
 

 

UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE 

 

 

 

METAL-LIGAND COVALENCY IN URANIUM, THORIUM, AND CERIUM 

COORINDATION CHEMISTRY: ELUCIDATING THE NATURE OF CHEMICAL 

BONDING IN F-ELEMENT COMPLEXES USING PHOSPHORUS LIGANDS 

 

 

 

A DISSERTATION 

SUBMITTED TO THE GRADUATE FACULTY 

in partial fulfillment of the requirements for the  

Degree of 

DOCTOR OF PHILOSOPHY 

 

 

 

By 

STEWART BRAGG YOUNGER-MERTZ 

Norman, Oklahoma 

2022 

 

 



 
 

METAL-LIGAND COVALENCY IN URANIUM, THORIUM, AND CERIUM 

COORINDATION CHEMISTRY: ELUCIDATING THE NATURE OF CHEMICAL 

BONDING IN F-ELEMENT COMPLEXES USING PHOSPHORUS LIGANDS 

 

 

 

 

 

 

A THESIS APPROVED FOR THE 

DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY 

 

 

 

 

 

 

BY THE COMMITTEE CONSISTING OF 

 

 

 

 

 

Dr. Donna Nelson, Chair 

Dr. Shanteri Singh 

Dr. Yihan Shao 

Dr. Andrew Madden 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by STEWART BRAGG YOUNGER-MERTZ 2022 

All Rights Reserved.

 



iv 
 

Abstract 

Herein the syntheses and characterization of model actinide and lanthanide 

complexes bearing phosphorus-based ligands are reported. High-symmetry molecular 

models featuring phosphorus-based ligands are very advantageous for experimental 

metal-ligand covalency studies because phosphorus-31 nuclear magnetic resonance 

spectroscopy and phosphorus-Kβ X-ray emission spectrometry can be used to study the 

electronic structure and orbital interactions of metal-phosphorus bonds. Furthermore, 

high-symmetry models simplify spectral interpretation, and reduce the complexity of 

computational studies of the actinides. The quantum chemistry of the actinides is very 

complex because relativistic effects and spin-orbit coupling are very important influences 

on the electronic structures of these elements. Low-symmetry and high coordination 

numbers are very common in actinide coordination chemistry, which further complicates 

actinide computational chemistry. The creation of molecular models with high-symmetry 

and low coordination numbers greatly reduces the complexity of empirical electronic 

structure studies. Using a combination of advanced spectroscopy and advanced 

computational methods, details about the metal-ligand orbital interactions in actinide 

and lanthanide complexes can be obtained. Herein reactions of advanced f-element amide 

complexes with phosphorus-based compounds are reported, with the intention of 

creating high-symmetry, low-coordinate f-metal complexes for empirical electronic 

structure investigations. 
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Introduction 

The art of sublimation is central to nuclear science and technology. Volatile 

uranium compounds are essential for enrichment processes based on gaseous diffusion 

or centrifugation, and the synthesis of volatile uranium hexafluoride for enrichment is 

vital to the nuclear power industry [1-6]. Uranium-235 is needed for the operation of 

nuclear reactors and nuclear weapons, and our energy security and national security [7] 

depend on the enrichment of uranium-235 using volatile uranium hexafluoride. Uranium 

hexafluoride can be conveniently purified via sublimation [3] (the compound sublimes 

at 56.5°C at atmospheric pressure). Once pure, it can be used in gas centrifuges for the 

enrichment of uranium-235. In addition to uranium hexafluoride, plutonium 

hexafluoride and neptunium hexafluoride are also very volatile [8]. The tetravalent 

uranium halides are much less volatile (UCl4 sublimes between 500-650°C), and trivalent 

uranium halides are essentially non-volatile (UCl3 boils at about 1410°C) [8]. Uranium 

tetraborohydride is a highly volatile tetravalent uranium compound (sublimes at about 

60°C under vacuum) [9], and numerous organometallic f-element compounds are volatile 

[10]. Trivalent actinide and lanthanide amides, like U[N(SiMe3)2]3, Np[N(SiMe3)2]3, 

Pu[N(SiMe3)2]3, Ce[N(SiMe3)2]3, Pr[N(SiMe3)2]3, Nd[N(SiMe3)2]3, Sm[N(SiMe3)2]3, and 

Yb[N(SiMe3)2]3, are also volatile [11-15]. The tris[bis(trimethylsilyl)]amido compounds of 

uranium (sublimes at about 80°C under vacuum), neptunium (sublimes at about 60°C 

under vacuum), plutonium (sublimes at about 60°C under vacuum), and all lanthanides 

(sublime between 80-100°C under vacuum) can be purified by sublimation, and these 
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compounds have become very important molecular precursors for actinide and 

lanthanide coordination chemistry and materials science [11-15].  

 

 

 

  

 

Figure 0.1: Oxide-Free Depleted Uranium Metal Turnings (238U) 

 

 

 

 

 

 

 

 

Figure 0.2: Tris[bis(trimethylsilyl)amido]uranium(III), U[N(SiMe3)2]3, deposited on 

sublimation apparatus. Sublimed by Stewart Younger-Mertz (Spring 2018). 
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Figure 0.3: Tris[bis(trimethylsilyl)amido]cerium(III), Ce[N(SiMe3)2]3, deposited on 

sublimation apparatus. Sublimed by Stewart Younger-Mertz (Spring 2018). 

The f-elements play a central role in high-energy industrial societies. Despite their 

vital importance, the fundamental nature that governs the behavior of f-elements has 

eluded chemists and physicists since the Manhattan Project [16]. Theoreticians continue 

to struggle to predict the properties of f-element compounds, and these difficulties have 

major ramifications for industries that revolve around f-elements [16]. This gap in 

knowledge is especially problematic in the nuclear industry, particularly with respect to 

the science of f-element separations [16]. f-element separation processes occur throughout 

the nuclear fuel cycle [17-19]. For example, f-elements are often co-located in ore deposits, 

and they must be separated to be useful in the numerous industries that involve f-

elements [4]. f-element separations also occur during the production and isolation of 

plutonium [20-22]. Once plutonium is created in fuel rods in nuclear reactors, it is 
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separated from uranium and f-element fission products [20-22]. The production of 

uranium and thorium from their ores, and plutonium from nuclear fuel rods, are well-

developed processes [4, 23-28]. These processes depend on simple redox chemistry and 

take advantage of the higher oxidation states of plutonium, uranium, and thorium. Most 

f-elements exist in the trivalent oxidation state [4]. However, thorium exists exclusively 

in the tetravalent oxidation state in nature [29], and uranium and plutonium prefer the 

hexavalent and tetravalent oxidations states, respectively [30, 31]. This makes the 

separation of thorium, uranium, and plutonium from their trivalent counterparts a 

relatively straightforward task. The separation of the lanthanide elements from each 

other, though extremely demanding industrially, are theoretically straightforward 

processes that either take advantage of subtle differences in the ionic radii of lanthanide 

elements, or take advantage of the stable divalent oxidation states of some lanthanides, 

or the stable tetravalent oxidation state in the case of cerium [4, 32]. 

 One of the most critical problems facing the nuclear industry is the separation of 

the trivalent minor actinides from trivalent lanthanide fission products in spent nuclear 

fuel and high-level nuclear waste [16-19].  The minor actinides prefer the trivalent 

oxidation state like the lanthanide elements, and their ionic radii are very similar to the 

lanthanide fission products found in nuclear fuel rods [4, 16]. As a result, conventional f-

element separation processes based on simple redox chemistry or differences in ionic 

radii are ineffective for the separation of minor actinides from lanthanide fission products 

[17-19]. The extremely radioactive minor actinide isotopes found in high-level nuclear 



5 
 

waste, and our current inability to effectively manage and dispose of them, creates the 

necessity to store these isotopes deep underground in geological deposits for thousands, 

or even millions of years [2, 6]. This problem has ramifications that extend well beyond 

the nuclear industry. Our inability to effectively manage and dispose of high-level 

nuclear waste has many political, economic, social, and environmental ramifications that 

every high-energy society must face. Through the lens of global climate science, one could 

argue that every single human being on Earth is affected by the problems created by high-

level nuclear waste. The reliance of high-energy societies on fossil fuels as their primary 

source of energy is now considered a major economic, social, and environmental problem 

by people on both sides of the political spectrum. Nuclear power is currently the only 

viable alternative to fossil fuels that can supply high-energy industrial societies with 

cheap, reliable, and abundant energy. Solar and wind power are intermittent 

technologies that require enormous amounts of land to produce energy on a very large 

scale. Utilization of nuclear power based on nuclear fission is the most practical solution 

to our current energy and environmental crises. Nuclear power based on nuclear fusion 

will also become a practical solution in the coming decades. However, in order to take 

decisive action to solve our current energy and environmental crises as quickly as 

possible, the problem of high-level nuclear waste must be resolved. This problem must 

be resolved before the nuclear fission industry can take the reins from the fossil fuel 

industry and become the primary source of energy for high-energy industrial societies. 

The nuclear fuel cycle must become a closed cycle before this evolutionary transition can 

take place. 
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 One of the leading strategies for addressing the problem of high-level nuclear 

waste is the proposed partition and transmutation method of disposing of high-level 

nuclear waste [33-38]. This method involves the transmutation of transuranic minor 

actinides into short-lived radioactive isotopes or stable isotopes, with the aim of reducing 

the volume of high-level nuclear waste that needs to be stored long-term in geological 

deposits by over 90% [33-38]. These transmutations can be achieved by bombarding 

minor actinide targets with high-energy neutron beams [34, 35]. However, for this 

strategy to work, the minor actinides must first be partitioned from lanthanide fission 

products [33-38]. According to Stacey, studies indicate “that it is practical to achieve >90% 

transuranics (TRU) burnup with a neutron source strength Pfus < 400 MW by repeatedly 

burning ≈25% of the TRU fuel, then recycling and reprocessing the TRU fuel to remove 

neutron absorbing fission products and adding fresh TRU” [35]. Lanthanides have large 

neutron capture cross-sections and poison the transmutation process [33-38]. For the 

partition and transmutation method to become a viable strategy for ameliorating the 

problem of high-level nuclear waste, our methods for separating trivalent lanthanide 

fission products from the trivalent minor actinides must be improved. Advances in 

trivalent f-element separation science proceed slowly on a largely empirical basis [16]. To 

drastically improve our ability to partition the minor actinides from trivalent lanthanides, 

a vertical leap in our theoretical understanding of the chemical behavior of the f-elements 

must occur.  



7 
 

The separation of trivalent lanthanides from trivalent actinides is based on the 

empirical observation that soft-donor extractants have a slight preference for actinides 

over lanthanides, presumably due to the increased ability of actinides to engage in 

covalent bonding interactions due to the greater radial extent of the 5f and 6d orbitals 

compared to the 4f and 5d orbitals of the lanthanides [16]. We currently do not have a 

solid theoretical foundation for understanding how these covalent metal-ligand 

interactions work, and we do not fully understand the conditions that facilitate and 

optimize covalency in actinide-ligand interactions [16]. As a result, our ability to improve 

trivalent f-element separations is drastically hindered [16]. In order for a vertical leap in 

our understanding of the nature of covalency in f-element systems to occur, we must 

create and study model actinide and lanthanide systems that are amenable to 

experimental and theoretical quantum chemical investigations. That is the subject of this 

dissertation. Herein the syntheses and characterization of model actinide and lanthanide 

complexes bearing phosphorus-based ligands are reported. High symmetry molecular 

models featuring phosphorus-based ligands are very advantageous for experimental 

metal-ligand covalency studies because phosphorus-31 nuclear magnetic resonance 

spectroscopy and phosphorus-Kβ X-ray emission spectrometry can be used to study the 

electronic structure and orbital interactions of metal-phosphorus bonds. Furthermore, 

high symmetry models simplify spectral interpretation, and reduce the complexity of 

computational studies of the actinides. The quantum chemistry of the actinides is very 

complex because relativistic effects and spin-orbit coupling are very important influences 

on the electronic structures of these elements [16]. Low symmetry and high coordination 
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numbers are very common in actinide coordination chemistry [4], which further 

complicates actinide computational chemistry. The creation of molecular models with 

high symmetry and low-coordination numbers greatly reduces the complexity of 

empirical electronic structure studies. Using a combination of advanced spectroscopy 

and advanced computational methods, details about the metal-ligand orbital interactions 

in actinide and lanthanide complexes can be obtained. Herein reactions of advanced f-

element amide complexes with phosphorus-based compounds are reported, with the 

intention of creating high symmetry, low-coordinate f-metal complexes for empirical 

electronic structure studies. 
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Figure 0.4: Large Crystal (~0.5g) of Ce[OPPh3][N(SiMe3)2]3 

Tris[bis(trimethylsilyl)amido][triphenylphosphine oxide]cerium(III), 

synthesized and characterized by Stewart Younger-Mertz (Spring 2018). 
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Chapter 1 

Synthesis of Uranium-Phosphido Complexes 

Introduction 

In this chapter, the synthesis of a uranium(IV) amido-phosphido complex, 

U[PHPh][N(SiMe3)2]3, is reported. Uranium-phosphorus bonds are rare phenomena that 

have the potential to offer new insights into the nature of chemical bonding in uranium 

complexes. Uranium is considered a hard Lewis acid that has a high affinity for hard 

Lewis bases (fluoride, oxide, etc.) [1]. The stable uranyl dication (UO22+) is ubiquitous in 

nature [1], and UO2 and UF6 are stable forms of uranium that are at the heart of the 

nuclear industry.  UO2 is used as nuclear fuel, and UF6 is used for the enrichment of 235U 

used for nuclear power and nuclear weapons [2, 3]. On the other hand, uranium and 

phosphorus are a frustrated couple (a hard acid, soft base mismatch). Bonds formed 

between uranium and phosphorus are highly unstable and are not found in nature. These 

bonds can be formed under special laboratory conditions in the absence of air and 

moisture. Uranium-phosphate interactions are very common, and are ubiquitous in nature 

and the nuclear fuel cycle [4]; however, there is an oxygen between the uranium and 

phosphorus in these systems. Direct uranium-phosphorus bonds are quite rare and very 

understudied [5-11].  

The insight that can be gained from the study of uranium-phosphorus bonds is 

fundamental in nature and can be used to address long standing questions revolving 
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around the nature and degree of covalency in uranium-ligand bonds. If significant orbital 

mixing is possible in actinide and lanthanide systems, it will most likely be maximized 

through the use of soft-donor atoms like phosphorus, sulfur, and heavier pnictogens and 

chalcogens  [12, 13]. Metal-ligand covalency has been a reoccurring theme in actinide 

chemistry since chemists began making volatile organometallic uranium compounds as 

part of the Manhattan project during World War II [14-65]. The advantages of using 

phosphorus to study chemical bonding in uranium are twofold. First, from a theoretical 

standpoint, anionic phosphide ligands are soft Lewis bases with polarizable valence 

shells that can delocalize to some degree into the uranium 5f and/or 6d orbital manifolds. 

Second, from a practical standpoint, the bonding interactions between uranium and 

phosphorus can be studied conveniently through a combination of 31P-NMR 

spectroscopy and phosphorus Kβ X-ray emission spectroscopy. 

The history of actinide-phosphido chemistry begins in the 1980’s. In 1984, Marks 

and co-workers reported the syntheses of bridging phosphinidenes of uranium and 

thorium [5]. In 1985, the syntheses of the first thorium bis(phosphido) complexes, 

Cp*2Th(PR2)2 (R = Ph, Cy, Et), were reported [66]. Cp*2Th(PPh2)2 was used to synthesize 

heterobimetallic thorium phosphido complexes, Cp*2Th(PPh2)2Ni(CO)2 and 

Cp*2Th(PPh2)2PtPMe3 [67, 68]. In 1993, the syntheses of uranium and thorium 

bis(trimethylsilyl)phosphido complexes, Cp*2An(Cl)[P(SiMe3)2] and 

Cp*2An(Me)[P(SiMe3)2] (An = U, Th), were reported [6]. Both the uranium and thorium 

forms of Cp*2An(Me)[P(SiMe3)2] undergo cyclometallation to form Cp*2An[κ2(P,C)-
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P(SiMe3)CH2] [6]. More recently, the Walensky group synthesized the first primary 

bis(phosphido) complexes of the actinides with the formula Cp*2Th(PHR)2 (R = Tipp or 

Mes) [69]. The Arnold group reported a similar compound, Th(BcMes)2(HPMes)2 [70,71]. 

Homoleptic chelating complexes Th(PPP)4 and U(PPP)4 have also been reported, which 

feature both neutral and monoanionic metal-phosphorus interactions [72]. Liddle and co-

workers have recently synthesized a series of parent actinide phosphido and arsenido 

complexes, (TrenTIPS)An(PH2) and (TrenTIPS)An(AsH2) (An = U, Th) [9, 73]. The 

phosphido complexes synthesized by the Walensky and Liddle groups were 

subsequently used to synthesize actinide phosphinidene (An=P) complexes [9, 74]. 

The history of lanthanide-phosphido chemistry begins in the 1970’s [8, 75]. The 

lanthanide phosphido complexes reported in the 1970’s and 1980’s were bridged 

complexes with multiple metal centers [8, 75]. The first terminally bound lanthanide 

complexes were not reported until the late 1980’s and 1990’s, when Aspinall reported 

[Ln{N(SiMe3)2}3(PPh2)] (Ln = La, Eu) and [Ln{N(SiMe3)2}3(PPh2)(Ph3PO)]] (Ln = La, Eu, 

Y) [12], and when Rabe and coworkers reported homoleptic lanthanide tris(phosphido) 

complexes Ln[P(SiMe3)2]3 (Ln = Nd, Tm) [76, 13]. Much progress has been made in 

synthesis and characterization of rare earth complexes with anionic phosphorus ligands 

since these initial advances, and this area was reviewed by Nief in 1998 [8], and Kaercher 

and Roesky in 2014 [75]. To date, no terminally bound lanthanide phosphinidenes have 

been synthesized [75]. However, Kiplinger and coworkers synthesized the first bridged 

lanthanide phosphinidene, [(PNPiPr)Lu]2(μ-PMes)2 [77]. Walter and co-workers also 
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reported the synthesis of an alkali-metal halide bridged phosphinidiide thorium 

metallocene complex in 2019 [10]. 

Our explorations into actinide-phosphorus chemistry involved attempts to 

generate homoleptic and heteroleptic actinide-phosphido (PR2-) complexes, with the 

intention of studying these complexes spectroscopically and computationally, and also 

with the intention of using these complexes as precursors to phosphinidene (PR2-) and 

phosphide (P3-) complexes. These reactions included salt metathesis or protonolysis 

reactions using PhPH2 or LiPHPh reacting with UCl4, ThCl4(DME)2, [((H3C)3Si)2N]2U[κ2-

(C,N)-CH2Si(CH3)2N(Si(CH3))], UCl[N(SiMe3)2]3, ThCl[N(SiMe3)2]3, UCl2[N(SiMe3)2]2, or 

U[N(SiMe3)2]3.  The most promising results were obtained through the reaction of PhPH2 

with [((H3C)3Si)2N]2U[κ2-(C,N)-CH2Si(CH3)2N(Si(CH3))]. NMR data suggest the synthesis 

of U[PHPh][N(SiMe3)2]3. Work in the area was discontinued soon after these initial results 

were obtained, and further studies and characterization of the product of this reaction are 

highly desirable. 
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Scheme 1.1: Synthesis of UI4(1,4-dioxane)2 using uranium metal and elemental iodine, 

and 1,4-dioxane. 
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Figure 1.1: UI4(1,4-dioxane)2 
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Scheme 1.2: Synthesis of [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] 

 

 

Scheme 1.3: Reaction of cyclo-metalated uranium amide with phenyl phosphine. 
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Figure 1.2: [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] in THF 

 

 

 

 

 

 

 

 

Figure 1.3: Residue generated from the reaction of H2PPh with  

[((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] (31P δ -48.2 ppm) 
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Experimental 

All experimental operations were conducted with rigorous exclusion of air and 

moisture using Schlenk techniques [78, 79] and standard glove-box methods [80] using a 

Vacuum Atmospheres glovebox with a recirculating dinitrogen atmosphere. Solvents 

were bought anhydrous or HPLC-grade (pentane, hexane, toluene, acetonitrile) and 

further purified using a Vacuum Atmospheres Solvent Purifier System. 1,4-dioxane, 

tetrahydrofuran, and diethyl ether were dried over sodium benzophenone ketyl, and 

degassed using three freeze-pump-thaw cycles prior to use. All solvents were stored 

under dinitrogen in a glove-box, and stored over 4 Å molecular sieves for at least 24 hours 

prior to use. Glassware was dried at 150°C before use. 1H and 31P NMR spectra were 

recorded using a Bruker 400 MHz spectrometer at 298 K. Deuterated benzene (Cambridge 

Isotopes) was stored over 4 Å molecular sieves for at least 24 hours prior to use. 

Oxide encrustations were removed from the uranium metal using concentrated 

nitric acid [34]. Once the turnings achieved a brilliant lustre, the nitric acid was decanted, 

and the turnings were rinsed with acetone and stored in a dinitrogen atmosphere 

glovebox. These operations are reported in the literature [34, 81]. Utmost care must be 

taken to minimize exposure of the cleaned turnings to air by immediately covering the 

turnings with acetone once the nitric acid is decanted; uranium metal is pyrophoric, and 

thick orange fumes will start billowing off the turnings if they are exposed to air for too 

long.  Iodine (sublimed) was used as purchased (Aldrich). KN(SiMe3)2 was used as 

purchased (Aldrich). Phenylphosphine was used as purchased or synthesized according 
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to the literature [82]. [((H3C)3Si)2N]2U[κ2-(C,N)-CH2Si(CH3)2N(Si(CH3))] was prepared as 

previously reported [34].  ThCl4(DME)2, UCl4, UI4(1,4-dioxane)2, UI3(1,4-dioxane)1.5, 

UCl[N(SiMe3)2]3, ThCl[N(SiMe3)2]3, UCl2[N(SiMe3)2]2, and U[N(SiMe3)2]3 were prepared 

according to published methods [34, 50, 83-86]. 

Caution! Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) with a half-

life of 4.47 x 109 years, and natural thorium (primary isotope 232Th) is a weak α-emitter (4.012 

MeV) with a half-life of 1.41 x 1010 years; manipulations and reactions should be carried out in 

monitored fume hoods or in an inert atmosphere drybox in a radiation laboratory equipped with 

α-counting equipment. 

Synthesis of U[PHPh][N(SiMe3)2]3 

0.138 grams (0.192 mmol) of [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] was 

dissolved in 10 mL of THF. 0.021 grams (0.192 mmol) of H2PPh was dissolved in 5 mL of 

THF and added to the [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] solution 

dropwise at room temperature. A slight color change was observed from dark brown to 

burgundy brown, and the solution was stirred for 6 hours at room temperature. The THF 

was removed in vacuo, and the residue was dissolved in pentane and filtered. The pentane 

was removed in vacuo and a dark brown solid was afforded in 75% yield (0.119 grams). 

31P NMR Data (C6D6, 298 K): δ -48.2 ppm. 

Alternate. 0.803 grams (1.12 mmol) of [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] 

was dissolved in 10 mL of THF. 0.123 grams (1.12 mmol) of H2PPh was dissolved in 5 mL 

of THF and added to the [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] solution 
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dropwise at room temperature. A slight color change was observed from dark brown to 

burgundy brown, and the solution was stirred for 6 hours at room temperature. The THF 

was removed in vacuo, and the residue was dissolved in pentane and filtered. The pentane 

was removed in vacuo and the dark brown product was sealed and stored for further 

characterization via NMR and X-ray emission spectrometry. 

Attempted Synthesis of U[PHPh][N(SiMe3)2]3 via Salt Metathesis 

0.025 grams (0.033 mmol) of UCl[N(SiMe3)2]3 was dissolved in 3 mL of THF. 0.004 grams 

(0.033 mmol) of LiHPPh [87] was dissolved in 3 mL of THF and added to the 

UCl[N(SiMe3)2]3 solution dropwise at room temperature. An immediate color change was 

observed from brown to dark red, and the solution was stirred for 6 hours at room 

temperature. The solution was filtered, THF was removed in vacuo, and dark brown solid 

was afforded in quantitative yield (0.027 grams). The residue was dissolved in C6D6 for 

NMR analysis.  

31P NMR Data (C6D6, 298 K): δ -48.19 ppm. 

 

Attempted Synthesis of Th[PHPh][N(SiMe3)2]3 via Salt Metathesis 

0.029 grams (0.039 mmol) of ThCl[N(SiMe3)2]3 was dissolved in 5 mL of THF. 0.005 grams 

(0.039 mmol) of LiHPPh was dissolved in 5 mL of THF and added to the ThCl[N(SiMe3)2]3 

solution dropwise at room temperature. A fast color change was observed from colorless 

to dark yellow, and the solution was stirred for 24 hours at room temperature. The 

solution became a dark red-orange. The solution was filtered, the THF was removed in 
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vacuo, and a dark red solid was afforded in quantitative yield (0.032 grams). NMR and 

XRD analyses were inconclusive. 

Attempted Synthesis of U[PHPh]2[N(SiMe3)2]2 via Salt Metathesis 

0.005 grams (0.0073 mmol) of UCl2[N(SiMe3)2]2 was dissolved in 3 mL of THF. 0.002 

grams (0.0146 mmol) of LiHPPh was dissolved in 3 mL of THF and added to the 

UCl2[N(SiMe3)2]2 solution dropwise at room temperature. A drastic color change was 

observed from light green-yellow to a dark brown-purple, and the solution was stirred 

overnight at room temperature. The solution was filtered, and THF was removed in 

vacuo. The products were intractable, and NMR analysis was inconclusive. 

Attempted Synthesis of U[PHPh]4 

0.038 grams (0.1 mmol) of UCl4 was dissolved in 10 mL of THF. 0.046 grams (0.399 mmol) 

of LiPHPh was dissolved in 5 mL of THF and added to the UCl4 solution dropwise at 

room temperature. A strong color change was immediately observed from light green to 

dark brown/black. The solution was stirred for 6 hours at room temperature. The THF 

was removed in vacuo. The residue was dissolved in C6D6 and analyzed via NMR. 

31P NMR Data (C6D6, 298 K): δ -40.7 ppm. 

 

Attempted Synthesis of Th[PHPh]4 

0.019 grams (0.34 mmol) of ThCl4(DME)2 was dissolved in 10 mL of THF. 0.016 grams 

(1.37 mmol) of LiPHPh was dissolved in 5 mL of THF and added to the ThCl4(DME) 

solution dropwise at room temperature. A strong color change was immediately 
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observed from colorless to dark blood red. The solution was stirred for 6 hours at room 

temperature. The THF was removed in vacuo. The residue was dissolved in C6D6 and 

analyzed via NMR. NMR results were inconclusive. 

Attempted Synthesis of Ce[PHPh]3 

0.021 grams (0.852 mmol) of CeCl3 was dissolved in 10 mL of THF. 0.030 grams (2.55 

mmol) of LiPHPh was dissolved in 5 mL of THF and added to the CeCl3 solution 

dropwise at room temperature. A strong color change was immediately observed from 

colorless to deep-orange. The solution was stirred for 6 hours at room temperature. The 

THF was removed in vacuo. The residue was dissolved in C6D6 and analyzed via NMR. 

31P NMR Data (C6D6, 298 K): δ -134.84 ppm. 

 

Attempted Synthesis of [Li][U[PPh][N(SiMe3)2]3] 

0.235 grams (0.33 mmol) of [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] was 

dissolved in 10 mL of THF. 0.038 grams (0.33 mmol) of LiPHPh was dissolved in 5 mL of 

THF and added to the [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] solution 

dropwise at room temperature. No major color change was observed, and the solution 

was stirred for 10 hours at room temperature. The THF was removed in vacuo. The 

residue was extracted in toluene, filtered, and isolated in vacuo. The residue was extracted 

again with pentane, filtered, and isolated in vacuo. A dark brown residue was afforded 

(0.035 grams; 66% yield). No conclusive NMR data was obtained. 

Attempted Synthesis of [Li][U[PHPh][N(SiMe3)2]3] 
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0.026 grams (0.036 mmol) of U[N(SiMe3)2]3 was dissolved in 5 mL of THF. 0.004 grams 

(0.036 mmol) of LiPHPh was dissolved in 5 mL of THF and added to the U[N(SiMe3)2]3 

solution dropwise at room temperature. A color change from purple to dark brown was 

observed, and the solution was stirred for 9 hours at room temperature. The THF was 

removed in vacuo. The residue was extracted in toluene, filtered, and isolated in vacuo. 

The residue was extracted again with pentane, filtered, and isolated in vacuo. A dark 

brown residue was afforded (0.022 grams; 66.6% yield). No conclusive NMR data was 

obtained. 

Results and Discussion 

 Our quest to synthesize direct actinide-phosphorus bonds began with zealous 

attempts to synthesize complexes featuring metal-phosphorus multiple bonds. Very few 

actinide phosphinidene complexes have been previously reported, and no monomeric 

actinide phosphide (An≡P) complexes have been reported [5, 7-11, 45, 69, 74, 75, 77]. A 

uranium-phosphorus triple-bond would be a holy grail in actinide chemistry, and much 

of our synthetic efforts were focused on the generation of a uranium phosphide complex. 

An equal amount of zeal was directed towards the synthesis of actinide phosphinidene 

(An=P) complexes. Our initial efforts to synthesize actinide-phosphorus multiple bonds 

focused on installing anionic phosphorus ligands via salt metathesis, however, 

difficulties were encountered with this synthetic strategy. This could possibly be due to 

the reducing nature of lithium phosphide salts. Sattelberger and co-workers experienced 

unexpected redox reactions when attempting to install bis(trimethylsilyl)phosphide 
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ligands on U(IV) via salt metathesis with LiP(SiMe3)2 [6]. Instead of the expected 

substitution of chloro ligands with phosphide ligands, the lithium phosphide salt 

reduced the metal center to U(III) without the installation of the phosphide ligand [6]. 

The ability of LiP(SiMe3)2 to reduce U(IV) was demonstrated by Blake et al. in 1988 [88].  

Our initial efforts focused on the use of LiPHPh in salt metathesis reactions with 

UCl[N(SiMe3)2]3 to synthesize U[PHPh][N(SiMe3)2]3. It is possible that the use of 

NaPHPh, Na2PPh, KPHPh, or K2PPh in reactions with UCl[N(SiMe3)2]3, UBr[N(SiMe3)2]3, 

or UI[N(SiMe3)2]3 could yield better results. However, unfortunate administrative 

constraints prevented these reaction pathways from being explored. These reaction 

pathways should be explored by someone in the future. 

 Instead of continuing a strategy based on salt metathesis, we explored a more 

atom-efficient strategy based on protonolysis of the U(IV) metallacycle 

[((H3C)3Si)2N]2U[κ2-(C,N)-CH2Si(CH3)2N(Si(CH3))]. Karmel et al. recently reported 

several catalysis studies involving protonolysis reactions of this U(IV) metallacycle [89], 

and Arnold and co-workers synthesized a thorium-imido complex via protonolysis of the 

analogous Th(IV) metallacycle, [((H3C)3Si)2N]2Th[κ2-(C,N)-CH2Si(CH3)2N(Si(CH3))] [90].   

This synthetic strategy yielded positive results, and NMR data suggest the possible 

synthesis of a tetravalent uranium phosphido-amido complex, U[PHPh][N(SiMe3)2]3. If 

the identity of the product is indeed U[PHPh][N(SiMe3)2]3, this complex could potentially 

be deprotonated to form a phosphinidene. 
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This protonolysis strategy produced promising initial NMR results, warranting 

further studies; however, due to unfortunate admininstrative circumstances, this 

research came to an abrupt halt soon after these initial results were achieved. This 

initial work lays the groundwork for future projects that hold enormous potential to 

advance our understanding of orbital interactions in molecular uranium complexes. One 

can envision reacting a library of primary and secondary phosphines with 

[((H3C)3Si)2N]2U[κ2-(C,N)-CH2Si(CH3)2N(Si(CH3))] to yield complexes with the general 

formulas UIV[PHR][N(SiMe3)2]3 and UIV[PR2][N(SiMe3)2]3. A series of complexes with 

these general formulas can provide unprecedented insight into the nature of the orbital 

interactions involved in U-P functionalities, and how the ionicity/covalency of the U-P 

bond is modulated by the identity of the organic substituents (R) bound to phosphorus. 

These orbital interactions could possibly be studied in detail using a combination of 31P 

NMR spectroscopy coupled with Quantum Theory of Atoms in Molecules (QTAIM) 

calculations, and phosphorus-Kβ X-ray emission spectroscopy coupled with Time-

Dependent Density Functional Theory (TD-DFT) calculations. 

The uranium(IV) silyl-amide metallacycle, [((H3C)3Si)2N]2U[κ-2-(C,N)-

CH2Si(CH3)2N(Si(CH3))], is a strong Brønsted base, and deprotonates phenylphosphine, 

H2PPh, to form U[PHPh][N*]3 (N* = N(SiMe3)2. The U-C bond in the metallacycle is highly 

polar and exhibits highly selective reactivity and catalytic activity. The U(IV) metallacycle 

easily deprotonates aromatic and aliphatic alcohols and thiols to form aryloxides, 

alkoxides, and thiolates. Phenylphosphine is much less acidic (pKa = 24.5) [118], and its 



31 
 

reaction with [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] to form a uranium-

phosphido complex further demonstrates the strength of this silyl-amide Brønsted base.  

Direct anionic uranium-phosphorus bonds are extremely rare and present a unique 

opportunity to study uranium orbital interactions with soft-donor ligands.  

 The residue formed through the reaction of phenylphosphine with the U(IV) silyl-

amide metallacycle is highly soluble in pentane and benzene, and 31P NMR analysis 

yielded a resonance at δ -48.2 ppm. The phosphorus nucleus of phenylphosphine, H2PPh, 

resonates at δ-123.8 ppm. The following empirical formula can be used to predict the 31P 

NMR shifts of primary phosphines, RPH2: 

δP = -163.5 + 2.5 σc 

 When R = phenyl, the shift constant (σc) is equal to 18. Solving for δP yields an 

NMR resonance of -118.5 ppm. Empirical 31P NMR data for phenylphosphine, H2PPh, 

ranges from -118.7 ppm to -125.7 ppm in the literature, which agrees well with the value 

of -118.5 ppm obtained from the empirical formula above. 

 The NMR chemical shift observed for a given compound upon coordination to a 

metal can be used to calculate the coordination chemical shift (Δδ), using the following 

formula: 

Δδ = δP (complex) – δP (ligand) 

 Coordination of the phenyphosphide ligand (-PHPh) results in a downfield shift 

from -123.8 pm to -48.2 ppm, giving coordination chemical shift (Δδ) of +75.6 ppm. This 
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result indicates that the uranium metal center withdraws electron density from the 

phosphorus nucleus. The 1H NMR for the residue was quite complex. Three broad 

roughly equivalent peaks were observed in the typical paramagentic SiMe3 region, at δ -

2.93 ppm, δ -2.4 ppm, and δ -4.0 ppm. Another large resonance was also observed at δ -

10.07 ppm. Three smaller, very deshielded resonances were also observed at δ -14.93 

ppm, δ -15.55 ppm, and δ -16.19 ppm. These could potentially correspond to aromatic 

protons of the coordinated phosphido ligand. Lastly, a sharp resonance was observed at 

δ 4.35 ppm. This resonance likely corresponds to the P-H proton. This agrees well with 

the analogous zirconium-phenylphosphido complex, where the P-H proton was 

observed at δ 3.97 ppm. 

  

Figure 1.4: 31P NMR spectrum for U[PHPh][N*]3. 
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Figure 1.5: 1H NMR spectrum for U[PHPh][N*]3. 

Figure 1.6: 1H NMR spectrum for U[PHPh][N*]3 (zoomed in). 
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Initially, the negative value of this chemical shift generated a degree of skepticism, 

since metal-phosphides often yield very deshielded, positive NMR resonances, often 

much greater than +100 ppm. For example, Cp*2ThCl[P(SiMe3)2] resonates at δP = 109 

ppm and (TrenTIPS)UPH2 resonates at δP = 595 ppm. This called the identity of the product 

into question. It was contemplated that perhaps the phenyphosphine was not 

deprotonated, and instead formed a Lewis-base adduct using the lone electron pair on 

the phosphorus. However, reexamination of the metal-phosphide 31P NMR literature 

made us aware of a zirconium complex, (N3N)Zr[PHPh] (N3N = N(CH2CH2NSiMe3)33-), 

which has a similar structure to the target U(IV) complex, U[PHPh][N*]3. The phosphorus 

nucleus in this zirconium complex resonates at -48.16 [115], which is essentially identical 

to the resonance obtained from the residue formed by the reaction of phenylphosphine 

with the U(IV) metallacycle in this work. The similar zirconium(IV) phosphido complex 

was generated in an identical manner to our U(IV) phosphido complex, via protonolysis 

of a tetravalent silyl-amide metallacycle (shown below). It does not seem coincidental 

that a nearly isostructural Zr(IV) complex would have an essentially identical 31P NMR 

chemical shift as the uranium(IV) analogue. It is indeed surprising that that the zirconium 

and uranium complexes would have identical chemical shifts, especially since Zr(IV) is 

diamagnetic (d0) and U(IV) is paramagnetic (f2). However, the realization that a nearly 

isostructural Zr complex has an identical phosphorus NMR resonance increased our 

confidence that the product was most likely the intended uranium amido-phosphido 

complex, U[PHPh][N*]3. Furthermore, (TrenTIPS)ThPH2 resonates at -144.1 ppm. This 

clarified in our minds that negative phosphorus NMR shifts are not without precedent in 
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metal-phosphide NMR literature, as the above mentioned zirconium- and thorium-

phosphido complexes show.  Further structural, spectroscopic, and magnetic 

characterization will be necessary to unambiguously confirm the identity of the product. 

Nevertheless, the extraordinary agreement of the phosphorus NMR with an analogous 

zirconium phenylphosphide complex suggests the successful synthesis of a previously 

unreported uranium phenylphosphide complex, U[PHPh][N*]3. 

 Given that uranium(IV) is paramagnetic (f2), with two unpaired f-electrons, it is 

surprising that a phosphorus signal was observed; direct metal-phosphorus bonds in 

paramagnetic complexes are often 31P NMR silent. However, Liddle and co-workers 

observed a phosphorus resonance for (TrenTIPS)UPH2, so such an observation is not 

unprecedented. The observation of this signal provides further evidence that 31P NMR 

can be a useful tool for studying uranium(IV)-ligand covalency. A series of pseudo-

isostructural compounds with different aryl and alkyl groups attached to the phosphorus 

could shed light on how the identity of the phosphorus substituent influences the nature 

of the uranium-phosphorus bond. Phosphide ligands that result in a larger coordination 

chemical shift (Δδ) are expected to have larger degrees of metal-ligand covalency, and 

aliphatic phosphide ligands, like -PH(t-butyl), with greater electron donation ability, are 

likely to yield a large coordination chemical shift (Δδ). 

 The 31P NMR literature for terminal metal-phosphido complexes can be divided 

into two main categories: 1) complexes with planar phosphido ligands (Σ<P ≈ 360°) and 

2) complexes with pyramidal phosphido ligands (Σ<P less than 360°). Pyramidal 
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phosphido ligands are sp3 hybridized, with the phosphorus lone pair relatively localized 

on the phosphorus, resulting in a relatively shielded phosphorus nucleus compared to 

planar carbene-like phosphido ligands. Planar phosphido ligands generate much more 

deshielded resonances. The phosphorus atom in planar phosphido ligands is sp2 

hybridized, and the lone pair residing in an unhybridized p-orbital can engage in π-

interactions with a metal cation, thereby deshielding the phosphorus nucleus. Some 

zirconium and hafnium complexes have been reported that possess both planar and 

pyramidal phosphido ligands, resulting in two distinct 31P NMR resonances [116]. For 

example, in Cp2Hf(PCy2)2, the pyramidal σ-donating phosphido ligand resonates at δP -

15.3 ppm, and the planar π-donating phosphido ligand resonates at δP +270.2 ppm [116]. 

With these results in mind, one would expect the phosphido ligand in U[PHPh][N*]3 to 

be pyramidal, since the phosphorous nucleus resonates at δ -48.2 ppm. Indeed, the 

analogous zirconium-phosphido complex mentioned above has a pyramidal geometry, 

as shown by X-ray diffraction in previous work [x]. The Th-PH2 complex reported by 

Liddle and coworkers is also pyramidal, and resonates at δ -144.1 ppm. The isostructural 

U-PH2 complex also appears to have a pyramidal phosphide moiety just by looking at the 

published crystal structure; however, the sum of the bonds angles around phosphorus 

was not reported, and it is hard to say definitively how the geometry of the U-PH2 unit 

compares to the Th-PH2 unit. Indeed, the uranium analogue resonates at δ 595 ppm, and 

one would expect such a deshielded phosphorus nucleus to be relatively planar, with 

significant π-interactions. Given the 31P NMR resonance of δ -48.2 ppm, it is likely that 

the U-PHPh unit in N*3U-PHPh is pyramidal like the Zr-PHPh unit in (N3N)Zr-PHPh. 
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Figure 1.7: Zirconium-phosphido syntheses and 31P NMR chemical shifts [115]. 

 U[PHPh][N(SiMe3)2]3 can also be synthesize via salt metathesis using 

UCl[N(SiMe3)2]3 and LiPHPh. Our initial efforts to generate U[PHPh][N(SiMe3)2]3 started 

with this strategy; however, it was initially thought that this reaction was unsuccessful. 

However, after reviewing the data again in light of the positive results obtained via 

protonolysis of the metallacycle, it appears that the salt metathesis synthesis of 

U[PHPh][N(SiMe3)2]3 was successful. A 31P NMR resonance was observed at δ -48.2 ppm, 

identical to the result obtained via protonolysis.  
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Figure 1.8: Thorium- and Uranium-phosphido syntheses and 31P NMR chemical shifts 

[9, 117]. 

 Lithium phenylphosphide, LiPHPh, was dissolved in THF and added to a stirring 

THF solution of Cl-U[N*]3. The solution turned from brown to dark blood-red. The 

solution was evaporated to dryness, extracted with toluene, filtered, evaporated to 

dryness, extracted with pentane, filtered, and recrystallized in pentane. The masses 

obtained suggest the product was obtained in essentially quantitative yield, however, this 

reaction was conducted on a very small scale. X-ray diffraction analysis of a crystal with 

an exceedingly foul stench yielded the structure of a complex lithium phenylphosphide 

cluster that has not been previously reported. Efforts then shifted to a strategy based on 
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protonolysis of the U(IV) amide-metallacycle with H2PPh. Though the salt metathesis 

strategy starting from Cl-U[N*]3 yielded the same 31P NMR resonance as the protonlysis 

strategy starting from the metallacycle (δP = -48.2 ppm), important differences in the 1H 

NMR were observed. The P-H proton was not observed for the residue obtained via salt 

metathesis, and several of the broad paramagnetically shifted peaks observed for the 

residue obtain via reaction with the metallacycle were not observed, with the exception 

of the resonance at δ -10.1 ppm. The fact that the resonance at δ -10.1 ppm was observed 

using both strategies (along with the identical 31P NMR resonance) suggests that this 

could in fact be the SiMe3 resonance of the amide ligands. The 1H NMR for the residue 

obtained from reaction with the metallacycle might show both symmetrized and 

desymmetrized amide ligands in equilibrium.  

 

 

 

  

 

 

 

Scheme 1.4: Salt metathesis reaction using MCl[N*]3 (M = U, Th). 
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Figure 1.9: 31P NMR spectrum for U[PHPh][N*]3 made via salt metathesis. 

 

 

 

 

 

 

 

Figure 1.10: 1H NMR spectrum for U[PHPh][N*]3 made via salt metathesis. 
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Figure 1.11: Single-crystal X-ray diffraction structure of previously unreported 

lithium phenylphosphide cluster, C64H80Li8O4P8· 2 C6H6. 
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The salt metathesis strategy was used to attempt the synthesis of the thorium(IV) 

analogue, Th[PHPh][N*]3. LiPHPh was dissolved in THF and added to a stirring solution 

of Cl-Th[N(SiMe3)2]3. There was an immediate color change from colorless to dark yellow, 

and then eventually to a dark red-orange. No resonances were observed in the 31P NMR 

results, possibly due to low sample concentration. No peaks associated with LiPHPh or 

H2PPh were observed. X-ray diffraction analysis of a crystal obtained from this reaction 

yielded the starting material, Cl-Th[N*]3. Evidence that partial reaction occurred can be 

seen in the 1H NMR data. The SiMe3 resonance is split in two. The resonance at δ 0.41 

ppm corresponds to the starting material, Cl-Th[N(SiMe3)2]3. However, another roughly 

equivalent peak was observed at δ 0.39 ppm, potentially corresponding to the target 

thorium complex, Th[PHPh][N(SiMe3)2]3. Furthermore, small, sharp resonances at δ 4.31, 

δ 3.86, δ 3.37, and δ 3.11, all with an approximate 1:54 ratio with respect to the peak at δ 

0.39 ppm. The P-H proton could be assigned to any of these resonances, with δ 4.31 ppm 

and δ 3.86 ppm being the most likely candidates, when comparable Zr and U analogues 

are considered. Additionally, the splitting of these small peaks seem to provide evidence 

of P-H coupling. Aside from the SiMe3 signal, the phosphido ligand should generate four 

resonances. The four small resonances could correspond to the three aromatic resonances 

and the P-H resonance. 
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Figure 1.12: 1H NMR spectrum for Th[PHPh][N*]3 made via salt metathesis. 

Figure 1.13: 1H NMR spectrum for Th[PHPh][N*]3 (SiMe3 region). 
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Figure 1.14: 1H NMR spectrum for Th[PHPh][N*]3 (P-H region). 

 

The synthesis of a bis-phosphido bis-amide uranium(IV) complex was also 

attempted via salt metathesis using UCl2[N*]2 and two equivalents of LiPHPh. A THF 

solution of LiPHPh was added to a stirring THF solution of UCl2[N*]2. A drastic color 

change was immediately observed from light greenish-yellow to dark brownish-purple, 

suggesting a reaction took place. However, the reaction was conducted on a very small 

scale, and no conclusive NMR results were obtained. However, this reaction should be 

investigated further in the future. 



45 
 

 

 

 

 

 

Scheme 1.5: Salt metathesis reaction using UCl2[N*]2. 

 

 Attempted were also made to generate an anionic uranium(IV) phosphinidene 

complex via protonolysis using the U(IV) silylamide metallacycle and LiPHPh. Arnold 

and coworkers generated a Th(IV) imido complex in a similar fashion, using the Th(IV) 

silylamide metallacycle and KNHDipp. A THF solution of LiPHPh was added to a 

stirring THF solution of the U(IV) metallacycle. The solution turned form light brown to 

dark brown. The solution was evaporated to dryness, extracted with toluene, filtered, 

evaporated to dryness, extracted with pentane, filtered, evaporated to dryness, and 

analyzed via NMR. The residue was 31P NMR-silent. However, an extremely shielded 

signal was observed in the 1H results at δ -37.51 ppm, suggesting potential phosphinidene 

formation. More work should be done to investigate this reaction pathway, and structural 

characterization is needed to confirm the identity of the compound generating the 

resonance δ -37.51 ppm, if it is not simply a spectral artifact. 
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Scheme 1.6: Attempted phosphinidene synthesis. 

 

 

Figure 1.15: 1H NMR spectrum for attempted synthesis of [Li][U[PPh][N*]3]. 
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Scheme 1.7: Simple addition reaction with U[N*]3. 

 

An attempt was made to generate an anionic uranium(III) phosphido-tris(amido) 

complex via simple addition of LiPHPh to U[N(SiMe3)2]3. A THF solution of LiPHPh was 

added to a stirring THF solution of U[N(SiMe3)2]3. The purple solution immediately 

turned brown. The solution was evaporated to dryness, extracted with toluene, filtered, 

evaporated to dryness, extracted with pentane, filtered, evaporated to dryness, and 

dissolved in C6D6 for NMR analysis. The residue was 31P NMR silent. However, a 

noteworthy 1H NMR spectrum was obtained. The target complex should generate at least 

five resonances (three aromatic, one P-H, and one SiMe3). Indeed, five paramagnetically 

broadened peaks were observed at δ 3.25 ppm, δ 1.02 ppm, δ -2.41, δ -2.94 ppm, and δ -

5.82 ppm. More work will be necessary to make definitive assignments for these 

resonances, and this reaction pathway should be investigated further in the future. 
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Figure 1.16: 1H NMR spectrum for attempted synthesis of [Li][U[PHPh][N*]3]. 

 Efforts were made to generate homloleptic phenylphosphido complexes of 

uranium, thorium, and cerium. A THF solution of LiPHPh was added to a stirring THF 

solution of UCl4. An immediate color change from light green to dark brown/black was 

observed. After work-up and NMR analysis, this residue generated a 31P NMR resonance 

at δ -40.7 ppm. This chemical shift is very similar to the resonance observed for the mono-

phenylphosphido complex U[PHPh][N*]3 (δP = -48.2 ppm). The similarity of the 

resonances suggests the synthesis of a homoleptic phenylphosphido complex, U[PHPh]4. 

Broad resonances were observed in the 1H NMR spectrum, however, it was difficult to 
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interpret, possibly due to low sample concentration. Aromatic resonances in 

paramagnetic systems are often problematic. 

Scheme 1.8: Salt metathesis reaction using UCl4. 

 

 

 

 

 

  

Figure 1.17: 31P NMR spectrum for attempted synthesis of U[PHPh]4. 
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Figure 1.18: 1H NMR spectrum for attempted synthesis of U[PHPh]4. 

 

 A similar reaction was attempted with ThCl4(DME)2, with the intention of 

synthesizing Th[PHPh]4. A THF solution of LiPHPh was added to a stirring colorless THF 

solution of ThCl4(DME)2. An immediate color change was observed from clear to dark 

blood-red. After work-up and NMR analysis, the only 31P NMR resonance observed was 

at δ -123 ppm, which corresponds to H2PPh. However, some interesting peaks were also 

observed between δ 3-5 ppm, which might correspond to the P-H protons of coordinated 

phosphido ligands, especially the resonance at δ 4.47 ppm. This reaction warrants further 

investigation in the future. 
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Scheme 1.9: Salt metathesis reaction using ThCl4(DME)2. 

