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Abstract 

The focus of this thesis is divided into two directions. The first explores the pseudo-

Grignard reaction involving the oxidative addition of aryl halide to lanthanoid metals 

(Yb, Eu) (Chapter two). The second aspect details the synthesis and reactivity of a series 

of lanthanoid biphenolate {2,2′-methylenebis(6-tert-butyl-4-methylphenolate)} 

complexes (Chapters three and four). 

Chapter 1 gives an overall introduction to lanthanoid chemistry. This chapter details 

the general properties, extracting and separating techniques and applications of 

lanthanoid elements. In addition to highlighting the diverse range of the synthetic 

methods of lanthanoid formamidinate and lanthanoid phenolate complexes. 

Chapter 2 explores the oxidative addition of aryl halide to lanthanoid metal (Yb, Eu) as 

a synthetic route to prepare different species of pseudo-Grignard reagents involving 

formamidinates such as [Yb(RForm)(thf)nX]2 (Form = ArNCHNAr; R = 2,4,6-Me3; 

2,6-Me2; 2,6-Et2; 2,6-iPr2; X = Br, I) (see Figure below). 
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In addition, the reactivity of these pseudo-Grignard reagents [Yb(RForm)(thf)nX]2 

towards a range of ketones with different polar functionalities such as 9-fluorenone, 

1,4-benzoquinone and benzil is discussed. 

Chapter 3 discusses the synthesis and characterisation of a series of lanthanoid 

biphenolate {2,2′-methylenebis(6-tert-butyl-4-methylphenolate)} complexes. Redox 

transmetallation protolysis reactions between the lanthanoid metals and the biphenol in 

the presence of Hg(C6F5)2 yielded mononuclear [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Y, 

Gd, Er) or dinuclear [Ln2(BPO2)2(thf)n] (Ln = Sm, Tb n = 3, Ho, Yb n = 2) complexes 

depending on the extent of phenol deprotonation. When the biphenolate ligand was 

partially deprotonated the mononuclear form was produced and yielded the dinuclear 

form when it was doubly deprotonated described below. 

 

Chapter 4 details the synthesis and characterisation of a series of heterobimetallic 

complexes. Lanthanoid biphenolate complexes [Ln(BPO2)(BP(OH)O)(thf)3] have been 

metallated with different metal alkyls/amides such as (nBuLi, KN(SiMe3)2, AlMe3, 

ZnEt2) and led to ionic and non-ionic heterobimetallic complexes, for example, 

[Li(thf)2Ln(BPO2)2(thf)2] (Ln = La, Pr) described below, [Li(thf)n][Ln(BPO2)2(thf)n] 
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(Ln = Y, Ho), [K(thf)3Gd(BPO2)2(thf)2], [ZnEtYb(BPO2)2(thf)], 

[La(BPO2)(thf)5][AlMe2(BPO2)], [AlMe2Ln(BPO2)2(thf)n] (Ln = Sm, Tb).  

 

Overall, this thesis presents a significant contribution to pseudo-Grignard reagents. 

Formamidinate ligands can form stable and structurally interesting pseudo-Grignard 

reagents with divalent lanthanoid metals (Sm, Eu, Yb) as they can be readily modulated 

sterically and electronically in addition to their anionic, chelating features. 

Additionally, this thesis demonstrates the ability of the biphenolate ligand to stabilise 

lanthanoid in all readily known oxidation states (+2, +3, +4) for these metals. 

Additionally, the biphenolate ligands are able to stabilise a range of heterobimtallic 

complexes. 
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Abbreviations 

Ar = aryl 
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EDTA = ethylenediaminetetraacetic acid                                     
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hmpa = hexamethylphosphoramide                                                          

 

h = hour 

IR = infrared 

Ln = lanthanoid 

MesFormH = N,N′-bis(2,4,6-trimethylphenyl)formamidine                           

 

Me = methyl 

m. p. = melting point 

NMR = nuclear magnetic resonance 

ArO = aryloxide 
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ppm = parts per million 

RTP = redox transmetallation/protolysis 

RT = redox transmetallation 

REEs = rare earth elements  

r.t. = room temperature 

thf = tetrahydrofuran                                                                                                
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Chapter One 

Chapter 1: Introduction to the general aspects of the rare earth elements   

1.1.1 The rare earth elements  

According to the International Union of Pure and Applied Chemistry (IUPAC), rare 

earth elements (REEs) comprise 17 metals. REEs include the lanthanoids (cerium to 

lutetium with atomic numbers 58-71) in addition to lanthanum (Z = 57), scandium (Z 

= 21) and yttrium (Z = 39).[1, 2] The term ''rare earth elements'', although widely used in 

literature, is a misnomer because these elements are more abundant than gold. The 

reason for this designation goes back to the difficulties in extracting and separating 

lanthanoids elements due to their chemical similarities.[3] A partially filled 4f shell 

means that a lanthanoid ion is shielded from external fields by 5s2 and 5p6 outer-shell 

electrons.[4] However, ''rare earth'' primarily refers to the metal oxides and not the 

elements themselves.[5] Although the term ''lanthanides'' is widely used in literature, 

perhaps it is more appropriate to use the term ''lanthanoids'' instead when referring to 

REEs.[1] The reason is that the ''ide'' suffix in chemistry is often used to describe an 

anion such as sulphide, oxide and bromide whereas the ''oid'' suffix refers to the 

similarity in appearance and characteristics.  

The history of lanthanoids started with Karl Arrhenius, a lieutenant in the Swedish 

artillery forces, in 1787. Arrhenius had a strong interest in metallurgy and one day he 

stumbled upon a dark mineral stone. Arrhenius named the mineral ytterbite in the 

honour of the Swedish town of Ytterby where he found the stone.[6, 7] Johannes Gadolin 

(1760-1852), a Finnish chemist, examined this dark mineral and suggested that it was 

an oxide. In 1794 Gadolin found a new element within the dark mineral which he named 

ytterearth. This also represented the first attempt to identify REEs.[7] In 1797, Ekeberg, 

suggested the name gadolinite for the mineral and yttria for the new element.[8] The 
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subsequent chemical studies showed that yttria contained the oxide elements of yttrium, 

terbium, erbium, ytterbium, scandium, holmium, thulium, gadolinium, dysprosium, and 

lutetium.[9] In 1803, Klaproth, Berzelius and Hisinger discovered a different mineral 

near Bastnas in Sweden that was later named Ceria.[8, 10] The subsequent studies showed 

that Ceria contained the oxides of cerium, lanthanum, praseodymium, neodymium, 

samarium, and europium.[9] Table 1.1 shows the origin of designation, the date of 

separation, and the name of the discoverer of each lanthanoid element. 
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Table 1.1 Shows the origin of designation, the date of separation, and the name of the discoverer of lanthanoid element.[6, 11] (Copyright 

permission received, Appendix 1). 

 

Minerals  Element Origin of designation Date of separation Discoverer 

 

 

 

 

 

Cerium  Ceres is an asteroid 1839 Mosander 

Lanthanum Lanthanein Greek, to escape notice  1839 Mosander 

Samarium  Its ore, samarskite 1879 De Boisbaudran 

Praseodymium Greek, praseos = green, didymos = twin 1885 Von Welsback 

Neodymium Greek, neos = new, didymos = twin 1885 Von Welsback 

Europium Europe  1901 Demarcay 

 Lutetium Lutetia, Latin name of Paris  1907 Urbain, Von 
Welsback, James 

 Dysprosium Greek, Dysprositos = hard to get 1886 Boisbaudran 

 Gadolinium Finnish chemist, Gadolin 1880 Marignac 

 Erbium Ytterby Sweden town 1843 Mosander 

 Promethium Prometheus, Greek god 1947 Marinsky, 
Glendenin, 
Coryell 

 Holmium Holmia, Latin name of Stockholm  1879 Cleve 

 Scandium Scandinavia 1879 Nilson 

 Terbium Ytterby Sweden town 1843 Mosander 

 Thulium Thule, the Latin name of northernmost 
region 

1879 Cleve 

 Ytterbium Ytterby Sweden town 1878 Marignac 

 Yttrium Ytterby Sweden town  1843 Mosander 

Ceria 

Cerite (Cronstedt, A. F. 
1751) 

Klaproth, M. H.; 
Berzelius, J. J.; 
Hisinger, W. 1803 

Ytteria 

Gadolinite (Arrhenius, 
C. A.  1787) 

(Gadolin, J. 1794) 
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1.1.2 Abundance of the rare earth elements  

More than 100 minerals contain lanthanoids but only two of them can be used 

commercially as a source of lanthanoid elements. Monazite is one of these two minerals 

containing a mix of La, Th and lanthanoid phosphate. Bastnaesite is the other mineral 

containing La and lanthanoid fluorocarbonate.[11] Although Monazite is found in many 

regions around the world, only limited deposits are commercially viable. These deposits 

are mostly found in India, Brazil, Australia, South Africa, USA, Sri Lanka and 

Malaysia. Similarly, Bastnaesite is also found in different regions in Europe and Africa 

but only a few deposits in USA and China are being mined on a commercial scale.[9, 10] 

Table 1.2 shows the distribution of lanthanoids in the Earth's crust and the percentage 

of each of lanthanoid elements in Monazite and Bastnaesite ores. 
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Table 1.2 Distribution of lanthanoids in the Earth's crust and their percentages in Monazite and Bastnaesite ores[12, 13] (Copyright 

permission received, Appendix 2). 

 
Elements Y La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Crust (ppm) 31 35 66 9.1 40 0 7 2.1 6.1 1.2 4.5 1.3 3.5 0.5 3.1 0.8 

Monazite % 2.5 20 43 4.5 16 0 3 0.1 1.5 0.05 0.6 0.05 0.2 0.02 0.1 0.02 

Bastnaesite % 0.1 33.2 49.1 4.3 12 0 0.8 0.12 0.17 160 310 50 35 8 6 1 

       Bold values are in ppm. 
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1.1.3 Extracting and separating rare earth elements  

A typical process of minerals cracking often starts with chemical treatment. A variety 

of digestive chemicals are used depending on the nature of the ore being treated. Silicate 

minerals, for example, are treated with hydrochloric acid to decompose the mineral into 

insoluble silica and soluble chlorides. Euxenite, for example, is treated with 

hydrofluoric acid to produce soluble niobium, tantalum and titanium, and insoluble 

lanthanoid fluorides.[8]  

The main ores of lanthanoids (i.e monazite and bastnaesite) are first processed via 

flotation to increase the concentration of lanthanoid oxides from 10 % to 60 %.[13] Both 

monazite and bastnaesite can be digested with either acidic or alkaline solutions. On a 

commercial scale, the cracking process starts by mixing sand, monazite (or bastnaesite), 

and 98 % sulfuric acid and heating it to 120-150 oC for several hours.[8] After this acidic 

treatment, bastnaesite transforms to a water-soluble sulfate and releases carbon dioxide 

and hydrogen fluoride. The resulting solution of monazite, however, is diluted to 

precipitate thorium (as a phosphate or as a fluoride) by adding hydrofluoric acid. The 

lanthanoids are then precipitated by using oxalic acid and converted to more reactive 

forms of hydrous oxides (or hydroxides) by using caustic soda.[8] 

The introduction of the ion-exchange technique simplified the separation of 

lanthanoids. In this technique, the lanthanoid mixture is added to a cation-exchange 

resin and then eluted with a complexing agent such as EDTA. The first lanthanoids 

removed from resin are the heavier lanthanoid ions capable of forming stronger EDTA 

complexes. Complete separation of lanthanoids can be achieved using a long column.[9, 

13] The separation of lanthanoids on a large scale (for commercial purposes) is achieved 

by solvent extraction. In this method, complexing agents such as tributylphosphate 
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(nBuO)3PO or di(2-ethylhexyl)phosphoric acid are used in a covalent solvent such as 

kerosene.[9] 

1.1.4 Properties of rare earth elements 

The electronic configuration of free lanthanoid atoms is mostly [Xe]4fn5d06s2 with the 

exception of cerium, gadolinium and lutetium.[11] The physicochemical properties of 

lanthanoids mainly depend on the ''f'' orbitals.[9] Although there is no unique method to 

represent ''f'' orbitals, they can be classified as either a cubic set or a general set 

depending on the way they are combined.[12] The 4f orbitals penetrate the xenon core, 

resulting in no overlap with the ligand's orbitals.[13] In addition, lanthanoid complexes 

have an inability to form covalent bonding and hence they do not tend to have fixed, 

but variable coordination geometries.[14] The metallic behaviour of lanthanoids is due 

to 5d and 6s atomic orbitals which have much higher contribution and overlap in 

comparison to 4f orbitals.[9] 

The most common and stable oxidation state of the majority of lanthanoids is +3.[15] 

Some of these elements, however, have other oxidation states (+2 and +4) caused by 

special stability of the unfilled, partially-filled or filled shells. Examples of such 

elements are Ce+4 (4f0), Pr+2 (4f3), Eu+2 (4f7), Yb+2 (4f14) and Sm+2 (4f6). Cerium and, 

to a lesser extent, praseodymium have the ability to form Ln+4 in the presence of a 

strong oxidising agent. On the other hand, europium (Eu), ytterbium (Yb) and, 

samarium (Sm) have the ability to form Ln+2.[16] The instability of the divalent state is 

caused by the difference in the hydration energies of tri- and di-valent lanthanoid ions, 

which exceed the ionisation energies of doubly charged ions. The electronic 

configuration of the ''f'' orbital depends on a number of factors such as electrostatic 

interaction, spin orbital coupling, and the crystal field effect (albeit this final effect is 



 

8 
 

Chapter One 

minimal).[15] However, the stability of divalent lanthanoids is one of the important 

challenges to be considered in the coordination chemistry of these elements.[14] The 

most common coordination numbers for lanthanoids are 8 and 9.[16] There is a gradual 

decrease in the radii of the Ln+3 ions from La+3 to Lu+3, which is also known as the 

lanthanoid contraction. Similarly, metallic radii show a gradual decrease as you move 

across the lanthanoid series.[11, 16] Most lanthanoids have a silvery shining appearance 

but lose their brightness quickly when exposed to the air due to formation of oxides. 

These elements have slow interactions with cold water but react rapidly with dilute 

acids.[12] 
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Table 1.3 Selected properties of the rare earth elements.[8, 11-13] 

 
Element  Atomic number  Atomic weight (u) Outer electronic configuration 

      0                         +3 

MP/˚C  Density g/cm3 Metals classification Radius M+3 Å Colour of Ln+3 

Sc 21 44.95 [Ar]3d14s2  [Ar] 1539 2.99  0.74 Colourless 

Y 39 88.90 [Kr]4d15s2  [Kr] 1521 4.47 0.90 Colourless 

La 57 138.91 [Xe]5d16s2  [Xe] 920 6.17 1.03 Colourless 

Ce 58 140.12 [Xe]4f15d16s2  [Xe]4f1 795 6.77 1.01 Colourless 

Pr 59 140.90 [Xe]4f36s2  [Xe]4f2 930 6.78 0.99 Green 

Nd 60 144.24 [Xe]4f46s2  [Xe]4f3 1020 7.00 0.98 Lilac-red 

Pm 61 145.00 [Xe]4f56s2  [Xe]4f4 1041 7.30 0.97 Pink 

Sm 62 150.36 [Xe]4f66s2  [Xe]4f5 1072 7.53 0.95 Pale yellow 

Eu 63 151.96 [Xe]4f76s2  [Xe]4f6 821 5.25 0.94 Colourless 

Gd 64 157.25 [Xe]4f75d16s2  [Xe]4f7 1312 7.89 0.93 Colourless 

Tb 65 158.92 [Xe]4f96s2  [Xe]4f8 1356 8.27 0.92 Pale pink 

Dy 66 162.50 [Xe]4f106s2  [Xe]4f9 1411 8.53 0.91 Pale yellow 

Ho 67 164.93 [Xe]4f116s2  [Xe]4f10 1473 8.80 0.90 Yellow 

Er 68 167.26 [Xe]4f126s2  [Xe]4f11 1528 9.07 0.89 Rose pink 

Tm 69 168.93 [Xe]4f136s2  [Xe]4f12 1545 9.33 0.88 Pale green 

Yb 70 173.04 [Xe]4f146s2  [Xe]4f13 818 6.97 0.86 Colourless 

Lu 71 174.96 [Xe]4f145d16s2  [Xe]4f14 1662 9.84 0.86 Colourless 
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1.1.5 Applications of rare earth compounds 

Since the nineteenth century, REEs have attracted significant interest because of their 

diverse characteristics, making them useful for a wide range of industrial and medical 

applications. Their available quantity and purity were greatly increased when 

separation and extraction methods became more effective as part of the Manhattan 

Project during World War II that created the atomic bomb.[12, 17, 18] The first commercial 

exploitations of REEs were the Auer light, flint stones and the use of RE fluoride as 

wicks in arc light carbons.[7] Organolanthanoid complexes show unique photophysical 

properties such as having emissions ranging from the visible to the near-infrared (NIR) 

and are often characterised by long lived excited state lifetime. In recent years there has 

been a strong focus on metal-organic lanthanoids due to important prospective 

applications in active dopants for laser materials as well as waveguide amplifiers.[19-21] 

Another field of interest is the use of REE-doped glass fibre for telecommunication and 

optical data storage.[22] 

Some of the most important applications of REEs are in petrogenetic indicators, 

petroleum-cracking catalysts, luminescent solar concentrators and tracing the 

movement of water masses in the oceans.[17, 18, 23-28] REEs are also utilised for 

monitoring geological processes such as crust evolution, weathering processes and 

paleoclimate change.[29-31] REEs are used in industry for the production of catalysts, 

ceramics, alloys, and electronics.[3] 

Lanthanoid complexes are used widely in the medical field as anticoagulant agents, 

anti-nausea agents, anticancer agents, fungicides, and in the treatment of tuberculosis. 

[32-33] Furthermore, rare earth complexes have important applications in biomedical 

analysis and are used as contrast agents in magnetic resonance imaging (MRI).[34, 35] 

The ability of rare earth complexes to promote the growth of animals has led recently 
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to considerable interest from the agricultural sector for example, addition rare earth 

salts to their feedstock promote the growth of the young pigs.[36] Most recently, rapid 

growth in the use of lanthanoids has been seen in magnets in electronic devices  for 

example, computing, smartphones and as phosphors in lighting and displays.[37]  

1.2 Rare earth organometallic compounds 

Organometallic rare earth complexes first appeared in the literature as a footnote in a 

paper in 1902. It was an attempt to synthesise trimethyl cerium.[38] In 1954 Birmingham 

and Wilkinson synthesised the first π-bonded lanthanoid complex 

tris(cyclopentadienyl), Cp3Ln (Ln = Sc, Y, La, Ce, Pr, Nd, Sm, Gd; Cp = 5-

cyclopentadienyl).[39] In 1968, Hart and Saran synthesised the first σ–bond 

organometallic RE complex [Sc(C6H5)3].[38] Over the past two decades the bonding 

mode between lanthanoid metals centres and neutral O- and/or N-donor ligands has 

attracted great research interest due to the optimisation of steric factors, not only with 

the ligand set but also through selection of the best metal size from the lanthanoid 

series.[40] Ln ions are hard Lewis acids and prefer bonding to hard bases (or ligands) 

containing O and N atoms.[41, 42] Redox transmetallation and σ –bond metathesis 

reactions remained the dominant methods to prepare RE organometallic complexes.[38]  

1.3 Rare earth amidinate complexes 

In 1858 amidines (R2N=C(R1)–NHR3) (Fig. 1.1) were prepared for the first time by 

Gerhardt by the reaction of aniline with N-phenylbenzimidyl chloride.[43] When R1 = 

H, the compound is called a formamidine (Fig. 1.2).[44] Amidine group (Fig. 1.1) is the 

nitrogen analogue of the carboxylates. It combines the characteristics of an azomethine-

like C=N double bond and an amide-like CN single bond.[45, 46] 
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Figure 1.1 The general structure of an amidine. 

 

Figure 1.2 N,Nʹ-Bis(aryl)formamidine. 

Amidines are important organic compounds, which are used as starting materials and 

the key intermediates in synthetic chemistry.[47-56] They have gained significant interest 

in the last decade, due to their biochemical activities such as, some useful drugs.[45, 49-

58] There are a number of natural products and medicinally active compounds that 

contain amidine units, for example, noformycin that has been isolated as a metabolite 

from actinobacteria and pentamidine contains two amidine units and is used to treat 

protozoan infections.[59] As well, they have very wide complexation activity with 

metals[60, 61] and as auxiliaries in asymmetric synthesis.[62, 63] The amidines are 

categorised according to the number and distribution of the substituents into five 

general structures (Fig. 1.3).[45] 
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Figure 1.3 General types of the amidine. 

A variety of possible binding modes of amidines to metal centres include monodentate 

(Fig. 1.4, I), bidentate chelating (Fig. 1.4, II), and bimetallic bridging (Fig. 1.4, III). 

Also, from monodentate (I) two types of four-electron donation are possible (see IV 

and V, Fig. 1.4). In addition to the bridging–chelating modes (Fig. 1.4, VI, VII, VIII 

and IX).[43, 64] 

 

Figure 1.4 Typical binding modes of amidinate metal complexes.[43, 64] 

Amidine binding modes to metal centres can be classified by the stereoisomers form of 

the amidinate (R2N=C(R1)–NHR3) as E-syn, E-anti, Z-syn and Z-anti depending on the 

position of the substituents relative to each other with respect to the single bond (C–N) 

and double bond (C=N) (Fig. 1.5).[64-67]  
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Figure 1.5 Plausible isomeric forms of the amidine in metal amidinate complexes. 

The amidinate anion ligand system can stabilise lanthanoid metals in all the readily 

available possible oxidation states (+2, +3, and +4).[40] The amidinate ligand has a small 

N–M–N bite angle, typically in the range 63-65o. The steric and electronic effect of the 

amidinate rely on substituents on the N–C–N unit as well on the aryl rings that can be 

varied in order to meet requirements of the coordination geometry of the metal centre 

in bis(amidinato) complexes.[40, 46, 68] 

N,Nʹ-Bis(aryl)formamidines (ArN=CH–NHAr (Ar = aryl)) (Fig. 1.2), can be easily 

synthesised in high yields by heating to reflux one equivalent of triethyl orthoformate 

with two equivalents of the appropriate substituted aniline in the presence of acetic acid 

(eqn. 1.1).[44]  

Equation 1.1 

There are several accessible methods to synthesise lanthanoid formamidinates 

complexes. For example, redox transmetallation/protolysis reactions have been 

sucessfuly employed to synthesise an extensive series of 
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bis(formamidinato)lanthanoid(II) [Ln(Form)2(thf)2] (eqn. 1.2, i) and 

tris(formamidinato)lanthanoid(III) [Ln(Form)3] (eqn. 1.2, ii) complexes involving the 

reaction of sterically tunable N,Nʹ-bis(aryl)formamidines with lanthanoid metals and 

[Hg(C6F5)2] in thf.[68-70] 

 

Equation 1.2 

Halide metathesis represents an accessible method for introducing formamidines to 

lanthanoid centres to synthesise di- trivalent lanthanoid formamidinate complexes.[38] 

Metathesis reactions include the treatment of a rare earth halide with an alkali metal 

form of the ligand (eqn. 1.3).[68, 69]  

 

Equation 1.3 

The pseudo-Grignard reaction is another synthetic route to prepare lanthanoid 

formamidinate complexes (eqn. 1.4).[71] This reaction involves oxidative-addition of 

alkyl or arylhalide to lanthanoid metal. 



 

16 
 

Chapter One 

 

Equation 1.4 

Pseudo-Grignard reagents [RLn(solv)nX] (Ln = Sm, Eu, Yb, X = I, Br, R = Me, Et, Ph) 

are important precursors in synthetic chemistry. They have been used as key starting 

materials for derivatisation of new organolanthanoid compounds, including alkyl, 

hydride, organoamide, and alkoxide complexes.[72-76]  

Chemistry of these pseudo-Grignard reagents is still limited and a few species have 

been synthesised and structurally characterised such as [Yb(CH3C5H4)2C1]2 and 

[Er(5-C5H5)Cl2(thf)3][77], [(C5Me5)Y(Et2O)Cl][78] and [RSnLnI] (Ln = Eu, Yb).[79] 

Moreover, Smith and his team prepared [Yb{C(SiMe3)2(SiMe2X)}(Et2O)I]2 (X = 

CH=CH2, OMe) as a dimeric structure [80, 81] and investigated the Schlenk equilibrium 

in this reaction.[82] Recently, Deacon and co-workers reported different complexes of 

the pseudo-Grignard reagents such as, [Ln(Ph2pz)I(thf)4] (Ph2pzH = 3,5-

diphenylpyrazole; Ln = Eu, Yb)[74], [Sm(DippForm)Br2(thf)3], 

[Sm(DippForm)2Cl(thf)] and [Sm(DippForm)2I(thf)] (DippFormH = ArN=CH–NHAr, 

Ar = 2,6-iPr2C6H3).[72] Synthesis of pseudo-Grignard formamidinato-lanthanoid(II) 

complexes are presented with more detail in Chapter 2 of this thesis. 

1.4 Rare earth aryloxide complexes 

A phenol is an aromatic ring with an hydroxyl functional group (Fig. 1.6, i). It is also 

called a carbolic acid and occurs naturally in coal tar. An aryloxide is the anionic form 

upon deprotonation of the hydroxyl group.[83] Figure 1.6 shows some common 

aryloxide ligands that have attracted much interest. 
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Figure 1.6 Some common aryloxide ligands. 

Phenols are considered weak acids, but they are more acidic than aliphatic alcohols 

because the aryloxide ion is stabilised by resonance and the negative charge delocalised 

over the ortho and para positions (Fig. 1.7).[84] The addition of substituents can increase 

or decrease the acidity of the phenol protons. For example, a fluorine substituent can 

increase the acidity of the phenolic residue by increasing the resonance through the 

electron withdrawing group. On the other hand, alkyl substituents (as an electron 

donating group) can hamper resonance and decrease the acidity.[85] 

 

Figure 1.7 Charge delocalisation in the phenoxide ion. 

