne, bis(trimethylsilyl)amine, 2,6-di-tert-butylphenol, and 

1-adamandol.  Unfortunately, none of these reactions produced crystals suitable for X-ray 

diffraction.  

 Treating LnCl3 (Ln = Dy, Y) with sodium tetraphenylborate and potassium cyanide 

resulted in an unexpected product, LnCl2(THF)4(NCBPh3), 40-Ln Scheme 8.1, Figure 8.3 (Dy,  

 

 

Scheme 8.1.  The formation of LnCl2(THF)4(NCBPh3), 40-Ln, from the reaction between LnCl3, 

KCN, and NaBPh4 (Ln = Y, Dy). 

 

Y).  Complexes 40-Ln were identified by X-ray crystallography, and complexes 40-Dy and 40-Y 

are isomorphous.  The magnetic properties of 40-Dy were not studied since the desired pentagonal 

bipyramidal complexes were not isolated.  The [NCBPh3]1− ligand has not been previously 

observed as a ligand for the rare-earth or actinide metals, but there are currently 11 known 

structures of transition metal complexes with [NCBPh3]1− or [NCB(C6F5)3]1− ligands in the CCDC 
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Figure 8.3.  ORTEP depiction of DyCl2(THF)4(NCBPh3), 40-Dy, with thermal ellipsoids drawn 

at the 30% probability level.  Hydrogen atoms are omitted for clarity.  40-Dy and 40-Y are 

isomorphous.   

 

database.  These complexes are known with titanium,10 chromium,11 iron,12 nickel,13 copper,14 

zirconium,15 and rhodium.16  Some examples are shown below in Figure 8.4.10–16  These complexes 

are made in a variety of ways.  For example, (dippe)Ni(CH2=CHCH2CN) was combined with BPh3 

to generate the nickel complex, (dippe)Ni(η3–C3H5)(NCBPh3)13 and combining [Et4N]3[Cr(CN)6] 

with excess BPh3 and heating resulted in the formation [Et4N]3[Cr(NCBPh3)6].11  
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Figure 8.4.  Selected transition metal complexes with [NCBPh3]1− or [NCB(C6F5)3]1− ligands.10–

16 

 

 The distances between N(1) and C(1) are 1.141(3) Å and 1.144(4) Å in 40-Dy and 40-Y, 

respectively.  These distances are consistent with a N≡C triple bond.  The 178.7(3)° and 178.4(3)° 

N(1)–C(1)–B(1) bond angles in 40-Dy and 40-Y, respectively, are also consistent with a N≡C 

triple bond.  However, the C(1)–N(1)–Ln(1) angles are smaller than expected, 163.92(19)° and 

164.6(3)° in 40-Dy and 40-Y, respectively.  In comparison the titanium complex [(C5H5)2Ti(η2-

COR)B(C6H53CN] has a C–N distance of 1.14(2) Å, a N–C–B angle of 176.8(16)° and a C–N–Ti 

angle of 169.1(13)°.10  Complex [Et4N]3[Cr(NCBPh3)6] has C–N distances of 1.127(5) Å, 1.100(5) 

Å, and 1.150(5) Å, C–N–Cr angles of 174.8(3)°, 175.4(3)°, and 173.5(3)°, and N–C–B angles of 

178.9(4)°, 176.8(4)°, and 179.8(5)°.11  The zirconium complex, 

[C5H3(SiMe3)]2Zr(Me)(NCB(C6F5)3 has a C–N distance of 1.149(3) Å, a N–C–B angle of 

174.1(3)° and a C–N–Zr angle of 175.1(2)°.15  The C–N distances and N–C–B bond angles in 



206 
 

complexes 40-Ln and the transition metal complexes are similar.  Complexes 40-Ln have smaller 

C–N–M angles, ca. 164 °, than the Ti, Cr, and Zr complexes which have angles of ca. 174°.  

The lack of solubility of potassium cyanide in organic solvents limited the exploration of 

the reactions between sodium tetraphenylborate, potassium cyanide, and LnCl3.  In one instance 

treating DyCl3 with potassium cyanide and sodium tetraphenylborate led to the isolation and 

crystallographic-characterization of the cationic complex, [DyCl2(THF)5][BPh4], 41-Dy.  

Complexes 41-Ln can be intentionally and consistently isolated by treating LnCl3 with sodium 

tetraphenylborate in THF, eq 8.1, Figure 8.5 and Figure 8.6 (Ln = Dy, Y).  Complexes 41-Dy  

 

and 41-Y are not isomorphous.  While the THF solvated trichloride complexes, 

[LnCl2(THF)5][LnCl4(THF)2], are known for Ln = Yb,17 Ho,18 Y,19, 20 Gd,21 Dy,6, 7 Er,21,24,25 Tb,26 

and the solvated yttrium complex [YCl2(N-MeIm)5][YCl4(N-MeIm)2]27 (MeIM = N-

methylimidazole) is known, solvated rare-earth dichloride cationic complexes with a 

tetraphenylborate counter anion have not been previously reported.   
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Figure 8.5.  ORTEP depiction of [DyCl2(THF)5][BPh4], 41-Dy, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms and co-crystallized solvent molecules are omitted for 

clarity.  

 

Figure 8.6.  ORTEP depiction of [YCl2(THF)5][BPh4], 41-Y, with thermal ellipsoids drawn at the 

50% probability level.  Hydrogen atoms are omitted for clarity.  