 

Figure 1.19: 31P NMR spectrum for attempted synthesis of Th[PHPh]4. 
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Figure 1.20: 1H NMR spectrum for attempted synthesis of Th[PHPh]4. 

 

 

Scheme 1.10: Salt metathesis reaction using CeCl3. 
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An attempt to generate a homoleptic Ce(III) phenylphosphido complex, 

Ce[PHPh]3, was made using CeCl3 and LiPHPh. Three equivalents of LiPHPh in THF was 

added to a stirring THF solution of CeCl3. An immediate color change from colorless to 

deep-orange was observed. After work-up and NMR analysis, an extremely broad 31P 

NMR resonance was observed at δ -134.84 ppm. This compares well to alkali-metal 

phenylphosphido complexes [96] and also the terminal Th[PH2] phosphide complex δ -

144 ppm [117]. Extremely broad resonances were also observed in the 1H spectrum at δ 

7.61 ppm, δ 7.02 ppm, δ6.8 ppm, and δ 1.09 ppm. Furthermore, a resonance was also 

observed at δ 4.07 that could correspond to P-H protons. These are promising initial NMR 

results, and this exploratory reaction certainly warrants further investigation. High-

symmetry, low coordinate models help simplify the complex problems encountered in 

studies of f-element electronic structures, and complexes with direct metal-phosphorus 

bonds can be used to study metal-ligand covalency using a dual 31P NMR-PKβ XES 

approach, thereby allowing one to view the electronic structures of f-block metals 

through the eyes of phosphorus. 
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Figure 1.21: 31P NMR spectrum for attempted synthesis of Ce[PHPh]3. 
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Figure 1.22: 1H NMR spectrum for attempted synthesis of Ce[PHPh]3. 

 

 

Concluding Remarks and Future Opportunities 

 Our quest to synthesize uranium-phosphorus bonds began using salt metathesis 

as our initial synthetic strategy. Our primary goal was to synthesize uranium phosphido 

functionalities that could then be transformed into molecular phosphinidene and 
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phosphide functionalities. To date, a molecular complex featuring a terminal uranium-

phosphide functionality (U≡P) continues to elude synthetic chemists. Actinide-

pnictogenide chemistry remains in a very rudimentary stage of development, and an 

enormous amount of work remains to be done in order to attain the level of advancement 

that has been achieved in the chemistry of transition metals with anionic pnictogen-based 

ligands [91-113]. 

 U[PHR][N(SiMe3)2]3 and U[PR2][N(SiMe3)2]3 type complexes hold great potential 

for the synthesis of novel functionalities and likely will exhibit rich reactivity. 

U[PHR][N(SiMe3)2]3 type complexes could be transformed to phosphinidenes with the 

formula U[PR][N(SiMe3)2]3, which can provide unprecedented insight into the nature of 

the esoteric pentavalent oxidation state of uranium, as well as the paradigmatic inverse-

trans influence [20, 114]. U[PR][N(SiMe3)2]3-type complexes could ultimately yield 

U[P][N(SiMe3)2]3. The synthesis and characterization of U[P][N(SiMe3)2]3 would be 

considered a monumental achievement in molecular f-block chemistry, and would 

inspire chemists to synthesize isostructural complexes with neptunium, plutonium, and 

americium. The synthesis of molecular actinide complexes with direct bonds to 

phosphorus, coupled with the analysis of these bonds by NMR and X-ray spectroscopies, 

and QTAIM/TD-DFT calculations, could yield incredible insight into the fundamental 

nature of actinide-ligand orbital interactions. Such insight is vital for the optimization of 

f-element separations in the nuclear fuel cycle and for the implementation of the partition 

and transmutation strategy for the disposal of high-level nuclear waste. 
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Chapter 2 

Synthesis of Uranium-, Thorium, and Cerium 

Phosphinimide Complexes  

Introduction 

 In this chapter, the synthesis and NMR spectroscopy of a uranium phosphinimide 

complex, U[NPR3][N(SiMe3)2]3 (R = t-butyl) is reported. Since the advent of 

organoactinide chemistry in the mid-twentieth century [1, 2], a great amount of 

knowledge has been attained regarding the chemical behavior of uranium [3-10]. 

However, there remains a considerable gap in knowledge concerning the bonding 

interactions in inorganic and organometallic uranium complexes [11]. This is especially 

true with respect to the fundamental, underlying principles governing separation 

processes in the nuclear fuel cycle [10]. A reoccurring theme in organoactinide chemistry 

is the study of the degree of f-orbital participation in uranium-element bonding [1-11]. A 

greater understanding of the nature of bonding interactions in uranium complexes will 

facilitate further exploitation of the properties of uranium, and lead to the successful 

application of this knowledge in the fields of f-element separation science [12-14] and 

catalysis [15,16]. 

A fruitful approach for studying actinide orbital mixing (covalency) is through the 

synthesis and characterization of metal-ligand multiple bonds [17-41], since these bonds 
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are expected to have significant π-interactions. In order to synthesize complexes with 

metal-element multiple bonds, precursor complexes with bulky ancillary ligands are 

often synthesized to limit access to the metal center to a localized region. Over the past 

several decades, cyclopentadienyl (Cp) ligands have been the workhorse for accessing 

uranium-element multiple bonds [25, 31]. This work focuses on the synthesis and 

characterization of uranium complexes bearing bulky phosphinimide ligands. 

Phosphinimide ligands which have steric and electronic properties that are comparable 

to Cp ligands. However, the steric bulk of phosphinimide ligands is farther removed from 

the metal center, compared to Cp ligands [42-65], and they have been shown to stabilize 

metal-element multiple bonds, including the [Mo≡N] fragment [66]. 

 

 

 

 

Scheme 2.1: Synthesis of U[NP(t-butyl)3][N(SiMe3)2]3 
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Figure 2.1: HNP(t-butyl)3 

 

 

 

 

 

 

 

 

 

Figure 2.2: U[NP(t-butyl)3][N(SiMe3)2]3 
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Figure 2.3: U[NP(t-butyl)3][N(SiMe3)2]3 in pentane 

 

 

 

 

 

 

 

Figure 2.4: Crystals of U[NP(t-butyl)3][N(SiMe3)2]3  
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 Phosphinimide ligands are well established in transition metal chemistry and 

main group chemistry [44-65]; however, phosphinimide-actinide chemistry is in a very 

poor stage of development [20, 21, 43, 44, 51, 55]. Phosphinimide ligands have highly 

tunable electronic and steric properties. This feature, coupled with the presence of the 

highly useful NMR-active 31P nucleus, gives these ligands great potential for facilitating 

the elucidation of uranium-element orbital interactions. 

Phosphinimide complexes of the s-, p-, and d-block metals are more numerous 

than f-block phosphinimide complexes [44, 48, 51, 62]. Several lanthanide phosphinimide 

complexes are known [44, 51, 62]; however, actinide phosphinimide complexes are 

extremely rare [20, 21, 43, 44, 48, 51, 55]. The only examples that have been structurally 

characterized via X-ray diffraction are a tetravalent uranium complex [43] and two 

hexavalent uranium complexes [20, 21].  

Kurt Dehnicke has written multiple reviews on phosphinimide chemistry [44, 48, 

51, 62]. He reviewed phosphinimide complexes of transition metals first in 1989 [44], and 

again in 1999 [51]. He reviewed phosphinimide complexes of main group elements in 

1997 [48]. Most recently, he reviewed phosphinimide complexes of rare earth elements in 

2003 [62]. Transition metal phosphinimide complexes are known for osmium(VIII), 

rhenium(VII, VI), molybdenum (VI, V, II), tungsten(VI), vanadium(V, IV), niobium(V), 

tantalum(V), titanium(IV, III), zirconium(IV), hafnium(IV), ruthenium(IV), iron(III, II), 

manganese(II), cobalt(II), nickel(II), copper(II, I), zinc(II), cadmium(II), silver(I), and 

gold(I) [44, 51]. Phosphinimide derivatives of main group elements are known for 
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hydrogen, lithium, boron, aluminum, gallium, indium, silicon, germanium, tin, nitrogen, 

phosphorus, arsenic, antimony, sulfur, selenium, tellurium, chlorine, bromine, and 

iodine [48]. Phosphinimide complexes of rare earth elements are known for yttrium, 

cerium, dysprosium, erbium, ytterbium, and samarium [44, 51, 62]. A small number of 

actinide phosphinimide complexes have been reported for thorium(IV) and uranium(IV, 

VI) [20, 21, 43]. 

 Phosphinimide ligands can be synthesized from substituted and unsubstituted 

phosphinimine precursors [47, 67-106]. The most convenient and straightforward method 

for synthesizing phosphinimines is through the Staudinger reaction [67-75, 89, 99]. 

Azidotrimethylsilane readily reacts with tertiary phosphines via the Staudinger 

mechanism to afford N-trimethylsilyl substituted phosphinimines. In comparison to Cp 

ligands, the steric bulk of phosphinimide ligands is farther removed from the metal 

center. This leads to alternate reactivity by leaving the first coordination sphere more 

open, with a second coordination sphere highly analogous to that of cyclopentadienyl 

derivatives [44, 47, 48, 51, 62]. As an illustration, the cone angle of the tri(tert-

butyl)phosphinimide ligand is 87o, compared to 83o for the Cp ligand [63]. 

 Cramer and coworkers reported the syntheses of tetravalent tris-cyclopentadienyl 

phosphinimide complexes of thorium and uranium in 1988 [43]. They synthesized these 

complexes via salt metathesis using LiNPPh3 and AnCp3Cl (An = U or Th) [43]. Only the 

uranium derivative (UCp3NPPh3) was structurally characterized [43]. The U-N-P moiety 

in this complex was nearly linear (172°) and featured a very short U-N bond (207 pm) 
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[43]. The U-N bond in this complex is interpreted as a triple bond with pπ- pπ, dπ- pπ, 

and/or fπ- pπ bonding overlap [43]. This interpretation is supported by extended Hückel 

molecular orbital calculations using Cp3U[NPH3] as a simplified model [43]. These 

bonding overlaps are optimized as the M-N-P angle approaches linearity [43]. A detailed 

description of the valence orbital of the U-N bond in Cp3U[NPH3] was given [43]. An 

interaction diagram was provided, showing the interaction of the Cp3U+ and NPH3- 

fragments [43]. The upper five orbitals of the Cp3U+ fragment were described as having 

primarily uranium 6d character. The highest energy molecular orbitals are composed of 

the degenerate x2-y2 and xy atomic orbitals (9e). The 8e set of molecular orbitals is 

composed of xz and yz atomic orbitals, and also has some 7p character. Below these is 

the 6a1 molecular orbital, which is described as the z2 atomic orbital hybridized with the 

7s and 7p atomic orbitals. Below these orbitals in energy are the seven uranium 5f orbitals. 

Tetravalent uranium has a f2 configuration, and therefore, two unpaired f-electrons reside 

in this block of orbitals. 2a2 is composed almost entirely of the y(3x2-y2) orbital. However, 

because of the C3v symmetry of this complex, the fσ orbital (z3) splits into 3a1 and 4a1, and 

the fπ orbitals xz2 and yz2 appear in 4e and 5e [43]. 

 The two π and one σ frontier orbitals of the NPH3- fragment are fully occupied by 

electrons. The π orbitals have 91% nitrogen px and py character, and as a result, this ligand 

has significant charge separation, with -2.2 e on nitrogen, and +1.0 e on phosphorus. The 

π orbitals of the phosphinimide ligand interact with the 8e, 5e, and 4e orbitals of the 

Cp3U+ fragment. The 5e and 4e orbitals have f-orbital character, and these bonding 
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interactions can be described as N x-U xz2 and N y-U yz2 overlaps. The U-N σ bond can 

be described as the interaction between the phosphinimide n orbital and the 6a1, 4a1, and 

3a1 orbitals of the Cp3U+ fragment. The U-N σ orbital splits in two due to mixing with the 

Cp3U bonding orbital. The large π component of the U-N bond supports the idea of 

multiple bonding in this uranium-phosphinimide system [43]. The 6dπ orbitals contribute 

the most to the π interactions, followed by the 5fπ orbitals. The uranium 7pσ and 6dσ 

orbitals contribute most to the σ interaction, while the 5fσ orbital contribution is 

comparatively small [43].  

Hexavalent uranium tetra(chloro)oxophosphinimide complexes were synthesized 

and structurally characterized by Denning and coworkers in the 1990’s. These uranyl 

analogues were synthesized via chlorotrimethylsilane elimination [20, 21]. However, 

there have been no reports of actinide phosphinimindes since these initial publications. 

Experimental 

All experimental operations were conducted with rigorous exclusion of air and 

moisture using Schlenk techniques [107, 108, 110] and standard glove-box methods [109, 

110] using a Vacuum Atmospheres glovebox with a recirculating dinitrogen atmosphere. 

Solvents were bought anhydrous or HPLC-grade (pentane, hexane, toluene, acetonitrile) 

and further purified using a Vacuum Atmospheres Solvent Purifier System. 1,4-dioxane, 

tetrahydrofuran, and diethyl ether were dried over sodium benzophenone ketyl, and 

degassed using three freeze-pump-thaw cycles prior to use. All solvents were stored 

under dinitrogen in a glove-box, and stored over 4 Å molecular sieves for at least 24 hours 
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prior to use. Glassware was dried at 150°C before use. 1H and 31P NMR spectra were 

recorded using a Bruker 400 MHz spectrometer at 298 K. Deuterated benzene (Cambridge 

Isotopes) was stored over 4 Å molecular sieves for at least 24 hours prior to use. 

Oxide encrustations were removed from the uranium metal using concentrated 

nitric acid [111]. Once the turnings achieved a brilliant luster, the nitric acid was decanted, 

and the turnings were rinsed with acetone and stored in a dinitrogen atmosphere 

glovebox. These operations are reported in the literature [111]. Iodine (sublimed) was 

used as purchased (Aldrich). CeCl3 and KN(SiMe3)2 was used as purchased (Aldrich). 

CuF2 (Aldrich) was used as purchased.  N-trimethylsilyl phosphinimines were 

synthesized using literature methods [63, 72, 74-76] from commercially available tertiary 

phosphines and azidotrimethylsilane (Aldrich). Unsubstituted phosphinimines were 

prepared from N-trimethylsilyl phosphinimines via alcoholysis using literature methods 

[53, 84]. KNPPh3 was prepared as previously reported [52]. [((H3C)3Si)2N]2U[κ-2-(C,N)-

CH2Si(CH3)2N(Si(CH3))] was prepared according to the literature [110]. ThCl4(DME)2, 

UCl4, UI4(1,4-dioxane)2, and UI3(1,4-dioxane)1.5 were prepared according to published 

methods [111-113]. 

Caution! Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) with a half-

life of 4.47 x 109 years, and natural thorium (primary isotope 232Th) is a weak α-emitter (4.012 

MeV) with a half-life of 1.41 x 1010 years; manipulations and reactions should be carried out in 

monitored fume hoods or in an inert atmosphere drybox in a radiation laboratory equipped with 

α-counting equipment. 
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Synthesis of U[N=P(t-butyl)3][N(SiMe3)2]3 

0.485 grams (0.675 mmol) of [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] was 

dissolved in 10 mL of THF. 0.148 grams (0.682 mmol) of HNP(t-butyl)3 was dissolved in 

10 mL of THF and added to the [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] 

solution dropwise at room temperature. A slight color change was observed from dark 

brown to burgundy-brown, and the solution was stirred for 6 hours at room temperature. 

The THF was removed in vacuo, and the residue was dissolved in pentane and filtered. 

The pentane was removed in vacuo and a dark iridescent solid was afforded in 72% yield 

(0.455 grams). 

1H NMR Data (C6D6, 298 K): δ -12.33 ppm (s, 54H, SiMe3), δ 22.96 ppm (s, 27H, C(CH3)3). 

31P NMR Data (C6D6, 298 K): δ 689.23 ppm. 

 

Synthesis of U[N=PPh3][N(SiMe3)2]3 

0.310 grams (0.43 mmol) of [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] was 

dissolved in 10 mL of THF. 0.135 grams (0.488 mmol) of HNPPh3 was dissolved in 10 mL 

of THF and added to the [((H3C)3Si)2N]2U[κ-2-(C,N)-CH2Si(CH3)2N(Si(CH3))] solution 

dropwise at room temperature. A slight color change was observed from dark brown to 

burgundy-brown, and the solution was stirred for 6 hours. The THF was removed in 

vacuo, and the residue was dissolved in pentane and filtered. The pentane was removed 

in vacuo and a dark solid was afforded in 40% yield (0.170 grams). The product was sealed 

and stored for NMR and elemental analysis. 
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Synthesis of UF[N=P(t-butyl)3][N(SiMe3)2]3 

0.069 grams (0.073 mmol) of U[N=P(t-butyl)3][N(SiMe3)2]3was dissolved in 5 mL of THF. 

To this solution, 0.036 grams (0.359 mmol) of CuF2 was added. The solution was stirred 

at room temperature for 3 hours. The solution was filtered, the THF was removed in 

vacuo, and a brown solid was afforded in 90% yield (0.063 grams). The product was sealed 

and stored for NMR and elemental analysis. 

Attempted Synthesis of U[N=PPh3]3 

0.046 grams (0.06 mmol) of UI3(1,4-dioxane)1.5 was dissolved in 10 mL of THF. 0.057 

grams (0.18 mmol) of KNPPh3 was dissolved in 5 mL of THF and added to the UI3(1,4-

dioxane)1.5 solution dropwise at room temperature. An immediate color change was 

observed from dark blue to purple-brown, and the solution became cloudy, indicative of 

salt formation (KI). The solution was stirred for 2 hours at room temperature. The 

solution was filtered to remove a light gray salt that formed, and the THF was removed 

in vacuo. A dark brown solid was afforded (0.068 grams). The residue was dissolved in 

C6D6 for NMR analysis.  

31P NMR Data (C6D6, 298 K): δ -1.65 ppm. 

 

Attempted Synthesis of Ce[N=PPh3]3 

0.028 grams (0.11 mmol) of CeCl3 was dissolved in 10 mL of THF/toluene (50/50). 0.107 

grams (0.34 mmol) of KNPPh3 was dissolved in 5 mL of THF and added to the CeCl3 
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solution dropwise at room temperature. An immediate color change was observed from 

white to yellow. The solution became cloudy, indicative of salt formation (KCl). The 

solution was stirred for 12 hours at room temperature. The solution was filtered to 

remove a light gray salt that formed, and the THF was removed in vacuo. A colorless solid 

was afforded (0.098 grams; 89% yield). The residue was dissolved in C6D6 for NMR 

analysis. NMR analysis of the residue was inconclusive. 

Attempted Synthesis of U[N=PPh3]4 

0.058 grams (0.06 mmol) of UI4(1,4-dioxane)2 was dissolved in 10 mL of THF. 0.079 grams 

(0.25 mmol) of KNPPh3 was dissolved in 5 mL of THF and added to the UI4(1,4-dioxane)2 

solution dropwise at room temperature. The solution immediately turned to a burnt 

orange color, and the solution became cloudy, indicative of salt formation (KI). The 

solution was stirred for 8 hours at room temperature. The solution was filtered to remove 

a light gray salt that formed, and the THF was removed in vacuo. The residue was 

extracted with toluene, filtered, and isolated in vacuo. A brown solid was afforded (0.066 

grams; 78% yield). The residue was dissolved in C6D6 for NMR analysis.  

31P NMR Data (C6D6, 298 K): δ 35.34 ppm. 

Attempted Synthesis of Th[N=PPh3]4 

0.018 grams (0.03 mmol) of ThCl4(DME)2 was dissolved in 10 mL of THF. 0.041 grams 

(0.13 mmol) of KNPPh3 was dissolved in 5 mL of THF and added to the ThCl4(DME)2 

solution dropwise at room temperature. No color change was observed. The solution 

became cloudy, indicative of salt formation (KCl). The solution was stirred for 8 hours at 
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room temperature. The solution was filtered to remove a light gray salt that formed, and 

the THF was removed in vacuo. The residue was extracted with toluene, filtered, and 

isolated in vacuo. A colorless solid was afforded (0.031 grams; 71% yield). The residue 

was dissolved in C6D6 for NMR analysis. NMR analysis of the residue was inconclusive. 

Attempted Synthesis of U[N=P(p-MeOPh)3]4 

0.055 grams (0.145 mmol) of UCl4 was dissolved in 10 mL of THF. 0.255 grams (0.579 

mmol) of Me3Si-N=P(p-MeOPh)3 was dissolved in 5 mL of THF and added to the UCl4 

solution dropwise at room temperature. No color change was observed. The solution was 

stirred for 24 hours at room temperature. The THF was removed in vacuo. The residue 

was extracted with toluene, filtered, and isolated in vacuo. A green solid was afforded 

(0.165 grams; 67% yield). The residue was dissolved in C6D6 for NMR analysis. NMR 

analysis of the residue was inconclusive. 

Attempted Synthesis of Th[N=P(p-MeOPh)3]4 

0.013 grams (0.023 mmol) of ThCl4(DME)2 was dissolved in 10 mL of THF. 0.041 grams 

(0.094 mmol) of Me3Si-N=P(p-MeOPh)3 was dissolved in 5 mL of THF and added to the 

ThCl4(DME)2 solution dropwise at room temperature. No color change was observed. 

The solution was stirred for 24 hours at room temperature. The THF was removed in 

vacuo. A colorless solid was afforded (0.018 grams; 45% yield). The residue was dissolved 

in C6D6 for NMR analysis. NMR analysis of the residue was inconclusive. 
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Results and Discussion 

Our explorations into actinide phosphinimide chemistry began with the intent to 

synthesize homoleptic phosphinimide complexes via salt metathesis, however, 

significant difficulties were encountered with this synthetic route. We also attempted to 

generate homoleptic phosphinimide complexes via chlorotrimethylsilane elimination 

using thorium, uranium, and cerium chlorides and N-trimethylsilyl substituted 

phosphinimines. These attempted syntheses via chlorotrimethylsilane elimination were 

unsuccessful.  Our efforts then turned to the synthesis of heteroleptic amide-

phosphinimide complexes. Our initial attempts to install a singular phosphinimide 

ligand to uranium and thorium amide complexes via salt metathesis were unsuccessful. 

After numerous attempts to synthesize actinide phosphinimide complexes via salt 

metathesis, we shifted our synthetic strategy to protonolysis. Actinide amides and amide-

metallacycles are strong Brønsted bases and are ideally suited for protonolysis reactions. 

This strategy yielded positive results, and the NMR data suggest the successful synthesis 

of a tetravalent uranium phosphinimide complex, U[NP(t-butyl)3][N(SiMe3)2]. 

 Our efforts to synthesize high-symmetry homoleptic phosphinimide complexes 

were motivated by the intent to use phosphinimide ligands to study actinide covalency 

using 31P NMR spectroscopy and X-ray spectroscopy. Additionally, we intended to use 

bulky phosphinimide ligands as ancillary ligands to limit access to the actinide metal 

center to a localized region where metal-ligand multiple bonds could potentially be 

installed. Significant progress was made towards our goal of using phosphinimide 
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ligands to study actinide covalency using 31P spectroscopy. We have developed a strategy 

for the synthesis of mono-phosphinimide tris-amido complexes via protonolysis of the 

well-known UIV amide metallacycle. We have also acquired paramagnetic NMR data for 

the tri(tert-butyl) phosphinimide derivative, U[NP(t-butyl) 3][N(SiMe3)2]3. This strategy 

should be extended to other alkyl and aryl phosphinimide derivatives, and the thorium 

analogues should be synthesized from the ThIV amide metallacycle. A series of 

isostructural uranium and thorium complexes featuring a variety of alkyl and aryl 

phosphinimide derivatives can yield valuable insight into the nature of orbital 

interactions in tetravalent actinide complexes. 

 The 31P NMR resonance for U[NP(t-butyl)3][N(SiMe3)2] is very deshielded (δ 

689.23 ppm). This suggests a considerable degree of covalency in the uranium(IV)-

phosphinimide system. The electron density is delocalized over the entire U-N-P system, 

and the phosphorus nuclear magnetic shielding tensor is very sensitive to the orbital 

interactions in the metal-phosphinimide bond. A single 1H NMR signal for the 

bis(trimethylsilyl)amide ligands was observed (δ -12.33), and this agrees well with a 

similar U(IV) tris[bis(trimethylsilyl)amido] mono(imidazoline-2-iminato) compound that 

has recently been reported in the literature by Eisen and co-workers (δ -13.17 ppm) [114]. 

The t-butyl 1H NMR resonance is very deshielded (δ 22.96 ppm). This large paramagnetic 

shift suggests a considerable degree of uranium-phosphinimide orbital mixing and 

electron delocalization in the U-N-P system. This compound easily formed trigonal 

crystals from pentane (see FIGURE 2.4). X-ray diffractometry was attempted for this 
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compound; however, a series of bad timely instrument failures, followed by 

administrative problems, prevented this compound from being fully characterized. This 

compound, and isostructural analogues with different alkyl and aryl substituents on 

phosphorus, should be the subject of future work.  

 

 

Figure 2.5: 31P NMR spectrum of U[NP(t-butyl)3][N(SiMe3)2]3  
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Figure 2.6: 1H NMR spectrum of U[NP(t-butyl)3][N(SiMe3)2]3  
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Scheme 2.2: Synthesis of N-silyl phosphinimines via Staudinger reaction. 

Unsubstituted phosphinimines, R3PNH (R = t-butyl, Ph), react via protonolysis 

with uranium(IV) silyl-amide metallacycle, [((H3C)3Si)2N]2U[κ-2-(C,N)-

CH2Si(CH3)2N(Si(CH3))], to form amido-phosphinimide complexes U[NPR3][N*]3 (R = t-

butyl, Ph; N* = -N(SiMe3)2. R3PNH compounds are strong neutral bases, and easily react 

with acids to form ionic compounds with the general formula [R3PNH2][X]. Therefore, 

the N-H proton in R3PNH is relatively non-acidic. Ph3PNH has a pKa of 28.1 [104], and 

alkyl derivatives are less acidic. This makes unsubstituted phosphinimines more basic 

than hexamethdisilazane (pKa = 26). This implies that the amide ligands on the uranium 

will not deprotonate R3PNH, and also implies that phosphinimide-metal bonds will be 

more susceptible to protonolysis than amide-metal bonds. The bonding interactions in 

these phosphinimide complexes are complex; in addition to the inherently complex 

nature of the electronic structure of actinide ions, the nature of N-P interaction in 

phosphinimines and phosphinimide ligands has been debated for decades, as part of the 
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larger debate concerning the role of d-orbitals (and their ability to accept electron density) 

in the orbital interactions of phosphorus and other non-first row main groups elements. 

Phosphinimines and phosphinimide ligands are often drawn with a double-bond 

between the nitrogen and phosphorus, R3P=NR. However, it is evident that these 

bonding interactions are quite polar, and R3P+-N--R, with significant charge separation 

between the phosphorus and nitrogen, is likely a more realistic depiction of the 

phosphinimine system. Likewise, the phosphinimide ligand system, often depicted as 

R3P=N-, is likely more accurately represented by R3P+-N2-. The dianionic description of 

phosphinimides, with three electron pairs available to interact with the metal center, 

gives a better illustration of how these ligands are able to engage in multiple-bond 

interactions. 

Phosphinimines can be synthesized using a variety of methods. In this work, we 

used the Staudinger reaction to synthesize trimethylsilyl-substituted phosphinimines, 

R3PNSiMe3 (R = t-butyl, ethyl, methyl, phenyl, p-anisyl, p-tolyl). In these Staudinger 

reactions, an excess of azidotrimethylsilane is added to the tertiary phosphine precursor, 

and heated at 80°C for about 5 hours. These substituted phosphinimines can be converted 

to unsubstituted phosphinimines, R3PNH, via alcoholysis. Alcoholysis of N-SiMe3 

substituted alkyl-phosphinimes can be achieved using methanol. However, the aryl-

phosphinimes, Ar3PNSiMe3, are much more moisture sensitive than the alkyl derivates, 
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and absolute isopropanol must be used instead of methanol to avoid hydrolysis of Ph3PNR 

to form Ph3PO.  

Figure 2.7: 1H NMR spectrum for Me3Si-NPPh2(p-tolyl), previously unreported. 

 

 

Figure 2.8: 31P NMR spectrum for Me3Si-NPPh2(p-tolyl), previously unreported. 
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The phosphorus nucleus in tBu3PNH resonates at δ 55.8 ppm, whereas Ph3PNH 

resonates at δ 18.1 ppm (in C6D6). This indicates that the phosphorus nucleus in tBu3PNH 

is more deshielded, has greater charge separation between the nitrogen and phosphorus, 

and also more electron density on nitrogen to donate to the metal center. As a result, it is 

expected that coordination of the tBu3PN- ligand to uranium will result in a greater 

coordination chemical shift than Ar3PN- ligands. However, we were not able to 

characterize the aryl-phosphinimide uranium complex, U[NPPh3][N*]3 (N* = -N(SiMe3)2), 

so we were not able to verify this hypothesis in this work. A 31P NMR chemical shift of δ 

689.23 ppm was observed for U[NP(t-butyl)3][N(SiMe3)2]3. This corresponds to a large 

coordination chemical shift (Δδ) of 633.43 ppm. The coordination chemical shift is much 

larger than those observed for transition metal phosphinimide complexes; typically 

phosphinimide 31P resonances are observed from -5 ppm to 50 ppm.  

Efforts were made to oxidize the presumed U[NPR3][N*]3 complex (R = t-butyl) to 

generate a trigonal bipyramidal pentavalent uranium-fluoride complex of the form F-

U[NPR3][N*]3. U[NPR3][N*]3 was dissolved in pentane, and an excess of CuF2 was added 

to the solution. However, work on this reaction was abruptly discontinued before the 

residue could be characterized. 

Unsubstituted phosphinimines, R3PNH, can be deprotonated with very strong 

bases like methyllithium, n-butyllithium, sodium amide, and potassium hydride. 

Following the work of Dehnicke and coworkers, we used potassium hydride, KH, to 

deprotonate triphenylphosphinimine, HNPPh3, to form potassium 
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triphenylphosphinimide, KNPPh3. Potassium triphenylphosphinimide has a hexameric 

structure, and a 31P NMR chemical shift of δ -15.7 ppm in THF (-13.2 ppm in toluene; -

14.8 in DME). Similarly, KNPCy3 resonates at -7.8 ppm. When comparing the 31P NMR 

resonances of phosphinimide salts, MNPPh3 (M = Li, Na, K, Rb, Cs), the 31P resonances 

becomes progressively more shielded as one moves down the alkali metal series: 

LiNPPh3, -4.6 ppm; NaNPPh3, -11.2 ppm; KNPPh3, -15.7 ppm; RbNPPh3, -24.0 ppm; 

CsNPPh3, -24.1 ppm. 

In 2001, Dehnicke reported the synthesis of a homoleptic hafnium(IV) complex, 

Hf[NPPh3]4. They reacted 4 equivalents of CsNPPh3 with HfCl4 to generate Hf[NPPh3]4 

via salt metathesis. The 31P NMR signal was reported as δ – 5.2 ppm. It is not surprising 

that the hafnium derivative is most similar to the lithium derivative, since the 

electronegativity of hafnium (1.3) is more similar to lithium (1.0) than the more 

electropositive alkali metals. However, compared to HNPPh3 (18.1 ppm) and 

Me3SiNPPh3 (-0.5 ppm), the value of -5.2 ppm is quite surprising; often the 

phosphinimide ligand in a metal complex is more deshielded compared to the free 

ligand. However, in the case of Hf[NPPh3]4, it appears the phosphorus nuclei are more 

shielded in the metal complex compared to the nuclei in the free ligands. Hf[NPPh3]4 is 

more deshielded than the alkali-metal phosphinimide salts, with the exception of the 

lithium derivative, and this implies that the hafnium complex is less ionic (i.e. more 

covalent) than the heavier alkali-metal analogues. Inspired by these results, we attempted 

to extend this chemistry to uranium, thorium, and cerium.  
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Scheme 2.3: Synthesis of homoleptic hafnium tetrakis(phosphinimide) complex 

[57]. 

 

Scheme 2.4: Bent and linear coordination modes of phosphinimide ligands. 

 

UI4(1,4-dioxane)2 was synthesized as reported by Kiplinger and co-workers in 

2011. Uranium metal turnings were allowed to react with 2.05 equivalents of elemental 

iodine in anhydrous 1,4-dioxane for seven days at room temperature. UI4(1,4-dioxane)2 

is a robust red-orange synthon for non-aqueous uranium chemistry. UI4(1,4-dioxane)2 

was dissolved in THF, and four equivalents of KNPPh3 was added at room temperature 

and stirred for 8 hours. A cloudy, burnt-orange solution formed after addition of the 
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potassium phosphinimide salt. The solution was filtered, extracted with toluene, and 

filtered again, and then analyzed via NMR in d6-benzene.  

 

 

Scheme 2.5: Synthesis of homoleptic uranium tetrakis(phosphinimide) complex. 

Four broad, paramagnetically-shifted resonances were observed in the 1H NMR 

spectrum for this residue at δ 52.06 ppm, 13.55 ppm, 12.9 ppm, and -5.68 ppm, in an 

approximate 1:2:1:2 ratio. These likely correspond to the aromatic protons of the 

uranium(IV)-coordinated triphenylphosphinimide ligands. Other signals corresponding 

to KNPPh3 and/or HNPPh3 were also observed, in addition to residual solvents. The 

strong paramagnetic deshielding of protons, as far downfield as δ 52.06 ppm is highly 

indicative of the formation of a U(IV) phosphinimide product. Previous researchers have 

attributed strong paramagnetic deshielding in the 1H NMR of organometallic U(IV) 

complexes to elevated levels of metal-ligand covalency (orbital mixing). Given that the 
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protons are so many atoms away from the paramagnetic ion, such profound 

paramagnetic shifts indeed suggest a large amount of electron delocalization. 

Figure 2.9: 31P NMR spectrum for reaction of UI4(1,4-dioxane)2 and KNPPh3.  

 

 

 

Figure 2.10: 1H NMR spectrum for reaction of UI4(1,4-dioxane)2 and KNPPh3. 



102 
 

A deshielded 31P NMR resonance was observed at δ 35.34. This is a very typical 31P NMR 

value for a metal-phosphinimide complex, and is further indicative of U(IV)-

phosphinimide formation. This resonance corresponds to a coordination chemical shift 

(Δδ) equal to 17.24 ppm, with respect to HNPPH3 (δP = 18.1 ppm). Dehnicke has 

previously attributed the observed deshielding of coordinated phosphinimide ligands to 

π-donation of electron density to electron-withdrawing metal ions. 

Scheme 2.6: Synthesis of homoleptic thorium tetrakis(phosphinimide) complex. 

This methodology above was also applied to thorium(IV). ThCl4(DME)2 was 

synthesized from thorium nitrate as described in the literature. This highly soluble non-

aqueous synthon was dissolved in THF, and stirred with four equivalents of KNPPh3 at 

room temperature for 8 hours. No major color change was observed; however, a 

suspension formed, indicative of salt formation. The reaction mixture was filtered, 

evaporated to dryness, extracted with toluene, filtered again, and isolated in about 71% 

yield.  

The 1H NMR features signals in the normal range from 0-10 ppm indicating that 

the residue is diamagnetic, as expected for residues containing the Th(IV), which has a 
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closed-shell, f0 configuration. The 1H spectrum features sharp, non-shifted signals, 

corresponding to the uncoordinated ligand, as well as broad, downfield shifted 

resonances, presumably corresponding to Th(IV)-phosphinimide complexation. The 31P 

NMR spectrum features two signals at δ -14.71 ppm and δ -15.08 ppm, potentially 

corresponding to a Th(IV)-phosphinimide complex, and also the unreacted potassium 

phosphinimide. If this is indeed the case, the peak at δ -15.08 ppm corresponds to 

KNPPh3, and the peak at δ -14.71 ppm would correspond to the less electropositive 

thorium(IV)-phosphinimide complex. A negative value for the Th(IV) complex compares 

well with the isostructural hafnium tetrakis-phosphinimide complex, which resonates at 

δP -5.2. When comparing the 31P NMR resonances of hafnium-, alkali-metal, and the 

(presumed) thorium-phosphinimide complexes, at first inspection, it qualitatively seems 

that the electronic structure of Th(IV) is more akin to heavier alkali-metals than group IV 

transition metals. More work needs to be done to optimize the reaction conditions to 

generate pure metal-phosphinimide products, and the products of these reactions need 

to be structurally characterized for any conclusive statements to be made.  
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Figure 2.11 31P NMR spectrum for reaction of ThCl4(DME)2 and KNPPh3. 

Figure 2.12: 1H NMR spectrum for reaction of ThCl4(DME)2 and KNPPh3. 
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Scheme 2.7: Synthesis of homoleptic uranium tris(phosphinimide) complex. 

The synthesis of trivalent homoleptic phosphinimide complexes via salt 

metathesis was also attempted. UI3(1,4-dioxane)1.5 was synthesized in a manner similar 

to that described by Kiplinger and co-workers in 2011. Uranium metal turnings were 

allowed to react with 0.75 equivalents of elemental iodine in anhydrous 1,4-dioxane at 

room temperature for a week. The dark blue solid was dissolved in THF, and stirred with 

three equivalents of KNPPh3 for three hours. The solution turned from blue to purple-

brown, and became cloudy due to apparent salt formation. The solution was filtered, 

evaporated to dryness, extracted with toluene, filtered, and isolated in approximately 

quantitative yield. 

 

 

 

 

 

 

Figure 2.13: 1H NMR spectrum for reaction of UI3(1,4-dioxane)1.5 and KNPPh3. 
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. 

Figure 2.14: 31P NMR spectrum for reaction of UI3(1,4-dioxane)1.5 and KNPPh3. 

 

The 1H NMR was difficult to interpret, with broad deshielded peaks at δ 9.07 ppm 

and δ 8.06 ppm, as well as broad upfield-shifted peaks at δ 6.57 ppm and δ 6.34 ppm. 

Aromatic peaks associated with uncoordinated ligands were also observed. The broad 

peaks observed likely correspond to paramagnetically shifted aromatic protons of U(III)-

coordinated phosphinimide ligands. Trivalent uranium is strongly paramagnetic with a 

f3 configuration, and the intrinsic single-molecule magnet behavior of uranium(III) has 

been the subject of a flurry of recent research interest, motivated by potential applications 

in quantum technologies. The aromatic signals of the target complex are expected to be 
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extremely broad, and likely correspond to the ones observed near the aromatic region of 

the spectrum. 

A 31P NMR resonance was observed at δ -1.65 ppm that could potentially 

correspond to a trivalent uranium-phosphinimide complex. However, few comparative 

examples exist, and this signal cannot be unambiguously assigned without further 

characterization. Efforts to further investigate and optimize this reaction were abruptly 

discontinued shortly after these initial results were obtained. If the trivalent homoleptic 

tris(triphenyl)phosphinimide complex was formed, this new compound could serve as a 

potent non-aqueous precursor to new trivalent, tetravalent, and pentavalent uranium 

chemistry. One- and two-electron oxidations of U[NPPh3]3 could be used to install halide 

and pseudohalides ligands to generate complexes of the form [Ph3PN]3UX and 

[Ph3PN]3UX2. Such low-coordinate, sterically congested phosphinimide complexs could 

be used to install terminal oxo-, nitride-, and phosphide ligands, and various other metal-

ligand multiple bonds. 

  

 

 

Scheme 2.8: Synthesis of homoleptic cerium tris(phosphinimide) complex. 

This chemistry was also extended to cerium(III). Anhydrous CeCl3 was used and 

purchased, and stirred with three equivalents of KNPPh3 in THF/toluene for a day. An 
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immediate color change was observed from white to yellow, and the solution became 

cloudy, indicative of salt formation. The solution was filtered, evaporated to dryness, 

extracted with toluene, filtered, evaporated to dryness, and dissolved in C6D6 for NMR 

spectroscopy.  

Similar to results obtained for uranium(III), the cerium(III) residue also generated 

broad, paramagnetically shifted peaks near the aromatic region. The extremely broad 

feature at δ 7.56 ppm is very similar to the broad feature observed for uranium(III) at δ 

9.07 ppm. Other signals potentially corresponding to the aromatic protons of a cerium(III) 

phosphinimide complex were observed at δ 8.23 ppm, δ 7.80 ppm, and δ 7.05 ppm, and 

signals corresponding to uncoordinated ligand were observed. Cerium(III) is 

paramagnetic with a f1 configuration, and paramagnetically-broadened aromatic signals 

are expected for the target complex. As observed, the magnitude of the dipolar shifts are 

expected to be less for cerium(III) than uranium(III), since cerium(III) only has one 

unpaired f-electron, while uranium(III) has three unpaired f-electrons. A deshielded 31P 

NMR resonance was observed at δ 44.39 ppm, which compares well with the signal at δ 

35.34 ppm for the residue obtained via reaction with UCl4. Both of these resonances fall 

within the typical rang for transition metal-phosphinimide complexes. Two peaks half 

the size of the resonance at δ 35.34 were observed at δ 8.62 ppm and δ 5.07 ppm. The 

peaks observed could be indicative of a mix of products, including bridging and non-

bridging species, or the resonances could potentially correspond to different 

phosphinimide bonding modes. Phosphinimide ligands with an approximately linear 
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binding mode with strong π-donation of electron density to the metal center are expected 

to yield more deshielded 31P NMR resonances than bent phosphinimide ligands with 

little to no π-interactions. Further structural characterization is necessary in order to make 

any definitive conclusions about the 31P resonances observed. 

 

 

 

 

 

 

Figure 2.15: 31P NMR spectrum for reaction of CeCl3 and KNPPh3. 

 

 

 

 

 

 

 

 

Figure 2.16: 31P NMR spectrum for reaction of CeCl3 and KNPPh3. 
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Figure 2.17: 1H NMR spectrum for reaction of CeCl3 and KNPPh3 

 

Concluding Remarks and Future Opportunities 

 Coordination of a phosphinimide ligand to uranium(IV) results in a large 

paramagnetic shift as observed in the 1H and 31P NMR spectra of U[N=P(t-

butyl)3][N(SiMe3)2]3. At first inspection, the shift observed seems much larger than what 

would be expected due to the pseudocontact contribution alone. The large paramagnetic 

shift of this complex, 689.23 ppm, suggests a significant contact contribution, presumably 

due to significant levels of metal-ligand covalency (orbital mixing). Additionally, 

progress was made toward the synthesis and characterization of homoleptic f-element 
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phosphinimide complexes. This work has yielded promising initial results that indicate 

31P NMR spectroscopy and phosphinimide ligands can be useful tools for studying f-

block electronic structure and metal-ligand covalency. 
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Chapter 3 

Explorations in Tetravalent Cerium Chemistry 

Introduction 

 In this chapter, reactions of N-trimethylsilyl phosphinimines with CeF[N(SiMe3)2]3 

are reported. CeF[N(SiMe3)2]3 has great potential to expand molecular Ce(IV) chemistry. 

However, this potential has yet to be realized. First reported in 2014 [1], the 

nucleophilicity of the fluoride ligand in CeF[N(SiMe3)2]3 was demonstrated using halide 

exchange reactions via fluorotrimethylsilane elimination [2]. Virtually no progress has 

been reported on the reactivity of CeF[N(SiMe3)2]3 since 2014. In this work, we took the 

logical next step of exploring other fluorotrimethylsilane elimination reactions in an 

effort to expand the chemistry of CeF[N(SiMe3)2]3. Specifically, we investigated the 

reactivity of CeF[N(SiMe3)2]3 with N-trimethylsilyl phosphinimines, R3PNSiMe3, with the 

intention of synthesizing Ce(IV) phosphinimide complexes via fluorotrimethylsilane 

elimination. The installation of phosphinimide ligands to Ce(IV) provides a unique 

opportunity to study the uranium-like covalency that has been observed in molecular 

Ce(IV) complexes [3,4]. The presence of the phosphorus atom in phosphinimide ligands 

provides the opportunity to study metal-ligand covalency using phosphorus nuclear 

magnetic resonance spectroscopy (31P NMR). In this chapter, the synthesis and NMR 

spectroscopy of molecular Ce(IV) phosphinimide complexes are reported. 
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 Fluorotrimethylsilane elimination has been used previously to install 

phosphinimide ligands on hexavalent tungsten [5] and has also been used to install 

metal-ligand multiple bonds [6]. Phosphinimide ligands exhibit multiple bond character 

due to π-interactions, and these monoanionic ligands can engage in three-fold bonding 

interactions, particularly when the metal-nitrogen-phosphorus angle is approximately 

linear [7]. Dehnicke and co-workers have reported cerium metallocene-phosphinimide 

complexes [8], and Dehnicke has reviewed phosphinimide chemistry on multiple 

occasions [7, 9-11]. Cerium amide-phosphinimide complexes have not been reported, and 

no homoleptic cerium phosphinimide complexes have been reported. Homoleptic 

phosphinimide complexes of other rare earth elements and transition metals have been 

reported [10,11]. 

 Halide exchange reactions via fluorotrimethylsilane elimination have been 

reported for CeF[N(SiMe3)2]3 [2]. The syntheses of CeCl[N(SiMe3)2]3, CeBr[N(SiMe3)2]3, 

and CeI[N(SiMe3)2]3 using fluorotrimethylsilane elimination reactions of ClSiMe3, 

BrSiMe3, and ISiMe3 with CeF[N(SiMe3)2]3 were reported in 2014 by Schelter and co-

workers in 2014 [2]. These cerium(IV) amide-halide complexes have great potential to 

push the field of molecular tetravalent cerium chemistry forward. CeF[N(SiMe3)2]3 can 

serve as a gateway to numerous new complexes via fluorotrimethylsilane elimination 

reactions, and CeCl[N(SiMe3)2]3, CeBr[N(SiMe3)2]3, and CeI[N(SiMe3)2]3 and can serve as 

gateways to numerous new complexes via salt metathesis reactions [2]. These cerium(IV) 

amide-halide complexes have great potential as molecular precursors to advanced 
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cerium(IV) materials. Furthermore, cerium(IV) is considered to be a suitable 

plutonium(IV) model because of their similar ionic radii (Ce4+, 0.87 Å; Pu4+, 0.86 Å) and 

similar chemical behavior [12]. These cerium(IV) amide-halide complexes, and 

complexes derived from these precursors, can be used to indirectly study plutonium(IV). 

 Cerium(IV) has a closed-shell configuration, and its compounds are typically 

colorless [13]. In fact, cerium(IV) oxide is very important in the glass industry due to this 

property [14]. However, CeF[N(SiMe3)2]3 and other molecular tetravalent 

organometallic/inorganometallic complexes of cerium are highly colored [15,16]. This 

can be attributed ligand-to-metal charge transfer [1]. Herein the syntheses and NMR 

spectroscopy of highly colored, red-orange, cerium(IV) tris(amido) phosphinimide 

complexes, Ce[NPR3][N(SiMe3)2]3, are reported.  
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Figure 3.1: Sublimed Ce[N(SiMe3)2]3  

 

Scheme 3.1: Synthesis of CeF[N(SiMe3)2]3  
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Experimental 

 All experimental operations were conducted with rigorous exclusion of air and 

moisture using Schlenk techniques and standard glove-box methods using a Vacuum 

Atmospheres glovebox with a recirculating dinitrogen atmosphere. Solvents were 

bought anhydrous or HPLC-grade (pentane, hexane, toluene, acetonitrile) and further 

purified using a Vacuum Atmospheres Solvent Purifier System. Tetrahydrofuran and 

diethyl ether were dried over sodium benzophenone ketyl, and degassed using three 

freeze-pump-thaw cycles prior to use. All solvents were stored under dinitrogen in a 

glove-box, and stored over 4 Å molecular sieves for at least 24 hours prior to use. 

Glassware was dried at 150°C before use. 1H and 31P NMR spectra were recorded using 

a Bruker 400 MHz spectrometer at 298 K. Deuterated benzene (Cambridge Isotopes) was 

stored over 4 Å molecular sieves for at least 24 hours prior to use. 

 CeCl3 (anhydrous) , PrCl3 (anhydrous), KN(SiMe3)2, XeF2 were used as purchased 

(Aldrich). N-trimethylsilyl phosphinimines were synthesized using literature methods 

[17] from commercially available tertiary phosphines and azidotrimethylsilane (Aldrich). 

Ce[N(SiMe3)2]3 and Pr[N(SiMe3)2]3 were prepared as previously reported [18-22] and 

sublimed prior to use. CeF[N(SiMe3)2]3 was prepared as previously reported [1]. 

Synthesis of Ce[NPCy3][N(SiMe3)2]3 

0.006 grams (0.009 mmol) of CeF[N(SiMe3)2]3 was dissolved in 5 mL of THF. 0.004 grams 

(0.009 mmol) of Me3Si-N=PCy3 was dissolved in 5 mL of THF and added to the 

CeF[N(SiMe3)2]3 solution dropwise at room temperature. The solution was stirred 
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overnight at room temperature. The THF was removed in vacuo and a red solid was 

afforded (0.010 grams). The solid was redissolved in C6D6 for NMR analysis. 

1H NMR Data (C6D6, 298 K): δ 0.39 ppm (SiMe3), δ 1.1-1.86 ppm (cyclohexyl). 

31P NMR Data (C6D6, 298 K): δ 637.34 ppm. 

 

Synthesis of Ce[NP(p-anisyl)3][N(SiMe3)2]3 

0.021 grams (0.033 mmol) of CeF[N(SiMe3)2]3 was dissolved in 5 mL of THF. 0.015 grams 

(0.033 mmol) of Me3Si-N=P(p-MeOPh)3 was dissolved in 5 mL of THF and added to the 

CeF[N(SiMe3)2]3 solution dropwise at room temperature. The dark-red solution quickly 

changed color to a transparent cherry-red, and the solution was stirred overnight at room 

temperature. The THF was removed in vacuo and a red solid was afforded in 94% yield 

(0.030 grams). The solid was redissolved in C6D6 for NMR analysis.  

31P NMR Data (C6D6, 298 K): δ 636.79 ppm. 