The coordination mode of an aryloxide to Ln metal can be quite variable, and is 

dependent on the sizes, types and positions of the substituents relative to the O-atom.[86-

88] Figure (1.8) shows some aryloxide coordination modes in schematic form. For 

example, the terminal linear coordination mode (Fig. 1.8, I) [Yb(OAr)2] ArO = 2,6-

tBu-C6H3O),[89] the bridging mode [Ln(OAr)Ln] (Fig. 1.8, II) in [Ln(ArO)3]2 (Ln = 

La, Yb; ArO = 2,6-dibenzylphenol).[90] 16-intramolecular pendant arene ring 



 

18 
 

Chapter One 

coordination mode (Fig. 1.8, III) [Ln(OAr)3] (ArO = 2,6-Ph2-C6H3O).[91] 6-arene 

bridges intramolecular arene ring coordination mode (Fig. 1.8, IV) in [Ln(2,6-tBu-

C6H3O)3] (Ln = La, Nd, Sm, Er).[92] 2-intramolecular coordination to ipso carbon 

[Er4(OAr)12] (ArO = 2,4,6-Me3-C6H2O) (Fig. 1.8, V).[93]  

 

Figure 1.8 Some aryloxide coordination modes to Ln centres in schematic form. 

Phenoxides containing alkyl substituents in the para position have little steric effect in 

coordination to the metal ion, though these can increase solubility and change the 

spectroscopic properties. Alkyl substituents in the ortho position can have a distinct 

effect on the structural properties and reactivity of the metal complex. Meta substituents 

affect the steric properties of the ligands by restricting the conformational flexibility of 

adjacent ortho-phenyl substituents.[94, 95] 

The aryloxide chemistry of lanthaniod elements continues to be the subject of 

considerable interest, due to the applicability of these complexes as precursors to 

polymerisation catalysts and as catalysts for a range of organic transformations.[92] 

Lanthanoid phenolate complexes are accessible by a wide array of synthetic routes.  

For example, low-coordinate complexes for both Ln+2 and Ln+3 have been synthesised 

by the direct reaction between lanthanoid metal and 2,6-dibenzylphenol (eqn. 1.5).[90] 

The electropositive metals form a surface oxide layer with phenol that could be 

protecting them. At elevated temperature direct reactions of activated lanthanoid metals 

with a weakly protic-ligand in the presence of mercury, followed by extraction with thf 
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have been explored as a route to heteroleptic lanthanoid complexes.[93, 96, 97] Initially, 

several drops of mercury were added to the reaction mixture to form a reactive 

lanthanoid amalgam.[90] 

 

Equation 1.5 

Samarium(II) phenolate was successfully synthesised by the ligand exchange reaction 
of [Sm{N(SiMe3)2}2(thf)2] with 2,6-tBu2-4-Me-C6H2OH (eqn. 1.6).[98] 

 

Equation 1.6 

An alternative method to synthesise lanthanoid phenolate complexes is from the 

reaction of the elemental metals activated by iodine with a substituted phenol in thf 

(eqn. 1.7).[99] 

Iodine can be used to activate lanthanoid metals by the addition of a catalytic amount 

of iodine to metals, since Ln metal powders react with iodine in tetrahydrofuran (thf) 

to form [LnI3(thf)n]. It is more convenient, and parallels its role in the activation of Mg 

in Grignard reagent synthesis. Thus, reaction of I2-activated rare-earth metals provides 

an effective, environmentally friendly, metal-based route in the preparation of rare-

earth phenolate, cyclooctatetraenides, thiolate and o-benzoquinonate complexes.[100] 

 

Equation 1.7 
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Moreover, divalent and trivalent lanthanoid phenolate complexes can be synthesised by 

using the one pot redox transmetallation/protolysis reaction (eqn.1.8).[89, 90] Synthesis 

and reactivity of lanthanoid biphenolate complexes are presented with more detail in 

Chapter 3 and  Chapter 4 of this thesis. 

 

Equation 1.8 
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1.5 Current Study  

This thesis further explores the non-mercury metal-based complex syntheses in 

lanthanoid chemistry and the redox transmetallation/protolysis reaction, and 

characterisation of a range of new rare earth complexes synthesised by these methods. 

Chapter 2 describes the synthesis, characterisation and structural features of pseudo-

Grignard reagents of formamidinatolanthanoid complexes [Yb(Form)(thf)nX] {(Form 

(ArNCHNAr) = XylForm (Ar = 2,6-Me2C6H3), MesForm (Ar = 2,4,6-Me3C6H2), 

DippForm (Ar = 2,6-iPr2C6H3), X = I or Br}. To increase the scope of the 

organolanthanoid-halide system, an investigation into the treatment of the pseudo-

Grignard reagents with different kinds of ketones such as fluorenone and p-

benzoquinone led to a deoxygenated carbonyl group in the examined ketones. The 

deoxygenated ketone is sitting in the lattice of the crystal structures 

[Yb(MesForm)3].Ph3 and [Yb(MesForm)3].Fluorene. This result has opened the doors 

to much exciting new studies to investigate the deprotonation mechanism that occurred 

in this reaction. 

Chapter 3 discusses the use of 2,2′-methylenebis(6-tert-butyl-4-methylphenol) in redox 

transmetallation/protolysis reactions. A series of mononuclear 

[Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3) and dinuclear complexes [Ln2(BPO2)3(thf)n] 

(n = 1, 2) of the lanthanoid(III) metals have been prepared by this method, and structural 

features are discussed. 

Chapter 4 discusses the versatility of heterobimetallic complexes of lanthanoid 

biphenolate complexes demonstrated through the reactivity of 

[Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3) complexes with different metal 

alkyls/amides, for example, nBuLi, AlMe3, KN(SiMe3)2 and ZnEt2. Anionic 
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[Li(thf)4][Ln(BPO2)2(thf)2] [Ln(BPO2)(thf)n][AlMe2(BPO2)] (n = 3, 5) and non-ionic 

[Li(thf)2Ln(BPO2)2(thf)n] [AlMe2Ln(BPO2)2(thf)2], [ZnEtYb(BPO2)2(thf)] structures 

resulting from these reactions are also discussed.   
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Chapter Two 

Chapter 2: Syntheses and reactivity of pseudo-Grignard reagents 

2.1 Introduction 

2.1.1 Syntheses of pseudo-Grignard reagents 

In 1900, Grignard investigated the synthesis of organomagnesium compounds. 

Grignard received the 1912 Nobel Prize in Chemistry for his methodology of creating 

organomagnesium halides [RMg(solv)nX] (R = Me, Et, Ph; X = Cl, Br, I; solv = thf, 

Et2O, n = number) via the direct synthesis between organohalides and magnesium metal 

(eqn. 2.1).[1, 2]  

 

Equation 2.1 

In 1971 Evans et al. first investigated the reaction of organoiodides with lanthanoid 

metals to synthesise pseudo-Grignard reagents [RLn(thf)nI] (eqn. 2.2).[3]  

 

Equation 2.2 

The general formula of pseudo-Grignard reagents is [RLn(solv)nX] (Ln = Sm, Eu and 

Yb; R = Me, Et, Ph; X = Cl, Br, I; solv = thf, Et2O) which is analogous to the traditional 

Grignard reagents [RMg(solv)nX] (solv = thf, Et2O).[4, 5] 

Pseudo-Grignard reagents [RLn(solv)nX] have received moderate attention in organic 

and inorganic transformations and achieved some significant progress due to their 

analogous reactivity towards acids and electrophiles when compared to the well-known 
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Mg-based reagents. For these reasons, organolanthanoid halides are formulated as 

Grignard analogues [RLn(solv)nX] and called pseudo-Grignard reagents.[6, 7] 

In recent years a wide range of organolanthanoids in the +2 state with cyclopentadienyl 

and non-cyclopentadienyl ligands have been synthesised.[8-16] Oxidative addition of 

organoiodides RI to Ln0 (Ln = Sm, Eu and Yb, R = Me, Et, Ph) (eqn. 2.2) is an 

accessible route to synthesise divalent lanthanoid species such as pseudo-Grignard 

reagents [RLn(thf)nI].[3, 16]  

In early studies involving these pseudo-Grignard reagents magnetic susceptibility 

measurements and the Ln:I (Ln = Sm, Eu, Yb) ratios revealed that the abovementioned 

reaction (eqn. 2.2) produces a mixture of divalent and trivalent lanthanoid complexes. 

The majority of the produced complexes, however, are present in the divalent state 

particularly for Eu+2 (99%) and to a lesser degree for Yb+2 (85%) and Sm+2 (50%).[3] 

Niemeyer et al. have suggested different  divalent lanthanoid species may be present in 

a solution of pseudo-Grignard reagents (eqn. 2.2) such as, [RLn(thf)nI], [RLn(thf)nI]2, 

[R2Ln(thf)n], [Ln(thf)nI2] (Ln = Sm, Eu, Yb; R = 2, 6-Ph2-C6H3). The Schlenk 

equilibrium was investigated using 171Yb as a probe. The main three components of the 

equilibrium [DppYb(thf)nI], [Yb(Dpp)2(thf)2], [Yb(thf)4I2] (Dpp = 2, 6-Ph2C6H3) 

present in solution were detected at three different chemical shifts in the 171Yb NMR 

spectrum (eqn. 2.3).[17] 

 

Equation 2.3 

Unfortunately, little characterisation of such intermediates [DppYb(thf)nI], 

[Yb(Dpp)2(thf)2] has been performed and information on the structures or the exact 

nature of these molecules is still limited.[18, 19]  
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A new pseudo-Grignard reagent [Yb{C(SiMe3)2(SiMe2R)}I(Et2O)]2 (R = Me, MeO, 

CH=CH2) has been successfully synthesised by the treatment of ytterbium metal with 

a very bulky silylated iodoalkyl group in thf, and exists as a dimer in the solid state 

(eqn. 2.4).[20, 21]  

 

Equation 2.4 

Recently, Deacon and co-workers have exploited pseudo-Grignard reagents to 

synthesise new species of lanthanoid pyrazolates [Ln(Ph2pz)(thf)4I] (Ln = Eu, Yb). This 

synthetic route was initiated by the sonication of the lanthanoid metal powder with aryl 

halide (PhI) at low temperature (-78 °C), followed by the addition of the pyrazole and 

stirring at room temperature overnight to prepare the final complex (eqn. 2.5).[22]  

 

Equation 2.5 

Dolgoplosk, et. al.[23] expanded the oxidative addition reaction and successfully 

employed it to synthesise pseudo-Grignard reagents of trivalent lanthanoids 

[(Ph3C)2LnCl] or [(Ph3C)LnCl2] (Ln = Pr+3, Nd+3, Gd+3 and Ho+3) (eqn. 2.6).  

 

Equation 2.6 

The heavy alkaline-earth elements have similar ionic radii to divalent lanthanoids. For 

example, Ca+2 and Yb+2 (1.00 and 1.02 A, respectively) and Sr+2 (1.22 A) and Sm+2 or 

Eu+2 (1.22 and 1.21 A, respectively).[24] 
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Among the alkaline earth metal ions, Ca+2 has a striking similarity to Yb+2. For 

example, Ca and Yb analogues have isomorphous crystal structures, similar cell 

constants, and their complexes display similar gas-phase behaviour.[25, 26] Calcium 

metal shows a higher reactivity than magnesium and forms a calcium oxide layer on 

the metal surface. As a result, to insert calcium into a halogen–carbon bond (direct 

synthesis), calcium must be activated. The most common activation technique to 

activate the metal surface is dissolving the metal in liquid ammonia.[27] 

Pseudo-Grignard reagents of calcium are accessible by the direct reaction between 

arylhalides and calcium.[27] Activated calcium reacts smoothly with iodobenzene at low 

temperatures in thf yielding [ArCa(thf)4I] (Ar = 2, 4, 6-Me3-C6H2) (eqn. 2.7). There are 

a number of difficulties associated with this synthetic route such as the side reactions 

due to the nucleophilicity of the organocalcium derivatives, and the insolubility due to 

the highly ionic metal–carbon bonds.[27-29] 

 

Equation 2.7 

The Schlenk equilibrium for this reaction has been established by the 1H-NMR 

spectrum of a [ArCa(thf)4I] (Ar = 2,4,6-Me3-C6H2) in thf which show two sets of 

resonances related to [CaAr(thf)4I] and [Ca(Ar)2(thf)3]. Moreover, fractional 

crystallisation at low temperature from this solution gave all species of the Schlenk 

equilibrium, [CaI2(thf)4], [ArCa(thf)4I] and [Ca(Ar)2(thf)3] (eqn. 2.8).[27-29] 

 
Equation 2.8 
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A new pseudo-Grignard reagent involving a dimethylsilyl species has been successfully 

synthesised by the oxidative addition of iodophenylsilyl to activated calcium metal 

(eqn. 2.9).[30]  

 

Equation 2.9 

2.1.2 Reactivity of pseudo-Grignard reagents 

Pseudo-Grignard reagents [RLnI] have been utilised successfully in organic 

transformations and compared to classical Grignard reagents[31-34] (eqn 2.10i)[3], (eqn. 

2.10ii)[35, 36], (eqn 2.10iii).[6]  

Evans, et. al.[3] have reported similar reactivities of pseudo-Grignard reagents [RYbI] 

to classical Grignard reagents in a range of organic transformations. For example, 

hydrolysis of the reaction mixture of [PhYbI] and benzophenone (eqn 2.10i) gave a 

good yield of triphenylmethanol which is a similar result to classical Grignard reagents. 

 

Equation 2.10 
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As mentioned above and in section 2.1.1 pseudo-Grignard reagents [RLnX] are similar 

to the classical Grignard reagents [RMgX] in reactivity and they have a similar formula, 

but they do have different and unique reactivities. For example, The reaction of RLnI 

(Ln = Yb, Eu) with esters giving ketones as predominant products instead of tertiary 

alcohols[7] and the reaction with aldehydes leading to Tishchenko condensation 

products (Ln = Sm, Pr, Nd, Dy).[6] 

Moreover, 1,2-addition product (PhCH=CHCOHPh2) has been prepared by treating an 

-unsaturated carbonyl compound (PhCH=CHCOPh) with [RYbI] at room 

temperature. However, treating these carbonyl compounds with classical Grignard 

reagents gives a mixture of 1,2- and 1,4-addition products.[6] This reaction shows 

unique regioselectivity which could be explained according to the hard and soft acids 

and bases theory. The pseudo-Grignard reagents [RLnI] are harder than the classical 

Grignard reagents and in the conjugated enone system (PhC4H=C3HC2OPh) C2 

(carbonyl carbon) is harder than C4 in acidity. Thus the attack of [RYbI] is preferred at 

the harder site (C2) leading to the l,2-addition product selectively.[6] Furthermore, the 

reaction of PhYbI with cinnamyl alcohol (PhCH=CHCH2OH) led to 2,3-diphenyl-l-

propanol (PhCH2CHPhCH2OH) in moderate yield. The Grignard reagents [PhMgI] did 

not induce this type of addition.[6] 

[RLnI] are very active precursors in important processes such as alkene and alkyne 

reduction,[37-40] alkene polymerisation,[41-43] carbonyl[44-46] and saturated CH 

activation,[47, 48] hydrosilylation[49] and olefin hydroamination.[50] 

Moreover, Li and Zhang reported a direct access to a quaternary carbon centre utilising 

the pseudo-Grignard reagent (CH2=CHCH2SmBr). They were able to prepare 2,2-

diallylated nitrogen heterocycles in good yield by addition of one mole of lactam to two 

moles of the pseudo-Grignard reagent under mild conditions (eqn. 2.11).[51] 
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Equation 2.11 

The pseudo-Grignard reagents of trivalent lanthanoids [(Ph3C)2LnCl] described in (eqn. 

2.6) gave similar reactivity toward organic transformations (eqn. 2.12) as pseudo-

Grignard species of divalent lanthanoids [RLnI] described in (eqn. 2.10) and 

magnesium based Grignard reagents [RMgX][52]. 

 

Equation 2.12 

Pseudo-Grignard reagents have been investigated in a number of organic and inorganic 

transformations in recent years.[4, 6, 53] For example, a new pseudo-Grignard reagent 

involving a thiolate [(SAr)YbI(thf)n] has been prepared by the protolysis reaction 

between HSAr and [(F3CPh)YbI] (Ar = 2,6-Trip2C6H3; Trip 2,4,6-iPr3C6H2) (eqn. 

2.13).[54] 

 

Equation 2.13 
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The oxidative addition of -iodothiophene and bromo/iodo penta-fluorobenzene to 

lanthanoid metals has been successfully employed to synthesise a new organometallic 

complex of stannane [ArSnPh3] (eqn. 2.14).[4] 

 

Equation 2.14 

Moreover, monohydrosilanes can be prepared selectively via the reaction of excess 

divalent organoytterbium complexes [RYbI] with a dihydrosilane under mild 

conditions (eqn. 2.15).[53] 

 

Equation 2.15 
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2.2 Current Study 

This chapter presents uncharted divalent organoytterbium halide complexes. The 

reaction between the pseudo-Grignard reagents [PhYb(thf)nX] (X = Br, I) and 

formamidines has been investigated to increase the scope of the organolanthanoid-

halide system. The protolysis reaction between a formamidine (FormH) and 

phenylytterbium-halide produced two kinds of complexes. The usual products are 

dinuclear complexes bridged by bromide or iodide for example, 

[Yb(XylForm)(thf)2Br]2 2.1a, [Yb(DippForm)(thf)2Br]2.thf 2.2, 

[Yb(MesForm)(thf)2Br]2 2.3 and [Yb(MesForm)(thf)2I]2 2.5 {Form = (ArNCHNAr), 

XylForm (Ar = 2,6-Me2-C6H3), MesForm (Ar = 2,4,6-Me3-C6H2), DippForm (Ar = 2,6-

iPr2-C6H3)}. While, the rare products are mononuclear such as [Yb(EtForm)2(thf)2Br] 

2.4, EtForm (Ar = 2,6-Et2-C6H3). Reaction with europium led to the isolation of 

[EuI(I)(dme)2]2 2.7 which is one of the Schlenk equilibrium components.  

This study also involved the exploration of the reactivity possibilities between pseudo-

Grignard species described above and different kind of ketones such as 1,4-

benzoquinone, 9-fluorenone and benzil.  

Different studies have been performed to explore the nature of the solvated halide 

(iodide or bromide) derivatives of formamidinatolanthanoid complexes in the solid-

state and in solution using techniques such as X-ray, IR, 1H-NMR, microanalysis and 

melting point (providing thermal stability information). 
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2.3 Results and discussion 

2.3.1 Synthesis                                               

Scheme 2.1 shows the one pot pseudo-Grignard reaction used in this study. Freshly 

filed Yb metal powder was stirred at -78 °C in thf with phenyl halide (iodobenzene or 

bromobenzene) until a dark red or red-brown colour was observed in the solution (after 

5 minutes). This was followed by addition of the protic ligand, XylFormH, DippFormH, 

EtFormH or MesFormH to form new pseudo-Grignard species for example, 

[Yb(Form)(thf)2Br]2 and [Yb(Form)(thf)2I]2 (Form = XylForm, DippForm, EtForm, 

MesForm). Complex [Yb2(MesForm)(FusForm)(I)(thf)2]2.2toluene (2.6) was 

isolated from recrystallisation attempts of [Yb(MesForm)(thf)2I]2 (2.5) in toluene and 

heating overnight to 100 oC. At these elevated temperatures the FusForm ligand 

(Scheme 2.1) formed presumably after a C-H activation of the ortho CH3 occurred, 

followed by coupling with the backbone carbon of the formamidine which led to form 

a new heterocyclic ring.  

The pseudo-Grignard reactions described in scheme (2.1) presumably produce +2 or +3 

valent complexes of the type [PhLn(solv)nX] or [Ph2Ln(solv)nX] (X = I, Br) followed 

by protolysis/ligand exchange of Ph–Ln bonds with FormH and concomitant formation 

of PhH. Evans and co-workers have found the divalent species is the dominant product 

for the oxidative addition of alkyl halide to lanthanoid metals in the zero oxidation state 

particularly for Eu+2 (99%) but less for Yb+2 (85%) and Sm (50%).[16, 3] 

Deacon et al. have reported the presence of [YbPh3(thf)3] in the pseudo-Grignard 

reaction mixture.[55] Therefore, the formation of the Yb+3 compound such as 

[Yb(XylForm)3] 2.1b is plausibly from the formation of [YbPh3] in the pseudo-

Grignard reaction mixture according to the suggested route (eqn. 2.16) followed by 

protolysis by XylFormH.  
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Equation 2.16 

Mixed oxidation state rare earth (+2/+3) metal–organic compounds are moderately 

uncommon, especially charge separated complexes[56]. However, a mixture of divalent 

and trivalent derivatives of ytterbium present in solutions of “[PhYbI]” allows these 

species to become more accessible. Deacon et al. have isolated the mixed divalent and 

trivalent [{Yb(dme)4}{YbPh4(dme)}2] compound by fractional crystallisation of  

[PhYbI(dme)n] at -25 oC which supports the view that the oxidative reaction of Ln 

metals by halide alkyls produce mixed Ln (+2/+3) species.[22] 

Hamidi et al[57] also reported that a mixture of divalent and trivalent ytterbium species 

were isolated from the ytterbium reactions, while the europium reaction gave only 

divalent compounds except [Eu(XylForm)I(OH)(thf)2]2
[57] reflecting the greater 

stability of divalent europium species compared with ytterbium species.[16, 3]  

The main difficulty associated with isolation of the pseudo-Grignard reagent is the 

lower solubility of solvated ytterbium diiodides [YbI2] which precipitated/crystallised 

from the mother liquor as undesired product (being part of the Schlenk equilibrium) 

before isolation of the mono-halide products [Yb(Form)I(solv)n]. Decomposition of the 

highly air sensitive pseudo-Grignard reagent was also problematic leading to the low 

yields of some complexes.  

Following the same route described earlier to synthesise pseudo-Grignard reagents of 

the lanthanoids, we turned to the heavy alkaline earth metals (Ca, Sr, Ba) (eqn. 2.17) to 

prepare their analogues, but all attempts to isolate any components involving pseudo-

Grignard reagents of these heavy metals were unsuccessful. 
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Equation 2.17 

2.3.2 Reactivity 

Scheme 2.1 shows the addition of a ketone, for example, 1,4-benzoquinone, 9-

fluorenone or benzil to the pseudo-Grignard reaction mentioned above enabling us to 

explore the reactivity of the pseudo-Grignard species towards a carbonyl group. 

Complexes [Yb(MesForm)3].Ph3 (2.8) and [Yb(MesForm)3].fluorene (2.9) were 

isolated from the pseudo-Grignard reaction mixture with common features for example, 

both are Yb+3 complexes and have a deoxygenated ketone in the lattice of the X-ray 

crystal structure in the solid state. The deoxygenation process of 1,4-benzoquinone of 

[Yb(MesForm)3].Ph3 and 9-fluorenone of [Yb(MesForm)3].fluorene is not clear but it is 

possible the excess metal used may have influenced this, due to the highly oxophilic 

nature of the metals. Compound [(DippFormH2)I)]n.benzil 2.10 was synthesised 

through the hydrolysis process of [Yb(DippForm)I)] in presence of benzil according to 

the suggested route (eqn. 2.18). 

 

Equation 2.18 
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Scheme 2.1 Synthesis and reactivity of formamidinatolanthanoid halide complexes. 
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2.3.3 Characterisation   

All products displayed in scheme 2.1 were isolated from the reaction mixture by filtration 

from residual metal and then fractional crystallisation from thf (2.1a, 2.1b 2.2, 2.3, 2.4, 

2.5, 2.8, 2.9), or the solution evaporated to dryness under vacuum and recrystallisation 

from toluene {[Yb2(MesForm)(FusForm)I(thf)2]2.2toluene (2.6)}. Only 

[EuI(I)(dme)2]2 (2.7) was isolated from dme. [(DippFormH2)I]n.benzil (2.10) was 

isolated after hydrolysis of the pseudo-Grignard reagent [Yb(DippForm)I]. The highest 

yield of 66 % was observed for [Yb(MesForm)I(thf)2]2 (2.5). 

Pseudo-Grignard complexes [Yb(Form)(thf)2X] (X = Br, I) displayed in scheme 2.1 

were initially isolated as single crystals, and were identified by X-ray crystallography 

using the MX1 beamline at the Australian Synchrotron. These were further supported by 

IR spectroscopy (Table 2.1), elemental analyses, 1H-NMR (Table 2.2) and melting point 

analysis.  

The ratios of solvent to ligand for some complexes are not the same as established in the 

solid state X-ray crystal structure and that supported by the 1H-NMR spectra which 

showed the loss of some thf of solvation under vacuum which were also indicated by 

microanalyses for some complexes such as (2.1a, 2.3). For example, the 1H-NMR 

spectrum of [Yb(XylForm)(thf)2Br]2 2.1a reveals the loss of one thf molecule as shown 

by the integration of two resonances at  = 3.57 and 1.33 where a Form (24 1H; CH3): 

thf (12 1H; O-CH2) ratio of 2 to 1 was found. The methine proton resonances (NCHN) 

in the 1H-NMR spectra of 2.1a, 2.2, 2.3 are shifted to higher frequencies relative to the 

value for the neutral ligand. For example, the methine proton resonance occurs at  = 

7.72, 7.05 and 6.88 ppm for XylFormH, DippFormH and MesFormH, respectively, and 

at  = 8.08, 8.12 and 8.44 ppm in 2.1a, 2.2, 2.3 respectively. 
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The 1H-NMR spectra of 2.4, 2.8, 2.9 gave a broadened spectrum, which could not be 

satisfactorily integrated presumably due to the presense of paramagnetic Yb+3 consistent 

with what Evans indicated in 1971[3], being a mixture of Yb+2/Yb+3. The paramagnetic 

Eu+2 complex [EuI(I)(dme)2]2 2.7 gave an interpretable 1H-NMR spectrum which is 

paramagnetically shifted δ = 3.12 (s, 6H, CH3), 3.35 (s, 4H, CH2). The normal chemical 

shifts of dme are δ = 0.27 (s, 12H, CH3), 1.33 (s, 8H, CH2). 

The IR spectra of all pseudo-Grignard species showed complete deprotonation of the 

formamidine reagents. This was indicated by the absence of a (NH) absorption usually 

observed at 3300-3100 cm-1 coupled with the lack of a NH resonance in the 1H-NMR 

spectra of the bulk vacuum dried materials.  

The N–C stretching (Table 2.1) for compounds 2.1-2.10 showed absorptions for a metal-

coordinated formamidinate group observed at 1643-1723 cm-1. 
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Table 2.1 N–C Stretching in IR spectra of 2.1-2.9 (4000-400cm-1). 

 

Table 2.2 Chemical shifts in 1H-NMR spectra of 2.1-2.10. 

