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ABSTRACT OF THE THESIS 
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Rare-Earth Metal Complexes 

 

By 
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Master of Science in Chemistry 

 

 University of California, Irvine, 2018 

 

Professor William J. Evans, Chair 

 

 

 

 Rare-earth metal complexes are of interest in the use of new technologies such as single-

molecule magnets (SMMs). New SMMs containing rare-earth metals can expand the limits of 

modern technology, but must first be made and studied before implementation. The synthesis of 

the new complexes (C5Me5)2Ln(μ-S)2M(μ-S)2Ln(C5Me5)2 (Ln = Y, Gd, Tb, Dy; M = Mo, W), 

Ln2M, and the subsequent reduction of the molybdenum compounds with Co(C5Me5)2 to form 

radical-bridged species [(C5Me5)2Ln(μ-S)2Mo(μ-S)2Ln(C5Me5)2][Co(C5Me5)2], (Ln2Mo)1− is 

described. An undetected ammonia impurity in the starting material led to the synthesis of 

asymmetric complexes [(C5Me5)2Ln(NH3)](μ-S)2M(μ-S)2Ln(C5Me5)2, Ln2MNH3, and the 

reduction of these complexes with KC8 in the presence of 18-crown-6 yielded [K(18-crown-

6)](μ-S)2M(μ-S)2Ln(C5Me5)2, KMLn. Further exploration of the ammonia impurity led to the 

synthesis of the new yttrium metallocenes, (C5Me5)2Y(NH2)(THF), YNH2, and 

[(C5Me5)2Y(NH3)(THF)][BPh4], YNH3. Ammonia reactions with other lanthanide metallocenes 

(C5Me5)2Ln(THF)x (Ln = Sm, Yb; x = 0–2) and Cp′′3Ce (Cp′′ = C5H3(SiMe3)2) were pursued to 

create ammonia-containing complexes which could not be definitively characterized due to 
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instability. In situ addition of the 2,4,6,-tri-tBu-phenoxyl radical yielded evidence for oxidation 

and hydrogen abstraction, but the complexes have not yet been crystallographically 

characterized. Finally, 89Y NMR spectroscopy was employed to obtain another method of 

characterization for yttrium compounds and the advantages of 1H89Y HMBC experiments over 

traditional 89Y NMR experiments are highlighted. 
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INTRODUCTION 

The Importance of Molecular Lanthanide Complexes for Single-Molecule Magnets 

In an age where new technologies drive the advancement of human society, science has 

an important role to play. Without fundamental research on how the world works, technological 

progress will be stalled. Current examples of cutting edge research include quantum 

computing,1,2 molecular spintronics3 and information storage.4 While these are not new scientific 

endeavors, there are still many challenges with fundamental research and implementation into 

daily life. Implications of these technologies would be far reaching; quantum computing 

capabilities alone would revolutionize information processing and storage, affecting nearly 

everyone with access to technology.  

One of the largest barriers that currently prevents these ideas from becoming reality lies 

with basic principles. Single-molecule magnets (SMMs) are one way to achieve all the afore-

mentioned ideas. However, the study and creation of SMMs is still a nascent scientific effort. 

While many examples of SMMs exist, challenges in the field still need to be overcome. For 

example, scientists struggle to create robust SMMs that operate at temperatures above 4 K. 

Although progress has recently been made on that front, this still leaves the issue of large scale 

development. In reality, this is a new field of study and hypotheses on how to build the best 

SMMs continue to be tested. Before that can happen, SMMs need to be made. This document is 

an attempt to explain one approach in designing new SMMs from a synthetic chemists’ point of 

view. While there will be a broad strokes discussion of the theory of single-molecule magnets in 

the Introduction, more focus is placed on the creation of such molecules.  

A SMM is a molecular compound that has a bistable electronic ground state. These 

complexes are characterized by high spin value (S) of that ground state and large degree of 
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anisotropy (D) within the molecule. This leads to a barrier to magnetization reversal U, given by 

the equation U = S2|D|.5 If U is large enough, a SMM exposed to a magnetic field will retain the 

magnetic orientation gained even in the absence of the field. This very rudimentary approach to 

single-molecule magnetism may lead one to believe that synthesizing a molecule with many 

metal centers will result in a SMM with high U. Indeed, many early approaches in this field did 

just that. Transition metal cluster compounds were able to achieve high spin values through 

ferromagnetic coupling, such as [Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (S = 10),5 yet 

when they were tested as SMMs, they had poor U values and would not retain magnetization 

above liquid helium temperatures (4 K).6,7 One possible reason for this is that while transition 

metal ions can achieve high spin values, they do not have much inherent anisotropy. 

Comparatively, the lanthanides are of great interest because most have greater molecular 

anisotropy than transition metals and can achieve high spin ground states via the f orbitals, 

removing the need to couple multiple metal centers.8  

There have been many hypotheses about how to make the best SMM,7,9,10 yet even 

molecules predicted to be ideal SMMs fall short of their theoretical potential.11–14 Many SMMs 

that have the best experimental properties, such as [K(18-crown-6)(THF)2]{[(R2N)2(THF)Tb]2(μ-

η2:η2-N2)}
15 (R = SiMe3) and [Dy(bbpen)X]16 (X = Cl, Br,; H2bbpen = N,N'-bis(2- 

hydroxybenzyl)-N,N'-bis(2-methylpyridyl)ethylenediamine), do not strictly adhere to proposed 

hypotheses. This is primarily because of the different pathways of magnetic relaxation. Recall 

that the spin of these molecules comes from the electronic spin. While electrons can directly 

relax from an excited state to a ground state, they also possess the ability to tunnel into different 

states, a phenomenon known as quantum tunneling of magnetization (QTM). Electrons can also 

relax via Orbach17 and Raman mechanisms,10 which are changes to the electronic state 
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perpetrated by spin-lattice phonons.18 These events complicate the relatively simple picture of U 

previously laid out. Some molecules may have large U, but with different pathways for electrons 

to relax, the operating temperature, a metric known as the blocking temperature, may still be 

low.  

For twenty years since the magnetic measurement of a SMM, blocking temperatures of 

molecules hovered between 4-7 K. Then, a new molecule was synthesized by the Evans lab that 

exhibited a blocking temperature of 14 K.19 Part of the success of this compound was the use of 

the lanthanides, specifically terbium, as opposed to transition metals. At the time, this was a 

groundbreaking result. Since then, other lanthanide complexes have been synthesized that have 

broken that record, such as [Dy(Cy3PO)2(H2O)5]Br2·2(Cy3PO)·H2O·EtOH (CyPO = 

tricyclohexylphosphine oxide; 20 K),20 and most notably, [Dy(Cpttt)2][B(C6F5)4] (Cpttt = 

C5H2
tBu3-1,2,4; 60 K).21 The synthetic strategy for these molecules has been derived from a 

review by Long and Rinehart, stressing the importance of creating a ligand environment around 

the lanthanide center that does not interfere with the inherent anisotropy of the lanthanide metal.9 

For the cases described above that used dysprosium, this means that the ligand environment 

should ideally be linear. The first example achieved this by using axial strong field ligands and 

weak field equatorial ligands (it should be noted that this is an intriguing complex because it is 

air-stable; most lanthanide complexes that have been studied magnetically are air- and water-

sensitive), yet the latter used a metallocene approach with no equatorial ligands. While not quite 

achieving linearity as seen in many transition metal metallocenes, the 152.6° Cpttt–Dy–Cpttt 

angle seems to be close enough to linear to support the hypothesis laid out by Long and Rinehart 

that flat, axial ligands will enhance SMM properties of dysprosium complexes.22 However, until 

a full series of lanthanide complexes of completely linear metallocenes free of equatorial ligands 
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can be synthesized to confirm or deny their conjectures, chemists should still explore other 

routes to creating SMMs. 

The research described in this thesis was born from this notion. Focus is on the synthesis 

of molecules that can be SMMs (Chapters 1, 2). Unexpected results during this research laid out 

the groundwork for the rest of the results presented (Chapters 3, 4, 5). Even though the latter 

Chapters do not have obvious implications in single-molecule magnetism, their contribution to 

the field of synthetic rare-earth metal chemistry should not be ignored. Ultimately, this is a thesis 

of a synthetic chemist, not a magnetic chemist, and what is presented here is representative of 

that. However, that should not stop brilliant minds from taking the lessons learned here and 

applying them to their own endeavors.  
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CHAPTER 1 

 

 Transition Metal-Bridged Complexes of Rare-Earth Metallocenes  

for Use as Single-Molecule Magnets 

 

Introduction 

The field of single-molecule magnetism has received much attention since the magnetic 

studies of the first single-molecule magnet (SMM) in 1991.23 These compounds are of interest 

because of their applications in fields such as quantum computing1 and information storage.4 For 

20 years, these compounds only exhibited magnetic hysteresis up to 4 K, but recently the SMM 

(DyCpttt
2)[B(C6F5)4] (Cpttt = C5H2

tBu3-1,2,4) has been synthesized and exhibits a blocking 

temperature of 60 K, that is, it retains magnetization at that temperature.21 This new molecule, 

along with other high blocking temperature SMMs, serve as inspiration for the synthesis of new 

molecules for practical applications. 

Previously in the Evans laboratory, the complex [(C5Me5)2Sm)2Mo(μ-S)4][PPh4] was 

synthesized containing two samarium centers bridged by a tetrathiomolybdate unit, eq 1.1.24 It 

was of interest to synthesize an analogue containing magnetically desirable lanthanides, such as 

terbium or dysprosium, since the resulting complex could be a SMM if magnetic exchange is 

facilitated through the radical (MoS4)
3− bridge, as seen in other [(C5Me5)2Ln]2(bridging ligand) 

bimetallic complexes with 2,3,5,6-tetra(2-pyridyl)-pyrazine (tppz),25 2,2′-bipyrimidine (bpym),26 

and  CpFe(CO)2 (Fp) bridging ligands.27  
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Results and Discussion 

Syntheses were initially conducted using diamagnetic yttrium to aid in characterization. 

The purple trimetallic complexes (C5Me5)2Ln(μ-S)2Mo(μ-S)2Ln(C5Me5)2 (Ln = Y, Gd, Tb, Dy), 

Ln2Mo, were synthesized per eq 1.2 by the addition of (PPh4)2MoS4 to a solution of 

(C5Me5)2Ln(μ-Ph)2BPh2.  

 

Figure 1.1. ORTEP diagram of Y2Mo with ellipsoids shown at 50% probability. Hydrogen 

atoms, disordered C5Me5 and co-crystallized toluene have been omitted for clarity.  