 

 

Attempted Synthesis of Ce[NP(p-tolyl)3][N(SiMe3)2]3 

0.017 grams (0.027 mmol) of CeF[N(SiMe3)2]3 was dissolved in 10 mL of THF. 0.011 grams 

(0.027 mmol) of Me3Si-N=P(p-tolyl)3 was dissolved in 5 mL of THF and added to the 

CeF[N(SiMe3)2]3 solution dropwise at room temperature. The solution was stirred 

overnight at room temperature. The THF was removed in vacuo and a red solid was 

afforded (0.026 grams). The solid was redissolved in C6D6 for NMR analysis. NMR data 

was inconclusive. 
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Attempted Synthesis of Ce[NP(t-butyl)3][N(SiMe3)2]3 

0.050 grams (0.078 mmol) of CeF[N(SiMe3)2]3 was dissolved in 10 mL of THF. 0.023 grams 

(0.079 mmol) of Me3Si-N=P(t-butyl)3 was dissolved in 5 mL of THF and added to the 

CeF[N(SiMe3)2]3 solution dropwise at room temperature. The solution was stirred 

overnight at room temperature. The THF was removed in vacuo and a red solid was 

afforded. The solid was redissolved in C6D6 for NMR analysis. 

Attempted Synthesis of PrF[N(SiMe3)2]3 

0.031 grams (0.500 mmol) of Pr[N(SiMe3)2]3 was dissolved in 10 mL of pentane. 0.005 

grams (0.025 mmol) of XeF2 was added to the Pr[N(SiMe3)2]3 solution at room 

temperature. No color change was observed. After 3 hours the pentane was removed in 

vacuo, and the solid was sealed and stored for further characterization. 

 

Scheme 3.2: General Synthesis of Ce[NPR3][N(SiMe3)2]3 via Fluorotrimethylsilane 

Elimination. 
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Figure 3.2: 31P NMR spectrum for Ce[NPCy3][N(SiMe3)2]3. 

 

Results and Discussion 

 Reactions were carried out between N-trimethylsilyl phosphinimines and 

CeF[N(SiMe3)2]3, and solution phase 1H, 19F, and 31P NMR analyses of the resulting 

residues suggest partial formation of cerium(IV) phosphinimide complexes, 

Ce[NPR3][N(SiMe3)2]3. The formation of the remarkably strong Si-F bond in F-SiMe3 

provides the thermodynamic driving force for these reactions [2,7]. Because 

fluorotrimethylsilane is volatile, this by-product can be conveniently removed under 

reduced pressure [7]. These reactions can also be conveniently monitored by 1H, 19F, and 

31P NMR.   
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Anhydrous CeCl3 was stirred with 2.99 equivalents of KN(SiMe3)2 in THF/toluene 

(1:1) at room temperature for 24 hours, yielding the well-known trivalent tris(silylamide) 

complex, Ce[N(SiMe3)2]3. After filtering off the KCl by-products, extracting with pentane, 

and evaporating to dryness, this volatile three-coordinate complex can be purified via 

sublimation under vacuum at 90-100°C. This high-symmetry precursor was oxidized to 

CeF[N(SiMe3)2]3 using triphenylcarbenium hexafluorophosphate, [Ph3C][PF6]. 

CeF[N(SiMe3)2]3 has only recently been reported (2014), and this compound is very 

understudied. Schelter and coworkers reported halide exchange reactions of 

CeF[N(SiMe3)2]3 with X-SiMe3 to form CeX[N(SiMe3)2]3 (X = Cl, Br, I) via 

fluorotrimethylsilane (F-SiMe3) elimination. Inspired by these results, we attempted to 

extend the fluorotrimethylsilane elimination chemistry of CeF[N(SiMe3)2]3 to N-

trimethylsilyl-substituted phosphinimines (Me3Si-NPR3) with the intention of 

synthesizing tris(silylamido)-phosphinimide complexes of cerium(IV),  

Ce[NPR3][N(SiMe3)2]3. Fluorotrimethylsilane elimination has been used to synthesize 

tungsten(VI)-phosphinimide complexes, and chlorotrimethylsilane elimination has been 

used to synthesize uranium(VI)-phosphinimide complexes. Given these previous 

reports, we were confident that fluorotrimethylsilane elimination would be a suitable 

strategy for synthesizing cerium(IV)-phosphinimide complexes. 
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Figure 3.3: 1H NMR signal for Ce[N(SiMe3)2]3 
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Figure 3.4: 1H NMR signal for CeF[N(SiMe3)2]3 

 

Figure 3.5: 19F NMR signal for CeF[N(SiMe3)2]3 
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Scheme 3.3: Fluorotrimethylsilane elimination synthesis of tris(p-anisyl)phosphinimide 

complex. 

 

Me3Si-NP(p-anisyl)3 was dissolved in THF, and added to a THF solution of 

CeF[N(SiMe3)2]3. This solution was stirred at room temperature for 24 hours. Upon 

addition of the phosphinimine solution to the Ce(IV) fluoro-amide complex, the solution 

became more transparent, and the color shifted from dark cherry-red to a lighter red-

orange color. Insoluble by-products were removed by filtration, and the solution was 

evaporated to dryness. The residue was extracted with pentane, filtered, evaporated to 

dryness, and dissolved in C6D6 for NMR analysis. The 19F NMR signal for 

CeF[N(SiMe3)2]3 was still present in this residue, indicating that the reaction did not go 

to completion. Additionally, the SiMe3 signals for the starting materials were still present 

in the 1H, in addition to free HNSiMe3 at δ 0.1 ppm. However, it appears that new SiMe3 

peak formed at around δ 0.3 ppm, which could potential represent desymmetrization of 
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the silylamide ligands due to phosphinimide coordination. The 31P NMR signal for the 

N-silyl aryl-phosphinimine was still present, further indicating incomplete reaction. 

However, a 31P NMR resonance was also observed at δ 636.79 ppm. This corresponds to 

a coordination chemical shift (Δδ) of 637.49 relative to the starting phosphinimine (δ -0.7).  

This is an extremely deshielded resonance, far downfield from typical phosphinimide 

ligand resonances. Efforts to further investigate this reaction were cut short, but work 

should be done to verify that this resonance corresponds to the target complex. If verified, 

this enormously deshielded 31P resonance would represent an enormous amount of 

cerium(IV)-phosphinimide covalency and significant π-donation into the empty 4f/5d 

Ce(IV) orbitals. The Ce(IV)-phosphinimide interaction is expected to have significant 

multiple-bond character, with electron density delocalization along the entire Ce-N-P 

moiety.  

 

 

 

 

 

 

Figure 3.6: 1H NMR signal for Ce[NP(p-anisyl)3][N(SiMe3)2]3 
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Figure 3.7: 131P NMR signal for Ce[NP(p-anisyl)3][N(SiMe3)2]3 

 

Me3Si-NP(p-tolyl)3 was also reacted with CeF[N(SiMe3)2]3 under the same 

conditions as above. Interestingly, no 31P signals were observed, not even for the starting 

material. This could potentially be due to low sample concentration. The 19F NMR 

resonance for CeF[N(SiMe3)2]3 was still present, indicating an incomplete reaction. 

However, similar to the previous example, it appears that new upfield shifted SiMe3 

resonances formed, potentially representing desymmetrization of the silylamide ligands 

with coordination of the phosphinimide ligand. 
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Scheme 3.4: Fluorotrimethylsilane elimination synthesis of tris(p-tolyl)phosphinimide 

complex. 

Figure 3.8: 1H NMR signal for Ce[NP(p-tolyl)3][N(SiMe3)2]3 
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Scheme 3.5: Fluorotrimethylsilane elimination synthesis of 

tris(cyclohexyl)phosphinimide complex. 

Me3Si-NPCy3 was also reacted with CeF[N(SiMe3)2]3 under the same conditions. 

As above, the 19F NMR of the Ce(IV) precursor was still present, indicating an incomplete 

reaction. The SiMe3 peaks of the starting materials were still present in the 1H NMR 

spectrum, however, as above, new peaks were observed in the SiMe3 region that could 

potentially represent amide ligand desymmetrization. Furthermore, it appears that a new 

broad upfield-shifted cyclohexyl resonance emerged. The 31P NMR signal for 

Ce[NPCy3][N(SiMe3)2]3 is very deshielded (637.34 ppm). The 31P NMR resonance for the 

alkyl-phosphinimide derivative, Ce[NPCy3][N(SiMe3)2]3, is slightly more deshielded 

than the 31P NMR resonance of the aryl-phosphinimide derivative, Ce[NP(p-

anisyl)3][N(SiMe3)2]3. This is not a surprise, since 31P NMR resonances for 

alkylphosphinimines are more deshielded than the resonances for arylphosphinimines. 

The fundamental difference in the electronic structure of alkyl- and arylphosphinimines 
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is observed when comparing the moisture sensitivity of alkyl- versus aryl-

phosphinimines [23]. Aryl-phosphinimines are highly moisture-sensitive and are easily 

hydrolyzed to aryl-phosphine oxides unless moisture is rigorously excluded [23]. Alkyl-

phosphinimines are much less sensitive to moisture and are not as easily hydrolyzed.  

 

Figure 3.9: 31P NMR signal for Ce[NPCy3][N(SiMe3)2]3 

 The 31P NMR resonance for Cy3PN-SiMe3 is observed at 17 ppm [17]. The signal 

for (p-anisyl)3PN-SiMe3 is more shielded, and is observed at -0.7 ppm [17]. Therefore, it 

is not surprising that the 31P NMR resonance for Ce[NPCy3][N(SiMe3)2]3 is more 

deshielded than Ce[NP(p-anisyl)3][N(SiMe3)2]3. This difference in the nuclear magnetic 
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shielding of the phosphorus nucleus in these two complexes suggests that the electronic 

structures of the Ce-N-P systems in these two complexes are different, and have different 

degrees of cerium(IV)-phosphinimide orbital mixing (i.e. different degrees of cerium-

ligand covalency). Moreover, the coordination chemical shift for the p-anisyl derivative 

(Δδ = 637.49 ppm) is larger than the coordination chemical shift of the cyclohexyl 

derivative (Δδ = 620.34 ppm), which further suggests differences in Ce-phosphinimide 

bonding in these two systems. 

  

Figure 3.10: 1H NMR signal for Ce[NPCy3][N(SiMe3)2]3 
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Figure 3.11: 1H NMR signal for Ce[NPCy3][N(SiMe3)2]3 (SiMe3 region) 

 

The phosphorus resonances observed at δ 636.79 ppm and δ 637.34 ppm for 

Ce[NPR3][N(SiMe3)2]3 (R = p-anisyl, cyclohexyl) are comparable to the resonance 

observed at 689.3 ppm for the analogous uranium complex U[NP(t-butyl)3][N(SiMe3)2]3. 

The phosphorus resonance for (t-butyl)3PNSiMe3 is observed at 32.4 ppm [17], which is 

more deshielded than Cy3PNSiMe3 (17 ppm) [17]. This difference (Δδ 15.4 ppm) is smaller 
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than the difference between the cerium(IV) and uranium(IV) complexes (Δδ 53.52 ppm 

and Δδ 51.96 ppm). Uranium(IV) has a slightly larger Shannon ionic radius than 

cerium(IV) (0.89 Å vs. 0.87  Å) [24]. Uranium(IV) has an f2 electronic configuration and is 

paramagnetic [13]; cerium(IV) has an f0 electronic configuration and is diamagnetic [13]. 

It is unclear whether the relatively large difference between the phosphorus resonances 

of Ce[NPR3][N(SiMe3)2]3 and U[NP(t-butyl)3][N(SiMe3)2]3 can be attributed to differences 

in ionic radii, electronic configuration, and/or orbital mixing. Computational studies, 

additional spectroscopic investigations, and additional pseudo-isostructural complexes 

for comparison are necessary in order for such discussions to move beyond speculation. 

However, the comparable levels of deshielding observed in the 31P NMR spectra for the 

pseudo-isostructural complexes Ce[NPR3][N(SiMe3)2]3 and U[NP(t-butyl)3][N(SiMe3)2]3 

seem to suggest comparable levels of metal-ligand covalency. Moreover, the tris(p-

anisyl)-phosphinimide ligand has a larger coordination shift (Δδ) than the 

tris(cyclohexyl)phosphinimide by about 17.15 ppm; this stronger deshielding effect could 

potentially correspond to differences in Ce(IV)-phosphinimide covalency.  More 

characterization is needed to confirm if the phosphorus resonances indeed correspond to 

the target complexes, and electronic structure studies are necessary to elucidate the 

nature of the metal-ligand bonding in these complexes. 
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Scheme 3.6: Attempted oxidation of signal for Pr[N(SiMe3)2]3 

 

Efforts were initiated to explore the exotic tetravalent oxidation state of 

praseodymium. The chemistry of praseodymium(IV) is very limited, and the first 

molecular coordination complexes of Pr(IV) have only recently been reported. To 

contribute to the expansion of this rare oxidation state, the synthesis of F-Pr[N(SiMe3)2]3 

was attempted. The fluoro[tris(bis(trimethylsilyl)amido] motif, F-M[N(SiMe3)2]3 is 

known for titanium(IV), cerium(IV), and uranium(IV). F-Th[N(SiMe3)2]3 has not been 

reported and should be the focus of future efforts. Plans were made to synthesize F-

Th[N(SiMe3)2]3 using a method recently reported from Los Alamos by Kiplinger and 

coworkers for the synthesis of F-U[N(SiMe3)2]3. This method involved a halide exchange 

reaction between Cl-U[N(SiMe3)2]3  and FSnMe3, forming F-U[N(SiMe3)2]3 as the product, 

and volatile Cl-SnMe3 as a by-product, which can be converted back to FSnMe3 for reuse 

using KF. However, work with radioactive materials was discontinued before this plan 

could be executed. 
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 Figure 3.12: 1H NMR signal for Pr[N(SiMe3)2]3 

Pr[N(SiMe3)2]3 was synthesized from anhydrous PrCl3 as previously reported, and 

sublimed prior to use. Praseodymium(III) is paramagnetic with an f2 configuration, and 

the 1H NMR spectrum of  Pr[N(SiMe3)2]3 features a broad, paramagnetically shielded 

resonance at δ -8.57 ppm. Pr[N(SiMe3)2]3 was dissolved in pentane and half an equivalent 

of xenon difluoride, XeF2, was added, and the solution was stirred at room temperature 

for a few hours. However, work was abruptly discontinued in the glove-box containing 

the residue of this reaction, and characterization was not completed. Efforts should be 

made to synthesize F-Pr[N(SiMe3)2]3, F-Th[N(SiMe3)2]3, F-Np[N(SiMe3)2]3, and F-

Pu[N(SiMe3)2]3 as soon as possible. Successful synthesis of these compounds would 
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generate a comparative isostructural series, F-M[N(SiMe3)2]3 (M = Ti, Ce, Pr, Th, U, Np, 

Pu), that could be studied spectroscopically using 19F NMR. 19F NMR could potentially 

be used to empirically study the differences in the metal-fluoride bonds for these metals, 

especially for diamagnetic Ti(IV), Ce(IV), and Th(IV) systems. 19F NMR might be difficult 

to use for paramagnetic Pr(IV), U(IV), Np(IV) and Pu(IV) systems with direct metal-

fluoride bonds. To my knowledge, F-U[N(SiMe3)2]3 is 19F NMR-silent, and a 19F resonance 

has not been reported for this complex. As a result, different analytical methods may need 

to be employed to study the metal-fluoride bonds in paramagnetic complexes, especially 

ones that are unaffected by the strong paramagnetism of many of the f-block elements. 

One method that could be used to study F-M[N(SiMe3)2]3  complexes and other fluoride 

systems is an esoteric method called time-differential perturbed angular distribution (TD-

PAD) analysis. In this method, an accelerator-generated proton beam is used to induce 

non-resonant nuclear reactions with 19F, thereby inducing fluorine gamma-ray emission. 

An array of gamma detectors, coupled with a beam chopper for time resolution, can be 

used to measure the anisotropy of the fluorine gamma-ray distribution generated by 

fluoride materials, thereby enabling nuclear electric field gradient studies of metal-

fluoride covalency. The anisotropy of the gamma-rays is influenced by the relative 

ionicity/covalency of fluoride bonds, since valence shell electron distributions affect the 

core energy levels and s-electron densities at fluorine nuclei. Covalency studies using 

Mössbauer spectroscopy are based on the same phenomena, but this method requires a 

Mössbauer-active nucleus and therefore has limited applicability. TD-PAD has been used 

in previous work to study ionicity/covalency differences in transition-metal and main-
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group fluorides. This method should be extended to covalency studies of the lanthanide 

and actinide fluorides [25]. 

 

 

Scheme 3.7: Oxidation of Ce[OPPh3][N(SiMe3)2]3 

 

 During the course of this work, oxidation of a previously unreported Lewis-base 

adduct, Ce[OPPh3][N(SiMe3)2]3, was attempted. The synthesis and characterization of 

this Lewis-base adduct is detailed in Chapter 4; however, oxidation of this compound is 

discussed here in the context of tetravalent cerium-fluoride chemistry. Crystals of 

Ce[OPPh3][N(SiMe3)2]3 were dissolved in toluene, and this solution was added to a vial 

containing one equivalent of triphenylcarbenium hexafluorophosphate, [Ph3C][PF6]. An 

immediate color change was observed from colorless to dark red, indicating that 

oxidation from Ce(III) to Ce(IV) occurred. However, it is clear from the 1H NMR results 

that the reaction did not go to completion, since a large paramagnetic signal 
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corresponding to Ce[OPPh3][N(SiMe3)2]3  was observed at δ -0.8 ppm. Free 

Ce[N(SiMe3)2]3 was also observed at δ -3.3 ppm. However, a prominent signal was 

observed at δ 0.39 ppm corresponding to cerium(IV)-coordinated silylamide ligands, as 

a well as upfield-shifted aromatic resonances corresponding to the aromatic phosphine 

oxide protons, with the expected ratios with respect to the SiMe3 signal at δ 0.39 ppm. 

Similar to the four-coordinate F-Ce[N(SiMe3)2]3  compound, F-Ce[OPPh3][N(SiMe3)2]3  

generates a 19F resonance at δ 311.74 ppm. Two 31P NMR resonances were observed. The 

most prominent signal at δ 53.43 ppm corresponds to the Ce(III) precursor. A small 

deshielded peak was observed at δ 79.39 ppm, which likely corresponds to the fluoro-

phosphine oxide-amide target complex, albeit, in very small yield. This corresponds to a 

chemical shift (Δδ) equal to +25.96 ppm with respect to the Ce(III) precursor, indicating 

that oxidation from Ce(III) to Ce(IV) has an electron-withdrawing effect on the phosphine 

oxide ligands, which suggests increased levels of Ce(IV)-phosphine oxide covalency 

compared to the Ce(III)-phosphine oxide interaction. 
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Figure 3.13: 19F NMR signal for F-Ce[OPPh3][N(SiMe3)2]3  

 

Figure 3.14: 31P NMR spectrum for F-Ce[OPPh3][N(SiMe3)2] 
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Figure 3.15: 1H NMR spectrum for F-Ce[OPPh3][N(SiMe3)2] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: 1H NMR spectrum for F-Ce[OPPh3][N(SiMe3)2] (SiMe3 region) 
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Figure 3.17: 1H NMR spectrum for F-Ce[OPPh3][N(SiMe3)2] (aromatic region) 

 

Concluding Remarks and Future Opportunities 

 In this chapter, the synthesis and NMR characterization of tetravalent cerium 

phosphinimide-amide complexes Ce[NPR3][N(SiMe3)2]3 (R = cyclohexyl, p-tolyl) was 

reported. This work is a contribution to molecular cerium(IV) chemistry, and lays the 

groundwork for further elaboration of the Ce[L][N(SiMe3)2]3 (L = ligand) framework 

using CeF[N(SiMe3)2]3 as a precursor. More work on the Ce[NPR3][N(SiMe3)2]3 

framework should be carried out, and a library of pseudo-isostructural alkyl-, aryl, and 

amino-phosphinimide complexes should be synthesized in order to enable detailed 

comparative studies of the bonding interactions in these systems. Such work would 
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enable one to understand how changing the identity of the substituents on phosphorus 

influences the relative cerium 4f and 5d contributions to the σ and π interactions in the Ce-

N-P system. A library of isostructural thorium(IV), uranium(IV), and plutonium(IV) 

complexes with identical ligand frameworks should also be synthesized for comparison. 

Describing the bonding interactions in M-N-P using 31P spectroscopy is complicated by 

the fact that the phosphorus atom is not directly bound to the metal center. Nevertheless, 

the phosphorus nucleus is very sensitive to the electronic structure of the metal-nitrogen 

bond because the electron density is delocalized between all three atoms in the M-N-P 

system through multiple π interactions [7]. For highly paramagnetic f-metals, situating 

an intervening atom like nitrogen between phosphorus and the paramagnetic metal 

center might be necessary to study paramagnetic complexes via 31P NMR spectroscopy, 

since phosphorus-NMR resonances are often not observed when the phosphorus atom is 

bound directly to a paramagnetic metal-center. Though monoanionic, phosphinimide 

ligands can exhibit multiple bond character [7], and in monomeric complexes where the 

M-N-P system approaches linearity, the metal-nitrogen bond is often described as a triple 

bond [7]. Cerium phosphinimide complexes offer great potential to investigate the nature 

of orbital interactions in molecular cerium(IV) complexes, and they could also prove to 

be useful precursors for the synthesis of advanced Ce(IV) materials. The uranium-like 

covalency that has been observed by previous researchers challenges traditional 

understandings of chemical bonding [3,4], and cerium(IV) complexes featuring π-

donating phosphinimide ligands provide an avenue to further investigate the anomalous 

behavior of the cerium(IV) ion. 
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Chapter 4 

High-Symmetry Low-Coordinate Complexes of 

Cerium(III) and Uranium(III): 

Tris[bis(trimethylsilyl)amido] Phosphine Oxide 

Compounds for Empirical f-Element Electronic Structure 

Investigations 

 

Introduction 

This work reports the synthesis and characterization of trivalent four-coordinate 

tris(silylamide) phosphine oxide complexes of uranium and cerium with approximate C3 

symmetry. Cerium and uranium, along with the rest of the lanthanide and actinide 

elements, are considered “hard” Lewis acids and have large ionic radii [1-9]. The 

coordination chemistry of these elements is dominated by high coordination numbers 

(typically CN=7 or greater) and they tend to form complexes with “hard” fluoride and 

oxygen-donor ligands. Coordination numbers less than 6 are extremely rare in f-block 

coordination chemistry, and they were not observed for lanthanides until the three-

coordinate tris[bis(trimethylsilyl)amide] complexes were synthesized in the 1970’s [10-

13]. These volatile, low-coordinate complexes with bulky silyl-amide ligands have led to 

important advances in the field [14-18]. They have served as gateways to new uncharted 

areas of f-block coordination chemistry via the “silyl-amide protonolysis route” [15, 19-

23]; for example, the tris[bis(trimethylsilyl)amides] of the lanthanides have been used to 

install anionic,  



165 
 

 

 

Figure 4.1: Sublimed U[N(SiMe3)2]3  
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Scheme 4.1: General Synthesis of MfIII [OPR3][N(SiMe3)2]3  

 

“soft-donor” sulfido [20,21], selenido [21], tellurido [22], and phosphido [19] ligands via 

protonolysis. The volatility of lanthanide and actinide tris(silyl)amides makes them 

naturally attractive for metal-organic chemical vapor deposition (MOCVD) applications. 

The sulfido (thiolate) complexes have been used as precursors for the synthesis of high-

purity lanthanide sulfide (Ln2S3) materials [2]. The tris-silylamides themselves can be 

used for the synthesis of lanthanide nitride (LnN) materials [15,24, 25], and uranium tris-

amides can also be used to make uranium nitride (UN) [26], which has been attracting a 

lot of attention as a next generation nuclear fuel [26]. Nitride fuels have several 

advantages, such as high thermal conductivity, thermal stability, and fissile metal 

density; however, the synthesis of high purity actinide nitrides has been proven very 

difficult using conventional carbothermic reduction methods from metal oxides [26]. 

CeIII 
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Molecular actinide amide precursors provide a potential alternative for the synthesis of 

high purity actinide nitride fuels [26].  

Gd[N(SiMe3)2]3 and Nd[N(SiMe3)2]3 have recently been used as single-source 

precursors for the synthesis of bimetallic MRI contrasts agents (Gd) [27] and efficient 

photoabsorbers (Nd) [28], respectively.  U[N(SiMe3)2]3 and Er[N(SiMe3)2]3 exhibit slow 

magnetic relaxation and are single-ion magnets [29,30]. f-Element single-ion magnets, 

and their potential applications in quantum technologies, has been the subject of a few 

excellent review articles in recent years [30-33]. Ce[N(SiMe3)2]3 (Figure 1a) has served as 

a gateway for the synthesis of four-coordinate Cerium(IV) halide complexes [34-38]. 

These new tetravalent Cerium halide compounds represent an important advance in CeIV 

chemistry [38] and provide a high-symmetry platform for investigating the uranium-like 

covalency that has recently been observed in CeIV metal-ligand bonding [8]. 

Tris(silyl)amides have also provided straightforward and reliable routes to low-

coordinate tetravalent uranium [39,40] and plutonium [24,25] halide compounds, as well 

as tetravalent, pentavalent, and hexavalent uranium complexes with metal-ligand 

multiple bonds [33-38]. Indeed, it is an exciting time to be involved in f-element 

coordination chemistry. 

Over the decades since Ln[N(SiMe3)2]3 compounds were first synthesized, they 

have also been used to synthesize four-coordinate trivalent adducts with Lewis-bases, 

such as triphenylphosphine oxide [49-51]. The triphenylphosphine oxide adducts have 

exhibtied interesting reactivity. In a previous study, the four-coordinate 
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triphenylphosphine oxide adducts showed enhanced protonolysis reactivity with 

diphenylphosphine (HPPh2) compared to the base-free three-coordinate Ln[N(SiMe3)2]3 

compounds [19]. These protonolysis reactions resulted in the synthesis of lanthanum, 

europium, and yttrium phosphido complexes. Very few lanthanide complexes with 

anionic phosphorus-donor ligands have been reported in the literature [2,19,52,53]. This 

observed enhancement in reactivity has yet to be further explored since it was first 

reported decades ago, and it is worth revisiting and investigating further. The pseudo-C3 

symmetric four-coordinate tris[bis(trimethylsilyl)amido] triphenylphosphine oxide 

framework has only been reported for La [19], Sm [51], Eu [19], Er [50], Lu [19], Y [19], 

and U [39]. Only the lanthanum and uranium derivatives that have been characterized 

by X-ray crystallography [19,39], and 31P NMR spectra have only been reported for the 

diamagnetic derivatives (La and Y) [19]. To our knowledge, tris(silylamido) phosphine 

oxide complexes with substituted-aryl phosphine oxide ligands have not been 

characterized via XRD or NMR. Substituted aryl-derivatives exhibit different reactivities 

and spectroscopic properties than the simple triphenylphosphine oxide framework, 

because the relative electron density on the phosphorus and oxygen atoms is highly 

influenced by the electronic character of the organic substituents bound to the 

phosphorus. The nature of the organic substituents on phosphorus therefore highly 

influences the nature of the metal-oxygen bond in phosphine oxide coordination 

complexes.  
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These axially symmetric four-coordinate silyl-amide phosphine oxide complexes 

are suitable models for studying the relative differences in Ln/An metal-ligand 

covalency using 31P-NMR spectroscopy and X-ray emission spectroscopy. Expanding this 

structural framework to other lanthanide and actinide metals, and fully characterizing a 

series of pseudo-isostructural complexes featuring various organic substituents on the 

phosphine oxide (beyond triphenylphosphine oxide), would provide considerable 

insight concerning phosphine oxide bonding interactions with f-block metals. In addition 

to being convenient ligands for spectroscopic studies of f-element electronic structure, 

phosphine oxides (and the details of their interactions with f-block metals) are directly 

relevant to the nuclear fuel cycle [54]. Phosphine oxides have been used effectively for 

advanced trivalent lanthanide/actinide separations [54-56]. The fundamental nature of f-

block metal-phosphine oxide bonds is not well understood [7,57,58,59], and deeper 

empirical insight into the nature of these interactions is needed in order to facilitate large-

scale computational screening of potential extractants for trivalent Ln/An separations. 

Herein we report the synthesis, X-ray crystallography, and paramagnetic NMR 

spectroscopy of a series of trivalent cerium and uranium tris(silylamido) phosphine oxide 

complexes, as well as the X-ray and gamma emission spectra for Ce[N(SiMe3)2]3[OPPh3]. 
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Figure 4.2: Structurally Characterized MfIII[OPAr3][N(SiMe3)2]3 Compounds 

 

 

 

Stewart, J.L. 1988 PhD Thesis, Berkeley 

[26] 

This work 
This work 

This work 



171 
 

Experimental 

All experimental operations were conducted with rigorous exclusion of air and 

moisture using Schlenk techniques, standard glove-box methods using a Vacuum 

Atmospheres glovebox with a recirculating dinitrogen atmosphere, and standard glove-

bag methods using a Captair Pyramid disposable glove-box under Argon. Solvents were 

bought anhydrous or HPLC grade (pentane, hexane, toluene, acetonitrile, THF, diethyl 

ether) and further purified using a Vacuum Atmospheres Solvent Purifier System. 1,4-

dioxane, THF, and diethyl ether were dried over sodium benzophenone ketyl, and 

degassed by three freeze-pump-thaw cycles prior to use. All solvents were stored under 

dinitrogen in a glove-box, and stored over 4 Å molecular sieves for at least 24 hours prior 

to use. Glassware was dried at 150°C before use. 1H and 31P NMR spectra were recorded 

using a Bruker 400 MHz spectrometer at 298 K. Deuterated benzene (Cambridge 

Isotopes) was stored over 4 Å molecular sieves for at least 24 hours prior to use. Elemental 

analysis was conducted using particle-induced X-ray emission spectrometry (PIXE) and 

particle-induced gamma-ray emission spectrometry (PIGE) using a 3 MeV proton beam 

generated by a 3MV Tandem Accelerator (National Electrostatics Corporation). X-rays 

were detected using two high-energy Bruker SDD detectors, and one low-energy Bruker 

SDD detector. Gamma-rays were detected using a liquid nitrogen-cooled high-purity 

germanium (HPGe) detector. The sample for elemental analysis was secured between 

two pieces of 8 μm Kapton film under nitrogen and brought out into the atmosphere for 
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external ion beam analysis. Single crystal X-ray diffraction was conducted using a Bruker 

XRD instrument with a Mo-Kα X-ray source. 

 Oxide encrustations were removed from the uranium metal using concentrated 

nitric acid [60]. Once the turnings achieved a brilliant lustre, the nitric acid was decanted, 

and the turnings were rinsed with acetone and stored in a dinitrogen atmosphere 

glovebox. Iodine (sublimed) was used as purchased (Aldrich). KN(SiMe3)2 and CeCl3 

(anhydrous) was used as purchased (Aldrich). Phosphine oxides were synthesized from 

commercially obtained tertiary-arylphosphines (Aldrich) using literature methods [61, 

62]. UI3(1,4-dioxane)1.5 was prepared using literature methods [60]. Ce[N(SiMe3)2]3 [63] 

and U[N(SiMe3)2]3 [60] were synthesized using literature methods and sublimed prior to 

use. 

Caution! Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) with a half-

life of 4.47 x 109 years; manipulations and reactions should be carried out in monitored fume hoods 

or in an inert atmosphere drybox in a radiation laboratory equipped with α-counting equipment. 

Synthesis of Ce[OPPh3][N(SiMe3)2]3 

0.739 grams (1.19 mmol) of freshly sublimed Ce[N(SiMe3)2]3 was dissolved in 10 mL of 

toluene, and added to a flask with 0.331 grams (1.19 mmol) of triphenylphosphine oxide, 

and stirred overnight at room temperature. The vibrant yellow color of the 

Ce[N(SiMe3)2]3 slowly fades to transparent as the triphenylphosphine oxide coordinates 

to the Cerium ion. The solvent was removed in-vacuo, and the residue was extracted with 

20 mL of pentane, and filtered through a Celite-padded, medium porosity fritted-filter. 
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The pentane was removed from the product in vacuo, and a beige-tan solid was afforded 

in 87% yield (0.928 grams). Large crystals we grown from a concentrated pentane solution 

with a minimal amount of toluene. The crystals initially submitted were twinned, and the 

product was recrystallized from a pentane/toluene solution to yield a large (ca. 0.5 g) 

crystal with smaller single crystals surrounding it. The smaller crystals were submitted 

for single crystal X-ray diffraction, and the crystal structure obtained confirmed that the 

compound was indeed the four-coordinate complex tris(silyl) amide phosphine oxide 

complex. The proton NMR for the complex features a large, broad, paramagnetically 

shifted SiMe3 peak at -0.78 ppm, which is relatively more deshielded than the three-

coordinate precursor (-3.3 ppm). Very broad aromatic NMR signals also show up at 6.4 

ppm and 4.6 ppm, relatively more shielded compared to the free ligand. The observation 

of only two aromatic signals is consistent with the isostructural Yttrium complex [49]. 

Only one 31P NMR resonance was observed at 54 ppm, significantly deshielded compared 

to the free ligand at 29 ppm. The large crystal was submitted for ion beam analysis, and 

the X-ray spectrum obtained via PIXE nearly confirms the correct stoichiometry of the 

complex. The relative Ce and Si concentrations were almost correct; however, the P 

concentrations were somewhat high, presumably due to the phosphine oxide crust that 

formed on the crystal over time. Crystal Data: C36H69CeN3OPSi6 (1-Ce), M = 899.57, 

triclinic, space group 𝑃1̅, a = 12.3341(10) Å, b = 12.3809(10) Å, c = 19.7051(17) Å, α = 

100.0905(13)°, β = 93.0661(14)°, γ = 118.9017(12)°, U = 2560.0(4) Å3, Z = 2, Dc = 1.167 g cm-

3, Mo-Kα radiation [λ = 0.71073 Å, µ(Mo-Kα) = 1.087 mm-1].  NMR Data (C6D6):  1H δ -0.78 

ppm (SiMe3 54H), δ 6.4 ppm (aromatic 9H), δ 4.6 ppm (aromatic 6H); 31P δ 53.57 ppm. 
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Elemental Analysis (PIXE): Calculated Ce 15.58 P 3.44 Si 18.73; Found: Ce 15.58 P 6.48 Si 

19.67. 

 

 

Figure 4.3: Energy-Dispersive X-ray Emission Spectrum for Ce[OPPh3][N(SiMe3)2]3 
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Figure 4.4: 31P NMR Spectrum for Ce[OPPh3][N(SiMe3)2]3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: 1H NMR Spectrum for Ce[OPPh3][N(SiMe3)2]3 
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Figure 4.6: Single-Crystal XRD Structure for Ce[OPPh3][N(SiMe3)2]3 
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Synthesis of Ce[OP(p-anisyl)3][N(SiMe3)2]3 

0.021 grams (0.034 mmol) of freshly sublimed Ce[N(SiMe3)2]3 was dissolved in 3 mL of 

toluene, and added to a flask with 0.012 grams (0.034 mmol) of tris(p-anisyl)phosphine 

oxide, and stirred overnight at room temperature. The vibrant yellow color of the 

Ce[N(SiMe3)2]3 slowly fades to transparent as the tris(p-anisyl)phosphine oxide 

coordinates to the cerium ion. The solvent was removed in-vacuo, and the residue was 

extracted with 10 mL of pentane, and filtered through a Celite-padded, medium porosity 

fritted-filter. The pentane was removed from the product in vacuo, and a colorless solid 

was afforded in ca. 100% yield (0.033 grams). Single crystals were grown from a 

concentrated pentane solution via slow evaporation at room temperature after a few days 

and submitted for X-ray diffraction. Crystal Data: C39H75CeN3O4PSi6 (2-Ce), M = 989.65, 

monoclinic, space group P21/c, a = 16.1035(9) Å, b = 13.8776(8) Å, c = 23.0565(13) Å, α = 

90°, β = 91.9766(9)°, γ = 90°, U = 5149.6(5) Å3, Z = 4, Dc = 1.276 g cm-3, Mo-Kα radiation [λ 

= 0.71073 Å, µ(Mo-Kα) = 1.092 mm-1].   NMR Data (C6D6): 1H δ -0.77 ppm (SiMe3 54H), δ 

6.14 ppm (aromatic 6H), δ 4.92 ppm (aromatic 6H), δ 2.98 ppm (OCH3 9H); 31P δ 54.39 

ppm. 
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Figure 4.7: Single-Crystal XRD Structure for Ce[OP(p-anisyl)3][N(SiMe3)2]3 
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Synthesis of U[OP(p-anisyl)3][N(SiMe3)2]3 

0.719 grams (1.03 mmol) of freshly sublimed U[N(SiMe3)2]3 was dissolved in 10 mL of 

toluene, and added to a flask with 0.379 grams (1.03 mmol) of tris(p-anisyl)phosphine 

oxide, and stirred overnight at room temperature. The reddish-purple color of the 

U[N(SiMe3)2]3 appears to gradually change to a darker shade of purple very subtly as the 

tris(p-anisyl)phosphine oxide coordinates to the uranium ion. The solvent was removed 

in-vacuo, and the residue was extracted with 20 mL of pentane, and filtered through a 

Celite-padded, medium porosity fritted-filter. The pentane was removed from the 

product in vacuo, and a purple solid was afforded in 46% yield (0.519 grams). 

Alternative procedure 0.051 grams (0.068 mmol) of UI3(1,4-dioxane)1.5 was dissolved in 5 

mL of THF. Three equivalents of KN(SiMe3)2 and a threefold excess of t tris(p-

anisyl)phosphine oxide (with respect to uranium) was dissolved in 5 mL of THF, and 

added dropwise to the UI3/THF solution while stirring at room temperature with slight 

evolution of fumes upon addition. The dark brown (almost black) solution was stirred 

overnight, and the solvent was removed in vacuo. The residue was extracted with toluene, 

and the potassium iodide salts were removed by filtering the extract through a Celite-

padded medium porosity fritted filter. The solvent was removed in vacuo yielding a dark-

brown/black solid, and the residue was extracted with n-pentane. The remaining salts 

and unidentified insoluble by-products were removed by filtering the purple n-pentane 

extract through a Celite-padded medium-porosity fritted filter. The solvent was removed 

in vacuo, affording a purple solid in ca 50% yield. Purple single-crystals of the complex 
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were grown from a concentrated pentane solution via slow evaporation at -30oC after a 

few days and submitted for X-ray diffraction. Crystal Data: C39H75N3O4PSi6U (3-U), M = 

1087.56, monoclinic, space group P21/c, a = 16.063(2) Å, b = 13.9300(19) Å, c = 23.043(3) 

Å, α =90°, β = 91.895(2)°, γ = 90°, U = 5153.2(12) Å3, Z = 4, Dc = 1.402 g cm-3, Mo-Kα 

radiation [λ = 0.71073 Å, µ(Mo-Kα) = 3.357 mm-1]. NMR Data (C6D6): 1H δ -5.68 ppm 

(SiMe3 54H), δ 4.47 ppm (aromatic 6H), δ -2.51 ppm (aromatic 6H), δ 2.56 ppm (OCH3 

9H); 31P δ 102.6 ppm. 
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Figure 4.8: 31P NMR Spectrum for U[OP(p-anisyl)3][N(SiMe3)2]3 

Figure 4.9: 1H NMR Spectrum for U[OP(p-anisyl)3][N(SiMe3)2]3 
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Figure 4.10: Single-Crystal XRD Structure for U[OP(p-anisyl)3][N(SiMe3)2]3 
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Synthesis of Ce[OP(p-tolyl3][N(SiMe3)2]3 

0.009 grams (0.0148 mmol) of freshly sublimed Ce[N(SiMe3)2]3 was dissolved in 3 mL of 

toluene, and added to a flask with 0.005 grams (0.0148 mmol) of tris(p-tolyl)phosphine 

oxide, and stirred overnight at room temperature. The vibrant yellow color of the 

Ce[N(SiMe3)2]3 slowly fades to transparent as the tris(p-tolyl)phosphine oxide 

coordinates to the cerium ion. The solvent was removed in-vacuo, and the residue was 

extracted with 10 mL of pentane, and filtered through a Celite-padded, medium porosity 

fritted-filter. The pentane was removed from the product in vacuo, and a beige solid was 

afforded in 52 % yield (0.007 grams). NMR Data (C6D6):  1H δ -0.74 ppm (SiMe3 54H), δ 

5.45 ppm (aromatic 9H), δ 4.67 ppm (aromatic 6H); 31P δ 54.55 ppm. 

 

 

 

 

 

R Met Met-O O-P Met-N1 Met-N2 Met-N3 M-Navg Met-O=P N1-Met-N2 N1-Met-N3 N2-Met-N3 N-Met-Navg ref

MeOPh Ce 2.3952(12) 1.5161(12) 2.3612(14) 2.4000(14) 2.4065(14) 2.389 174.44(7) 107.37(5) 114.43(5) 121.53(5) 114.44

Ph Ce 2.403(2) 1.512(2) 2.357(2) 2.373(3) 2.388(2) 2.373 176.85(13) 108.83(9) 110.90(9) 116.96(9) 112.23

MeOPh U 2.376(3) 1.519(3) 2.344(4) 2.390(4) 2.398(4) 2.377 174.2(2) 108.55(14) 112.84(14) 120.88(14) 114.09

Ph U 2.382(2) 1.512(2) 2.343(4) 2.362(4) 2.367(3) 2.357 176.5(2) 109.8(1) 110.7(1) 115.6(1) 112.03 [26]

Ph La 2.40(2) 1.52(2) 2.38(2) 2.40(3) 2.41(2) 2.397 174.6 109.2(9) 112.7(8) 116.4(6) 112.77 [49]

bond angle (˚)bond length (Å)

Table 1. Crystallographic Data for R3P=O-Met-[N(SiMe3)2]3
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Results and Discussion 

 Reactions of extremely air sensitive Ce[N(SiMe3)2]3 (CeN*3) and U[N(SiMe3)2]3 

(UN*3) with one equivalent of aryl-phosphine oxide ligands in toluene at room 

temperature for several hours afforded M[OPAr3][N*]3 compounds in moderate to 

excellent yields (46%-100%). Optimum yields were obtained for the para-methoxy 

substituted aryl-phosphine oxide derivative (quantitative), and in general, cerium 

derivatives were obtained in better yields than the uranium derivatives. U[OP(p-

anisyl)3][N(SiMe3)2]3 could also be obtained in one step from directly UI3(1,4-dioxane)1.5, 

thereby circumventing the difficulties involved with obtaining impurity-free 

U[N(SiMe3)2]3. The four-coordinate aryl-phosphine oxide adducts, unsurprisingly, are 

more air-stable and robust than their three-coordinate tris-amide precursors; however, 

𝜸 

Met
31

P 1H SiMe3
1
H Aromatic ref

U 105.19 -5.66 6.46-4.56

Ce 53.57 -0.78 6.40, 4.63

La 39 0.07 7.57 [49]

Y 38 0.3 6.8-7.9 [49]

Sm N/A N/A N/A [51]

Eu N/A -1.43 4.9 [49]

Er N/A N/A N/A [50]

Lu N/A 0.1 7.5 [49]

Table 2.  Data for Ph3P=O-Met-[N(SiMe3)2]3

NMR data (ppm)
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the phosphine oxide adducts are still extremely air/moisture-sensitive, just less so than 

the extremely coordinatively unsaturated three-coordinate precursors. These aryl-

phosphine oxide adducts are highly crystalline, and large single-crystals can be obtained 

via slow evaporation of n-pentane and/or toluene at room temperature or -30°C. 

Single-crystal X-ray structures were obtained for U[OP(p-anisyl)3][N(SiMe3)2]3, 

Ce[OP(p-anisyl)3][N(SiMe3)2]3, and Ce[OPPh3][N(SiMe3)2]3, which facilitated useful 

comparisons with the two other structurally characterized tris(silyl)amido-

triphenylphosphine oxide complexes reported in the literature, La[OPPh3][N(SiMe3)2]3 

and U[OPPh3][N(SiMe3)2]3.   These compounds also facilitated useful comparisons with 

the base-free tri-coordinate M[N(SiMe3)2]3 complexes that have been structurally 

characterized [M = Ce [64], Pr [65], Nd [66], Sm [67], Eu [68], Tb [69], Dy [70], Er [70], Tm 

[71], Yb [72], Lu [73], Y [74], Sc [68], U [75], and Pu [76]). Additional comparisons can also 

be made with other f-element phosphine oxide complexes that have been structurally 

characterized [59]; however, to limit the scope of this discussion, attention will be focused 

on the extremely short list of monomeric four-coordinate tris[bis(trimethylsilyl)amido] 

Lewis-base adducts of the f-elements that have been structurally characterized. The three 

crystal structures obtained, along with the previously reported La and U derivatives, are 

pseudo-isostructural, and feature nearly linear metal-oxygen-phosphorus bond angles 

(174-176°). Bond lengths and bond angles for this pseudo-isostructural series are given in 

Table 1. Table 4 gives the average metal-nitrogen bond lengths for the structurally 

characterized M[N(SiMe3)2]3 derivatives for comparison. 
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The XRD data obtained in this work, in conjunction with previous XRD results, 

indicate that coordination of an aryl-phosphine oxide ligand to the tris(silyl)amido 

framework results in a subtle, but noticeable, lengthening of the metal-nitrogen bonds 

compared to the three-coordinate base-free analogues. The cerium-nitrogen bond in 

CeN*3 (2.320 Å) increases to 2.403 Å in Ce[OPPh3][N(SiMe3)2]3  and 2.395 Å in 2-Ce. The 

uranium-nitrogen bond in UN*3 (2.320 Å) increases to 2.382 Å in U[OPPh3][N(SiMe3)2]3 

and 2.376 Å in 3-U. The metal-oxygen-phosphorus (M-O-P) bond angles are nearly linear 

in all the complexes. The M-O-P angles for the triphenylphosphine oxide complexes 

Ce[OPPh3][N(SiMe3)2]3 and U[OPPh3][N(SiMe3)2]3 are ca. 176°, and 174° for Ce[OP(p-

anisyl)3][N(SiMe3)2]3, U[OP(p-anisyl)3][N(SiMe3)2]3, and La[OPPh3][N(SiMe3)2]3. The 

three triphenylphosphine oxide complexes have N-M-N angles of about 112° (average), 

and the angles for the substituted aryl derivatives are slightly larger, 114° (average). As a 

whole, the geometrical parameters are extremely similar for the five tris(silyl)amido-

phosphine oxide complexes that have been structurally characterized by XRD in this 

work and previous work. 
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LnIII[N(SiMe3)2]3
1H NMR ref Ln-N Bond ref

La 0.25 [10]

Ce -3.39 [63] 2.320(3) [64]

Pr -8.64 [10] 2.31(4) [65]

Nd -6.25 [63] 2.29(4) [66]

Sm -1.58 [10] 2.284(3) [67]

Eu 6.43 [10] 2.259(9) [68]

Gd -11.07 [63]

Tb 2.233(12) [69]

Dy 2.212(2) [70]

Ho

Er 62.89 [63] 2.21(1) [70]

Tm 2.198(9) [71]

Yb 2.158(13) [72]

Lu 0.1 [10] 2.168(12) [73]

Y 0.28 [10] 2.224(6) [74]

Sc 2.047(6) [68]

AnIII[N(SiMe3)2]3

U -11 [14] 2.320(4) [75]

Np 3.01 [14]

Pu 0.74 [14] 2.315(10) [76]

Table 4. Mf
III
[N(SiMe3)2]3

R Met
31P 1

H SiMe3
1H Aromatic 1H Alkyl ref

t -Bu Ce 91.77 -1.17 - -5.14

MePh Ce 54.55 -0.74 5.45, 4.67 1.56

MeOPh Ce 54.39 -0.77 6.14, 4.92 2.98

Ph Ce 53.57 -0.78 6.40, 4.63 -

MePh U 98.34 -5.53 6.25, 4.63 -7.22

t -Bu U 368.58 -3.16 - -8.75

MeOPh U 102.6 -5.68 4.47, -2.51 2.56

Ph2(tolyl) U 104.48 -5.52 6.85-4.51 -2.83

Ph U 105.19 -5.66 6.46-4.56 -

Ph La 39 0.07 7.57 - [49]

NMR data (ppm)

Table 3.  Data for R3P=O-Met-[N(SiMe3)2]3
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The data in Table 4 shows a gradual decrease in lanthanide-nitrogen bond 

distances across the 4f series from Ce-Yb as the relative ionic radius of the lanthanide ion 

decreases. The metal-nitrogen bond lengths in Ce[N(SiMe3)2]3 and U[N(SiMe3)2]3 are 

identical (2.320 Å), which is consistent with their nearly identical trivalent ionic radii.  

Since the ionic radii of La3+ (117.2 pm), Ce3+ (115 pm), and U3+ (116 pm) [2] are so similar, 

one might expect there to be little to no difference in the metal-oxygen bond lengths 

shown in Table 1. However, the uranium-oxygen bonds are measurably shorter than the 

cerium and lanthanum bonds. The differences in bond lengths are very subtle (only about 

0.02 Å); however, this could be evidence of increased metal-ligand covalency in the 

uranium complexes compared to the cerium and lanthanum analogues, presumably due 

to slightly increased ligand 2p orbital mixing into 6d and 7p manifolds. However, very 

little can be said definitively about the orbital interactions involved based on this slight 

difference in bond length.  

The bonding in these f-element amide complexes is largely ionic in character, and 

most of the structural data can be rationalized in terms of the ionic radius of the central 

metal cation, and the steric properties of the ligand framework. However, the relative 

amount of metal-ligand covalency in lanthanide amide complexes appears to have been 

initially underestimated, with the assumption that the limited radial extent of the core-

like 4f orbitals prevented nitrogen-metal π-interactions, leading to negligible metal-

ligand covalency. Photoelectron studies seemed to confirm this assertion [77]. However, 

subsequent computational studies suggested that lanthanide amides have a considerable 
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degree of covalent character. While affirming the conclusions of previous studies with 

respect to the non-involvement of the 4f electrons in chemical bonding, some 

computational results emphasize the importance of the 5d and 6p orbitals in lanthanide-

nitrogen bonds [93]. Empirical structural and spectroscopic data for lanthanide amide 

and phosphine oxide complexes are scarce, and more isostructural complexes of the other 

members of the lanthanide series and actinide series need to be synthesized and 

characterized. Sophisticated computational and spectroscopic studies must also be 

conducted on these complexes before any real conclusions about the nature of the metal-

ligand bonds in these complexes can be made. This work is a small step in that direction. 