 

 Unfortunately, the study of complexes 40-Ln and 41-Ln was complicated by their 

susceptibility to adventitious water.  This led to the isolation and crystallization of the water 

solvated trichloride complexes, [Ln(H2O)6Cl2]Cl, 42-Ln, (Ln = Dy, Y) Figure 8.7.  Complexes 

42-Dy and 42-Y are isomorphous.  X-ray quality crystals of complexes [Ln(H2O)6Cl2]Cl, 42-Ln 
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were observed multiple times when the solvents were not sufficiently dried.  The water solvated 

trichloride complexes 42-Ln are analogous to the known europium28 and neodymium29 complexes, 

[Ln(H2O)6Cl2]Cl. 

 

Figure 8.7.  ORTEP depiction of [Y(H2O)6Cl2]Cl, 42-Y, with thermal ellipsoids drawn at the 50% 

probability level.  42-Y and 42-Dy are isomorphous. 

 

 With the intention of synthesizing [cation][NCBPh3] compounds, the reactions between 

BPh3 and either NEt4CN or KCN were explored.12,30  NEt4CN is more soluble in organic solvents 

than KCN.  The reaction between NEt4CN and BPh3 in THF led to X-ray quality crystals of 

complex, [NEt4][PhBOBPhOBPh2], 43, Figure 8.8.  The source of oxygen in this reaction is 

unknown.  There are known crystallographically-characterized compounds with the same anion 

and different cations including [NMe4][PhBOBPhOBPh2],31 

[NMe3(CH2CH2OH)][PhBOBPhOBPh2],32 and [P(AuPtBu)4][PhBOBPhOBPh2].33   
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Figure 8.8.  ORTEP depiction of [NEt4][PhBOBPhOBPh2], 43, with thermal ellipsoids drawn at 

the 30% probability level.  Hydrogen atoms and the disorder in the NEt4 cation are omitted for 

clarity.  

 

Due to the limited solubility of potassium cyanide in organic solvents, 2.2.2-cryptand 

(crypt) was added to some of these reactions to increase its solubility.  This did solubilize more of 

the potassium cyanide then in reactions without crypt.  The reaction between potassium cyanide, 

crypt, and BPh3 in THF led to the isolation of [K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 44, 

which was identified by X-ray crystallography, Figure 8.9–8.10.  Compound 44 contains two 

K(crypt) cations, and two anions, [PhBOBPhOBPh2]1− and [BPh2(Me)(CN)]1−.  The 

[PhBOBPhOBPh2]1− anion is the same anion that was observed in compound 43.  Interestingly,  
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Figure 8.9.  ORTEP depiction of [K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 44, with thermal 

ellipsoids drawn at the 50% probability level.  Hydrogen atoms and co-crystallized THF molecules 

are omitted for clarity.  

 

Figure 8.10.  ORTEP depiction of the two anions in 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 44, with thermal ellipsoids drawn at the 50% 

probability level.  The two K(crypt) cations, hydrogen atoms, and co-crystallized THF molecules 

are omitted for clarity.  
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one of the anions in this structure, [BPh2(Me)(CN)]1−, has not been previously observed in any 

crystallographically-characterized complex, to my knowledge.  However, the source of this methyl 

group remains unknown.   

Since the solution-based reactions did not lead to the desired product, mechanochemical 

reactions were also explored.  The mechanochemical reaction between BPh3 and NEt4CN led to 

the isolation of [NEt4][Ph2BOBPh2CN], 45, which was identified by X-ray crystallography, Figure 

8.11.  The anion in compound 45, [Ph2BOBPh2CN]1−, has not been observed in any 

crystallographically-characterized complex to my knowledge.  However, similar moieties have 

been crystallographically-characterized including [Ph2BOBPh2],34,35 [(C6F5)2BOB(C6F5)2],36 

[HNEt3][(C6F5)2BOB(C6F5)3],37 and [(Mes)2BOB(Mes)2]38 (Mes = mesityl group, C6H2Me3).  The 

source of oxygen in compound 45 is unknown. 

 

Figure 8.11.  ORTEP depiction of [NEt4][Ph2BOBPh2CN], 45, with thermal ellipsoids drawn at 

the 50% probability level.  Hydrogen atoms are omitted for clarity.  
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Discussion 

 The reactions between LnCl3, potassium cyanide, and sodium tetraphenylborate led to the 

isolation and crystallization of LnCl2(THF)4(NCBPh3), 40-Ln (Ln = Dy, Y).  It was not possible 

to synthesize the pentagonal bipyramidal complexes desired for single-molecule magnet studies 

with cyanide ligands most likely because cyanide is not sterically large enough.  The [NCBPh3]1− 

ligand has not been previously observed in complexes of the rare-earth metals.  The cationic 

complexes [LnCl2(THF)5][BPh4], 41-Ln, were isolated by treating LnCl3 with sodium 

tertraphenylborate.  The Cl–Ln–Cl angles of ca. 176° in complexes 41-Ln suggest these complexes 

have the potential to provide good starting materials for synthesizing pentagonal bipyramidal 

complexes if the two chloride ligands are replaced with strong field ligands.  However, this 

chemistry was complicated by the fact that both 40-Ln and 41-Ln are extremely hygroscopic and 

will form the hydrated complexes [Ln(H2O)6Cl2]Cl, 42-Ln.  

 With the intention of synthesizing [cation][NCBPh3] compounds as starting materials for 

rare-earth metal complexes, reactions between BPh3 and both NEt4CN and KCN were explored.  