 

Red (C5Me5)2Y(μ-S)2W(μ-S)2Y(C5Me5)2, Y2W, was synthesized in a similar fashion using 

(PPh4)2WS4 and (C5Me5)2Y(μ-Ph)2BPh2. Crystallographic characterization revealed the 

representative structure shown in Figure 1.1. There are two (C5Me5)
1− ligands on each rare-earth 

metal with a bridging (MS4)
2− connecting them. The central metal is in the +6 oxidation state, is 

ligated by four sulfur ions, and has pseudo-tetrahedral coordination geometry. 
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The addition of decamethylcobaltocene, 

Co(C5Me5)2 (−1.94 V vs. Fc),28 to Y2W produces 

no change, but when added to Ln2Mo, a red 

solution is observed. Crystals grown from THF at 

−35 °C were characterized by X-ray 

crystallography and determined to be 

[(C5Me5)2Ln(μ-S)2Mo(μ-

S)2Ln(C5Me5)2][Co(C5Me5)2], (Ln2Mo)1−. The 

anion (MoS4)
3− has similar coordination as Ln2Mo, but there is a slight compression along the 

Ln–Ln axis. The [Co(C5Me5)2]
1+ counter cation is consistent with the single electron reduction of 

Ln2Mo. The crystal structures of (Ln2Mo)1− are all similar. However, the [Co(C5Me5)2]
1+ 

placement is slightly different in (Gd2Mo)1− (Figure 1.3). In (Gd2Mo)1−, [Co(C5Me5)2]
1+ lies 

above one [(C5Me5)2Ln]1+ unit, but in the other crystal structures, [Co(C5Me5)2]
1+ lies along the 

Ln-Mo-Ln plane. The EPR spectrum of (Y2Mo)1− collected at 77 K in THF has a feature with a 

g-value of 1.98, Figure 1.2, suggesting a metal-based radical. The spectrum does not match that 

of an Y2+ compound (I = 1/2), but more closely resembles that of Mo5+ (I = 0, 75% abundance; I 

= 5/2, 25% abundance). This supports the assignment of a reduced Mo5+ bridge between the rare-

earth metal centers. 

Figure 1.2. EPR Spectrum of (Y2Mo)1− at 77 K, g 

= 1.98. 

3350 3400 3450 3500 3550 3600

B (G)

g = 1.98 
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Figure 1.3. ORTEP diagrams of Gd2Mo (top) and Tb2Mo (bottom) with ellipsoids shown at 

50% probability. Hydrogen atoms and co-crystallized solvent molecules have been removed for 

clarity. 

Decamethylcobaltocene was a suitable reducing agent for Ln2Mo and the complexes 

(Ln2Mo)1− were synthesized by this route. However, no reaction was observed when 

decamethylcobaltocene was added to a solution of Y2W, suggesting this compound has a more 
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negative reduction potential than Ln2Mo. The complexes (Ln2Mo)1− have one unpaired electron 

on the central Mo5+ that can interact with the surrounding lanthanide ions. The EPR spectrum of 

(Y2Mo)1− (Figure 1.2) has a large central feature that could arise from molybdenum atoms with 

even mass numbers (I = 0). The smaller features are due to hyperfine coupling to 95Mo and 97Mo 

(I = 5/2). The central signal also has an extra feature that is consistent with the electron coupling 

to a single 89Y nucleus (I = 1/2). The Mo-Y1 distance is 3.4320(6) Å and Mo-Y2 is 3.4263(6) Å. 

It is strange that coupling to a single yttrium is observed when these distances are so similar.  

However, the result may arise due to the particular orbital of the unpaired electron. Previous EPR 

spectroscopic studies of the (MoS4)
3− ion assign the unpaired electron to a dx2−y2 orbital.29 

However, studies with Mo5+ or Cr5+ doped into other systems have shown the electron can 

occupy a dz2 orbital, suggesting the lowest energy orbital is variable.30,31 The elongation along 

the Y–Y axis in the crystal structure could indicate that the dz2 orbital is stabilized (if the z-axis 

is drawn perpendicular to the Y–Y axis), so the dz2 orbital is the ground state. Magnetic studies 

on (Ln2Mo)1− have been carried out at the laboratory of Professor Jeffrey Long at UC Berkeley 

and will be reported elsewhere. 

 

Conclusion 

Trimetallic complexes of magnetically interesting rare-earth metals bridged by (MoS4)
2− 

and (WS4)
2− moieties have been synthesized and structurally characterized. In the case of 

(C5Me5)2Ln(μ-S)2Mo(μ-S)2Ln(C5Me5)2, these can be reduced with Co(C5Me5)2 to make 

molecules of interest in single-molecule magnetism. The yttrium compound (Y2Mo)1− only has 

coupling between one yttrium and the molybdenum, which prompted further study of the 

magnetism of these lanthanide complexes. 



10 
 

Experimental 

All manipulations and syntheses described were conducted with rigorous exclusion of air 

and water using standard Schlenk line and glovebox techniques under an argon or nitrogen 

atmosphere. Solvents were sparged with UHP argon (Praxair) and dried by passage through 

columns containing Q-5 and molecular sieves prior to use. NMR solvents (Cambridge Isotope 

Laboratories) were dried over NaK alloy, degassed by three freeze-pump-thaw cycles, and 

vacuum transferred before use. Co(C5Me5)2 (Aldrich) and (NH4)2MS4 (M = Mo, W; Aldrich), 

were used as received. LnCl3 (Ln = Y, Gd, Tb, Dy) was dried according to literature procedures 

by heating a mixture of the hydrated trichloride with an excess of NH4Cl.32–38 K[N(SiMe3)2] 

(Aldrich, 95%) was purified via toluene extraction before use. C5Me5H was dried over molecular 

sieves and degassed using three freeze-pump-thaw cycles. KC5Me5 was synthesized by 

deprotonation of C5Me5H with K[N(SiMe3)2].
39 (C5Me5)2Y(C3H5),

40 (C5Me5)2Ln(μ-Ph)2BPh2
41,42 

(Ln = Y, Gd, Tb, Dy), and (PPh4)2MoS4
43 were prepared by literature procedures. 1H NMR 

spectra were recorded on Bruker GN500 or CRYO500 MHz spectrometers (13C{1H} at 125 

MHz) at 298 K unless otherwise stated and referenced internally to residual protio-solvent 

resonances. IR samples were prepared as KBr pellets and spectra were obtained on a Jasco 

FT/IR-4700 or Varian 1000 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). Elemental analyses were 

conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer. 

(C5Me5)2Y(μ-S)2Mo(μ-S)2Y(C5Me5)2, Y2Mo. A slurry of (PPh4)2MoS4 (0.043 g, 0.048 

mmol) in THF (3 mL) was added to a THF (2 mL) solution of (C5Me5)2Y(μ-Ph)2BPh2 (0.066 g, 

0.097 mmol). The solution immediately became dark brown/purple and cloudy. After stirring for 
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1 h, centrifugation of the mixture produced a purple supernatant over dark grey insoluble 

material. The supernatant was filtered and collected and solvent was removed under reduced 

pressure to yield a dark brown/purple solid. The brown/purple solid was dissolved in toluene (5 

mL) and cooled overnight at −35 °C to yield dark purple crystals (0.018 g, 43%) suitable for X-

ray diffraction, identified as Y2Mo. 1H NMR (C6D6): δ 2.09 (s, C5Me5, 60H). 13C{1H} NMR 

128.4 (C5Me5), 12.2 (C5Me5). IR (cm−1): 2960m, 2900s, 2850s, 2720w, 1960w, 1440m, 1380m, 

1020m, 800w, 730m, 700w, 490s. Anal Calcd for C40H60S4Y2Mo: C, 50.97; H, 6.42. Found: C, 

50.69; H, 6.52. 

(C5Me5)2Gd(μ-S)2Mo(μ-S)2Gd(C5Me5)2, Gd2Mo. Prepared as described for Y2Mo. 

(PPh4)2MoS4 (0.120 g, 0.133 mmol) and (C5Me5)2Gd(μ-Ph)2BPh2 (0.203 g, 0.272 mmol) were 

combined to yield (0.120 g, 83%). Crystals suitable for X-ray diffraction were grown from a 

concentrated solution in toluene at −35 °C overnight. IR (cm−1): 2901s, 2855s, 1591w, 1494m, 

1433m, 1378m, 1189s, 1022w, 732m, 698m, 493s, 469m. Anal Calcd for C40H60S4Gd2Mo: C, 

44.50; H, 5.60. Found: C, 45.96; H, 5.96. Multiple elemental analyses are consistent with the 

inclusion of a THF molecule. Expected: C, 45.89; H, 5.95. 

(C5Me5)2Tb(μ-S)2Mo(μ-S)2Tb(C5Me5)2, Tb2Mo. Prepared as described for Y2Mo. 

(PPh4)2MoS4 (0.135 g, 0.150 mmol) and (C5Me5)2Tb(μ-Ph)2BPh2 (0.230 g, 0.307 mmol) were 

combined to yield a purple powder (0.089 g, 55%). Crystals suitable for X-ray diffraction were 

grown from a concentrated solution in toluene at −35 °C overnight. IR (cm−1): 2963s, 2900s, 

2855s, 2725w, 2360m, 2341m, 2244m 2056w, 1435m, 1378m, 1022m, 732m, 489s, 478s, 434m. 

Anal Calcd for C40H60S4Tb2Mo: C, 44.36; H, 5.58. Found: C, 44.51; H, 5.58. 

(C5Me5)2Dy(μ-S)2Mo(μ-S)2Dy(C5Me5)2, Dy2Mo. Prepared as described for Y2Mo. 

(PPh4)2MoS4 (0.142 g, 0.157 mmol) and (C5Me5)2Dy(μ-Ph)2BPh2 (0.243 g, 0.323 mmol) were 
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combined to yield a purple/brown powder (0.115 g, 67%). Crystals suitable for X-ray diffraction 

were grown from a concentrated solution in toluene at −35 °C overnight. IR (cm−1): 2963s, 

2901s, 2854s, 2724w, 1434m, 1431m, 1378m, 1022m, 733m. Anal Calcd for C40H60S4Dy2Mo: 

C, 44.07; H, 5.55. Found: C, 44.36; H, 5.41. 

(C5Me5)2Y(μ-S)2W(μ-S)2Y(C5Me5)2, Y2W. Y2W was prepared by the method described 

for Y2Mo. (PPh4)2WS4 (0.050 g, 0.050 mmol) and (C5Me5)2Y(μ-Ph)2BPh2 (0.070 g, 0.10 mmol) 

were combined in THF (3 mL) and stirred for 18 h. Cooling overnight at −35 °C in toluene (3 

mL) yielded red, rod-cluster crystals (0.010 g, 19%) suitable for X-ray diffraction, identified as 

Y2W. 1H NMR (C6D6): δ 2.10 (s, C5Me5, 60H), 13C{1H} NMR 128.4 (C5Me5), 12.2 (C5Me5). IR 

(cm−1): 2965s, 2904s, 2856s, 2725w, 2363w, 1494w, 1446m, 1378m, 1141w, 1024w, 732w. 