Paramagnetic 1H and 31P NMR spectra were obtained for Ce[OP(p-

anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3, along 

with other substituted aryl- and alkyl-derivatives. Derivatives other than Ce[OP(p-

anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3 have not 

yet been fully characterized or obtained in pure form; however, tentative assignments for 

additional aryl and alkyl derivatives could still be made for the paramagnetically shifted 

NMR resonances that were observed, so they are included here for comparison. Table 2 

features the NMR data for Ce[OPPh3][N(SiMe3)2]3, as well as all the NMR data available 

in the literature for M[OPPh3][N(SiMe3)2]3complexes. Table 3 features the NMR data for 

Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-

anisyl)3][N(SiMe3)2]3, along with additional data for complexes that have not been fully 

characterized or obtained in pure form. Tables 2 and 3 also include NMR data for the 
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previously reported U[OPPh3][N(SiMe3)2]3. No NMR data was previously reported for 

this complex, though its crystal structure was reported in Stewart’s 1988 dissertation. 

Synthetic difficulties were encountered in this work while trying to reproduce the 

U[OPPh3][N(SiMe3)2]3 complex, similar to the difficulties Stewart reported in her 1988 

dissertation. Presumably the instability of the complex is what prevented the NMR data 

from being acquired. Stewart reported that the purple solid complex decomposed to a 

brown microcrystalline solid after prolonged exposure to vacuum. In our hands, the 

characteristic purple color of the complex persisted for a short time while in an inert-

atmosphere glove-box; however, by the time the compound was worked-up, isolated, 

and analyzed by NMR, the purple color had turned to brown, and complex NMR spectra 

were obtained that were difficult to assign. However, synthesis of U[OPPh3][N(SiMe3)2]3 

directly from UI3(1,4-dioxane)1.5 (described in the experimental section for the alternative 

synthesis U[OP(p-anisyl)3][N(SiMe3)2]3), yielded NMR spectra that could be assigned 

with a relatively high degree of confidence. One of the more interesting results of this 

work is that the para-methoxy-substituted aryl-phosphine oxide complex, U[OP(p-

anisyl)3][N(SiMe3)2]3, seems to be more stable than U[N(SiMe3)2]3[OPPh3]. U[OP(p-

anisyl)3][N(SiMe3)2]3 repeatedly gave clear, easily assignable NMR spectra. The 

alternative route directly from UI3(1,4-dioxane)1.5 gave cleaner, reproducible results for 

the synthesis of U[OP(p-anisyl)3][N(SiMe3)2]3 and the other aryl- and alkyl-substituted 

phosphine oxide complexes shown in Table 3. 
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The NMR spectra obtained for Ce[OP(p-anisyl)3][N(SiMe3)2]3, 

Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3, and other less characterized 

systems, exhibited large paramagnetic shifts in both the 1H and 31P NMR spectra. The 

paramagnetic shifts for the uranium complexes were much larger than the cerium 

complexes, which is consistent with the fact that uranium has more unpaired f-electrons 

with an f3 configuration compared to cerium with an f1 configuration. The pseudocontact 

contribution is the primary influence on the NMR spectra of f-elements [2,10,49,78,79], 

and the large shifts caused by the interactions between unpaired f-electrons and ligand 

nuclei in Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-

anisyl)3][N(SiMe3)2]3 are mainly dipolar in origin [2,80]. f-electrons are very localized and 

core-like, and do not tend to delocalize onto ligand atoms to a large extent.  f-electron 

interactions with ligand nuclei are “through-space” interactions [2,80]. These “through-

space” interactions require the f-metal ion to have an anisotropic distribution of f-

electrons [81]. The following equation predicts the relative variation in dipolar shifts for 

the lanthanide series (assuming axial symmetry): 

𝛿𝑝𝑐𝑠 =
−𝜇0

4𝜋

𝑔𝐽
2𝜇𝐵 

2 𝐽(𝐽 + 1)(2𝐽 − 1)(2𝐽 + 3)

60(𝑘𝑇)2

𝐷𝑧(3𝑐𝑜𝑠2𝜃 − 1)

𝑟3
 

where 

𝑔𝐽 = 1 +
𝐽(𝐽 + 1) − 𝐿(𝐿 + 1) + 𝑆(𝑆 + 1)

2𝐽(𝐽 + 1)
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Cerium(III) has a 2F5/2 ground state [2,81]; therefore, the Landé factor (gJ) is equal to 6/7. 

Uranium(III) has a 4I9/2 ground state [2,82], with a Landé factor (gJ) equal to 8/11. In some 

rare cases, when suitable delocalization mechanisms are involved, a small covalent 

contribution to metal-ligand bonding in f-element systems can occur. As a result, a 

“contact” shift can occur due to delocalization of unpaired f-electron density onto the 

ligand atoms [2,80,81]. The mechanism of the spin density delocalization is due to weak 

covalent bonding involving the 6s orbital, which in turn can transfer unpaired spin 

density onto ligand nuclei via spin polarization from 4f orbitals [81]. 

 

f
n

M R M[N(SiMe3)2]3[OPR3] [OPR3] Δδ ref

f 1 Ce t -Bu 91.77 41 50.77

f
1

Ce MePh 54.55 29.88 24.67

f
1

Ce MeOPh 54.39 29.3 25.09

f
1

Ce Ph 53.57 29.65 23.92

f
3

U t -Bu 368.58 41 327.6

f
3

U MePh 98.34 29.88 68.46

f 3 U MeOPh 102.6 29.3 73.3

f 3
U Ph2(tolyl) 104.48 27.71 76.77

f 3 U Ph 105.19 29.65 75.54

f
0

La Ph 39 29.65 9.35 [49]

NMR data (ppm)

Table 5. 
 31

P NMR Chemical Shifts for M[N(SiMe3)2]3[OPR3]
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NMR studies of Ln[N(SiMe3)2]3 and Ln[N(SiMe3)2]3[OPPh3] demonstrate the 

predominance of the pseudo-contact contribution to the paramagnetic shifts in this series 

[10,49]; however, some of the data suggest that a contact contribution is involved, and 

there is considerable evidence that lanthanide amides have significant contact 

contributions to their paramagnetic shifts [10,49]. Separating the pseudocontact and 

contact contributions for the shifts observed for Ce[OP(p-anisyl)3][N(SiMe3)2]3, 

Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3 is beyond the scope of this 

discussion, and is the subject of future work using Density Functional Theory (DFT) and 

Quantum Theory of Atoms in Molecules (QTAIM). QTAIM has recently been used to 

analyze the paramagnetic NMR shifts of actinide complexes in order to estimate relative 

metal-ligand covalency via the QTAIM delocalization index [83].  

f n
M R M[N(SiMe3)2]3[OPR3] Free M[N(SiMe3)2]3 Δδ ref

f
1

Ce t -Bu -1.17 -3.39 2.22

f 1 Ce MePh -0.74 -3.39 2.65

f
1

Ce MeOPh -0.77 -3.39 2.62

f 1 Ce Ph -0.78 -3.39 2.61

f
3

U t -Bu -3.16 -11 7.84

f 3 U MePh -5.53 -11 5.47

f
3

U MeOPh -5.68 -11 5.32

f
3

U Ph2(tolyl) -5.52 -11 5.48

f
3

U Ph -5.66 -11 5.34

f 0 La Ph 0.7 0.25 -0.45 [10,49]

f
0

Y Ph 0.3 0.28 -0.02 [10,49]

f 14 Lu Ph 0.1 0.3 0.2 [10,49]

f
6

Eu Ph -1.43 6.43 -7.86 [10,49]

NMR data (ppm)

Table 6. 1H NMR Chemical Shifts (SiMe3-54H)
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Figure 4.11: External Ion Beam Analysis setup at AGLAE, Louvre Museum, Paris, 

France. a) Ce[OPPh3][N(SiMe3)2]3 in sample holder, b) low-energy SDD X-ray 

detector, c) high-energy SDD X-ray detectors, d) HPGe Gamma detector, e) 3 MV 

Tandem Accelerator, f) 3 MeV proton beam exit window (Si3N4). 
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Figure 4.12: Cerium L X-ray Emission Series for Ce[OPPh3][N(SiMe3)2]3. 
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Figure 4.13: Silicon and Phosphorus K X-ray Emissions for Ce[OPPh3][N(SiMe3)2]3. 
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The X-ray emission spectrum for Ce[OPPh3][N(SiMe3)2]3 (obtained using a low-

energy SDD detector) is shown in Figure 4.3. The characteristic X-ray lines for cerium, 

phosphorus, and silicon are present, and concentrations obtained from the Ce Lα (4.84 

keV), P Kα (2.015 keV), and Si Kα (1.739 keV) peaks are close to the predict values 

(Calculated: Ce 15.58 P 3.44 Si 18.73; Found: Ce 15.58 P 6.48 Si 19.67). The relative 

cerium/silicon ratio is almost correct, but the relative phosphorus concentration is a little 

high (presumably due to the formation of a phosphine oxide crust on the crystal and 

sample decomposition over time). Potassium is also present in trace amounts (6578 ppm, 

0.65 wt. %) due to the presence of unremoved KCl or unreacted K(SiMe3)2. This result 

shows that multiple sublimations are indeed necessary to remove the potassium salts, as 

has been done by some researchers [77]. The cerium Kα peak was also observed at 34.717 

keV in the high-energy X-ray emission spectrum with very low statistics.  

Figure 4.14: Proton-Induced Gamma Emission Spectrum for 

Ce[OPPh3][N(SiMe3)2]3. 
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 In addition to the cerium Lα1 X-ray emission, the Lβ1, Lβ2,15, Lγ1, Ll emissions were 

also observed (Figures 4.3 and 4.12). The 4.84 keV Lα1 X-ray emission is a M5 → L3 , (3d5/2 

→ 2p3/2) electronic transition. The 4.3 keV Ll X-ray emission is a M1 → L3  (3s1/2 → 2p3/2) 

electronic transition. The 5.262 keV Lβ1 X-ray emission is a M4 → L2  (3d3/2 → 2p1/2) 

electronic transition. The Lβ2 and Lβ15 X-ray emissions at ca. 5.7 keV are N5 → L3 and N4 

→ L3  (4d5/2 → 2p3/2 and 4d3/2 → 2p3/2) electronic transitions, respectively. The 6.1 keV Lγ1 

X-ray emission is a N4 → L2  (4d3/2 → 2p1/2) electronic transition. The 6.33 keV Lγ3 X-ray 

emission is a N3 → L1  (4p3/2 → 2s1/2) electronic transition. The 6.53 keV Lγ4 X-ray emission 

is a O3 → L1  (5p3/2 → 2s1/2) electronic transition. A fair degree of fine structure can also be 

seen in the Lγ emissions. TD-DFT calculations could potentially be used to analyze the 

fine structure observed. The L emission series of cerium is sensitive to the chemical state 

of the complex, especially the higher energy transitions. It has recently been shown that 

the L emission energies and intensity ratios in energy-dispersive X-ray emission spectra 

vary depending on the chemical environment of rare-earth cations [84,85]. Comparison 

of the L emissions for a variety of CeIII and CeIV compounds should be the subject of future 

work. 

 In addition to the silicon and phosphorus Kα X-ray emissions peaks (L2,3 → K or 

2p → 1s transitions), the phosphorus Kβ emission was also observed (Figure 4.13), albeit 

with very low statistics. The phosphorus Kβ1 X-ray emission is a M3 → K, or 3p3/2 → 1s, 

electronic transition. This transition is highly sensitive to the chemical environment of the 

phosphorus atom because it is a valence-to-core transition. However, high resolution 
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wavelength-dispersive X-ray emission using a crystal monochromator is required in 

order to achieve high enough resolution to carry out phosphorus Kβ analysis. Recent 

studies have shown that small ion accelerators can be used to perform wavelength-

dispersive phosphorus Kβ X-ray emission spectroscopy (WD-PIXE) [89]. These studies 

demonstrated that WD-PIXE yields results comparable to those obtained from advanced 

synchrotron light sources [89]. Phosphorus X-ray emission studies from other groups 

over the past several decades [86-89] have motivated us to use WD-PIXE for phosphorus 

Kβ analysis for a variety of lanthanide and actinide compounds with phosphorus-based 

ligands. The phosphorus Kβ X-ray emission from phosphine oxides and other 

phosphorus-based ligands has the potential to provide great insight into the nature f-

metal-ligand bonding, especially when combined with results from phosphorus-31 NMR 

spectroscopy. This XES/NMR approach can facilitate the investigation of both orbital-

energy near-degeneracy driven covalency, and symmetry-restricted overlap driven covalency in 

lanthanide and actinide coordination complexes. This should be the subject of future 

work. Such studies could potentially reveal periodic trends in metal-ligand orbital mixing 

for the f-block elements. 

The proton-induced gamma emission spectrum for Ce[OPPh3][N(SiMe3)2]3 is 

shown is Figure 4.14. The gamma-emission at 1266 keV corresponds to the non-resonant 

31P(p, pγ)31P nuclear reaction. The e+e- annihilation peak was also observed at 511 keV. 

The observation of the emission resulting from the 31P3/2 → 31P1/2 nuclear transition has 

inspired us to use this signal for nuclear electric field gradient studies f-metal complexes, 
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similar to NQR (nuclear quadrupole resonance) electric field gradient studies that have 

been conducted on metal fluorides using time-differential perturbed angular distribution 

analysis (TD-PAD), which involves using an MeV proton beam to induce fluorine 

gamma-emission [90-92]. This should be the subject of future work. 

 

 

Figure 4.15: Increase in Metal-Nitrogen Bond Length with Phosphine Oxide Coordination 

 

Conclusion 

Four-coordinate complexes of the lanthanides and actinides are extremely rare, 

and Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-

anisyl)3][N(SiMe3)2]3 are valuable contributions to f-element coordination chemistry. The 
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X-ray crystal structures and paramagnetic NMR spectra for Ce[OP(p-

anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and U[OP(p-anisyl)3][N(SiMe3)2]3 are 

reported in this work, along with X-ray and gamma emission spectra for 

Ce[OPPh3][N(SiMe3)2]3. The results were presented in the context of data available from 

the previous literature, which allowed further insight into the nature of monomeric 

cerium(III) and uranium(III) complexes with silylamide and phosphine oxide ligands. 

More insight will be achieved in future theoretical and experimental investigations of 

these model complexes. Ce[OP(p-anisyl)3][N(SiMe3)2]3, Ce[OPPh3][N(SiMe3)2]3, and 

U[OP(p-anisyl)3][N(SiMe3)2]3 can be used to investigate the previously observed 

enhancement in protonolysis reactivity of phosphine oxide adducts with 

diphenylphosphine (HPPh2) compared to the base-free three-coordinate Ln[N(SiMe3)2]3 

compounds [19]. It was observed in this work that phosphine oxide coordination to the 

metal center increases the length of the metal-amide bond (see Figure 4.15), which could 

perhaps explain the enhanced protonolysis reactivity observed for similar rare-earth 

complexes decades ago [19]. 
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Conclusion 

 

At the time of this writing, the geopolitics of the actinide elements is taking center 

stage. The Doomsday Clock, maintained by the Bulletin of the Atomic Scientists, stands 100 

seconds to midnight; the closest we have ever been to global catastrophe, in the form of 

nuclear catastrophe and environmental collapse. At this moment, nuclear weapons and 

nuclear warfare are on the minds of many people around the world in the wake of 

Russia’s invasion of the sovereign nation of Ukraine. As Russia bombards cities of 

millions of people like Kiev and Kharkiv (where the Soviet atomic bomb was born), and 

as diabolical thermobaric weapons ravage Ukraine, millions fear that the conflict could 

escalate into an all-out nuclear war. In 2017, I was offered the opportunity to perform 

accelerator-based ion beam analysis on some samples at the Kharkiv Institute of Physics 

and Technology (I was not able to follow through on the offer); this institute and the city 

of Kharkiv are currently being destroyed by Russian artillery, and the citizens of Kharkiv 

are being terrorized by indiscriminate bombing. Many feel that this is the beginning of 

World War III, and a COVID-weary global populace may soon feel the wrath of fourth-

generation nuclear weapons and super-sonic intercontinental ballistic missiles, coupled 

with chemical, biological, electronic, and information warfare. In violation of 

international norms, nuclear power plants have been targeted during the invasion. The 

opening act of the invasion was the occupation of the Chernobyl Nuclear Complex, the 

site of the 1986 nuclear disaster that accelerated the demise of the Soviet Union. As the 

Soviet Union broke up in the late 1980’s and early 1990’s, Ukraine gained its 
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independence; however, it gave up its vast nuclear weapons arsenal to Russia in order to 

gain recognition of its sovereignty and boundaries, and security guarantees from the 

NATO Alliance. These agreements made in the 1990’s are being put to the test. American 

troops are being deployed to eastern NATO allies like Poland, Romania, and the Baltic 

States, and NATO stands on the brink of nuclear war with the Russia-China-Iran-North 

Korea tetrad. In the midst of the war in Ukraine, the United States, Europe, Russia, and 

Iran are negotiating, with the intention of reviving the Iranian Nuclear Agreement 

(JCPOA). At the center of all this, in the form of nuclear fuel, nuclear reactors, and the 

fission primaries of thermonuclear weapons, are the actinide elements: uranium and 

plutonium. Now more than ever, we can see how intertwined the actinide elements and 

national sovereignty really are. 

The vital importance of the actinide elements is clear; the chemical behavior of 

these elements is not. The fundamental nature of actinide-ligand bonding remains a 

mystery. Nevertheless, much progress has been made towards the demystification of 

actinide-ligand covalency. Parallel advances have been made in lanthanide chemistry, 

and a more nuanced understanding of the electronic structure of cerium(IV)-ligand 

bonding is emerging from recent observations of uranium-like covalency in molecular 

Ce(IV) complexes [1, 2]. Long-standing assumptions about the ionicity of f-elements, and 

long-standing bonding paradigms like FEUDAL (f’s essentially unaffected, d’s 

accommodate ligands), are being challenged [1, 2]. The paradigmatic inverse-trans 

influence (ITI) is a dominant theme in modern theoretical actinide and lanthanide 
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chemistry. Liddle and co-workers have recently published results showing that ionic and 

covalent effects work against each other, in contradiction to the accepted ITI paradigm, 

suggesting a “non-FEUDAL, structure directing role for the f-orbitals” [1]. Furthermore, 

the distinction between orbital energy-near-degeneracy-driven covalency and overlap-

driven covalency in actinide systems has become clearer in recent years [2, 3]. As we 

study and analyze the f-elements, our knowledge and understanding of these elements 

increases, and this enables us to become better managers and stewards of these elements, 

which are of vital of importance to high-energy industrial societies. 

In this work, new pseudo-organometallic (inorganometallic) models of uranium, 

thorium, and cerium were synthesized and studied using nuclear magnetic resonance 

spectroscopy, X-ray diffraction, and X-ray emission spectrometry. A pseudo-isostructural 

series of tris[bis(trimethylsilyl)]amides of uranium and cerium complexes bearing 

phosphinimide and phosphine oxide ligands was developed. Other results were obtained 

that do not conform to the structural motif shown in Scheme 5.1, such as the previously 

unreported crystal structure of UCl4[OP(p-anisyl)3]2 shown in Figure 5.1, and the results 

described in Chapter 1. However, the most informative results of this work are the 

structural and spectroscopic results obtained for the previously unreported 

phosphinimide and phosphine oxide complexes that conform to the general structural 

motif shown in Scheme 5.1. 



219 
 

 

Scheme 5.1: General Formula for Isostructural Series 

Structural results were obtained using single-crystal X-ray diffraction for the 

previously unreported compounds Ce[OPR3][N(SiMe3)2]3 (R = Ph, anisyl) and U[OP(p-

anisyl)3][N(SiMe3)2]3. Similar compounds have been reported, including 

U[OPPh3][N(SiMe3)2]3 and La[OPPh3][N(SiMe3)2] [4, 5], and a comparative series of new 

and previously reported compounds was developed. These results were discussed in 

Chapter 4. The near linearity of the metal-oxygen-phosphorus systems in these 

complexes suggests these systems have multiple-bond character. The M-O-P angle in 

these systems ranges from about 174-176°. Note that the M-O-P angle in UCl4[OP(anisyl)3] 

shown in Figure 5.1 is much less linear (about 163°), despite having a slightly shorter 

metal-oxygen bond. The silylamide complexes are much more bulky and sterically 

congested, and it is not surprising that the silylamide complexes have slightly longer 

metal-oxygen bonds. Caution must be used when using XRD bonds lengths to make 
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statements and comparisons about metal-ligand covalency, especially for non-

isostructural complexes with different oxidation states. Analysis of the structural results 

in this comparative series showed that coordination of the phosphine oxide ligand to the 

metal center elongated the silylamide metal-nitrogen bonds in all three cases, when 

compared to the phosphine oxide-free three-coordinate complexes, Ce[N(SiMe3)2]3 and 

U[N(SiMe3)2]3. In light of these new results, the enhanced reactivity of 

Ln[OPPh3][N(SiMe3)2]3 versus Ln[N(SiMe3)2]3 in protonolysis reactions with HPPh2 to 

form lanthanide-phosphido complexes makes more sense. The elongated amide bonds in 

the phosphine oxide complexes are more labile and more reactive. Perhaps the phosphine 

oxide complexes could serve as more robust and more reactive precursors than the 

phosphine oxide-free three-coordinate metal-amide precursors in lanthanide and 

actinide coordination chemistry and materials science. 

 

 

 

 

 

 

 

Figure 5.1: Single-Crystal XRD Structure of UCl4[OP(p-anisyl)3]2 
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Nuclear magnetic resonance spectroscopy (1H and 31P) data was obtained for 

U[NP(t-butyl)3][N(SiMe3)2]3, Ce[NPR3][N(SiMe3)2]3 (R = cyclohexyl, p-anisyl), 

U[OPR3][N(SiMe3)2]3 (R = Ph, p-tolyl, Ph2(p-tolyl), p-anisyl, t-butyl) , and 

Ce[OPR3][N(SiMe3)2]3 (R = Ph, p-tolyl, p-anisyl, t-butyl). The three aryl-phosphine oxide 

derivatives of cerium had similar phosphorus-31 chemical shifts ranging from 53.57-54.55 

ppm, with the substituted-aryl derivatives being slightly more deshielded than the 

triphenylphosphine oxide derivative. Similarly, the four aryl-phosphine oxide 

derivatives of uranium have similar phosphorus-31 chemical shifts, ranging from 98.34-

105.19 ppm, with the substituted-aryl derivatives being slightly less deshielded than the 

triphenylphosphine oxide derivative. Note that this is a reversal of the trend observed for 

the aryl-phosphine oxide complexes for cerium. This reversal warrants future 

investigation, and more isostructural substituted-aryl phosphine oxide complexes for all 

the f-elements need to be synthesized, so that these NMR trends can be better understood, 

and so the influence of aryl-substituents on the electronic structure of the metal-

phosphine oxide system (M-O-P) can be better understood. The alkyl-phosphine oxide 

complex, Ce[OP(t-butyl)3][N(SiMe3)2]3, is much more deshielded than its aryl-phosphine 

oxide analogues, with a phosphorus-31 chemical shift of 91.77 ppm. Similarly, the 

uranium derivative U[OP(t-butyl)3][N(SiMe3)2]3, is also much more deshielded than its 

aryl-phosphine oxide analogues, with a chemical shift of 368.58 ppm. Both cases suggest 

an increased degree of metal-phosphine oxide covalency in the alkyl derivatives versus 
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the aryl derivatives. It is well-known that alkyl- and aryl-phosphine oxides have very 

different electronic distributuions. The electron donation of the alkyl groups results in a 

greater δ- on the oxygen, and there is greater electron density available to donate to the 

metal center as a result. The electron distribution is delocalized throughout the metal-

oxygen-phosphorus system, which makes the phosphorus nuclear magnetic shielding 

tensor very sensitive to the orbital interactions in the metal-oxygen bond. When the 

phosphine oxide ligand coordinates to the metal center, the phosphorus nucleus becomes 

more deshielded as electron density is drawn toward the metal center. Qualitative 

comparisons can be made regarding the degree of metal-ligand covalency in isostructural 

complexes using NMR chemical shifts, with increased deshielding of the NMR nucleus 

being indicative of increased covalency (orbital mixing). These comparisons can be made 

quantitative through the use of DFT and Quantum Theory of Atoms in Molecules 

(QTAIM); however, such calculations are beyond the scope of this work. 

 The 31P NMR shifts for U[NP(t-butyl)3][N(SiMe3)2]3 and Ce[NPR3][N(SiMe3)2]3 (R 

= cyclohexyl, p-anisyl) are much more deshielded than the phosphine oxide complexes, 

with chemical shifts of 689.3 ppm, 637.34 ppm, and 636.79 ppm, respectively. Similar to 

the results observed for the phosphine oxide complexes, the alkyl-phosphinimide 

complex, Ce[NPCy3][N(SiMe3)2]3, is more deshielded than the aryl-phosphinimide 

complex, Ce[NP(p-anisyl)3][N(SiMe3)2]3. The orbital mixing in the metal-nitrogen bonds 

in the tetravalent complexes with formally anionic phosphinimide ligands is expected to 

be much greater than the orbital mixing in the metal-oxygen bonds in the trivalent 
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complexes with formally neutral phosphine oxide ligands. Both systems are expected to 

have multiple bond character in the metal-phosphine oxide and metal-phosphinimide 

bonds; however, based on significantly greater level of 31P NMR deshielding observed 

for the phosphinimide complexes, it seems apparent that there is much more covalency 

(orbital mixing) in the metal-phosphinimide bonds. These preliminary results suggest 

that 31P NMR can be a very useful tool for studying metal-ligand covalency in both 

paramagnetic and diamagnetic f-element complexes bearing phosphinimide and 

phosphine oxide ligands. Actinide-oxygen-phosphorus interactions are ubiquitous in the 

nuclear fuel cycle, and this work shows that phosphorus NMR can be a very useful tool 

for studying the orbital interactions in model systems, and can help decipher the 

underlying principles governing the interactions of f-elements with phosphorus-based 

extractants. Such an understanding is necessary in order for trivalent f-element 

separations to evolve from an empirical science to a more theory-driven endeavor based 

on first-principles. 

 Ion beam analysis (IBA) using an external 3 MeV proton beam was performed, and 

X-ray and gamma-ray emission (PIXE and PIGE) data for Ce[OPPh3][N(SiMe3)2]3 was 

obtained. This work was performed at the AGLAE accelerator facility (C2RMF) located 

in the Louvre Palace in Paris, France. These results demonstrate the feasibility of using 

external ion beam analysis for the study of air- and moisture-sensitive f-element 

coordination complexes. This work has inspired me to pursue further ion beam analysis 

studies of f-element complexes, in conjunction with NMR spectroscopy and X-ray 
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diffraction, with the intention of using these methods to study metal-ligand covalency.  

The analysis of the metal-chloride bonds in MIVCl[N(SiMe3)2]3 (M = Ce, Th, U, Np, Pu) 

and UVCl2[N(SiMe3)2]3 should be a priority for future work [6-11]. Wavelength-dispersive 

particle-induced X-ray emission spectrometry (WD-PIXE) can be used to conduct 

chlorine Kβ X-ray emission analysis of these compounds, and coupled with time-

dependent density functional theory (TD-DFT), this analytical approach can provide 

detailed information about the orbital interactions in metal-chlorine bonds in low-

coordinate silyl-amide complexes. The chlorine Kβ X-ray emission is a valence-to-core 

electronic transition and is very sensitive to the orbital interactions in metal-chlorine 

bonds. In addition, it would be beneficial to develop an isostructural series with the 

formula MIII[PR2]3 (M = U, Np, Pu, Am, Cm, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu). Such as series could be studied using phosphorus Kβ X-ray emission 

spectrometry, coupled with 31P NMR spectroscopy, TD-DFT, and QTAIM computational 

studies. Such an approach would allow one to study both energy-near-degeneracy-

driven covalency and overlap-driven covalency in trivalent actinide and lanthanide 

phosphido complexes. There remains much to learn and explore in f-block chemistry. 
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Figure 5.2: Purification of UVCl2[N(SiMe3)2]3 
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Appendix I: X-ray Crystallography Data 

 

Table 1.  Crystal data and structure refinement for SBY-4-061. 

 

Empirical formula  C36 H69 Ce N3 O P Si6 

Formula weight  899.57 

Crystal system  triclinic 

Space group  P1 

Unit cell dimensions  a = 12.3341(10) Å a= 100.0905(13)° 

 b = 12.3809(10) Å b= 93.0661(14)° 

 c = 19.7051(17) Å c= 118.9017(12)° 

Volume 2560.0(4) Å3 

Z, Z' 2, 1 

Density (calculated) 1.167 Mg/m3 

Wavelength  0.71073 Å 

Temperature  100(2) K 

F(000) 942 

Absorption coefficient 1.087 mm-1 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.832 and 0.777 

Theta range for data collection 1.063 to 29.630° 

Reflections collected 56447 

Independent reflections 14033 [R(int) = 0.0291] 

Data / restraints / parameters 14033 / 0 / 434 

wR(F2 all data) wR2 = 0.1182 

R(F obsd data) R1 = 0.0432 

Goodness-of-fit on F2 0.855 

Observed data [I > 2s(I)] 11600 

Largest and mean shift / s.u. 0.003 and 0.000 

Largest diff. peak and hole 2.004 and -1.063 e/Å3  

----------  

wR2 = { S [w(Fo2 - Fc2)2] / S [w(Fo 2)2] }1/2  

R1 = S ||Fo| - |Fc|| / S |Fo| 
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Table 2.  Atomic coordinates and equivalent isotropic displacement parameters for SBY-
4-061.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________    

 x y z U(eq) 

______________________________________________________________  
 
Ce(1) 0.74096(2) 0.59797(2) 0.76164(2) 0.01212(5) 
P(1) 0.45911(7) 0.26748(7) 0.76802(4) 0.01445(15) 
Si(1) 0.52779(9) 0.65818(10) 0.67414(5) 0.0262(2) 
Si(2) 0.69852(11) 0.86921(10) 0.79546(5) 0.0280(2) 
Si(3) 0.81781(9) 0.65596(9) 0.94211(4) 0.02001(18) 
Si(4) 1.04343(8) 0.72967(9) 0.87271(4) 0.01870(17) 
Si(5) 0.86373(8) 0.44040(9) 0.65719(5) 0.01979(18) 
Si(6) 0.88129(8) 0.66160(9) 0.60707(4) 0.02095(18) 
O(1) 0.56615(19) 0.3945(2) 0.76304(11) 0.0161(4) 
N(1) 0.6481(3) 0.7214(3) 0.74274(14) 0.0211(5) 
N(2) 0.8845(2) 0.6709(2) 0.86752(13) 0.0164(5) 
N(3) 0.8397(2) 0.5676(2) 0.66681(13) 0.0168(5) 
C(1) 0.4342(3) 0.1441(3) 0.69523(16) 0.0183(6) 
C(2) 0.4517(3) 0.1719(4) 0.62993(18) 0.0287(8) 
C(3) 0.4287(4) 0.0769(4) 0.5721(2) 0.0395(10) 
C(4) 0.3881(4) -0.0452(4) 0.5797(2) 0.0396(10) 
C(5) 0.3706(4) -0.0735(4) 0.6438(2) 0.0372(9) 
C(6) 0.3934(3) 0.0212(3) 0.7022(2) 0.0275(7) 
C(7) 0.3148(3) 0.2699(3) 0.77002(16) 0.0185(6) 
C(8) 0.3198(3) 0.3803(3) 0.80597(19) 0.0275(7) 
C(9) 0.2097(4) 0.3834(4) 0.81205(19) 0.0302(8) 
C(10) 0.0950(3) 0.2769(4) 0.7832(2) 0.0321(8) 
C(11) 0.0901(4) 0.1680(4) 0.7470(3) 0.0406(10) 
C(12) 0.1997(3) 0.1640(3) 0.7401(2) 0.0291(8) 
C(13) 0.4886(3) 0.2227(3) 0.84584(16) 0.0182(6) 
C(14) 0.6012(4) 0.2261(4) 0.8614(2) 0.0300(8) 
C(15) 0.6285(4) 0.1953(4) 0.9219(2) 0.0334(8) 
C(16) 0.5435(4) 0.1621(4) 0.96785(19) 0.0306(8) 
C(17) 0.4308(4) 0.1573(4) 0.9528(2) 0.0379(9) 
C(18) 0.4025(3) 0.1876(4) 0.89199(19) 0.0297(8) 
C(19) 0.4885(4) 0.4918(4) 0.6346(2) 0.0376(10) 
C(20) 0.5623(4) 0.7444(4) 0.60107(19) 0.0317(8) 
C(21) 0.3803(4) 0.6476(5) 0.7008(3) 0.0555(14) 
C(22) 0.7072(4) 0.9924(4) 0.7485(2) 0.0310(8) 
C(23) 0.5954(6) 0.8627(5) 0.8631(3) 0.0624(17) 
C(24) 0.8611(5) 0.9362(4) 0.8419(2) 0.0473(12) 
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C(25) 0.6425(3) 0.5792(3) 0.91914(18) 0.0256(7) 
C(26) 0.8627(4) 0.8083(4) 1.00584(19) 0.0350(9) 
C(27) 0.8491(5) 0.5557(5) 0.9915(2) 0.0434(11) 
C(28) 1.1400(3) 0.8497(4) 0.95579(19) 0.0309(8) 
C(29) 1.0881(4) 0.6033(4) 0.8670(2) 0.0304(8) 
C(30) 1.1069(3) 0.8129(4) 0.80121(19) 0.0300(8) 
C(31) 0.8021(3) 0.3546(3) 0.72872(18) 0.0242(7) 
C(32) 1.0325(3) 0.4811(4) 0.6622(2) 0.0321(8) 
C(33) 0.7755(4) 0.3195(4) 0.57332(19) 0.0330(8) 
C(34) 0.7595(4) 0.5921(4) 0.52688(18) 0.0352(9) 
C(35) 0.9084(3) 0.8227(3) 0.64753(18) 0.0269(7) 
C(36) 1.0303(4) 0.6883(4) 0.5742(2) 0.0406(10) 
______________________________________________________________  
 
 
Table 3.  Bond lengths [Å] and angles [°] for SBY-4-061. 
______________________________________________________________  
 

Ce(1)-N(3)  2.357(2) 
Ce(1)-N(1)  2.373(3) 
Ce(1)-N(2)  2.388(2) 
Ce(1)-O(1)  2.403(2) 
Ce(1)-Si(5)  3.4809(9) 
Ce(1)-Si(3)  3.4853(9) 
P(1)-O(1)  1.512(2) 
P(1)-C(1)  1.794(3) 
P(1)-C(13)  1.796(3) 
P(1)-C(7)  1.797(3) 
Si(1)-N(1)  1.713(3) 
Si(1)-C(21)  1.870(5) 
Si(1)-C(19)  1.876(4) 
Si(1)-C(20)  1.886(4) 
Si(2)-N(1)  1.726(3) 
Si(2)-C(24)  1.864(5) 
Si(2)-C(23)  1.876(5) 
Si(2)-C(22)  1.881(4) 
Si(3)-N(2)  1.718(3) 
Si(3)-C(27)  1.867(4) 
Si(3)-C(26)  1.878(4) 
Si(3)-C(25)  1.882(4) 
Si(4)-N(2)  1.719(3) 
Si(4)-C(30)  1.872(4) 
Si(4)-C(28)  1.880(4) 

Si(4)-C(29)  1.882(4) 
Si(5)-N(3)  1.719(3) 
Si(5)-C(33)  1.877(4) 
Si(5)-C(32)  1.882(4) 
Si(5)-C(31)  1.885(3) 
Si(6)-N(3)  1.724(3) 
Si(6)-C(35)  1.870(4) 
Si(6)-C(34)  1.875(4) 
Si(6)-C(36)  1.876(4) 
C(1)-C(6)  1.388(5) 
C(1)-C(2)  1.391(5) 
C(2)-C(3)  1.391(5) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.384(6) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.370(6) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.397(5) 
C(5)-H(5)  0.9500 
C(6)-H(6)  0.9500 
C(7)-C(12)  1.386(4) 
C(7)-C(8)  1.395(5) 
C(8)-C(9)  1.389(5) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.383(6) 
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C(9)-H(9)  0.9500 
C(10)-C(11)  1.382(6) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.389(5) 
C(11)-H(11)  0.9500 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.385(5) 
C(13)-C(18)  1.392(4) 
C(14)-C(15)  1.387(5) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.379(5) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.376(6) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.392(5) 
C(17)-H(17)  0.9500 
C(18)-H(18)  0.9500 
C(19)-H(19A)  0.9799 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9798 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9799 
C(21)-H(21A)  0.9799 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9799 
C(22)-H(22A)  0.9798 
C(22)-H(22B)  0.9799 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9799 
C(23)-H(23C)  0.9799 
C(24)-H(24A)  0.9799 
C(24)-H(24B)  0.9799 
C(24)-H(24C)  0.9798 
C(25)-H(25A)  0.9800 

C(25)-H(25B)  0.9798 
C(25)-H(25C)  0.9799 
C(26)-H(26A)  0.9799 
C(26)-H(26B)  0.9798 
C(26)-H(26C)  0.9800 
C(27)-H(27A)  0.9799 
C(27)-H(27B)  0.9799 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9799 
C(28)-H(28C)  0.9798 
C(29)-H(29A)  0.9798 
C(29)-H(29B)  0.9799 
C(29)-H(29C)  0.9799 
C(30)-H(30A)  0.9799 
C(30)-H(30B)  0.9799 
C(30)-H(30C)  0.9800 
C(31)-H(31A)  0.9799 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9799 
C(32)-H(32A)  0.9798 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9799 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9798 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9799 
C(34)-H(34C)  0.9799 
C(35)-H(35A)  0.9799 
C(35)-H(35B)  0.9799 
C(35)-H(35C)  0.9799 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9799 
C(36)-H(36C)  0.9799 

 
N(3)-Ce(1)-N(1) 110.90(9) 
N(3)-Ce(1)-N(2) 108.83(9) 
N(1)-Ce(1)-N(2) 116.96(9) 
N(3)-Ce(1)-O(1) 107.24(8) 
N(1)-Ce(1)-O(1) 104.27(9) 

N(2)-Ce(1)-O(1) 108.11(8) 
N(3)-Ce(1)-Si(5) 26.25(7) 
N(1)-Ce(1)-Si(5) 134.79(7) 
N(2)-Ce(1)-Si(5) 99.01(6) 
O(1)-Ce(1)-Si(5) 88.18(5) 
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N(3)-Ce(1)-Si(3) 133.73(6) 
N(1)-Ce(1)-Si(3) 106.03(7) 
N(2)-Ce(1)-Si(3) 26.48(6) 
O(1)-Ce(1)-Si(3) 89.16(5) 
Si(5)-Ce(1)-Si(3) 117.63(2) 
O(1)-P(1)-C(1) 111.42(13) 
O(1)-P(1)-C(13) 111.68(13) 
C(1)-P(1)-C(13) 107.21(15) 
O(1)-P(1)-C(7) 111.50(14) 
C(1)-P(1)-C(7) 107.77(14) 
C(13)-P(1)-C(7) 107.01(15) 
N(1)-Si(1)-C(21) 113.2(2) 
N(1)-Si(1)-C(19) 108.75(15) 
C(21)-Si(1)-C(19) 106.4(2) 
N(1)-Si(1)-C(20) 115.24(15) 
C(21)-Si(1)-C(20) 106.28(19) 
C(19)-Si(1)-C(20) 106.48(19) 
N(1)-Si(2)-C(24) 110.13(17) 
N(1)-Si(2)-C(23) 111.9(2) 
C(24)-Si(2)-C(23) 107.8(3) 
N(1)-Si(2)-C(22) 115.29(16) 
C(24)-Si(2)-C(22) 104.9(2) 
C(23)-Si(2)-C(22) 106.3(2) 
N(2)-Si(3)-C(27) 112.92(17) 
N(2)-Si(3)-C(26) 115.87(17) 
C(27)-Si(3)-C(26) 107.0(2) 
N(2)-Si(3)-C(25) 109.87(14) 
C(27)-Si(3)-C(25) 107.0(2) 
C(26)-Si(3)-C(25) 103.34(17) 
N(2)-Si(3)-Ce(1) 38.31(9) 
C(27)-Si(3)-Ce(1) 126.84(15) 
C(26)-Si(3)-Ce(1) 125.35(14) 
C(25)-Si(3)-Ce(1) 71.58(11) 
N(2)-Si(4)-C(30) 111.76(14) 
N(2)-Si(4)-C(28) 114.54(15) 
C(30)-Si(4)-C(28) 104.92(18) 
N(2)-Si(4)-C(29) 113.12(16) 
C(30)-Si(4)-C(29) 106.90(18) 
C(28)-Si(4)-C(29) 104.90(17) 
N(3)-Si(5)-C(33) 112.66(17) 
N(3)-Si(5)-C(32) 115.25(16) 
C(33)-Si(5)-C(32) 107.31(18) 

N(3)-Si(5)-C(31) 109.43(14) 
C(33)-Si(5)-C(31) 105.47(17) 
C(32)-Si(5)-C(31) 106.08(16) 
N(3)-Si(5)-Ce(1) 37.34(8) 
C(33)-Si(5)-Ce(1) 123.99(13) 
C(32)-Si(5)-Ce(1) 127.57(14) 
C(31)-Si(5)-Ce(1) 72.10(11) 
N(3)-Si(6)-C(35) 110.34(14) 
N(3)-Si(6)-C(34) 112.55(16) 
C(35)-Si(6)-C(34) 108.75(18) 
N(3)-Si(6)-C(36) 113.85(17) 
C(35)-Si(6)-C(36) 105.77(19) 
C(34)-Si(6)-C(36) 105.2(2) 
P(1)-O(1)-Ce(1) 176.85(13) 
Si(1)-N(1)-Si(2) 120.69(16) 
Si(1)-N(1)-Ce(1) 117.35(14) 
Si(2)-N(1)-Ce(1) 121.96(14) 
Si(3)-N(2)-Si(4) 119.77(15) 
Si(3)-N(2)-Ce(1) 115.22(13) 
Si(4)-N(2)-Ce(1) 124.96(13) 
Si(5)-N(3)-Si(6) 120.32(15) 
Si(5)-N(3)-Ce(1) 116.41(13) 
Si(6)-N(3)-Ce(1) 123.22(14) 
C(6)-C(1)-C(2) 119.7(3) 
C(6)-C(1)-P(1) 121.5(3) 
C(2)-C(1)-P(1) 118.8(3) 
C(1)-C(2)-C(3) 120.0(4) 
C(1)-C(2)-H(2) 120.0 
C(3)-C(2)-H(2) 120.0 
C(4)-C(3)-C(2) 119.9(4) 
C(4)-C(3)-H(3) 120.1 
C(2)-C(3)-H(3) 120.1 
C(5)-C(4)-C(3) 120.6(3) 
C(5)-C(4)-H(4) 119.7 
C(3)-C(4)-H(4) 119.7 
C(4)-C(5)-C(6) 120.0(4) 
C(4)-C(5)-H(5) 120.0 
C(6)-C(5)-H(5) 120.0 
C(1)-C(6)-C(5) 119.9(4) 
C(1)-C(6)-H(6) 120.0 
C(5)-C(6)-H(6) 120.0 
C(12)-C(7)-C(8) 119.8(3) 
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C(12)-C(7)-P(1) 121.9(3) 
C(8)-C(7)-P(1) 118.2(2) 
C(9)-C(8)-C(7) 119.9(3) 
C(9)-C(8)-H(8) 120.0 
C(7)-C(8)-H(8) 120.0 
C(10)-C(9)-C(8) 120.1(3) 
C(10)-C(9)-H(9) 119.9 
C(8)-C(9)-H(9) 119.9 
C(11)-C(10)-C(9) 119.9(3) 
C(11)-C(10)-H(10) 120.0 
C(9)-C(10)-H(10) 120.0 
C(10)-C(11)-C(12) 120.5(4) 
C(10)-C(11)-H(11) 119.8 
C(12)-C(11)-H(11) 119.8 
C(7)-C(12)-C(11) 119.8(3) 
C(7)-C(12)-H(12) 120.1 
C(11)-C(12)-H(12) 120.1 
C(14)-C(13)-C(18) 119.0(3) 
C(14)-C(13)-P(1) 119.3(2) 
C(18)-C(13)-P(1) 121.8(3) 
C(13)-C(14)-C(15) 120.8(3) 
C(13)-C(14)-H(14) 119.6 
C(15)-C(14)-H(14) 119.6 
C(16)-C(15)-C(14) 119.9(3) 
C(16)-C(15)-H(15) 120.0 
C(14)-C(15)-H(15) 120.0 
C(17)-C(16)-C(15) 119.9(3) 
C(17)-C(16)-H(16) 120.0 
C(15)-C(16)-H(16) 120.0 
C(16)-C(17)-C(18) 120.4(3) 
C(16)-C(17)-H(17) 119.8 
C(18)-C(17)-H(17) 119.8 
C(13)-C(18)-C(17) 119.9(3) 
C(13)-C(18)-H(18) 120.1 
C(17)-C(18)-H(18) 120.1 
Si(1)-C(19)-H(19A) 109.4 
Si(1)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
Si(1)-C(19)-H(19C) 109.6 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
Si(1)-C(20)-H(20A) 109.6 

Si(1)-C(20)-H(20B) 109.4 
H(20A)-C(20)-H(20B) 109.5 
Si(1)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
Si(1)-C(21)-H(21A) 110.2 
Si(1)-C(21)-H(21B) 108.8 
H(21A)-C(21)-H(21B) 109.5 
Si(1)-C(21)-H(21C) 109.4 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
Si(2)-C(22)-H(22A) 109.6 
Si(2)-C(22)-H(22B) 109.4 
H(22A)-C(22)-H(22B) 109.5 
Si(2)-C(22)-H(22C) 109.4 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
Si(2)-C(23)-H(23A) 110.1 
Si(2)-C(23)-H(23B) 109.3 
H(23A)-C(23)-H(23B) 109.5 
Si(2)-C(23)-H(23C) 109.0 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
Si(2)-C(24)-H(24A) 109.6 
Si(2)-C(24)-H(24B) 109.7 
H(24A)-C(24)-H(24B) 109.5 
Si(2)-C(24)-H(24C) 109.1 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
Si(3)-C(25)-H(25A) 109.4 
Si(3)-C(25)-H(25B) 109.7 
H(25A)-C(25)-H(25B) 109.5 
Si(3)-C(25)-H(25C) 109.4 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
Si(3)-C(26)-H(26A) 109.4 
Si(3)-C(26)-H(26B) 109.7 
H(26A)-C(26)-H(26B) 109.5 
Si(3)-C(26)-H(26C) 109.2 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
Si(3)-C(27)-H(27A) 109.5 
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Si(3)-C(27)-H(27B) 109.6 
H(27A)-C(27)-H(27B) 109.5 
Si(3)-C(27)-H(27C) 109.3 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
Si(4)-C(28)-H(28A) 109.2 
Si(4)-C(28)-H(28B) 109.6 
H(28A)-C(28)-H(28B) 109.5 
Si(4)-C(28)-H(28C) 109.6 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
Si(4)-C(29)-H(29A) 109.1 
Si(4)-C(29)-H(29B) 109.8 
H(29A)-C(29)-H(29B) 109.5 
Si(4)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
Si(4)-C(30)-H(30A) 109.6 
Si(4)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
Si(4)-C(30)-H(30C) 109.4 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
Si(5)-C(31)-H(31A) 109.3 
Si(5)-C(31)-H(31B) 109.6 
H(31A)-C(31)-H(31B) 109.5 
Si(5)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
Si(5)-C(32)-H(32A) 109.5 

Si(5)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
Si(5)-C(32)-H(32C) 109.4 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
Si(5)-C(33)-H(33A) 109.3 
Si(5)-C(33)-H(33B) 109.8 
H(33A)-C(33)-H(33B) 109.5 
Si(5)-C(33)-H(33C) 109.3 
H(33A)-C(33)-H(33C) 109.5 
H(33B)-C(33)-H(33C) 109.5 
Si(6)-C(34)-H(34A) 109.2 
Si(6)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
Si(6)-C(34)-H(34C) 109.8 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
Si(6)-C(35)-H(35A) 109.4 
Si(6)-C(35)-H(35B) 109.6 
H(35A)-C(35)-H(35B) 109.5 
Si(6)-C(35)-H(35C) 109.4 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
Si(6)-C(36)-H(36A) 109.7 
Si(6)-C(36)-H(36B) 109.5 
H(36A)-C(36)-H(36B) 109.5 
Si(6)-C(36)-H(36C) 109.2 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 

______________________________________________________________  
 

 

 

 

 

 

 

 

 



235 
 

Table 4.  Anisotropic displacement parameters (Å2x 103) for SBY-4-061.  The 

anisotropic displacement factor exponent takes the form: 

-2 p2[ h2 a*2 U11 + ... + 2 h k a* b* U12] 

______________________________________________________________  
 U11 U22  U33 U23 U13 U12 

______________________________________________________________  

 
Ce(1) 10(1)  12(1) 13(1)  2(1) 1(1)  5(1) 
P(1) 13(1)  13(1) 18(1)  3(1) 4(1)  7(1) 
Si(1) 15(1)  30(1) 35(1)  18(1) 1(1)  10(1) 
Si(2) 47(1)  28(1) 22(1)  9(1) 10(1)  28(1) 
Si(3) 25(1)  21(1) 15(1)  2(1) 2(1)  12(1) 
Si(4) 17(1)  20(1) 19(1)  1(1) -3(1)  11(1) 
Si(5) 15(1)  20(1) 23(1)  2(1) 7(1)  8(1) 
Si(6) 18(1)  25(1) 17(1)  7(1) 6(1)  8(1) 
O(1) 13(1)  13(1) 19(1)  4(1) 4(1)  4(1) 
N(1) 24(1)  22(1) 23(1)  10(1) 7(1)  14(1) 
N(2) 18(1)  16(1) 18(1)  3(1) 2(1)  10(1) 
N(3) 14(1)  19(1) 14(1)  2(1) 4(1)  6(1) 
C(1) 11(1)  16(1) 25(1)  -1(1) 3(1)  7(1) 
C(2) 27(2)  24(2) 27(2)  -1(1) 8(1)  8(1) 
C(3) 31(2)  41(2) 28(2)  -11(2) 6(2)  10(2) 
C(4) 29(2)  32(2) 44(2)  -20(2) -6(2)  15(2) 
C(5) 33(2)  21(2) 50(2)  -10(2) -13(2)  16(2) 
C(6) 26(2)  19(2) 35(2)  2(1) -2(1)  11(1) 
C(7) 13(1)  22(2) 22(1)  4(1) 5(1)  10(1) 
C(8) 21(2)  23(2) 37(2)  -1(1) 2(1)  13(1) 
C(9) 32(2)  35(2) 35(2)  3(2) 7(2)  27(2) 
C(10) 22(2)  42(2) 46(2)  15(2) 10(2)  25(2) 
C(11) 15(2)  34(2) 66(3)  1(2) 2(2)  10(2) 
C(12) 15(2)  19(2) 49(2)  2(2) 3(1)  7(1) 
C(13) 19(2)  14(1) 23(1)  6(1) 5(1)  9(1) 
C(14) 29(2)  44(2) 34(2)  24(2) 16(2)  26(2) 
C(15) 29(2)  43(2) 41(2)  22(2) 8(2)  24(2) 
C(16) 38(2)  32(2) 28(2)  14(2) 6(2)  19(2) 
C(17) 35(2)  59(3) 30(2)  23(2) 17(2)  26(2) 
C(18) 24(2)  42(2) 29(2)  14(2) 11(1)  19(2) 
C(19) 30(2)  28(2) 37(2)  12(2) -16(2)  2(2) 
C(20) 27(2)  32(2) 33(2)  15(2) -5(1)  11(2) 
C(21) 29(2)  71(3) 92(4)  54(3) 24(2)  31(2) 
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C(22) 42(2)  27(2) 33(2)  12(2) 5(2)  23(2) 
C(23) 121(5)  56(3) 51(3)  30(2) 56(3)  65(3) 
C(24) 75(3)  29(2) 35(2)  -4(2) -22(2)  31(2) 
C(25) 22(2)  22(2) 25(2)  1(1) 6(1)  6(1) 
C(26) 30(2)  37(2) 28(2)  -10(2) 2(2)  15(2) 
C(27) 63(3)  53(3) 34(2)  27(2) 14(2)  39(2) 
C(28) 22(2)  35(2) 31(2)  -3(2) -6(1)  15(2) 
C(29) 28(2)  32(2) 38(2)  5(2) 1(2)  23(2) 
C(30) 18(2)  37(2) 32(2)  14(2) 3(1)  10(2) 
C(31) 23(2)  22(2) 32(2)  9(1) 10(1)  13(1) 
C(32) 21(2)  39(2) 46(2)  19(2) 15(2)  18(2) 
C(33) 31(2)  31(2) 30(2)  -4(2) 11(2)  13(2) 
C(34) 40(2)  37(2) 22(2)  7(2) -2(2)  14(2) 
C(35) 24(2)  24(2) 26(2)  9(1) 0(1)  8(1) 
C(36) 36(2)  50(3) 45(2)  27(2) 28(2)  22(2) 

______________________________________________________________  

 

 

Table 5.  Hydrogen coordinates and isotropic displacement parameters for SBY-4-

061. 