While the desired compound was not formed a variety of boron oxide containing complexes were 

isolated including [NEt4][PhBOBPhOBPh2], 43, [K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 

44, and [NEt4][Ph2BOBPh2CN], 45.  These complexes provided examples of two unique anions 

which have not been previously observed in crystallographically-characterized compounds:  

[BPh2(Me)(CN)]1− and [Ph2BOBPh2CN]1−. 

  

Conclusion 

 The crystallographically-characterized complexes, LnCl2(THF)4(NCBPh3), 40-Ln, were 

synthesized by combining LnCl3, potassium cyanide, and sodium tetraphenylborate (Ln = Dy, Y).  
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Complexes [LnCl2(THF)5][BPh4], 41-Ln, were isolated and crystallographically-characterized by 

combing LnCl3 and sodium tetraphenylborate.  A variety of boron containing complexes were also 

isolated including [NEt4][PhBOBPhOBPh2], 43, [K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 

44, and [NEt4][Ph2BOBPh2CN], 45 upon the reaction of BPh3 and either NEt4CN or KCN.   

 

Experimental Details 

All manipulations and syntheses described below were conducted with the rigorous 

exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or 

dinitrogen atmosphere.  Solvents were sparged with UHP argon and dried by passage through 

columns containing Q-5 and molecular sieves prior to use.  [Et3NH][BPh4] was synthesized by 

treatment of [Et3NH][Cl] with NaBPh4 in water, followed by filtration and drying under high 

vacuum (10−5 Torr) for 48 h.  Potassium Cyanide (Sigma-Aldrich), and NaBPh4 (Sigma-Aldrich) 

were used as received.  BPh3 (Sigma-Aldrich) was crystallized from hexane at −30 °C.  2.2.2-

cryptand (Sigma-Aldrich) and 18-crown-6 (Sigma-Aldrich) were placed under vacuum (10−3 Torr) 

before use.  Anhydrous LnCl3 (Ln = Dy, Y) was prepared according to the literature.39  

DyCl2(THF)4(NCBPh3), 40-Dy.  KCN (42 mg, 0.64 mmol) was added to a stirring slurry 

of DyCl3 (75 mg, 0.28 mmol) in THF (10 mL).  NaBPh4 (96 mg, 0.28 mmol) was then added to 

the stirring slurry.  The cloudy white solution was stirred overnight.  The volatiles were removed 

under vacuum.  The product was extracted into THF (10 mL) and centrifuged to remove white 

solids.  The clear colorless solution had its volatiles removed under vacuum.  The product was 

isolated as a colorless powder (57 mg, 0.066 mmol, 24%).  X-ray quality crystals were isolated 

from a vapor diffusion of hexane into a concentrated THF solution at room temperature after 6 

days. 
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YCl2(THF)4(NCBPh3), 40-Y.  KCN (34 mg, 0.52 mmol) was stirred in THF (10 mL) to 

form a cloudy white slurry.  After 4 hours, YCl3 (51 mg, 0.26 mmol) was tapped into the stirring 

white slurry.  After 5 mins, a solution of NaBPh4 (89 mg, 0.26 mmol) in THF (8 mL) was added 

to the stirring slurry.  The cloudy white slurry was stirred overnight.  The white slurry was 

centrifuged to remove white solids.  The centrifuge pellet was washed with THF (5 mL) and the 

colorless solution had its volatiles removed under vacuum.  The product was isolated as a colorless 

solid (107 mg, 0.136 mmol, 52%).  X-ray quality crystals were isolated from a vapor diffusion of 

hexane into a concentrated THF solution at room temperature after 10 days. 

[DyCl2(THF)5][BPh4], 41-Dy.  DyCl3 (100 mg, 0.372 mmol) was added to a stirring 

solution of NaBPh4 (127 mg, 0.372 mmol) in THF (20 mL).  The cloudy white solution was 

allowed to stir overnight.  The volatiles were removed under vacuum, the product was extracted 

into THF (7 mL) and centrifuged to remove white solids.  The colorless solution was filtered, and 

the white solids were washed with THF (5 mL).  The volatiles were removed from the colorless 

solution.  The product was isolated as a colorless solid.  X-ray quality crystals can be isolated from 

layering a concentrated THF solution with hexane at −30 °C or vapor diffusion of Et2O into a 

concentrated THF solution at room temperature after a week. 

[YCl2(THF)5][BPh4], 41-Y.  NaBPh4 (263 mg, 0.768 mmol) was added to a stirring slurry 

of YCl3 (150 mg, 0.768 mmol) in THF (15 mL).  The cloudy white solution was allowed to stir 

overnight.  The volatiles were removed under vacuum, the product was extracted into THF (20 

mL) and centrifuged to remove white solids.  The colorless solution was filtered, and the white 

solids were washed with THF (10 mL) twice.  The volatiles were removed under vacuum from the 

colorless solution.  The product was isolated as a colorless solid (458 mg, 0.545 mmol, 71%).  X-

ray quality crystals can be isolated from slow evaporation of a concentrated THF solution into a 
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toluene solution at −15 °C or from a vapor diffusion of pentane into a concentrated THF solution 

at room temperature. 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 43.  A solution was prepared by stirring 

2.2.2-cryptand (156 mg, 0.413 mmol) and KCN (30 mg, 0.46 mmol) in THF (10 mL) for 2 hours.  

After which time most of the white solids had dissolved and a solution of BPh3 (100 mg, 0.413 

mmol) in THF (5 mL) was added to the stirring colorless solution.  The colorless solution was 

allowed to stir for 3 days.  The volatiles were removed under vacuum from the clear and colorless 

solution.  The sample was extracted into THF (20 mL) and volatiles were removed under vacuum.  