[(C5Me5)2Y(μ-S)2Mo(μ-S)2Y(C5Me5)2][Co(C5Me5)2], (Y2Mo)1−. To a stirred solution of 

1-Y (0.082 g, 0.087 mmol) in THF (6 mL) was added Co(C5Me5)2 (0.027 g, 0.082 mmol) in THF 

(4 mL). The solution changed from purple to red immediately. After 1 hour, solvent was 

removed under reduced pressure to reveal a red solid. The solid was washed with toluene (3x2 

mL) and dried under reduced pressure to yield a red solid (0.077 g, 74%). Recrystallization from 

concentrated THF solutions at −35 °C overnight gave red block crystals suitable for X-ray 

diffraction. 1H NMR (THF-d8): δ 2.38 (s, br, 60H, C5Me5), 2.26 (s, br, 30H, Co(C5Me5)2). IR 

(cm−1): 2957s, 2892s, 2851s, 2719w, 1475m, 1446m, 1427m, 1376m, 1259w, 1065m, 1022m. 

Anal Calcd for C60H90S4Y2CoMo: C, 56.64; H, 7.13. Found: C, 56.42; H, 7.19. 

[(C5Me5)2Gd(μ-S)2Mo(μ-S)2Gd(C5Me5)2][Co(C5Me5)2], (Gd2Mo)1−. Prepared as 

described for (Y2Mo)1−. Gd2Mo (0.120 g, 0.111 mmol) and Co(C5Me5)2 (0.035 g, 0.106 mmol) 

were combined to yield a red powder. Recrystallization from concentrated THF solutions at −35 

°C overnight gave red block crystals (0.087 g, 58%) suitable for X-ray diffraction. IR (cm−1):  
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2962m, 2888s, 2851s, 2721w, 1476m, 1450m, 1432m, 1388m, 1377m, 1066w, 1023m. Anal 

Calcd for C60H90S4Gd2CoMo: C, 51.15; H, 6.44. Found: C, 49.86; H, 6.32. Low carbon and 

hydrogen values were obtained even after multiple analysis attempts using different batches of 

samples. Found H/C ratio support an empirical formula having C60H90, so incomplete 

combustion of the EA sample likely occurred.44,45   

[(C5Me5)2Tb(μ-S)2Mo(μ-S)2Tb(C5Me5)2][Co(C5Me5)2], (Tb2Mo)1−. Prepared as 

described for (Y2Mo)1−. Tb2Mo (0.089 g, 0.084 mmol) and Co(C5Me5)2 (0.026 g, 0.079 mmol) 

were combined to yield a red powder. Recrystallization from concentrated THF solutions at −35 

°C overnight gave red block crystals (0.041 g, 37%) suitable for X-ray diffraction. IR (cm−1):  

2961m, 2889s, 2851s, 2718w, 1476m, 1449m, 1428m, 1385s, 1377s, 1066m, 1024m. Anal Calcd 

for C64H98S4OTb2CoMo: C, 51.78; H, 6.65. Found: C, 52.05; H, 6.42. 

[(C5Me5)2Dy(μ-S)2Mo(μ-S)2Dy(C5Me5)2][Co(C5Me5)2], (Dy2Mo)1−. Prepared as 

described for (Y2Mo)1−. Dy2Mo (0.119 g, 0.109 mmol) and Co(C5Me5)2 (0.037 g, 0.112 mmol) 

were combined to yield a red powder. Recrystallization from concentrated THF solutions at −35 

°C overnight gave red block crystals (0.055 g, 35%) suitable for X-ray diffraction. IR (cm−1): 

3372w, 2960s, 2889s, 2852s, 2722m, 2361m, 2344m, 1475m, 1447m, 1428m, 1377m, 1024m, 

732m, 434s. Anal Calcd for C64H98S4ODy2CoMo: C, 51.53; H, 6.62. Found: C, 51.49; H, 6.79. 
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Table 1.1. Crystallographic details for (C5Me5)2Ln(μ-S)2Mo(μ-S)2Ln(C5Me5)2, Ln2Mo. 

 

 Y2Mo Gd2Mo Tb2Mo Dy2Mo 

Empirical formula C40H60MoS4Y2

·½(C7H8) 

C40H60MoS4Gd2·

½(C7H8) 

C40H60MoS4Tb2·

½(C7H8) 

C40H60MoS4Dy2·

½(C7H8) 

Formula weight  988.94 1125.62 1128.96 1136.12 

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

Space group  P  P  P  P  

a (Å) 10.6530(5) 10.6470(7) 10.6478(14) 10.653(7) 

b (Å) 13.7219(6) 17.2551(11) 13.7560(18) 13.779(9) 

c (Å) 17.1935(8) 26.5973(16) 17.199(2) 17.175(11) 

α (°) 109.1095(5) 100.9140(7) 109.0658(16) 109.161(7) 

β (°) 106.3207(6) 97.6421(7) 106.5415(16) 106.358(7) 

γ (°) 94.7936(6) 106.6827(7) 94.5822(16) 94.614(7) 

Volume (Å3) 2236.02(18) 4503.9(5) 2240.5(5) 2243(2) 

Z 2 4 2 2 

ρcalcd (Mg/m3) 1.469 1.660 1.673 1.682 

μ (mm−1) 3.065 3.339 3.612 3.787 

R1a  0.0373 0.0314 0.0329 0.0274 

wR2b 0.0475 0.0736 0.0639 0.0583 

 

 

Table 1.2. Crystallographic details for [(C5Me5)2Ln(μ-S)2Mo(μ-S)2Ln(C5Me5)2][Co(C5Me5)2], 

(Ln2Mo)1−. 

 (Y2Mo)1− (Gd2Mo)1− (Tb2Mo)1− (Dy2Mo)1− 

Empirical formula C60H90MoS4Y2·

3(C4H8O) 

C60H90MoS4Gd2 C60H90MoS4Tb2·

3(C4H8O) 

C60H90MoS4Dy2·

3(C4H8O) 

Formula weight  1488.56 1408.92 1628.58 1635.74 

Temperature (K) 163(2) 163(2) 173(2) 163(2) 

Space group  P  P  P  P  

a (Å) 13.4367(7) 13.705(4) 13.4660(14) 13.4326(6) 

b (Å) 15.5484(8) 15.132(4) 15.5735(17) 15.5499(7) 

c (Å) 17.8903(9) 17.721(5) 17.9456(19) 17.8967(8) 

α (°) 96.6278(7) 84.581(4) 96.5915(13) 96.6247(5) 

β (°) 97.2769(7) 80.582(4) 97.3365(13) 97.2624(5) 

γ (°) 93.2738(7) 80.780(3) 93.1581(14) 93.2596(5) 

Volume (Å3) 3673.0(3) 3569.8(18) 3698.6(7) 3673.7(3) 

Z 2 2 2 2 

ρcalcd (Mg/m3) 1.346 1.311 1.462 1.479 

μ (mm−1) 2.109 2.380 2.430 2.555 

R1a  0.0623 0.0538 0.0442 0.0336 

wR2b 0.1855 0.1326 0.1134 0.0864 

 

1 1 1 1

1 1 1 1
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X-ray Data Collection, Structure Solution and Refinement  

  (C5Me5)2Y(μ-S)2Mo(μ-S)2Y(C5Me5)2, Y2Mo: A purple crystal of approximate 

dimensions 0.088 x 0.163 x 0.264 mm was mounted on a glass fiber and transferred to a Bruker 

SMART APEX II diffractometer. The APEX246 program package was used to determine the 

unit-cell parameters and for data collection (35 sec/frame scan time for a sphere of diffraction 

data). The raw frame data was processed using SAINT47 and SADABS48 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL49 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 direct methods and refined on F2 by full-matrix least-squares techniques. 

The analytical scattering factors50 for neutral atoms were used throughout the analysis. Hydrogen 

atoms were included using a riding model. Carbon atoms C(31)-C(40) were disordered and 

included using multiple components with partial site-occupancy-factors. There was one-half 

molecule of toluene solvent present. The solvent was located about an inversion center and was 

disordered. Hydrogen atoms associated with the solvent were not included in the refinement. At 

convergence, wR2 = 0.0929 and Goof = 1.023 for 584 variables refined against 9829 data 

(0.78Å), R1 = 0.0373 for those 8373 data with I > 2.0(I). 

(C5Me5)2Gd(μ-S)2Mo(μ-S)2Gd(C5Me5)2, Gd2Mo: A purple crystal of approximate 

dimensions 0.095 x 0.144 x 0.200 mm was mounted on a glass fiber and transferred to a Bruker 

SMART APEX II diffractometer. The APEX246 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 SAINT47 and SADABS48 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL49 program. There were 

1
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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 factors50 for neutral atoms were used throughout the 

analysis. There were two molecules of the formula-unit present (Z = 4). Hydrogen atoms were 

included using a riding model. There was one-half molecule of toluene solvent present per 

formula-unit. The solvents were located about inversion centers and were disordered. Hydrogen 

atoms associated with the solvents were not included in the refinement. 

Least-squares analysis yielded wR2 = 0.0791 and Goof = 1.045 for 929 variables refined against 

21640 data (0.75Å), R1 = 0.0314 for those 17706 data with I > 2.0(I). 

(C5Me5)2Tb(μ-S)2Mo(μ-S)2Tb(C5Me5)2, Tb2Mo: A purple crystal of approximate 

dimensions 0.095 x 0.144 x 0.200 mm was mounted in a cryoloop and transferred to a Bruker 

SMART APEX II diffractometer. The APEX246 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 SAINT47 and SADABS48 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL49 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 factors50 for neutral atoms were used throughout the 

analysis. There were two molecules of the formula-unit present (Z = 4). Hydrogen atoms were 

included using a riding model. There was one-half molecule of toluene solvent present per 

1

1
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formula-unit. The solvents were located about inversion centers and were disordered. Hydrogen 

atoms associated with the solvents were not included in the refinement. 

Least-squares analysis yielded wR2 = 0.0812 and Goof = 1.010 for 929 variables refined against 

19675 data (0.78Å), R1 = 0.0329 for those 15075 data with I > 2.0(I). 

(C5Me5)2Dy(μ-S)2Mo(μ-S)2Dy(C5Me5)2, Dy2Mo: A brown crystal of approximate 

dimensions 0.063 x 0.083 x 0.316 mm was mounted in a cryoloop and transferred to a Bruker 

SMART APEX II diffractometer. The APEX246 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 SAINT47 and SADABS48 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL49 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 direct methods and refined on F2 by full-matrix least-squares techniques. 