Chemical shift (ppm) 

1H-NMR 2.1a 2.2 2.3  2.5 2.7 2.10 

NC(H)N 8.08 8.12 8.44 8.03 – – 

Aromatic 7.58, 6.18 6.98, 6.23 6.77 7.05 – 7.16 

CH  3.15   –   – – 2.13 

OCH2, thf 3.57 3.85 3.19 3.29 –    – 

CH2, thf 1.33 1.45 1.12 0.94 –    – 

CH3 1.75 1.37 2.41, 1.71 1.22, 1.16 0.27, 0.90 1.09 

CH2     –     –     –     – 1.33, 2.10   

3.63   

 

Compound N–C stretching vibration (cm-1) 

[Yb(XylForm)Br(thf)2]2 (2.1a) 1649 

[Yb(DippForm)Br(thf)2]2 (2.2) 1667 

[Yb(MesForm)Br(thf)2]2(2.3) 1643 

[Yb(EtForm)2Br2(thf)2] (2.4) 1686 

[Yb(MesForm)I(thf)2]2 (2.5) 1646 

[Yb2(MesForm)(FusForm)I)(thf)2]2 (2.6) 1649 

[Yb(MesForm)3].Ph3 (2.8) 1723 

[Yb(MesForm)3].Fluorene (2.9)  1665 
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2.3.4 Crystal structure determinations 

[Yb(RForm)(thf)2Br]2 (R = Xyl 2.1a, Dipp 2.2, Mes 2.3) 

Complex [Yb(XylForm)(thf)2Br]2 (2.1a) crystallises in the monoclinic space group 

P21/c while complexes [Yb(DippForm)(thf)2Br]2.thf (2.2) and [Yb(MesForm)(thf)2Br]2 

(2.3) crystallise in the triclinic space group P-1 (Table 2.5). Compounds 2.1a (Fig. 2.1) 

adopts a centrosymmetric dimer configuration. Half of the structure is generated by 

symmetry through an inversion centre situated at the midpoint of the Yb(1)···Yb(1)# 

vector. The geometry around the six-coordinate ytterbium metal centre is best described 

as a distorted octahedral, with its coordination sphere consisting of two 2-bound Form 

ligands and two thf molecules in addition to two bridging bromide ions. Complex 2.1a 

(Fig. 2.2) is isostructural with 2.2 and 2.3 albeit crystallising in different space groups. 

Complex 2.2 has one thf molecule in X-ray crystal structure lattice. 

 

Figure 2.1 Diagram of dinuclear pseudo-Grignard compounds 2.1-2.3. 
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Figure 2.2 X-ray crystal structure of [Yb(XylForm)(thf)2Br]2 2.1a. Hydrogen atoms 

are omitted for clarity. # = Atoms generated by symmetry: 1-X, 1-Y, 1-Z. 

Selected bond lengths and angles of 2.1-2.3 are listed in Table 2.4. The average Yb–N 

bond lengths in [Yb(XylForm)(thf)2Br]2 2.1a is 2.43 Å, which is smaller than the average 

Yb–N bond lengths (2.46 Å) reported for [Yb(XylForm)2(thf)2][58]  while it is close to 

the average Yb–N bond lengths (2.42 Å) reported for [YbL2(thf)2][59] (L = {N(C6H3-iPr2-

2,6)(2-C5H3N-6-Me)}). The average Yb–O(thf) bond lengths in 2.1a is 2.42 Å which is 

similar to the average YbO bond lengths (2.42 Å) reported for [Yb(XylForm)2(thf)2][58].  

The average Yb–N bond lengths in [Yb(DippForm)(thf)2Br]2 2.2 is 2.45 Å, which is 

smaller than the average Yb–N bond lengths (2.47 Å) reported for 

[Yb(DippForm)2(thf)2][58] and [YbL2(thf)2][60] (L = Ph-C(NSiMe3)2). However, it is 

similar to the average Yb–N bond lengths (2.45 Å) reported for K[YbL3][61] (L = 

(N(CH2But)(2-C5H3N-6-Me). The average Yb–O(thf) bond lengths in 2.2 is 2.42 Å which 
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is smaller than the average YbO bond lengths (2.46 Å) reported for 

[Yb(DippForm)2(thf)2],[58]  while it is comparable to the average Yb–O(thf) bond lengths 

(2.41 Å) reported for [YbL2(thf)2] (L = Ph-C(NSiMe3)2).[60]  

The average Yb–N bond lengths in [Yb(MesForm)(thf)2Br]2 2.3 is 2.44 Å, which is 

smaller than the average Yb–N bond lengths (2.46 Å) reported for 

[Yb(MesForm)2(thf)2][58]. However, it is similar to the average Yb–N bond lengths (2.44 

Å) reported for [YbL2(thf)2][62] (L = 2,6-iPr2-ph)-[6-(2,4,6-iPrph)-pyridin-2-yl]-amine). 

The average Yb–O(thf) bond lengths in 2.3 is 2.41 Å which is smaller than the average 

YbO bond lengths (2.44 Å) reported to [Yb(MesForm)2(thf)2].[58]  

The difference between the average Yb–N bond lengths of 2.1a, 2.2 and the average Ca–

N bond lengths of [LCa(thf)2Cl]2 (L = {(2,6-iPr2C6H3)-NC(Me)}2).[63] were found to be 

0.03 Å, 0.01 Å respectively which is close to the difference between the ionic radii (0.02 

Å) between Yb+2 and Ca+2 for six coordinate complexes.[64] The difference between the 

average Yb–N bond lengths of 2.3 and the average Ca–N bond lengths of [LCa(thf)2Cl]2 

(L = {(2,6-iPr2C6H3)-NC(Me)}2)[63] was found to be 0.02 Å which is similar to the 

difference between the ionic radii between Yb+2 and Ca (0.02 Å) for six coordinate.[64] 

The Yb–Br and the Yb–Br# bond lengths of 2.1a and 2.3 are 2.9117(7); 2.9168(7) Å, 

2.8706(10), 2.9212(10) Å respectively are comparable to the corresponding Yb–Br bond 

lengths (2.8995(2), 2.9233(2) Å) reported for the five-coordinate 

[Yb(C5Ph4H)(thf)2Br]2
[65] while the Yb–Br and the Yb–Br#  bond lengths (2.8927(7); 

2.8987(11) Å) of 2.2 is slightly shorter than the corresponding Yb–Br bond lengths 

(2.8995(2), 2.9233(2) Å) reported for the five-coordinate [Yb(C5Ph4H)(thf)2Br]2
[65]. 

The Yb–Br and Yb–Br# bond lengths 2.9117(7); 2.9168(7) Å in 2.1a are the same as 

Ca–Br, Ca–Br# 2.9142(6), 2.9138(7) of [LCa(thf)3Br]2 L = 9-phenanthryl[66], and the 
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average Yb–Br and Yb–Br# bond lengths in 2.2 and 2.3 are 0.02, 0.02 Å less than the 

average Ca–Br bond lengths in six-coordinate  [LCa(thf)3Br]2 L = 9-phenanthryl[66], 

which is same as the 0.02 Å ionic radii difference between divalent six-coordinate 

ytterbium and calcium.[64] 

[Yb(XylForm)3] (2.1b) 

Yb+3 complex [Yb(XylForm)3] (2.1b) was isolated by fractional crystallisation from the 

mother liquor of 2.1a as another component of the Schlenk equilibrium involving 

trivalent species. Complex 2.1b crystallises in the monoclinic space group P21/n (Table 

2.5). Compound 2.1b exhibits a mononuclear Yb+3 complex which is similar in structure 

to the literature complexes [Sm(XylForm)3][67] and [Yb(MesForm)3][67]. The six-

coordinate Yb+3 metal centre displays distorted octahedral geometry and is coordinated 

by three bidentate XylForm ligands through the nitrogen donor atoms. 

Selected bond lengths and angles of 2.1b are listed in Table 2.3. The average Yb–N bond 

lengths of 2.1b found to be 2.33 Å which is slightly shorter than the average Yb–N bond 

lengths (2.35 Å) reported for [Yb(MesForm)3][67] and significantly shorter than the 

average Yb–N bond lengths (2.43 Å) reported for [Sm(XylForm)3][67] due to the metal 

size differences. 
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Figure 2.3 X-ray crystal structure of [Yb(XylForm)3] 2.1b. Hydrogen atoms are 

omitted for clarity. 
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Table 2.3 Selected bond lengths and angles of [Yb(XylForm)3], [Sm(XylForm)3][67] and [Yb(MesForm)3].[67] 

Bond lengths (Å) [Yb(XylForm)3] [Sm(XylForm)3] [Yb(MesForm)3] 

Ln(1)–N(1)                   2.340(7) 2.447(7) 2.348(3) 

Ln(1)–N(2)                     2.352(8) 2.425(7) 2.375(3) 

Ln(1)–N(3)                     2.323(8) 2.431(7) 2.349(3) 

Ln(1)–N(4)                     2.337(8) 2.455(8) 2.354(3) 

Ln(1)–N(5)                     2.347(8) 2.421(7) 2.348(3) 

Ln(1)–N(6)                     2.331(8) 2.438(7) 2.329(3) 

Bond angles (°)                   

N(1)Ln(1)N(2)             57.70(3) 55.30(2) 57.55(9) 

N(3)Ln(1)N(4)             58.30(3) 55.20(3) 58.37(10) 

N(5)Ln(1)N(6)             57.90(3) 56.20(3) 57.92(10) 
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[Yb(EtForm)2(thf)2Br] (2.4) 

The mononuclear Yb+3 complex [Yb(EtForm)2(thf)2Br] was isolated instead of an 

expected Yb+2 complex [Yb(EtForm)(thf)2Br]2 due to rearrangement as part of the 

trivalent Schlenk equilibrium. Complex (2.4) crystallises in the triclinic space group P-

1 (Table 2.5). Figure (2.4) is a monomeric Yb+3 complex with two chelating XylForm 

ligands. Half of the complex is generated by a two-fold rotation axis. The coordination 

sphere around the seven coordinate Yb+3 in 2.4 is best described as a distorted pentagonal 

bipyramidal. [Yb(EtForm)2(thf)2Br] is analogous to the previously reported Yb+3 

complex [Yb(XylForm)2(dme)I][57] and supports the Ln+3 component present in the 

pseudo-Grignard system for Yb. 

A notable feature of compound 2.4 is that the formation of the monomer is favoured over 

a dimer. The formation of halide[65, 68] bridged dimers have been more widely observed 

for ytterbium (Figure 2.5) organohalide complexes. 

 

Figure 2.4 X-ray crystal structure of [Yb(EtForm)2(thf)2Br] 2.4. Hydrogen atoms 

are omitted for clarity. # = Atoms generated by symmetry: 1-X, Y, 1/2-Z. 
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Selected bond lengths and angles of 2.4 are listed in Table 2.4. In the literature there is 

no example of Yb+3 with seven coordination including bromide except [Yb2Se3Br2(py)6] 

(py = pyridine).[68] The average Yb–N bond lengths of 2.4 were found to be 2.41 Å which 

is longer than the average Yb–N bond lengths (2.37 Å) reported for 

[Yb(XylForm)2(dme)I],[57] presumably due to the steric demand differences between 

XylForm and EtForm as well as the influence of chelating dme vs unidentate thf. 

Moreover, it is longer than the average Yb–N bond lengths (2.36 Å) reported for 

[YbL(thf)2Cl]2 {L = (C4H3N-CH2)2-NMe}.[69] However, it is in agreement with the 

average Yb–N bond lengths (2.41 Å) reported for [YbL(ArO)(dme)] {L = 

Me3SiNCPhN(CH2)3NCPhNSiMe3; Ar = 2, 6-tBu2-C6H2-4-Me}[70]. Figure 2.5 shows 

some known bromide-bridged dimeric and non-dimeric Yb+2 and Yb+3 complexes.[68, 71-

75] 



 

54 
 

Chapter Two 

 

Figure 2.5 Dimeric and non-dimeric Yb+2 and Yb+3 complexes.[68, 71-75] 
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Table 2.4 Selected bond lengths and angles of 2.1-2.4  

 

Bond lengths (Å) [Yb(XylForm)Br(thf)2]2 [Yb(DippForm)Br(thf)2]2 [Yb(MesForm)Br(thf)2]2 [Yb(EtForm)2Br(thf)2]  

Yb(1)–N(1) 2.408(4) 2.429(3) 2.435(3) 2.400(12) 

Yb(1)–N(2) 2.468(4) 2.483(3) 2.464(3) 2.425(12) 

Yb(1)–O(1) 2.414(4) 2.421(3) 2.389(3) 2.330(2) 

Yb(1)–O(2) 2.433(4) 2.426(3) 2.437(3) 2.430(3) 

Yb(1)–Br(1) 2.911(8) 2.892(7) 2.870(10) 2.688(4) 

Bond angles (°)     

O(1)–Yb(1)–O(2) 82.76(17) 81.48(11) 78.08(11) 77.80(6) 

O(1)–Yb(1)–Br(1) 97.90(10) 167.06(7) 88.57(8) 86.98(10) 

N(1)–Yb(1)–Br(1) 107.16(9) 103.24(7) 106.05(8) 96.20(4) 

N(2)–Yb(1)–Br(1)# 98.73(9) 101.35(7) 97.63(8) - 

Br(1)–Yb(1)–Br(1)# 86.558(18) 87.70(2) 87.26(3) - 

N(1)–Yb(1)–N(2) 56.02(13) 55.27(9) 55.90(10) 56.30(4) 

N(1)–C(1)–N(2) 119.6(4) 118.7(3) 119.3(3) 118.90(13) 

       # = atoms generate by symmetry: 1-X, 1-Y, 1-Z for 2.1a; 2.2; 2.3.  
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Table 2.5 Crystallographic data for compounds 2.1-2.4. 
 

 

Compound 2.1a 2.1b 2.2 2.3 2.4 
formula C50H70N4O4Br2Yb2 C52H60N6Yb C70H110N4O5Br2Yb2 C54H78N4O4Br2Yb2 C50H70N4O2BrYb 
fw 1297.03 942.13 1593.56  1353.11 1012.06 
crystal system monoclinic monoclinic triclinic triclinic monoclinic 
space group P21/c P21 P-1 P-1 C2/c 
a, Å 14.820(3) 19.962(4) 11.050(2) 10.744(2) 10.722(2) 
b, Å 14.334(3) 10.537(2) 12.753(3) 11.766(2) 19.820(4) 
c, Å 13.280(3) 20.919(4) 15.509(3) 13.059(3) 22.039(4) 
α, deg 90 90 70.76(3) 95.27(3) 90 
β, deg 113.64(3) 91.26(3) 78.96(3) 114.18(3) 99.23(3) 
γ, deg 90 90 67.01(3) 110.39(3) 90 
V, Å3 2584(11) 4399(15) 1894(9) 1357(5) 4622(16) 
Z 2 4 2 2 4 
T, K 173(2) 173(2) 173(2) 173(2) 173(2) 
no. of rflns collected 33191 56316 23066 22297 14677 
no. of indep rflns 5764 19710 7949 6143 4069 
Rint 0.035 0.028 0.045 0.025 0.077 
Final R1 values (I > 2σ(I)) 0.037 0.047 0.035 0.034 0.097 
Final wR(F2) values (I > 2σ(I)) 0.098 0.118 0.096 0.086 0.232 
Final R1 values (all data) 0.041 0.047 0.036 0.035 0.099 
Final wR(F2) values (all data) 0.106 0.118 0.097 0.087 0.233 
GooF (on F2) 0.503 1.259 1.131 1.077 1.239 
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[Yb(MesForm)(thf)2I]2 (2.5) 

The Yb+2 complex [Yb(MesForm)(thf)2I]2 (2.5) crystallises in the triclinic space group 

P-1 (Table 2.10). Compound 2.5 displays a dimeric structural motif and has two Yb 

metal centres bridged by two iodide ions and capped by terminal bidentate MesForm 

ligands. The six-coordinate Yb centre is best described as a distorted octahedron. This 

complex possesses an inversion centre which is situated on the midpoint of the 

Yb(1)···Yb(1)# vector. Complex [Yb(MesForm)(thf)2I]2 (2.5) is structurally similar to 

[Yb(XylForm)(thf)2Br]2 (2.1a) [Yb(DippForm)(thf)2Br]2 (2.2) and 

[Yb(MesForm)(thf)2Br]2 (2.3). 

 

Figure 2.6 X-ray crystal structure of [Yb(MesForm)(thf)2I]2 2.5. Hydrogen atoms 

are omitted for clarity. # = Atoms generated by symmetry: -X, 1-Y, 1-Z. 

Selected bond lengths and angles of [Yb(MesForm)(thf)2I]2 are listed in Table 2.6. The 

average Yb–N bond lengths of 2.5 were found to be 2.43 Å which is shorter than the 
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average Yb–N bond lengths (2.46 Å) reported for [Yb(Ap)I]2
[76] {Ap = 2, 6-iPr2-C6H3-

N-C5H3N-6-(2, 4, 6- iPr3-C6H2)} presumably due to steric demand differences, while it 

is not suprisingly almost same as the average Yb–N bond lengths (2.43 Å) reported for 

[Yb(XylForm)I(thf)2]2.[57] 

The Yb–N bond distances (2.446(4), 2.426(4) Å) in 2.5 are in agreement with the Ca–N 

bond distances 2.421(3), 2.431(2) Å in known six-coordinate Ca of [(Ar2N3)Ca(thf)2I]2 

Ar = 2,6-diisopropylphenyl.[77] 

The Yb–I and the Yb–I# bond lengths of [Yb(MesForm)(thf)2I]2 were found to be 

3.0962(13); 3.1788(8) Å respectively which is comparable to the Yb–I and the Yb–I# 

bond lengths of [Yb(XylForm)(thf)2I]2
[57] (3.1690(7); 3.1344(7) Å respectively) and 

[Yb(Ap)I]2
[76] (3.1225(10); 3.1241(8) Å respectively).  Table 2.7 Shows the Yb–I bond 

lengths in the known ytterbium complexes containing a terminal iodide. Figure 2.9 

shows some known iodide-bridged dimeric ytterbium(II) complexes (I[41], II[78], III[79], 

IV[80], V[81]).    

The Yb–I and Yb–I# bond lengths 3.0962(13); 3.1788(8) Å respectively in 2.5 are 

approximately in agreement with the Ca–I, Ca–I# 3.1316(6), 3.0962(6) Å of 

[(Ar2N3)Ca(thf)2I]2 Ar = 2,6-diisopropylphenyl.[77] The average Yb–I bond lengths in 

2.5 0.02 Å are less than the average Ca–I bond lengths in six-coordinate 

[(Ar2N3)Ca(thf)2I]2 Ar = 2,6-diisopropylphenyl[77], which is same as the 0.02 Å ionic 

radii difference between divalent six-coordinate ytterbium and calcium.[64] 

 



 

59 
 

Chapter Two 

 

Figure 2.7 Iodide-bridged dimeric Yb+2 complexes (I[41], II[78], III[79], IV[80], V[81]). 

[Yb2(MesForm)(FusForm)(I)(thf)2]2.2Toluene (2.6) 

The unexpected Yb+2 [Yb2(MesForm)(FusForm)(I)(thf)2]2.2toluene (2.6) complex 

was isolated from the pseudo-Grignard reaction involving PhI, Yb and MesFormH. This 

complex was isolated from recrystallisation attempts of [Yb(MesForm)(thf)2I]2 (2.5) in 

toluene and heating overnight to 100 oC. Compound 2.6 crystallises in the triclinic space 

group P-1 (Table 2.10). Compound 2.6 displays a tetranuclear structure of a pseudo-

Grignard reagent.  The terminal ytterbium metal centres Yb(1) and Yb(4)  bridge with 

the interior centres Yb(2) and Yb(3) by two iodide atoms and two FusForm ligands (Fig. 

2.9). The seven coordinate terminal Yb centres {Yb(1) and Yb(4)} are best described as 

having distorted pentagonal bipyramidal geometry. The six coordinate internal centres 

{Yb(2) and Yb(3)} are best described as having distorted octahedral geometry. 

This structure [Yb2(MesForm)(FusForm)(I)(thf)2]2 has interesting features. For 

example, there is an interesting 6-intramolecular interaction between Yb and the phenyl 

group of the FusForm ligand to satisfy the electronic requiremments of the metal. This 
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is an interesting phenomenon given there was thf bound but lost in boiling toluene. 

Moreover, the terminal metal centre Yb(1) and the interior metal centre Yb(2) are 

bridged by two different ligands, the FusForm and iodide. 

In complex 2.6 the two nitrogen atoms N(1) and N(2) of the MesForm ligand and iodide 

ligand I(1) are approximately located in the same plane with the ytterbium metal Yb(1). 

However, O(1) of the thf molecule is located above the plane N(1)Yb(1)I(1). The 

phenyl group of the FusForm is approximately in the same plane as the ytterbium metal 

Yb(1). The N(3) atom of FusForm and iodide ligand I(1) are approximately in the same 

plane with the ytterbium metal Yb(2) while, the O(1) of the thf molecule and the N(4) 

atom of FusForm are on opposite sides of the plane I(I)Yb(2)N(5). 

Selected bond lengths and angles of (2.6) are listed in Table 2.6. The average Yb–N 

bond lengths of the seven coordinate centres Yb(1) and Yb(4) were found to be 2.44 Å 

which is similar to the average Yb–N bond lengths 2.43 Å, 2.44 Å reported for 

[Yb(Ph2pz)(thf)4I][22] and [{YbI(dme)2}2(μ2L)] (L = (Me3SiN(Ph)CN)2(CH2)3)[82] 

respectively. The average Yb–N bond lengths of the six coordinate centres Yb(2) and 

Yb(3) were found to be 2.54 Å which is longer than the average Yb–N bond lengths 2.43 

Å determined for [Yb(MesForm)(thf)2I]2. Also, it is longer than the average Yb–N bond 

lengths 2.46 Å reported for [Yb(Ap)I]2
[76] {Ap = 2, 6-iPr2-C6H3-N-C5H3N-6-(2, 4, 6- 

iPr3-C6H2)}. 

The Yb–I bond lengths of the seven coordinate centres Yb(1) and Yb(4) found to be 

3.0807(12), 3.0777(12) Å respectively which are slightly shorter than Yb–I bond lengths 

3.0966(6) Å reported for [Yb(Ph2pz)(thf)4I][22]. The Yb–I bond lengths of the six 

coordinate centres Yb(2) and Yb(3) found to be 3.1469(12), 3.1280(12) Å respectively 

which are longer than the Yb–I bond lengths 3.0962(13) Å calculated for 



 

61 
 

Chapter Two 

[Yb(MesForm)(thf)2I]2 but it is close to the Yb–I bond lengths 3.1225(10) Å reported for 

[Yb(Ap)I]2
[76] {Ap = 2,6-iPr2-C6H3-N-C5H3N-6-(2,4,6-iPr3-C6H2)}. Table 2.7 Shows the 

Yb–I bond lengths in the known ytterbium complexes containing a terminal iodide. 

 

Figure 2.8 Diagram of FusForm ligand.
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Figure 2.9 X-ray crystal structure of [Yb2(MesForm)(FusForm)(I)(thf)2]2 2.6. Hydrogen atoms are omitted for clarity. 

 



 

63 
 

Chapter Two 

Table 2.6 Selected bond lengths (Å) and angles (°) of [Yb(MesForm)(thf)2I]2 (2.5) and [Yb2(MesForm)(FusForm)(I)(thf)2]2 (2.6). 

       Ph = Phenyl group; # = Atoms generated by symmetry: -X, 1-Y, 1-Z. 

Bond lengths (Å) [Yb(MesForm)(thf)2I]2 Bond lengths (Å)    [Yb2(MesForm)(FusForm)(I)(thf)2]2  
Yb(1)–N(1)                   2.446(4) Yb(1)–N(1) 2.424(8) Yb(2)–O(2) 2.464(6) 
Yb(1)–N(2)                    2.426(4) Yb(1)–N(2) 2.467(8) Yb(3)–O(3) 2.473(6) 
Yb(1)–O(1)                    2.387(4) Yb(2)–N(3) 2.633(7) Yb(4)–O(4) 2.448(6) 
Yb(1)–O(2)                    2.443(4) Yb(2)–N(4) 2.493(8) Yb(1)–I(1) 3.077(8) 
Yb(1)–I(1)                     3.096(13) Yb(2)–N(5) 2.543(7) Yb(2)–I(1) 3.145(8) 
- - Yb(2)–N(6) 2.509(7) Yb(3)–I(2) 3.130(8) 
- - Yb(3)–N(5) 2.632(7) Yb(4)–I(2) 3.077(8) 
- - Yb(3)–N(6) 2.468(7) Yb(1)–C(25)(Ph) 2.746(9) 
- - Yb(3)–N(3) 2.537(7) Yb(1)–C(26)(Ph)         2.770(9) 
- - Yb(3)–N(4) 2.518(7) Yb(1)–C(27)(Ph)         2.822(9) 
- - Yb(4)–N(7) 2.453(8) Yb(1)–C(29)(Ph) 2.915(8) 
- - Yb(4)–N(8) 2.427(7) Yb(1)–C(30)(Ph) 2.933(9) 
- - Yb(1)–O(1) 2.453(7) Yb(1)–C(31)(Ph) 2.957(8) 
Bond angles (°) [Yb(MesForm)(thf)2I]2 Bond angles (°)  [Yb4(MesForm)2(FusForm)2(I)2(thf)4]  
O(1)–Yb(1)–N(1)          107.03(13) N(1)–Yb(1)–N(2)        55.60(4) I(2)–Yb(4)–N(7) 102.60(3) 
O(2)–Yb(1)–N(2) 94.51(13) O(1)–Yb(1)–N(1)        83.50(4) N(7)–Yb(4)–N(8) 55.90(4) 
O(1)–Yb(1)–O(2) 79.53(13) I(1)–Yb(1)–N(1)         112.00(3) Yb(2)–N(3)–Yb(3) 75.70(3) 
O(1)–Yb(1)–I(1) 92.10(9) I(1)–Yb(1)–O(1) 85.00(3) Yb(2)–N(5)–Yb(3) 80.00(4) 
N(1)-Yb(1)-N(2)            55.77(13) Yb(1)–I(1)–Yb(2) 108.74(3) Yb(2)–N(4)–Yb(3) 79.50(4) 
N(1)–Yb(1)–I(1) 160.14(9) N(3)–Yb(2)–N(4) 54.00(4) Yb(2)–N(6)–Yb(3) 76.20(3) 
I(1)–Yb(1)–I(1)# 88.92(2) N(3)–Yb(2)–I(1) 83.60(3) N(3)–Yb(3)–N(5) 79.30(4) 
Yb(1)–I(1)–Yb(1)# 91.08(3) N(5)–Yb(2)–I(1) 129.60(3) N(3)–Yb(2)–N(5) 76.20(4) 
- - O(2)–Yb(2)–N(5) 108.90(4) N(3)–Yb(3)–N(4) 55.00(4) 
- - N(3)–Yb(3)–O(3) 88.70(4) O(3)–Yb(3)–N(6) 167.00(4) 
- - N(5)–Yb(3)–N(6) 54.00(4) N(3)–Yb(3)–I(2) 172.50(3) 
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Table 2.7 The Yb–I bond lengths in the known ytterbium complexes containing a terminal iodide. 