The product was isolated as a colorless solid (423 mg, 0.297 mmol, 72%), and X-ray quality 

crystals were obtained from a vapor diffusion of pentane into a concnetrated THF solution at room 

temperature. 

[NEt4][PhBOBPhOBPh2], 44.  BPh3 (78 mg, 0.32 mmol) was tapped into a stirring slurry 

of Et4NCN (50 mg, 0.32 mmol) in THF (5 ml).  THF (10 mL) was added to the slurry, and the 

solution was heated lightly on a hot plate to encourage the Et4NCN to dissolve.  The sample was 

heated lightly for about an hour, after which point most of the white solids had dissolved.  The 

solution was allowed to stir at room temperature overnight.  The volatiles were removed under 

vacuum and the white solids were washed with toluene (2 mL) twice.  The thick tacky colorless 

solids were extracted into THF.  X-ray quality crystals were grown from a slow evaporation of a 

THF solution at room temperature. 

[NEt4][Ph2BOBPh2CN], 45.  BPh3 and NEt4CN were added to a tube drive along with 40 

steel balls.  The reaction mixture was ball milled together for 40 minutes.  After this time the 

colorless solids were extracted into toluene and THF.  The volatiles were removed under vacuum.  
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X-ray quality colorless crystals were grown from a slow evaporation of a concentrated THF 

solution into pure toluene at −15 °C after a few days. 

 X-ray Data Collection, Structure Solution and Refinement for 

DyCl2(THF)4(NCBPh3), 40-Dy.  A colorless crystal of approximate dimensions 0.255 x 0.332 x 

0.391 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer.  

The APEX240 program package was used to determine 

the unit-cell parameters and for data collection (15 

sec/frame scan time for a sphere of diffraction data).  

The raw frame data was processed using SAINT41 and 

SADABS42 to yield the reflection data file.  Subsequent 

calculations were carried out using the SHELXTL43 

program.  There were no systematic absences nor any diffraction symmetry other than the Friedel 

condition.  The centrosymmetric triclinic space group P1  was assigned and later determined to be 

correct.  The structure was solved by dual space methods and refined on F2 by full-matrix least-

squares techniques.  The analytical scattering factors44 for neutral atoms were used throughout the 

analysis.  Hydrogen atoms were included using a riding model.  Atom C(5) was disordered and 

included using multiple components with partial site-occupancy-factors.  Least-squares analysis 

yielded wR2 = 0.0609 and Goof = 1.042 for 406 variables refined against 8460 data (0.74Å), R1 

= 0.0239 for those 7562 data with I > 2.0σ(I).  Definitions:  wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] 

]1/2;  R1 = Σ||Fo|-|Fc|| / Σ|Fo|;  Goof = S = [Σ[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of 

reflections and p is the total number of parameters refined.  The thermal ellipsoid plot is shown at 

the 30% probability level. 
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X-ray Data Collection, Structure Solution and Refinement for YCl2(THF)4(NCBPh3), 

40-Y.  A colorless crystal of approximate dimensions 0.255 x 0.332 x 0.391 mm was mounted on 

a glass fiber and transferred to a Bruker SMART APEX II diffractometer.  The APEX240 program 

package and the CELL_NOW45 were used to determine the unit-cell parameters.  Data was 

collected using a 30 sec/frame scan time for a sphere of diffraction data.  The raw frame data was 

processed using SAINT41 and TWINABS46 to yield the reflection data file (HKLF5 format)46.  

Subsequent calculations were carried out using the SHELXTL43 program.  There were no 

systematic absences nor any diffraction symmetry 

other than the Friedel condition.  The 

centrosymmetric triclinic space group P1  was 

assigned and later determined to be correct.  The 

structure was solved by dual space methods and 

refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors44 for 

neutral atoms were used throughout the analysis.  Hydrogen atoms were included using a riding 

model.  Disordered atoms were included using multiple components with partial site-occupancy-

factors.  Least-squares analysis yielded wR2 = 0.1023 and Goof = 1.037 for 425 variables refined 

against 7988 data (0.77 Å), R1 = 0.0470 for those 6188 with I > 2.0σ(I).  The structure was refined 

as a two-component twin, BASF5 = 0.4868.  Definitions:  wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] ]1/2;  

R1 = Σ||Fo|-|Fc|| / Σ|Fo|;  Goof = S = [Σ[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of reflections 

and p is the total number of parameters refined.  The thermal ellipsoid plot is shown at the 30% 

probability level. 
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X-ray Data Collection, Structure Solution and Refinement for [DyCl2(THF)5][BPh4], 

41-Dy.  A colorless crystal of approximate dimensions 0.265 x 0.353 x 0.387 mm was mounted 

on a glass fiber and transferred to a Bruker SMART APEX II diffractometer.  The APEX240 

program package was used to determine the unit-cell parameters and for data collection (20 

sec/frame scan time for a sphere of diffraction data).  The raw frame data was processed using 

SAINT41 and SADABS42 to yield the 

reflection data file.  Subsequent 

calculations were carried out using the 

SHELXTL43 program.  The diffraction 

symmetry was 4/m and the systematic absences were consistent with the tetragonal space group 

I41/a that was later determined to be correct.  The structure was solved by dual space methods and 

refined on F2 by full-matrix least-squares techniques.  The analytical scattering factors44 for neutral 

atoms were used throughout the analysis.  Hydrogen atoms were included using a riding model.  