The analytical scattering factors50 for neutral atoms were used throughout the analysis. Hydrogen 

atoms were included using a riding model. Carbon atoms C(31)-C(40) were disordered and 

included using multiple components with partial site-occupancy-factors. There was one-half 

molecule of toluene solvent present. The solvent was located about an inversion center and was 

disordered. Hydrogen atoms associated with the solvent were not included in the refinement. At 

convergence, wR2 = 0.0625 and Goof = 1.021 for 534 variables refined against 9845 data (0.78 

Å), R1 = 0.0274 for those 8254 data with I > 2.0(I). 

[(C5Me5)2Y(μ-S)2Mo(μ-S)2Y(C5Me5)2][Co(C5Me5)2], (Y2Mo)1−: A red crystal of 

approximate dimensions 0.203 x 0.235 x 0.491 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer. The APEX246 program package was used to 

1
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determine the unit-cell parameters. Data was collected using a 25 sec/frame scan time for a 

sphere of diffraction data. The raw frame data was processed using SAINT47 and SADABS48 to 

yield the reflection data file. Subsequent calculations were carried out using the SHELXTL49 

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 direct methods and refined on F2 by full-matrix least-

squares techniques. The analytical scattering factors50 for neutral atoms were used throughout the 

analysis. Hydrogen atoms were included using a riding model. There were three molecules of 

tetrahydrofuran solvent present. Several atoms were disordered and included using multiple 

components with partial site-occupancy-factors. Least-squares analysis yielded wR2 = 0.1975 

and Goof = 1.035for 658 variables refined against 18095 data (0.73Å), R1 = 0.0623 for those 

14603 with I > 2.0(I).  

[(C5Me5)2Gd(μ-S)2Mo(μ-S)2Gd(C5Me5)2][Co(C5Me5)2], (Gd2Mo)1−: A red crystal of 

approximate dimensions 0.195 x 0.204 x 0.341 mm was mounted in a cryoloop and transferred to 

a Bruker SMART APEX II diffractometer. The APEX246 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 SAINT47 and SADABS48 to yield the 

reflection data file. Subsequent calculations were carried out using the SHELXTL49 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 factors50 for neutral atoms were used 

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

1

1
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atoms and C(57) were disordered and included using multiple components with partial site-

occupancy-factors. Least-squares analysis yielded wR2 = 0.1489 and Goof = 1.018 for 652 

variables refined against 16603 data (0.76 Å), R1 = 0.0538 for those 11652 data with I > 2.0(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 solvent was 

present. The SQUEEZE51 routine in the PLATON52 program package was used to account for 

the electrons in the solvent accessible voids.  

[(C5Me5)2Tb(μ-S)2Mo(μ-S)2Tb(C5Me5)2][Co(C5Me5)2], (Tb2Mo)1−: A red crystal of 

approximate dimensions 0.160 x 0.294 x 0.392 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer. The APEX246 program package was used to 

determine the unit-cell parameters. Data was collected using a 20 sec/frame scan time for a 

sphere of diffraction data. The raw frame data was processed using SAINT47 and SADABS48 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 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 factors50 for neutral atoms were used 

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

molecules of tetrahydrofuran solvent present. Several atoms were disordered and included using 

multiple components with partial site-occupancy-factors. Least-squares analysis yielded wR2 = 

0.1233 and Goof = 1.029 for 690 variables refined against 17277 data (0.76Å), R1 = 0.0442 for 

those 14006 with I > 2.0(I).  

1
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[(C5Me5)2Dy(μ-S)2Mo(μ-S)2Dy(C5Me5)2][Co(C5Me5)2], (Dy2Mo)1−: A red crystal of 

approximate dimensions 0.309 x 0.316 x 0.392 mm was mounted on a glass fiber and transferred 

to a Bruker SMART APEX II diffractometer. The APEX246 program package was used to 

determine the unit-cell parameters. Data was collected using a 15 sec/frame scan time for a 

sphere of diffraction data. The raw frame data was processed using SAINT47 and SADABS48 to 

yield the reflection data file. Subsequent calculations were carried out using the SHELXTL49 

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 factors50 for neutral atoms were used 

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

molecules of tetrahydrofuran solvent present. Several atoms were disordered and included using 

multiple components with partial site-occupancy-factors. Least-squares analysis yielded wR2 = 

0.0884 and Goof = 1.064 for 690 variables refined against 17208 data (0.76Å), R1 = 0.0336 for 

those 15764 with I > 2.0(I).  

 

Definitions: 

wR2 = [[w(Fo
2-Fc

2)2] / [w(Fo
2)2] ]1/2 

R1 = ||Fo|-|Fc|| / |Fo| 

Goof = S = [[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. 

 

 

1
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CHAPTER 2 

Asymmetric Complexes of Transition Metal-Bridged Rare-Earth Metallocene Complexes 

Introduction 

One attractive feature of synthetic rare-earth chemistry is the ability to synthesize 

complexes with large spin (S) values and inherently large anisotropy (D) to create single-

molecule magnets. While it is of interest to study SMMs with high spin gained by coupling 

multiple metal centers together, it would be beneficial to be able to study the individual 

contributions of each metal to the magnetism of the molecule. To do this, new heterometallic 

lanthanide complexes need to be prepared and studied. However, few heterobimetallic lanthanide 

complexes exist because they are synthetically difficult to make.26-29 As such, very few magnetic 

studies have been performed on these systems.30 Herein, attempts to synthesize heterobimetallic 

complexes from a common rare-earth starting material, (C5Me5)2Ln(μ-Ph)2BPh2, are described. 

Results and Discussion 

In the course of synthesizing (C5Me5)2Ln(μ-S)2Mo(μ-S)2Ln(C5Me5)2 (Ln = Y, Gd, Tb, 

Dy), Ln2Mo (Chapter 1), an undetected impurity led to the isolation of compounds identified by 

X-ray crystallography as the ammonia adducts, [(C5Me5)2Ln(NH3)](μ-S)2M(μ-S)2Ln(C5Me5)2, 

Ln2MNH3 (Figure 2.1). Given that the syntheses are conducted with the rigorous exclusion of 

water, the assignment of the extra ligand as ammonia, not water, by X-ray crystallography was 

deemed most likely and was supported by elemental analysis. The ammonia could originate from 

the process of drying the starting materials, LnCl3, in the presence of NH4Cl, according to eq 3. 

The excess ammonium chloride used could impart a nitrogen-containing impurity to the complex 

that could remain through the rest of the synthesis. 
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 Previously, the Evans lab procedure for drying LnCl3·6H2O involved heating the 

compound with NH4Cl to 250 °C under vacuum. When a new furnace was installed and used, 

dried LnCl3 had an impurity that could be detected by IR spectroscopy as a broad absorption near 

3300 cm−1. An increase in temperature to 400 °C for two days removed the impurity, as 

determined by IR spectroscopy. Using LnCl3 from the higher temperature process, the complexes 

Ln2M could be made without contamination of Ln2MNH3. 

 

Figure 2.1. ORTEP diagram of Y2MoNH3 with ellipsoids drawn at 50% probability. Hydrogen 

atoms (except on NH3) and co-crystallized toluene have been removed for clarity. 

A toluene extraction from the reaction of KC8 with Y2MoNH3 in the presence of 18-

crown-6 produced crystals of [K(18-crown-6)](μ-S)2Mo(μ-S)2Y(C5Me5)2, KMoY, Figure 2.2. 

Analogous complexes were prepared by varying the metal, including using tungsten to make 

[K(18-crown-6)](μ-S)2W(μ-S)2Y(C5Me5)2, KWY, and terbium to make [K(18-crown-6)](μ-

S)2W(μ-S)2Tb(C5Me5)2, KWTb. In all cases, the [K(18-crown-6)]1+ unit has replaced a 
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(C5Me5)2Ln unit in Ln2M. One side of the potassium ion is oriented toward two sulfur atoms 

while the other is oriented toward the methyl group of a toluene molecule. 

 

Figure 2.2. ORTEP diagram of KMoY with ellipsoids drawn at 50% probability. Hydrogen 

atoms have been removed for clarity. 

Although the formation of the ammonia-containing compounds Ln2MNH3 was a 

diversion from the (Ln2M)1− project of Chapter 1, it did provide a possible new synthetic route 

to synthesize heterometallic SMMs. Since few heterobimetallic lanthanide complexes are 

reported in the literature, all new examples would be beneficial so magnetic susceptibility studies 

can be carried out. New complexes would be valuable since (C5Me5)2Gd(μ-S)2M(μ-

S)2Ln(C5Me5)2, GdLnM, and (C5Me5)2Y(μ-S)2M(μ-S)2Ln(C5Me5)2, YLnM, compounds would 

allow evaluation of individual metal contributions to the magnetism for comparison with Ln2 

complexes. Reduction of Ln2MNH3 with KC8 yielded the product KMLn. The [K(18-crown-

6)]1+ cation from KMLn appears to be loosely associated with the rest of the molecule, 

suggesting it may be possible to replace with another lanthanide. This would form a LnMLn' 

complex that may be reducible to (LnMLn')1−, which would allow the field of heteronuclear 

lanthanide single-molecule magnets to be explored further. 
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Experimental 

All manipulations and syntheses described were conducted with rigorous exclusion of air 

and water using standard Schlenk line and glovebox techniques under an argon or nitrogen 

atmosphere. Solvents were sparged with UHP argon (Praxair) and dried by passage through 

columns containing Q-5 and molecular sieves prior to use. NMR solvents (Cambridge Isotope 

Laboratories) were dried over NaK alloy, degassed by three freeze-pump-thaw cycles, and 

vacuum transferred before use. LnCl3 (Ln = Y, Dy) was dried according to literature procedures 

by heating a mixture of the hydrated trichloride with an excess of NH4Cl.32–38  K[N(SiMe3)2] 

(Aldrich, 95%) was purified via toluene extraction before use. (C5Me5)H was dried over 

molecular sieves and degassed using three freeze-pump-thaw cycles. K(C5Me5) was synthesized 

by deprotonation of C5Me5H with K[N(SiMe3)2].
39  18-Crown-6 (Aldrich) was sublimed before 

use. (NH4)2MS4 (M = Mo, W; Aldrich) and allylmagnesium chloride (2.0 M solution in THF, 

Sigma-Aldrich) were used as received. (C5Me5)2Y(C3H5),
40 (C5Me5)2Ln(μ-Ph)2BPh2

41,42 (Ln = 

Y, Gd, Tb, Dy), (PPh4)2MoS4, 
43 and KC8

53 were prepared by literature procedures. 1H NMR 

spectra were recorded on Bruker GN500 or CRYO500 MHz spectrometers (13C{1H} at 125 

MHz) at 298 K unless otherwise stated and referenced internally to residual protio-solvent 

resonances 

[(C5Me5)2Dy(NH3)](μ-S)2Mo(μ-S)2Dy(C5Me5)2, Dy2MoNH3. This complex was 

prepared by the method described for Y2Mo in Chapter 1.  (PPh4)2MoS4 (0.050 g, 0.055 mmol) 

and (C5Me5)2Dy(μ-Ph)2BPh2 (0.084 g, 0.11 mmol), contaminated with NH3, were combined to 

yield purple block crystals (0.015 g, 26%) suitable for X-ray diffraction, identified as 

Dy2MoNH3. 
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 [(C5Me5)2Tb(NH3)](μ-S)2Mo(μ-S)2Tb(C5Me5)2, Tb2MoNH3. Tb2MoNH3 was prepared 

by the method described for Y2Mo in Chapter 1. (PPh4)2MoS4 (0.075 g, 0.083 mmol) and 

(C5Me5)2Tb(μ-Ph)2BPh2 (0.127 g, 0.170 mmol), contaminated with NH3, were combined to yield 

purple block crystals (0.059 g, 65%) suitable for X-ray diffraction, identified as Tb2MoNH3.  