Compound Coordination number Oxidation state Ln–I (Å) 

[YbI2(thf)4][83] 6 +2 3.103(1) 

[Yb(µOCPh3)(dme)I]2
[79]  5 +2 3.090(2) 

[Yb{(Me3SiNPPh2)2CH}(thf)2I][84] 4 +2 3.058(6) 

[Yb2(Appy)3I2][85] 7 +2/+3 3.033(8), 2.942(7) 

             Appy = (6-Me-pyridine-2-yl)-[6-(2,4,6-iPr3-C6H2)-pyridin-2-yl]-aminate. 
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[EuI(I)(dme)2]2 (2.7) 

The europium complex [EuI(I)(dme)2]2  (2.7) crystallises in the monoclinic space 

group P21/n (Table 2.10). Compound 2.7 exhibits a dinuclear form composed of two 

[EuI(I)(dme)2] units which are bridged via iodide atoms. This complex possesses an 

inversion centre which is situated on the midpoint of the Eu(1)···Eu(1)# vector. The 

geometry of the seven-coordinate Eu metal centre is  best described as distorted 

pentagonal bipyramidal. 

Selected bond lengths and angles of [EuI(I)(dme)2]2 (2.7) are listed in Table 2.8. The 

average EuO bond lengths of [EuI(I)(dme)2]2 found to be 2.60 Å which is almost 

similar to the average EuO bond lengths  2.59 Å reported for [EuI2(thf)5][17] and slightly 

longer than the average EuO bond lengths  2.58 Å reported for [Eu(Ph2pz)(thf)4I][22].  

The Eu–I(terminal) bond length of [EuI(I)(dme)2]2 found to be 3.194(9) Å which is 

similar to the Eu–I bond lengths 3.198(2) Å reported for [Eu(Ph2pz)(thf)4I][22] but, it is 

shorter than the Eu–I bond lengths 3.228(2),  3.239(2) Å reported for [EuI2(thf)5][17] due 

to steric demand differences. The Eu–I(bridge) bond lengths of [EuI(I)(dme)2]2 found to 

be 3.302(9) Å which is larger than the Eu–I(terminal) bond lengths 3.194(9) Å. 
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Figure 2.10 X-ray crystal structure of [EuI(I)(dme)2]2 2.7. Hydrogen atoms are 

omitted for clarity. # = Atoms generated by symmetry: 1-X, 1-Y, 1-Z. 

 

Table 2.8 Selected bond lengths (Å) and angles (°) of [EuI(I)(dme)2]2 (2.7). 

 

Bond lengths (Å)      
Eu(1)–O(1)  2.604(5)  Eu(1)–I(1)  3.194(9) 
Eu(1)–O(2)  2.586(4)  Eu(1)–I(2)  3.302(9) 
Eu(1)–O(3)  2.634(5)  Eu(1)–I(2)#  3.300(9) 
Eu(1)–O(4)  2.587(6)  I(2)–Eu(1)#  3.300(9) 
Bond angles (°)      
I(1)–Eu(1)–I(2) 97.55(14)  Eu(1)–I(2)–Eu(1)#  98.09(14) 
I(1)–Eu(1)–I(2)# 174.25(18)  I(2)#–Eu(1)–O(1)  103.9(10) 
I(1)–Eu(1)–O(1) 81.53(10)  I(2)#–Eu(1)–O(2)  79.06(10) 
I(1)–Eu(1)–O(2) 105.22(10)  O(1)–Eu(1)–O(2)  64.43(14) 
I(2)–Eu(1)–O(1) 78.89(10)  O(3)–Eu(1)–O(4)  64.69(16) 
I(2)–Eu(1)–O(2) 132.55(10)     

  # = Atoms generated by symmetry: 1-X, 1-Y, 1-Z. 
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[Yb(MesForm)3].Ph3 (2.8) and [Yb(MesForm)3].Fluorene (2.9) 

Yb+3 Complexes [Yb(MesForm)3].Ph3 (Fig. 2.11) and [Yb(MesForm)3].Fluorene (Fig. 

2.12) crystallise in the monoclinic space group P21/c (Table 2.10). Compounds 2.8 and 

2.9 are mononuclear Yb+3 complexes. The six-coordinate Yb+3 metal centres of 

[Yb(MesForm)3].Ph3 and [Yb(MesForm)3].Fluorene display a distorted octahedral 

geometry which is coordinated by three bidentate MesForm ligands through the nitrogen 

donor atoms.    The metal containing moieties in  [Yb(MesForm)3].Ph3 and 

[Yb(MesForm)3].Fluorene are similar in structure to the literature complexes 

[Yb(MesForm)3][67] and [Yb(EtForm)3][67]. In the lattice of 2.8 there is a 1,4-

diphenylbenzene molecule filling the lattice space while in the lattice of 2.9 there is a 

fluorene molecule. 

Selected bond lengths and angles of [Yb(MesForm)3].Ph3 and 

[Yb(MesForm)3].Fluorene are listed in Table 2.9. The average Yb–N bond lengths of 

2.8 and 2.9 found to be 2.34 Å, 2.33 Å respectively which are in agreement with the 

average Yb–N bond lengths 2.35 Å, 2.34 Å reported for [Yb(MesForm)3][67] and 

[Yb(EtForm)3][67] respectively.  

The average N–Yb–N bond angles of [Yb(MesForm)3].Ph3 and 

[Yb(MesForm)3].Fluorene found to be 57.96°, 58.26° respectively which are in 

agreement with the average N–Yb–N bond angles 57.94°,  57.96° reported for 

[Yb(MesForm)3][67] and [Yb(EtForm)3][67]. 

 



 

68 
 

Chapter Two 

 

Figure 2.11 X-ray crystal structure of [Yb(MesForm)3].Ph3 2.8. Hydrogen atoms 
are omitted for clarity. 

 

Figure 2.12 X-ray crystal structure of [Yb(MesForm)3].Fluorene 2.9. Hydrogen 
atoms are omitted for clarity. 
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[(DippFormH2)I]2.Benzil (2.10) 

A yellow crystalline complex of [(DippFormH2)I]2.Benzil was isolated after the 

hydrolysis of [Yb(DippForm)I)] in presence the benzil (eqn. 2.16). Compound 2.10 

crystallises in the monoclinic space group P21/c (Table 2.10). The molecular structure 

of compound 2.10 is displayed in Figure 2.13 as a polymeric structure. Compound 2.10 

exhibits two [DippFormH2]+ ions with a single iodide atom bridging the two 

[DippFormH2]+ ions molecules through HIH interactions. In the lattice of 2.10 in 

addition to [(DippFormH2)I]2 there is a benzil molecule filling the lattice space. 

Selected bond lengths of 2.10 are listed in Table 2.9.  

 

Figure 2.13 X-ray crystal structure of [(DippFormH2)I]2.Benzil 2.10. Hydrogen 

atoms are omitted for clarity. # = Atoms generated by symmetry: X-1, Y, Z. 
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Table 2.9 Selected bond lengths and angles of [Yb(MesForm)3].Ph3, [Yb(MesForm)3].Fluorene and [(DippFormH2)I]2.Benzil. 

Bond lengths (Å) [Yb(MesForm)3].Ph3 [Yb(MesForm)3].Fluorene [(DippFormH2)I]2.Benzil 

Yb(1)–N(1)                   2.373(3) 2.330(11) - 

Yb(1)–N(2)                     2.329(3) 2.319(11) - 

Yb(1)–N(3)                     2.355(3) 2.340(11) - 

Yb(1)–N(4)                     2.327(3) 2.345(11) - 

Yb(1)–N(5)                     2.351(3) 2.349(11) - 

Yb(1)–N(6)                     2.346(3) 2.331(12) - 

H(2)–I(1) - - 2.694 

H(3)–I(1) - - 2.605 

H(4)–I(2) - - 2.739 

Bond angles (°)                     

N(1)Yb(1)N(2)             57.84(10) 58.70(4) - 

N(3)Yb(1)N(4)             58.25(11) 58.20(4) - 

N(5)Yb(1)N(6)             57.81(10) 57.90(4) - 
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Table 2.10 Crystallographic data for compounds 2.5-2.10. 

 

 

Compound 2.5 2.6 2.7 2.8 2.9 2.10 
formula C54H78N4O4I2Yb2 C106H134N8O4I2Yb4 C16H40Eu2O8I4 C75H83N6Yb C70H79N6Yb C64H86N4O2I2 
fw 1447.11 2530.22 1172.03 1241.54 1177.46 1197.20 
crystal system triclinic orthorhombic monoclinic monoclinic monoclinic monoclinic 
space group P-1 Pna21 P21/n P21/c P21/c P21/c 
a, Å 10.923(2) 33.008(7) 8.5150(17) 11.828(2) 12.699(6) 14.986(14) 
b, Å 11.924(2) 11.822(2) 16.055(3) 22.058(4) 64.203(3) 10.871(11) 
c, Å 13.169(3) 25.321(5) 12.265(3) 22.128(4) 14.673(7) 39.277(3) 
α, deg 66.31(3) 90 90 90 90 90 
β, deg 65.54(3) 90 105.31(3) 101.82(3) 108.75(2) 91.72(5) 
γ, deg 69.06(3) 90 90 90 90 90 
V, Å3 1391(7) 9881(3) 1617(6) 5651(2) 11328(10) 6396(10) 
Z 2 4 2 4 4 4 
T, K 173(2) 173(2)  173(2) 173(2) 173(2) 173(2) 
no. of rflns collected 16017 132400  9529 49053 138197 81645 
no. of indep rflns 4330 23733 2720 12994 24511  14669 
Rint 0.068 0.051 0.095 0.060 0.096 0.102 
Final R1 values (I > 2σ(I)) 0.035 0.064 0.046 0.041 0.123 0.068 
Final wR(F2) values (I > 
2σ(I)) 

0.090 0.174 0.123 0.101 0.246 0.184 

Final R1 values (all data) 0.035 0.068 0.048 0.050 0.161 0.186 
Final wR(F2) values (all data) 0.090 0.177 0.125 0.105 0.258 0.241 
GooF (on F2) 1.058 1.507 0.991 1.065 1.250 1.019 
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2.4 Conclusions 

This chapter explores the synthesis and reactivity of pseudo-Grignard reagents of divalent 

lanthanoids. Pseudo-Grignard reactions produced dimeric structures such as, 

[Yb(Form)(thf)2X]2 (Form = MesForm, XylForm, DippForm, X = Br or I) and 

mononuclear structures such as [Yb(EtForm)2(thf)2Br]. These [Yb(Form)(thf)2X]2 (2.1a, 

2.2, 2.3 and 2.5) and [Yb(EtForm)2(thf)2Br] reagents were prepared by the addition of 

various formamidines to Yb metal pre-treated with iodobenzene or bromobenzene. 

[Yb(XylForm)3] (2.1b) was isolated by fractional crystallisation, the presence of the main 

product [Yb(XylForm)(thf)2Br]2 (2.1a) contributed to the low yield of 2.1b which is 

consistent with the previous findings reported by Evans, et. al.[3] Isolation of a Yb+3 

monomeric structure of [Yb(EtForm)2(thf)2Br] occurred instead of an expected Yb+2 

dimeric structure. The polymeric complex [Yb2(MesForm)(FusForm)(I)(thf)2]2 (2.6) 

was prepared in an attempt to recrystallise [Yb(MesForm)(thf)2I]2 (2.5) from toluene after 

heating the solution at 100 oC overnight.  The only dme solvated dimeric  compound 

[EuI(I)(dme)2]2 (2.7) was prepared by performing the reaction in dme and isolated as a 

main product instead of isolation of the expected product [Eu(MesForm)(thf)nI] due to a 

shift in the Schlenk equilibrium. Shifts in the Schlenk equilibrium could easily contribute 

to low isolated yields for most complexes. Subsequently, “real yields” from solution are 

difficult to determine as herein we depended on isolated crystal yields. 

Reactivity process involves addition the ketone to pseudo-Grignard mixture led to a 

similar result with two different ketones which deoxygenate the ketones. For example, 

adding 1,4-benzoquinone to the pseudo-Grignard reaction mixture led to deoxygenation 

the carbonyl groups and formation of a CC bond between three phenyl groups 

[Yb(MesForm)3].Ph3 (2.8). While adding 9-fluorenone to the pseudo-Grignard reaction 

mixture led to deoxygenation of the 9-fluorenone producing the corresponding fluorene 
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[Yb(MesForm)3].Fluorene (2.9). [(DippFormH2)I)]n.Benzil 2.10 was synthesised 

by the hydrolysis of [Yb(DippForm)I)] in presence the benzil (eqn. 2.16). 
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2.5 Experimental 

General considerations  

All the products of pseudo-Grignard reagents are highly air- and moisture-sensitive, 

requiring the use of Schlenk flask and interfaced to a high vacuum (10−2 Torr) line 

techniques. Hence all manipulations were carried out with rigorous exclusion of oxygen 

and moisture in vacuum Schlenk-type glassware under a dinitrogen atmosphere.  

All solvents (thf, dme, Et2O and hexane) were dried and deoxygenated by distillation from 

sodium benzophenone ketyl under nitrogen, while toluene was dried by LC solvent 

purification system. After distillation they were stored in vacuum Schlenk flasks. 

Iodobenzene, bromobenzene (all ≥ 99 %), and perdeutero-benzene (C6D6) (all ≥ 99 atom 

% D) were obtained from Sigma-Aldrich and were degassed, dried, and stored in Schlenk 

flasks prior to use. Formamidine compounds (XylFormH, DippFormH, MesFormH, and 

EthylFormH) were prepared by literature methods.[86, 87] Lanthanoid metals were obtained 

from Rhone Poulenc or Santoku, stored under nitrogen and freshly filed before use. 

1H-NMR spectra were recorded on a Bruker 400 MHz spectrometer. The chemical shifts 

are expressed in parts per million (ppm). Infrared spectra (4000-400 cm-1) were obtained 

as Nujol mulls between NaCl plates with a Nicolet-Nexus FT-IR spectrometer. Samples 

were sent in sealed glass pipettes under nitrogen for elemental analyses (C, H, N) to the 

Microanalytical Laboratory, Science Centre, London Metropolitan University, England. 

Melting points were measured in sealed capillaries.  
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[Yb(Form)(thf)2Br]2 (Form = XylForm 2.1a, DippForm 2.2, MesForm 2.3), 

[Yb(XylForm)3] (2.1b) 

A Schlenk flask was charged with ytterbium metal filings (0.27 g, 1.6 mmol) and dry thf 

(~20 ml). PhBr (0.20 g, 1.3 mmol) was added at -78 °C. The mixture was stirred and 

within 5 minutes developing a dark red-brown colour. 1.3 mmol solid FormH (XylFormH 

0.32 g, DippFormH 0.48 g, MesFormH 0.36 g) was added and the mixture was stirred at 

-78 °C for another 3 h and then at room temperature overnight giving a red-brown solution 

that was filtered through a filter cannula to remove the residual metal and concentrated 

under vacuum to ca. 5 ml. Small yellow crystals of 2.1a (0.19 g, 59 %), 2.2 (0.25 g, 52 

%), 2.3 (0.18 g, 50 %) were grew upon standing overnight. Fractional crystallisation from 

the mother liquor of 2.1a yielded small orange crystals of [Yb(XylForm)3] 2.1b (0.03 g, 9 

%). 

2.1a: m. p. 208-210 oC. Elemental analysis calcd for C50H70N4O4Br2Yb2 (1297.03 g.mol-

1): C 46.30, H 5.44, N 4.32. Calcd for C46H62N4O3Br2Yb2 (1224.93 g.mol-1 after lost of 

one thf of solvation) C 45.10, H 5.10, N 4.57. Found: C 44.92, H 4.80, N 4.04. 1H-NMR 

(400 MHz, C6D6, 25°C): δ = 8.08 (s, 2H, NC(H)N), 7.58 (d, 3J-(H, H) = 6.52 Hz, 8H, m-

HAr), 6.18 (t, 3J-(H, H) = 6.50 Hz, 4H, p-HAr), 3.57 (s, br, 12H; OCH2, thf), 1.75 (s, 

24H, CH3), 1.33 (s, br, 12H; CH2, thf) ppm. IR (Nujol, cm-1): 2293 w, 2190 m, 2142 m, 

2031 s, 1920 s, 1908 s, 1852 s, 1784 s, 1649 s, 1593 m, 1526 s, 1251 w, 1204 s, 1164 m, 

1092 s, 1037 s, 933 w, 878 w, 762 s, 671 s. 

2.1b: no characterisation could be obtained owing to the low yield limitation. 

2.2: m. p. 176-178 oC; Elemental analysis calcd for [Yb(DippForm)(thf)2Br]2.thf 

C70H110N4O5Br2Yb2 (1593.56 g.mol-1): C 52.76, H 6.96, N 3.52. Calcd for 

[Yb(DippForm)(thf)2Br]2 C66H102N4O4Br2Yb2 (1521.46 g.mol-1 after loss of one lattice 
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thf): C 52.10, H 6.76, N 3.68. Found: C 51.96, H 6.23, N 3.37. 1H-NMR (400 MHz, C6D6, 

25°C): δ = 8.12 (s, 2H, NC(H)N), 6.98 (m, 8H, m-HAr), 6.23 (m, 4H, p-HAr), 3.85 (br, 

m, 12H; OCH2, thf), 3.15 (m, 8H; CH(CH3)), 1.37 (d, 3J (H, H) = 7.21 Hz, 48H, 

CH(CH3)2), 1.45 (br, m, 12H; CH2, thf), ppm. IR (Nujol, cm-1): 1667 w, 1591 w, 1519 s, 

1295 s, 1260 m, 1190 w, 1096 w, 1034 m, 936 w, 918 m, 883 w, 800 m, 767 m, 756 w, 

722 m, 666 w.  

2.3: m. p. 168-170 oC; Elemental analysis calcd for C54H78N4O4Br2Yb2 (1353.11 g.mol-

1): C 47.93, H 5.81, N 4.14. Calcd for C46H62N4O2Br2Yb2 (1208.90 g.mol-1 after lost two 

thf of solvation) C 45.70, H 5.17, N 4.63. Found: C 45.36, H 4.73, N 4.31. 1H-NMR (400 

MHz, C6D6, 25°C): δ = 8.44 (s, 2H, NC(H)N), 6.77 (s, br, 8H, m-HAr), 3.19 (s, br, 8H; 

OCH2, thf), 2.41 (s, 24H; o-CH3), 1.71 (s, 12H; p-CH3), 1.12 (s, br, 8H; CH2, thf) ppm. 

IR (Nujol, cm-1): 1717 s, 1643 m, 1608 m, 1524 m, 1262 m, 1208 m, 1149 m, 1033 m, 

963 s, 877 s, 851 m, 606 s.  

[Yb(EtForm)2(thf)2Br] (2.4) 

Following same method that described to synthesise 2.1-2.3 with equivalent amount of 

solid EtFormH (0.40 g, 1.3 mmol) led to isolated Yb+3 mononuclear structure 

[Yb(EtForm)2Br(thf)2] rather than Yb+2 dinuclear structure as it occurred with 2.1a, 2.2, 

2.3. Big pink crystals of 2.4 (0.22 g, 55 %) were grown upon standing for one week.  

2.4: m. p. 246-248 oC. Elemental analysis calcd for C50H70N4O2BrYb (1012.06 g.mol-1): 

C 59.34, H 6.97, N 5.54. Found: C 58.94, H 5.95, N 5.13. IR (Nujol, cm-1): 1686 w, 1591 

w, 1519 s, 1295 s, 1260 m, 1190 w, 1096 w, 1034 m, 936 w, 918 m, 883 w, 800 m, 767 

m, 756 w, 722 m, 666 w.  
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[Yb(MesForm)(thf)2I]2 (2.5) 

Following same method to that employed to synthesise 2.1a-2.3 except using PhI (0.27 g, 

1.3 mmol) instead of PhBr. Small yellow crystals of 2.5 (0.24 g, 66 %) separated from 

yellow crystals of [YbI2(thf)4] through fractional crystallisation and grew upon standing 

after two days (full structural determination of [YbI2(thf)4], unit cell: triclinic, a = 

8.4268(17), b = 9.805(2), c = 13.646(3) Å, α = 80.18(3)°, β = 87.58(3)°, γ = 86.97(3)°,  V 

= 1108.8(4) Å3).[83]  

2.5: m. p. 168-170 oC. Elemental analysis calcd for C54H78N4O4I2Yb2 (1447.11 g.mol-1): 

C 44.82, H 5.43, N 3.87. Found: C 44.51, H 4.94, N 3.60. 1H-NMR (400 MHz, C6D6, 

25°C): δ = 8.03 (s, 2H, NC(H)N), 7.05 (m, br, 8H, m-HAr), 3.29 (s, br, 8H; OCH2, thf), 

1.22 (s, 24H; o-CH3), 1.16 (s, 12H; p-CH3), 0.94 (s, br, 16H; CH2, thf) ppm. IR (Nujol, 

cm-1): 2025 s, 1907 s, 1835 s, 1768 s, 1646 m, 1280 m, 1195 m, 1086 s, 880 s, 728 s.  

[Yb2(MesForm)(FusForm)(I)(thf)2]2.2Toluene (2.6) 

Complex (2.6) was prepared through attempting to separate 2.6 from the yellow crystals 

of [YbI2(thf)4] through recrystalisation with toluene. This attempted started by drying the 

red-brown filtrate of 2.5 and dissolved in dry toluene (~25 ml) and heated overnight at 

100 ͦ C. This mixture was filtered through a filter cannula to separate the yellow precipitate 

of [YbI2(thf)4] which undissolved in toluene and the filtrate concentrated under vacuum 

to ca. 5 ml. Big red crystals of 2.6 (0.09 g, 25 %) were grown upon standing for one week.  

2.6: m. p. 196-198 oC. IR (Nujol, cm-1): 2405 m, 2293 w, 2142 s, 2031 s, 1908 m, 1748 

m, 1649 m, 1526 m, 1204 m, 1092 m, 1037 m, 878 w, 762 w, 671 s. 

[EuI(I)(dme)2]2 (2.7) 

Following same method to that employed to synthesise 2.5 except using europium metal 

filings (0.25 g, 1.6 mmol), in dme (~20 ml) instead of ytterbium metal in thf. Instead of 
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isolated the desired compound of pseudo-Grignard [Eu(MesForm)I(dme)n], small 

colourless crystals of 2.7 (0.08 g, 22 %) grew upon standing for one week. 

2.7: m. p. 105-107 oC; Elemental analysis calcd for C16H40O8I4Eu2 (1172.03 g.mol-1): C 

16.40, H 3.44. Calcd for C8H20O4I4Eu2 (991.79 g.mol-1 after lost of two dme of solvation) 

C 9.69, H 2.03. Found C 9.24, H 2.01. 1H-NMR (400 MHz, C6D6, 25°C): Spectrum has 

shown chemicals shifts from δ = 3.12 (s, 6H, CH3), 3.35 (s, 4H, CH2) the normal chemicals 

shifts of dme to δ = 0.27 (s, br, 12H, CH3), 1.33 (s, br, 8H, CH2) due to paramagnetism of 

europium in addition to two peaks for dme residual at solution δ = 0.90 (s, br, 6H, CH3), 

2.10 (s, br, 4H, CH2). IR (Nujol, cm-1): 1743 m, 1466 s, 1330 m, 1215 w, 1110 w, 934 w, 

865 m, 818 s, 768 m, 694 m. 

[Yb(MesForm)3].R (R = Ph3 2.8, Fluorene 2.9) 

Following same method to that described to synthesise (2.5). After 12 h of stirring the 

pseudo-Grignard mixture, (0.10 g) of ketone (0.92 mmol) 1, 4-benzoquinone (2.8) or (0.05 

mmol) 9-fluorenone (2.9) was added and the mixture stirred overnight at room 

temperature gave a red-brown solution that was filtered through a filter cannula to remove 

the residual metal and concentrated under vacuum to ca. 5 ml. Big red crystals of 2.8 (0.07 

g, 19 %), 2.9 (0.05 g, 13 %), were grew up standing for two days. 

2.8: m. p. 216-218 oC. Elemental analysis calcd for C75H83N6Yb (1241.54 g.mol-1): C 

72.56, H 6.74, N 6.77. Found: C 72.17, H 6.35, N 6.43. IR (Nujol, cm-1): 2050 w, 1940 

m, 1875 m, 1723 s, 1213 s, 750 m, 849 s, 804 s, 739 s, 698 m, 571 s.  

2.9: m. p. 228-230 oC. Elemental analysis calcd for C70H79N6Yb (1177.46 g.mol-1): C 

71.40, H 6.76, N 7.14. Found: C 70.93, H 6.42, N 6.88. IR (Nujol, cm-1): 2630 w, 2010 

w, 1665 m, 1406 s, 1252 s, 1200 w, 1015 s, 904 m, 841 m, 812 s, 737 s.  
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[(DippFormH2)I]2.Benzil (2.10) 

Following same method that described to synthesise (2.8, 2.9). After (0.10 g, 0.47 mmol) 

the ketone (benzil) was added and the mixture stirred overnight at room temperature gave 

a red-brown solution that was filtered through a filter cannula to remove the residual 

metal. After that the filtrate hydrolysed and concentrated under vacuum to ca. 5 ml. Small 

yellow crystals of [(DippFormH2)I)]n.Benzil 2.10 (0.07 g, 14 %) grew up standing 

for two days. 