A molecule of diethylether and a molecule of tetrahydrofuran were present.  The poor quality data 

set allowed for structure confirmation only. 

X-ray Data Collection, Structure Solution and Refinement for [YCl2(THF)5][BPh4], 

41-Y.  A colorless crystal of approximate dimensions 0.217 x 0.336 x 0.381 mm was mounted in 

a cryoloop and transferred to a Bruker SMART 

APEX II diffractometer.  The APEX240 program 

package was used to determine the unit-cell 

parameters and for data collection (20 sec/frame 

scan time for a sphere of diffraction data).  The raw 

frame data was processed using SAINT41 and 
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SADABS42 to yield the reflection data file.  Subsequent cal culations were carried out using the 

SHELXTL43 program.  The diffraction symmetry was mmm and the systematic absences were 

consistent with the orthorhombic space groups Pbcm and Pca21.  It was later determined that space 

group Pca21 was correct.  The structure was solved by dual space methods and refined on F2 by 

full-matrix least-squares techniques.  The analytical scattering factors44 for neutral atoms were 

used throughout the analysis.  Hydrogen atoms were included using a riding model.  Least-squares 

analysis yielded wR2 = 0.0546 and Goof = 1.022 for 478 variables refined against 10771 data 

(0.73 Å), R1 = 0.0242 for those 10052 data with I > 2.0σ(I).  The absolute structure was assigned 

by refinement of the Flack parameter.47  

X-ray Data Collection, Structure Solution and Refinement for [Y(H2O)6Cl2]Cl, 42-Y.  

A colorless crystal of approximate dimensions 0.091 x 0.150 x 0.332 mm was mounted in a 

cryoloop and transferred to a Bruker SMART APEX II diffractometer.  The APEX240 program 

package was used to determine the unit-cell 

parameters and for data collection (30 sec/frame scan 

time for a sphere of diffraction data).  The raw frame 

data was processed using SAINT41 and SADABS42 to 

yield the reflection data file.  Subsequent calculations 

were carried out using the SHELXTL43 program.  The 

diffraction symmetry was 2/m and the systematic absences were consistent with the monoclinic 

space group P2/n tha t was later determined to be correct.  The structure was solved by dual space 

methods and refined on F2 by full-matrix least-squares techniques.  The analytical scattering 

factors44 for neutral atoms were used throughout the analysis.  Hydrogen atoms were located from 

a difference-Fourier map and refined (x,y,z and Uiso).  The molecule and free chloride ion were 



220 
 

each located on two-fold rotation axes.  Least-squares analysis yielded wR2 = 0.0286 and Goof = 

1.080 for 71 variables refined against 1221 data (0.74 Å), R1 = 0.0126 for those 1203 data with I 

> 2.0σ(I).  Definitions:  wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] ]1/2;  R1 = Σ||Fo|-|Fc|| / Σ|Fo|;  Goof = S 

= [Σ[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of reflections and p is the total number of 

parameters refined.  The thermal ellipsoid plot is shown at the 50% probability level. 

X-ray Data Collection, Structure Solution and Refinement for [Dy(H2O)6Cl2]Cl, 42-

Dy.  A colorless crystal of approximate dimensions 0.152 x 0.158 x 0.249 mm was mounted on a 

glass fiber and transferred to a Bruker SMART APEX II diffractometer.  The APEX240 program 

package was used to determine the unit-cell parameters and for data collection (5 sec/frame scan 

time for a sphere of diffraction data).  The raw frame data was processed using SAINT41 and 

SADABS42 to yield the reflection data file.  Subsequent 

calculations were carried out using the SHELXTL43 program.  

The diffraction symmetry was 2/m and the systematic 

absences were consistent with the monoclinic space group 

P21/n that was later determined to be correct.  The structure 

was solved by dual space methods and refined on F2 by full-

matrix least-squares techniques.  The analytical scattering factors44 for neutral atoms were used 

throughout the analysis.  Hydrogen atoms were located from a difference-Fourier map and refined 

(x,y,z and Uiso).  At convergence, wR2 = 0.0191 and Goof = 1.303 for 71 variables refined 

against1302 data (0.7 Å), R1 = 0.0075 for those 1299 data with I > 2.0σ(I).   

X-ray Data Collection, Structure Solution and Refinement for 

[NEt4][PhBOBPhOBPh2], 43.  A colorless crystal of approximate dimensions 0.228 x 0.331 x 

0.367 mm was mounted on a glass fiber and transferred to a Bruker SMART APEX II 
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diffractometer.  The APEX240 program package was used to determine the unit-cell parameters 

and for data collection (20 sec/frame scan time for a sphere of diffraction data).  The raw frame 

data was processed using SAINT41 and SADABS42 to yield 

the reflection data file.  Subsequent calculations were 

carried out using the SHELXTL43 program.  The diffraction 

symmetry was 2/m and the systematic absences were 

consistent with the monoclinic space group P21/n that was 

later determined to be correct.  The structure was solved by 

dual space methods and refined on F2 by full-matrix least-squares techniques.  The analytical scatte 

ring factors44 for neutral atoms were used throughout the analysis.  Hydrogen atoms were included 

using a riding model.  The tetraethylammonium ion was fully disordered.  The disordered atoms 

were included using multiple components with partial site-occupancy-factors.  Least-squares 

analysis yielded wR2 = 0.1785 and Goof = 1.017 for 442 variables refined against 5959 data (0.80 

Å), R1 = 0.0639 for those 5030 data with I > 2.0σ(I).  wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] ]1/2;  R1 

= Σ||Fo|-|Fc|| / Σ|Fo|;  Goof = S = [Σ[w(Fo
2-Fc

2)2] / (n-p)]1/2  where n is the number of reflections and 

p is the total number of parameters refined.  The thermal ellipsoid plot is shown at the 30% 

probability level. 