 [(C5Me5)2Y(NH3)](μ-S)2W(μ-S)2Y(C5Me5)2, Y2WNH3. Y2WNH3 was prepared by the 

method described for Y2Mo in Chapter 1. (PPh4)2WS4 (0.050 g, 0.050 mmol) and (C5Me5)2Y(μ-

Ph)2BPh2 (0.070 g, 0.103 mmol), contaminated with NH3, were combined to yield red block 

crystals (0.016 g, 31%), suitable for X-ray diffraction, identified as Y2WNH3. 1H NMR (C6D6): δ 

2.07 (s, C5Me5, 60H). 13C NMR 128.4 (C5Me5), 12.3 (C5Me5). 

 [(C5Me5)2Dy(NH3)](μ-S)2W(μ-S)2Dy(C5Me5)2, Dy2WNH3. Dy2WNH3 was prepared by 

the method described for Y2Mo in Chapter 1. (PPh4)2WS4 (0.050 g, 0.050 mmol) and 

(C5Me5)2Dy(μ-Ph)2BPh2 (0.076 g, 0.101 mmol), contaminated with NH3, were combined to yield 

red block crystals (0.010 g, 17%), suitable for X-ray diffraction, identified as Dy2WNH3. 

 [(C5Me5)2Tb(NH3)](μ-S)2W(μ-S)2Tb(C5Me5)2, Tb2WNH3. Tb2WNH3 was prepared by 

the method described for Y2Mo in Chapter 1. (PPh4)2WS4 (0.083 g, 0.084 mmol) and 

(C5Me5)2Tb(μ-Ph)2BPh2 (0.129 g, 0.172 mmol), contaminated with NH3, were combined to yield 

an orange solid (0.063 g, 67%), identified as Tb2WNH3. Red/purple crystals suitable for X-ray 

diffraction were grown from toluene at −35 °C over 6 d. 

K(18-crown-6)(μ-S)2Mo(μ-S)2Y(C5Me5)2, KMoY. A solution of 18-crown-6 (0.031 g, 

0.12 mmol) in THF (2 mL) was added to a purple solution of Y2MoNH3 (0.106 g, 0.110 mmol) 

in THF (3 mL). A slurry of KC8 (0.016 g, 0.12 mmol) in THF (2 mL) was added to the solution 

and the resulting mixture was stirred for 1 h. Centrifugation of the mixture allowed for the 

separation of solid and the supernatant. The resulting supernatant solution was filtered and THF 
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was removed under reduced pressure to yield a dark brown solid. Addition of toluene (4 mL) to 

the solid and filtration of the resulting mixture yielded a purple filtrate. Crystallization at −35 °C 

over 6 d yielded purple block crystals (0.031 g, 28%) suitable for X-ray diffraction, identified as 

KMoY. 1H NMR (C6D6): δ 1.90 (s, C12H24O6, 24 H), 2.10 (s, C5Me5, 30H). 

 K(18-crown-6)(μ-S)2W(μ-S)2Y(C5Me5)2, KWY. KWY was prepared by the method 

described for KMoY. Y2WNH3 (0.080 g, 0.076 mmol), 18-crown-6 (0.021 g, 0.080 mmol) and 

KC8 (0.011 g, 0.081 mmol) were combined to yield orange block crystals suitable for X-ray 

diffraction, identified as KWY.  

 K(18-crown-6)(μ-S)2W(μ-S)2Tb(C5Me5)2, KWTb. KWTb was prepared by the method 

described for KMoY. Tb2WNH3 (0.059 g, 0.054 mmol), KC8 (0.008 g, 0.06 mmol) and 18-

crown-6 (0.015 g, 0.057 mmol) were combined to yield a brown solid (0.014 g, 25%). 

Crystallization at −35 °C over 6 d yielded orange block crystals suitable for X-ray diffraction, 

identified as KWTb. 

 

 

 

 

 

 

 

 

 

 



27 
 

CHAPTER 3 

NH3 and (NH2)1− as Ligands in Yttrium Metallocene Chemistry 

Introduction 

A recent study of the ammonia-ligated metallocenes [(C5Me5)2Dy(NH3)2][BPh4] and 

[(C5Me5)2Dy(NH3)(THF)][BPh4], of interest as single-molecule magnets,54 emphasized the 

dearth of information on ammonia complexes of the rare-earth metals and the reactivity of 

ammonia with rare-earth metallocenes. This was surprising since tris(cyclopentadienyl) rare-

earth metal ammonia complexes, (C5H5)3Ln(NH3), have been known since the 1960s55–58 and 

Sm, Gd, Dy, Ho, Er, and Yb examples were crystallographically characterized in 2006.59  It is 

worth noting that for Ce, Nd, and Eu, (C5H5)3Ln(NH3) complexes were not isolated and there 

was no mention of reactions with yttrium. The crystallographically-characterized ammonia 

complexes of bis(cyclopentadienyl) rare-earth metallocenes are limited to 

(C5Me5)2Yb(SPh)(NH3),
60 (C5Me5)2Yb(TePh)(NH3),

61 and (C5Me5)2Yb(THF)(NH3).
62  

Since the ammonia ligand can be deprotonated to form (NH2)
1−, it was also of interest in 

the context of examining ammonia metallocene chemistry to examine rare-earth metal (NH2)
1− 

complexes. Rare-earth metal compounds containing (NH2)
1− ions include salts such as 

Ln(NH2)2,
63–65 Ln(NH2)3,

66 and KLn(NH2)3
24 (Ln = Eu, Yb), that were identified by X-ray 

powder diffraction. Single crystal X-ray diffraction studies of NH2-ligated complexes include the  

K3Ln(NH2)6
67 compounds (Ln = Eu, La), the polymetallic 

[Yb5(C4H4N)12(NH3)4(NH2)]·2(C4H5N),68 and the bridged bimetallic complexes, [(C5H5)2Ln(µ-

NH2)]2 (Ln = Dy, Ho, Er, Yb)59 and (C5Me5)2Yb(μ-NH2)2AlMe2.
69  There is only a single 

molecular compound containing a rare-earth metal with a terminal amide ligand, 

(C5Me5)2Yb(NH2)(NH3),
69 yet no crystallographic data exists for this molecule. To remedy this 
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deficiency, an yttrium metallocene system was investigated since Y3+ is diamagnetic and NMR 

spectroscopy could be employed for characterization. Herein is the synthesis of the first yttrium-

amide complex, (C5Me5)2Y(NH2)(THF), YNH2, and the subsequent protonation to 

[(C5Me5)2Y(NH3)(THF)][BPh4], YNH3. 

Results and Discussion 

(C5Me5)2Y(NH2)(THF).  A solution of NH3 in THF was added to the allyl complex,  

(C5Me5)2Y(C3H5),
40 as shown in Scheme 3.1 and crystals from the resulting solution were 

 

Scheme 3.1. Synthesis of (C5Me5)2Y(NH2)(THF), YNH2, and [(C5Me5)2Y(NH3)(THF)][BPh4], 

YNH3.  

Figure 3.1. Thermal ellipsoid plot of (C5Me5)2Y(NH2)(THF), YNH2, drawn at the 50% 

probability level. Hydrogen atoms except those on NH2 have been omitted for clarity.  
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identified as (C5Me5)2Y(NH2)(THF), YNH2 (Figure 3.1). IR spectroscopy revealed two peaks at 

3390 and 3358 cm−1, consistent with the presence of a primary amide ligand.70 This complex is a 

rare instance of a terminal Y–NH2 bond and is the first isolated yttrium amide to be 

crystallographically characterized.71   

 [(C5Me5)2Y(NH3)(THF)][BPh4]. Complex YNH2 was subsequently treated with 

[HNEt3][BPh4] to determine if the (NH2)
1− ligand could be protonated to form an ammonia 

complex. The ammonia complex, [(C5Me5)2Y(NH3)(THF)][BPh4], YNH3, was isolated 

according to Scheme 1 (Figure 3.2). The IR spectrum of YNH3 shows a broad, weak absorption 

at 3455 cm−1 and the 1H NMR spectrum shows a broad resonance at δ 2.22 ppm, both indicative 

of an NH3 group.  

 

Figure 3.2. Thermal ellipsoid plot of [(C5Me5)2Y(THF)(NH3)][BPh4], YNH3. Hydrogen atoms 

except those on NH3 are omitted for clarity. 
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Structural Details. Both YNH2 and YNH3 crystallize as typical bis(cyclopentadienyl) 

metallocenes with two additional ligands and they are structurally similar to the methyl 

compound (C5Me5)2Y(CH3)(THF).72  The 2.405 Å Y-(C5Me5 ring centroid) distance of the 

neutral complex, YNH2, is numerically larger than the 2.362 Å distance in the 

[(C5Me5)2Y(THF)(NH3)]
1+ cation although the (ring centroid–Y–ring centroid) angles, 137.8° 

and 138.8°, respectively, are similar. The 2.386(2) Å Y–O(THF) distance in YNH2 is slightly 

longer than the 2.353(1) Å analog measured in YNH3. Protonation of the amide ligand in YNH2 

to form the ammonia ligand in YNH3 lengthens the Y–N bond distance from 2.226(2) Å Y–

N(NH2) to 2.476(2) Å Y–N(NH3) as expected for an anionic ligand compared to a neutral ligand.  