______________________________________________________________  

 x  y  z  U(eq) 

______________________________________________________________  
  
H(2) 0.479195 0.255735 0.624807 0.034 
H(3) 0.440923 0.095864 0.527507 0.047 
H(4) 0.372276 -0.109995 0.540147 0.047 
H(5) 0.342990 -0.157553 0.648609 0.045 
H(6) 0.381052 0.001560 0.746664 0.033 
H(8) 0.398557 0.453206 0.826261 0.033 
H(9) 0.213145 0.458801 0.836070 0.036 
H(10) 0.019584 0.278513 0.788263 0.038 
H(11) 0.011217 0.095315 0.726704 0.049 
H(12) 0.195801 0.089051 0.714999 0.035 
H(14) 0.660445 0.249798 0.830194 0.036 
H(15) 0.705623 0.197003 0.931775 0.040 
H(16) 0.562729 0.142593 1.009802 0.037 
H(17) 0.371833 0.133172 0.984198 0.045 
H(18) 0.324665 0.184379 0.881988 0.036 
H(19A) 0.565786 0.490725 0.626749 0.056 
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H(19B) 0.432236 0.460626 0.590003 0.056 
H(19C) 0.447060 0.437110 0.666407 0.056 
H(20A) 0.569305 0.827344 0.617146 0.048 
H(20B) 0.494030 0.694346 0.561353 0.048 
H(20C) 0.641312 0.755955 0.586653 0.048 
H(21A) 0.350423 0.592720 0.733851 0.083 
H(21B) 0.316306 0.612240 0.659122 0.083 
H(21C) 0.396755 0.732557 0.722787 0.083 
H(22A) 0.754887 0.994857 0.710045 0.046 
H(22B) 0.749101 1.075562 0.781247 0.046 
H(22C) 0.622220 0.970982 0.729951 0.046 
H(23A) 0.517622 0.855278 0.841924 0.094 
H(23B) 0.639936 0.940174 0.900270 0.094 
H(23C) 0.575240 0.788964 0.882759 0.094 
H(24A) 0.861258 0.883305 0.873437 0.071 
H(24B) 0.891583 1.022707 0.868872 0.071 
H(24C) 0.915959 0.937711 0.807466 0.071 
H(25A) 0.622568 0.621590 0.887030 0.038 
H(25B) 0.606306 0.586488 0.961616 0.038 
H(25C) 0.607246 0.489451 0.896600 0.038 
H(26A) 0.953369 0.865758 1.011058 0.052 
H(26B) 0.840113 0.791032 1.051247 0.052 
H(26C) 0.818071 0.847724 0.988260 0.052 
H(27A) 0.829525 0.476206 0.959584 0.065 
H(27B) 0.796706 0.537022 1.028303 0.065 
H(27C) 0.937771 0.601385 1.012656 0.065 
H(28A) 1.126694 0.922334 0.959995 0.046 
H(28B) 1.228964 0.878187 0.954815 0.046 
H(28C) 1.114406 0.811303 0.995810 0.046 
H(29A) 1.053833 0.555835 0.902879 0.046 
H(29B) 1.179716 0.642447 0.874703 0.046 
H(29C) 1.053615 0.545481 0.820777 0.046 
H(30A) 1.062155 0.754793 0.755810 0.045 
H(30B) 1.196515 0.840844 0.804273 0.045 
H(30C) 1.095367 0.886650 0.806196 0.045 
H(31A) 0.833757 0.416012 0.773833 0.036 
H(31B) 0.830330 0.293001 0.729135 0.036 
H(31C) 0.710201 0.310213 0.720452 0.036 
H(32A) 1.060737 0.498637 0.617815 0.048 
H(32B) 1.040245 0.409692 0.671441 0.048 
H(32C) 1.084317 0.556252 0.700000 0.048 
H(33A) 0.689874 0.305094 0.565976 0.049 
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H(33B) 0.772509 0.239696 0.575582 0.049 
H(33C) 0.817864 0.350988 0.534514 0.049 
H(34A) 0.754927 0.514360 0.501135 0.053 
H(34B) 0.782468 0.653188 0.497200 0.053 
H(34C) 0.677609 0.572159 0.540251 0.053 
H(35A) 0.831129 0.815020 0.662778 0.040 
H(35B) 0.932558 0.875426 0.613221 0.040 
H(35C) 0.975599 0.862051 0.687884 0.040 
H(36A) 1.098246 0.722924 0.613811 0.061 
H(36B) 1.052149 0.748240 0.543869 0.061 
H(36C) 1.018027 0.607480 0.547725 0.061 
______________________________________________________________  
 
 
Table 6.  Torsion angles [°] for SBY-4-061. 
___________________________________________________________________  
 
C(21)-Si(1)-N(1)-Si(2) -56.5(3) 
C(19)-Si(1)-N(1)-Si(2) -174.4(2) 
C(20)-Si(1)-N(1)-Si(2) 66.1(2) 
C(21)-Si(1)-N(1)-Ce(1) 123.5(2) 
C(19)-Si(1)-N(1)-Ce(1) 5.6(2) 
C(20)-Si(1)-N(1)-Ce(1) -113.86(19) 
C(24)-Si(2)-N(1)-Si(1) -159.0(2) 
C(23)-Si(2)-N(1)-Si(1) 81.0(3) 
C(22)-Si(2)-N(1)-Si(1) -40.6(3) 
C(24)-Si(2)-N(1)-Ce(1) 21.0(2) 
C(23)-Si(2)-N(1)-Ce(1) -99.0(2) 
C(22)-Si(2)-N(1)-Ce(1) 139.39(18) 
C(27)-Si(3)-N(2)-Si(4) -56.7(2) 
C(26)-Si(3)-N(2)-Si(4) 67.2(2) 
C(25)-Si(3)-N(2)-Si(4) -176.15(17) 
Ce(1)-Si(3)-N(2)-Si(4) -177.7(3) 
C(27)-Si(3)-N(2)-Ce(1) 121.0(2) 
C(26)-Si(3)-N(2)-Ce(1) -115.05(18) 
C(25)-Si(3)-N(2)-Ce(1) 1.57(19) 
C(30)-Si(4)-N(2)-Si(3) -151.07(19) 
C(28)-Si(4)-N(2)-Si(3) -31.9(2) 
C(29)-Si(4)-N(2)-Si(3) 88.2(2) 
C(30)-Si(4)-N(2)-Ce(1) 31.5(2) 
C(28)-Si(4)-N(2)-Ce(1) 150.59(17) 
C(29)-Si(4)-N(2)-Ce(1) -89.3(2) 

C(33)-Si(5)-N(3)-Si(6) -60.7(2) 
C(32)-Si(5)-N(3)-Si(6) 62.9(2) 
C(31)-Si(5)-N(3)-Si(6) -177.66(17) 
Ce(1)-Si(5)-N(3)-Si(6) -177.5(3) 
C(33)-Si(5)-N(3)-Ce(1) 116.84(16) 
C(32)-Si(5)-N(3)-Ce(1) -119.56(17) 
C(31)-Si(5)-N(3)-Ce(1) -0.15(19) 
C(35)-Si(6)-N(3)-Si(5) -156.35(17) 
C(34)-Si(6)-N(3)-Si(5) 82.0(2) 
C(36)-Si(6)-N(3)-Si(5) -37.6(2) 
C(35)-Si(6)-N(3)-Ce(1) 26.3(2) 
C(34)-Si(6)-N(3)-Ce(1) -95.4(2) 
C(36)-Si(6)-N(3)-Ce(1) 145.06(19) 
O(1)-P(1)-C(1)-C(6) 146.7(3) 
C(13)-P(1)-C(1)-C(6) 24.2(3) 
C(7)-P(1)-C(1)-C(6) -90.7(3) 
O(1)-P(1)-C(1)-C(2) -35.9(3) 
C(13)-P(1)-C(1)-C(2) -158.4(3) 
C(7)-P(1)-C(1)-C(2) 86.7(3) 
C(6)-C(1)-C(2)-C(3) -0.3(5) 
P(1)-C(1)-C(2)-C(3) -177.7(3) 
C(1)-C(2)-C(3)-C(4) 0.3(6) 
C(2)-C(3)-C(4)-C(5) -0.2(6) 
C(3)-C(4)-C(5)-C(6) 0.2(6) 
C(2)-C(1)-C(6)-C(5) 0.3(5) 
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P(1)-C(1)-C(6)-C(5) 177.6(3) 
C(4)-C(5)-C(6)-C(1) -0.2(6) 
O(1)-P(1)-C(7)-C(12) 146.6(3) 
C(1)-P(1)-C(7)-C(12) 24.0(3) 
C(13)-P(1)-C(7)-C(12) -91.0(3) 
O(1)-P(1)-C(7)-C(8) -36.7(3) 
C(1)-P(1)-C(7)-C(8) -159.3(3) 
C(13)-P(1)-C(7)-C(8) 85.7(3) 
C(12)-C(7)-C(8)-C(9) 0.4(5) 
P(1)-C(7)-C(8)-C(9) -176.4(3) 
C(7)-C(8)-C(9)-C(10) 0.7(6) 
C(8)-C(9)-C(10)-C(11) -1.4(6) 
C(9)-C(10)-C(11)-C(12) 0.9(7) 
C(8)-C(7)-C(12)-C(11) -0.9(6) 
P(1)-C(7)-C(12)-C(11) 175.7(3) 
C(10)-C(11)-C(12)-C(7) 0.3(7) 
O(1)-P(1)-C(13)-C(14) -51.1(3) 
C(1)-P(1)-C(13)-C(14) 71.2(3) 
C(7)-P(1)-C(13)-C(14) -173.4(3) 
O(1)-P(1)-C(13)-C(18) 127.3(3) 
C(1)-P(1)-C(13)-C(18) -110.4(3) 
C(7)-P(1)-C(13)-C(18) 5.0(3) 
C(18)-C(13)-C(14)-C(15) -0.1(6) 
P(1)-C(13)-C(14)-C(15) 178.3(3) 
C(13)-C(14)-C(15)-C(16) -0.7(6) 
C(14)-C(15)-C(16)-C(17) 1.2(6) 
C(15)-C(16)-C(17)-C(18) -1.0(7) 
C(14)-C(13)-C(18)-C(17) 0.3(6) 
P(1)-C(13)-C(18)-C(17) -178.0(3) 
C(16)-C(17)-C(18)-C(13) 0.2(6)



 

Table 1.  Crystal data and structure refinement for SBY-3-077. 

 

Empirical formula  C39 H75 Ce N3 O4 P Si6 

Formula weight  989.65 

Crystal system  monoclinic 

Space group  P21/c 

Unit cell dimensions  a = 16.1035(9) Å a= 90° 

 b = 13.8776(8) Å b= 91.9766(9)° 

 c = 23.0565(13) Å c= 90° 

Volume 5149.6(5) Å3 

Z, Z' 4, 2 

Density (calculated) 1.276 Mg/m3 

Wavelength  0.71073 Å 

Temperature  100(2) K 

F(000) 2076 

Absorption coefficient 1.092 mm-1 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.958 and 0.721 

Theta range for data collection 1.265 to 27.511° 

Reflections collected 52967 

Independent reflections 11818 [R(int) = 0.0272] 

Data / restraints / parameters 11818 / 0 / 487 

wR(F2 all data) wR2 = 0.0577 

R(F obsd data) R1 = 0.0219 

Goodness-of-fit on F2 0.892 

Observed data [I > 2s(I)] 10247 

Largest and mean shift / s.u. 0.003 and 0.000 

Largest diff. peak and hole 0.541 and -0.267 e/Å3  

----------  

wR2 = { S [w(Fo2 - Fc2)2] / S [w(Fo 2)2] }1/2  

R1 = S ||Fo| - |Fc|| / S |Fo| 
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 Table 2.  Atomic coordinates and equivalent isotropic displacement parameters for 
SBY-3-077. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________    

 x y z U(eq) 

______________________________________________________________  
 
Ce(1) 0.80737(2) 0.14849(2) 0.37234(2) 0.01283(3) 
P(1) 0.62380(3) 0.26823(3) 0.28366(2) 0.01418(9) 
Si(1) 0.89332(3) 0.10210(4) 0.23346(2) 0.01802(10) 
Si(2) 0.95225(3) -0.01916(4) 0.33627(2) 0.01878(10) 
Si(3) 0.82719(3) 0.36101(3) 0.45200(2) 0.01744(10) 
Si(4) 0.99228(3) 0.29147(4) 0.41816(2) 0.02000(10) 
Si(5) 0.67426(3) -0.05039(4) 0.39490(2) 0.02098(11) 
Si(6) 0.73256(3) 0.04585(4) 0.50470(2) 0.01970(10) 
O(1) 0.69724(7) 0.22009(9) 0.31468(5) 0.0168(2) 
O(2) 0.69902(9) 0.66563(9) 0.20467(6) 0.0259(3) 
O(3) 0.35428(8) 0.30974(10) 0.45171(6) 0.0268(3) 
O(4) 0.51040(9) 0.06459(11) 0.06898(6) 0.0317(3) 
N(1) 0.89353(9) 0.07180(10) 0.30556(6) 0.0164(3) 
N(2) 0.88575(9) 0.27914(10) 0.41566(6) 0.0163(3) 
N(3) 0.72823(9) 0.04022(11) 0.42991(6) 0.0178(3) 
C(1) 0.65109(11) 0.38572(12) 0.25792(7) 0.0155(3) 
C(2) 0.71427(11) 0.43758(13) 0.28626(7) 0.0182(3) 
C(3) 0.73314(11) 0.53136(13) 0.26968(8) 0.0195(4) 
C(4) 0.68811(11) 0.57367(12) 0.22371(7) 0.0182(3) 
C(5) 0.62599(12) 0.52171(13) 0.19393(7) 0.0208(4) 
C(6) 0.60767(11) 0.42885(13) 0.21096(7) 0.0193(4) 
C(7) 0.53983(11) 0.28137(12) 0.33223(7) 0.0166(3) 
C(8) 0.53779(11) 0.22470(13) 0.38242(8) 0.0193(4) 
C(9) 0.47506(11) 0.23603(14) 0.42094(8) 0.0221(4) 
C(10) 0.41231(11) 0.30359(13) 0.41032(8) 0.0199(4) 
C(11) 0.41253(12) 0.35999(13) 0.36031(8) 0.0220(4) 
C(12) 0.47648(12) 0.34890(13) 0.32199(8) 0.0206(4) 
C(13) 0.58625(11) 0.20353(12) 0.22091(7) 0.0167(3) 
C(14) 0.63781(12) 0.19553(14) 0.17318(8) 0.0227(4) 
C(15) 0.61062(13) 0.14853(14) 0.12344(8) 0.0250(4) 
C(16) 0.53083(12) 0.10866(13) 0.12016(8) 0.0224(4) 
C(17) 0.47954(13) 0.11518(15) 0.16704(8) 0.0266(4) 
C(18) 0.50764(12) 0.16328(13) 0.21713(8) 0.0226(4) 
C(19) 0.75947(13) 0.72328(14) 0.23554(9) 0.0300(4) 
C(20) 0.28417(14) 0.37088(18) 0.44042(10) 0.0388(5) 
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C(21) 0.42891(15) 0.02378(19) 0.06276(9) 0.0431(6) 
C(22) 0.86424(12) 0.23233(14) 0.22410(9) 0.0259(4) 
C(23) 0.81828(13) 0.02624(15) 0.18921(8) 0.0265(4) 
C(24) 0.99700(12) 0.08996(15) 0.19895(8) 0.0263(4) 
C(25) 0.93710(12) -0.01496(15) 0.41675(8) 0.0248(4) 
C(26) 0.91819(16) -0.14209(14) 0.31140(10) 0.0358(5) 
C(27) 1.06720(13) -0.01096(18) 0.32634(10) 0.0355(5) 
C(28) 0.71460(12) 0.32426(14) 0.44529(8) 0.0233(4) 
C(29) 0.83156(13) 0.48829(13) 0.42302(8) 0.0254(4) 
C(30) 0.85049(13) 0.36961(14) 0.53243(8) 0.0265(4) 
C(31) 1.03027(12) 0.41633(14) 0.43357(9) 0.0260(4) 
C(32) 1.04366(15) 0.21787(18) 0.47731(13) 0.0510(7) 
C(33) 1.03800(16) 0.2600(2) 0.34765(12) 0.0568(9) 
C(34) 0.67413(14) -0.02954(15) 0.31405(8) 0.0289(4) 
C(35) 0.56290(13) -0.05790(17) 0.41606(10) 0.0349(5) 
C(36) 0.71724(14) -0.17536(15) 0.40716(9) 0.0311(5) 
C(37) 0.64244(14) 0.11315(18) 0.53480(9) 0.0359(5) 
C(38) 0.73402(14) -0.07390(15) 0.54283(9) 0.0302(4) 
C(39) 0.83089(13) 0.10677(15) 0.53033(8) 0.0264(4) 
______________________________________________________________  
 
 
Table 3.   Bond lengths [Å] and angles [°] for SBY-3-077. 
______________________________________________________________  
 
Ce(1)-N(1)  2.3612(14) 
Ce(1)-O(1)  2.3952(12) 
Ce(1)-N(3)  2.4000(14) 
Ce(1)-N(2)  2.4065(14) 
Ce(1)-Si(2)  3.4179(5) 
Ce(1)-Si(3)  3.4834(5) 
P(1)-O(1)  1.5161(12) 
P(1)-C(13)  1.7901(17) 
P(1)-C(7)  1.7944(18) 
P(1)-C(1)  1.7948(18) 
Si(1)-N(1)  1.7147(14) 
Si(1)-C(23)  1.8773(19) 
Si(1)-C(22)  1.878(2) 
Si(1)-C(24)  1.882(2) 
Si(2)-N(1)  1.7155(15) 
Si(2)-C(26)  1.876(2) 
Si(2)-C(27)  1.877(2) 

Si(2)-C(25)  1.8808(19) 
Si(3)-N(2)  1.7138(15) 
Si(3)-C(28)  1.885(2) 
Si(3)-C(30)  1.8830(19) 
Si(3)-C(29)  1.891(2) 
Si(4)-N(2)  1.7230(16) 
Si(4)-C(33)  1.860(2) 
Si(4)-C(31)  1.8676(19) 
Si(4)-C(32)  1.873(2) 
Si(5)-N(3)  1.7146(16) 
Si(5)-C(35)  1.878(2) 
Si(5)-C(34)  1.886(2) 
Si(5)-C(36)  1.885(2) 
Si(6)-N(3)  1.7253(15) 
Si(6)-C(39)  1.873(2) 
Si(6)-C(37)  1.879(2) 
Si(6)-C(38)  1.880(2) 
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O(2)-C(4)  1.363(2) 
O(2)-C(19)  1.431(2) 
O(3)-C(10)  1.361(2) 
O(3)-C(20)  1.429(3) 
O(4)-C(16)  1.359(2) 
O(4)-C(21)  1.432(3) 
C(1)-C(2)  1.391(2) 
C(1)-C(6)  1.403(2) 
C(2)-C(3)  1.393(2) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.393(2) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.394(3) 
C(5)-C(6)  1.382(2) 
C(5)-H(5)  0.9500 
C(6)-H(6)  0.9500 
C(7)-C(12)  1.399(2) 
C(7)-C(8)  1.401(2) 
C(8)-C(9)  1.377(3) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.394(3) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.394(3) 
C(11)-C(12)  1.388(3) 
C(11)-H(11)  0.9500 
C(12)-H(12)  0.9500 
C(13)-C(18)  1.384(3) 
C(13)-C(14)  1.406(2) 
C(14)-C(15)  1.378(2) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.399(3) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.386(3) 
C(17)-C(18)  1.396(3) 
C(17)-H(17)  0.9500 
C(18)-H(18)  0.9500 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-H(26A)  0.9800 
C(26)-H(26B)  0.9800 
C(26)-H(26C)  0.9800 
C(27)-H(27A)  0.9800 
C(27)-H(27B)  0.9800 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
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C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 

C(37)-H(37C)  0.9800 
C(38)-H(38A)  0.9800 
C(38)-H(38B)  0.9800 
C(38)-H(38C)  0.9800 
C(39)-H(39A)  0.9800 
C(39)-H(39B)  0.9800 
C(39)-H(39C)  0.9800 

 
N(1)-Ce(1)-O(1) 105.40(4) 
N(1)-Ce(1)-N(3) 114.43(5) 
O(1)-Ce(1)-N(3) 99.76(4) 
N(1)-Ce(1)-N(2) 107.37(5) 
O(1)-Ce(1)-N(2) 106.59(4) 
N(3)-Ce(1)-N(2) 121.53(5) 
N(1)-Ce(1)-Si(2) 27.52(4) 
O(1)-Ce(1)-Si(2) 130.23(3) 
N(3)-Ce(1)-Si(2) 95.07(4) 
N(2)-Ce(1)-Si(2) 105.14(4) 
N(1)-Ce(1)-Si(3) 132.86(4) 
O(1)-Ce(1)-Si(3) 89.66(3) 
N(3)-Ce(1)-Si(3) 106.21(4) 
N(2)-Ce(1)-Si(3) 26.62(4) 
Si(2)-Ce(1)-Si(3) 130.824(12) 
O(1)-P(1)-C(13) 113.36(8) 
O(1)-P(1)-C(7) 110.04(7) 
C(13)-P(1)-C(7) 108.33(8) 
O(1)-P(1)-C(1) 111.12(7) 
C(13)-P(1)-C(1) 105.56(8) 
C(7)-P(1)-C(1) 108.21(8) 
N(1)-Si(1)-C(23) 111.66(8) 
N(1)-Si(1)-C(22) 109.85(8) 
C(23)-Si(1)-C(22) 108.90(9) 
N(1)-Si(1)-C(24) 114.57(8) 
C(23)-Si(1)-C(24) 106.50(9) 
C(22)-Si(1)-C(24) 105.02(9) 
N(1)-Si(2)-C(26) 113.07(9) 
N(1)-Si(2)-C(27) 115.92(9) 
C(26)-Si(2)-C(27) 107.29(11) 
N(1)-Si(2)-C(25) 107.22(8) 
C(26)-Si(2)-C(25) 106.46(10) 
C(27)-Si(2)-C(25) 106.30(9) 

N(1)-Si(2)-Ce(1) 39.49(5) 
C(26)-Si(2)-Ce(1) 119.91(8) 
C(27)-Si(2)-Ce(1) 132.29(8) 
C(25)-Si(2)-Ce(1) 68.04(6) 
N(2)-Si(3)-C(28) 108.93(8) 
N(2)-Si(3)-C(30) 115.42(8) 
C(28)-Si(3)-C(30) 104.86(9) 
N(2)-Si(3)-C(29) 114.76(8) 
C(28)-Si(3)-C(29) 105.74(9) 
C(30)-Si(3)-C(29) 106.28(9) 
N(2)-Si(3)-Ce(1) 38.99(5) 
C(28)-Si(3)-Ce(1) 69.95(6) 
C(30)-Si(3)-Ce(1) 125.76(6) 
C(29)-Si(3)-Ce(1) 127.48(6) 
N(2)-Si(4)-C(33) 111.79(10) 
N(2)-Si(4)-C(31) 114.69(8) 
C(33)-Si(4)-C(31) 104.32(11) 
N(2)-Si(4)-C(32) 112.60(9) 
C(33)-Si(4)-C(32) 109.27(15) 
C(31)-Si(4)-C(32) 103.52(11) 
N(3)-Si(5)-C(35) 113.05(9) 
N(3)-Si(5)-C(34) 109.63(8) 
C(35)-Si(5)-C(34) 107.27(10) 
N(3)-Si(5)-C(36) 115.25(9) 
C(35)-Si(5)-C(36) 105.01(10) 
C(34)-Si(5)-C(36) 106.10(10) 
N(3)-Si(6)-C(39) 109.91(8) 
N(3)-Si(6)-C(37) 112.74(9) 
C(39)-Si(6)-C(37) 108.33(11) 
N(3)-Si(6)-C(38) 115.26(9) 
C(39)-Si(6)-C(38) 104.76(9) 
C(37)-Si(6)-C(38) 105.31(10) 
P(1)-O(1)-Ce(1) 174.44(7) 
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C(4)-O(2)-C(19) 117.17(15) 
C(10)-O(3)-C(20) 117.82(15) 
C(16)-O(4)-C(21) 117.29(16) 
Si(1)-N(1)-Si(2) 124.28(9) 
Si(1)-N(1)-Ce(1) 122.69(7) 
Si(2)-N(1)-Ce(1) 112.98(7) 
Si(3)-N(2)-Si(4) 118.80(8) 
Si(3)-N(2)-Ce(1) 114.39(7) 
Si(4)-N(2)-Ce(1) 126.59(7) 
Si(5)-N(3)-Si(6) 120.41(9) 
Si(5)-N(3)-Ce(1) 117.97(7) 
Si(6)-N(3)-Ce(1) 121.37(8) 
C(2)-C(1)-C(6) 118.62(16) 
C(2)-C(1)-P(1) 119.89(13) 
C(6)-C(1)-P(1) 121.44(13) 
C(1)-C(2)-C(3) 121.17(16) 
C(1)-C(2)-H(2) 119.4 
C(3)-C(2)-H(2) 119.4 
C(4)-C(3)-C(2) 119.33(16) 
C(4)-C(3)-H(3) 120.3 
C(2)-C(3)-H(3) 120.3 
O(2)-C(4)-C(3) 124.77(16) 
O(2)-C(4)-C(5) 115.08(15) 
C(3)-C(4)-C(5) 120.15(16) 
C(6)-C(5)-C(4) 119.93(16) 
C(6)-C(5)-H(5) 120.0 
C(4)-C(5)-H(5) 120.0 
C(5)-C(6)-C(1) 120.77(16) 
C(5)-C(6)-H(6) 119.6 
C(1)-C(6)-H(6) 119.6 
C(12)-C(7)-C(8) 118.54(16) 
C(12)-C(7)-P(1) 121.56(13) 
C(8)-C(7)-P(1) 119.89(14) 
C(9)-C(8)-C(7) 120.50(17) 
C(9)-C(8)-H(8) 119.8 
C(7)-C(8)-H(8) 119.8 
C(8)-C(9)-C(10) 120.47(17) 
C(8)-C(9)-H(9) 119.8 
C(10)-C(9)-H(9) 119.8 
O(3)-C(10)-C(11) 124.49(17) 
O(3)-C(10)-C(9) 115.47(16) 
C(11)-C(10)-C(9) 120.03(17) 

C(12)-C(11)-C(10) 119.17(17) 
C(12)-C(11)-H(11) 120.4 
C(10)-C(11)-H(11) 120.4 
C(11)-C(12)-C(7) 121.29(16) 
C(11)-C(12)-H(12) 119.4 
C(7)-C(12)-H(12) 119.4 
C(18)-C(13)-C(14) 118.86(16) 
C(18)-C(13)-P(1) 122.42(14) 
C(14)-C(13)-P(1) 118.70(13) 
C(15)-C(14)-C(13) 120.66(17) 
C(15)-C(14)-H(14) 119.7 
C(13)-C(14)-H(14) 119.7 
C(14)-C(15)-C(16) 119.82(18) 
C(14)-C(15)-H(15) 120.1 
C(16)-C(15)-H(15) 120.1 
O(4)-C(16)-C(17) 124.99(17) 
O(4)-C(16)-C(15) 114.79(17) 
C(17)-C(16)-C(15) 120.21(17) 
C(16)-C(17)-C(18) 119.45(18) 
C(16)-C(17)-H(17) 120.3 
C(18)-C(17)-H(17) 120.3 
C(13)-C(18)-C(17) 120.99(17) 
C(13)-C(18)-H(18) 119.5 
C(17)-C(18)-H(18) 119.5 
O(2)-C(19)-H(19A) 109.4 
O(2)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
O(2)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
O(3)-C(20)-H(20A) 109.4 
O(3)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
O(3)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
O(4)-C(21)-H(21A) 109.4 
O(4)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
O(4)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
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Si(1)-C(22)-H(22A) 109.5 
Si(1)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
Si(1)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
Si(1)-C(23)-H(23A) 109.4 
Si(1)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
Si(1)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
Si(1)-C(24)-H(24A) 109.5 
Si(1)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
Si(1)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
Si(2)-C(25)-H(25A) 109.5 
Si(2)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
Si(2)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
Si(2)-C(26)-H(26A) 109.5 
Si(2)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
Si(2)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
Si(2)-C(27)-H(27A) 109.4 
Si(2)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 109.5 
Si(2)-C(27)-H(27C) 109.5 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
Si(3)-C(28)-H(28A) 109.4 
Si(3)-C(28)-H(28B) 109.4 
H(28A)-C(28)-H(28B) 109.5 
Si(3)-C(28)-H(28C) 109.6 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 

Si(3)-C(29)-H(29A) 109.5 
Si(3)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
Si(3)-C(29)-H(29C) 109.4 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
Si(3)-C(30)-H(30A) 109.5 
Si(3)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
Si(3)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
Si(4)-C(31)-H(31A) 109.5 
Si(4)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
Si(4)-C(31)-H(31C) 109.4 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
Si(4)-C(32)-H(32A) 109.4 
Si(4)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
Si(4)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
Si(4)-C(33)-H(33A) 109.5 
Si(4)-C(33)-H(33B) 109.4 
H(33A)-C(33)-H(33B) 109.5 
Si(4)-C(33)-H(33C) 109.5 
H(33A)-C(33)-H(33C) 109.5 
H(33B)-C(33)-H(33C) 109.5 
Si(5)-C(34)-H(34A) 109.5 
Si(5)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
Si(5)-C(34)-H(34C) 109.4 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
Si(5)-C(35)-H(35A) 109.5 
Si(5)-C(35)-H(35B) 109.5 
H(35A)-C(35)-H(35B) 109.5 
Si(5)-C(35)-H(35C) 109.4 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 



247 
 

Si(5)-C(36)-H(36A) 109.5 
Si(5)-C(36)-H(36B) 109.4 
H(36A)-C(36)-H(36B) 109.5 
Si(5)-C(36)-H(36C) 109.5 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 
Si(6)-C(37)-H(37A) 109.5 
Si(6)-C(37)-H(37B) 109.5 
H(37A)-C(37)-H(37B) 109.5 
Si(6)-C(37)-H(37C) 109.4 
H(37A)-C(37)-H(37C) 109.5 
H(37B)-C(37)-H(37C) 109.5 

Si(6)-C(38)-H(38A) 109.5 
Si(6)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
Si(6)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
Si(6)-C(39)-H(39A) 109.5 
Si(6)-C(39)-H(39B) 109.4 
H(39A)-C(39)-H(39B) 109.5 
Si(6)-C(39)-H(39C) 109.5 
H(39A)-C(39)-H(39C) 109.5 
H(39B)-C(39)-H(39C) 109.5 

______________________________________________________________  
 

 

 Table 4.   Anisotropic displacement parameters (Å2x 103  for SBY-3-077.  The 

anisotropic displacement factor exponent takes the form: 

-2 p2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 

______________________________________________________________  
 U11 U22  U33 U23 U13 U12 

______________________________________________________________  

 
Ce(1) 13(1)  14(1) 11(1)  0(1) 1(1)  0(1) 
P(1) 14(1)  16(1) 13(1)  0(1) -1(1)  -1(1) 
Si(1) 20(1)  20(1) 15(1)  -1(1) 4(1)  -2(1) 
Si(2) 18(1)  20(1) 19(1)  -2(1) 2(1)  3(1) 
Si(3) 20(1)  19(1) 14(1)  -4(1) 0(1)  1(1) 
Si(4) 17(1)  19(1) 24(1)  -3(1) 3(1)  -3(1) 
Si(5) 19(1)  23(1) 20(1)  5(1) 0(1)  -5(1) 
Si(6) 19(1)  25(1) 15(1)  5(1) 4(1)  1(1) 
O(1) 15(1)  20(1) 15(1)  1(1) -1(1)  0(1) 
O(2) 32(1)  18(1) 27(1)  4(1) -1(1)  -4(1) 
O(3) 20(1)  35(1) 27(1)  1(1) 9(1)  4(1) 
O(4) 37(1)  40(1) 18(1)  -9(1) -1(1)  -17(1) 
N(1) 17(1)  18(1) 15(1)  -2(1) 2(1)  0(1) 
N(2) 18(1)  17(1) 14(1)  -2(1) 1(1)  -1(1) 
N(3) 16(1)  21(1) 17(1)  3(1) 2(1)  0(1) 
C(1) 15(1)  16(1) 15(1)  1(1) 2(1)  0(1) 
C(2) 18(1)  20(1) 16(1)  1(1) -2(1)  -1(1) 
C(3) 18(1)  20(1) 21(1)  -1(1) 0(1)  -3(1) 
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C(4) 22(1)  16(1) 17(1)  1(1) 6(1)  0(1) 
C(5) 24(1)  23(1) 15(1)  3(1) -2(1)  1(1) 
C(6) 19(1)  22(1) 18(1)  0(1) -2(1)  -2(1) 
C(7) 15(1)  19(1) 16(1)  -1(1) 0(1)  -3(1) 
C(8) 16(1)  20(1) 22(1)  3(1) 0(1)  0(1) 
C(9) 20(1)  25(1) 22(1)  6(1) 3(1)  -1(1) 
C(10) 17(1)  21(1) 22(1)  -3(1) 3(1)  -3(1) 
C(11) 18(1)  22(1) 26(1)  1(1) 1(1)  4(1) 
C(12) 22(1)  21(1) 19(1)  4(1) -1(1)  0(1) 
C(13) 19(1)  17(1) 14(1)  1(1) -3(1)  -2(1) 
C(14) 19(1)  28(1) 21(1)  -3(1) 1(1)  -7(1) 
C(15) 26(1)  30(1) 19(1)  -5(1) 4(1)  -7(1) 
C(16) 29(1)  21(1) 17(1)  -2(1) -3(1)  -6(1) 
C(17) 24(1)  33(1) 23(1)  -3(1) 0(1)  -14(1) 
C(18) 24(1)  27(1) 17(1)  -2(1) 2(1)  -7(1) 
C(19) 34(1)  21(1) 35(1)  1(1) 2(1)  -9(1) 
C(20) 26(1)  54(2) 38(1)  1(1) 10(1)  15(1) 
C(21) 44(1)  59(2) 26(1)  -11(1) -6(1)  -30(1) 
C(22) 23(1)  26(1) 29(1)  5(1) 5(1)  -1(1) 
C(23) 33(1)  32(1) 15(1)  -1(1) 1(1)  -8(1) 
C(24) 30(1)  28(1) 21(1)  1(1) 9(1)  0(1) 
C(25) 23(1)  31(1) 21(1)  4(1) 1(1)  5(1) 
C(26) 45(1)  22(1) 41(1)  -9(1) 0(1)  7(1) 
C(27) 21(1)  51(1) 35(1)  11(1) 6(1)  8(1) 
C(28) 23(1)  25(1) 22(1)  -5(1) 3(1)  3(1) 
C(29) 30(1)  21(1) 26(1)  -4(1) -4(1)  2(1) 
C(30) 34(1)  29(1) 17(1)  -6(1) -1(1)  2(1) 
C(31) 25(1)  23(1) 30(1)  -5(1) 0(1)  -5(1) 
C(32) 25(1)  40(1) 87(2)  25(1) -18(1)  -4(1) 
C(33) 37(1)  73(2) 63(2)  -48(2) 30(1)  -30(1) 
C(34) 35(1)  27(1) 24(1)  2(1) -4(1)  -10(1) 
C(35) 21(1)  45(1) 38(1)  11(1) -1(1)  -8(1) 
C(36) 36(1)  25(1) 32(1)  3(1) 0(1)  -5(1) 
C(37) 36(1)  47(1) 26(1)  7(1) 15(1)  12(1) 
C(38) 35(1)  32(1) 23(1)  9(1) 2(1)  -2(1) 
C(39) 29(1)  33(1) 18(1)  1(1) 0(1)  -3(1) 

______________________________________________________________ 
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 Table 5.   Hydrogen coordinates and isotropic displacement parameters for SBY-3-

077. 

______________________________________________________________  

 x  y  z  U(eq) 

______________________________________________________________  
  
H(2) 0.7451 0.4085 0.3175 0.022 
H(3) 0.7763 0.5661 0.2895 0.023 
H(5) 0.5963 0.5501 0.1620 0.025 
H(6) 0.5652 0.3938 0.1906 0.023 
H(8) 0.5800 0.1781 0.3900 0.023 
H(9) 0.4745 0.1975 0.4550 0.027 
H(11) 0.3695 0.4055 0.3525 0.026 
H(12) 0.4772 0.3879 0.2882 0.025 
H(14) 0.6919 0.2228 0.1752 0.027 
H(15) 0.6460 0.1432 0.0915 0.030 
H(17) 0.4257 0.0871 0.1651 0.032 
H(18) 0.4723 0.1685 0.2491 0.027 
H(19A) 0.7451 0.7276 0.2764 0.045 
H(19B) 0.7603 0.7880 0.2186 0.045 
H(19C) 0.8145 0.6937 0.2327 0.045 
H(20A) 0.3031 0.4376 0.4363 0.058 
H(20B) 0.2464 0.3667 0.4727 0.058 
H(20C) 0.2550 0.3504 0.4045 0.058 
H(21A) 0.4217 -0.0250 0.0929 0.065 
H(21B) 0.4220 -0.0062 0.0244 0.065 
H(21C) 0.3873 0.0746 0.0667 0.065 
H(22A) 0.8107 0.2442 0.2417 0.039 
H(22B) 0.8599 0.2479 0.1827 0.039 
H(22C) 0.9070 0.2729 0.2431 0.039 
H(23A) 0.8334 -0.0418 0.1935 0.040 
H(23B) 0.8204 0.0447 0.1483 0.040 
H(23C) 0.7619 0.0362 0.2027 0.040 
H(24A) 1.0386 0.1279 0.2210 0.039 
H(24B) 0.9927 0.1136 0.1589 0.039 
H(24C) 1.0137 0.0221 0.1990 0.039 
H(25A) 0.9488 0.0502 0.4312 0.037 
H(25B) 0.9750 -0.0608 0.4363 0.037 
H(25C) 0.8796 -0.0322 0.4247 0.037 
H(26A) 0.8593 -0.1510 0.3192 0.054 
H(26B) 0.9512 -0.1911 0.3323 0.054 
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H(26C) 0.9263 -0.1483 0.2696 0.054 
H(27A) 1.0786 -0.0162 0.2850 0.053 
H(27B) 1.0952 -0.0635 0.3476 0.053 
H(27C) 1.0878 0.0511 0.3412 0.053 
H(28A) 0.6930 0.3382 0.4059 0.035 
H(28B) 0.6827 0.3605 0.4734 0.035 
H(28C) 0.7096 0.2551 0.4531 0.035 
H(29A) 0.8730 0.5253 0.4458 0.038 
H(29B) 0.7769 0.5187 0.4259 0.038 
H(29C) 0.8471 0.4868 0.3823 0.038 
H(30A) 0.8319 0.3106 0.5514 0.040 
H(30B) 0.8212 0.4252 0.5482 0.040 
H(30C) 0.9104 0.3775 0.5395 0.040 
H(31A) 1.0053 0.4609 0.4050 0.039 
H(31B) 1.0909 0.4181 0.4313 0.039 
H(31C) 1.0145 0.4355 0.4726 0.039 
H(32A) 1.0157 0.2292 0.5138 0.076 
H(32B) 1.1022 0.2366 0.4819 0.076 
H(32C) 1.0399 0.1494 0.4672 0.076 
H(33A) 1.0187 0.1959 0.3354 0.085 
H(33B) 1.0987 0.2598 0.3521 0.085 
H(33C) 1.0207 0.3076 0.3183 0.085 
H(34A) 0.6427 0.0291 0.3044 0.043 
H(34B) 0.6482 -0.0847 0.2939 0.043 
H(34C) 0.7314 -0.0222 0.3018 0.043 
H(35A) 0.5606 -0.0672 0.4581 0.052 
H(35B) 0.5358 -0.1123 0.3960 0.052 
H(35C) 0.5342 0.0020 0.4051 0.052 
H(36A) 0.7775 -0.1746 0.4025 0.047 
H(36B) 0.6914 -0.2197 0.3788 0.047 
H(36C) 0.7052 -0.1967 0.4465 0.047 
H(37A) 0.6419 0.1793 0.5199 0.054 
H(37B) 0.6480 0.1144 0.5773 0.054 
H(37C) 0.5905 0.0808 0.5230 0.054 
H(38A) 0.6815 -0.1076 0.5344 0.045 
H(38B) 0.7411 -0.0637 0.5848 0.045 
H(38C) 0.7802 -0.1128 0.5292 0.045 
H(39A) 0.8768 0.0604 0.5303 0.040 
H(39B) 0.8243 0.1313 0.5698 0.040 
H(39C) 0.8430 0.1605 0.5043 0.040 
______________________________________________________________ 



251 
 

 Table 6.  Torsion angles [°] for SBY-3-077. 
___________________________________________________________________  
 
C(23)-Si(1)-N(1)-Si(2) 85.45(12) 
C(22)-Si(1)-N(1)-Si(2) -153.62(10) 
C(24)-Si(1)-N(1)-Si(2) -35.71(13) 
C(23)-Si(1)-N(1)-Ce(1) -91.91(10) 
C(22)-Si(1)-N(1)-Ce(1) 29.02(11) 
C(24)-Si(1)-N(1)-Ce(1) 146.93(9) 
C(26)-Si(2)-N(1)-Si(1) -67.99(13) 
C(27)-Si(2)-N(1)-Si(1) 56.49(14) 
C(25)-Si(2)-N(1)-Si(1) 174.99(10) 
Ce(1)-Si(2)-N(1)-Si(1) -177.58(15) 
C(26)-Si(2)-N(1)-Ce(1) 109.59(10) 
C(27)-Si(2)-N(1)-Ce(1) -125.93(10) 
C(25)-Si(2)-N(1)-Ce(1) -7.43(10) 
C(28)-Si(3)-N(2)-Si(4) -176.37(9) 
C(30)-Si(3)-N(2)-Si(4) -58.78(12) 
C(29)-Si(3)-N(2)-Si(4) 65.34(12) 
Ce(1)-Si(3)-N(2)-Si(4) -174.97(14) 
C(28)-Si(3)-N(2)-Ce(1) -1.39(10) 
C(30)-Si(3)-N(2)-Ce(1) 116.19(9) 
C(29)-Si(3)-N(2)-Ce(1) -119.69(9) 
C(33)-Si(4)-N(2)-Si(3) -142.49(13) 
C(31)-Si(4)-N(2)-Si(3) -24.00(13) 
C(32)-Si(4)-N(2)-Si(3) 94.04(14) 
C(33)-Si(4)-N(2)-Ce(1) 43.22(15) 
C(31)-Si(4)-N(2)-Ce(1) 161.71(9) 
C(32)-Si(4)-N(2)-Ce(1) -80.25(13) 
C(35)-Si(5)-N(3)-Si(6) 55.51(13) 
C(34)-Si(5)-N(3)-Si(6) 175.13(10) 
C(36)-Si(5)-N(3)-Si(6) -65.28(13) 
C(35)-Si(5)-N(3)-Ce(1) -130.24(9) 
C(34)-Si(5)-N(3)-Ce(1) -10.62(11) 
C(36)-Si(5)-N(3)-Ce(1) 108.97(10) 
C(39)-Si(6)-N(3)-Si(5) 152.11(10) 
C(37)-Si(6)-N(3)-Si(5) -86.92(13) 
C(38)-Si(6)-N(3)-Si(5) 34.04(13) 
C(39)-Si(6)-N(3)-Ce(1) -21.94(12) 
C(37)-Si(6)-N(3)-Ce(1) 99.03(11) 
C(38)-Si(6)-N(3)-Ce(1) -140.01(10) 
O(1)-P(1)-C(1)-C(2) -27.20(16) 

C(13)-P(1)-C(1)-C(2) -150.48(14) 
C(7)-P(1)-C(1)-C(2) 93.71(15) 
O(1)-P(1)-C(1)-C(6) 155.52(14) 
C(13)-P(1)-C(1)-C(6) 32.24(17) 
C(7)-P(1)-C(1)-C(6) -83.57(16) 
C(6)-C(1)-C(2)-C(3) 1.6(3) 
P(1)-C(1)-C(2)-C(3) -175.72(14) 
C(1)-C(2)-C(3)-C(4) -0.3(3) 
C(19)-O(2)-C(4)-C(3) -2.0(3) 
C(19)-O(2)-C(4)-C(5) 177.25(16) 
C(2)-C(3)-C(4)-O(2) 177.90(16) 
C(2)-C(3)-C(4)-C(5) -1.3(3) 
O(2)-C(4)-C(5)-C(6) -177.72(16) 
C(3)-C(4)-C(5)-C(6) 1.6(3) 
C(4)-C(5)-C(6)-C(1) -0.2(3) 
C(2)-C(1)-C(6)-C(5) -1.4(3) 
P(1)-C(1)-C(6)-C(5) 175.93(14) 
O(1)-P(1)-C(7)-C(12) 159.08(14) 
C(13)-P(1)-C(7)-C(12) -76.48(16) 
C(1)-P(1)-C(7)-C(12) 37.50(16) 
O(1)-P(1)-C(7)-C(8) -19.47(16) 
C(13)-P(1)-C(7)-C(8) 104.96(15) 
C(1)-P(1)-C(7)-C(8) -141.06(14) 
C(12)-C(7)-C(8)-C(9) -0.5(3) 
P(1)-C(7)-C(8)-C(9) 178.07(14) 
C(7)-C(8)-C(9)-C(10) 0.5(3) 
C(20)-O(3)-C(10)-C(11) 6.8(3) 
C(20)-O(3)-C(10)-C(9) -173.99(18) 
C(8)-C(9)-C(10)-O(3) -179.00(17) 
C(8)-C(9)-C(10)-C(11) 0.3(3) 
O(3)-C(10)-C(11)-C(12) 178.23(17) 
C(9)-C(10)-C(11)-C(12) -1.0(3) 
C(10)-C(11)-C(12)-C(7) 0.9(3) 
C(8)-C(7)-C(12)-C(11) -0.2(3) 
P(1)-C(7)-C(12)-C(11) -178.76(14) 
O(1)-P(1)-C(13)-C(18) 115.73(15) 
C(7)-P(1)-C(13)-C(18) -6.70(18) 
C(1)-P(1)-C(13)-C(18) -122.42(16) 
O(1)-P(1)-C(13)-C(14) -65.96(16) 
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C(7)-P(1)-C(13)-C(14) 171.60(14) 
C(1)-P(1)-C(13)-C(14) 55.89(16) 
C(18)-C(13)-C(14)-C(15) 0.1(3) 
P(1)-C(13)-C(14)-C(15) -178.32(15) 
C(13)-C(14)-C(15)-C(16) 0.3(3) 
C(21)-O(4)-C(16)-C(17) 1.5(3) 
C(21)-O(4)-C(16)-C(15) -179.01(19) 
C(14)-C(15)-C(16)-O(4) 179.59(18) 
C(14)-C(15)-C(16)-C(17) -0.9(3) 
O(4)-C(16)-C(17)-C(18) -179.41(19) 
C(15)-C(16)-C(17)-C(18) 1.1(3) 
C(14)-C(13)-C(18)-C(17) 0.2(3) 
P(1)-C(13)-C(18)-C(17) 178.49(15) 
C(16)-C(17)-C(18)-C(13) -0.8(3) 



 

Table 1.  Crystal data and structure refinement for SBY-2-005. 