X-ray Data Collection, Structure Solution and Refinement for 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 44.  A colorless crystal of approximate 

dimensions 0.280 x 0.325 x 0.454 mm was mounted in a cryoloop and transferred to a Bruker 

SMART APEX II diffractometer.  The APEX240 program package was used to determine the unit-

cell parameters and for data collection (60 sec/frame scan time for a sphere of diffraction data).  

The raw frame data was processed using SAINT41 and SADABS42 to yield the reflection data file.  
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Subsequent calculations were carried out using the SHELXTL43 program.  The diffraction 

symmetry was mmm and the systematic absences were consistent with the orthorhombic space 

groups Pbcm and Pca21.  It was later determined 

that space group Pca21 was correct.  The 

structure was solved by dual space methods and 

refined on F2 by full-matrix least-squares 

techniques.  The analytical scattering factors44 

for neutral atoms were used throughout the 

analysis.  Hydrogen atoms were included using a riding model.  There were two molecules of 

tetrahydrofuran solvent present.  One solvent molecule was disordered and included using multiple 

components with partial site-occupancy-factors.  Least-squares analysis yielded wR2 = 0.2089 and 

Goof = 1.064 for 988 variables refined against 15958 data (0.82 Å), R1 = 0.0742 for those 14236 

data with I > 2.0σ(I).  The structure was refined as a two component inversion twin.  Definitions:  

wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] ]1/2;  R1 = Σ||Fo|-|Fc|| / Σ|Fo|;  Goof = S = [Σ[w(Fo

2-Fc
2)2] / (n-

p)]1/2  where n is the number of reflections and p is the total number of parameters refined. 

X-ray Data Collection, Structure Solution and Refinement for 

[NEt4][Ph2BOBPh2CN], 45.  A colorless crystal of approximate dimensions 0.216 x 0.265 x 0.280 

mm was mounted in a cryoloop and transferred to 

a Bruker SMART APEX II diffractometer.  The 

APEX240 program package was used to determine 

the unit-cell parameters and for data collection (30 

sec/frame scan time for a sphere of diffraction 

data).  The raw frame data was processed using SAINT41 and SADABS42 to yield the reflection 
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data file.  Subsequent calculations were carried out using the SHELXTL43 program.  The 

diffraction symmetry was 2/m and the systematic absences were consistent with the monoclinic 

space group P21/n that was later determined to be correct.  The structure was solved by dual space 

methods and refined on F2 by full-matrix least-squares techniques.  The analytical scattering 

factors44 for neutral atoms were used throughout the analysis.  Hydrogen atoms were included 

using a riding model.  Least-squares analysis yielded wR2 = 0.1188 and Goof = 1.038 for 347 

variables refined against 7242 data (0.73 Å), R1 = 0.0476 for those 5500 data with I > 2.0σ(I).  

Definitions:  wR2 = [Σ[w(Fo
2-Fc

2)2] / Σ[w(Fo
2)2] ]1/2; R1 = Σ||Fo|-|Fc|| / Σ|Fo|; Goof = S = [Σ[w(Fo

2-

Fc
2)2] / (n-p)]1/2  where n is the number of reflections and p is the total;  number of parameters 

refined.  The thermal ellipsoid plot is shown at the 50% probability level. 
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Table 8.1.  X-ray data and collection parameters for LnCl2(THF)4(NCBPh3), 40-Dy and 40-Y.  

Compound 40-Dy 40-Y 

Empirical Formula  C35H47BCl2DyNO4 C35H47BCl2YNO4 

Temperature (K) 158(2) 158(2) 

Crystal System Triclinic Triclinic 

Space Group P1  P1  

a (Å) 12.0043(17) 12.0404(9) 

b (Å) 12.5261(17) 12.5428(9) 

c (Å) 13.4913(19) 13.4654(10) 

α (deg) 114.7161(13) 114.6967(8) 

β (deg) 101.2230(16) 101.3142(9) 

γ (deg) 94.2256(16) 94.3882(9) 

Volume (Å3) 1780.0(4) 1782.7(2) 

Z 2 2 

ρcalc (Mg/m3) 1.474 1.334 

μ (mm−1) 2.286 1.822 

R1 (I> 2.0s(I))a 0.0239 0.0470 

wR2 (all data)a 0.0609 0.1023 

 

 

Table 8.2. Selected bond lengths [Å] and angles [°] for LnCl2(THF)4(NCBPh3), 40-Dy and 40-Y.  

 40-Dy 40-Y 

Ln(1)-N(1) 2.431(2) 2.420(3) 

Ln(1)-Cl(1) 2.5888(6) 2.5803(9) 

Ln(1)-Cl(2) 2.5835(6) 2.5730(8) 

N(1)-C(1) 1.141(3) 1.144(4) 

B(1)-C(1) 1.621(3) 1.629(4) 

C(1)-N(1)-Ln(1) 163.92(19) 164.6(3) 

N(1)-C(1)-B(1) 178.7(3) 178.4(3) 
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Table 8.3.  X-ray data and collection parameters for [LnCl2(THF)5][BPh4], 41-Dy and 41-Y.  