Reactivity. In order to determine the parallels between reactivity of YNH3 and the 

known bis(THF) solvate, [(C5Me5)2Y(THF)2][BPh4],
73 reactions previously reported for the latter 

complex29 were carried out with YNH3. The reaction of YNH3 and NaN3 in THF produces a 

colorless solid. The IR spectrum of the resulting solid contains strong peaks at 2165 and 2117 

cm−1, consistent with the known complex [(C5Me5)2YN3]x
30 made from the analogous reaction 

using [(C5Me5)2Y(THF)2][BPh4]. The reaction of YNH3 with 2 equiv of acetone also generates 

the known complex [(C5Me5)2Y(OCMe2)2][BPh4],
29 identified by 1H NMR spectroscopy. 

Additionally, 1H NMR evidence of the reaction of YNH3 with 1 equiv of acetone suggests that 

acetone replaces NH3 before THF, showing resonances that are consistent with the presence of 

coordinated THF and a single acetone ligand. The above reactions show that the ammonia ligand 

in YNH3 can be displaced by both (N3)
1− and acetone and does not react with these substrates. 

This reactivity matches that of [(C5Me5)2Y(THF)2][BPh4], suggesting that the NH3 is weakly 

bound to the yttrium. 

 



31 
 

Table 3.1. Selected bond lengths (Å) and angles (°) for (C5Me5)2Y(NH2)(THF), YNH2, 

[(C5Me5)2Y(NH3)(THF)][BPh4], YNH3, and (C5Me5)2Y(CH3)(THF)72 (Cnt = C5Me5 ring 

centroid).   

 
(C5Me5)2Y(NH2)(THF), 

YNH2 

[(C5Me5)2Y(NH3)(THF)][BPh4], 

YNH3 
(C5Me5)2Y(CH3)(THF) 

Y–Cntavg 2.405 2.362 2.67 

Y–O 2.386(2) 2.353(1) 2.379(8) 

Y–X 2.226(2) 2.476(2) 2.44(2) 

Cnt1–Y–

Cnt2 

137.8 138.8 137.0(3) 

X–Y–O 91.71(8) 90.93(5) 90.3(4) 

 

Conclusion 

The synthesis of (C5Me5)2Y(NH2)(THF), YNH2, shows that simple amide complexes of 

yttrium metallocenes are accessible. Conversion of YNH2 to [(C5Me5)2Y(NH3)(THF)][BPh4], 

YNH3, demonstrates that selective protonation of specific ligands in rare-earth metallocenes is 

viable. Since so few rare-earth metallocenes with amide ligands are known, the synthesis of 1 

could provide a general route to synthesizing other rare-earth metallocene amide complexes. 

While the ammonia group in 2 does not affect the reactivity of the metallocene cation with azide 

and acetone substrates and leads to the synthesis of some known compounds, namely 

[(C5Me5)2YN3]x and [(C5Me5)2Y(OCMe2)2][BPh4], the enhanced magnetic properties of 

[(C5Me5)2Dy(NH3)2][BPh4]
54 compared to [(C5Me5)2Dy][BPh4] suggest that further exploration 

of this ligand could lead to new rare-earth metallocenes with desirable physical properties. 
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Experimental  

The syntheses and manipulations described below were conducted under nitrogen 

atmosphere with rigorous exclusion of air and water by Schlenk, vacuum line, and glovebox 

techniques. Solvents were sparged with UHP argon and dried over columns containing Q-5 and 

molecular sieves. NMR solvents (Cambridge Isotope Laboratories) were dried over NaK alloy, 

degassed by three freeze-pump-thaw cycles, and vacuum transferred before use. [HNEt3][BPh4] 

was prepared by literature procedures.74  LnCl3 (Ln = Y, Dy) was dried according to literature 

procedures by heating a mixture of the hydrated trichloride with an excess of NH4Cl.32–38  

K[N(SiMe3)2] (Aldrich, 95%) was purified via toluene extraction before use. C5Me5H was dried 

over molecular sieves and degassed using three freeze-pump-thaw cycles. KC5Me5 was 

synthesized by deprotonation of C5Me5H with K[N(SiMe3)2].
39  NH3 in tetrahydrofuran (THF) 

(Acros, 0.5 M) was degassed using three freeze-pump-thaw cycles. (C5Me5)2Y(C3H5) was 

synthesized by literature procedures.40 Acetone (Fisher) was dried over 3 Å molecular sieves and 

degassed by three freeze-pump-thaw cycles before use. NaN3 (Aldrich) was placed under 10−3 

Torr for 12 h before use. 1H NMR spectra were recorded on Bruker GN500 or CRYO500 MHz 

spectrometers (13C{1H} at 125 MHz) at 298 K unless otherwise stated and referenced internally 

to residual protio-solvent resonances. IR samples were prepared as KBr pellets and spectra were 

obtained on a Jasco FT/IR-4700 spectrometer. Elemental analyses were performed on a 

PerkinElmer series II 2400 CHNS analyzer. 

(C5Me5)2Y(NH2)(THF), YNH2. NH3 in THF (0.50 M, 0.54 mL, 0.27 mmol) was added 

to a stirred solution of (C5Me5)2Y(C3H5) (100 mg, 0.26 mmol) in toluene (3 mL). The solution 

immediately changed from bright yellow to colorless. After the mixture was stirred for 1 h, the 

solvent was removed under reduced pressure to leave a colorless solid. The solid was washed 
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with hexanes (3 × 2 mL) and dried under reduced pressure to yield a colorless powder (82 mg, 

73%). Colorless clusters of pyramidal crystals of (C5Me5)2Y(NH2)(THF) suitable for X-ray 

diffraction were grown at −35 °C from a concentrated toluene solution over 2 d. 1H NMR 

(C6D6):  δ 3.51 (m, 4H, THF) 2.21 (s, 2H, NH2), 2.03 (s, 30H, C5Me5), 1.25 (m, 4H, THF). 

13C{1H} NMR (C6D6):  114.7 (C5Me5), 113.3 (C5Me5), 12.4 (C5Me5). IR (cm−1) 3390w, 3358w, 

2957s, 2929s, 2857s, 1438m, 1380m, 1189s, 1022w, 725w, 634s, 616s, 468s. Anal. Calcd. for 

C24H40NOY:  C, 64.42; H, 9.01; N, 3.13. Anal. Calcd. for (C5Me5)2Y(NH2):  C, 63.99; H, 8.59; 

N, 3.73. Found:  C, 61.16; H, 8.34; N, 3.59. The data obtained suggest loss of THF. Low C, H, 

and N values were obtained even after multiple analysis attempts using different batches of 

samples. The found C/H/N ratios, such as C20H32N for the data above, match that calculated and 

suggest incomplete combustion of the samples.44,45  

 [(C5Me5)2Y(NH3)(THF)][BPh4], YNH3. A slurry of [HNEt3][BPh4] (87 mg, 0.21 mmol) 

in THF (2 mL) was added to (C5Me5)2Y(NH2)(THF) (94 mg, 0.22 mmol) in THF (4 mL). After 

20 min, volatiles were removed under reduced pressure to yield a colorless powder. The powder 

was washed with hexanes (3 × 2 mL) and toluene (3 × 2 mL) and then dried under reduced 

pressure to give as a colorless powder (142 mg, 92%). Colorless blocks of 

[(C5Me5)2Y(NH3)(THF)][BPh4] suitable for X-ray diffraction were grown by slow evaporation 

from THF at room temperature over 2 d. 1H NMR (THF-d8):  δ 7.31 (m, 8H, BPh4), 6.90 (t, 8H, 

BPh4), 6.76 (t, 4H, BPh4), 3.62 (m, 4H, THF), 2.22 (s, br, 3H, NH3), 1.90 (s, 30H, C5Me5), 1.77 

(m, 4H, THF). 13C{1H} NMR (THF-d8):  165.6 (BPh4), 164.8 (BPh4), 164.4 (BPh4), 121.7 

(C5Me5), 68.0 (THF), 26.2 (THF), 10.8 (C5Me5). IR (cm−1) 3455w br, 3134s, 3055s, 3001s, 

1580m, 1479s, 1427m, 1390m, 1267w, 1150m, 1065w, 1032m, 840w, 742s, 706s, 605m, 476w. 

Anal. Calcd. for C48H61OBNY:  C, 75.09; H, 8.01; N, 1.82. Found:  C, 69.51; H, 7.67; N, 1.65. 
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Low C, H, and N values were obtained even after multiple analysis attempts using different 

batches of samples. The found C/H/N ratios, such as C48H63N for the data above, match that 

calculated and suggest incomplete combustion of the samples.44,45 

 

Table 3.2. Crystallographic details for (C5Me5)2Y(NH2)(THF), YNH2 and 

[(C5Me5)2Y(NH3)(THF)][BPh4], YNH3.  

 YNH2 YNH3 

Empirical formula C24H40YNO C48H61BYNO 

Formula weight  447.48 767.69 

Temperature (K) 88(2) 128(2) 

Space group  P21 P21/n 

a (Å) 8.3916(3)  11.7992(9)   

b (Å) 16.1829(6) 22.5790(18) 

c (Å) 9.2225(3) 15.3847(12) 

α (°) 90   90  

β (°) 111.3610(4) 91.7762(10) 

γ (°) 90 90 

Volume (Å3) 1166.38(7) 4096.7(6) 

Z 2 4 

ρcalcd (Mg/m3) 1.274 1.254 

μ (mm−1) 2.513 1.460 

R1a  0.0212 0.0336  

wR2b 0.0517 0.0894 

 aR1 = ||Fo|-|Fc|| / |Fo|. 
bwR2 = [[w(Fo

2-Fc
2)2] / [w(Fo

2)2]]1/2  
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Table 3.3.  Selected bond lengths (Å) and angles (°) for (C5Me5)2Y(NH2)(THF), YNH2. 

_____________________________________________________  

Y(1)-Cnt1  2.402 

Y(1)-Cnt2  2.407 

Y(1)-N(1)  2.226(2) 

Y(1)-O(1)  2.3857(18) 

Y(1)-C(1)  2.668(3) 

Y(1)-C(15)  2.669(3) 

Y(1)-C(11)  2.671(3) 

Y(1)-C(5)  2.672(3) 

Y(1)-C(2)  2.683(3) 

Y(1)-C(14)  2.695(3) 

Y(1)-C(4)  2.702(3) 

Y(1)-C(3)  2.708(3) 

Y(1)-C(13)  2.713(3) 

Y(1)-C(12)  2.713(2) 

Cnt1-Y(1)-N(1)  104.4 

Cnt1-Y(1)-O(1) 104.5 

Cnt1-Y(1)-N(1) 105.3 

Cnt1-Y(1)-O(1) 103.9 

Cnt1-Y(1)-Cnt2 137.8 

N(1)-Y(1)-O(1) 91.71(8) 
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Table 3.4.  Selected bond lengths (Å) and angles (°) for [(C5Me5)2Y(NH3)(THF)][BPh4], YNH3. 