 

Empirical formula  C39 H75 N3 O4 P Si6 U 

Formula weight  1087.56 

Crystal system  monoclinic 

Space group  P21/c 

Unit cell dimensions  a = 16.063(2) Å a= 90° 

 b = 13.9300(19) Å b= 91.895(2)° 

 c = 23.043(3) Å c= 90° 

Volume 5153.2(12) Å3 

Z, Z' 4, 1 

Density (calculated) 1.402 Mg/m3 

Wavelength  0.71073 Å 

Temperature  100(2) K 

F(000) 2212 

Absorption coefficient 3.357 mm-1 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.4305 and 0.2231 

Theta range for data collection 1.268 to 27.545° 

Reflections collected 98212 

Independent reflections 11873 [R(int) = 0.0588] 

Data / restraints / parameters 11873 / 0 / 487 

wR(F2 all data) wR2 = 0.1136 

R(F obsd data) R1 = 0.0403 

Goodness-of-fit on F2 1.002 

Observed data [I > 2s(I)] 9681 

Largest and mean shift / s.u. 0.003 and 0.000 

Largest diff. peak and hole 7.285 and -0.810 e/Å3  

----------  

wR2 = { S [w(Fo2 - Fc2)2] / S [w(Fo 2)2] }1/2  

R1 = S ||Fo| - |Fc|| / S |Fo| 
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Table 2.  Atomic coordinates and equivalent isotropic displacement parameters for 
SBY-2-005.  U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 

______________________________________________________________    

 x y z U(eq) 

______________________________________________________________  
 
U(1) 0.19346(2) 0.84859(2) 0.62826(2) 0.01900(6) 
P(1) 0.37628(7) 0.72926(8) 0.71655(5) 0.0188(2) 
Si(1) 0.17506(9) 0.63662(10) 0.54778(6) 0.0241(3) 
Si(2) 0.01007(9) 0.70732(10) 0.58170(6) 0.0276(3) 
Si(3) 0.10719(9) 0.89703(10) 0.76589(6) 0.0237(3) 
Si(4) 0.04852(9) 1.01953(10) 0.66386(6) 0.0251(3) 
Si(5) 0.32594(9) 1.04760(11) 0.60517(6) 0.0275(3) 
Si(6) 0.26608(9) 0.95249(11) 0.49584(6) 0.0267(3) 
O(1) 0.3016(3) 0.3333(3) 0.79612(17) 0.0326(8) 
O(2) 0.4885(3) 0.9329(3) 0.93100(16) 0.0399(10) 
O(3) 0.6469(2) 0.6907(3) 0.54834(17) 0.0343(9) 
O(4) 0.3025(2) 0.7773(2) 0.68559(14) 0.0209(7) 
N(2) 0.1168(3) 0.7185(3) 0.58419(17) 0.0224(8) 
N(3) 0.1076(2) 0.9267(3) 0.69365(17) 0.0211(8) 
N(4) 0.2704(2) 0.9577(3) 0.57062(17) 0.0239(8) 
C(1) 0.3490(3) 0.6123(3) 0.7422(2) 0.0206(9) 
C(2) 0.2856(3) 0.5603(4) 0.7143(2) 0.0243(10) 
C(3) 0.2669(3) 0.4669(4) 0.7311(2) 0.0259(10) 
C(4) 0.3120(3) 0.4249(3) 0.7769(2) 0.0253(10) 
C(5) 0.3743(3) 0.4769(4) 0.8062(2) 0.0265(10) 
C(6) 0.3927(3) 0.5695(4) 0.7891(2) 0.0248(10) 
C(7) 0.2416(4) 0.2754(4) 0.7653(3) 0.0393(13) 
C(8) 0.4135(3) 0.7939(3) 0.77912(19) 0.0210(9) 
C(9) 0.3618(3) 0.8021(4) 0.8269(2) 0.0300(11) 
C(10) 0.3886(4) 0.8494(4) 0.8767(2) 0.0330(12) 
C(11) 0.4683(4) 0.8890(4) 0.8800(2) 0.0302(11) 
C(12) 0.5200(4) 0.8824(4) 0.8333(2) 0.0340(12) 
C(13) 0.4926(3) 0.8341(4) 0.7830(2) 0.0277(11) 
C(14) 0.5702(5) 0.9726(6) 0.9376(3) 0.056(2) 
C(15) 0.4603(3) 0.7164(3) 0.6675(2) 0.0207(9) 
C(16) 0.4629(3) 0.7745(4) 0.6183(2) 0.0247(10) 
C(17) 0.5257(3) 0.7642(4) 0.5796(2) 0.0275(11) 
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C(18) 0.5886(3) 0.6962(4) 0.5899(2) 0.0260(10) 
C(19) 0.5878(3) 0.6389(4) 0.6390(2) 0.0279(11) 
C(20) 0.5235(3) 0.6489(4) 0.6775(2) 0.0264(10) 
C(21) 0.7168(4) 0.6293(5) 0.5593(3) 0.0485(17) 
C(22) 0.2880(3) 0.6714(4) 0.5541(2) 0.0310(11) 
C(23) 0.1694(4) 0.5096(4) 0.5773(2) 0.0317(12) 
C(24) 0.1510(4) 0.6287(4) 0.4673(2) 0.0349(12) 
C(25) -0.0288(4) 0.5839(4) 0.5666(3) 0.0348(12) 
C(26) -0.0405(4) 0.7802(6) 0.5227(4) 0.065(2) 
C(27) -0.0361(5) 0.7392(7) 0.6519(4) 0.073(3) 
C(28) 0.1355(4) 0.7671(4) 0.7758(2) 0.0315(11) 
C(29) 0.0035(4) 0.9100(4) 0.8003(2) 0.0333(12) 
C(30) 0.1825(4) 0.9722(4) 0.8105(2) 0.0349(12) 
C(31) -0.0664(4) 1.0112(5) 0.6737(3) 0.0435(15) 
C(32) 0.0825(5) 1.1407(4) 0.6911(3) 0.0457(16) 
C(33) 0.0622(3) 1.0191(4) 0.5831(2) 0.0351(12) 
C(34) 0.3298(4) 1.0268(4) 0.6859(2) 0.0378(13) 
C(35) 0.4371(3) 1.0550(5) 0.5821(3) 0.0406(14) 
C(36) 0.2831(4) 1.1722(4) 0.5944(3) 0.0396(13) 
C(37) 0.2641(4) 1.0719(4) 0.4582(2) 0.0391(13) 
C(38) 0.3565(4) 0.8861(5) 0.4652(3) 0.0430(15) 
C(39) 0.1681(4) 0.8911(5) 0.4698(2) 0.0363(13) 
______________________________________________________________  
 
Table 3.  Bond lengths [Å] and angles [°] for SBY-2-005. 
______________________________________________________________  
 
U(1)-N(3)  2.344(4) 
U(1)-O(4)  2.376(3) 
U(1)-N(4)  2.390(4) 
U(1)-N(2)  2.398(4) 
U(1)-Si(4)  3.4481(14) 
P(1)-O(4)  1.519(3) 
P(1)-C(8)  1.786(5) 
P(1)-C(1)  1.793(5) 
P(1)-C(15)  1.797(5) 
Si(1)-N(2)  1.712(4) 
Si(1)-C(22)  1.879(6) 
Si(1)-C(24)  1.885(5) 
Si(1)-C(23)  1.899(6) 
Si(2)-N(2)  1.721(4) 
Si(2)-C(27)  1.855(7) 

Si(2)-C(25)  1.858(6) 
Si(2)-C(26)  1.862(7) 
Si(3)-N(3)  1.715(4) 
Si(3)-C(29)  1.877(5) 
Si(3)-C(28)  1.878(5) 
Si(3)-C(30)  1.880(6) 
Si(4)-N(3)  1.732(4) 
Si(4)-C(31)  1.871(6) 
Si(4)-C(32)  1.876(6) 
Si(4)-C(33)  1.882(6) 
Si(5)-N(4)  1.717(4) 
Si(5)-C(36)  1.881(6) 
Si(5)-C(34)  1.883(6) 
Si(5)-C(35)  1.883(6) 
Si(6)-N(4)  1.724(4) 
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Si(6)-C(39)  1.873(6) 
Si(6)-C(37)  1.876(6) 
Si(6)-C(38)  1.878(6) 
O(1)-C(4)  1.364(6) 
O(1)-C(7)  1.427(7) 
O(2)-C(11)  1.354(6) 
O(2)-C(14)  1.428(7) 
O(3)-C(18)  1.364(6) 
O(3)-C(21)  1.426(7) 
C(1)-C(2)  1.391(7) 
C(1)-C(6)  1.401(7) 
C(2)-C(3)  1.393(7) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.390(7) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.391(7) 
C(5)-C(6)  1.384(7) 
C(5)-H(5)  0.9500 
C(6)-H(6)  0.9500 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9802 
C(7)-H(7C)  0.9800 
C(8)-C(13)  1.389(7) 
C(8)-C(9)  1.405(7) 
C(9)-C(10)  1.381(7) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.394(8) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.383(8) 
C(12)-C(13)  1.399(7) 
C(12)-H(12)  0.9500 
C(13)-H(13)  0.9500 
C(14)-H(14A)  0.9801 
C(14)-H(14B)  0.9799 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.395(7) 
C(15)-C(20)  1.397(7) 
C(16)-C(17)  1.377(7) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.400(7) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.385(7) 

C(19)-C(20)  1.392(7) 
C(19)-H(19)  0.9500 
C(20)-H(20)  0.9500 
C(21)-H(21A)  0.9799 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9801 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9801 
C(23)-H(23A)  0.9799 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9799 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9801 
C(26)-H(26A)  0.9801 
C(26)-H(26B)  0.9799 
C(26)-H(26C)  0.9799 
C(27)-H(27A)  0.9800 
C(27)-H(27B)  0.9801 
C(27)-H(27C)  0.9800 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9799 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9801 
C(30)-H(30B)  0.9798 
C(30)-H(30C)  0.9800 
C(31)-H(31A)  0.9799 
C(31)-H(31B)  0.9799 
C(31)-H(31C)  0.9802 
C(32)-H(32A)  0.9802 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9799 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
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C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9802 
C(34)-H(34C)  0.9799 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9801 
C(35)-H(35C)  0.9799 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9801 
C(36)-H(36C)  0.9800 

C(37)-H(37A)  0.9799 
C(37)-H(37B)  0.9801 
C(37)-H(37C)  0.9800 
C(38)-H(38A)  0.9799 
C(38)-H(38B)  0.9801 
C(38)-H(38C)  0.9801 
C(39)-H(39A)  0.9799 
C(39)-H(39B)  0.9801 
C(39)-H(39C)  0.9800 

 
N(3)-U(1)-O(4) 105.97(12) 
N(3)-U(1)-N(4) 112.84(14) 
O(4)-U(1)-N(4) 100.94(13) 
N(3)-U(1)-N(2) 108.55(14) 
O(4)-U(1)-N(2) 106.16(12) 
N(4)-U(1)-N(2) 120.88(14) 
N(3)-U(1)-Si(4) 27.15(10) 
O(4)-U(1)-Si(4) 130.34(8) 
N(4)-U(1)-Si(4) 93.35(10) 
N(2)-U(1)-Si(4) 106.35(10) 
O(4)-P(1)-C(8) 113.1(2) 
O(4)-P(1)-C(1) 111.1(2) 
C(8)-P(1)-C(1) 105.7(2) 
O(4)-P(1)-C(15) 109.8(2) 
C(8)-P(1)-C(15) 108.6(2) 
C(1)-P(1)-C(15) 108.3(2) 
N(2)-Si(1)-C(22) 109.4(2) 
N(2)-Si(1)-C(24) 115.0(2) 
C(22)-Si(1)-C(24) 104.9(3) 
N(2)-Si(1)-C(23) 114.3(2) 
C(22)-Si(1)-C(23) 105.6(3) 
C(24)-Si(1)-C(23) 106.7(2) 
N(2)-Si(2)-C(27) 112.1(3) 
N(2)-Si(2)-C(25) 114.7(2) 
C(27)-Si(2)-C(25) 104.1(3) 
N(2)-Si(2)-C(26) 112.7(3) 
C(27)-Si(2)-C(26) 109.2(5) 
C(25)-Si(2)-C(26) 103.4(3) 
N(3)-Si(3)-C(29) 114.7(2) 
N(3)-Si(3)-C(28) 109.9(2) 
C(29)-Si(3)-C(28) 104.9(3) 
N(3)-Si(3)-C(30) 111.9(2) 

C(29)-Si(3)-C(30) 106.3(3) 
C(28)-Si(3)-C(30) 108.8(3) 
N(3)-Si(4)-C(31) 115.8(3) 
N(3)-Si(4)-C(32) 112.9(3) 
C(31)-Si(4)-C(32) 107.0(3) 
N(3)-Si(4)-C(33) 108.0(2) 
C(31)-Si(4)-C(33) 105.5(3) 
C(32)-Si(4)-C(33) 107.0(3) 
N(3)-Si(4)-U(1) 38.14(13) 
C(31)-Si(4)-U(1) 131.5(2) 
C(32)-Si(4)-U(1) 120.7(2) 
C(33)-Si(4)-U(1) 70.17(18) 
N(4)-Si(5)-C(36) 115.4(3) 
N(4)-Si(5)-C(34) 110.2(2) 
C(36)-Si(5)-C(34) 105.9(3) 
N(4)-Si(5)-C(35) 113.1(3) 
C(36)-Si(5)-C(35) 104.9(3) 
C(34)-Si(5)-C(35) 106.7(3) 
N(4)-Si(6)-C(39) 110.2(2) 
N(4)-Si(6)-C(37) 115.1(2) 
C(39)-Si(6)-C(37) 104.8(3) 
N(4)-Si(6)-C(38) 113.0(2) 
C(39)-Si(6)-C(38) 107.9(3) 
C(37)-Si(6)-C(38) 105.3(3) 
C(4)-O(1)-C(7) 117.1(4) 
C(11)-O(2)-C(14) 117.4(5) 
C(18)-O(3)-C(21) 117.6(4) 
P(1)-O(4)-U(1) 174.2(2) 
Si(1)-N(2)-Si(2) 118.9(2) 
Si(1)-N(2)-U(1) 115.4(2) 
Si(2)-N(2)-U(1) 125.4(2) 
Si(3)-N(3)-Si(4) 123.0(2) 
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Si(3)-N(3)-U(1) 122.2(2) 
Si(4)-N(3)-U(1) 114.71(19) 
Si(5)-N(4)-Si(6) 119.8(2) 
Si(5)-N(4)-U(1) 118.4(2) 
Si(6)-N(4)-U(1) 121.6(2) 
C(2)-C(1)-C(6) 118.4(4) 
C(2)-C(1)-P(1) 120.2(4) 
C(6)-C(1)-P(1) 121.3(4) 
C(1)-C(2)-C(3) 121.3(5) 
C(1)-C(2)-H(2) 119.3 
C(3)-C(2)-H(2) 119.3 
C(4)-C(3)-C(2) 119.5(5) 
C(4)-C(3)-H(3) 120.3 
C(2)-C(3)-H(3) 120.3 
O(1)-C(4)-C(3) 125.0(5) 
O(1)-C(4)-C(5) 115.1(4) 
C(3)-C(4)-C(5) 119.9(5) 
C(6)-C(5)-C(4) 120.3(5) 
C(6)-C(5)-H(5) 119.9 
C(4)-C(5)-H(5) 119.9 
C(5)-C(6)-C(1) 120.7(5) 
C(5)-C(6)-H(6) 119.7 
C(1)-C(6)-H(6) 119.7 
O(1)-C(7)-H(7A) 109.4 
O(1)-C(7)-H(7B) 109.6 
H(7A)-C(7)-H(7B) 109.5 
O(1)-C(7)-H(7C) 109.4 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(13)-C(8)-C(9) 118.7(4) 
C(13)-C(8)-P(1) 122.4(4) 
C(9)-C(8)-P(1) 118.9(4) 
C(10)-C(9)-C(8) 121.0(5) 
C(10)-C(9)-H(9) 119.5 
C(8)-C(9)-H(9) 119.5 
C(9)-C(10)-C(11) 119.6(5) 
C(9)-C(10)-H(10) 120.2 
C(11)-C(10)-H(10) 120.2 
O(2)-C(11)-C(12) 124.9(5) 
O(2)-C(11)-C(10) 114.7(5) 
C(12)-C(11)-C(10) 120.4(5) 
C(11)-C(12)-C(13) 119.7(5) 

C(11)-C(12)-H(12) 120.1 
C(13)-C(12)-H(12) 120.1 
C(8)-C(13)-C(12) 120.6(5) 
C(8)-C(13)-H(13) 119.7 
C(12)-C(13)-H(13) 119.7 
O(2)-C(14)-H(14A) 109.6 
O(2)-C(14)-H(14B) 109.4 
H(14A)-C(14)-H(14B) 109.5 
O(2)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(16)-C(15)-C(20) 118.9(4) 
C(16)-C(15)-P(1) 119.8(4) 
C(20)-C(15)-P(1) 121.3(4) 
C(17)-C(16)-C(15) 120.6(5) 
C(17)-C(16)-H(16) 119.7 
C(15)-C(16)-H(16) 119.7 
C(16)-C(17)-C(18) 120.0(5) 
C(16)-C(17)-H(17) 120.0 
C(18)-C(17)-H(17) 120.0 
O(3)-C(18)-C(19) 124.5(5) 
O(3)-C(18)-C(17) 115.3(4) 
C(19)-C(18)-C(17) 120.2(5) 
C(18)-C(19)-C(20) 119.4(5) 
C(18)-C(19)-H(19) 120.3 
C(20)-C(19)-H(19) 120.3 
C(19)-C(20)-C(15) 120.9(5) 
C(19)-C(20)-H(20) 119.6 
C(15)-C(20)-H(20) 119.6 
O(3)-C(21)-H(21A) 109.5 
O(3)-C(21)-H(21B) 109.6 
H(21A)-C(21)-H(21B) 109.5 
O(3)-C(21)-H(21C) 109.3 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
Si(1)-C(22)-H(22A) 109.6 
Si(1)-C(22)-H(22B) 109.4 
H(22A)-C(22)-H(22B) 109.5 
Si(1)-C(22)-H(22C) 109.4 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
Si(1)-C(23)-H(23A) 109.5 
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Si(1)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
Si(1)-C(23)-H(23C) 109.4 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
Si(1)-C(24)-H(24A) 109.5 
Si(1)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
Si(1)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
Si(2)-C(25)-H(25A) 109.4 
Si(2)-C(25)-H(25B) 109.5 
H(25A)-C(25)-H(25B) 109.5 
Si(2)-C(25)-H(25C) 109.5 
H(25A)-C(25)-H(25C) 109.5 
H(25B)-C(25)-H(25C) 109.5 
Si(2)-C(26)-H(26A) 109.4 
Si(2)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
Si(2)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
Si(2)-C(27)-H(27A) 109.7 
Si(2)-C(27)-H(27B) 109.4 
H(27A)-C(27)-H(27B) 109.5 
Si(2)-C(27)-H(27C) 109.3 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
Si(3)-C(28)-H(28A) 109.4 
Si(3)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
Si(3)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
Si(3)-C(29)-H(29A) 109.5 
Si(3)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
Si(3)-C(29)-H(29C) 109.4 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
Si(3)-C(30)-H(30A) 109.5 

Si(3)-C(30)-H(30B) 109.4 
H(30A)-C(30)-H(30B) 109.5 
Si(3)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
Si(4)-C(31)-H(31A) 109.4 
Si(4)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
Si(4)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
Si(4)-C(32)-H(32A) 109.5 
Si(4)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
Si(4)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
Si(4)-C(33)-H(33A) 109.5 
Si(4)-C(33)-H(33B) 109.5 
H(33A)-C(33)-H(33B) 109.5 
Si(4)-C(33)-H(33C) 109.5 
H(33A)-C(33)-H(33C) 109.5 
H(33B)-C(33)-H(33C) 109.5 
Si(5)-C(34)-H(34A) 109.4 
Si(5)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
Si(5)-C(34)-H(34C) 109.5 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
Si(5)-C(35)-H(35A) 109.6 
Si(5)-C(35)-H(35B) 109.4 
H(35A)-C(35)-H(35B) 109.5 
Si(5)-C(35)-H(35C) 109.5 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
Si(5)-C(36)-H(36A) 109.5 
Si(5)-C(36)-H(36B) 109.5 
H(36A)-C(36)-H(36B) 109.5 
Si(5)-C(36)-H(36C) 109.4 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 
Si(6)-C(37)-H(37A) 109.4 
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Si(6)-C(37)-H(37B) 109.5 
H(37A)-C(37)-H(37B) 109.5 
Si(6)-C(37)-H(37C) 109.5 
H(37A)-C(37)-H(37C) 109.5 
H(37B)-C(37)-H(37C) 109.5 
Si(6)-C(38)-H(38A) 109.4 
Si(6)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
Si(6)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
Si(6)-C(39)-H(39A) 109.5 
Si(6)-C(39)-H(39B) 109.4 
H(39A)-C(39)-H(39B) 109.5 
Si(6)-C(39)-H(39C) 109.5 
H(39A)-C(39)-H(39C) 109.5 
H(39B)-C(39)-H(39C) 109.5



______________________________________________________________  
 

Table 4.  Anisotropic displacement parameters (Å2x 103) for SBY-2-005.  The 
anisotropic displacement factor exponent takes the form: 

-2 p2[ h2 a*2 U11 + ... + 2 h k a* b* U12] 

______________________________________________________________  
 U11 U22  U33 U23 U13 U12 

______________________________________________________________  

 
U(1) 21(1)  21(1) 15(1)  0(1) 2(1)  1(1) 
P(1) 20(1)  21(1) 16(1)  0(1) -2(1)  -2(1) 
Si(1) 27(1)  27(1) 18(1)  -4(1) -1(1)  2(1) 
Si(2) 25(1)  27(1) 31(1)  -2(1) 4(1)  -2(1) 
Si(3) 28(1)  27(1) 17(1)  0(1) 5(1)  -3(1) 
Si(4) 24(1)  26(1) 26(1)  -1(1) 4(1)  4(1) 
Si(5) 27(1)  31(1) 24(1)  6(1) 0(1)  -5(1) 
Si(6) 28(1)  35(1) 18(1)  5(1) 4(1)  0(1) 
O(1) 40(2)  24(2) 34(2)  4(2) 0(2)  -5(2) 
O(2) 48(2)  50(2) 22(2)  -9(2) -2(2)  -21(2) 
O(3) 27(2)  42(2) 35(2)  1(2) 9(2)  8(2) 
O(4) 19(2)  24(2) 19(2)  -1(1) -2(1)  1(1) 
N(2) 26(2)  24(2) 17(2)  1(2) 1(2)  -1(2) 
N(3) 24(2)  21(2) 18(2)  -2(2) 3(2)  -1(2) 
N(4) 23(2)  31(2) 18(2)  5(2) 3(2)  1(2) 
C(1) 21(2)  23(2) 18(2)  -2(2) 1(2)  -2(2) 
C(2) 26(2)  28(2) 19(2)  2(2) 0(2)  -2(2) 
C(3) 25(2)  27(2) 26(2)  -1(2) 0(2)  -6(2) 
C(4) 30(3)  23(2) 23(2)  0(2) 6(2)  1(2) 
C(5) 31(3)  28(3) 20(2)  4(2) -2(2)  0(2) 
C(6) 27(2)  26(2) 21(2)  -1(2) -4(2)  -1(2) 
C(7) 42(3)  28(3) 47(4)  3(3) 6(3)  -9(2) 
C(8) 25(2)  23(2) 15(2)  1(2) -3(2)  -5(2) 
C(9) 26(3)  38(3) 25(3)  -7(2) 0(2)  -8(2) 
C(10) 33(3)  42(3) 24(3)  -10(2) 3(2)  -13(2) 
C(11) 42(3)  28(3) 21(2)  -1(2) -7(2)  -10(2) 
C(12) 34(3)  44(3) 24(3)  -4(2) -1(2)  -18(2) 
C(13) 31(3)  32(3) 20(2)  -1(2) -1(2)  -11(2) 
C(14) 63(4)  72(5) 31(3)  -11(3) -7(3)  -40(4) 
C(15) 23(2)  21(2) 19(2)  -1(2) 0(2)  -2(2) 
C(16) 24(2)  26(2) 23(2)  3(2) 1(2)  3(2) 
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C(17) 27(3)  32(3) 24(2)  7(2) 3(2)  1(2) 
C(18) 24(2)  28(3) 25(2)  -3(2) 4(2)  -2(2) 
C(19) 25(2)  30(3) 29(3)  2(2) 4(2)  8(2) 
C(20) 26(2)  30(3) 23(2)  6(2) -2(2)  1(2) 
C(21) 34(3)  69(5) 43(4)  2(3) 13(3)  19(3) 
C(22) 31(3)  34(3) 28(3)  -4(2) 2(2)  3(2) 
C(23) 37(3)  29(3) 29(3)  -6(2) -5(2)  2(2) 
C(24) 44(3)  38(3) 23(3)  -7(2) 2(2)  0(3) 
C(25) 33(3)  34(3) 37(3)  -8(2) 0(2)  -3(2) 
C(26) 29(3)  58(4) 106(7)  36(4) -17(4)  -2(3) 
C(27) 42(4)  98(6) 81(6)  -56(5) 34(4)  -34(4) 
C(28) 35(3)  31(3) 29(3)  6(2) 7(2)  -1(2) 
C(29) 39(3)  36(3) 25(3)  1(2) 13(2)  0(2) 
C(30) 46(3)  40(3) 19(2)  0(2) 0(2)  -9(3) 
C(31) 31(3)  58(4) 43(3)  13(3) 9(3)  10(3) 
C(32) 53(4)  27(3) 56(4)  -9(3) 4(3)  6(3) 
C(33) 29(3)  46(3) 31(3)  7(2) 3(2)  6(2) 
C(34) 50(4)  35(3) 28(3)  3(2) -5(2)  -12(3) 
C(35) 28(3)  52(4) 42(3)  13(3) -2(2)  -10(3) 
C(36) 42(3)  35(3) 42(3)  4(3) 2(3)  -2(3) 
C(37) 45(3)  46(3) 25(3)  13(2) 3(2)  1(3) 
C(38) 41(3)  57(4) 31(3)  9(3) 11(3)  10(3) 
C(39) 40(3)  47(3) 21(3)  5(2) -2(2)  -2(3) 

______________________________________________________________  

 

Table 5.  Hydrogen coordinates and isotropic displacement parameters for SBY-2-

005. 

______________________________________________________________  

 x  y  z  U(eq) 

______________________________________________________________  
  
H(2) 0.254386 0.589032 0.683164 0.029 
H(3) 0.223594 0.432184 0.711386 0.031 
H(5) 0.404437 0.448650 0.837987 0.032 
H(6) 0.435245 0.604519 0.809399 0.030 
H(7A) 0.186827 0.306097 0.766431 0.059 
H(7B) 0.239097 0.211847 0.783471 0.059 
H(7C) 0.257787 0.268517 0.724901 0.059 
H(9) 0.307637 0.774653 0.824858 0.036 
H(10) 0.352975 0.854853 0.908655 0.040 
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H(12) 0.573898 0.910502 0.835448 0.041 
H(13) 0.528378 0.828836 0.751154 0.033 
H(14A) 0.611675 0.922319 0.931764 0.083 
H(14B) 0.577755 0.999309 0.976793 0.083 
H(14C) 0.577055 1.023689 0.908912 0.083 
H(16) 0.420850 0.821511 0.611426 0.030 
H(17) 0.526348 0.803286 0.545785 0.033 
H(19) 0.630820 0.593244 0.646350 0.033 
H(20) 0.522428 0.609236 0.711037 0.032 
H(21A) 0.746245 0.649344 0.595212 0.073 
H(21B) 0.754585 0.633294 0.526882 0.073 
H(21C) 0.697375 0.563034 0.563392 0.073 
H(22A) 0.293651 0.740474 0.547324 0.047 
H(22B) 0.319271 0.635974 0.525234 0.047 
H(22C) 0.310061 0.655684 0.593144 0.047 
H(23A) 0.153196 0.511575 0.617888 0.048 
H(23B) 0.224096 0.478855 0.574898 0.048 
H(23C) 0.128116 0.472855 0.554298 0.048 
H(24A) 0.091637 0.615085 0.460603 0.052 
H(24B) 0.184107 0.577175 0.450613 0.052 
H(24C) 0.164837 0.689865 0.448913 0.052 
H(25A) -0.010372 0.563058 0.528424 0.052 
H(25B) -0.089762 0.583488 0.566734 0.052 
H(25C) -0.006622 0.539948 0.596494 0.052 
H(26A) -0.032931 0.848585 0.531373 0.097 
H(26B) -0.100111 0.765303 0.519923 0.097 
H(26C) -0.015061 0.765173 0.485673 0.097 
H(27A) -0.011198 0.699499 0.682980 0.110 
H(27B) -0.096348 0.728139 0.649330 0.110 
H(27C) -0.025208 0.807099 0.660370 0.110 
H(28A) 0.091486 0.726850 0.758133 0.047 
H(28B) 0.141586 0.752520 0.817282 0.047 
H(28C) 0.188206 0.754110 0.756982 0.047 
H(29A) -0.012694 0.977837 0.800514 0.050 
H(29B) 0.007346 0.885917 0.840224 0.050 
H(29C) -0.038414 0.872947 0.777974 0.050 
H(30A) 0.238844 0.963768 0.796178 0.052 
H(30B) 0.181424 0.952038 0.851178 0.052 
H(30C) 0.166493 1.039908 0.807318 0.052 
H(31A) -0.086821 0.949224 0.658908 0.065 
H(31B) -0.094581 1.063264 0.652278 0.065 
H(31C) -0.078081 1.016554 0.715058 0.065 
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H(32A) 0.075639 1.144078 0.733170 0.068 
H(32B) 0.048389 1.190448 0.671900 0.068 
H(32C) 0.141169 1.150858 0.682510 0.068 
H(33A) 0.119226 1.038341 0.574714 0.053 
H(33B) 0.022786 1.064281 0.564574 0.053 
H(33C) 0.051616 0.954391 0.567824 0.053 
H(34A) 0.273689 1.012348 0.698891 0.057 
H(34B) 0.350879 1.084558 0.705771 0.057 
H(34C) 0.366839 0.972598 0.695211 0.057 
H(35A) 0.466944 0.996503 0.593963 0.061 
H(35B) 0.464144 1.110824 0.600513 0.061 
H(35C) 0.438154 1.061773 0.539783 0.061 
H(36A) 0.285353 1.189870 0.553269 0.059 
H(36B) 0.316473 1.217730 0.617779 0.059 
H(36C) 0.225223 1.174060 0.606449 0.059 
H(37A) 0.217621 1.110182 0.472096 0.059 
H(37B) 0.257021 1.062192 0.416186 0.059 
H(37C) 0.316601 1.105712 0.466636 0.059 
H(38A) 0.408646 0.916066 0.479030 0.065 
H(38B) 0.352656 0.888606 0.422730 0.065 
H(38C) 0.355266 0.819046 0.478040 0.065 
H(39A) 0.156456 0.836959 0.495424 0.054 
H(39B) 0.174916 0.867529 0.430154 0.054 
H(39C) 0.121596 0.936659 0.470114 0.054 
______________________________________________________________  
 
 
Table 6.  Torsion angles [°] for SBY-2-005 
 
C(22)-Si(1)-N(2)-Si(2) 176.3(3) 
C(24)-Si(1)-N(2)-Si(2) 58.5(3) 
C(23)-Si(1)-N(2)-Si(2) -65.5(3) 
C(22)-Si(1)-N(2)-U(1) 1.3(3) 
C(24)-Si(1)-N(2)-U(1) -116.5(3) 
C(23)-Si(1)-N(2)-U(1) 119.5(2) 
C(27)-Si(2)-N(2)-Si(1) 142.7(4) 
C(25)-Si(2)-N(2)-Si(1) 24.3(4) 
C(26)-Si(2)-N(2)-Si(1) -93.6(4) 
C(27)-Si(2)-N(2)-U(1) -42.9(4) 
C(25)-Si(2)-N(2)-U(1) -161.3(3) 
C(26)-Si(2)-N(2)-U(1) 80.8(4) 
C(29)-Si(3)-N(3)-Si(4) 36.2(4) 
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C(28)-Si(3)-N(3)-Si(4) 154.1(3) 
C(30)-Si(3)-N(3)-Si(4) -84.9(3) 
C(29)-Si(3)-N(3)-U(1) -146.7(3) 
C(28)-Si(3)-N(3)-U(1) -28.9(3) 
C(30)-Si(3)-N(3)-U(1) 92.1(3) 
C(31)-Si(4)-N(3)-Si(3) -57.6(4) 
C(32)-Si(4)-N(3)-Si(3) 66.3(4) 
C(33)-Si(4)-N(3)-Si(3) -175.6(3) 
U(1)-Si(4)-N(3)-Si(3) 177.2(4) 
C(31)-Si(4)-N(3)-U(1) 125.2(3) 
C(32)-Si(4)-N(3)-U(1) -110.9(3) 
C(33)-Si(4)-N(3)-U(1) 7.2(3) 
C(36)-Si(5)-N(4)-Si(6) 66.8(4) 
C(34)-Si(5)-N(4)-Si(6) -173.4(3) 
C(35)-Si(5)-N(4)-Si(6) -54.1(4) 
C(36)-Si(5)-N(4)-U(1) -109.3(3) 
C(34)-Si(5)-N(4)-U(1) 10.5(3) 
C(35)-Si(5)-N(4)-U(1) 129.8(3) 
C(39)-Si(6)-N(4)-Si(5) -153.4(3) 
C(37)-Si(6)-N(4)-Si(5) -35.2(4) 
C(38)-Si(6)-N(4)-Si(5) 85.9(4) 
C(39)-Si(6)-N(4)-U(1) 22.6(3) 
C(37)-Si(6)-N(4)-U(1) 140.8(3) 
C(38)-Si(6)-N(4)-U(1) -98.2(3) 
O(4)-P(1)-C(1)-C(2) 27.0(5) 
C(8)-P(1)-C(1)-C(2) 150.0(4) 
C(15)-P(1)-C(1)-C(2) -93.7(4) 
O(4)-P(1)-C(1)-C(6) -155.5(4) 
C(8)-P(1)-C(1)-C(6) -32.4(5) 
C(15)-P(1)-C(1)-C(6) 83.8(4) 
C(6)-C(1)-C(2)-C(3) -1.8(7) 
P(1)-C(1)-C(2)-C(3) 175.8(4) 
C(1)-C(2)-C(3)-C(4) 0.5(7) 
C(7)-O(1)-C(4)-C(3) 2.2(7) 
C(7)-O(1)-C(4)-C(5) -176.5(5) 
C(2)-C(3)-C(4)-O(1) -177.6(5) 
C(2)-C(3)-C(4)-C(5) 1.1(7) 
O(1)-C(4)-C(5)-C(6) 177.6(5) 
C(3)-C(4)-C(5)-C(6) -1.2(8) 
C(4)-C(5)-C(6)-C(1) -0.1(8) 
C(2)-C(1)-C(6)-C(5) 1.6(7) 
P(1)-C(1)-C(6)-C(5) -176.0(4) 
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O(4)-P(1)-C(8)-C(13) -116.0(4) 
C(1)-P(1)-C(8)-C(13) 122.2(4) 
C(15)-P(1)-C(8)-C(13) 6.2(5) 
O(4)-P(1)-C(8)-C(9) 65.9(5) 
C(1)-P(1)-C(8)-C(9) -55.9(5) 
C(15)-P(1)-C(8)-C(9) -171.9(4) 
C(13)-C(8)-C(9)-C(10) 0.2(8) 
P(1)-C(8)-C(9)-C(10) 178.4(4) 
C(8)-C(9)-C(10)-C(11) -0.5(9) 
C(14)-O(2)-C(11)-C(12) -2.1(9) 
C(14)-O(2)-C(11)-C(10) 178.3(6) 
C(9)-C(10)-C(11)-O(2) -179.4(5) 
C(9)-C(10)-C(11)-C(12) 1.0(9) 
O(2)-C(11)-C(12)-C(13) 179.3(5) 
C(10)-C(11)-C(12)-C(13) -1.1(9) 
C(9)-C(8)-C(13)-C(12) -0.4(8) 
P(1)-C(8)-C(13)-C(12) -178.6(4) 
C(11)-C(12)-C(13)-C(8) 0.9(9) 
O(4)-P(1)-C(15)-C(16) 20.9(5) 
C(8)-P(1)-C(15)-C(16) -103.2(4) 
C(1)-P(1)-C(15)-C(16) 142.5(4) 
O(4)-P(1)-C(15)-C(20) -158.8(4) 
C(8)-P(1)-C(15)-C(20) 77.1(4) 
C(1)-P(1)-C(15)-C(20) -37.2(5) 
C(20)-C(15)-C(16)-C(17) 1.2(7) 
P(1)-C(15)-C(16)-C(17) -178.5(4) 
C(15)-C(16)-C(17)-C(18) -1.1(8) 
C(21)-O(3)-C(18)-C(19) -7.2(8) 
C(21)-O(3)-C(18)-C(17) 174.1(5) 
C(16)-C(17)-C(18)-O(3) 178.9(5) 
C(16)-C(17)-C(18)-C(19) 0.1(8) 
O(3)-C(18)-C(19)-C(20) -177.9(5) 
C(17)-C(18)-C(19)-C(20) 0.7(8) 
C(18)-C(19)-C(20)-C(15) -0.6(8) 
C(16)-C(15)-C(20)-C(19) -0.3(7) 
P(1)-C(15)-C(20)-C(19) 179.4(4) 
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Table 1.  Crystal data and structure refinement for SBY-3-043. 

 

Empirical formula  (C42 H42 Cl4 O4 P2 U)  4(C6 D6) 

 C66 H42 Cl4 D24 O8 P2 U 

Formula weight  1453.10 

Crystal system  monoclinic 

Space group  P2/c 

Unit cell dimensions  a = 12.7103(16) Å a= 90° 

    b = 10.3892(13) Å b= 104.719(2)° 

    c = 24.619(3) Å c= 90° 

Volume 3144.3(7) Å3 

Z, Z' 2, 0.5 

Density (calculated) 1.535 Mg/m3 

Wavelength  0.71073 Å 

Temperature  100(2) K 

F(000) 1432 

Absorption coefficient 2.856 mm-1 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.4305 and 0.3455 

Theta range for data collection 1.657 to 27.549° 

Reflections collected 29583 

Independent reflections 7241 [R(int) = 0.0422] 

Data / restraints / parameters 7241 / 106 / 370 

wR(F2 all data) wR2 = 0.0755 

R(F obsd data) R1 = 0.0307 

Goodness-of-fit on F2 1.004 
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Observed data [I > 2s(I)] 6353 

Largest and mean shift / s.u. 0.002 and 0.000 

Largest diff. peak and hole 1.302 and -0.611 e/Å3  

----------  

wR2 = { S [w(Fo2 - Fc2)2] / S [w(Fo 2)2] }1/2  

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

 

Table 2.  Atomic coordinates and equivalent isotropic displacement parameters for 

SBY-3-043.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________    

 x y z U(eq) 

______________________________________________________________  

 

U(1) 1.000000 0.95835(2) 0.250000 0.01802(6) 

Cl(1) 0.91764(7) 1.13278(8) 0.30368(4) 0.03225(19) 

Cl(2) 0.82367(7) 0.94388(8) 0.16723(4) 0.02924(18) 

P(1) 0.86538(6) 0.68280(7) 0.30374(3) 0.01786(16) 

O(1) 0.92839(16) 0.80059(19) 0.29264(9) 0.0202(4) 

O(2) 0.70325(19) 0.3646(2) 0.10027(10) 0.0277(5) 

O(3) 1.13581(19) 0.3852(2) 0.49416(10) 0.0291(5) 

C(1) 0.8207(2) 0.5819(3) 0.24354(14) 0.0192(6) 

C(2) 0.7404(2) 0.6292(3) 0.19780(13) 0.0215(6) 

C(3) 0.7036(3) 0.5549(3) 0.15075(14) 0.0230(7) 

C(4) 0.7458(2) 0.4300(3) 0.14859(14) 0.0210(6) 

O(4) 0.47242(18) 0.8378(2) 0.37609(11) 0.0304(5) 

C(5) 0.8254(2) 0.3823(3) 0.19355(14) 0.0230(7) 
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C(6) 0.8624(2) 0.4585(3) 0.24063(14) 0.0216(6) 

C(7) 0.9491(2) 0.5925(3) 0.36009(13) 0.0190(6) 

C(8) 1.0515(2) 0.6374(3) 0.38715(13) 0.0198(6) 

C(9) 1.1165(3) 0.5707(3) 0.43244(14) 0.0226(7) 

C(10) 1.0781(3) 0.4579(3) 0.45062(14) 0.0240(6) 

C(11) 0.9748(3) 0.4124(3) 0.42405(14) 0.0261(7) 

C(12) 0.9105(3) 0.4785(3) 0.37921(14) 0.0242(7) 

C(13) 0.7456(2) 0.7337(3) 0.32326(13) 0.0198(6) 

C(14) 0.7423(3) 0.8550(3) 0.34692(14) 0.0245(7) 

C(15) 0.6526(3) 0.8924(3) 0.36509(15) 0.0274(7) 

C(16) 0.5646(2) 0.8098(3) 0.35939(14) 0.0230(7) 

C(17) 0.5671(3) 0.6881(3) 0.33571(14) 0.0253(7) 

C(18) 0.6572(3) 0.6511(3) 0.31788(14) 0.0238(7) 

C(19) 0.7369(3) 0.2335(3) 0.09838(17) 0.0352(8) 

C(20) 1.2409(3) 0.4296(3) 0.52396(15) 0.0308(8) 

C(21) 0.4665(3) 0.9642(4) 0.39951(18) 0.0359(8) 

C(1A) 0.3830(2) 0.2425(3) -0.00100(15) 0.0456(10) 

D(1A) 0.408474 0.245791 -0.034073 0.055 

C(2A) 0.4402(3) 0.3035(3) 0.04697(17) 0.0598(14) 

D(2A) 0.505106 0.348834 0.047048 0.072 

C(3A) 0.4034(3) 0.2989(3) 0.09484(16) 0.0610(14) 

D(3A) 0.442876 0.340980 0.128050 0.073 

C(4A) 0.3094(3) 0.2335(3) 0.09450(14) 0.0530(12) 

D(4A) 0.283761 0.230454 0.127503 0.064 

C(5A) 0.2525(3) 0.1724(3) 0.04660(13) 0.0390(9) 

D(5A) 0.187500 0.127070 0.046521 0.047 
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C(6A) 0.2892(2) 0.1767(3) -0.00117(13) 0.0379(9) 

D(6A) 0.249857 0.134352 -0.034312 0.045 

C(1B) 0.500000 1.3476(6) 0.250000 0.064(2) 

D(1B) 0.500000 1.439070 0.250000 0.077 

C(2B) 0.5910(3) 1.2812(4) 0.24734(13) 0.0618(14) 

D(2B) 0.654711 1.326883 0.245480 0.074 

C(3B) 0.5917(3) 1.1493(4) 0.24730(13) 0.081(2) 

D(3B) 0.655624 1.104187 0.245409 0.097 

C(4B) 0.500000 1.0824(6) 0.250000 0.079(2) 

D(4B) 0.500000 0.990923 0.250000 0.095 

C(1C) 1.0407(2) 0.1147(3) 0.52522(15) 0.0334(8) 

D(1C) 1.068738 0.193660 0.542396 0.040 

C(2C) 0.9884(2) 0.0306(3) 0.55267(14) 0.0332(8) 

D(2C) 0.980359 0.051546 0.588958 0.040 

C(3C) 0.9479(2) -0.0833(3) 0.52784(15) 0.0337(8) 

D(3C) 0.911833 -0.141091 0.547007 0.040 

______________________________________________________________  

 

Table 3.  Bond lengths [Å] and angles [°] for SBY-3-043. 