Compound 41-Dy 41-Y 

Empirical Formula  C52H78BCl2DyO7 C44H60BCl2O5Y 

Temperature (K) 88(2) 88(2) 

Crystal System Tetragonal Orthorhombic 

Space Group I41/a Pca21 

a (Å) 40.937(6) 16.558(2) 

b (Å) 40.937(6) 11.2024(14) 

c (Å) 12.4171(17) 22.905(3) 

α (deg) 90 90 

β (deg) 90 90 

γ (deg) 90 90 

Volume (Å3) 20809(6) 4248.7(9) 

Z 16 4 

ρcalc (Mg/m3) 1.353 1.312 

μ (mm−1) 1.587 1.541 

R1 (I> 2.0s(I))a - 0.0242 

wR2 (all data)a - 0.0546 

 

 

Table 8.4. Selected bond lengths [Å] and angles [°] for [LnCl2(THF)5][BPh4], 41-Dy and 41-Y.  

 41-Dy 41-Y 

Ln(1)-Cl(2) 2.576(4) 2.5571(6) 

Ln(1)-Cl(1) 2.574(4) 2.5693(6) 

Cl(2)-Ln(1)-Cl(1) 177.29(14) 176.19(2) 
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Table 8.5.  X-ray data and collection parameters for [Ln(H2O)6Cl2]Cl, 42-Dy and 42-Y.  

Compound 42-Dy 42-Y 

Empirical Formula  Cl3H12O6Dy Cl3H12O6Y 

Temperature (K) 120(2) 88(2) 

Crystal System Monoclinic Monoclinic 

Space Group P2/n P2/n 

a (Å) 7.8495(8) 7.8333(7) 

b (Å) 6.4791(6) 6.4718(6) 

c (Å) 9.5732(9) 9.5635(8) 

α (deg) 90 90 

β (deg) 93.7210(10) 93.7610(10) 

γ (deg) 90 90 

Volume (Å3) 485.84(8) 483.78(7) 

Z 2 2 

ρcalc (Mg/m3) 2.577 2.082 

μ (mm−1) 8.495 6.836 

R1 (I> 2.0s(I))a 0.0075 0.0126 

wR2 (all data)a 0.0191 0.0286 

 

 

Table 8.6. Selected bond lengths [Å] and angles [°] for [Ln(H2O)6Cl2]Cl, 42-Dy and 42-Y.  

 42-Dy 42-Y 

Ln(1)-Cl(1)#1 2.7525(3) 2.7499(3) 

Ln(1)-Cl(1) 2.7525(3) 2.7499(3) 

Cl(1)#1-Ln(1)-Cl(1) 83.676(14) 83.398(14) 

O(2)-Ln(1)-Cl(1) 77.15(2) 107.93(2) 

O(1)-Ln(1)-Cl(1) 143.33(2) 146.39(2) 

O(3)-Ln(1)-Cl(1) 146.53(2) 77.01(2) 
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Table 8.7.  X-ray data and collection parameters for [NEt4][PhBOBPhOBPh2], 43, 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 44, and [NEt4][Ph2BOBPh2CN], 45.  

Compound 43 44 45 

Empirical Formula  C32H40B3NO3 C82H121B4K2N5O17 C33H40B2N2O 

Temperature (K) 133(2) 88(2) 88(2) 

Crystal System Monoclinic Orthorhombic Monoclinic 

Space Group P21/n Pca21 P21/n 

a (Å) 9.7245(7) 27.193(2) 11.0269(8) 

b (Å) 18.3021(13) 14.5520(11) 13.9387(11) 

c (Å) 16.7716(12) 21.2218(16) 18.8488(14) 

α (deg) 30 90 90 

β (deg) 101.5456(9) 90 100.6357(10) 

γ (deg) 90 90 90 

Volume (Å3) 2924.6(4) 8397.7(11) 2847.3(4) 

Z 4 4 4 

ρcalc (Mg/m3) 1.179 1.242 1.172 

μ (mm−1) 0.072 0.181 0.069 

R1 (I> 2.0s(I))a 0.0639 0.0742 0.0476 

wR2 (all data)a 0.1785 0.2089 0.1188 

 

Table 8.8. Selected bond lengths [Å] and angles [°] for [NEt4][PhBOBPhOBPh2], 43.  

 [NEt4][PhBOBPhOBPh2], 43 

B(1)-O(1) 1.504(2) 

B(2)-O(1) 1.333(2) 

B(3)-O(2) 1.399(2) 

B(2)-O(1)-B(1) 122.45(15) 

O(3)-B(1)-O(1) 110.41(14) 

O(1)-B(2)-O(2) 122.37(16) 

O(3)-B(3)-O(2) 122.23(17) 
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Table 8.9. Selected bond lengths [Å] and angles [°] for 

[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 44. 

 
[K(crypt)]2[PhBOBPhOBPh2][BPh2(Me)(CN)], 

44 

N(1)-C(25) 1.163(10) 

B(4)-C(25) 2.614(10) 

N(1)-C(25)-B(4) 171.6(9) 

 

Table 8.10. Selected bond lengths [Å] and angles [°] for [NEt4][Ph2BOBPh2CN], 45. 