2.10: m. p. 114-116 oC. Elemental analysis calcd for C64H86N4O2I2 (1197.20 g.mol-1): C 

64.32, H 7.08, N 4.69. Found: C 63.97, H 6.90, N 4.29. 1H-NMR (400 MHz, C6D6, 25°C): 

δ = 7.16 (m, 10H, Ar), 7.05 (m, 12H, Ar), 6.73 (br, 2H, NH(CH)NH), 3.13 (sep, 3JHH = 

6.9 Hz, 8H, CH(CH3)2), 1.09 (d, 48H, CH(CH3)2). IR (Nujol, cm-1): 3285 m, 2350 w, 2179 

m, 1995 m, 1928 s, 1860 m, 1802 s, 1456 s, 1258 m, 1096 s, 997 m, 800 s, 755 m, 517 m. 
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2.6 Crystal and refinement data 

Suitable crystals were immersed in viscous hydrocarbon oil (Paratone-N) and mounted on 

a glass fibre that was mounted on the diffractometer under a stream of liquid nitrogen. 

Intensity data of crystalline samples of compounds 2.1-2.10 were collected using the MX1 

beamline at the Australian Synchrotron at 173 K using a single wavelength (λ = 0.712 Å). 

Structure solutions and refinements were performed using SHELXS-97 and SHELXL-

97[88] program through the graphical interface X-Seed[89] which was also used to generate 

the figures. Absorption corrections using MULTISCAN were applied. All CIF files were 

checked at www.iucr.org.                                                                                                                                    

[Yb(XylForm)(thf)2Br]2 (2.1a) 

C50H70N4O4Br2Yb2, M = 1297.03, 0.10 × 0.07 × 0.05 mm3, monoclinic, space group P21/c, 

a = 14.820(3), b = 14.334(3), c = 13.280(3) Å, α = γ = 90°, β = 113.64(3)°, V = 2584(11) 

Å3, Z = 2, ρc 1.667 g/cm3, T = 173 K,  = 5.187 mm-1, 2max = 55°, 33191 reflections 

collected, 5764 independent reflections (Rint = 0.035), Final GooF = 0.503, R1 = 0.037, 

wR2 = 0.098, R indices based on 5207 reflections with I > = 2σ(I) (refinement on F2), 284 

parameters, 0 restraint. Lp and absorption corrections applied. 

[Yb(XylForm)3] (2.1b) 

C52H60N6Yb, M = 942.13, 0.11 × 0.04 × 0.06 mm3, monoclinic, space group P21, a = 

19.962(4), b = 10.537(2), c = 20.919(4) Å, α = γ = 90°, β = 91.26(3)°, V = 4399(15) Å3, Z 

= 4, ρc 1.400 g/cm3,  = 2.168 mm-1, T = 173 K, 2max = 55°, 56316 reflections collected, 

19710 independent reflections (Rint = 0.028), Final GooF = 1.259, R1 = 0.047, wR2 = 0.118, 

R indices based on 19628 reflections with I > = 2σ(I) (refinement on F2), 1060 parameters, 

1 restraint. Lp and absorption corrections applied. 
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[Yb(DippForm)(thf)2Br]2.thf (2.2) 

C70H110N4O5Br2Yb2, M = 1593.56, 0.12 × 0.08 × 0.07 mm3, triclinic, space group P-1, a 

= 11.050(2), b = 12.753(3), c = 15.509(3) Å, α = 70.76(3)°, β = 78.96(3)°, γ = 67.01(3)°, 

V = 1894(9) Å3, Z = 2, ρc 2.667 g/cm3, = 7.097 mm-1, T = 173 K, 2max = 55°, 23066 

reflections collected, 7949 independent reflections (Rint = 0.045), Final GooF = 1.130, R1 

= 0.035, wR2 = 0.096, R indices based on 7630 reflections with I > = 2σ(I) (refinement on 

F2), 405 parameters, 0 restraint. Lp and absorption corrections applied. 

[Yb(MesForm)(thf)2Br]2 (2.3) 

C54H78N4O4Br2Yb2, M = 1353.11, 0.10 × 0.06 × 0.05 mm3, triclinic, space group P-1, a = 

10.744(2), b = 11.766(2), c = 13.059(3) Å, α = 95.27(3)°, β = 114.18(3)°, γ = 110.39(3)°, 

V = 1357(5) Å3, Z = 2, ρc 1.655 g/cm3, = 4.942 mm-1, T = 173 K, 2max = 55°, 6143 

reflections collected, 6143 independent reflections (Rint = 0.025), Final GooF = 1.076, R1 

= 0.0343, wR2 = 0.0866, R indices based on 5868 reflections with I > = 2σ(I) (refinement 

on F2), 305 parameters, 0 restraint. Lp and absorption corrections applied. 

[Yb(EtForm)2(thf)2Br] (2.4) 

C50H70N4O2BrYb, M = 1012.06, 0.10 × 0.09 × 0.08 mm3, monoclinic, space group C2/c, 

a = 10.722(2), b = 19.820(4), c = 22.039(4) Å, α = γ = 90°, β = 99.23(3)°, V = 4622(16) 

Å3, Z = 4, ρc 1.454 g/cm3,  = 2.930 mm-1, T = 173 K, 2max = 55°, 14677 reflections 

collected, 4069 independent reflections (Rint = 0.077), Final GooF = 1.239, R1 = 0.097, 

wR2 = 0.232, R indices based on 3901 reflections with I > = 2σ(I) (refinement on F2), 295 

parameters, 6 restraints. Lp and absorption corrections applied. 

[Yb(MesForm)(thf)2I]2 (2.5) 

C54H78N4O4I2Yb2, M = 1447.11, 0.12 × 0.06 × 0.09 mm3, triclinic, space group P-1, a = 

10.923(2), b = 11.924(2), c = 13.169(3) Å, α = 66.31(3)°, β = 65.54(3)°, γ = 69.06(3)°, V 

= 1391(7) Å3, Z = 2, ρc 1.727 g/cm3, = 4.494 mm-1, T = 173 K, 2max = 55°, 16017 
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reflections collected, 4330 independent reflections (Rint = 0.068), Final GooF = 1.058, R1 

= 0.035, wR2 = 0.090, R indices based on 4248 reflections with I > = 2σ(I) (refinement on 

F2), 304 parameters, 0 restraint. Lp and absorption corrections applied. 

[Yb2(MesForm)(FusForm)(I)(thf)2]2.2Toluene (2.6) 

C106H134N8O4I2Yb4, M = 2530.22, 0.12 × 0.08 × 0.04 mm3, orthorhombic, space group 

Pna21, a = 33.008(7), b = 11.822(2), c = 25.321(5) Å, α = β = γ = 90°, V = 9881(3) Å3, Z 

= 4, ρc 7.710 g/cm3, = 22.104 mm-1, T = 173 K, 2max = 55 °, 132400 reflections 

collected, 23733 independent reflections (Rint = 0.051), Final GooF = 1.507, R1 = 0.064, 

wR2 = 0.174, R indices based on 22313 reflections with I > = 2σ(I) (refinement on F2), 

497 parameters, 1 restraint. Lp and absorption corrections applied. 

[EuI(I)(dme)2]2 (2.7) 

C16H40O8I4Eu2, M = 1172.03, 0.10 × 0.07 × 0.06 mm3, monoclinic, space group P21/n, a 

= 8.515(17), b = 16.055(3), c = 12.265(3) Å, α = γ = 90°,  = 105.72(3)°, V = 1617(6) Å3, 

Z = 2, ρc = 2.407 g/cm3, = 7.691 mm-1, T = 173 K, 2max = 55º, 9529 reflections collected, 

2720 independent reflections (Rint = 0.095). Final GooF = 0.991, R1 = 0.046, wR2 = 0.123, 

R indices based on 2494 reflections with I > = 2σ(I) (refinement on F2), 141 parameters, 

0 restraint. Lp and absorption corrections applied.  

[Yb(MesForm)3].Ph3 (2.8)  

C75H83N6Yb, M = 1241.54, 0.10 × 0.04 × 0.08 mm3, monoclinic, space group P21/c, a = 

11.828(2), b = 22.058(4), c = 22.128(4) Å, α = γ = 90°,  = 101.82(3)°, V = 5651(2) Å3, Z 

= 4, ρc = 1.320 g/cm3,  = 1.700 mm-1, T = 173 K, 2max = 55º, 49053 reflections collected, 

12994 independent reflections (Rint = 0.060). Final GooF = 1.065, R1 = 0.041, wR2 = 0.101, 

R indices based on 11062 reflections with I > = 2σ(I) (refinement on F2), 676 parameters, 

0 restraints. Lp and absorption corrections applied.  
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[Yb(MesForm)3].Fluorene (2.9) 

C70H79N6Yb, M = 1177.46, 0.10 × 0.05 × 0.10 mm3, monoclinic, space group P21/c, a = 

12.699(6), b = 64.203(3), c = 14.673(7) Å, α = γ = 90°,  = 108.756(2)°, V = 11328(10) 

Å3, Z = 4, ρc = 1.284 g/cm3, , = 1.695 mm-1, T = 173 K, 2max = 55º, 138197 reflections 

collected, 24511 independent reflections (Rint = 0.096). Final GooF = 1.250, R1 = 0.123, 

wR2 = 0.246, R indices based on 17201 reflections with I > = 2σ(I) (refinement on F2), 

1297 parameters, 0 restraint. Lp and absorption corrections applied.  

[(DippFormH2)I]2.Benzil (2.10) 

C64H86N4O2I2, M = 1197.20, 0.10 × 0.04 × 0.03 mm3, monoclinic, space group P21/c, a = 

14.9867(14), b = 10.8715(11), c = 39.277(3) Å, α = γ = 90°,  = 91.726(5)°, V = 6396(10) 

Å3, Z = 4, ρc = 1.241 g/cm3, , = 1.025 mm-1, T = 173 K, 2max = 55º, 81645 reflections 

collected, 14669 independent reflections (Rint = 0.102). Final GooF = 1.019, R1 = 0.068, 

wR2 = 0.184, R indices based on 5657 reflections with I > = 2σ(I) (refinement on F2), 665 

parameters, 13 restraints. Lp and absorption corrections applied.  
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Chapter 3: Synthesis of biphenolate lanthanoid complexes 

3.1 Introduction 

The redox transmetallation (RT) reaction was introduced in Chapter one as an increasingly 

common synthetic pathway to lanthanoid complexes.[1-5] RT involves treating oxidising 

agents, such as mercury, thallium, tin and bismuth reagents, with more electropositive 

lanthanoid metals in a donor solvent.[6-10, 22, 24]   

3.1.1 Redox transmetallation by mercury reagents  

The first exploitation of RT was carried out in 1976 by Deacon and Vince to synthesise a 

-bonded fluorocarbon-ytterbium complex, [Yb(C6F5)2(thf)4] (Fig. 3.1) using [Hg(C6F5)2] 

as the oxidant (eqn. 3.1). The compound (deep orange-red crystals) was a highly air- and 

moisture-sensitive organolanthanoid complex. This complex decomposed if heated to 75 

oC, and exploded at 78 oC.[12, 13]    

             

Equation 3.1 

 

Figure 3.1 Molecular structure of [Yb(C6F5)2(thf)4]. 
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The solid state structure of [Yb(C6F5)2(thf)4] (Fig. 3.1) comprises a six-coordinated 

ytterbium metal centre that is coordinated by four oxygen atoms of thf molecules, and two 

transoid pentafluorophenyl groups in an octahedral geometry.[10] The europium analogue 

has been reported by Deacon and co-workers in 2000 by a similar route (eqn. 3.1). This 

analogue has an additional coordinated thf molecule, to give a seven coordinate 

pentagonal bipyramidal complex and is a good example of the lanthanoid contraction.[13]  

Bochkarev, et. al.[24] have expanded the redox transmetallation reaction to synthesise 

trivalent lanthanoid complexes [LnPh3] (Er, Tm) by the direct reaction between lanthanoid 

metal and mercury reagent HgPh2 (eqn. 3.2).  

 

Equation 3.2 

Transmetallation reactions between lanthanoid elements and diphenylmercury [Hg(Ph)2] 

are generally harder to induce than those with [Hg(C6F5)2], without an activation source 

such as elemental Hg, HgCl2 or I2 and heating.[14]  

Mercuric amides have been used as oxidants in RT to synthesise different organoamido 

lanthanoid(II) complexes (eqn. 3.3). This has been shown with a number of amides, e.g.  

for NR2; R = SiMe3, Ln = Sm, Eu, Yb[15], NR2 = N(SiMe3)(2,6-iPr2-C6H3),[16] Ln = Sm, 

Yb; NR2; R = 3,5-Ph2pz (pz = pyrazole), Ln = Yb.[6]  

 

Equation 3.3 

Redox transmetallation reaction has a distinct advantage compared with other methods. 

The process is a simple one-pot procedure with easy separation of the products.[14] 

Moreover, it provides a cheaper and more convenient alternative to the lanthanoid(II) 
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halides. Furthermore, the starting materials, for example mercurial organometallics or 

organoamidometallics used in this process are easily prepared and air stable. The 

elemental mercury resulting from reduction of the mercury compound can simply be 

removed by filtration of the mother liquor by a filter cannula. 

Mercurial species [Hg(C6F5)2], [Hg(C6H5)2], [Hg(NR2)2] play a substantial role in RT 

reactions (eqn. 3.1; eqn. 3.2 eqn. 3.3), but they are not the only oxidants in the chemistry 

of lanthanoids. 

3.1.2 Redox transmetallation by thallium reagents  

Thallium(I) organoamides and aryloxides derivatives have been exploited as oxidants in 

redox transmetallation for the synthesis of the corresponding lanthanoid complexes (eqn. 

3.4). Its origins go back to the synthesis of lanthanoid cyclopentadienyls since 1980.[4, 6, 7, 

16-20] 

 

Equation 3.4 

This method has attractive features, such as its simplicity and the fact that key reagents 

are commercially available. In addition, this route is one of the most accessible synthetic 

pathways to lanthanoid complexes. However, the most significant drawbacks associated 

with this method are the toxicity and air and light sensitivity of thallium reagents. 

3.1.3 Redox transmetallation by tin reagents  

Using tin precursors as oxidants in RT represents one of the recent expansions in the 

evolution of the RT reaction. The first example of the investigation of tin reagents as 

potential redox transmetallation oxidants was undertaken by Lappert et. al. in 1992. They 
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reported the use of the tin(II) reagent [Sn{N(SiMe3)2}2] as an oxidant in RT involving a 

reduction of Sn+2 to Sn0 (eqn 3.5).[21]  

 

Equation 3.5  

This reaction was recently modified to synthesise a variety of species of organolanthanoid 

complexes, such as [Ln(Ph2pz)2(dme)2] (Ln = Sm, Eu, Yb)[22], [Ln(Ph2pz)3(solv)2] (Ln = 

La; solv = dme, Yb; solv = thf)[31], (Ln = Y, Nd, Eu) and [Sm(OAr)3(thf)], by using tin(IV) 

pyrazolates or aryloxides as oxidants. During the reaction SnIV is reduced to Sn+3 as 

hexamethylditin (eqn 3.6).[22, 23] 

 

Equation 3.6 

3.1.4 Redox transmetallation by bismuth reagents  

Equation 3.7 shows an alternative RT synthetic route that has been reported by Bochkarev 

et al for preparing an organolanthanoid complex [ErPh3(thf)3] by direct oxidation of Er 

by BiPh3 in the presence of ErI3.[24] This reaction (eqn. 3.7) is a much greener reaction as 

Bi is essentially non-toxic. However, the oxidising agent [BiPh3] is less reactive than 

mercurial species [Hg(C6F5)2] and [Hg(C6H5)2]. 

 

Equation 3.7 
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3.1.5 Redox transmetallation/protolysis (RTP)  

RTP is an extension of the RT route. RT has been modified to synthesise different species 

of divalent and trivalent complexes, by merging the redox transmetallation and ligand 

exchange reactions (eqn. 3.8).[14, 17, 25-30] 

 

Equation 3.8 

RTP (eqn. 3.8) has two steps. Firstly, the reaction between the organomercurial and 

freshly filed Ln metal or group 2 forms the organometallic intermediate which is 

[M(C6F5)n] (M = Ln or group 2; n = 2, 3). This step involves redox transmetallation, which 

involves the oxidation of M metal to M+2 and the reduction of Hg+2 to Hg0 metal. 

Secondly, the organometallic intermediate [M(C6F5)2] or [M(C6F5)3] reacts further with 

the a protic ligand through ligand exchange (eqn. 3.9)[10, 13, 30] this step depends on the 

thermodynamic acidities (pKa values) of LH vs C6F5H, if LH has a lower pKa than C6F5H 

then the reaction occurs. The protic ligand should be more acidic than pentafluorobenzene 

(pKa 26) in order to form the desired metal-organic complex.[31]  

 

Equation 3.9 
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3.1.6 Lanthanoid biphenolate complexes 

 Biphenol {2,2′-methylenebis(6-tert-butyl-4-methylphenol)} has been employed as a 

proligand to synthesise a number of rare earth complexes through different synthetic 

routes. For example, ionic and non-ionic heterobimetallic lanthanoid complexes can be 

synthesised in good yield via the halide metathesis of lanthanoids with biphenolate alkali 

metal salt complexes (eqn. 3.10, 3.11).[11, 32, 33] 

 

 
Equation 3.10 

 

Equation 3.11 
 
Moreover, the protolysis/ligand exchange reaction has been reported as a synthetic route 

to prepare neutral trivalent lanthanoid alkoxides by using [Ln(C5H5)3] as starting material 

(eqn. 3.12).[34, 35] 

 

Equation 3.12 
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Furthermore, Yao, et. al have synthesised dinuclear heteroleptic lanthanoid complexes 

through ligand exchange by using [Ln(C5H5)3(thf)] as precursors (eqn. 3.13).[36, 37] 

 

Equation 3.13 
 
In addition, the partial hydrolysis of the neutral biphenolate neodymium amide 

[Ln(BPO2){N(SiMe3)2}(thf)2] gives neodymium hydroxide first, followed by insertion of 

phenyl isocyanate to the OH bond to form dinuclear biphenolate neodymium complex 

(eqn. 3.14).[38] 

 
Equation 3.14 

This work was recently further developed by treating [Ln{N(SiMe3)2}2Cl(thf)2] with a 

biphenol proligand to prepare bridged biphenolate lanthanoid chloride complexes. These 

lanthanoid chlorides were found to be useful precursors for the synthesis of the 

corresponding lanthanoid amido derivatives (eqn. 3.15).[39] 

 

Equation 3.15 
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In 2004 Deng et al.[40] synthesised heteroleptic dimeric lanthanoid(II) derivatives with a 

biphenol ligand via a protolysis reaction (eqn. 3.16), followed by Bao et al. who prepared 

the first europium(II) biphenolate as a dinuclear complex by the halide metathesis reaction 

which involves reduction of Eu+3 to Eu+2 by NaK alloy (eqn. 3.17).[41] 

 

Equation 3.16 

 

Equation 3.17 
 

Fang et al. have synthesised and characterised an ionic heterobimetallic complex using a 

salt metathesis reaction. However, they used a lanthanoid borohydride as the precursor 

instead of lanthanoid chloride, because of the better solubility of the former in dme (eqn 

3.18).[42] 

 

Equation 3.18 
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3.2 Current study  

Biphenolate lanthanoid chemistry is still limited in contrast to the rich lanthanoid 

chemistry of the calixarene and other polyphenol ligands. Also, due to the lack of research 

into biphenolate alkaline earth complexes, the original aims were to synthesise 

mononuclear and dinuclear lanthanoid and alkaline earth biphenolate complexes. In 

addition, the current study is a prelude to Chaper four within this thesis, demonstrating a 

synthesis protocol which has been employed to synthesise mononuclear complexes which 

can be further used to synthesise heterobimetallic complexes. 

Redox transmetallation/protolysis has been used to explore possibilities between 

lanthanoid metals and the biphenol proligand (Fig. 3.2). These reactions produced 

mononuclear and dinuclear complexes depending on the metal used. When the biphenol 

ligand was partially deprotonated it gave mononuclear complexes. For example, 

[Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Gd, Er, Y). [Ce(BPO2)2(thf)2] has a fully deprotonated 

set of ligands but it gave mononuclear complex due to the high oxidation number (+4) 

owned by cerium. Meanwhile, when the biphenol ligand was fully deprotonated it gave 

dinuclear complexes such as, [Ln2(BPO2)3(thf)n] (Ln = Ho, Yb, n = 2; Sm, Tb, n = 3). 

Various structural comparisons can be made to each obtained complex with analogous 

species. Complex [Eu(BPO2)(thf)2]2 (3.9) is the divalent lanthanoid biphenolate isolated 

from redox transmetallation in this study. In addition, a single example of a dinuclear 

strontium-biphenolate cluster [Sr2(BPO2)2(thf)5] has been synthesised and structurally 

characterised. It is interesting to compare divalent europium biphenolate with strontium 

biphenolate  as Eu+2 and Sr+2 have approxymately similar sizes and expected chemistry 

(ionic radius 1.17 Å and 1.18 Å respectively for six coodinate)[56]. However, no reaction 

occurred with other alkaline earth metals such calcium or barium. The partially 
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deprotonated complexes were then utilised in Chapter 4 to synthesise heterobimetallic 

complexes by treating [Ln(BPO2)(BP(OH)O)(thf)n] with different metal alkyls. 

The redox transmetallation/protolysis reaction was carried out in a donor solvent (thf). 

Structures of all the complexes have been confirmed by X-ray crystallography and further 

support by 1H-NMR and IR spectroscopies as well as elemental analysis and melting 

point. 
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3.3 Results and discussion 

3.3.1 Synthesis  

The proligand used in the redox transmetallation synthesis was 2,2′-methylenebis(6-tert-

butyl-4-methylphenol) (BP(OH)2) (Fig. 3.2). Syntheses of complexes containing this 

ligand have been reported previously, allowing for comparisons in this work. The 

BP(OH)2 proligand has attractive features including many proton environments providing 

easily interpretable 1H-NMR spectra. Moreover, the bridging methylene group Ar-CH2-

Ar provides a flexibility that can allow the metal centre to reside in a range of different 

geometries. Furthermore, either mono- or double-deprotonation at the OH groups can 

occur. This ligand is also rather sterically demanding and has tBu and Me groups to help 

provide solubility in organic solvents, while the O atoms allow a range of structural 

variation.  

 

Figure 3.2 Ligand system used in redox transmetallation/protolysis syntheses 

(BP(OH)2). 

All the Ln+3 biphenolate complexes [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Y 3.1a, Gd 3.2, 

Er 3.3) and [Ln2(BPO2)3(thf)n] (Ln = Ho 3.5, Yb 3.6, n = 2; Sm 3.7, Tb 3.8, n = 3) were 

synthesised by the redox transmetallation route (eqn. 3.19) between lanthanoid metals and 

the stoichiometric amount of the corresponding Hg(C6F5)2 and BP(OH)2.  
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Equation 3.19 

Complexes [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Y 3.1a, Gd 3.2, Er 3.3) were isolated 

directly from the reaction mixture (thf) while complex [Y(BPO2)(BP(OH)O)(thf)2] (3.1b) 

was recrystallised (3.1a) from deuterated benzene after the reaction had been performed 

in thf (eqn. 20). 

 

Equation 3.20 

 Previously, this structure [Y(BPO2)(BP(OH)O)(thf)2] had been reported by Yao et. al 

(2008) for the yttrium analogue.[37] They used a ligand exchange reaction to synthesise it.  

The oxidative chemistry of cerium still rather limited[51, 52] particularly oxidation reactions 

that could lead to synthesise cerium(IV) species[54] compared with the reductive chemistry 

of the lanthanoids (trivalent to divalent) which has advanced considerably in recent 

years.[53, 54]  

Oxygen-donor ligands such as BP(OH)2 (Fig. 3.2) used in this study can effectively 

stabilise cerium(IV) complexes because of the large electronegativity of oxygen.[55] In 

addition, the presence of both tBu and Me substituents on the BP(OH)2 could support the 

electon deficient Ce(IV) ion.[43] 

 

The tetravalent cerium biphenolate complex [Ce(BPO2)2(thf)2] (3.4) was synthesised by 

redox transmetallation reaction (eqn. 21 i) between freshly filed cerium metal, two 

equivalents Hg(C6F5)2 and two equivalents of the bulky proligand BP(OH)2 in thf. This 
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reaction represents the first successful attempt to access the Ce(IV) valency through the 

one pot redox transmetallation protolysis reaction. [Ce(BPO2)2(thf)2] was reported by 

Schelter et. al (2013)[43] through a ligand exchange reaction involving three steps to obtain 

the Ce(IV) complex by oxidation of the corresponding cerium(III) species by CuCl2. By 

contrast, a one pot redox transmetallation protolysis reaction was used here to synthesise 

[Ce(BPO2)2(thf)2] (3.4). [Ce(BPO2)2(thf)2] was isolated from a thf solution under partial 

vacuum as a dark-purple crystals and rapidly decomposes to a dark solid when exposed 

to air. 

[Eu(BPO2)(thf)2]2 (3.9) is the only divalent lanthanoid complex isolated from RTP in this 

chemistry (eqn. 21 ii). Attempts to synthesise a divalent ytterbium complex failed and the 

reaction led to the isolation of the trivalent ytterbium compound. With the successful 

formation of [Sr2(BPO2)2(thf)5] (3.10) (eqn. 21 ii) by the one pot redox transmetallation 

reaction in thf, an attempt to synthesise a calcium or barium analogue were attempted but 

no reaction occurred after several days of stirring. Even after activation of the metal (I2 or 

Hg) no reaction occurred. 