______________________________________________________________  

 

U(1)-O(1)  2.259(2) 

U(1)-Cl(1)  2.6133(8) 

U(1)-Cl(2)  2.6225(8) 

P(1)-O(1)  1.525(2) 

P(1)-C(7)  1.785(3) 

P(1)-C(1)  1.786(3) 

P(1)-C(13)  1.789(3) 

O(2)-C(4)  1.357(4) 

O(2)-C(19)  1.431(4) 

O(3)-C(10)  1.363(4) 
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O(3)-C(20)  1.427(4) 

C(1)-C(6)  1.396(4) 

C(1)-C(2)  1.403(4) 

C(2)-C(3)  1.371(4) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.410(4) 

C(3)-H(3)  0.9500 

C(4)-C(5)  1.387(4) 

O(4)-C(16)  1.368(4) 

O(4)-C(21)  1.444(4) 

C(5)-C(6)  1.384(4) 

C(5)-H(5)  0.9500 

C(6)-H(6)  0.9500 

C(7)-C(8)  1.384(4) 

C(7)-C(12)  1.408(4) 

C(8)-C(9)  1.392(4) 

C(8)-H(8)  0.9500 

C(9)-C(10)  1.387(4) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.392(5) 

C(11)-C(12)  1.378(5) 

C(11)-H(11)  0.9500 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.393(4) 

C(13)-C(18)  1.393(4) 

C(14)-C(15)  1.382(4) 

C(14)-H(14)  0.9500 

C(15)-C(16)  1.388(4) 

C(15)-H(15)  0.9500 

C(16)-C(17)  1.396(5) 

C(17)-C(18)  1.381(4) 

C(17)-H(17)  0.9500 

C(18)-H(18)  0.9500 

C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-H(20A)  0.9800 

C(20)-H(20B)  0.9800 

C(20)-H(20C)  0.9800 

C(21)-H(21A)  0.9800 

C(21)-H(21B)  0.9800 

C(21)-H(21C)  0.9800 

C(1A)-C(6A)  1.373(3) 

C(1A)-C(2A)  1.374(3) 

C(1A)-D(1A)  0.9500 

C(2A)-C(3A)  1.375(3) 

C(2A)-D(2A)  0.9500 

C(3A)-C(4A)  1.372(3) 

C(3A)-D(3A)  0.9500 

C(4A)-C(5A)  1.372(3) 

C(4A)-D(4A)  0.9500 

C(5A)-C(6A)  1.372(3) 
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C(5A)-D(5A)  0.9500 

C(6A)-D(6A)  0.9500 

C(1B)-C(2B)#2  1.362(3) 

C(1B)-C(2B)  1.362(3) 

C(1B)-D(1B)  0.9500 

C(2B)-C(3B)  1.370(3) 

C(2B)-D(2B)  0.9500 

C(3B)-C(4B)  1.373(3) 

C(3B)-D(3B)  0.9500 

C(4B)-D(4B)  0.9500 

C(1C)-C(2C)  1.374(3) 

C(1C)-C(3C)#3  1.389(5) 

C(1C)-D(1C)  0.9500 

C(2C)-C(3C)  1.372(3) 

C(2C)-D(2C)  0.9500 

C(3C)-D(3C)  0.9500 

 

O(1)-U(1)-O(1)#1 86.96(11) 

O(1)-U(1)-Cl(1)#1 177.04(6) 

O(1)#1-U(1)-Cl(1)#1 90.44(6) 

O(1)-U(1)-Cl(1) 90.44(6) 

O(1)#1-U(1)-Cl(1) 177.04(6) 

Cl(1)#1-U(1)-Cl(1) 92.19(4) 

O(1)-U(1)-Cl(2) 87.35(6) 

O(1)#1-U(1)-Cl(2) 87.88(6) 

Cl(1)#1-U(1)-Cl(2) 91.14(3) 

Cl(1)-U(1)-Cl(2) 93.42(3) 

O(1)-U(1)-Cl(2)#1 87.88(6) 

O(1)#1-U(1)-Cl(2)#1 87.35(6) 

Cl(1)#1-U(1)-Cl(2)#1 93.42(3) 

Cl(1)-U(1)-Cl(2)#1 91.14(3) 

Cl(2)-U(1)-Cl(2)#1 173.43(4) 

O(1)-P(1)-C(7) 108.94(13) 

O(1)-P(1)-C(1) 113.13(14) 

C(7)-P(1)-C(1) 109.72(14) 

O(1)-P(1)-C(13) 109.41(13) 

C(7)-P(1)-C(13) 109.08(15) 

C(1)-P(1)-C(13) 106.49(14) 

P(1)-O(1)-U(1) 163.28(14) 

C(4)-O(2)-C(19) 116.7(3) 

C(10)-O(3)-C(20) 118.1(3) 

C(6)-C(1)-C(2) 119.2(3) 

C(6)-C(1)-P(1) 122.5(2) 

C(2)-C(1)-P(1) 118.3(2) 

C(3)-C(2)-C(1) 120.2(3) 

C(3)-C(2)-H(2) 119.9 

C(1)-C(2)-H(2) 119.9 

C(2)-C(3)-C(4) 119.9(3) 

C(2)-C(3)-H(3) 120.0 

C(4)-C(3)-H(3) 120.0 

O(2)-C(4)-C(5) 124.6(3) 
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O(2)-C(4)-C(3) 115.0(3) 

C(5)-C(4)-C(3) 120.4(3) 

C(16)-O(4)-C(21) 116.7(3) 

C(6)-C(5)-C(4) 119.2(3) 

C(6)-C(5)-H(5) 120.4 

C(4)-C(5)-H(5) 120.4 

C(5)-C(6)-C(1) 121.1(3) 

C(5)-C(6)-H(6) 119.5 

C(1)-C(6)-H(6) 119.5 

C(8)-C(7)-C(12) 119.2(3) 

C(8)-C(7)-P(1) 119.9(2) 

C(12)-C(7)-P(1) 120.8(2) 

C(7)-C(8)-C(9) 120.8(3) 

C(7)-C(8)-H(8) 119.6 

C(9)-C(8)-H(8) 119.6 

C(10)-C(9)-C(8) 119.6(3) 

C(10)-C(9)-H(9) 120.2 

C(8)-C(9)-H(9) 120.2 

O(3)-C(10)-C(9) 124.0(3) 

O(3)-C(10)-C(11) 115.9(3) 

C(9)-C(10)-C(11) 120.1(3) 

C(12)-C(11)-C(10) 120.3(3) 

C(12)-C(11)-H(11) 119.9 

C(10)-C(11)-H(11) 119.9 

C(11)-C(12)-C(7) 120.0(3) 

C(11)-C(12)-H(12) 120.0 

C(7)-C(12)-H(12) 120.0 

C(14)-C(13)-C(18) 119.2(3) 

C(14)-C(13)-P(1) 119.9(2) 

C(18)-C(13)-P(1) 120.9(2) 

C(15)-C(14)-C(13) 120.3(3) 

C(15)-C(14)-H(14) 119.9 

C(13)-C(14)-H(14) 119.9 

C(14)-C(15)-C(16) 120.2(3) 

C(14)-C(15)-H(15) 119.9 

C(16)-C(15)-H(15) 119.9 

O(4)-C(16)-C(15) 124.5(3) 

O(4)-C(16)-C(17) 115.5(3) 

C(15)-C(16)-C(17) 119.9(3) 

C(18)-C(17)-C(16) 119.6(3) 

C(18)-C(17)-H(17) 120.2 

C(16)-C(17)-H(17) 120.2 

C(17)-C(18)-C(13) 120.8(3) 

C(17)-C(18)-H(18) 119.6 

C(13)-C(18)-H(18) 119.6 

O(2)-C(19)-H(19A) 109.5 

O(2)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

O(2)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 

H(19B)-C(19)-H(19C) 109.5 

O(3)-C(20)-H(20A) 109.5 
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O(3)-C(20)-H(20B) 109.5 

H(20A)-C(20)-H(20B) 109.5 

O(3)-C(20)-H(20C) 109.5 

H(20A)-C(20)-H(20C) 109.5 

H(20B)-C(20)-H(20C) 109.5 

O(4)-C(21)-H(21A) 109.5 

O(4)-C(21)-H(21B) 109.5 

H(21A)-C(21)-H(21B) 109.5 

O(4)-C(21)-H(21C) 109.5 

H(21A)-C(21)-H(21C) 109.5 

H(21B)-C(21)-H(21C) 109.5 

C(6A)-C(1A)-C(2A) 120.1(2) 

C(6A)-C(1A)-D(1A) 120.0 

C(2A)-C(1A)-D(1A) 120.0 

C(1A)-C(2A)-C(3A) 120.0(3) 

C(1A)-C(2A)-D(2A) 120.0 

C(3A)-C(2A)-D(2A) 120.0 

C(4A)-C(3A)-C(2A) 119.8(3) 

C(4A)-C(3A)-D(3A) 120.1 

C(2A)-C(3A)-D(3A) 120.1 

C(3A)-C(4A)-C(5A) 120.2(3) 

C(3A)-C(4A)-D(4A) 119.9 

C(5A)-C(4A)-D(4A) 119.9 

C(6A)-C(5A)-C(4A) 120.1(2) 

C(6A)-C(5A)-D(5A) 120.0 

C(4A)-C(5A)-D(5A) 120.0 

C(5A)-C(6A)-C(1A) 119.9(2) 

C(5A)-C(6A)-D(6A) 120.1 

C(1A)-C(6A)-D(6A) 120.1 

C(2B)#2-C(1B)-C(2B) 119.1(5) 

C(2B)#2-C(1B)-D(1B) 120.4 

C(2B)-C(1B)-D(1B) 120.4 

C(1B)-C(2B)-C(3B) 120.8(3) 

C(1B)-C(2B)-D(2B) 119.6 

C(3B)-C(2B)-D(2B) 119.6 

C(2B)-C(3B)-C(4B) 120.1(3) 

C(2B)-C(3B)-D(3B) 120.0 

C(4B)-C(3B)-D(3B) 120.0 

C(3B)-C(4B)-C(3B)#2 119.1(5) 

C(3B)-C(4B)-D(4B) 120.4 

C(3B)#2-C(4B)-D(4B) 120.4 

C(2C)-C(1C)-C(3C)#3 119.5(3) 

C(2C)-C(1C)-D(1C) 120.2 

C(3C)#3-C(1C)-D(1C) 120.2 

C(3C)-C(2C)-C(1C) 120.2(3) 

C(3C)-C(2C)-D(2C) 119.9 

C(1C)-C(2C)-D(2C) 119.9 

C(2C)-C(3C)-C(1C)#3 120.3(3) 

C(2C)-C(3C)-D(3C) 119.9 

C(1C)#3-C(3C)-D(3C) 119.9 

______________________________________________________________  
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Symmetry transformations used to generate equivalent atoms:  

#1 -x+2, y, -z+1/2    #2 -x+1, y, -z+1/2    #3 -x+2, -y, -z+1       

 

 

Table 4.  Anisotropic displacement parameters (Å2x 103) for SBY-3-043.  The 

anisotropic displacement factor exponent takes the form: 

-2 p2[ h2 a*2 U11 + ... + 2 h k a* b* U12] 

______________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________  

 

U(1) 19(1)  14(1) 22(1)  0 5(1)  0 

Cl(1) 43(1)  23(1) 33(1)  0(1) 15(1)  7(1) 

Cl(2) 25(1)  28(1) 31(1)  3(1) 0(1)  2(1) 

P(1) 15(1)  17(1) 22(1)  2(1) 5(1)  1(1) 

O(1) 16(1)  19(1) 26(1)  2(1) 6(1)  0(1) 

O(2) 31(1)  23(1) 27(1)  -3(1) 4(1)  0(1) 

O(3) 31(1)  25(1) 26(1)  5(1) -4(1)  0(1) 

C(1) 15(1)  18(1) 25(2)  -2(1) 7(1)  -2(1) 

C(2) 19(1)  18(1) 28(2)  1(1) 6(1)  1(1) 

C(3) 20(1)  25(2) 23(2)  5(1) 4(1)  2(1) 

C(4) 19(1)  20(2) 24(2)  0(1) 6(1)  -2(1) 

O(4) 21(1)  32(1) 40(2)  -8(1) 13(1)  1(1) 

C(5) 23(2)  17(1) 31(2)  2(1) 9(1)  2(1) 

C(6) 18(1)  21(1) 25(2)  3(1) 4(1)  3(1) 

C(7) 18(1)  18(1) 21(2)  2(1) 5(1)  2(1) 
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C(8) 20(1)  15(1) 25(2)  -1(1) 7(1)  0(1) 

C(9) 21(2)  21(2) 24(2)  -3(1) 4(1)  -1(1) 

C(10) 26(2)  24(2) 20(2)  1(1) 3(1)  4(1) 

C(11) 28(2)  21(2) 28(2)  5(1) 4(1)  -5(1) 

C(12) 22(2)  22(2) 27(2)  3(1) 3(1)  -5(1) 

C(13) 16(1)  21(2) 21(2)  0(1) 4(1)  -1(1) 

C(14) 20(2)  21(2) 32(2)  -2(1) 7(1)  -2(1) 

C(15) 24(2)  22(2) 36(2)  -8(1) 7(2)  0(1) 

C(16) 15(1)  30(2) 23(2)  0(1) 4(1)  4(1) 

C(17) 20(2)  26(2) 31(2)  -4(1) 8(1)  -5(1) 

C(18) 21(2)  21(2) 29(2)  -4(1) 7(1)  -3(1) 

C(19) 44(2)  24(2) 38(2)  -6(2) 10(2)  0(2) 

C(20) 26(2)  35(2) 25(2)  2(1) -4(1)  1(1) 

C(21) 29(2)  35(2) 47(2)  -12(2) 16(2)  2(2) 

C(1A) 43(2)  38(2) 60(3)  10(2) 19(2)  13(2) 

C(2A) 26(2)  36(2) 109(5)  -1(3) 1(3)  3(2) 

C(3A) 59(3)  40(2) 63(3)  -14(2) -23(3)  18(2) 

C(4A) 76(3)  37(2) 42(3)  7(2) 7(2)  26(2) 

C(5A) 37(2)  29(2) 48(2)  9(2) 5(2)  6(2) 

C(6A) 38(2)  32(2) 37(2)  2(2) -1(2)  8(2) 

C(1B) 74(5)  61(4) 47(4)  0 -6(4)  0 

C(2B) 36(2)  111(5) 40(3)  15(3) 12(2)  -8(3) 

C(3B) 68(3)  130(6) 33(3)  -19(3) -7(2)  62(4) 

C(4B) 95(4)  61(3) 65(4)  0 -6(3)  0 

C(1C) 36(2)  27(2) 37(2)  -1(2) 8(2)  2(2) 

C(2C) 38(2)  32(2) 31(2)  4(2) 12(2)  8(2) 
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C(3C) 35(2)  32(2) 38(2)  10(2) 16(2)  4(2) 

______________________________________________________________  

 

Table 5.  Hydrogen coordinates and isotropic displacement parameters for SBY-3-043. 

______________________________________________________________  

 x  y  z  U(eq) 

______________________________________________________________  

  

H(2) 0.711380 0.712959 0.199422 0.026 

H(3) 0.649862 0.587577 0.119657 0.028 

H(5) 0.854079 0.298295 0.192027 0.028 

H(6) 0.916982 0.426272 0.271468 0.026 

H(8) 1.077790 0.714712 0.374665 0.024 

H(9) 1.186646 0.602311 0.450795 0.027 

H(11) 0.948590 0.335512 0.436877 0.031 

H(12) 0.840042 0.447084 0.361201 0.029 

H(14) 0.801906 0.912324 0.350574 0.029 

H(15) 0.651097 0.974832 0.381540 0.033 

H(17) 0.507225 0.631114 0.331882 0.030 

H(18) 0.658904 0.568331 0.301750 0.029 

H(19A) 0.814810 0.230767 0.100208 0.053 

H(19B) 0.695875 0.193739 0.063292 0.053 

H(19C) 0.723119 0.186394 0.130354 0.053 

H(20A) 1.288800 0.432471 0.498458 0.046 

H(20B) 1.271395 0.370736 0.555092 0.046 

H(20C) 1.234611 0.515977 0.538800 0.046 
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H(21A) 0.524383 0.973436 0.434208 0.054 

H(21B) 0.395614 0.975246 0.407801 0.054 

H(21C) 0.475555 1.029777 0.372434 0.054 

______________________________________________________________  

 

Table 6.  Torsion angles [°] for SBY-3-043. 

___________________________________________________________________  

 

C(7)-P(1)-O(1)-U(1) 137.5(4) 

C(1)-P(1)-O(1)-U(1) 15.2(5) 

C(13)-P(1)-O(1)-U(1) -103.4(4) 

O(1)-P(1)-C(1)-C(6) 112.3(3) 

C(7)-P(1)-C(1)-C(6) -9.6(3) 

C(13)-P(1)-C(1)-C(6) -127.5(3) 

O(1)-P(1)-C(1)-C(2) -68.1(3) 

C(7)-P(1)-C(1)-C(2) 170.1(2) 

C(13)-P(1)-C(1)-C(2) 52.2(3) 

C(6)-C(1)-C(2)-C(3) -0.2(5) 

P(1)-C(1)-C(2)-C(3) -179.9(2) 

C(1)-C(2)-C(3)-C(4) 0.8(5) 

C(19)-O(2)-C(4)-C(5) 5.7(4) 

C(19)-O(2)-C(4)-C(3) -174.7(3) 

C(2)-C(3)-C(4)-O(2) 179.6(3) 

C(2)-C(3)-C(4)-C(5) -0.8(5) 

O(2)-C(4)-C(5)-C(6) 179.9(3) 

C(3)-C(4)-C(5)-C(6) 0.4(5) 

C(4)-C(5)-C(6)-C(1) 0.2(5) 

C(2)-C(1)-C(6)-C(5) -0.3(5) 

P(1)-C(1)-C(6)-C(5) 179.4(2) 

O(1)-P(1)-C(7)-C(8) 2.6(3) 

C(1)-P(1)-C(7)-C(8) 127.0(3) 

C(13)-P(1)-C(7)-C(8) -116.7(3) 

O(1)-P(1)-C(7)-C(12) 179.8(3) 

C(1)-P(1)-C(7)-C(12) -55.9(3) 

C(13)-P(1)-C(7)-C(12) 60.4(3) 

C(12)-C(7)-C(8)-C(9)0.6(5) 

P(1)-C(7)-C(8)-C(9) 177.7(2) 

C(7)-C(8)-C(9)-C(10)0.1(5) 

C(20)-O(3)-C(10)-C(9) 1.8(5) 

C(20)-O(3)-C(10)-C(11) -178.1(3) 

C(8)-C(9)-C(10)-O(3) 179.4(3) 

C(8)-C(9)-C(10)-C(11) -0.7(5) 

O(3)-C(10)-C(11)-C(12) -179.4(3) 

C(9)-C(10)-C(11)-C(12) 0.6(5) 



279 
 

C(10)-C(11)-C(12)-C(7) 0.0(5) 

C(8)-C(7)-C(12)-C(11) -0.6(5) 

P(1)-C(7)-C(12)-C(11) -177.7(3) 

O(1)-P(1)-C(13)-C(14) -24.7(3) 

C(7)-P(1)-C(13)-C(14) 94.4(3) 

C(1)-P(1)-C(13)-C(14) -147.2(3) 

O(1)-P(1)-C(13)-C(18) 158.8(3) 

C(7)-P(1)-C(13)-C(18) -82.2(3) 

C(1)-P(1)-C(13)-C(18) 36.2(3) 

C(18)-C(13)-C(14)-C(15) 0.4(5) 

P(1)-C(13)-C(14)-C(15) -176.3(3) 

C(13)-C(14)-C(15)-C(16) -0.7(5) 

C(21)-O(4)-C(16)-C(15) 2.1(5) 

C(21)-O(4)-C(16)-C(17) -178.6(3) 

C(14)-C(15)-C(16)-O(4) 179.9(3) 

C(14)-C(15)-C(16)-C(17) 0.6(5) 

O(4)-C(16)-C(17)-C(18) -179.7(3) 

C(15)-C(16)-C(17)-C(18) -0.3(5) 

C(16)-C(17)-C(18)-C(13) 0.0(5) 

C(14)-C(13)-C(18)-C(17) -0.1(5) 

P(1)-C(13)-C(18)-C(17) 176.5(3) 

C(6A)-C(1A)-C(2A)-C(3A) -0.09(17) 

C(1A)-C(2A)-C(3A)-C(4A) -0.10(17) 

C(2A)-C(3A)-C(4A)-C(5A) 0.2(3) 

C(3A)-C(4A)-C(5A)-C(6A) -0.1(4) 

C(4A)-C(5A)-C(6A)-C(1A) -0.1(4) 

C(2A)-C(1A)-C(6A)-C(5A) 0.2(3) 

C(2B)#2-C(1B)-C(2B)-C(3B)

 0.02(6) 

C(1B)-C(2B)-C(3B)-C(4B) -0.03(11) 

C(2B)-C(3B)-C(4B)-C(3B)#2

 0.02(6) 

C(3C)#3-C(1C)-C(2C)-C(3C) -

0.01(12) 

C(1C)-C(2C)-C(3C)-C(1C)#3

 0.01(12) 



___________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#2 -x+1, y, -z+1/2    #3 -x+2, -y, -z+1       

 

 

Table 7.  Hydrogen bonds for SBY-3-043[Å and °]. 

______________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

______________________________________________________________  

 C(19)-H(19C)...Cl(2)#4 0.98 2.87 3.492(4) 122.5 

 C(20)-H(20A)...O(2)#1 0.98 2.56 3.379(5) 141.4 

 C(21)-H(21B)...Cl(2)#2 0.98 2.94 3.643(4) 129.1 

______________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2, y, -z+1/2    #2 -x+1, y, -z+1/2    #4 x, y-1, z       
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Table 1.  Crystal data and structure refinement for SBY-4-023. 

 

Empirical formula  (C64 H80 Li8 O4 P8)  2(C6 H6) 

 C76 H92 Li8 O4 P8 

Formula weight  1372.77 

Crystal system  triclinic 

Space group  P1 

Unit cell dimensions  a = 13.070(4) Å a= 90.784(5)° 

    b = 14.954(5) Å b= 101.315(5)° 

    c = 20.208(6) Å c= 91.832(5)° 

Volume 3870(2) Å3 

Z, Z' 2, 1 

Density (calculated) 1.178 Mg/m3 

Wavelength  0.71073 Å 

Temperature  100(2) K 

F(000) 1448 

Absorption coefficient 0.225 mm-1 

Absorption correction semi-empirical from equivalents 

Max. and min. transmission 0.7453 and 0.6370 

Theta range for data collection 1.028 to 21.490° 

Reflections collected 26293 

Independent reflections 8887 [R(int) = 0.0982] 

Data / restraints / parameters 8887 / 660 / 917 

wR(F2 all data) wR2 = 0.1448 

R(F obsd data) R1 = 0.0579 

Goodness-of-fit on F2 0.999 
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Observed data [I > 2s(I)] 5394 

Largest and mean shift / s.u. 0.007 and 0.000 

Largest diff. peak and hole 0.355 and -0.308 e/Å3  

----------  

wR2 = { S [w(Fo2 - Fc2)2] / S [w(Fo 2)2] }1/2  

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

 

 

Table 2.  Atomic coordinates and equivalent isotropic displacement parameters for 

SBY-4-023.  U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 

______________________________________________________________    

 x y z U(eq) 

______________________________________________________________  

 

P(1A) 0.57677(12) -0.16725(10) 0.37304(7) 0.0308(4) 

C(1A) 0.6695(4) -0.2089(3) 0.4444(2) 0.0240(12) 

C(2A) 0.6419(4) -0.2758(3) 0.4864(3) 0.0283(13) 

C(3A) 0.7131(5) -0.3054(4) 0.5396(3) 0.0373(15) 

C(4A) 0.8149(5) -0.2706(4) 0.5537(3) 0.0447(16) 

C(5A) 0.8430(5) -0.2055(4) 0.5125(3) 0.0424(16) 

C(6A) 0.7721(4) -0.1761(4) 0.4591(3) 0.0312(14) 

P(1B) 0.58840(12) 0.10727(10) 0.47309(7) 0.0305(4) 

C(1B) 0.7230(4) 0.1279(3) 0.5107(2) 0.0265(13) 

C(2B) 0.7963(5) 0.0631(4) 0.5071(3) 0.0446(16) 

C(3B) 0.9006(6) 0.0761(6) 0.5382(4) 0.071(2) 

C(4B) 0.9331(6) 0.1557(7) 0.5745(4) 0.088(3) 
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C(5B) 0.8629(6) 0.2176(6) 0.5778(4) 0.079(3) 

C(6B) 0.7607(5) 0.2049(4) 0.5482(3) 0.0430(16) 

P(1C) 0.46410(11) 0.27724(9) 0.30867(7) 0.0284(4) 

C(1C) 0.3377(4) 0.2636(3) 0.2546(3) 0.0280(13) 

C(2C) 0.2468(4) 0.3026(4) 0.2655(3) 0.0355(14) 

C(3C) 0.1508(5) 0.2874(4) 0.2224(3) 0.0459(16) 

C(4C) 0.1436(5) 0.2333(4) 0.1662(3) 0.0472(16) 

C(5C) 0.2310(5) 0.1929(4) 0.1536(3) 0.0449(16) 

C(6C) 0.3259(4) 0.2075(4) 0.1965(3) 0.0336(14) 

P(1D) 0.57360(12) 0.33692(10) 0.14691(7) 0.0322(4) 

C(1D) 0.6690(4) 0.2957(3) 0.1006(3) 0.0293(13) 

C(2D) 0.6485(5) 0.2232(3) 0.0548(3) 0.0327(14) 

C(3D) 0.7246(5) 0.1935(4) 0.0222(3) 0.0393(15) 

C(4D) 0.8227(5) 0.2330(4) 0.0326(3) 0.0408(16) 

C(5D) 0.8455(4) 0.3049(4) 0.0773(3) 0.0355(15) 

C(6D) 0.7692(4) 0.3350(3) 0.1106(3) 0.0296(14) 

P(1E) 0.41004(11) 0.39279(9) -0.05160(7) 0.0270(4) 

C(1E) 0.2762(4) 0.3661(3) -0.0463(2) 0.0242(13) 

C(2E) 0.2430(4) 0.2850(3) -0.0190(3) 0.0299(14) 

C(3E) 0.1392(4) 0.2680(4) -0.0170(3) 0.0352(14) 

C(4E) 0.0642(5) 0.3288(4) -0.0398(3) 0.0365(15) 

C(5E) 0.0945(4) 0.4086(4) -0.0653(3) 0.0364(15) 

C(6E) 0.1986(4) 0.4256(4) -0.0683(2) 0.0283(13) 

P(1F) 0.59649(12) 0.55941(9) 0.27923(8) 0.0291(4) 

C(1F) 0.7360(4) 0.5840(3) 0.2985(3) 0.0264(13) 

C(2F) 0.7931(4) 0.5755(3) 0.2469(3) 0.0322(14) 
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C(3F) 0.8997(5) 0.5889(3) 0.2580(3) 0.0372(15) 

C(4F) 0.9535(5) 0.6126(4) 0.3214(3) 0.0402(15) 

C(5F) 0.9013(5) 0.6250(4) 0.3739(3) 0.0382(15) 

C(6F) 0.7941(4) 0.6121(3) 0.3626(3) 0.0314(14) 

P(1G) 0.46494(11) 0.78097(9) 0.18338(7) 0.0263(4) 

C(1G) 0.3318(4) 0.7709(3) 0.1966(3) 0.0224(12) 

C(2G) 0.3104(4) 0.7200(3) 0.2505(3) 0.0298(14) 

C(3G) 0.2101(5) 0.7078(4) 0.2607(3) 0.0424(16) 

C(4G) 0.1272(5) 0.7445(4) 0.2189(3) 0.0441(16) 

C(5G) 0.1466(4) 0.7955(4) 0.1663(3) 0.0369(15) 

C(6G) 0.2473(4) 0.8089(3) 0.1563(3) 0.0294(13) 

P(1H) 0.60779(11) 1.05953(9) 0.25431(8) 0.0281(4) 

C(1H) 0.7457(4) 1.0862(3) 0.2583(3) 0.0248(13) 

C(2H) 0.8154(4) 1.0821(3) 0.3200(3) 0.0310(14) 

C(3H) 0.9215(4) 1.1007(3) 0.3249(3) 0.0364(14) 

C(4H) 0.9601(5) 1.1254(3) 0.2686(3) 0.0394(15) 

C(5H) 0.8931(5) 1.1292(4) 0.2083(3) 0.0392(15) 

C(6H) 0.7876(4) 1.1111(3) 0.2024(3) 0.0295(13) 

O(1I) 0.3982(2) 0.0294(2) 0.35516(16) 0.0258(9) 

C(1I) 0.3392(4) -0.0213(4) 0.2967(3) 0.0340(14) 

C(2I) 0.2284(4) -0.0240(4) 0.3057(3) 0.0419(16) 

C(3I) 0.2192(4) 0.0659(4) 0.3386(3) 0.0389(15) 

C(4I) 0.3220(4) 0.0799(3) 0.3855(3) 0.0303(14) 

O(1J) 0.7176(3) 0.3141(2) 0.31193(17) 0.0285(9) 

C(1J) 0.8171(4) 0.3395(4) 0.2933(3) 0.0351(14) 

C(2J) 0.8878(4) 0.3676(4) 0.3581(3) 0.0414(15) 
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C(3J) 0.8543(4) 0.3053(4) 0.4091(3) 0.0415(15) 

C(4J) 0.7377(5) 0.2915(4) 0.3837(3) 0.0445(16) 

O(1K) 0.3903(2) 0.5327(2) 0.11614(16) 0.0253(9) 

C(1K) 0.3318(4) 0.4823(4) 0.1591(3) 0.0307(14) 

C(2K) 0.2215(4) 0.4754(4) 0.1194(3) 0.0337(14) 

C(3K) 0.2106(4) 0.5661(3) 0.0851(3) 0.0287(14) 

C(4K) 0.3154(4) 0.5823(3) 0.0669(3) 0.0275(13) 

O(1L) 0.7152(3) 0.8180(2) 0.24198(16) 0.0262(9) 

C(1L) 0.8144(4) 0.8430(4) 0.2864(3) 0.0327(14) 

C(2L) 0.8900(17) 0.872(3) 0.2414(6) 0.037(4) 

C(3L) 0.8482(8) 0.8177(12) 0.1767(5) 0.035(3) 

C(4L) 0.7306(11) 0.8210(15) 0.1718(11) 0.036(5) 

C(2L') 0.885(2) 0.876(4) 0.2399(7) 0.040(6) 

C(3L') 0.8189(15) 0.8692(14) 0.1698(6) 0.037(4) 

C(4L') 0.7387(15) 0.7955(17) 0.1753(14) 0.021(5) 

C(1M) 0.3576(6) 0.5486(4) 0.4887(4) 0.068(2) 

C(2M) 0.3898(6) 0.5462(4) 0.4281(4) 0.066(2) 

C(3M) 0.3199(7) 0.5269(5) 0.3704(4) 0.072(2) 

C(4M) 0.2157(7) 0.5108(5) 0.3716(4) 0.077(2) 

C(5M) 0.1827(6) 0.5127(5) 0.4318(5) 0.077(2) 

C(6M) 0.2522(7) 0.5298(4) 0.4909(4) 0.072(2) 

C(1N) -0.0785(6) 0.0100(4) 0.0363(4) 0.060(2) 

C(2N) 0.0241(7) 0.0059(4) 0.0687(4) 0.062(2) 

C(3N) 0.1018(6) -0.0061(4) 0.0328(4) 0.065(2) 

C(1O) 0.4511(7) 0.0140(5) 0.0536(4) 0.070(2) 

C(2O) 0.5444(7) -0.0283(5) 0.0616(4) 0.076(2) 
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C(3O) 0.5948(6) -0.0419(5) 0.0090(4) 0.070(2) 

Li(1) 0.4898(7) -0.0411(6) 0.4277(5) 0.034(2) 

Li(2) 0.5150(7) 0.1198(6) 0.3462(4) 0.029(2) 

Li(3) 0.6195(7) 0.2298(6) 0.2513(5) 0.034(2) 

Li(4) 0.5901(8) 0.3936(6) 0.2715(5) 0.040(3) 

Li(5) 0.4855(7) 0.4596(6) 0.0682(5) 0.035(2) 

Li(6) 0.5076(7) 0.6177(6) 0.1600(4) 0.028(2) 

Li(7) 0.6207(7) 0.7303(6) 0.2766(4) 0.033(2) 

Li(8) 0.5912(7) 0.8940(6) 0.2568(5) 0.035(2) 

______________________________________________________________  

 

 

Table 3.  Bond lengths [Å] and angles [°] for SBY-4-023. 

______________________________________________________________  

 

P(1A)-C(1A)  1.823(5) 

P(1A)-Li(8)#1  2.573(9) 

P(1A)-Li(1)  2.578(9) 

P(1A)-Li(7)#1  2.624(9) 

P(1A)-H(1P)  1.37(4) 

C(1A)-C(6A)  1.388(7) 

C(1A)-C(2A)  1.403(7) 

C(2A)-C(3A)  1.367(7) 

C(2A)-H(2A)  0.9500 

C(3A)-C(4A)  1.388(7) 

C(3A)-H(3A)  0.9500 

C(4A)-C(5A)  1.376(8) 

C(4A)-H(4A)  0.9500 

C(5A)-C(6A)  1.364(7) 

C(5A)-H(5A)  0.9500 

C(6A)-H(6A)  0.9500 

P(1B)-C(1B)  1.789(5) 

P(1B)-Li(2)  2.568(9) 

P(1B)-Li(1)  2.593(9) 

P(1B)-Li(1)#2  2.615(9) 

P(1B)-H(2P)  1.38(4) 

C(1B)-C(6B)  1.392(7) 
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C(1B)-C(2B)  1.395(7) 

C(2B)-C(3B)  1.391(9) 

C(2B)-H(2B)  0.9500 

C(3B)-C(4B)  1.400(11) 

C(3B)-H(3B)  0.9500 

C(4B)-C(5B)  1.333(11) 

C(4B)-H(4B)  0.9500 

C(5B)-C(6B)  1.358(9) 

C(5B)-H(5B)  0.9500 

C(6B)-H(6B)  0.9500 

P(1C)-C(1C)  1.797(6) 

P(1C)-Li(2)  2.551(9) 

P(1C)-Li(4)  2.577(10) 

P(1C)-Li(3)  2.639(9) 

P(1C)-H(3P)  1.38(4) 

C(1C)-C(2C)  1.394(7) 

C(1C)-C(6C)  1.415(7) 

C(2C)-C(3C)  1.390(8) 

C(2C)-H(2C)  0.9500 

C(3C)-C(4C)  1.372(8) 

C(3C)-H(3C)  0.9500 

C(4C)-C(5C)  1.374(8) 

C(4C)-H(4C)  0.9500 

C(5C)-C(6C)  1.376(7) 

C(5C)-H(5C)  0.9500 

C(6C)-H(6C)  0.9500 

P(1D)-C(1D)  1.817(5) 

P(1D)-Li(5)  2.593(10) 

P(1D)-Li(4)  2.612(9) 

P(1D)-Li(3)  2.652(9) 

P(1D)-H(4P)  1.48(4) 

C(1D)-C(6D)  1.395(7) 

C(1D)-C(2D)  1.400(7) 

C(2D)-C(3D)  1.378(7) 

C(2D)-H(2D)  0.9500 

C(3D)-C(4D)  1.371(7) 

C(3D)-H(3D)  0.9500 

C(4D)-C(5D)  1.382(7) 

C(4D)-H(4D)  0.9500 

C(5D)-C(6D)  1.390(7) 

C(5D)-H(5D)  0.9500 

C(6D)-H(6D)  0.9500 

P(1E)-C(1E)  1.805(5) 

P(1E)-Li(5)  2.601(9) 

P(1E)-Li(5)#3  2.618(9) 

P(1E)-Li(6)#3  2.628(8) 

P(1E)-H(5P)  1.34(4) 

C(1E)-C(6E)  1.382(7) 

C(1E)-C(2E)  1.429(7) 

C(2E)-C(3E)  1.381(7) 

C(2E)-H(2E)  0.9500 

C(3E)-C(4E)  1.374(7) 
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C(3E)-H(3E)  0.9500 

C(4E)-C(5E)  1.383(7) 

C(4E)-H(4E)  0.9500 

C(5E)-C(6E)  1.390(7) 

C(5E)-H(5E)  0.9500 

C(6E)-H(6E)  0.9500 

P(1F)-C(1F)  1.813(6) 

P(1F)-Li(4)  2.479(10) 

P(1F)-Li(7)  2.567(9) 

P(1F)-Li(6)  2.634(9) 

P(1F)-H(6P)  1.40(4) 

C(1F)-C(2F)  1.403(7) 

C(1F)-C(6F)  1.419(7) 

C(1F)-Li(7)  2.688(10) 

C(2F)-C(3F)  1.374(7) 

C(2F)-H(2F)  0.9500 

C(3F)-C(4F)  1.370(8) 

C(3F)-H(3F)  0.9500 

C(4F)-C(5F)  1.383(7) 

C(4F)-H(4F)  0.9500 

C(5F)-C(6F)  1.381(7) 

C(5F)-H(5F)  0.9500 

C(6F)-H(6F)  0.9500 

P(1G)-C(1G)  1.814(5) 

P(1G)-Li(8)  2.564(9) 

P(1G)-Li(6)  2.579(9) 

P(1G)-Li(7)  2.628(9) 

P(1G)-H(7P)  1.29(5) 

C(1G)-C(6G)  1.380(7) 

C(1G)-C(2G)  1.406(7) 

C(2G)-C(3G)  1.373(7) 

C(2G)-H(2G)  0.9500 

C(3G)-C(4G)  1.371(8) 

C(3G)-H(3G)  0.9500 

C(4G)-C(5G)  1.376(8) 

C(4G)-H(4G)  0.9500 

C(5G)-C(6G)  1.379(7) 

C(5G)-H(5G)  0.9500 

C(6G)-H(6G)  0.9500 

P(1H)-C(1H)  1.819(5) 

P(1H)-Li(8)  2.480(9) 

P(1H)-Li(3)#4  2.549(9) 

P(1H)-Li(2)#4  2.576(9) 

P(1H)-H(8P)  1.39(5) 

C(1H)-C(2H) 1.395(7) 

C(1H)-C(6H) 1.400(7) 

C(1H)-Li(3)#4  2.738(10) 

C(2H)-C(3H) 1.389(7) 

C(2H)-H(2H)  0.9500 

C(3H)-C(4H) 1.384(7) 

C(3H)-H(3H)  0.9500 

C(4H)-C(5H) 1.357(7) 
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C(4H)-H(4H)  0.9500 

C(5H)-C(6H) 1.378(7) 

C(5H)-H(5H)  0.9500 

C(6H)-H(6H)  0.9500 

O(1I)-C(1I)  1.466(6) 

O(1I)-C(4I)  1.487(5) 

O(1I)-Li(1)  2.032(10) 

O(1I)-Li(2)  2.043(9) 

C(1I)-C(2I)  1.494(7) 

C(1I)-H(1I1)  0.9900 

C(1I)-H(1I2)  0.9900 

C(2I)-C(3I)  1.512(7) 

C(2I)-H(2I1)  0.9900 

C(2I)-H(2I2)  0.9900 

C(3I)-C(4I)  1.491(7) 

C(3I)-H(3I1)  0.9900 

C(3I)-H(3I2)  0.9900 

C(4I)-H(4I1)  0.9900 

C(4I)-H(4I2)  0.9900 

O(1J)-C(1J)  1.465(6) 

O(1J)-C(4J)  1.469(6) 

O(1J)-Li(3)  1.992(10) 

O(1J)-Li(4)  2.116(10) 

C(1J)-C(2J)  1.493(7) 

C(1J)-H(1J1)  0.9900 

C(1J)-H(1J2)  0.9900 

C(2J)-C(3J)  1.516(7) 

C(2J)-H(2J1)  0.9900 

C(2J)-H(2J2)  0.9900 

C(3J)-C(4J)  1.515(7) 

C(3J)-H(3J1)  0.9900 

C(3J)-H(3J2)  0.9900 

C(4J)-H(4J1)  0.9900 

C(4J)-H(4J2)  0.9900 

O(1K)-C(1K)  1.465(5) 

O(1K)-C(4K)  1.477(6) 

O(1K)-Li(6)  2.016(9) 

O(1K)-Li(5)  2.052(9) 

C(1K)-C(2K)  1.505(7) 

C(1K)-H(1K1)  0.9900 

C(1K)-H(1K2)  0.9900 

C(2K)-C(3K)  1.529(7) 

C(2K)-H(2K1)  0.9900 

C(2K)-H(2K2)  0.9900 

C(3K)-C(4K)  1.500(6) 

C(3K)-H(3K1)  0.9900 

C(3K)-H(3K2)  0.9900 

C(4K)-H(4K1)  0.9900 

C(4K)-H(4K2)  0.9900 

O(1L)-C(1L)  1.460(6) 

O(1L)-C(4L)  1.47(2) 

O(1L)-C(4L')  1.48(3) 
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O(1L)-Li(7)  1.999(9) 

O(1L)-Li(8)  2.075(9) 

C(1L)-C(2L)  1.524(11) 

C(1L)-C(2L')  1.522(13) 

C(1L)-H(1L1)  0.9900 

C(1L)-H(1L2)  0.9900 

C(2L)-C(3L)  1.525(15) 

C(2L)-H(2L1)  0.9900 

C(2L)-H(2L2)  0.9900 

C(3L)-C(4L)  1.524(14) 

C(3L)-H(3L1)  0.9900 

C(3L)-H(3L2)  0.9900 

C(4L)-H(4L1)  0.9900 

C(4L)-H(4L2)  0.9900 

C(2L')-C(3L')  1.510(15) 

C(2L')-H(2L3)  0.9900 

C(2L')-H(2L4)  0.9900 

C(3L')-C(4L')  1.517(15) 

C(3L')-H(3L3)  0.9900 

C(3L')-H(3L4)  0.9900 

C(4L')-H(4L3)  0.9900 

C(4L')-H(4L4)  0.9900 

C(1M)-C(2M)  1.372(9) 

C(1M)-C(6M)  1.406(10) 

C(1M)-H(1M)  0.9500 

C(2M)-C(3M)  1.355(10) 

C(2M)-H(2M)  0.9500 

C(3M)-C(4M)  1.380(10) 

C(3M)-H(3M)  0.9500 

C(4M)-C(5M)  1.370(10) 

C(4M)-H(4M)  0.9500 

C(5M)-C(6M)  1.366(10) 

C(5M)-H(5M)  0.9500 

C(6M)-H(6M)  0.9500 

C(1N)-C(3N)#5  1.369(9) 

C(1N)-C(2N) 1.375(9) 

C(1N)-H(1N)  0.9500 

C(2N)-C(3N) 1.374(9) 

C(2N)-H(2N)  0.9500 

C(3N)-H(3N)  0.9500 

C(1O)-C(3O)#6  1.367(9) 

C(1O)-C(2O)  1.374(10) 

C(1O)-H(1O)  0.9500 

C(2O)-C(3O)  1.372(9) 

C(2O)-H(2O)  0.9500 

C(3O)-H(3O)  0.9500 

Li(1)-Li(2)  2.981(12) 

Li(1)-Li(1)#2  3.114(18) 

Li(2)-Li(3)  3.036(12) 

Li(3)-Li(4)  2.532(13) 

Li(5)-Li(6)  2.956(12) 

Li(5)-Li(5)#3  3.109(19) 
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Li(6)-Li(7)  2.990(12) Li(7)-Li(8)  2.516(13) 

 

C(1A)-P(1A)-Li(8)#1 134.6(3) 

C(1A)-P(1A)-Li(1) 102.6(3) 

Li(8)#1-P(1A)-Li(1) 103.8(3) 

C(1A)-P(1A)-Li(7)#1 99.3(3) 

Li(8)#1-P(1A)-Li(7)#1 57.9(3) 

Li(1)-P(1A)-Li(7)#1 158.0(3) 

C(1A)-P(1A)-H(1P) 106.7(19) 

Li(8)#1-P(1A)-H(1P) 111.3(18) 

Li(1)-P(1A)-H(1P) 86.1(18) 

Li(7)#1-P(1A)-H(1P) 89.7(18) 

C(6A)-C(1A)-C(2A) 116.7(5) 

C(6A)-C(1A)-P(1A) 120.9(4) 

C(2A)-C(1A)-P(1A) 122.3(4) 

C(3A)-C(2A)-C(1A) 121.0(5) 

C(3A)-C(2A)-H(2A) 119.5 

C(1A)-C(2A)-H(2A) 119.5 

C(2A)-C(3A)-C(4A) 121.0(6) 

C(2A)-C(3A)-H(3A) 119.5 

C(4A)-C(3A)-H(3A) 119.5 

C(5A)-C(4A)-C(3A) 118.4(6) 

C(5A)-C(4A)-H(4A) 120.8 

C(3A)-C(4A)-H(4A) 120.8 

C(6A)-C(5A)-C(4A) 120.6(6) 

C(6A)-C(5A)-H(5A) 119.7 

C(4A)-C(5A)-H(5A) 119.7 

C(5A)-C(6A)-C(1A) 122.2(5) 

C(5A)-C(6A)-H(6A) 118.9 

C(1A)-C(6A)-H(6A) 118.9 

C(1B)-P(1B)-Li(2) 123.6(3) 

C(1B)-P(1B)-Li(1) 129.9(3) 

Li(2)-P(1B)-Li(1) 70.6(3) 

C(1B)-P(1B)-Li(1)#2 103.0(3) 

Li(2)-P(1B)-Li(1)#2 132.7(3) 

Li(1)-P(1B)-Li(1)#2 73.4(3) 

C(1B)-P(1B)-H(2P) 99.5(18) 

Li(2)-P(1B)-H(2P) 96.9(18) 

Li(1)-P(1B)-H(2P) 128.2(18) 

Li(1)#2-P(1B)-H(2P) 82.0(18) 

C(6B)-C(1B)-C(2B) 115.7(5) 

C(6B)-C(1B)-P(1B) 123.6(4) 

C(2B)-C(1B)-P(1B) 120.6(4) 

C(3B)-C(2B)-C(1B) 121.7(6) 

C(3B)-C(2B)-H(2B) 119.2 

C(1B)-C(2B)-H(2B) 119.2 

C(2B)-C(3B)-C(4B) 119.4(7) 

C(2B)-C(3B)-H(3B) 120.3 

C(4B)-C(3B)-H(3B) 120.3 

C(5B)-C(4B)-C(3B) 118.8(8) 
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C(5B)-C(4B)-H(4B) 120.6 

C(3B)-C(4B)-H(4B) 120.6 

C(4B)-C(5B)-C(6B) 122.0(8) 

C(4B)-C(5B)-H(5B) 119.0 

C(6B)-C(5B)-H(5B) 119.0 

C(5B)-C(6B)-C(1B) 122.4(7) 

C(5B)-C(6B)-H(6B) 118.8 

C(1B)-C(6B)-H(6B) 118.8 

C(1C)-P(1C)-Li(2) 105.3(3) 

C(1C)-P(1C)-Li(4) 115.9(3) 

Li(2)-P(1C)-Li(4) 124.0(3) 

C(1C)-P(1C)-Li(3) 113.9(3) 

Li(2)-P(1C)-Li(3) 71.6(3) 

Li(4)-P(1C)-Li(3) 58.0(3) 

C(1C)-P(1C)-H(3P) 102.5(18) 

Li(2)-P(1C)-H(3P) 111.0(18) 

Li(4)-P(1C)-H(3P) 95.8(18) 

Li(3)-P(1C)-H(3P) 141.5(18) 

C(2C)-C(1C)-C(6C) 115.5(5) 

C(2C)-C(1C)-P(1C) 125.5(4) 

C(6C)-C(1C)-P(1C) 119.0(4) 

C(3C)-C(2C)-C(1C) 122.5(6) 

C(3C)-C(2C)-H(2C) 118.7 

C(1C)-C(2C)-H(2C) 118.7 

C(4C)-C(3C)-C(2C) 119.8(6) 

C(4C)-C(3C)-H(3C) 120.1 

C(2C)-C(3C)-H(3C) 120.1 

C(3C)-C(4C)-C(5C) 119.8(6) 

C(3C)-C(4C)-H(4C) 120.1 

C(5C)-C(4C)-H(4C) 120.1 

C(4C)-C(5C)-C(6C) 120.4(6) 

C(4C)-C(5C)-H(5C) 119.8 

C(6C)-C(5C)-H(5C) 119.8 

C(5C)-C(6C)-C(1C) 122.0(5) 

C(5C)-C(6C)-H(6C) 119.0 

C(1C)-C(6C)-H(6C) 119.0 

C(1D)-P(1D)-Li(5) 102.1(3) 

C(1D)-P(1D)-Li(4) 132.1(3) 

Li(5)-P(1D)-Li(4) 108.0(3) 

C(1D)-P(1D)-Li(3) 96.8(2) 

Li(5)-P(1D)-Li(3) 161.1(3) 

Li(4)-P(1D)-Li(3) 57.5(3) 

C(1D)-P(1D)-H(4P) 99.1(16) 

Li(5)-P(1D)-H(4P) 91.4(17) 

Li(4)-P(1D)-H(4P) 116.1(17) 

Li(3)-P(1D)-H(4P) 85.8(17) 

C(6D)-C(1D)-C(2D) 116.4(5) 

C(6D)-C(1D)-P(1D) 120.4(4) 

C(2D)-C(1D)-P(1D) 123.2(4) 

C(3D)-C(2D)-C(1D) 120.7(5) 

C(3D)-C(2D)-H(2D) 119.7 

C(1D)-C(2D)-H(2D) 119.7 
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C(4D)-C(3D)-C(2D) 122.2(6) 

C(4D)-C(3D)-H(3D) 118.9 

C(2D)-C(3D)-H(3D) 118.9 

C(3D)-C(4D)-C(5D) 118.6(5) 

C(3D)-C(4D)-H(4D) 120.7 

C(5D)-C(4D)-H(4D) 120.7 

C(4D)-C(5D)-C(6D) 119.6(5) 

C(4D)-C(5D)-H(5D) 120.2 

C(6D)-C(5D)-H(5D) 120.2 

C(5D)-C(6D)-C(1D) 122.6(5) 

C(5D)-C(6D)-H(6D) 118.7 

C(1D)-C(6D)-H(6D) 118.7 

C(1E)-P(1E)-Li(5) 102.0(2) 

C(1E)-P(1E)-Li(5)#3 134.5(3) 

Li(5)-P(1E)-Li(5)#3 73.1(3) 

C(1E)-P(1E)-Li(6)#3 126.7(2) 

Li(5)-P(1E)-Li(6)#3 130.9(3) 

Li(5)#3-P(1E)-Li(6)#3 68.6(3) 

C(1E)-P(1E)-H(5P) 100.0(18) 

Li(5)-P(1E)-H(5P) 81.8(18) 

Li(5)#3-P(1E)-H(5P) 123.0(18) 

Li(6)#3-P(1E)-H(5P) 94.2(18) 

C(6E)-C(1E)-C(2E) 115.6(5) 

C(6E)-C(1E)-P(1E) 120.7(4) 

C(2E)-C(1E)-P(1E) 123.8(4) 

C(3E)-C(2E)-C(1E) 121.0(5) 

C(3E)-C(2E)-H(2E) 119.5 

C(1E)-C(2E)-H(2E) 119.5 

C(4E)-C(3E)-C(2E) 121.6(5) 

C(4E)-C(3E)-H(3E) 119.2 

C(2E)-C(3E)-H(3E) 119.2 

C(3E)-C(4E)-C(5E) 118.6(5) 

C(3E)-C(4E)-H(4E) 120.7 

C(5E)-C(4E)-H(4E) 120.7 

C(4E)-C(5E)-C(6E) 120.1(5) 

C(4E)-C(5E)-H(5E) 120.0 

C(6E)-C(5E)-H(5E) 120.0 

C(1E)-C(6E)-C(5E) 123.1(5) 

C(1E)-C(6E)-H(6E) 118.4 

C(5E)-C(6E)-H(6E) 118.5 

C(1F)-P(1F)-Li(4) 101.6(3) 

C(1F)-P(1F)-Li(7) 73.5(3) 

Li(4)-P(1F)-Li(7) 172.3(3) 

C(1F)-P(1F)-Li(6) 112.3(3) 

Li(4)-P(1F)-Li(6) 107.2(3) 

Li(7)-P(1F)-Li(6) 70.2(3) 

C(1F)-P(1F)-H(6P) 97.7(17) 

Li(4)-P(1F)-H(6P) 112.0(18) 

Li(7)-P(1F)-H(6P) 74.9(18) 

Li(6)-P(1F)-H(6P) 123.7(18) 

C(2F)-C(1F)-C(6F) 115.9(5) 

C(2F)-C(1F)-P(1F) 118.9(4) 
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C(6F)-C(1F)-P(1F) 125.1(4) 

C(2F)-C(1F)-Li(7) 108.8(4) 

C(6F)-C(1F)-Li(7) 96.3(4) 

P(1F)-C(1F)-Li(7) 66.3(2) 

C(3F)-C(2F)-C(1F) 122.5(6) 

C(3F)-C(2F)-H(2F) 118.8 

C(1F)-C(2F)-H(2F) 118.8 

C(4F)-C(3F)-C(2F) 119.7(5) 

C(4F)-C(3F)-H(3F) 120.1 

C(2F)-C(3F)-H(3F) 120.1 

C(3F)-C(4F)-C(5F) 120.6(6) 

C(3F)-C(4F)-H(4F) 119.7 

C(5F)-C(4F)-H(4F) 119.7 

C(6F)-C(5F)-C(4F) 119.7(6) 

C(6F)-C(5F)-H(5F) 120.1 

C(4F)-C(5F)-H(5F) 120.1 

C(5F)-C(6F)-C(1F) 121.4(5) 

C(5F)-C(6F)-H(6F) 119.3 

C(1F)-C(6F)-H(6F) 119.3 

C(1G)-P(1G)-Li(8) 118.4(2) 

C(1G)-P(1G)-Li(6) 102.9(2) 

Li(8)-P(1G)-Li(6) 124.6(3) 

C(1G)-P(1G)-Li(7) 120.5(3) 

Li(8)-P(1G)-Li(7) 58.0(3) 

Li(6)-P(1G)-Li(7) 70.1(3) 

C(1G)-P(1G)-H(7P) 94.8(18) 

Li(8)-P(1G)-H(7P) 108.5(19) 

Li(6)-P(1G)-H(7P) 102.6(18) 

Li(7)-P(1G)-H(7P) 144.7(18) 

C(6G)-C(1G)-C(2G) 116.2(5) 

C(6G)-C(1G)-P(1G) 124.6(4) 

C(2G)-C(1G)-P(1G) 119.1(4) 

C(3G)-C(2G)-C(1G) 121.0(5) 

C(3G)-C(2G)-H(2G) 119.5 

C(1G)-C(2G)-H(2G) 119.5 

C(4G)-C(3G)-C(2G) 121.6(6) 

C(4G)-C(3G)-H(3G) 119.2 

C(2G)-C(3G)-H(3G) 119.2 

C(3G)-C(4G)-C(5G) 118.4(6) 

C(3G)-C(4G)-H(4G) 120.8 

C(5G)-C(4G)-H(4G) 120.8 

C(4G)-C(5G)-C(6G) 120.3(6) 

C(4G)-C(5G)-H(5G) 119.9 

C(6G)-C(5G)-H(5G) 119.9 

C(5G)-C(6G)-C(1G) 122.5(5) 

C(5G)-C(6G)-H(6G) 118.7 

C(1G)-C(6G)-H(6G) 118.7 

C(1H)-P(1H)-Li(8) 105.9(3) 

C(1H)-P(1H)-Li(3)#4 75.6(3) 

Li(8)-P(1H)-Li(3)#4 178.5(3) 

C(1H)-P(1H)-Li(2)#4 120.2(3) 

Li(8)-P(1H)-Li(2)#4 106.5(3) 
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Li(3)#4-P(1H)-Li(2)#4 72.6(3) 