_____________________________________________________  

Y(1)-Cnt1  2.358 

Y(1)-Cnt2  2.366 

Y(1)-O(1)  2.3530(12) 

Y(1)-N(1)  2.4757(16) 

Y(1)-C(4)  2.6356(18) 

Y(1)-C(12)  2.6386(18) 

Y(1)-C(3)  2.6402(18) 

Y(1)-C(1)  2.6552(19) 

Y(1)-C(11)  2.6552(18) 

Y(1)-C(5)  2.6567(18) 

Y(1)-C(13)  2.6605(18) 

Y(1)-C(2)  2.6630(18) 

Y(1)-C(14)  2.6639(18) 

Y(1)-C(15)  2.6671(18) 

Cnt1-Y(1)-N(1) 103.3 

Cnt1-Y(1)-O(1) 104.0 

Cnt2-Y(1)-N(1) 105.1 

Cnt2-Y(1)-O(1) 104.7 

Cnt1-Y(1)-Cnt2 138.8 

O(1)-Y(1)-N(1) 90.93(5) 
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X-ray Data Collection, Structure Solution and Refinement  

For (C5Me5)2Y(NH2)(THF), YNH2: A colorless crystal of approximate dimensions 0.275 

x 0.312 x 0.426 mm was mounted on a glass fiber and transferred to a Bruker SMART APEX II 

diffractometer. The APEX246 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 SAINT47 and SADABS48 to yield the reflection data file. Subsequent 

calculations were carried out using the SHELXTL49 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 direct 

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

factors50 for neutral atoms were used throughout the analysis. Hydrogen atoms H(1) and H(2) 

were located from a difference-Fourier map and refined (x,y,z and Uiso) with d(N-H) = 0.88Å. 

The remaining hydrogen atoms were included using a riding model. At convergence, wR2 = 

0.0517 and Goof = 1.050 for 262 variables refined against 5132 data (0.78 Å), R1 = 0.0212 for 

those 4939 data with I > 2.0(I). The absolute structure was assigned by refinement of the 

Flack75 parameter.  

For [(C5Me5)2Y(THF)(NH3)][BPh4], YNH3: A colorless crystal of approximate 

dimensions 0.504 x 0.509 x 0.536 mm was mounted on a glass fiber and transferred to a Bruker 

SMART APEX II diffractometer. The APEX246 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 SAINT47 and SADABS48 to yield the reflection 

data file. Subsequent calculations were carried out using the SHELXTL49 program. The 

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

factors50 for neutral atoms were used throughout the analysis. Hydrogen atoms H(1), H(2) and 

H(3) were 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 = 0.0894 and Goof = 

1.027 for 491 variables refined against 9027 data (0.78Å), R1 = 0.0336 for those 7807 data with 

I > 2.0(I).  

Definitions: 

 wR2 = [[w(Fo
2-Fc

2)2] / [w(Fo
2)2] ]1/2 

 R1 = ||Fo|-|Fc|| / |Fo| 

 Goof = S = [[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. 
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CHAPTER 4 

Ammonia-Containing Metallocene Complexes of Ce, Sm and Yb and Hydrogen Radical 

Abstraction 

 

Introduction 

Recent work by Chirik and co-workers has shown that coordination of NH3 to 

molybdenum in [(PhTpy)(PPh2Me)2MoI(NH3)](BArF24) (PhTpy  = 4′-Ph-2,2′,6′,2′′-terpyridine; 

ArF24 = [C6H3-3,5-(CF3)2]4) can weaken the N–H bond and upon heating this compound to 60 °C 

in solution, H2(g) and [(PhTpy)(PPh2Me)2MoII(NH2)](BArF24) are formed.76 This was achievable 

due to the lowering of the N–H BDFE to 45.8 kcal/mol (BDFE of NH3(g) = 99.5 kcal/mol), which 

is less than the gas phase free energy of H-atom (H∙) formation, 48.6 kcal/mol.77 Similar 

chemistry has been seen with uranium: Andersen and co-workers showed that Cp′′2U(μ-

OH)2UCp′′2 (Cp′′ = C5H3(SiMe3)2) will oxidatively eliminate H2(g) upon heating to 100 °C to 

form Cp′′2U(μ-O)2UCp′′2.
78 Since the lanthanides are strong Lewis acids due to the core-like 

nature of the f-electrons, the binding of NH3 to rare-earth metal complexes could lower the 

BDFE of the N–H bond enough to achieve similar reactivity. However, H2(g) evolution with the 

previous examples include oxidation of the metal, so rare-earth metals with easily accessible 

redox chemistry will be the most promising compounds to exhibit this behavior, such as Eu, Sm, 

Yb, and Ce. Few examples of rare-earth metal complexes with NH3 or NH2 ligands have been 

crystallographically characterized.59,67–69,79–82 Described here are attempts to make such 

complexes using a solution of NH3 in THF and NH3 gas with Ln = Ce, Sm, Yb.  

Results 

Similar to the reaction to synthesize YNH2 (see Chapter 3), a solution of NH3 in THF 

was added to a green solution of (C5Me5)2Ce(C3H5) in toluene. The solution immediately turned 
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yellow and crystals of (C5Me5)6Ce5(X)9, Figure 4.1, were grown from the reaction. While the 

heteroatom, X, is difficult to identify and the protonation state cannot be determined definitively 

with X-ray crystallography, it is likely that the groups are either OH or NH2, which would 

support the assignment of Ce3+. Additionally, IR spectroscopy shows two weak peaks at 3629 

and 3670 cm−1.  

 

Figure 4.1. Ball and stick model of (C5Me5)6Ce5(X)9. Hydrogen atoms have been removed for 

clarity. 

 The addition of an ammonia solution in THF or ammonia gas to purple 

(C5Me5)2Sm(THF)2 in toluene results in a color change to dark green, eq 4.1. When placed under 

reduced pressure, both solutions turned back to purple and were identified as the starting 

material, (C5Me5)2Sm(THF)2, by 1H NMR spectroscopy. Upon addition of more NH3, the 

solution turned back to green. The resulting dark green solution was then treated with 2,4,6,-tri-

tBu-phenoxyl radical (TTBP·), resulting in a yellow solution and tri-tert-butylphenol was 

detected.  
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 Analogous reactions were conducted with the unsolvated (C5Me5)2Sm in toluene. 

Addition of NH3(g) to a green frozen solution of (C5Me5)2Sm results in a black solution and the 

resonance in the 1H NMR spectrum shifts downfield. This black solution was treated with TTBP· 

and the solution immediately turned yellow, similar to the reaction with the solvated 

(C5Me5)2Sm(THF)2 and NH3, yet no phenol was detected in the reaction. 

 

 A frozen red-orange solution of (C5Me5)2Yb in toluene reacted with NH3(g) to form a 

green solution. Upon exposure to reduced pressure, the solution turned back to red-orange, as 

seen previously,62 and can be identified as (C5Me5)2Yb by 1H NMR spectroscopy. When the 

green solution was exposed to THF, a color change to red-purple was observed. While the 

observed color is consistent with that of the known complex (C5Me5)2Yb(NH3)(THF),62 1H NMR 

data do not support the formation of this complex.  

When 1 equiv of ammonia gas is added to a blue frozen solution of Cp′′3Ce (Cp′′ = 

C5H3(SiMe3)2) in toluene and the solution is warmed, the color turns yellow, eq 4.2, and 1H 

NMR spectroscopy shows a shift in the resonances. Under reduced pressure, the yellow solution 

turns back to blue and can be identified as Cp′′3Ce, as seen with the reaction of Cp3Ce with 

NH3(g).
59 The addition of TTBP· to a yellow ammonia/Cp′′3Ce solution results in a color change 

to dark brown over a few hours; the 1H NMR resonances shift to the diamagnetic region of the 

spectrum, consistent with the oxidation of Ce3+ to Ce4+, and phenol can be detected. A control 

reaction of Cp′′3Ce and TTBP· turns dark purple after 3 days and phenol can be detected in the 

1H NMR spectrum along with Cp′′H, but the other product(s) cannot be identified. However, 
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even upon multiple attempts to react a Cp′′3Ce/ammonia solution with TTBP·, no crystals could 

be obtained, for the resulting dark brown product is an oil. Reactions were repeated with Cp′3Ce 

(Cp′ = C5H4(SiMe3)), but similar results were obtained and no new information was discovered. 

 

Discussion 

For the ammonia gas reactions with (C5Me5)2Sm, (C5Me5)2Sm(THF)2, (C5Me5)2Yb, and 

Cp′′3Ce, all the reactions revert to the starting reagent when placed under reduced pressure, 

confirmed by 1H NMR spectroscopy. This suggests that the binding of NH3 is reversible in these 

complexes. It is unlikely that much, if any, water is present in the samarium reactions since the 

common oxide product (C5Me5)2Sm(μ-O)Sm(C5Me5)2 is not detected. The addition of TTBP· to 

the green solution of (C5Me5)2Sm(THF)2 and NH3 results in a yellow solution. The yellow color 

of the solution is consistent with known complexes of (C5Me5)2SmX, where X = phenolate, 2,5-

methylphenolate, 2,6-methylphenolate, 3,5-methylphenolate, 2,3,5,6-methylphenolate, with 

samarium in the +3 oxidation state.83,84 The complex (C5Me5)2Sm(2,4,6-tri-tBu-phenolate) is 

known, but is not detected in the 1H NMR spectrum.85 The phenol is detectable, indicating that 

the radical has abstracted a hydrogen atom. If (C5Me5)2Sm(NH3)x had formed, then the protons 

on the nitrogen would be more facile to remove compared to the protons on the methyl groups of 

the cyclopentadienyl ligands, supporting the formation of (C5Me5)2Sm(NH2)(THF)x, but no 

crystal data has been obtained, so the structure of the resulting complex is unknown. 

 In the analogous reactions with the unsolvated (C5Me5)2Sm, a color change from green to 

black is observed after the reaction with NH3(g). The black solution turns yellow after the 
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addition of TTBP·, but no phenol is detected by 1H NMR spectroscopy. The yellow color is 

similar to other complexes of samarium in the +3 oxidation state, so it is likely that the phenolate 

coordinated to the metal to make an aryloxide complex, yet the spectrum does not match the 

known (C5Me5)2Sm(2,4,6-tri-tBu-phenolate) complex. Additionally, (C5Me5)H can be detected, 

further confusing matters. The structure of the synthesized complex is unknown and further 

study will be needed to elucidate it. However, it seems that the solvated (C5Me5)2Sm(THF)2 

reactivity with NH3(g) and TTBP· is more likely to produce a (C5Me5)2Sm(NH3)x complex based 

on the above results. Even though THF and NH3 can be competitive ligands, the presence of 

THF may help saturate the coordination sphere around the samarium center, preventing TTBP· 

from coordinating rather than abstracting a hydrogen from NH3. 