 

Equation 3.21 

3.3.2 Characterisation  

Complexes 3.1-3.10 (described above in section 3.3.1) were initially isolated as single 

crystals, and were identified by X-ray crystallography using the MX1 beamline of the 

Australian Synchrotron. These results were further supported by 1H-NMR data (Table 
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3.1), elemental analyses, melting point and IR spectroscopic (Table 3.2). Due to the 

paramagnetic nature of [Gd(BPO2)(BP(OH)O)(thf)3] 3.2, [Ln2(BPO2)3(thf)2] (Ln = Ho 

3.5, Yb 3.6), [Sm2(BPO2)3(thf)2] 3.7 and [Eu(BPO2)(thf)2]2 3.9, no useful information 

could be obtained from their 1H-NMR spectra. They gave a broadened spectrum, which 

could not be satisfactorily interpreted. The paramagnetic Er+3 complex 

[Er(BPO2)(BP(OH)O)(thf)3] 3.3 gave an interpretable 1H-NMR spectrum but the 

resonance for CH2 moves upfield (0.54 ppm) due to this paramagnetism. The 1H-NMR 

spectrum of 3.3 showed that the complex had lost two co-ligands of thf and three thf 

molecules from the lattice (compared with the composition obtained by X-ray 

crystallography) upon drying the material in vacuo. The IR spectra of biphenolate 

lanthanoid complexes showed complete deprotonation of the biphenol ligand indicated by 

the absence of a (O-H) absorption at 3610-3640 cm-1 {except 

[Y(BPO2)(BP(OH)O)(thf)3] (3.1a), [Y(BPO2)(BP(OH)O)(thf)2] (3.1b), 

[Gd(BPO2)(BP(OH)O)(thf)3] (3.2) and [Er(BPO2)(BP(OH)O)(thf)3] (3.3) as they were 

partially deprotonated}. In addition, there were no OH resonances in the 1H-NMR spectra 

of the bulk vacuum dried materials. These results indicated successful synthesis of the 

biphenolate lanthanoid complexes. 

The O–C stretching frequencies (Table 3.2) for compounds 3.1-3.11 showed the vibration 

of a metal-coordinated phenolate group, observed at 1212–1270 cm-1. The absorption 

band related to O–C stretching previously reported for biphenolatolanthanoid complexes 

approximately same as that observed for the present complexes.[11, 34, 36] 
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Table 3.1 Chemical shifts in 1H-NMR spectra of [Er(BPO2)(BP(OH)O)(thf)3] 3.3 

and [Tb2( BPO2)3(thf)3] 3.8. 

 

Table 3.2 O–C Stretching absorption bands in IR spectra (4000400cm-1). 

 
 

 

 Chemical shift (ppm) 

1H-NMR 3.1a 3.3 3.8 3.10 

Aromatic 6.91 7.41 7.78 7.15 

CH2 1.87, 1.50 6.20 2.55 2.17 

OCH2, thf 3.33 4.00 2.28 3.45 

CH2, thf 1.05 0.54 -0.83 1.51 

CH3 2.03 2.39 1.19 1.39 

C(CH3)3 1.32 1.72 0.32 0.28 

Compound O–C stretching vibration (cm-1) 

[Y(BPO2)(BP(OH)O)(thf)3] (3.1a) 1254  

[Y(BPO2)(BP(OH)O)(thf)2] (3.1b) 1212  

[Gd(BPO2)(BP(OH)O)(thf)3] (3.2) 1262  

[Er(BPO2)(BP(OH)O)(thf)3] (3.3) 1270  

[Ho2(BPO2)3(thf)2] (3.5) 1260  

[Yb2(BPO2)3(thf)2] (3.6) 1259  

[Sm2(BPO2)3(thf)3] (3.7) 1249  

[Tb2( BPO2)3(thf)3] (3.8) 1266  

[Sr2(BPO2)2(thf)5] (4.10) 1260  
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3.3.3 Crystal structure determinations  

[Ln(BPO2)(BP(OH)O)(thf)3].3thf (Ln = Y 3.1a, Gd 3.2, Er 3.3) 

[Y(BPO2)(BP(OH)O)(thf)2].2C6D6 (3.1b) 

Compounds 3.1a, 3.2 and 3.3 (Fig. 3.3) crystallise in the monoclinic space group P21/c 

while complex [Y(BPO2)(BP(OH)O)(thf)2] 3.1b crystallises in the monoclinic space 

group P21/n (Table 3.4). Figure 3.3 displays mononuclear complexes for 3.1a, 3.2, 3.3. 

The Ln (Ln = Y 3.1a, Gd 3.2, Er 3.3) metal centre is six-coordinate, being bound by three 

oxygen atoms of the two (BPO2) ligands, and three oxygen atoms of thf molecules. 

Complex [Y(BPO2)(BP(OH)O)(thf)2] 3.1b, is depicted in (Fig. 3.5), and the metal centre 

has the same coordination number as [Ln(BPO2)(BP(OH)O)(thf)3] 3.1a (Fig. 3.4) but it 

coordinates to two thf molecules in a trans form instead of three thf molecules in a facial 

form in 3.1a. To complete the six coordination in 3.1b the Y metal centre was coordinated 

to both biphenolate ligands as bidentates. However, the Y metal centre of 3.1a was 

coordinated as a monodentate with one ligand of biphenolate, and as a bidentate with the 

other biphenolate molecule. The overall molecular geometry around the six-coordinate Y 

metal centre is best described as a distorted octahedral for 3.1a and 3.1b as well for 3.2, 

3.3. The X-ray crystal structure of [Y(BPO2)(BP(OH)O)(thf)3] (Fig. 3.4) is isotypic with 

[Gd(BPO2)(BP(OH)O)(thf)3], [Er(BPO2)(BP(OH)O)(thf)3] and therefore only one 

compound is depicted. 

The most interesting feature in the structures of 3.1-3.3 is the unbound OH of the mono-

deprotonated biphenol, which provides an opportunity for preparing heterobimetallic 

complexes by treatment with Li, K, Zn, Al alkyls or amides. This unbound OH group was 

successfully deprotonated by using these reactive metal alkyls or amides to prepare the 

heterobimetallic complexes in Chapter four.  
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The methylene group bridges the two arms of phenolate groups, giving the ligand more 

flexibility about the metal centre. For example, in 3.1a (Fig. 3.4) the pendant phenol group 

is rotated away from the metal core while the other three phenolate groups are rotated 

towards the metal centre.  

Selected bond lengths and angles of [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Y 3.1a, 3.1b, Gd 

3.2, Er 3.3) are listed in Table 3.3. The average YO(phenolate) bond length of 

[Y(BPO2)(BP(OH)O)(thf)3] (2.12 Å) are in agreement with those determined for 

[Y(BPO2)(BP(OH)O)(thf)2] (2.13 Å). Also, it is comparable to those reported for 

[Y(BPO2)(PhO)(L)2] (average 2.14 Å; L = N-iPr-imidazole; Ph = 4,6-di-tBu-C6H2O-CH2-

iPr-imidazole)[44] and [Na(dme)3][Y(BPO2)2(dme)] (average 2.13 Å).[45]  

The average GdO(phenolate) bond length of [Gd(BPO2)(BP(OH)O)(thf)3] (2.16 Å) are 

shorter than the GdO bond lengths reported for [Gd(L)2(thf)3] (average 2.24 Å; L = 2, 2', 

2''-methanetriyl-tris(4,6-bis(2-methyl-2-propanyl)phenol) due to steric demand 

differences.[46]  

The average ErO(phenolate) bond length of [Er(BPO2)(BP(OH)O)(thf)3] was found to be 

2.11 Å which is shorter than the average ErO(phenolate) bond length of the known structure 

[Na(dme)3][Er(BPO2)2(dme)] (2.14 Å).[42]    
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Figure 3.3 Lanthanoid biphenolate diagram of 3.1a, 3.2 and 3.3. 

 
Figure 3.3 X-ray crystal structure of [Y(BPO2)(BP(OH)O)(thf)3] 3.1a which is 

isostructural with 3.2 and 3.3 (thf ligands are arranged a in facial form). Hydrogen 

atoms are omitted for clarity. 
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Figure 3.5 X-ray crystal structure of [Y(BPO2)(BP(OH)O)(thf)2] 3.1b (thf ligands are 

arranged in a trans form). Hydrogen atoms are omitted for clarity. 
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Table 3.1 Selected bond lengths and angles of [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Y, Gd, Er) and [Y(BPO2)(BP(OH)O)(thf)2]. 

 
 
 
 

Bond lengths (Å) [Y(BPO2)(BP(OH)O)(thf)3] [Y(BPO2)(BP(OH)O)(thf)2] [Gd(BPO2)(BP(OH)O)(thf)3] [Er(BPO2)(BP(OH)O)(thf)3] 

Ln(1)–OH(1)          - 2.443(14) - - 

Ln(1)–O(2)             2.132(2) 2.113(16) 2.160(2) 2.113(3)                  

Ln(1)–O(3)             2.123(2) 2.190(14) 2.171(3) 2.122(4)                    

Ln(1)–O(4) 2.118(2) 2.106(15) 2.161(3) 2.118(4)                     

Ln(1)–O(5) 2.435(2) 2.355(15) 2.463(3) 2.408(4) 

Ln(1)–O(6)             2.448(2) 2.378(16) 2.487(3) 2.433(4)                     

Ln(1)–O(7) 2.415(2) - 2.475(3) 2.425(4) 

Bond angles (°)          

O(1)–Ln(1)–O(2)    97.02(8) 88.04(6) 95.67(10) 97.64(14)             

O(3)–Ln(1)–O(1)    -  101.86(10) 102.95(14)             

O(1)–Ln(1)–O(5) 99.80(8) 119.08(5) 82.83(10) 83.09(14) 

O(2)–Ln(1)–O(3) 103.22(8) 141.90(6) 99.21(11) 99.63(15) 

O(5)–Ln(1)–O(3) 85.28(8) 85.25(5) 173.25(11) 171.39(15) 
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[Ce(BPO2)2(thf)2].thf (3.4) 

The dark-purple crystals of [Ce(BPO2)2(thf)2] were obtained from a thf solution at room 

temperature. Complex 3.4 is the first successful attempt to access Ce(IV) by the one pot 

redox transmetallation with a mercury reagent. [Ce(BPO2)2(thf)2] crystallises in the 

monoclinic space group P21 (Table 3.4) and the molecular structure of 3.4 is monomeric 

(Fig. 3.6). This Xray structure was previously published after synthesis by another 

route.[43] The cerium atom is six coordinate with two bidentate biphenolate ligands two 

monodentate thf ligands. The geometry around the six coordinate cerium metal centre is 

best described as a distorted octahedral. The metal core in compounds 3.4 and 3.1b has 

the same coordination number while they have a different oxidation state. The metal centre 

in 3.4 is coordinated by two thf molecules in the cis form as they are mutually adjacent 

and the O(5)CeO(6) angle is 86.31(12)° while in 3.1b the two thf molecules are 

coordinated to the metal centre in the trans form  and the O(5)YO(6) angle is 

160.19(6)°.  

 

Figure 3.6 X-ray crystal structure of [Ce(BPO2)2(thf)2] 3.4. Hydrogen atoms are 

omitted for clarity. 
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The oxygen atoms O(5)O(2) and O(6)O(3) occupy equatorial positions, whilst the axial 

positions are accommodated by O(1) and O(4) with the O(1)CeO(4) angle close to ideal 

(175.32(12)°). The phenolate groups of the biphenolate ligands are collapsed toward -

CH2- to accommodate the Ce(IV) metal centre and angles are C(14)C(12)C(6) 

114.9(4)°, C(29)C(35)C(37) 118.1(4)° respectively. The four oxygen atoms O(1)O(2), 

O(3),O(4) of the biphenolate ligands coordinate to cerium at a short distance of 2.155(3) 

Å, 2.129(3) Å, 2.113(3) Å and 2.146(3) Å respectively, indicating that all oxygen atoms 

of biphenolate ligand are anionic. Also, the CeO(phenolate) bond lengths abovementioned 

are in a similar range to CeO(phenolate) reported for [Ce(BPO2)2(thf)2] (range 2.113(2)-

2.152(2) Å).[43]  
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Table 3.2 Crystallographic data for compounds 3.1-3.4. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound 3.1a 3.1b 3.2 3.3 3.4 
formula C70H109O10Y C66H89O6Y C70H109O10Gd C70H109O10Er C58H84O7Ce 
fw 1199.51 1067.32 1267.86 1277.87 1033.40 
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 
space group P21/c P21/n P21/c P21/c P21 
a, Å 13.254(3) 19.936(4) 13.228(3) 13.221(3) 11.277 
b, Å 17.600(4) 25.372(5) 17.675(4) 17.566(4) 18.087 
c, Å 28.387(6) 23.753(5) 28.481(6) 28.410(6) 14.159 
α, deg 90 90 90 90 90 
β, deg 93.72(3) 103.50(3) 94.11(3) 93.79(3) 113.40 
γ, deg 90 90 90 90 90 
V, Å3 6608(2) 11683(4)  6642(2) 6583(2) 2650 
Z 4 8 4 4 2 
T, K 100(2) 100(2) 173(2) 100(2) 173(2)  
no. of rflns collected 62698 72099 88396 79410 44232 
no. of indep rflns 11451 19484 15714 14969  12145 
Rint 0.053 0.097 0.034 0.048 0.094 
Final R1 values (I > 2σ(I)) 0.058 0.052 0.057 0.061 0.039 
Final wR(F2) values (I > 2σ(I)) 0.150 0.138 0.201 0.137 0.098 
Final R1 values (all data) 0.068 0.060 0.062 0.073 0.040 
Final wR(F2) values (all data) 0.157 0.147 0.205 0.143 0.099 
GooF (on F2) 1.091 1.056 1.774 1.147 1.052 
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[Ln2(BPO2)3(thf)2].sol (Ln = Ho 3.5 sol = 3C6D6, Yb 3.6 sol = 2thf) 

[Ho2(BPO2)3(thf)2] crystallises in the monoclinic space group P21/c after recrystallisation 

from benzene while crystals of [Yb2(BPO2)3(thf)2] were isolated from thf and crystallise 

in the triclinic space group P-1 (Table 3.6). The crystal structure of [Ho2(BPO2)3(thf)2] 

(Fig. 3.8) is isostructural with complex [Yb2(BPO2)3(thf)2]. [Ln2(BPO2)3(thf)2] (Ln = Ho, 

Yb) (Fig. 3.7) displays a dinuclear form with the two metals being bridged by two oxygen 

atoms of the fully deprotonated biphenolate. The overall molecular geometry around the 

five-coordinate Ln(1) and Ln(2) metal centres is a distorted trigonal-bipyramid. Three 

phenolate oxygen atoms are arranged in the equatorial positions around the Ln(1) centre 

with two other oxygen atoms O(thf) and O(phenolate) in the axial positions. For Ln(2) two 

phenolate oxygen atoms and one oxygen atom of a thf ligand occupy the equatorial 

positions around Ln(2) with two other phenolate oxygen atoms in the axial positions (Fig. 

3.7). For example, in [Ho2(BPO2)3(thf)2] 3.5 (Fig. 3.8) the oxygen atoms O(7), O(3) 

occupy the axial positions and the angle is close to ideal angle O(7)Ho(1)O(3) 

(170.43(13)°) whilst other oxygen atoms O(1), O(2), O(5) are approximately arranged in 

equatorial poistions. For Ho(2) the oxygen atoms O(5), O(8) occupy the axial positions 

with O(5)Ho(2)O(8) (156.20(15)°) whilst other oxygen atoms O(3), O(4), O(6) occupy 

equatorial positions.  

The bond lengths and bond angles of [Ln2(BPO2)3(thf)2] (Ln = Ho, Yb) are listed in Table 

3.5. In the literature there are no reported examples of a holmium phenolate complex with 

five-coordinate holmium. The average HoO(terminal phenolate) bond lengths were found to be 

0.18 Å less than the average HoO(bridging phenolate) bond lengths. 

The average YbO(terminal phenolate) bond lengths of [Yb2(BPO2)3(thf)2] were found to be 2.08 

Å, which are approximately in agreement with the average YbO(terminal phenolate) 2.07 Å 
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reported for [Li(thf)2Yb(BPO2)2(thf)][37], but it is shorter than the average YbO(bridge 

phenolate) 2.22 Å bond length of [Yb2(BPO2)3(thf)2]. 

The average HoO(terminal phenolate) and HoO(bridge phenolate) bond lengths 2.08 Å, 2.26 Å 

respectively of 3.5 are in concordance with the average YbO(terminal phenolate) and 

YbO(bridge phenolate) bond lengths 2.08 Å, 2.22 Å respectively of 3.6 since they have 

approximately similar size, the difference between ionic radii is 0.03 Å for the six 

coordinate Ho and Yb. 

The notable feature of [Ln2(BPO2)3(thf)2] (Ln = Ho, Yb) (Fig. 3.7) is the uncommon low 

coordination number of five for the Ho and Yb metal centres in 3.5 and 3.6 compared 

with the more common six coordination displayed by complexes 3.1-3.6. 
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Figure 3.7 Dinuclear lanthanoid biphenolate diagram of 3.5 and 3.6.
 

 

Figure 3.8 X-ray crystal structure of [Ho2(BPO2)3(thf)2] 3.5 and it is isostructural to 

[Yb2(BPO2)3(thf)2] 3.6. Hydrogen atoms are omitted for clarity. 
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Table 3.3 Selected bond lengths and angles of [Ln2(BPO2)3(thf)2] (Ln = Ho, Yb). 

 
Table 3.4 Crystallographic data for compounds 3.5 and 3.6. 

 

Bond lengths (Å) [Ho2(BPO2)3(thf)2] [Yb2(BPO2)3(thf)2] 
Ln(1)–O(1)                   2.080(4) 2.051(5)  
Ln(1)–O(2)                     2.081(4) 2.066(6) 
Ln(1)–O(3)                     2.269(4) 2.246(5) 
Ln(1)–O(5) 2.288(4) 2.217(5) 
Ln(1)–O(7) 2.385(4) 2.365(5) 
Ln(2)–O(3)                     2.258(4) 2.201(6) 
Ln(2)–O(4) 2.084(4) 2.037(5) 
Ln(2)–O(5) 2.248(4) 2.241(5) 
Ln(2)–O(6) 2.103(4) 2.061(5) 
Bond angles (°)               
O(1)–Ln(1)–O(2)             106.31(16) 107.20(2) 
O(3)–Ln(1)–O(5)             71.21(16) 71.61(19) 
O(5)–Ln(1)–O(7)             100.67(17) 93.44(18) 
O(1)–Ln(1)–O(3) 95.36(18) 105.28(19) 
O(2)–Ln(1)–O(5) 129.82(17) 126.90(2) 
O(3)–Ln(2)–O(4) 105.46(17) 91.19(19) 
O(3)–Ln(2)–O(8) 97.46(16) 94.80(2) 
O(5)–Ln(2)–O(4) 108.50(16) 110.10(2) 
O(6)–Ln(2)–O(4) 114.51(19) 118.40(2) 
Ln(1)–O(3)–Ln(2) 108.31(18) 108.00(2) 
Ln(2)–O(5)–Ln(1)             108.26(19) 108.40(2) 

Compound 3.5 3.6 
formula C95H124O8Ho2 C85H122O10Yb2 
fw 1723.86 1649.98 
crystal system monoclinic triclinic 
space group P21 P-1 
a, Å 17.241(3) 12.725(3) 
b, Å 18.156(4) 13.175(3) 
c, Å 26.717(5) 23.950(5) 
α, deg 90 93.97(3) 
β, deg 89.92(3) 91.56(3) 
γ, deg 90 92.70(3) 
V, Å3 8363(3) 3999(14) 
Z 4 2 
T, K 100(2) 100(2) 
no. of rflns collected 42737 25185 
no. of indep rflns 20866 12690 
Rint 0.036 0.030 
Final R1 values (I > 2σ(I)) 0.026 0.056 
Final wR(F2) values (I > 2σ(I)) 0.069 0.133 
Final R1 values (all data) 0.026 0.058 
Final wR(F2) values (all data) 0.069 0.134 
GooF (on F2) 1.082 1.159 
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[Ln2(BPO2)3(thf)3].sol (Ln = Sm 3.7 sol = 6thf, Tb 3.8 sol = 2C6D6) 

The isostruturcal complexes [Ln2(BPO2)3(thf)3] (Ln = Sm 3.7, Tb 3.8) (Fig. 3.9) crystallise 

in the triclinic space group P-1 (Table 3.8). Compounds 3.7 and 3.8 are structurally similar 

to previously reported complex [La2(BPO2)3(thf)3].[37] Figure 3.9 displays dinuclear 

complex bridged by two oxygen atoms of the two biphenolates with two different 

environments around metal centres. The overall molecular geometry around the five-

coordinate Ln(1)  (Ln = Sm, Tb) metal centre is a distorted trigonal-bipyramid (Fig. 3.9). 

One oxygen atom of thf and one oxygen atom of phenolate occupy axial positions and 

other three oxygen atom of phenolate are located in equatorial positions. For example, in 

3.7 O(3) and O(7) occupy axial positions O(3)Sm(1)O(7) 165.93(15)° with other three 

oxygen atoms O(1), O(2), O(5) are located in equatorial positions (Fig. 3.10). However, 

the six-coordinate Ln(2) is exhibiting distorted octahedral stereochemistry. Two phenolate 

oxygen atoms are arranged in the axial positions around the Ln(2) centre with two other 

thf oxygen atoms and two phenolate oxygen atoms in the equatorial positions (Fig. 3.9). 

For example, in 3.7 two phenolate oxygen atoms O(4), O(6) occupy axial positions 

O(4)Sm(1)O(6) 167.07(16)° with other four oxygen atoms O(3), O(5), O(8), O(9) are 

arranged in equatorial positions (Fig. 3.10). 

The bond lengths and bond angles of [Ln2(BPO2)3(thf)3] (Ln = Sm, Tb) are listed in Table 

3.7. The average SmO(terminal phenolate) bond length of 3.7 was found to be 2.17 Å, which 

is comparable to the average SmO(terminal phenolate) bond length reported for 

[AlMe2Sm(BPO2)2(thf)2][47] (2.15 Å) and [Na(solv)Sm(BPO2)2(thf)][11] (solv = 

tetramethylethylenediamine) (2.16 Å). The average SmO(bridge phenolate) bond length of 

3.7 (2.36 Å) is larger than the average SmO(bridge phenolate) bond length reported for 

[Na(solv)Sm(BPO2)2(thf)][11] (2.25 Å), but it is shorter than that reported for 

[AlMe2Sm(BPO2)2(thf)2] (2.45 Å).[47]  
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In the literature there is no example for terbium phenolate complexes where the terbium 

metal centre has five coordination. The average TbO(phenolate) of the six coordinate Tb 

centre is 2.26 Å which is similar to the average TbO(phenolate) 2.26 Å previously reported 

for a six coordinate Tb+3.[57]  

The difference between the average SmO(phenolate) 3.7 and the average TbO(phenolate) 

bond length (3.8) (0.02 Å) is very close to the difference between the ionic radii (0.03 Å) 

of the six-coordinate Sm+3 and the six-coordinate Tb+3.[56] 

The notable feature for [Sm2(BPO2)3(thf)3] (3.7) and [Tb2(BPO2)3(thf)3] (3.8) is the two 

different environments around metal centres which led to a wide range of OSmO bond 

angles 70.04(18)°-165.74(19)° and OTbO bond angles of 71.55(8)°-158.81(8)° (Table 

3.7). 
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Figure 3.9 Dinuclear lanthanoid biphenolate diagram of compounds 3.7 and 3.8. 

 

Figure 3.10 X-ray crystal structure of [Sm2(BPO2)3(thf)3] 3.7 which is isostructural 

with [Tb2(BPO2)3(thf)3] (3.8). Hydrogen atoms are omitted for clarity.  
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Table 3.5 Selected bond lengths and angles of [Ln2(BPO2)3(thf)3] (Ln = Sm, Tb). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.6 Crystallographic data for compounds 3.7 and 3.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Bond lengths (Å) [Sm2(BPO2)3(thf)3] [Tb2(BPO2)3(thf)3] 
Ln(1)–O(1)                   2.143(4) 2.107(2) 
Ln(1)–O(2)                     2.142(5) 2.119(2) 
Ln(1)–O(3)                     2.354(4) 2.351(2) 
Ln(1)–O(5) 2.377(4) 2.331(2) 
Ln(2)–O(3)                     2.353(4) 2.292(2) 
Ln(2)–O(4) 2.215(4) 2.192(2) 
Ln(2)–O(5) 2.357(4) 2.362(2) 
Ln(2)–O(8) 2.505(4) 2.422(3) 
Bond angles (°)                  
O(1)–Ln(1)–O(2)             100.32(17) 99.95(9) 
O(3)–Ln(1)–O(5)             70.06(15) 71.55(8) 
O(5)–Ln(1)–O(7)             100.95(18) 91.73(8) 
O(3)–Ln(1)–O(7) 165.74(19) 158.81(8) 
O(1)–Ln(1)–O(5) 120.99(19) 136.92(8) 
O(2)–Ln(1)–O(3) 95.71(18) 115.39(8) 
O(3)–Ln(2)–O(4) 97.24(18) 94.96(8) 
O(5)–Ln(2)–O(6) 92.78(17) 94.81(9) 
O(3)–Ln(2)–O(8) 99.71(17) 98.96(8) 
O(5)–Ln(2)–O(4) 95.51(17) 95.49(8) 
O(6)–Ln(2)–O(8) 93.54(17) 91.62(9) 
Ln(1)–O(3)–Ln(2) 115.4(5) 108.98(9) 

Compound 3.7 3.8 
formula C105H162O15Sm2 C93H126O9Tb2 
fw 1965.12 1705.84 
crystal system triclinic triclinic 
space group P-1 P-1 
a, Å 13.264(3) 13.124(3) 
b, Å 16.128(3) 16.719(3) 
c, Å 24.350(5) 21.865(4) 
α, deg 84.36(3) 71.03(3) 
β, deg 79.31(3) 75.37(3) 
γ, deg 73.90(3) 68.52(3) 
V, Å3 4911(19) 4173(19) 
Z 2 2 
T, K 100(2) 100(2) 
no. of rflns collected 59148 38462 
no. of indep rflns 20536 13407 
Rint 0.020 0.028 
Final R1 values (I > 2σ(I)) 0.064 0.029 
Final wR(F2) values (I > 2σ(I)) 0.181 0.074 
Final R1 values (all data) 0.069 0.030 
Final wR(F2) values (all data) 0.185 0.074 
GooF (on F2) 1.066 1.083 
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[Eu(BPO2)(thf)2]2.thf (3.9) 

For this compound small colourless crystals were of poor quality were obtained, but an 

X-ray crystal structure was possible establishing only connectivity. [Eu(BPO2)(thf)2]2 

(Fig. 3.10) crystallises in the triclinic space group P-1 (Table 3.10). The compound is a 

dinuclear complex and resides on an inversion centre midway between the two Eu centres 

with the five coordinate europium centre bridging two phenolate oxygen centres and thf 

terminally bound to europium. The coordination molecular geometry at the five 

coordinate Eu(1) is best described as a distorted trigonal-bipyramid. Two oxygen atoms 

O(3) and O(1) occupy axial positions O(3)Eu(1)O(1) 156.3(3) with three other oxygen 

atoms O(2), O(1)# and O(4) in equatorial positions. A characteristic feature of 3.9 is the 

oxidation state of Eu metal. It is the only divalent lanthanoid biphenolate isolated from 

redox transmetallation in this study. The bond lengths and bond angles of 3.9 are listed in 

Table 3.9.  