C(1H)-P(1H)-H(8P) 97.1(17) 

Li(8)-P(1H)-H(8P) 106.0(18) 

Li(3)#4-P(1H)-H(8P) 73.6(18) 

Li(2)#4-P(1H)-H(8P) 119.7(17) 

C(2H)-C(1H)-C(6H) 116.9(5) 

C(2H)-C(1H)-P(1H) 119.5(4) 

C(6H)-C(1H)-P(1H) 123.7(4) 

C(2H)-C(1H)-Li(3)#4 112.9(4) 

C(6H)-C(1H)-Li(3)#4 94.1(4) 

P(1H)-C(1H)-Li(3)#4 64.4(2) 

C(3H)-C(2H)-C(1H) 121.1(5) 

C(3H)-C(2H)-H(2H) 119.4 

C(1H)-C(2H)-H(2H) 119.4 

C(4H)-C(3H)-C(2H) 120.4(6) 

C(4H)-C(3H)-H(3H) 119.8 

C(2H)-C(3H)-H(3H) 119.8 

C(5H)-C(4H)-C(3H) 118.9(6) 

C(5H)-C(4H)-H(4H) 120.6 

C(3H)-C(4H)-H(4H) 120.6 

C(4H)-C(5H)-C(6H) 121.5(6) 

C(4H)-C(5H)-H(5H) 119.2 

C(6H)-C(5H)-H(5H) 119.2 

C(5H)-C(6H)-C(1H) 121.1(5) 

C(5H)-C(6H)-H(6H) 119.4 

C(1H)-C(6H)-H(6H) 119.4 

C(1I)-O(1I)-C(4I) 107.5(4) 

C(1I)-O(1I)-Li(1) 117.0(4) 

C(4I)-O(1I)-Li(1) 109.6(4) 

C(1I)-O(1I)-Li(2) 121.6(4) 

C(4I)-O(1I)-Li(2) 106.0(4) 

Li(1)-O(1I)-Li(2) 94.0(4) 

O(1I)-C(1I)-C(2I) 105.6(4) 

O(1I)-C(1I)-H(1I1) 110.6 

C(2I)-C(1I)-H(1I1) 110.6 

O(1I)-C(1I)-H(1I2) 110.6 

C(2I)-C(1I)-H(1I2) 110.6 

H(1I1)-C(1I)-H(1I2) 108.8 

C(1I)-C(2I)-C(3I) 102.6(4) 

C(1I)-C(2I)-H(2I1) 111.2 

C(3I)-C(2I)-H(2I1) 111.2 

C(1I)-C(2I)-H(2I2) 111.2 

C(3I)-C(2I)-H(2I2) 111.2 

H(2I1)-C(2I)-H(2I2) 109.2 

C(4I)-C(3I)-C(2I) 103.3(4) 

C(4I)-C(3I)-H(3I1) 111.1 

C(2I)-C(3I)-H(3I1) 111.1 

C(4I)-C(3I)-H(3I2) 111.1 

C(2I)-C(3I)-H(3I2) 111.1 

H(3I1)-C(3I)-H(3I2) 109.1 

O(1I)-C(4I)-C(3I) 106.1(4) 

O(1I)-C(4I)-H(4I1) 110.5 
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C(3I)-C(4I)-H(4I1) 110.5 

O(1I)-C(4I)-H(4I2) 110.5 

C(3I)-C(4I)-H(4I2) 110.5 

H(4I1)-C(4I)-H(4I2) 108.7 

C(1J)-O(1J)-C(4J) 108.5(4) 

C(1J)-O(1J)-Li(3) 118.6(4) 

C(4J)-O(1J)-Li(3) 115.2(4) 

C(1J)-O(1J)-Li(4) 115.7(4) 

C(4J)-O(1J)-Li(4) 120.2(4) 

Li(3)-O(1J)-Li(4) 76.0(4) 

O(1J)-C(1J)-C(2J) 105.0(4) 

O(1J)-C(1J)-H(1J1) 110.7 

C(2J)-C(1J)-H(1J1) 110.7 

O(1J)-C(1J)-H(1J2) 110.7 

C(2J)-C(1J)-H(1J2) 110.7 

H(1J1)-C(1J)-H(1J2) 108.8 

C(1J)-C(2J)-C(3J) 103.4(5) 

C(1J)-C(2J)-H(2J1) 111.1 

C(3J)-C(2J)-H(2J1) 111.1 

C(1J)-C(2J)-H(2J2) 111.1 

C(3J)-C(2J)-H(2J2) 111.1 

H(2J1)-C(2J)-H(2J2) 109.1 

C(4J)-C(3J)-C(2J) 103.7(5) 

C(4J)-C(3J)-H(3J1) 111.0 

C(2J)-C(3J)-H(3J1) 111.0 

C(4J)-C(3J)-H(3J2) 111.0 

C(2J)-C(3J)-H(3J2) 111.0 

H(3J1)-C(3J)-H(3J2) 109.0 

O(1J)-C(4J)-C(3J) 106.4(4) 

O(1J)-C(4J)-H(4J1) 110.5 

C(3J)-C(4J)-H(4J1) 110.5 

O(1J)-C(4J)-H(4J2) 110.5 

C(3J)-C(4J)-H(4J2) 110.5 

H(4J1)-C(4J)-H(4J2) 108.6 

C(1K)-O(1K)-C(4K) 108.4(3) 

C(1K)-O(1K)-Li(6) 118.9(4) 

C(4K)-O(1K)-Li(6) 108.8(4) 

C(1K)-O(1K)-Li(5) 116.0(4) 

C(4K)-O(1K)-Li(5) 110.8(4) 

Li(6)-O(1K)-Li(5) 93.2(4) 

O(1K)-C(1K)-C(2K) 104.8(4) 

O(1K)-C(1K)-H(1K1) 110.8 

C(2K)-C(1K)-H(1K1) 110.8 

O(1K)-C(1K)-H(1K2) 110.8 

C(2K)-C(1K)-H(1K2) 110.8 

H(1K1)-C(1K)-H(1K2) 108.9 

C(1K)-C(2K)-C(3K) 102.0(4) 

C(1K)-C(2K)-H(2K1) 111.4 

C(3K)-C(2K)-H(2K1) 111.4 

C(1K)-C(2K)-H(2K2) 111.4 

C(3K)-C(2K)-H(2K2) 111.4 

H(2K1)-C(2K)-H(2K2) 109.2 
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C(4K)-C(3K)-C(2K) 103.0(4) 

C(4K)-C(3K)-H(3K1) 111.2 

C(2K)-C(3K)-H(3K1) 111.2 

C(4K)-C(3K)-H(3K2) 111.2 

C(2K)-C(3K)-H(3K2) 111.2 

H(3K1)-C(3K)-H(3K2) 109.1 

O(1K)-C(4K)-C(3K) 106.1(4) 

O(1K)-C(4K)-H(4K1) 110.5 

C(3K)-C(4K)-H(4K1) 110.5 

O(1K)-C(4K)-H(4K2) 110.5 

C(3K)-C(4K)-H(4K2) 110.5 

H(4K1)-C(4K)-H(4K2) 108.7 

C(1L)-O(1L)-C(4L) 108.1(6) 

C(1L)-O(1L)-C(4L') 106.9(7) 

C(1L)-O(1L)-Li(7) 117.4(4) 

C(4L)-O(1L)-Li(7) 125.0(7) 

C(4L')-O(1L)-Li(7) 115.5(8) 

C(1L)-O(1L)-Li(8) 114.2(4) 

C(4L)-O(1L)-Li(8) 112.0(9) 

C(4L')-O(1L)-Li(8) 124.5(11) 

Li(7)-O(1L)-Li(8) 76.3(4) 

O(1L)-C(1L)-C(2L) 107.1(7) 

O(1L)-C(1L)-C(2L') 105.4(8) 

O(1L)-C(1L)-H(1L1) 110.3 

C(2L)-C(1L)-H(1L1) 110.3 

O(1L)-C(1L)-H(1L2) 110.3 

C(2L)-C(1L)-H(1L2) 110.3 

H(1L1)-C(1L)-H(1L2) 108.6 

C(3L)-C(2L)-C(1L) 102.2(9) 

C(3L)-C(2L)-H(2L1) 111.3 

C(1L)-C(2L)-H(2L1) 111.3 

C(3L)-C(2L)-H(2L2) 111.3 

C(1L)-C(2L)-H(2L2) 111.3 

H(2L1)-C(2L)-H(2L2) 109.2 

C(2L)-C(3L)-C(4L) 102.1(12) 

C(2L)-C(3L)-H(3L1) 111.4 

C(4L)-C(3L)-H(3L1) 111.4 

C(2L)-C(3L)-H(3L2) 111.4 

C(4L)-C(3L)-H(3L2) 111.4 

H(3L1)-C(3L)-H(3L2) 109.2 

O(1L)-C(4L)-C(3L) 105.2(12) 

O(1L)-C(4L)-H(4L1) 110.7 

C(3L)-C(4L)-H(4L1) 110.7 

O(1L)-C(4L)-H(4L2) 110.7 

C(3L)-C(4L)-H(4L2) 110.7 

H(4L1)-C(4L)-H(4L2) 108.8 

C(3L')-C(2L')-C(1L) 105.0(11) 

C(3L')-C(2L')-H(2L3) 110.8 

C(1L)-C(2L')-H(2L3) 110.7 

C(3L')-C(2L')-H(2L4) 110.8 

C(1L)-C(2L')-H(2L4) 110.8 

H(2L3)-C(2L')-H(2L4) 108.8 
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C(2L')-C(3L')-C(4L') 103.7(13) 

C(2L')-C(3L')-H(3L3) 111.0 

C(4L')-C(3L')-H(3L3) 111.0 

C(2L')-C(3L')-H(3L4) 111.0 

C(4L')-C(3L')-H(3L4) 111.0 

H(3L3)-C(3L')-H(3L4) 109.0 

O(1L)-C(4L')-C(3L') 100.4(16) 

O(1L)-C(4L')-H(4L3) 111.7 

C(3L')-C(4L')-H(4L3) 111.7 

O(1L)-C(4L')-H(4L4) 111.7 

C(3L')-C(4L')-H(4L4) 111.7 

H(4L3)-C(4L')-H(4L4) 109.5 

C(2M)-C(1M)-C(6M) 119.9(8) 

C(2M)-C(1M)-H(1M) 120.0 

C(6M)-C(1M)-H(1M) 120.0 

C(3M)-C(2M)-C(1M) 120.0(8) 

C(3M)-C(2M)-H(2M) 120.0 

C(1M)-C(2M)-H(2M) 120.0 

C(2M)-C(3M)-C(4M) 120.7(8) 

C(2M)-C(3M)-H(3M) 119.7 

C(4M)-C(3M)-H(3M) 119.7 

C(5M)-C(4M)-C(3M) 119.8(8) 

C(5M)-C(4M)-H(4M) 120.1 

C(3M)-C(4M)-H(4M) 120.1 

C(6M)-C(5M)-C(4M) 120.5(8) 

C(6M)-C(5M)-H(5M) 119.7 

C(4M)-C(5M)-H(5M) 119.7 

C(5M)-C(6M)-C(1M) 119.1(7) 

C(5M)-C(6M)-H(6M) 120.5 

C(1M)-C(6M)-H(6M) 120.5 

C(3N)#5-C(1N)-C(2N) 118.9(7) 

C(3N)#5-C(1N)-H(1N) 120.5 

C(2N)-C(1N)-H(1N) 120.5 

C(3N)-C(2N)-C(1N) 120.8(7) 

C(3N)-C(2N)-H(2N) 119.6 

C(1N)-C(2N)-H(2N) 119.6 

C(1N)#5-C(3N)-C(2N) 120.2(7) 

C(1N)#5-C(3N)-H(3N) 119.9 

C(2N)-C(3N)-H(3N) 119.9 

C(3O)#6-C(1O)-C(2O) 119.3(7) 

C(3O)#6-C(1O)-H(1O) 120.4 

C(2O)-C(1O)-H(1O) 120.4 

C(3O)-C(2O)-C(1O) 122.2(8) 

C(3O)-C(2O)-H(2O) 118.9 

C(1O)-C(2O)-H(2O) 118.9 

C(1O)#6-C(3O)-C(2O) 118.5(8) 

C(1O)#6-C(3O)-H(3O) 120.7 

C(2O)-C(3O)-H(3O) 120.7 

O(1I)-Li(1)-P(1A) 110.1(4) 

O(1I)-Li(1)-P(1B) 88.8(3) 

P(1A)-Li(1)-P(1B) 122.6(3) 

O(1I)-Li(1)-P(1B)#2 119.7(4) 
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P(1A)-Li(1)-P(1B)#2 108.7(3) 

P(1B)-Li(1)-P(1B)#2 106.6(3) 

O(1I)-Li(1)-Li(2) 43.1(3) 

P(1A)-Li(1)-Li(2) 104.9(3) 

P(1B)-Li(1)-Li(2) 54.3(2) 

P(1B)#2-Li(1)-Li(2) 146.3(4) 

O(1I)-Li(1)-Li(1)#2 113.5(5) 

P(1A)-Li(1)-Li(1)#2 136.0(5) 

P(1B)-Li(1)-Li(1)#2 53.6(3) 

P(1B)#2-Li(1)-Li(1)#2 53.0(3) 

Li(2)-Li(1)-Li(1)#2 102.3(4) 

O(1I)-Li(2)-P(1C) 117.9(4) 

O(1I)-Li(2)-P(1B) 89.2(3) 

P(1C)-Li(2)-P(1B) 114.4(3) 

O(1I)-Li(2)-P(1H)#1 107.6(4) 

P(1C)-Li(2)-P(1H)#1 104.5(3) 

P(1B)-Li(2)-P(1H)#1 123.2(3) 

O(1I)-Li(2)-Li(1) 42.8(3) 

P(1C)-Li(2)-Li(1) 150.7(4) 

P(1B)-Li(2)-Li(1) 55.1(2) 

P(1H)#1-Li(2)-Li(1) 103.2(3) 

O(1I)-Li(2)-Li(3) 146.7(4) 

P(1C)-Li(2)-Li(3) 55.6(2) 

P(1B)-Li(2)-Li(3) 123.9(4) 

P(1H)#1-Li(2)-Li(3) 53.3(2) 

Li(1)-Li(2)-Li(3) 153.7(4) 

O(1J)-Li(3)-Li(4) 54.2(3) 

O(1J)-Li(3)-P(1H)#1 128.5(4) 

Li(4)-Li(3)-P(1H)#1 162.2(4) 

O(1J)-Li(3)-P(1C) 90.8(3) 

Li(4)-Li(3)-P(1C) 59.8(3) 

P(1H)#1-Li(3)-P(1C) 102.8(3) 

O(1J)-Li(3)-P(1D) 97.5(4) 

Li(4)-Li(3)-P(1D) 60.5(3) 

P(1H)#1-Li(3)-P(1D) 129.4(4) 

P(1C)-Li(3)-P(1D) 95.6(3) 

O(1J)-Li(3)-C(1H)#1 98.4(4) 

Li(4)-Li(3)-C(1H)#1 151.8(5) 

P(1H)#1-Li(3)-C(1H)#1 40.06(17) 

P(1C)-Li(3)-C(1H)#1 135.7(4) 

P(1D)-Li(3)-C(1H)#1 125.5(3) 

O(1J)-Li(3)-Li(2) 104.5(4) 

Li(4)-Li(3)-Li(2) 108.5(4) 

P(1H)#1-Li(3)-Li(2) 54.1(2) 

P(1C)-Li(3)-Li(2) 52.9(2) 

P(1D)-Li(3)-Li(2) 140.9(4) 

C(1H)#1-Li(3)-Li(2) 82.9(3) 

O(1J)-Li(4)-P(1F) 123.6(5) 

O(1J)-Li(4)-Li(3) 49.8(3) 

P(1F)-Li(4)-Li(3) 166.9(5) 

O(1J)-Li(4)-P(1C) 89.8(4) 

P(1F)-Li(4)-P(1C) 130.9(4) 
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Li(3)-Li(4)-P(1C) 62.2(3) 

O(1J)-Li(4)-P(1D) 95.6(3) 

P(1F)-Li(4)-P(1D) 111.4(4) 

Li(3)-Li(4)-P(1D) 62.0(3) 

P(1C)-Li(4)-P(1D) 98.1(3) 

O(1K)-Li(5)-P(1D) 110.2(4) 

O(1K)-Li(5)-P(1E) 118.8(4) 

P(1D)-Li(5)-P(1E) 110.5(3) 

O(1K)-Li(5)-P(1E)#3 89.4(3) 

P(1D)-Li(5)-P(1E)#3 120.2(4) 

P(1E)-Li(5)-P(1E)#3 106.9(3) 

O(1K)-Li(5)-Li(6) 42.9(3) 

P(1D)-Li(5)-Li(6) 102.3(3) 

P(1E)-Li(5)-Li(6) 147.1(4) 

P(1E)#3-Li(5)-Li(6) 55.9(2) 

O(1K)-Li(5)-Li(5)#3 113.2(5) 

P(1D)-Li(5)-Li(5)#3 135.8(5) 

P(1E)-Li(5)-Li(5)#3 53.7(3) 

P(1E)#3-Li(5)-Li(5)#3 53.2(3) 

Li(6)-Li(5)-Li(5)#3 103.3(4) 

O(1K)-Li(6)-P(1G) 118.6(4) 

O(1K)-Li(6)-P(1E)#3 89.9(3) 

P(1G)-Li(6)-P(1E)#3 110.5(3) 

O(1K)-Li(6)-P(1F) 110.3(4) 

P(1G)-Li(6)-P(1F) 104.2(3) 

P(1E)#3-Li(6)-P(1F) 124.1(3) 

O(1K)-Li(6)-Li(5) 43.9(3) 

P(1G)-Li(6)-Li(5) 150.0(4) 

P(1E)#3-Li(6)-Li(5) 55.5(2) 

P(1F)-Li(6)-Li(5) 105.3(3) 

O(1K)-Li(6)-Li(7) 152.1(4) 

P(1G)-Li(6)-Li(7) 55.7(2) 

P(1E)#3-Li(6)-Li(7) 118.0(3) 

P(1F)-Li(6)-Li(7) 53.9(2) 

Li(5)-Li(6)-Li(7) 152.8(4) 

O(1L)-Li(7)-Li(8) 53.2(3) 

O(1L)-Li(7)-P(1F) 136.9(4) 

Li(8)-Li(7)-P(1F) 163.7(5) 

O(1L)-Li(7)-P(1A)#4 97.4(3) 

Li(8)-Li(7)-P(1A)#4 60.0(3) 

P(1F)-Li(7)-P(1A)#4 121.0(3) 

O(1L)-Li(7)-P(1G) 89.2(3) 

Li(8)-Li(7)-P(1G) 59.7(3) 

P(1F)-Li(7)-P(1G) 104.7(3) 

P(1A)#4-Li(7)-P(1G) 95.3(3) 

O(1L)-Li(7)-C(1F) 103.2(4) 

Li(8)-Li(7)-C(1F) 155.1(5) 

P(1F)-Li(7)-C(1F) 40.27(18) 

P(1A)#4-Li(7)-C(1F) 124.0(4) 

P(1G)-Li(7)-C(1F) 135.8(4) 

O(1L)-Li(7)-Li(6) 108.1(4) 

Li(8)-Li(7)-Li(6) 111.3(4) 
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P(1F)-Li(7)-Li(6) 56.0(2) 

P(1A)#4-Li(7)-Li(6) 138.6(4) 

P(1G)-Li(7)-Li(6) 54.2(2) 

C(1F)-Li(7)-Li(6) 81.7(3) 

O(1L)-Li(8)-P(1H) 119.5(4) 

O(1L)-Li(8)-Li(7) 50.5(3) 

P(1H)-Li(8)-Li(7) 165.4(5) 

O(1L)-Li(8)-P(1G) 89.3(3) 

P(1H)-Li(8)-P(1G) 131.7(4) 

Li(7)-Li(8)-P(1G) 62.3(3) 

O(1L)-Li(8)-P(1A)#4 97.0(4) 

P(1H)-Li(8)-P(1A)#4 113.9(3) 

Li(7)-Li(8)-P(1A)#4 62.1(3) 

P(1G)-Li(8)-P(1A)#4 98.2(3)
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______________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 x, y-1, z    #2 -x+1, -y, -z+1    #3 -x+1, -y+1, -z       

#4 x, y+1, z    #5 -x, -y, -z    #6 -x+1, -y, -z       

 

 

Table 4.  Anisotropic displacement parameters (Å2x 103) for SBY-4-023.  The anisotropic 

displacement factor exponent takes the form: 

-2 p2[ h2 a*2 U11 + ... + 2 h k a* b* U12] 

______________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________  

 

P(1A) 45(1)  29(1) 21(1)  2(1) 10(1)  4(1) 

C(1A) 41(3)  16(3) 18(3)  -5(2) 12(2)  2(2) 

C(2A) 47(4)  20(3) 21(3)  0(3) 14(3)  4(3) 

C(3A) 56(4)  34(4) 27(4)  6(3) 19(3)  9(3) 

C(4A) 49(4)  62(4) 25(4)  8(3) 8(3)  12(3) 

C(5A) 46(4)  61(4) 20(4)  -4(3) 7(3)  -3(3) 

C(6A) 41(3)  28(3) 26(4)  -1(3) 10(3)  -6(3) 

P(1B) 39(1)  28(1) 25(1)  3(1) 7(1)  -6(1) 

C(1B) 42(3)  22(3) 15(3)  1(2) 8(3)  -8(2) 

C(2B) 51(4)  53(4) 36(4)  12(3) 21(3)  7(3) 

C(3B) 46(4)  126(7) 53(5)  51(4) 33(4)  35(4) 

C(4B) 43(5)  181(9) 36(5)  34(5) -1(4)  -30(5) 

C(5B) 69(5)  125(7) 39(5)  -19(5) 10(4)  -65(5) 

C(6B) 57(4)  43(4) 28(4)  -8(3) 12(3)  -26(3) 



303 
 
 

P(1C) 40(1)  24(1) 24(1)  1(1) 12(1)  0(1) 

C(1C) 41(3)  22(3) 23(3)  12(2) 14(3)  -4(3) 

C(2C) 46(3)  31(4) 33(4)  14(3) 17(3)  1(3) 

C(3C) 38(4)  51(4) 51(4)  17(3) 14(3)  2(3) 

C(4C) 42(4)  58(5) 38(4)  19(3) 1(3)  -11(3) 

C(5C) 49(4)  53(4) 32(4)  7(3) 9(3)  -15(3) 

C(6C) 39(3)  34(4) 30(4)  2(3) 15(3)  -6(3) 

P(1D) 44(1)  32(1) 24(1)  4(1) 11(1)  5(1) 

C(1D) 45(3)  21(3) 24(3)  13(2) 12(3)  7(3) 

C(2D) 54(4)  24(3) 21(3)  6(3) 10(3)  1(3) 

C(3D) 68(4)  25(4) 29(4)  4(3) 19(3)  6(3) 

C(4D) 57(4)  33(4) 40(4)  9(3) 25(3)  11(3) 

C(5D) 45(4)  40(4) 25(4)  16(3) 13(3)  4(3) 

C(6D) 49(3)  19(3) 22(3)  8(3) 11(3)  5(3) 

P(1E) 35(1)  23(1) 24(1)  -1(1) 10(1)  -3(1) 

C(1E) 36(3)  28(3) 9(3)  -4(2) 7(3)  0(2) 

C(2E) 47(3)  23(3) 23(3)  -2(3) 14(3)  1(3) 

C(3E) 44(3)  33(3) 32(4)  -8(3) 19(3)  -11(3) 

C(4E) 40(4)  36(4) 36(4)  -9(3) 14(3)  -7(3) 

C(5E) 38(3)  41(4) 29(4)  -2(3) 4(3)  3(3) 

C(6E) 36(3)  32(3) 17(3)  2(3) 7(3)  -5(2) 

P(1F) 42(1)  17(1) 29(1)  1(1) 10(1)  0(1) 

C(1F) 50(3)  8(3) 24(3)  0(2) 15(3)  0(3) 

C(2F) 47(3)  19(3) 32(4)  1(3) 12(3)  0(3) 

C(3F) 53(4)  19(3) 44(4)  3(3) 20(3)  -2(3) 

C(4F) 38(4)  26(4) 58(4)  2(3) 12(3)  -3(3) 
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C(5F) 47(3)  29(4) 38(4)  2(3) 11(3)  -8(3) 

C(6F) 46(3)  22(3) 28(3)  2(3) 14(3)  -3(3) 

P(1G) 37(1)  23(1) 20(1)  2(1) 10(1)  -1(1) 

C(1G) 37(3)  10(3) 18(3)  -9(2) 2(2)  -3(2) 

C(2G) 40(3)  22(3) 27(3)  4(3) 8(3)  2(3) 

C(3G) 45(4)  37(4) 51(4)  11(3) 22(3)  0(3) 

C(4G) 41(4)  33(4) 64(5)  2(3) 24(3)  8(3) 

C(5G) 33(3)  25(3) 52(4)  -2(3) 6(3)  5(3) 

C(6G) 39(3)  23(3) 25(3)  -3(3) 5(3)  -2(3) 

P(1H) 39(1)  19(1) 28(1)  0(1) 10(1)  0(1) 

C(1H) 44(3)  10(3) 22(3)  0(2) 10(2)  3(2) 

C(2H) 45(3)  18(3) 33(3)  3(3) 15(3)  -2(3) 

C(3H) 43(3)  25(3) 37(4)  7(3) -1(3)  4(3) 

C(4H) 39(4)  24(3) 57(4)  8(3) 12(3)  -3(3) 

C(5H) 49(4)  34(4) 40(4)  15(3) 20(3)  3(3) 

C(6H) 40(3)  21(3) 29(3)  6(3) 9(3)  4(3) 

O(1I) 32(2)  24(2) 21(2)  -5(2) 5(2)  -2(2) 

C(1I) 45(3)  33(4) 20(3)  -5(3) 0(3)  -8(3) 

C(2I) 40(3)  46(4) 36(4)  2(3) -1(3)  -14(3) 

C(3I) 38(3)  44(4) 35(4)  8(3) 8(3)  1(3) 

C(4I) 40(3)  25(3) 30(4)  -3(3) 16(3)  0(3) 

O(1J) 40(2)  17(2) 28(2)  1(2) 7(2)  -6(2) 

C(1J) 38(3)  27(3) 43(4)  5(3) 16(3)  -7(3) 

C(2J) 39(4)  33(4) 50(4)  3(3) 4(3)  -4(3) 

C(3J) 49(4)  37(4) 38(4)  -3(3) 8(3)  -1(3) 

C(4J) 59(4)  49(4) 23(3)  -5(3) 8(3)  -15(3) 
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O(1K) 31(2)  25(2) 23(2)  6(2) 11(2)  0(2) 

C(1K) 41(3)  31(3) 23(3)  15(3) 14(3)  -3(3) 

C(2K) 38(3)  37(4) 28(4)  6(3) 12(3)  -3(3) 

C(3K) 33(3)  20(3) 33(4)  0(3) 7(3)  4(3) 

C(4K) 34(3)  25(3) 23(3)  3(3) 3(3)  4(3) 

O(1L) 34(2)  26(2) 18(2)  -3(2) 5(2)  0(2) 

C(1L) 36(3)  29(3) 30(3)  -3(3) 1(2)  -4(3) 

C(2L) 35(7)  34(10) 45(7)  -13(6) 15(5)  -4(8) 

C(3L) 49(6)  29(8) 31(6)  -4(5) 16(5)  -3(6) 

C(4L) 49(7)  39(12) 20(5)  -6(7) 12(5)  -2(7) 

C(2L') 38(9)  39(14) 44(8)  -10(9) 13(6)  -10(10) 

C(3L') 43(9)  35(9) 38(7)  -10(7) 20(6)  -9(8) 

C(4L') 24(9)  24(10) 15(6)  5(7) 6(6)  8(6) 

C(1M) 96(5)  50(5) 61(5)  -11(4) 19(4)  16(4) 

C(2M) 92(6)  44(4) 70(5)  1(4) 37(4)  -1(4) 

C(3M) 116(6)  46(5) 62(5)  17(4) 34(4)  22(5) 

C(4M) 103(6)  43(5) 78(5)  -1(4) 3(5)  19(5) 

C(5M) 81(6)  39(5) 119(6)  5(5) 35(5)  20(4) 

C(6M) 117(6)  44(5) 70(5)  5(4) 52(5)  14(5) 

C(1N) 89(5)  32(4) 65(6)  10(4) 23(4)  14(4) 

C(2N) 104(5)  30(4) 52(5)  1(4) 8(4)  20(4) 

C(3N) 85(5)  30(4) 75(6)  -2(4) 4(4)  19(4) 

C(1O) 103(6)  68(6) 37(5)  -9(4) 15(5)  -28(4) 

C(2O) 121(7)  56(5) 51(5)  1(4) 19(5)  -15(5) 

C(3O) 104(6)  55(5) 46(5)  -7(4) 9(4)  -13(4) 

Li(1) 37(6)  32(6) 33(6)  8(5) 9(5)  -2(4) 
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Li(2) 38(6)  24(5) 24(6)  6(4) 7(5)  -1(4) 

Li(3) 37(6)  30(6) 35(6)  -4(5) 6(5)  1(5) 

Li(4) 55(7)  38(6) 32(6)  2(5) 17(5)  8(5) 

Li(5) 37(6)  32(6) 39(6)  -10(5) 12(5)  -2(5) 

Li(6) 39(6)  25(5) 19(5)  -5(4) 4(4)  -5(4) 

Li(7) 48(6)  29(6) 23(6)  1(4) 14(5)  -8(5) 

Li(8) 50(6)  30(6) 26(6)  -3(5) 8(5)  2(5) 

______________________________________________________________  

 

Table 5.  Hydrogen coordinates and isotropic displacement parameters for SBY-4-023. 

______________________________________________________________  

 x  y  z  U(eq) 

______________________________________________________________  

  

H(1P) 0.485(3) -0.215(3) 0.370(2) 0.037 

H(2A) 0.572783 -0.300792 0.477636 0.034 

H(3A) 0.692625 -0.350598 0.567461 0.045 

H(4A) 0.864075 -0.291099 0.590957 0.054 

H(5A) 0.912346 -0.180874 0.521263 0.051 

H(6A) 0.793795 -0.131780 0.431074 0.037 

H(2P) 0.548(3) 0.185(3) 0.493(2) 0.037 

H(2B) 0.774416 0.008790 0.482734 0.054 

H(3B) 0.949339 0.031314 0.534743 0.085 

H(4B) 1.003871 0.165508 0.596465 0.106 

H(5B) 0.885064 0.272241 0.601637 0.095 

H(6B) 0.713364 0.250171 0.553214 0.052 
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H(3P) 0.444(3) 0.328(3) 0.362(2) 0.034 

H(2C) 0.250649 0.341106 0.303736 0.043 

H(3C) 0.090253 0.314440 0.231849 0.055 

H(4C) 0.078463 0.223743 0.136069 0.057 

H(5C) 0.225842 0.154739 0.115001 0.054 

H(6C) 0.385360 0.178999 0.186770 0.040 

H(4P) 0.486(3) 0.272(3) 0.121(2) 0.039 

H(2D) 0.581307 0.194194 0.046115 0.039 

H(3D) 0.708625 0.143956 -0.008431 0.047 

H(4D) 0.873953 0.211329 0.009555 0.049 

H(5D) 0.912781 0.333617 0.085231 0.043 

H(6D) 0.786028 0.384313 0.141443 0.035 

H(5P) 0.456(3) 0.320(3) -0.024(2) 0.032 

H(2E) 0.293054 0.242177 -0.001946 0.036 

H(3E) 0.119061 0.212977 0.000469 0.042 

H(4E) -0.006873 0.316283 -0.037992 0.044 

H(5E) 0.043994 0.451779 -0.080850 0.044 

H(6E) 0.217328 0.480804 -0.086241 0.034 

H(6P) 0.574(3) 0.591(3) 0.340(2) 0.035 

H(2F) 0.756765 0.559947 0.202549 0.039 

H(3F) 0.935865 0.581743 0.221979 0.045 

H(4F) 1.027286 0.620602 0.329305 0.048 

H(5F) 0.938971 0.642263 0.417532 0.046 

H(6F) 0.758578 0.622255 0.398639 0.038 

H(7P) 0.440(3) 0.812(3) 0.123(2) 0.032 

H(2G) 0.366113 0.693642 0.280401 0.036 
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H(3G) 0.197860 0.673209 0.297653 0.051 

H(4G) 0.058051 0.734863 0.226115 0.053 

H(5G) 0.090368 0.821667 0.136732 0.044 

H(6G) 0.258920 0.845678 0.120395 0.035 

H(8P) 0.573(3) 1.082(3) 0.188(2) 0.034 

H(2H) 0.789853 1.066297 0.359347 0.037 

H(3H) 0.967734 1.096475 0.367257 0.044 

H(4H) 1.032418 1.139493 0.272041 0.047 

H(5H) 0.919531 1.144642 0.169201 0.047 

H(6H) 0.742594 1.115634 0.159629 0.035 

H(1I1) 0.365297 -0.082638 0.295314 0.041 

H(1I2) 0.345519 0.008662 0.254202 0.041 

H(2I1) 0.214992 -0.073625 0.335147 0.050 

H(2I2) 0.179361 -0.030777 0.261716 0.050 

H(3I1) 0.207699 0.113562 0.304679 0.047 

H(3I2) 0.161174 0.064756 0.363611 0.047 

H(4I1) 0.342480 0.144289 0.389998 0.036 

H(4I2) 0.318430 0.056933 0.430751 0.036 

H(1J1) 0.808388 0.389421 0.261213 0.042 

H(1J2) 0.845493 0.288126 0.272166 0.042 

H(2J1) 0.877967 0.430882 0.369635 0.050 

H(2J2) 0.961849 0.359834 0.355570 0.050 

H(3J1) 0.890101 0.247841 0.410133 0.050 

H(3J2) 0.869404 0.332983 0.454888 0.050 

H(4J1) 0.715795 0.228492 0.389360 0.053 

H(4J2) 0.698774 0.330769 0.409052 0.053 
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H(1K1) 0.334831 0.514279 0.202667 0.037 

H(1K2) 0.360248 0.422110 0.168045 0.037 

H(2K1) 0.170665 0.467082 0.149426 0.040 

H(2K2) 0.212117 0.425502 0.085804 0.040 

H(3K1) 0.154315 0.563491 0.044368 0.034 

H(3K2) 0.195877 0.613358 0.116357 0.034 

H(4K1) 0.314665 0.560191 0.020397 0.033 

H(4K2) 0.334602 0.646996 0.069736 0.033 

H(1L1) 0.841552 0.791494 0.313907 0.039 

H(1L2) 0.805121 0.892843 0.317197 0.039 

H(2L1) 0.887795 0.936861 0.233313 0.044 

H(2L2) 0.962425 0.856187 0.261377 0.044 

H(3L1) 0.871958 0.755471 0.180335 0.042 

H(3L2) 0.869916 0.845754 0.137279 0.042 

H(4L1) 0.703481 0.876833 0.150174 0.043 

H(4L2) 0.694353 0.769234 0.145051 0.043 

H(2L3) 0.909742 0.938823 0.251402 0.048 

H(2L4) 0.947045 0.838349 0.243345 0.048 

H(3L3) 0.861138 0.853046 0.136085 0.045 

H(3L4) 0.784773 0.926310 0.157024 0.045 

H(4L3) 0.676027 0.798542 0.138867 0.025 

H(4L4) 0.768291 0.735463 0.174514 0.025 

H(1M) 0.406349 0.562880 0.529177 0.082 

H(2M) 0.461185 0.558161 0.426619 0.079 

H(3M) 0.342822 0.524429 0.328593 0.087 

H(4M) 0.167049 0.498376 0.330739 0.092 
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H(5M) 0.110874 0.502128 0.432577 0.093 

H(6M) 0.229657 0.529064 0.532796 0.086 

H(1N) -0.132273 0.015556 0.061439 0.072 

H(2N) 0.041384 0.011383 0.116491 0.075 

H(3N) 0.171839 -0.011595 0.055942 0.077 

H(1O) 0.418786 0.023669 0.091202 0.084 

H(2O) 0.575090 -0.048854 0.105079 0.091 

H(3O) 0.660032 -0.070050 0.015972 0.084 

______________________________________________________________  

 

Table 6.  Torsion angles [°] for SBY-4-023. 

______________________________________________________________  

 

Li(8)#1-P(1A)-C(1A)-C(6A) 30.9(6) 

Li(1)-P(1A)-C(1A)-C(6A) -93.4(4) 

Li(7)#1-P(1A)-C(1A)-C(6A) 84.4(4) 

Li(8)#1-P(1A)-C(1A)-C(2A) -148.2(4) 

Li(1)-P(1A)-C(1A)-C(2A) 87.6(4) 

Li(7)#1-P(1A)-C(1A)-C(2A) -94.7(4) 

C(6A)-C(1A)-C(2A)-C(3A) 1.1(7) 

P(1A)-C(1A)-C(2A)-C(3A) -179.8(4) 

C(1A)-C(2A)-C(3A)-C(4A) -0.2(8) 

C(2A)-C(3A)-C(4A)-C(5A) -0.4(8) 

C(3A)-C(4A)-C(5A)-C(6A) 0.1(8) 

C(4A)-C(5A)-C(6A)-C(1A) 0.9(8) 

C(2A)-C(1A)-C(6A)-C(5A) -1.4(7) 
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P(1A)-C(1A)-C(6A)-C(5A) 179.5(4) 

Li(2)-P(1B)-C(1B)-C(6B) 105.0(5) 

Li(1)-P(1B)-C(1B)-C(6B) -163.0(4) 

Li(1)#2-P(1B)-C(1B)-C(6B) -83.9(5) 

Li(2)-P(1B)-C(1B)-C(2B) -78.9(5) 

Li(1)-P(1B)-C(1B)-C(2B) 13.1(6) 

Li(1)#2-P(1B)-C(1B)-C(2B) 92.2(5) 

C(6B)-C(1B)-C(2B)-C(3B) -1.0(8) 

P(1B)-C(1B)-C(2B)-C(3B) -177.4(4) 

C(1B)-C(2B)-C(3B)-C(4B) 0.5(9) 

C(2B)-C(3B)-C(4B)-C(5B) -0.6(11) 

C(3B)-C(4B)-C(5B)-C(6B) 1.4(12) 

C(4B)-C(5B)-C(6B)-C(1B) -2.0(11) 

C(2B)-C(1B)-C(6B)-C(5B) 1.8(8) 

P(1B)-C(1B)-C(6B)-C(5B) 178.1(5) 

Li(2)-P(1C)-C(1C)-C(2C) 120.3(5) 

Li(4)-P(1C)-C(1C)-C(2C) -98.8(5) 

Li(3)-P(1C)-C(1C)-C(2C) -163.5(4) 

Li(2)-P(1C)-C(1C)-C(6C) -58.3(5) 

Li(4)-P(1C)-C(1C)-C(6C) 82.6(5) 

Li(3)-P(1C)-C(1C)-C(6C) 17.9(5) 

C(6C)-C(1C)-C(2C)-C(3C) 0.3(7) 

P(1C)-C(1C)-C(2C)-C(3C) -178.3(4) 

C(1C)-C(2C)-C(3C)-C(4C) -1.1(8) 

C(2C)-C(3C)-C(4C)-C(5C) 1.4(9) 

C(3C)-C(4C)-C(5C)-C(6C) -0.9(9) 
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C(4C)-C(5C)-C(6C)-C(1C) 0.1(8) 

C(2C)-C(1C)-C(6C)-C(5C) 0.2(7) 

P(1C)-C(1C)-C(6C)-C(5C) 178.9(4) 

Li(5)-P(1D)-C(1D)-C(6D) 89.2(5) 

Li(4)-P(1D)-C(1D)-C(6D) -39.0(6) 

Li(3)-P(1D)-C(1D)-C(6D) -90.6(5) 

Li(5)-P(1D)-C(1D)-C(2D) -92.1(5) 

Li(4)-P(1D)-C(1D)-C(2D) 139.7(5) 

Li(3)-P(1D)-C(1D)-C(2D) 88.2(5) 

C(6D)-C(1D)-C(2D)-C(3D) 0.2(7) 

P(1D)-C(1D)-C(2D)-C(3D) -178.5(4) 

C(1D)-C(2D)-C(3D)-C(4D) -0.3(8) 

C(2D)-C(3D)-C(4D)-C(5D) 0.0(9) 

C(3D)-C(4D)-C(5D)-C(6D) 0.3(8) 

C(4D)-C(5D)-C(6D)-C(1D) -0.4(8) 

C(2D)-C(1D)-C(6D)-C(5D) 0.1(7) 

P(1D)-C(1D)-C(6D)-C(5D) 178.9(4) 

Li(5)-P(1E)-C(1E)-C(6E) 94.8(5) 

Li(5)#3-P(1E)-C(1E)-C(6E) 16.8(6) 

Li(6)#3-P(1E)-C(1E)-C(6E) -78.6(5) 

Li(5)-P(1E)-C(1E)-C(2E) -84.2(5) 

Li(5)#3-P(1E)-C(1E)-C(2E) -162.2(4) 

Li(6)#3-P(1E)-C(1E)-C(2E) 102.4(5) 

C(6E)-C(1E)-C(2E)-C(3E) 1.7(7) 

P(1E)-C(1E)-C(2E)-C(3E) -179.3(4) 

C(1E)-C(2E)-C(3E)-C(4E) -1.4(8) 
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C(2E)-C(3E)-C(4E)-C(5E) 0.2(8) 

C(3E)-C(4E)-C(5E)-C(6E) 0.7(8) 

C(2E)-C(1E)-C(6E)-C(5E) -0.8(7) 

P(1E)-C(1E)-C(6E)-C(5E) -179.9(4) 

C(4E)-C(5E)-C(6E)-C(1E) -0.3(8) 

Li(4)-P(1F)-C(1F)-C(2F) 74.8(5) 

Li(7)-P(1F)-C(1F)-C(2F) -99.1(4) 

Li(6)-P(1F)-C(1F)-C(2F) -39.4(5) 

Li(4)-P(1F)-C(1F)-C(6F) -105.4(5) 

Li(7)-P(1F)-C(1F)-C(6F) 80.6(5) 

Li(6)-P(1F)-C(1F)-C(6F) 140.3(4) 

Li(4)-P(1F)-C(1F)-Li(7) 174.0(3) 

Li(6)-P(1F)-C(1F)-Li(7) 59.7(3) 

C(6F)-C(1F)-C(2F)-C(3F) 3.3(7) 

P(1F)-C(1F)-C(2F)-C(3F) -176.9(4) 

Li(7)-C(1F)-C(2F)-C(3F) 110.4(5) 

C(1F)-C(2F)-C(3F)-C(4F) -0.9(8) 

C(2F)-C(3F)-C(4F)-C(5F) -1.3(8) 

C(3F)-C(4F)-C(5F)-C(6F) 0.9(8) 

C(4F)-C(5F)-C(6F)-C(1F) 1.7(8) 

C(2F)-C(1F)-C(6F)-C(5F) -3.7(7) 

P(1F)-C(1F)-C(6F)-C(5F) 176.6(4) 

Li(7)-C(1F)-C(6F)-C(5F) -118.1(5) 

Li(8)-P(1G)-C(1G)-C(6G) 101.0(5) 

Li(6)-P(1G)-C(1G)-C(6G) -117.1(4) 

Li(7)-P(1G)-C(1G)-C(6G) 168.6(4) 
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Li(8)-P(1G)-C(1G)-C(2G) -80.0(5) 

Li(6)-P(1G)-C(1G)-C(2G) 61.8(4) 

Li(7)-P(1G)-C(1G)-C(2G) -12.5(5) 

C(6G)-C(1G)-C(2G)-C(3G) 1.6(7) 

P(1G)-C(1G)-C(2G)-C(3G) -177.5(4) 

C(1G)-C(2G)-C(3G)-C(4G) 0.1(8) 

C(2G)-C(3G)-C(4G)-C(5G) -0.9(9) 

C(3G)-C(4G)-C(5G)-C(6G) 0.1(8) 

C(4G)-C(5G)-C(6G)-C(1G) 1.7(8) 

C(2G)-C(1G)-C(6G)-C(5G) -2.4(7) 

P(1G)-C(1G)-C(6G)-C(5G) 176.6(4) 

Li(8)-P(1H)-C(1H)-C(2H) -77.2(5) 

Li(3)#4-P(1H)-C(1H)-C(2H) 102.9(4) 

Li(2)#4-P(1H)-C(1H)-C(2H) 43.3(5) 

Li(8)-P(1H)-C(1H)-C(6H) 102.8(5) 

Li(3)#4-P(1H)-C(1H)-C(6H) -77.1(5) 

Li(2)#4-P(1H)-C(1H)-C(6H) -136.7(4) 

Li(8)-P(1H)-C(1H)-Li(3)#4 179.9(3) 

Li(2)#4-P(1H)-C(1H)-Li(3)#4 -59.6(3) 

C(6H)-C(1H)-C(2H)-C(3H) -0.9(7) 

P(1H)-C(1H)-C(2H)-C(3H) 179.1(4) 

Li(3)#4-C(1H)-C(2H)-C(3H) -108.5(5) 

C(1H)-C(2H)-C(3H)-C(4H) 1.2(8) 

C(2H)-C(3H)-C(4H)-C(5H) -1.4(8) 

C(3H)-C(4H)-C(5H)-C(6H) 1.6(8) 

C(4H)-C(5H)-C(6H)-C(1H) -1.4(8) 
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C(2H)-C(1H)-C(6H)-C(5H) 1.0(7) 

P(1H)-C(1H)-C(6H)-C(5H) -179.0(4) 

Li(3)#4-C(1H)-C(6H)-C(5H) 119.3(5) 

C(4I)-O(1I)-C(1I)-C(2I) -17.7(5) 

Li(1)-O(1I)-C(1I)-C(2I) 106.1(5) 

Li(2)-O(1I)-C(1I)-C(2I) -139.9(4) 

O(1I)-C(1I)-C(2I)-C(3I) 34.6(5) 

C(1I)-C(2I)-C(3I)-C(4I) -38.2(6) 

C(1I)-O(1I)-C(4I)-C(3I) -6.6(5) 

Li(1)-O(1I)-C(4I)-C(3I) -134.8(4) 

Li(2)-O(1I)-C(4I)-C(3I) 124.8(4) 

C(2I)-C(3I)-C(4I)-O(1I) 27.8(5) 

C(4J)-O(1J)-C(1J)-C(2J) -22.6(5) 

Li(3)-O(1J)-C(1J)-C(2J) -156.5(4) 

Li(4)-O(1J)-C(1J)-C(2J) 116.0(5) 

O(1J)-C(1J)-C(2J)-C(3J) 35.1(5) 

C(1J)-C(2J)-C(3J)-C(4J) -34.1(6) 

C(1J)-O(1J)-C(4J)-C(3J) 0.8(5) 

Li(3)-O(1J)-C(4J)-C(3J) 136.5(4) 

Li(4)-O(1J)-C(4J)-C(3J) -135.5(5) 

C(2J)-C(3J)-C(4J)-O(1J) 20.8(6) 

C(4K)-O(1K)-C(1K)-C(2K) 20.3(5) 

Li(6)-O(1K)-C(1K)-C(2K) 145.1(4) 

Li(5)-O(1K)-C(1K)-C(2K) -105.0(5) 

O(1K)-C(1K)-C(2K)-C(3K) -36.3(5) 

C(1K)-C(2K)-C(3K)-C(4K) 38.6(5) 
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C(1K)-O(1K)-C(4K)-C(3K) 4.5(5) 

Li(6)-O(1K)-C(4K)-C(3K) -126.1(4) 

Li(5)-O(1K)-C(4K)-C(3K) 132.8(4) 

C(2K)-C(3K)-C(4K)-O(1K) -26.9(5) 

C(4L)-O(1L)-C(1L)-C(2L) 6.0(18) 

Li(7)-O(1L)-C(1L)-C(2L) 154.1(17) 

Li(8)-O(1L)-C(1L)-C(2L) -119.3(17) 

C(4L')-O(1L)-C(1L)-C(2L') 26(2) 

Li(7)-O(1L)-C(1L)-C(2L') 157(2) 

Li(8)-O(1L)-C(1L)-C(2L') -116(2) 

O(1L)-C(1L)-C(2L)-C(3L) -28(3) 

C(1L)-C(2L)-C(3L)-C(4L) 38(3) 

C(1L)-O(1L)-C(4L)-C(3L) 18.6(18) 

Li(7)-O(1L)-C(4L)-C(3L) -126.4(12) 

Li(8)-O(1L)-C(4L)-C(3L) 145.3(13) 

C(2L)-C(3L)-C(4L)-O(1L) -36(2) 

O(1L)-C(1L)-C(2L')-C(3L') 1(4) 

C(1L)-C(2L')-C(3L')-C(4L') -26(4) 

C(1L)-O(1L)-C(4L')-C(3L') -41.5(19) 

Li(7)-O(1L)-C(4L')-C(3L') -174.2(13) 

Li(8)-O(1L)-C(4L')-C(3L') 95.3(15) 

C(2L')-C(3L')-C(4L')-O(1L) 41(3) 

C(6M)-C(1M)-C(2M)-C(3M) 0.8(10) 

C(1M)-C(2M)-C(3M)-C(4M) 1.0(11) 

C(2M)-C(3M)-C(4M)-C(5M) -1.2(11) 

C(3M)-C(4M)-C(5M)-C(6M) -0.5(11) 
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C(4M)-C(5M)-C(6M)-C(1M) 2.3(11) 

C(2M)-C(1M)-C(6M)-C(5M) -2.4(10) 

C(3N)#5-C(1N)-C(2N)-C(3N) -2.9(11) 

C(1N)-C(2N)-C(3N)-C(1N)#5 2.9(11) 

C(3O)#6-C(1O)-C(2O)-C(3O) 1.5(13) 

C(1O)-C(2O)-C(3O)-C(1O)#6 -1.5(13) 

______________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 x, y-1, z    #2 -x+1, -y, -z+1    #3 -x+1, -y+1, -z       

#4 x, y+1, z    #5 -x, -y, -z    #6 -x+1, -y, -z       