 There are no known crystallographically characterized complexes of ammonia bound to 

cerium, highlighting the difficulty surrounding this project. It is difficult to directly compare the 

solution NH3 chemistry to that of the gas reactions, since there was no reaction when NH3(g) was 

added to (C5Me5)2Ce(C3H5)(THF). Therefore, the cluster compound (C5Me5)6Ce5(X)9 could be 

unique to the solution reaction, but further investigation will be needed to support this. The color 

change from blue Cp′′3Ce to yellow in the presence of ammonia is indicative of ammonia 

binding, yet the color returns to blue slowly at standard conditions and more quickly under 

reduced pressure. After the addition of TTBP·, the resulting dark brown color is consistent with 

the oxidation of Ce3+ to Ce4+, in addition to the peaks in the 1H NMR spectrum being in the 

diamagnetic region. No evidence of an NH2 group was found, and organometallic Ce4+ has been 

historically difficult to make, so a “Cp′′xCe4+(NH2)” compound cannot be claimed at this time.  
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Conclusion 

 The experiments with ammonia have shown that there are no straightforward paths to 

reproducing transition metal ammonia chemistry with rare-earth metal complexes. For this 

project to be viable, new methods must be implemented. The chemistry can be complicated by 

competitive binding of TTBP· to the metal center, so another hydrogen abstraction reagent, like 

[(C5Me5)2Cr(CO)3]2, can be used instead. The reversible binding of ammonia to these complexes 

will make it difficult to crystallograhically characterize any ammonia adduct, so continued study 

of the reactivity of these complexes will be needed.  

Experimental 

All manipulations and syntheses described were conducted with rigorous exclusion of air 

and water using standard Schlenk line and glovebox techniques under an argon or nitrogen 

atmosphere. Solvents were sparged with UHP argon (Praxair) and dried by passage through 

columns containing Q-5 and molecular sieves prior to use. NMR solvents (Cambridge Isotope 

Laboratories) were dried over NaK alloy, degassed by three freeze-pump-thaw cycles, and 

vacuum transferred before use. LnCl3 (Ln = Y, Dy) was dried according to literature procedures 

by heating a mixture of the hydrated trichloride with an excess of NH4Cl.32–38  K[N(SiMe3)2] 

(Aldrich, 95%) was purified via toluene extraction before use. (C5Me5)H was dried over 

molecular sieves and degassed using three freeze-pump-thaw cycles. K(C5Me5) was synthesized 

by deprotonation of (C5Me5)H with K[N(SiMe3)2].
39  Allylmagnesium chloride (2.0 M solution 

in THF, Sigma-Aldrich) was used as received. (C5Me5)2Ce(C3H5),
86 KCp՛,87 Cp՛3Ce,88 Cp՛՛3Ce,89 

LnI2(THF)2 (Ln = Sm, Yb),90 (C5Me5)2Sm,91 (C5Me5)2Sm(THF)2,
92 (C5Me5)2Yb,93  TTBP·94 

were prepared by literature procedures. KCp՛՛ was made analogously to KCp՛. NH3 in THF (0.5 

M, Acros) was degassed by three freeze-pump-thaw cycles and vacuum transferred before use. 



45 
 

Anhydrous ammonia gas (Aldrich, 99.99+%) was passed through a trap cooled to −78 °C to 

capture residual water before use. 1H NMR spectra were recorded on Bruker GN500 or 

CRYO500 MHz spectrometers (13C{1H} at 125 MHz) at 298 K unless otherwise stated and 

referenced internally to residual protio-solvent resonances. IR samples were prepared as KBr 

pellets and spectra were obtained on a Jasco FT/IR-4700 or Varian 1000 spectrometer. 
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CHAPTER 5 

89Y NMR Spectroscopy of Cyclopentadienyl Yttrium Complexes 

Introduction 

One challenge in synthetic rare-earth metal chemistry is the lack of easily accessible 

characterization methods. The paramagnetic nature of most of the rare-earth metals make 

identification using NMR spectroscopy difficult. Additionally, the high magnetic moment of 

most of the late lanthanides, e. g. Dy and Tb, prevent characterization for many complexes with 

these metals, for most resonances exhibited by these compounds are so highly shifted that they 

do not appear in accessible spectroscopic windows on most NMR spectrometers. One approach 

to getting around this issue is by modeling lanthanide complexes with yttrium, another rare-earth 

metal. This is viable due to the similar size of yttrium to the lanthanides, especially the later 

lanthanides. Yttrium complexes are also electronically similar to lanthanide complexes; the d0 

nature of Y3+ is analogous to the core-like f-orbitals of Ln3+. In this Chapter, attempts to use 89Y 

NMR spectroscopy as an additional method of characterization that can be implemented for 

lanthanide chemists will be described. 

The identification of [(C5Me5)2Ln(NH3)](μ-S)2M(μ-S)2Ln(C5Me5)2, Ln2MNH3 (see 

Chapter 2), was only possible through X-ray crystallography, for the NH3 hydrogen atom 

resonances were undetected by 1H NMR spectroscopy. This poses a challenge for characterizing 

future complexes and assessing purity, so the identification of compounds by 89Y NMR 

spectroscopy was investigated. This is not a widely used technique, so few compounds have been 

characterized by this method.95 However, the spectra are sensitive to small changes adjacent to 

the yttrium nuclei which makes it possible to identify contaminants. The 100% natural 

abundance of 89Y and nuclear spin I = 1/2 makes it an ideal nucleus to probe with NMR 



47 
 

spectroscopy. However, due to the long T1 relaxation time, highly concentrated samples and 

lengthy experiments times are required for reliable signals to appear. 

Results and Discussion 

 Representative yttrium complexes were analyzed with 

89Y NMR spectroscopy. A summary of chemical shifts is given 

in Table 5.1. It is worth noting that [(C5Me5)2Y(THF)][BPh4] 

and the ammonia analogue [(C5Me5)2Y(NH3)(THF)][BPh4] 

show clear differences in chemical shifts (δ −112.03 and 

−91.50 ppm, respectively). A class of similar (C3H5)
1− 

compounds was also analyzed, using the cyclopentadienyl ligands C5H4SiMe3 (Cp′), 

C5H3(SiMe3)2 (Cp′′) and C5Me5 to compare the ligand effects on the chemical shift Table 5.1 

(Figure 5.1). As such, the resonances appeared at δ −59.15, −16.66 and −7.56 ppm, respectively, 

which does not match the expected trend based on electron donating power of the ligands. 

Further examining the ligand effects, the complexes (Cp′2YCl)2 and (Cp′2YCl)2 had resonances at 

δ −97.5 and −90.0 ppm, respectively. The complex (Cp′2YH)3 (Figure 5) appeared as a singlet 

even though the adjacent hydrogen atoms (I = 1/2) could cause the signal to split. In fact, the 

two-dimensional 1H,89Y HMQC experiment was required to observe the yttrium resonance, 

possibly due to low sample concentration.96 1H,89Y HMBC experiments were used to collect data 

for [(C5Me5)2Y(THF)NH3][BPh4] and the resonance detected in this two-dimensional experiment 

matched the one-dimensional experiment. While this technique is not necessary to collect these 

data, it was the preferred experiment. Typical one-dimensional 89Y NMR experiments take 

multiple hours to acquire strong signals due to the long relaxation time of the yttrium nucleus. 

Using two-dimensional experiments allows the collection time to be cut down less than one hour 

Figure 5.1. Structure of (Cp′2YH)3. 
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since the 1H nucleus is irradiated, then the resulting magnetization is transferred to the 89Y 

nucleus.  

 

The 89Y NMR spectroscopic 

experiments demonstrate that this 

technique can be useful for identifying 

yttrium compounds when no other 

techniques are definitive. From the data 

collected, there is no clear correlation 

between chemical environment and 

chemical shift. Based on previously 

calculated 89Y NMR data, the Cp′′ 

complexes should exhibit positive resonances and C5Me5 complexes are predicted to provide the 

most negative resonances,95 yet the Cp′ complexes are most negatively shifted and all complexes 

have negative resonances. SiMe3 groups can give electron donating character to the 

cyclopentadienide ligands, causing more shielding about the Y nuclei, which leads to more 

negative shifts.97 This explains why those complexes with silyl-substituted Cp ligands have more 

negative resonances than the C5Me5 complexes, but not why the Cp′ complexes have more 

negative resonances than the Cp′′ complexes. Due to the long T1 relaxation time of the nucleus, 

experiments can take many hours to collect enough data for an unambiguous resonance to be 

detected. However, reproducible resonances from long range HMBC experiments that have an 

approximate run time of 20 minutes can eliminate the need for hours of data collection.  

Compound 

Shift 

(ppm) Solvent 

(C5Me5)2Y(NH2)(THF) 14.95 C6D6 

[(C5Me5)2Y(THF)][BPh4] −112.03 THF-d8 

[(C5Me5)2Y(THF)NH3][BPh4] −91.50 THF-d8 

(C5Me5)2YCl2K(THF)2 −38.13 THF-d8 

(C5Me5)2Y(THF)(C3H5) −7.56 C6D6 

Cp′2Y(THF)(C3H5) −59.15 C6D6 

Cp′′2Y(THF)(C3H5) −16.66 C6D6 

(Cp′2YH)3 −33.1 C6D6 

(Cp′2YCl)2 −97.5 C6D6 

(Cp′′2YCl)2 −90.0 C6D6 

Table 5.1. List of yttrium-containing compounds and their 89Y 

NMR spectroscopic resonances. 
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Figure 5.2. Structures of compound used for 89Y NMR spectroscopy. A: Cp′2Y(THF)(C3H5); B: 

Cp′′2Y(THF)(C3H5); C: (Cp′2YCl)2; D: (Cp′′2YCl)2; E: (C5Me5)2YCl2K(THF)2. 

 

Experimental 

All manipulations and syntheses described were conducted with rigorous exclusion of air 

and water using standard Schlenk line and glovebox techniques under an argon or nitrogen 

atmosphere. Solvents were sparged with UHP argon (Praxair) and dried by passage through 

columns containing Q-5 and molecular sieves prior to use. NMR solvents (Cambridge Isotope 

Laboratories) were dried over NaK alloy, degassed by three freeze-pump-thaw cycles, and 

vacuum transferred before use. 89Y NMR spectra were recorded on Bruker GN500 spectrometer 

at 24.5 MHz and the 90° pulse was calibrated using 1 M Y(NO3)3 in D2O. All NMR experiments 

were conducted using conventional 5 mm borosilicate NMR tubes. 
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