Compound 3.9 is structurally analogous with the previously reported complex 

[Eu(BPO2)(hmpa)2]2 (hmpa = hexamethylphosphoric triamide) by Qi, et. al (2006).[41] The 

europium(II) complex was synthesised using a metathesis reaction (eqn. 3.16 see 

Introduction section 3.1.5). This route included two steps, by contrast to the one pot redox 

transmetallation that was used in this study to synthesise [Eu(BPO2)(thf)2]2. 
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Figure 3.11 X-ray crystal structure of [Eu(BPO2)(thf)2]2 3.9. Hydrogen atoms are 

omitted for clarity. 
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[Sr2(BPO2)2(thf)5] (3.10) 

Complex 3.10 crystallises as colourless blocks from thf were of poor quality leading to 

poor quality data. Complex [Sr2(BPO2)2(thf)5] (Fig. 3.11) crystallises in the triclinic space 

group P-1 Table 3.8. This structure comprises two Sr metal centres bridged by two oxygen 

atoms. Interestingly, each Sr metal centre in this structure has a different coordination 

number. The coordination geometry of Sr(1) with six oxygen donor atoms around 

strontium is best described as a distorted octahedron. Two oxygen atoms O(2), O(7) are 

located in the axial positions O(2)Sr(1)O(7) 155.89(3)° with other four oxygen atoms 

O(1), O(5) O(6), O(7) occupy equatorial positions (Fig. 3.12). However, Sr(2) has five 

coordination. It is coordinated to three oxygen atoms from two phenolate ligands and two 

oxygen atoms from two thf molecules. Sr(2) is in a distorted pentagonal-bipyramidal 

environment. Two oxygen atoms O(3), O(9) are located in the axial positions 

O(3)Sr(2)O(9) 154.40(3)° with other three oxygen atoms O(1), O(4) O(8) arrange in 

equatorial positions (Fig. 3.12). 

The SrO(phenolate) bond lengths are in the expected range for strontium compounds 

(2.284(10)-2.485(7) Å, Table 3.7) that are approximately consistent with those 

SrO(phenolate) bond lengths ranges (2.30-2.32) and (2.34-2.53 Å) previously reported for 

[Sr(OAr)2(thf)3] (ArO = 2,4,6-tBu3-C6H2)[48] and [Sr2(OAr)(OAr)3(dme)3] (ArO = 2,6-

Me2-C6H3)[49] respectively. As expected the SrO(thf) lengths are larger than SrO(phenolate) 

and range from (2.534(10) to 2.865(10) Å, Table 3.7). 

The SrO(phenolate) bond lengths related to the five-coordinate Sr(2) in [Sr2(BPO2)2(thf)5] 

were found to be 2.284(10) Å, 2.485(7) Å which are similar to the EuO(phenolate) bond 

lengths 2.283(9) Å, 2.484(9) Å in [Eu(BPO2)(thf)2]2. Eu+2 and Sr+2 have approximately 

similar sizes and have similar expected chemistry (ionic radius 1.17 Å and 1.18 Å 
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respectively for six coodinate)[56]. However, as Sr+2 is ever so slightly larger than Eu+2 one 

extra thf binds to Sr.  

 

Figure 3.12 X-ray crystal structure of [Sr2(BPO2)2(thf)5] 3.10. Hydrogen atoms are 

omitted for clarity. 
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Table 3.7 Selected bond lengths and angles of 3.9 and 3.10. 

 

 

Table 3.8 Crystallographic data for compounds 3.9 and 3.10. 

 

[Eu(BPO2)(thf)2]2 Bond lengths (Å) [Sr2(BPO2)2(thf)5]  Bond lengths (Å) 
Eu(1)–O(1)               2.484(9) Sr(1)–O(1)                2.468(8) 
Eu(1)–O(2)               2.283(9) Sr(1)–O(2)                2.339(9) 
Eu(1)–O(3)               2.554(11) Sr(1)–O(3)                2.429(7) 
Eu(1)–O(4)               2.600(2) Sr(1)–O(5)                2.553(8) 
- - Sr(2)–O(3) 2.485(7) 
- - Sr(2)–O(4) 2.284(10) 
- - Sr(2)–O(1) 2.428(8) 
- - Sr(2)–O(8) 2.534(10) 

                 Bond angles (°)  Bond angles (°) 
O(1)–Eu(1)–O(2)      102.70(3) O(1)–Sr(1)–O(2)       98.2(3) 
O(3)–Eu(1)–O(4)      72.90(6) O(3)–Sr(1)–O(1)       75.8(2) 
O(1)–Eu(1)–O(1#)    75.00(4) O(3)–Sr(1)–O(5)       172.9(3) 
O(2)–Eu(1)–O(1#)    113.90(3) O(6)–Sr(1)–O(1)       164.4(3) 
O(4)–Eu(1)–O(1)      113.30(5) O(3)–Sr(2)–O(4) 103.9(3) 
- - O(1)–Sr(2)–O(3) 75.6(2) 
- - O(3)–Sr(2)–O(8) 106.7(3) 
- - O(1)–Sr(2)–O(9) 89.9(3) 

Compound 3.9 3.10 
formula C66H100O9Eu2 C66H100O9Sr2 
fw 1341.42 1212.73 
crystal system triclinic triclinic 
space group P-1 P-1 
a, Å 12.128(2) 12.571(3) 
b, Å 12.353(3) 16.608(3) 
c, Å 12.910(3) 17.227(3) 
α, deg 61.99(3) 79.92(3) 
β, deg 79.51(3) 75.35(3) 
γ, deg 81.41(3) 74.22(3) 
V, Å3 1674(7) 3326(13) 
Z 4 2 
T, K 173(2) 173(2) 
no. of rflns collected 11113 27356 
no. of indep rflns 5483  7291 
Rint 0.090 0.199 
Final R1 values (I > 2σ(I)) 0.148 0.112 
Final wR(F2) values (I > 2σ(I)) 0.401 0.284 
Final R1 values (all data) 0.178 0.155 
Final wR(F2) values (all data) 0.420 0.310 
GooF (on F2) 1.625 1.036 
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3.4 Conclusions  

Redox transmetallation has been used in this study to synthesise biphenolate lanthanoid 

complexes. It led to isolated biphenolate lanthanoid complexes with different valency 

such as divalent [Eu(BPO2)(thf)2]2, trivalent [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Gd, Er, 

Y) and tetravalent [Ce(BPO2)2(thf)2]. This one pot reaction acts as an excellent method to 

synthesise mononuclear and dinuclear lanthanoid biphenolate complexes depending on 

the stoichiometry of reagents in the reaction. Moreover, it is a one-step reaction that allows 

the synthesis of extremely air sensitive biphenolate lanthanoid complexes. This reaction 

leads to the isolation of two forms of lanthanoid biphenolate complexes, depending on the 

extent of deprotonation. When the biphenol ligand was mono-deprotonated it gave 

mononuclear complexes such as [Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Gd, Er, Y) except 

[Ce(BPO2)2(thf)2] which was fully deprotonated but it gave mononuclear complex due to 

cerium being able to have an accessible oxidation state of four. These complexes 

[Ln(BPO2)(BP(OH)O)(thf)3] (Ln = Gd, Er, Y) with mono-deprotonated biphenolate 

ligand represent compounds that can now be used to synthesise heterobimetallic 

complexes explored in Chapter four of this thesis. When the biphenolate ligand was fully 

deprotonated for trivalent species it gave dinuclear complexes for example, 

[Ln2(BPO2)3(thf)n] (Ln = Ho, Yb, n = 2; Sm, Tb, n = 3), or [Eu(BPO2)(thf)2]2 for divalent 

Eu. In addition, phenolate alkaline earth complexes, in this case for strontium, was 

accessed by redox transmetalation and showed that the biphenol ligand was fully 

deprotonated to give a dinuclear complex [Sr2(BPO2)2(thf)5]. Comparisons between the 

divalent Eu complex and the strontium complex showed compounds of differing extents 

of solvation at the metal centre occurred. 

This study illustrates that redox transmetallation can be used as a convenient method to 

synthesise biphenolate lanthanoid complexes, and provides a basis for future 

developments in a range of polyphenolic ligands. 
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3.5 Experimental  

2,2′-Methylenebis(6-tert-butyl-4-methylphenol) was purchased from Sigma Aldrich. 

[Hg(C6F5)2] was prepared by the literature method.[50] [Hg(C6F5)2] and the biphenol ligand 

were dried under vacuum prior to use.  

Lanthanoid metal analyses were determined by titration of the digested sample against a 

standardised Na2H2EDTA solution using xylenol orange as the indicator and 

hexamethylenetetramine as a buffer. Further details regarding general considerations were 

described in Chapter two (experiment section 2.5).  

[Ln(BPO2)(BP(OH)O)(thf)3].3thf (Ln = Y 3.1a, Gd 3.2, Er 3.3), 

[Y(BPO2)(BP(OH)O)(thf)2].2C6D6 (3.1b) 

A Schlenk flask was charged with BP(OH)2 (1.36 g; 4.00 mmol), Hg(C6F5)2 (1.60 g; 3 

mmol), one drop of Hg (to activate the lanthanoid metal by forming highly reactive 

amalgam) and freshly filed lanthanoid metal powder (Ln 2.00 mmol = Y 0.17 g, Gd 0.31 

g, Er 0.33 g). Dry thf (~20 ml) was added via cannula and the reaction mixture was stirred 

at ambient temperature for two days to give appropriate coloured solution for (Y, Er 

yellow; Gd dusty grey). The reaction mixture was allowed to stand at room temperature 

until the excess rare earth metal and mercury had settled to the bottom of the Schlenk. The 

supernatant solution was isolated by filtration through filter cannula to remove the residual 

metal. The filtrate was concentrated under vacuum to ca. 5 ml to induce crystallisation. 

Small colourless crystals of 3.1a, 3.2, 3.3 (0.65 g, 47 %, 0.60 g, 44 %, 0.70 g, 51 %) grew 

upon standing for two days, while large colourless crystals of 3.1b (0.35 g, 53 %) grew 

overnight after 3.1a was recrystallised from deuterated benzene. 

3.1a: m. p. 158-160 oC. Elemental analysis calcd for C70H109O10Y (1199.51 g.mol-1): C 

70.09, H 9.16, Y 7.41. Calcd for C58H85O7Y (983.20 g.mol-1 after loss of three lattice thf): 

C 70.85, H 8.71, Y 9.04. Found: C 70.43, H 8.20, Y 8.76. 1H-NMR (400 MHz, C6D6, 
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25°C): δ = 6.91 (m, 8 H, Ar), 3.33 (s, br, 24H, OCH2, thf), 2.03 (s, 12 H, CH3), 1.87 (d, 

2H, CH2), 1.50 (d, 2H, CH2), 1.32 (s, 36 H, C(CH3)3), 1.05 (s, br, 24H, CH2, thf). IR 

(Nujol, cm-1): 3501 s, 1960 w, 1887 w, 1740 s, 1568 s, 1254 w, 1070 m, 1012 m, 914 s, 

861 m, 792 w, 726 m, 669 s. 

3.1b: m. p. 152-154 oC; Elemental analysis calcd for C66H89O6Y (1067.32 g.mol-1): C 

74.27, H 8.40, Y 8.33. Calcd for C54H77O6Y (911.09 g.mol-1 after loss of two lattice C6D6 

molecules): C 71.19, H 8.52, Y 9.76. Found: C 70.83, H 8.13, Y 9.37. IR (Nujol, cm-1): 

3451 s, 2060 w, 1977 m, 1690 s, 1488 m, 1212 m, 1125 w, 997 s, 920 w, 855 m, 781 m, 

712 m, 664 s. 

3.2: m. p. 168-170 oC. Elemental analysis calcd for C70H109O10Gd (1267.86 g.mol-1): C 

66.31, H 8.67, Gd 12.40. Calcd for C58H85O7Gd (1051.54 g.mol-1 after loss of three lattice 

thf): C 66.25, H 8.15, Gd 14.95. Found: C 65.87, H 7.95, Gd 14.80. IR (Nujol, cm-1): 3626 

m, 3486 m, 2366 w, 1959 w, 1885 w, 1738 m, 1639 w, 1598 s, 1569 s, 1532 s, 1262 s, 

1204 w, 1167 w, 1069 m, 1011 s, 917 s, 863 s, 814 w, 794 w, 720 w, 666 s. 

3.3: m. p. 178-180 oC; Elemental analysis calcd for C70H109O10Er (1277.87 g.mol-1): C 

65.79, H 8.60, Er 13.09. Calcd for C50H69O5Er (917.34 g.mol-1 after lost of five thf of 

solvation): C 65.46, H 7.58, Er 18.23. Found: C 65.11, H 7.19, Er 18.02. 1H-NMR (400 

MHz, C6D6, 25°C): δ = 7.41 (m, 8 H, Ar), 6.20 (s, 4H, CH2), 4.00 (s, br, 4H, OCH2, thf), 

2.39 (s, 12 H, CH3), 1.72 (s, 36 H, C(CH3)3), 0.54 (s, br, 4H, CH2, thf). IR (Nujol, cm-1): 

3628 m, 3509 s, 2365 m, 2271 w, 1960 m, 1887 w, 1740 s, 1593 m, 1560 m, 1270 s, 1204 

w, 1160 m, 1066 m, 1017 m, 959 m, 914 m, 861 w, 762 w, 669 s.  

[Ce(BPO2)2(thf)2].thf (3.4) 

Compound 3.4 was synthesised following same procedure described to synthesise 3.1-3.3 

with equivalent stoichiometry. A dark purple filtrate was concentrated under vacuum to 
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ca. 5 ml to induce crystallisation. Small colourless crystals of 3.4 (0.05 g, 7 %) grew upon 

standing after one week from the mother liquor. 

3.4: no characterisation could be obtained owing to the low yield limitation. 

[Ln2(BPO2)3(thf)2].sol (Ln = Ho 3.5 sol = 3C6D6, Yb 3.6 sol = 2thf), 

[Ln2(BPO2)3(thf)3].sol (Ln = Sm 3.7 sol = 6thf, Tb 3.8 sol = 2C6D6) 

These compounds were synthesised following same procedure described to synthesise 

3.1-3.3 with equivalent stoichiometries. In each case a yellow filtrate was concentrated 

under vacuum to ca. 5 ml to induce crystallisation. Small colourless crystals of 3.6, 3.7 

(0.40 g, 39 %, 0.52 g, 50 %) grew upon standing after two days from the mother liquor. 

Large colourless crystals of 3.5, 3.8 (0.35 g, 34 %, 0.32 g, 31 %) grew overnight after 

recrystallisation from benzene.  

3.5: m. p. 243-245 oC; Elemental analysis calcd for C95H124O8Ho2 (1723.86 g.mol-1): C 

66.19, H 7.25, Ho 19.14. Calcd for C77H106O8Ho2 (1489.52 g.mol-1 after loss of three 

lattice C6D6): C 62.09, H 7.17, Ho 22.15. Found: C 61.85, H 7.08, Ho 22.06. IR (Nujol, 

cm-1): 2284 w, 1936 m, 1854 m, 1795 m, 1747 s, 1600 s, 1570 s, 1260 w, 1208 w, 1003 

m, 914 s, 861 s, 819 m, 861 s, 819 m, 777 w, 725 s, 689 m.  

3.6: m. p. 210-212 oC; Elemental analysis calcd for C85H122O10Yb2 (1649.98 g.mol-1): C 

61.87, H 7.45, Yb 20.98. Calcd for C77H106O8Yb2 (1505.77 g.mol-1 after loss of two lattice 

thf): C 61.42, H 7.10, Yb 22.98. Found: C 61.05, H 6.50, Yb 22.45. IR (Nujol, cm-1): 1943 

w, 1738 m, 1569 m, 1259 s, 1120 m, 1093 w, 1023 s, 917 m, 859 s, 798 s, 662 w. 

3.7: m. p. 218-220 oC; Elemental analysis calcd for C105H162O15Sm2 (1965.12 g.mol-1): C 

64.18, H 8.31, Sm 15.30. Calcd for C81H114O9Sm2 (1532.49 g.mol-1 after loss of six lattice 

thf): C 63.48, H 7.50, Sm 19.62. Found: C 63.19, H 7.11, Sm 19.14. IR (Nujol, cm-1):  
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2058 w, 1750 m, 1249 s, 1138 s, 1060 m, 1011 m, 917 s, 863 s, 814 s, 794 s, 724 m, 670 

s. 

3.8: m. p. 243-245 oC; Elemental analysis calcd for C93H126O9Tb2 (1705.84 g.mol-1): C 

65.48, H 7.45, Tb 18.63. Calcd for C81H114O9Tb2 (1549.62 g.mol-1 after loss of two lattice 

C6D6): C 62.78, H 7.42, Tb 20.51. Found: C 62.25, H 7.19, Tb 20.12. 1H-NMR (400 MHz, 

C6D6, 25°C): δ = 7.78 (m, 12 H, Ar), 2.55 (s, br, 6H, CH2), 2.28 (s, br 12H, OCH2, thf), 

1.19 (s, 18 H, CH3), 0.32 (s, 54 H, C(CH3)3), -0.83 (s, br, 12H, CH2, thf). IR (Nujol, cm-

1): 1738 w, 1565 m, 1528 w, 1463 s, 1376 s, 1266 s, 1204 m, 1171 w, 1138 m, 1073 m, 

1007 s, 913 s, 859 s, 818 s, 789 m, 724 w.  

[Eu(BPO2)(thf)2]2.thf (3.9) 

Following the same procedure described to synthesise 3.1-3.3, compound 3.9 was 

prepared using a stoichiometry of 2:2 for BP(OH)2 to Eu. The reaction mixture was stirred 

for two days and dried under vacuum then dissolved in dry toluene (~20 ml) followed by 

stirring at ambient temperature for two days then allowed to stand at room temperature 

until the excess rare earth metal and mercury had settled to the bottom of the Schlenk. The 

supernatant solution was isolated by filtration through a filter cannula to remove the 

residual metal. The filtrate was concentrated under vacuum to ca. 5 ml to induce 

crystallisation. Small colourless crystals of 3.9 (0.09 g, 26 %) grew upon standing after 

one week.  

3.9: m. p. 248-250 oC. IR (Nujol, cm-1): 2362 w, 2055 m, 1936 m, 1830 m, 725 w.  

[Sr2(BPO2)2(thf)5] (3.10) 

Following same procedure that described to synthesise 3.1-3.3, compound 3.10 was 

prepared using a stoichiometry of 2:2 for BP(OH)2 to Sr. The reaction mixture was stirred 

for two days at ambient temperature then allowed to stand at room temperature until the 

excess strontium metal and mercury had settled to the bottom of the Schlenk. The 
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supernatant solution was isolated by filtration through a filter cannula to remove the 

residual metal. A yellow filtrate was concentrated under vacuum to ca. 5 ml to induce 

crystallisation. Small colourless crystals of 3.10 (0.09 g, 26 %) grew upon standing after 

two days.  

3.10: m. p. 168-170 oC. 1H-NMR (400 MHz, C6D6, 25°C): The 1H-NMR spectrum showed 

the lost of four thf molecules under vacuum. δ = 7.15 (m, 8 H, Ar), 3.45 (s, br, 8H, OCH2, 

thf), 2.17 (s, 4H, CH2), 1.51 (s, br, 8 H, CH2, thf), 1.39 (s, 12H, CH3), 0.28 (s, 36 H, 

C(CH3)3). IR (Nujol, cm-1): 2358 w, 2052 w, 1943 m, 1745 w, 1647 m, 1596 m, 1529 m, 

1505 w, 1455 s, 1382 s, 1260 s, 1100 w, 1023 m, 865 w, 800 s, 710 m, 665 w.  
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3.6 Crystal and refinement data  

Intensity data of crystalline samples of compounds 3.1-3.10 were collected using the MX1 

beamline at the Australian Synchrotron at 100 or 173 K using a single wavelength (λ = 

0.71073 Å. Further details regarding structure solutions and refinements were described 

in Chapter two (crystal and refinement data section 2.6). 

[Y(BPO2)(BP(OH)O)(thf)3].3thf (3.1a) 

C70H109O10Y, M = 1199.51, 0.110  0.040  0.030 mm3, monoclinic, space group P21/c 

(No. 4), a = 13.254(3), b = 17.600(4), c = 28.387(6), 90,  = 93.72(3), V = 6608(2) 

Å3, Z = 4, ρc = 1.203 g/cm3, = 0.938 mm-1, F000 = 2580,  = 0.71073 Å, T = 173(2) K, 

2max = 50º, 62698 reflections collected, 11451 unique (Rint = 0.053). Final GooF = 1.091, 

R1 = 0.058, wR2 = 0.150, R indices based on 18140 reflections with I > 2(I) (refinement 

on F2), 842 parameters, 43 restraints. Lp and absorption corrections applied.

[Y(BPO2)(BP(OH)O)(thf)2].2C6D6 (3.1b) 

C66H89O6Y, M = 1067.32, 0.110  0.050  0.045 mm3, monoclinic, space group P21/n 

(No. 14), a = 19.936(4), b = 25.372(5), c = 23.753(5), 90,  = 103.50(3), V = 

11683(4) Å3, Z = 8, ρc = 1.212 g/cm3, = 1.048 mm-1, F000 = 4568,  = 0.71073 Å, T = 

100(2) K, 2max = 50º, 72099 reflections collected, 19484 unique (Rint = 0.097). Final 

GooF = 1.056, R1 = 0.052, wR2 = 0.138, R indices based on 16605 reflections with I > 

2(I) (refinement on F2), 1347 parameters, 0 restraint. Lp and absorption corrections 

applied. 

[Gd(BPO2)(BP(OH)O)(thf)3].3thf (3.2) 

C70H109O10Gd, M = 1267.86, 0.100  0.075  0.050 mm3, monoclinic, space group P21/c 

(No. 14), a = 13.228(3), b = 17.675(4), c = 28.481(6), 90.00,  = 94.11(3), V = 

6642(2) Å3, Z = 4, ρc = 2.060 g/cm3, = 6.208 mm-1, F000 = 4000, MoK radiation, = 
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0.71073 Å, T = 173(2) K, 2max = 55.8º, 88396 reflections collected, 15714 unique (Rint = 

0.0341). Final GooF = 1.768, R1 = 0.0578, wR2 = 0.2011, R indices based on 14038 

reflections with I > 2(I) (refinement on F2), 664 parameters, 0 restraints. Lp and 

absorption corrections applied. 

[Er(BPO2)(BP(OH)O)(thf)3].3thf (3.3) 

C70H109O10Er, M = 1277.87, 0.120  0.055  0.030 mm3, monoclinic, space group P21/c 

(No. 14), a = 13.221(3), b = 17.566(4), c = 28.410(6), 90,  = 93.79(3),V = 

6583(2) Å3, Z = 4, ρc = 1.289 g/cm3, = 1.330 mm-1, F000 = 2708, = 0.71073 Å, T = 

100(2) K, 2max = 55º, 79410 reflections collected, 14969 unique (Rint = 0.048). Final 

GooF = 1.147, R1 = 0.061, wR2 = 0.137, R indices based on 12571 reflections with I > 

2(I) (refinement on F2), 826 parameters, 20 restraints. Lp and absorption corrections 

applied. 

[Ce(BPO2)2(thf)2].thf (3.4) 

C58H84O7Ce, M = 1033.40, 0.100  0.070  0.030 mm3, monoclinic, space group P21 (No. 

4), a = 11.277, b = 18.087, c = 14.159, 90,  = 113.40, V = 2650 Å3, Z = 2, ρc = 

1.295 g/cm3, = 0.909 mm-1, F000 = 1092, = 0.71073 Å, T = 173(2) K, 2max = 55º, 

44232 reflections collected, 12145 unique (Rint = 0.094). Final GooF = 1.052, R1 = 0.039, 

wR2 = 0.098, R indices based on 11750 reflections with I > 2(I) (refinement on F2), 612 

parameters, 1 restraint. Lp and absorption corrections applied. 

[Ho2(BPO2)3(thf)2].3C6D6 (3.5) 

C95H124O8Ho2, M = 1723.86, 0.100  0.055  0.030 mm3, monoclinic, space group P21 

(No. 4), a = 17.241(3), b = 18.156(4), c = 26.717(5), 90,  = 89.92(3), V = 8363(3) 

Å3, Z = 4, ρc = 1.369 g/cm3, = 1.934 mm-1, F000 = 3568,  = 0.71073 Å, T = 100(2) K, 

2max = 55º, 42737 reflections collected, 20866 unique (Rint = 0.036). Final GooF = 1.082, 
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R1 = 0.026, wR2 = 0.069, R indices based on 20738 reflections with I > 2(I) (refinement 

on F2), 1939 parameters, 1 restraint. Lp and absorption corrections applied. 

[Yb2(BPO2)3(thf)2].2thf (3.6) 

C85H122O10Yb2, M = 1649.98, 0.120  0.085  0.050 mm, triclinic, space group P-1 (No. 

2), a = 12.725(3), b = 13.175(3), c = 23.950(5),  93.97(3),  = 91.56(3), 92.70(3), 

V = 3999(14) Å3, Z = 2, ρc = 1.340 g/cm3, = 2.377 mm-1, F000 = 1664, = 0.71073 Å, T 

= 100(2) K, 2max = 50º, 25185 reflections collected, 12690 unique (Rint = 0.030). Final 

GooF = 1.159, R1 = 0.056, wR2 = 0.133, R indices based on 11992 reflections with I > 

2(I) (refinement on F2), 901 parameters, 30 restraints. Lp and absorption corrections 

applied. 

[Sm2(BPO2)3(thf)3].6thf (3.7) 

C105H162O15Sm2, M = 1965.12, 0.120  0.045  0.030 mm3, triclinic, space group P-1 (No. 

2), a = 13.264(3), b = 16.128(3), c = 24.350(5),  84.36(3),  = 79.31(3), 73.90(3), 

V = 4911(19) Å3, Z = 2, ρc = 1.329 g/cm3, = 1.246 mm-1, F000 = 2072, = 0.71073 Å, T 

= 100(2) K, 2max = 55, 59148 reflections collected, 20536 unique (Rint = 0.020). Final 

GooF = 1.066, R1 = 0.064, wR2 = 0.181, R indices based on 18675 reflections with I > 

2(I) (refinement on F2), 1123 parameters, 0 restraints. Lp and absorption corrections 

applied. 