 [NEt4][Ph2BOBPh2CN], 45 

N(1)-C(1) 1.1518(18) 

B(1)-C(1) 1.636(2) 

O(1)-B(2) 1.3350(17) 

O(1)-B(1) 1.4831(16) 

B(1)-C(8) 1.6293(19) 

B(1)-C(2) 1.6343(19) 

B(2)-O(1)-B(1) 138.29(11) 

N(1)-C(1)-B(1) 177.10(13) 
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CONCLUSION 

 

This dissertation describes attempts to synthesize complexes of the rare-earth metals with 

metal-metal bonds by reducing bimetallic complexes.  The reduction of [Cp′2Y(μ–H)(THF)]2 

formed dark-colored solutions consistent with Y(II) ions and EPR spectra consistent with 

reduction.  The EPR spectrum observed upon reduction of [Cp′2Y(μ–H)(THF)]2 contained a 

complicated splitting pattern not consistent with a monometallic yttrium complex.  However, the 

only crystallographically-characterizable products from these reductions, were the trimetallic 

tetrahydride complexes, [K(chelate)]{[Cp′2Ln(μ–H)]3(μ–H)} (chelate = crypt or crown; Ln = Y, 

Tb, Dy).  Reduction of [Cp′2Y(μ–Cl)]2 formed a dark-colored solution with an axial EPR spectrum 

at 77 K with splitting characteristic of a monometallic complex of an Y(II) ion.  The reduction of 

[Cp′2Y(μ–CH3)]2 formed a solution with EPR spectra indicating that an Y(II) ion was present.  

However, the splitting pattern is characteristic of a monometallic complex of an Y(II) ion.  

Interestingly reduction of complex {(C5Me5)2Y[μ–O(C6H4)μ–NC]}2 resulted in EPR spectra 

consistent with reduction of the bridging ligand rather than the metal ion.  Reduction of 

[(C5Me4H)2Y(μ–H)]2 and the tuckover complex (C5Me5)2Y(μ–H)[μ–η1:η5–CH2C5Me4]Y(C5Me5) 

provide EPR spectra at 77 K consistent with reduction.  However, both decompose to organic 

radicals upon warming to room temperature.  Reduction of [(C5Me4H)2Y(μ–H)]2 has an axial EPR 

spectrum at 77 K, consistent with a monometallic complex of an Y(II) ion.  Reduction of 

(C5Me5)2Y(μ–H)[μ–η1:η5–CH2C5Me4]Y(C5Me5) provides a complicated rhombic EPR spectrum 

at 77 K which indicates reduction, but it does not have the expected pattern for a monometallic 

Y(II) complex.  However definitive structural ananlysis of these complexes and evidence for a 

direct metal-metal interaction between two rare-earth ions was elusive.  While EPR and UV-visible 
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evidence were consistent with reduction to Ln(II) ions, a definitive conclusion on the nature of 

bonding in these complexes was not obtained. 

This dissertation investigated the reduction of a wide scope of bimetallic complexes.  

However, definitive structural characterization was only obtained for one reduction product, 

complex 20-Y, which was identified and crystallographically-characterized as 

[K(crypt)][CpAnY(μ–H)]2, [CpAn = Me2Si(C5H3SiMe3)2].  The crystal structure for 20-Y contains 

the shortest Y…Y distance observed in a bimetallic bridging hydride.  It is shorter than the 

previously shortest distance by over 0.1 Å.  The distance is also shorter than expected based on 

extrapolation from an analogous Sm(III) complex.  Unfortunately, bond distance can be deceiving 

in attempting to classify metal-metal bonds.  The spectroscopic data collected for this complex did 

not definitively confirm a direct metal-metal bonding interaction within this complex or allow for 

characterization of this complex as mixed-valent.  Analysis of the EPR spectra for complex 20-Y 

is complicated by the lack of coupling present:  there is no observable coupling to a second yttrium 

nucleus or to the hydrogen atoms.  The EPR spectra are similar to spectra observed for a 

monometallic complex of an Y(II) ion.  This lack of coupling observed may suggest that there is 

no direct interaction between the two yttrium ions or that a monometallic complex is formed under 

these conditions.  However, the crystal structure shows two yttrium ions and the EPR spectra are 

consistent with reduction of an yttrium ion.  The EPR spectra contradict what is observed in the 

theoretical calculations conducted on complex 20-Y.  The theoretical calculations on 20-Y suggest 

the electron is in an orbital with contribution from both yttrium ions and the bridging hydride 

ligands.  These calculations suggest that the bonding is best described as a 3-center-2-electron 

scheme with an unpaired electron delocalized within the system.  These results contradict one 

another, making the overall characterization of this molecule ambiguous.  More evidence and 
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experimental studies are needed to definitively classify complex 20-Y. 

 This research investigated the reductive chemistry of a variety of complexes.  It is notable 

that some of these complexes, 20-Y included, have EPR spectra consistent with a monometallic 

yttrium complex, or with no electronic communication between the two yttrium ions.  However 

some complexes exhibit complicated EPR spectra upon reduction including the reduction of 

[Cp′2Y(μ–H)(THF)]2 and (C5Me5)2Y(μ–H)[μ–η1:η5–CH2C5Me4]Y(C5Me5).  These complicated 

EPR spectra may indicate coupling to atoms besides a single Y(II) nucleus.  These results are 

complicated by the lack of crystallographic characterization which means the definitive structure 

of these complexes cannot be determined.  Therefore, the direct cause of these EPR patterns are 

unknown.  The only crystallographically-characterized bimetallic complex with an yttrium ion in 

the +2 oxidation state is 20-Y, but its EPR spectra only show coupling to an individual yttrium 

ion.  This may indicate that there is no electronic communication between the two yttrium ions, or 

it may indicate that in the conditions the EPR spectra were taken it forms a monometallic complex.  

Further study is needed to definitively characterize the bonding in this complex. 