[Tb2(BPO2)3(thf)3].2C6D6 (3.8) 

C93H126O9Tb2, M = 1705.84, 0.100 0.065  0.030 mm3, triclinic, space group P-1 (No. 

2), a = 13.124(3), b = 16.719(3), c = 21.865(4), 71.03(3),  = 75.37(3),68.52(3), 

V = 4173(19) Å3, Z = 2, ρc = 8.824 g/cm3, = 12.101 mm-1, F000 = 11928,  = 0.71073 Å, 

T = 100(2) K, 2max = 50º, 38462 reflections collected, 13407 unique (Rint = 0.028).  Final 

GooF = 1.083, R1 = 0.029, wR2 = 0.074, R indices based on 12899 reflections with I > 
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2(I) (refinement on F2), 986 parameters, 0 restraints. Lp and absorption corrections 

applied. 

[Eu(BPO2)(thf)2]2.thf (3.9) 

C66H100O9Eu2, M = 1341.42, 0.120  0.050  0.030 mm3, triclinic, space group P-1 (No. 

2), a = 12.128(2), b = 12.353(3), c = 12.910(3),  61.99(3),  = 79.51(3), 81.41(3), 

V = 1674(7) Å3, Z = 4, ρc = 1.406 g/cm3, = 1.911 mm-1, F000 = 732,  = 0.71073 Å, T = 

173(2) K, 2max = 50º, 11113 reflections collected, 5483 unique (Rint = 0.090).  Final GooF 

= 1.625, R1 = 0.148, wR2 = 0.401, R indices based on 3980 reflections with I > 2(I) 

(refinement on F2), 423 parameters, 0 restraints. Lp and absorption corrections applied. 

[Sr2(BPO2)2(thf)5] (3.10) 

C66H100O9Sr2, M = 1212.73, 0.100  0.080  0.055 mm3, triclinic, space group P-1 (No. 

2), a = 12.571(3), b = 16.608(3), c = 17.227(3), 79.92(3),  = 75.35(3),74.22(3), 

V = 3326(13) Å3, Z = 2, ρc = 1.283 g/cm3,  = 1.659 mm-1, F000 = 1368, = 0.71073 Å, T 

= 173(2) K, 2max = 50º, 27356 reflections collected, 7291 unique (Rint = 0.199).  Final 

GooF = 1.036, R1 = 0.112, wR2 = 0.284, R indices based on 4309 reflections with I > 2(I) 

(refinement on F2), 755 parameters, 0 restraints. Lp and absorption corrections applied. 
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Chapter 4: Further reactivity of lanthanoid biphenolate complexes 

4.1 Introduction  

Lanthanoid biphenolate complexes with the LnO bond continue to attract much 

academic attention because of their outstanding performance as catalysts.[1, 2] Moreover, 

due to its ability to act as a dianionic chelating ligand 2,2ʹ-methylene-bis(6-tert-butyl-4-

methylphenol) BP(O2)2- (see previous chapter) has been employed to stabilise the metal 

centre in a range of oxidation states.[3-6] Furthermore, the biphenol BP(OH)2 proligand 

2,2ʹ-methylene-bis(6-tert-butyl-4-methylphenol) (Fig. 4.1) has a flexible coordination 

geometry, which allows the coordination of a wide range of metals, and thus could be 

useful for many kinds of reactions. For example, lanthanoid binolate derivatives have been 

applied as homoleptic, symmetric and asymmetric Lewis acidic catalysts for organic 

transformations.[7] In addition, the biphenolate ligand system (2,2ʹ-methylene-bis(6-tert-

butyl-4-methylphenol) has been exploited in coordination chemistry to stabilise 

complexes either by thermodynamic or kinetic means.[8] As a result, this ligand system 

has been used to synthesise different species of transition and main group metal 

coordination complexes, and some of these complexes have shown significant and 

selective catalytic activity. For example, biphenolate titanium, and aluminium complexes 

can catalyse the polymerisation of some polar monomers, and organic transformations 

such as, -olefins, propylene oxide[9-20] and the ring-opening of cyclic esters.[21-24] In 

addition, a number of studies have been conducted on the catalytic activity of lanthanoid 

complexes stabilised by the biphenolate ligand in organic transformations. For example, 

amine biphenolate lanthanoid complexes such as [(BPO2)La{N(SiHMe2)2}] (BPO2 = (2,4-

tBu-C6H2O-CH2)2-NCH2CH2OMe) are efficient initiators for the polymerisation of L-

lactide and the highly heteroselective polymerisation of rac-lactide.[18-20] Also, Xiaoping 

Xu et al.[3] have reported the synthesis and characterisation of trivalent lanthanoid 
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complexes supported by BP(O2) ligand, and their catalytic activity for the Diels-Alder 

reaction of cyclopentadiene with methyl methacrylate. 

 

Figure 4.1 Ligand system used in RT/P synthesis and reactivity (RT/P = redox 
transmetallation/protolysis). 

 Xu et al. (2007) have employed general metathesis reactions by using the corresponding 

lanthanoid chloride as a precursor to synthesise an anionic heterobimetallic biphenolate 

complex (eqn. 4.1).[25] 

 

                    Equation 4.1 

An alternate method for synthesising heterobimetallic biphenolate complexes makes use 

of the ligand exchange reaction between a cerium triflate complex and an alkali metal 

biphenolate compound (eqn. 4.2).[26] 

 

Equation 4.2 

The reactivity of complex [Yb(BPO2)(BP(OH)O)(thf)2] with a metal alkyl (butyllithium) 

was explored to prepare a heterobimetallic biphenolate complex (eqn. 4.3).[27] 



 
 

142 
 

Chapter Four 

 

         Equation 4.3 

A one pot reaction of NdCl3 and LiCH2SiMe3 with biphenol was exploited to synthesise 

a heterobimetallic biphenolate complex (eqn. 4.4).[28] 

 

Equation 4.4 

A redox transmetallation reaction was utilised to synthesise lanthanoid biphenolate 

complexes [Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3) (eqn. 4.5)[14, 15] in Chapter Three of 

this thesis including the reaction between the organomercury with freshly filed Ln metal 

and BP(OH)2 ligand. Lanthanoid biphenolate complexes [Ln(BPO2)(BP(OH)O)(thf)n] (n 

= 1, 2, 3) can be transformned into heterobimetallic complexes for example, 

[Li(thf)4][Y(BPO2)2(thf)2],  [Li(thf)2Pr(BPO2)2(thf)2], [AlMe2Tb(BPO2)2(thf)2] and 

[ZnEtYb(BPO2)2(thf)] by treatment with different metal alkyls such as (nBuLi, AlMe3 and 

ZnEt2) scheme 4.1. 

 

Equation 4.5 
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4.2 Current study  

There has been a lot of interest in synthesising heterobimetallic complexes using a 

biphenol ligand such as 2,2ʹ-methylene-bis(6-tert-butyl-4-methylphenolate), especially in 

transition metal chemistry. Heterobimetallic chemistry of the lanthanoid metals is still 

limited and few complexes have been reported. This study aimed to synthesise 

heterobimetallic complexes with the biphenolate ligand by exploring some reactivity 

possibilities of [Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3) complexes prepared in Chapter 

Three of this thesis with different metal alkyls/amides, for example nBuLi, AlMe3, 

KN(SiMe3)2 and ZnEt2. In addition, the aim was to investigate their properties, and 

characteristics, and compare the synthesised complexes with those reported in the 

literature. [Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3) complexes were prepared by the 

redox transmetallation reaction between lanthanoid metals and biphenolate ligand 

(Chapter three). The redox transmetallation reaction and reactivity processes were carried 

out in a donor solvent (thf). Structures have been characterised by X-ray crystallography, 

1H-NMR, IR, elemental analyses and melting point.  
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4.3 Results and discussion 

4.3.1 Synthesis 

Scheme 4.1 shows that the heterobimetallic complexes can be obtained by metallating 

[Ln(BPO2)(BP(OH)O)(thf)n] with a different metal alkyl. For example, using the smallest 

alkali ion as nBuLi (n-butyllithium) as metallating reagent to form wide range of ionic and 

non-ionic heterobimetallic complexes [Li(thf)4][Ln(BPO2)2(thf)2] (Ln = Y 4.1, Sm 4.2, 

Dy 4.3 and Ho 4.4); [Li(thf)2Ln(BPO2)2(thf)n] (Ln = La 4.5, Pr 4.6, n = 2; Er 4.7, Yb 4.8, 

Lu 4.9, n = 1) (Scheme 4.1). Using a large alkali ion such as potassium KN(SiMe3)2 gives 

a non-ionic heterobimetallic complex [K(thf)3Gd(BPO2)2(thf)2] 4.10 (Scheme 4.1). 

Adding aluminium (AlMe3) as metallating agent gives a variety of ionic and non-ionic 

heterobimetallic complexes such as [La(BPO2)(thf)5][AlMe2(BPO2)] 4.11 and 

[AlMe2Ln(BPO2)2(thf)2] (Ln = Y 4.14, Pr 4.15, Sm 4.16, Tb 4.17) (Scheme 4.1) in 

addition to biphenolate aluminium complexes, for example, [AlMe(BPO2)(thf)] 4.19 and 

[Al2(BPO2)3(thf)2] 4.18 (Scheme 4.1). [(BPO2) Ln(thf)5(F)AlMe(BPO2)] (Ln = Sm 

4.12, Tb 4.13) were isolated as unexpected products from attempts to synthesise 

[AlMe2Ln(BPO2)2(thf)2] (Ln = Sm, Tb) (Scheme 4.1). Complexes 4.12 and 4.13 were 

halogenated by C6F5H after redox transmetallation reaction between Ln (Ln = Sm, Tb), 

Hg(C6F5)2 and BP(OH)2 was run and filterated then AlMe3 was added to the filterated 

mother liquor with the generated C6F5H still present. The AlMe3 deprotonated the 

biphenol, but also obviously reacts with the residing C6F5H to give the bridging F ligand. 

Using a transition metal such as zinc (ZnEt2) gives a non-ionic heterobimetallic complex 

[ZnEtYb(BPO2)2(thf)] 4.21 (Scheme 4.1). Yields ranged from moderate such as 4.20 (0.25 

g, 18 %) to good such as 4.1 (0.70 g, 51 %).  
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Scheme 4.1 Synthesis of heterobimetallic biphenolate complexes. 
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4.3.2 Characterisation 

Biphenolate heterobimetallic complexes 4.1-4.21 were initially isolated as single crystals, 

and were identified by X-ray crystallography using the MX1 beamline of the Australian 

Synchrotron or a Bruker APEX II diffractometer. This characterisation was further 

supported by IR spectroscopy (Table 4.1), elemental analyses, melting point and 1H-NMR 

spectroscopy (Table 4.2).  

IR spectra of biphenolate heterobimetallic complexes that were isolated from the mother 

liquor of the redox transmetallation reaction showed complete deprotonation of the 

biphenolate ligand. This outcome was indicated by the absence of a (OH) absorption in 

infrared spectrum, which is often observed at 3610-3640 cm-1, in addition to the lack of 

an OH resonance in the 1H-NMR spectra of the bulk vacuum dried materials. These results 

indicated successful synthesis of the biphenolate heterobimetallic complexes. The O–C 

stretching for compounds 4.1-4.21 showed vibration of a metal-coordinated phenolate 

group observed at 1204-1278 cm-1 Table 4.1.  

Due to the paramagnetic nature of (4.3, 4.6, 4.10, 4.12, 4.15, 4.16, 4.21) no reasonable 

structural information could be obtained from their H-NMR spectra. They gave a 

broadened spectrum, which could not be satisfactorily integrated. However, the 

paramagnetic Ln+3 complexes (4.2, 4.4, 4.7, 4.13, 4.17) gave an interpretable 1H-NMR 

spectrum, some peaks are paramagnetically shifted down field. For example, in complex 

4.17 the 1H-NMR spectrum showed that the peak related to Al-Me appears at -0.38 ppm 

and the peak related to CH2 appear at 0.19 ppm compared with the BP(OH)2 1H-NMR. 

Same behaviour on the 1H-NMR spectrum of Al-Me has been reported by Gambarotta et. 

al.[29] for [AlMe4Sm(BPO2)]2. 

The two protons of the bridging ArCH2r unit in complexes 4.2, 4.4, 4.5, 4.7 display 

considerably two different chemical shifts. Their X-ray crystal structures show that the 



 

 

147 
 

Chapter Four 

two protons of CH2 are non-equivalent with one diverted towards the metal and one away 

providing magnetically inequivalent environments and shows the solid state structures are 

maintained in the solution state. The free ligand shows only a singlet for the CH2 

resonances. 

The 1H-NMR spectra of some complexes show they lose some thf molecules of solvation. 

This result is further supported by microanalysis. For example, 1H-NMR spectra of 

[Tb(BPO2)(thf)3][AlMe2(BPO2)] 4.13 show two thf molecules have been lost upon 

isolation compared with that established by X-ray crystallography and supported by the 

elemental analysis calcd for 4.13 C63H95O7FTbAl (1185.33 g.mol-1): C, 63.84, H, 8.08, 

Tb, 13.41. Calcd for C55H79O6FTbAl (1041.12 g.mol-1 after lost one thf): C, 63.45, H, 

7.65, Tb, 15.26. Found: C, 63.11, H, 7.48, Tb, 15.08. 

[Li(thf)4][Y(BPO2)2(thf)2] 4.1 and [Li(thf)2Er(BPO2)2(thf)] 4.7 have lost two thf 

molecules. The 1H-NMR spectrum of [Li(thf)4][Ho(BPO2)2(thf)2] 4.4 shows it has lost 

four thf molecules upon isolation compared with the composition shown in the X-ray 

crystal structure. 
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Table 4.1 O–C stretching absorption bands in IR spectra (4000400cm-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Compound                                                                                                  O–C stretching vibration (cm-1) 

[Li(thf)4][Y(BPO2)2(thf)2] (4.1) 1254  
[Li(thf)4][Sm(BPO2)2(thf)2] (4.2) 1258  
[Li(thf)4][Dy(BPO2)2(thf)2] (4.3) 1262  
[Li(thf)4][Ho(BPO2)2(thf)2] (4.4) 1204  
[Li(thf)2La(BPO2)2(thf)2] (4.5) 1258  
[Li(thf)2Pr(BPO2)2(thf)2] (4.6) 1225  
[Li(thf)2Er(BPO2)2(thf)] (4.7) 1204  
[Li(thf)2Lu(BPO2)2(thf)] (4.9) 1258  
[K(thf)3Gd(BPO2)2(thf)2] (4.10) 1233  
[La(BPO2)(thf)5][AlMe2(BPO2)] (4.11) 1239  
[Sm(BPO2)(thf)3][AlMe2(BPO2)] (4.12) 1262  
[Tb(BPO2)(thf)3][AlMe2(BPO2)] (4.13) 1258  
[AlMe2Y(BPO2)2(thf)2] (4.14) 1258  
[AlMe2Pr(BPO2)2(thf)2] (4.15)  1250  
[AlMe2Tb(BPO2)2(thf)2] (4.17) 1278  
[Al2(BPO2)3(thf)2] (4.18) 1204  
[AlMe(BPO2)(thf)] (4.19) 1255  
[Li4(BPO2)2(thf)4] (4.20) 1230  
[ZnEtYb(BPO2)2(thf)] (4.21) 1208  
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Table 4.2 Chemical shifts in 1H-NMR spectra of 4.1, 4.2, 4.4, 4.5, 4.7, 4.9, 4.11, 4.13, 4.17-4.20. 

 Chemical shift (ppm) 

1H-NMR 4.1 4.2 4.4 4.5 4.7 4.9 4.11 4.13 4.17 4.18 4.19 4.20 

Aromatic 7.03 5.42 7.00 6.82 6.99 6.98 6.78 7.08 7.04 7.08 6.98 6.88 

CH2 4.02 4.68  5.74 4.70 5.06 4.49  5.32 5.70 0.19 3.90 3.15 3.96 

CH2 - 4.13 3.76 3.32 4.31 3.59 - - - - - - 

thf 3.38 1.42 1.85 2.97 2.11 2.96 3.34 3.70 3.44 2.71 3.86 2.95 

thf 1.27 -0.73 0.29 0.78 0.97 0.87 0.12 0.27 0.85 0.86 0.75 0.95 

CH3 2.18 0.82 2.09 1.99 1.34 2.08 2.25 2.13 2.17  1.96 2.28 2.06 

Al-CH3 - - - - - - 0.26 -0.37 -0.38 - 2.12 - 

C(CH3)3 1.50 -1.43 1.40 1.26 0.28 0.42 1.36 1.48 1.49 1.33 1.60 1.33 
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4.3.3 Crystal structure determinations 

[Li(thf)4][Ln(BPO2)2(thf)2].thf (Ln = Y 4.1, Sm 4.2, Dy 4.3 and Ho 4.4) 

Compound 4.1 crystallises in the triclinic space group P-1, while compounds 4.2-4.4 

crystallise in the monoclinic space group P21 (Table 4.4). X-ray crystal structure of 

[Li(thf)4][Ho(BPO2)2(thf)2] 4.4 (Fig. 4.3) is isostructure to other structures 

[Li(thf)4][Y(BPO2)2(thf)2] 4.1, [Li(thf)4][Sm(BPO2)2(thf)2] 4.2, 

[Li(thf)4][Dy(BPO2)2(thf)2] 4.3. The unit cells of 4.1-4.4 are comprised of four molecules 

of [Li(thf)4][Ln(BPO2)2(thf)2] (Ln = Y, Sm, Dy and Ho). The molecular structure of 

[Li(thf)4][Ln(BPO2)2(thf)2] (Fig. 4.2) is an ionic heterobimetallic with two biphenolate 

ligands and six thf molecules. The overall molecular geometry around the six-coordinate 

Ln (Ln = Y, Sm, Dy and Ho) metal centre is best described as a distorted octahedron 

coordinated by four oxygen atoms of the two (BPO2) ligands as bidentates, and two 

oxygen atoms of thf molecules in a cisoid form. For example, in 4.4 O(1), O(4) occupy 

axial positions  O(1)HoO(4) 170.5(2) with other four oxygen atoms  O(2), O(3), O(5), 

O(6) arranged in equatorial positions around Ho centre. Li has four coordination with four 

oxygen atoms of thf molecules and the geometry around the Li metal centre is distorted 

tetrahedral.  

Selected bond lengths and angles of [Li(thf)4][Y(BPO2)2(thf)2], 

[Li(thf)4][Sm(BPO2)2(thf)2], [Li(thf)4][Dy(BPO2)2(thf)2] and [Li(thf)4][Ho(BPO2)2(thf)2] 

are in Table 4.3 while X-ray data are in Table 4.4. 

The average Y–O(phenolate) bond length of [Li(thf)4][Y(BPO2)2(thf)2] is 2.16 Å, which is 

comparable to that of [Na(dme)3][Y(BPO2)2(dme)][30] (average 2.14 Å). The average Ln–

O(phenolate) bond lengths of [Li(thf)4][Ln(BPO2)2(thf)2] (Ln = Sm, Dy and Ho) were found 

to be 2.22, 2.18, 2.17 Å respectively, which are comparable to the average Ln–O(phenolate) 

bond length reported for [Na(thf)2(dme)2][Yb(BPO2)2(thf)2][31], 
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[Na(dme)3][Er(BPO2)2(dme)2][32] and [Na(dme)3][Y(BPO2)2(dme)][30] (averages 2.14, 

2.14, 2.15 Å respectively) with consideration the metal size differences.  

The average SmO(thf) bond lengths in 4.2 were found to be 2.51 Å which is longer than 

that LnO(thf) in complexes 4.1, 4.3 and 4.4 (averages 2.43, 2.46 and 2.43 respectively) 

due to the metal size differences as Sm+3 (ionic radius 0.95 Å for six coordinate)[48] larger 

than Y, Dy, Ho (ionic radii 0.90 Å, 0.91 Å, 0.90 Å respectively for six coordinate).[48] 

The bond lengths LnO(phenolate) and the bond angles OLnO(phenolate) in 

[Li(thf)4][Y(BPO2)2(thf)2], [Li(thf)4][Sm(BPO2)2(thf)2], [Li(thf)4][Dy(BPO2)2(thf)2] and 

[Li(thf)4][Ho(BPO2)2(thf)2] are comparable to others with consideration of the metal size 

differences.  

 

Figure 4.2 Ionic heterobimetallic diagram of compounds 4.1-4.4. 
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Figure 4.3 X-ray crystal structure of 4.4. Hydrogen atoms are omitted for clarity. 
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Table 4.3 Selected bond lengths and angles of [Li(thf)4][Y(BPO2)2(thf)2], [Li(thf)4][Sm(BPO2)2(thf)2], [Li(thf)4][Dy(BPO2)2(thf)2] and 

[Li(thf)4][Ho(BPO2)2(thf)2]. 

 
 

 
 
 

Bond lengths (Å) [Li(thf)4][Y(BPO2)2(thf)2]  [Li(thf)4][Sm(BPO2)2(thf)2] [Li(thf)4][Dy(BPO2)2(thf)2] [Li(thf)4][Ho(BPO2)2(thf)2] 

Ln(1)–O(1)                 2.125(4) 2.214(4) 2.165(4) 2.130(4) 

Ln(1)–O(2)                     2.180(4) 2.274(4) 2.205(4) 2.206(4) 

Ln(1)–O(3)                     2.131(4) 2.161(4) 2.173(4) 2.167(4) 

Ln(1)–O(4) 2.204(4) 2.256(4) 2.215(4) 2.200(4) 

Ln(1)–O(5) 2.434(4) 2.526(4) 2.454(4) 2.443(4) 

Ln(1)–O(6)                     2.441(4) 2.508(4) 2.468(4) 2.429(4) 

Li(1)–O(13) 1.918(14) 1.912(19) 1.855(17) 1.821(17)  

Li(1)–O(14) 1.939(14) 1.979(16)  1.915(13) 1.972(19) 

Bond angles (°)                  

O(1)–Ln(1)–O(2)            94.02(15) 92.02(16) 93.84(18) 93.53(19) 

O(3)–Ln(1)–O(4)            93.98(16) 91.82(16) 93.51(19) 93.90(2) 

O(5)–Ln(1)–O(6) 86.09(14) 82.41(16) 83.00(17) 82.90(2) 

O(1)–Ln(1)–O(3) 105.15(16) 103.30(19) 102.70(2) 91.00(2) 
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Table 4.4 Crystallographic data for compounds 4.1-4.4. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Compound 4.1 4.2 4.3 4.4 
formula C74H116O11YLi C74H116O11SmLi C74H116O11DyLi C74H116O11HoLi 
fw 1277.55 1339.01 1351.15 1353.58 
crystal system triclinic monoclinic monoclinic monoclinic 
space group P-1 P21 P21 P21 
a, Å 14.141(3) 12.984(3) 12.993(3) 12.997(3) 
b, Å 17.116(3) 37.320(8) 37.364(8) 37.232(7) 
c, Å 30.903(6) 15.010(3) 14.907(3) 14.912(3) 
α, deg 105.04(3) 90 90 90 
β, deg 92.37(3) 106.79(3) 106.44(3) 106.40(3) 
γ, deg 90.60(3) 90 90 90 
V, Å3 7216(3) 6963(3) 6941(3) 6922(3) 
Z 4 4 4 4 
T, K 173(2) 173(2) 173(2) 173(2) 
no. of rflns collected 46574 92998 110447 86174 
no. of indep rflns 23591 32648 31072 32278 
Rint 0.035 0.046 0.030 0.053 
Final R1 values (I > 2σ(I)) 0.093 0.034 0.036 0.037 
Final wR2(F2) values (I > 2σ(I)) 0.250 0.094 0.128 0.093 
Final R1 values (all data) 0.108 0.036 0.040 0.040 
Final wR2(F2) values (all data) 0.260 0.097 0.134 0.096 
GooF (on F2) 1.082 0.998 1.181 1.037 
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[Li(thf)2Ln(BPO2)2(thf)2] (Ln = La 4.5, Pr 4.6) 

The isotypical complexes [Li(thf)2Ln(BPO2)2(thf)2] (Ln = La 4.5, Pr 4.6) (Fig. 4.4) 

crystallise in the monoclinic space group Cc (Table 4.6). Compounds 4.5 and 4.6 display 

a dinuclear form bridged by two oxygen atoms from two different biphenolate ligands as 

a heterobimetallic structure. The overall molecular geometry around the six-coordinate 

Ln (Ln = La, Pr) metal centres is a distorted octahedron, coordinated by four oxygen atoms 

of the two (BPO2) ligands, and two oxygen atoms of thf molecules. Two oxygen atoms 

O(1), O(3) in 4.5 are located in axial positions O(1)LaO(3) 161.02(6)° while other four 

oxygen atoms O(2), O(4), O(5), O(6) arranged in equatorial positions around La (Fig. 4.5). 

Li has four coordination with two oxygen atoms of thf molecules and two oxygen atoms 

of biphenolate ligand and the geometry around Li metal centre is distorted square planar.  

The average bond lengths of LaO(phenolate) were found to be 2.36 Å in 

[Li(thf)2La(BPO2)2(thf)2], which is close to the average bond lengths PrO(phenolate) 2.32 Å 

of [Li(thf)2Pr(BPO2)2(thf)2]. The difference between the average La–O and Pr–O bond 

lengths is 0.04 Å, which is similar to the difference between the ionic radii of La+3 (CN = 

6) and Pr+3 (CN = 6) (0.04 Å).[48] The average bond angles OLaO of 4.5 were found to 

be 94.46° which is close to the average bond angles OPrO 93.93° of 4.6 Table 4.5. 

The average bond lengths LaO(phenolate) 2.36 Å of [Li(thf)2La(BPO2)2(thf)2] are in 

agreement with the average bond lengths LaO(phenolate) (2.35 Å) reported in the literature 

for [Li(thf)2La(BPO2)2(bpy)].[26] The average Ln–O(phenolate) (Ln = La, Pr) bond lengths of 

4.5 and 4.6 (averages 2.36 Å, 2.32 Å; ionic radii 1.032 Å, 0.99 Å[48] for six coordinate La, 

Pr respectiviely) are larger than the average LnO(phenolate) bond lengths reported for 

[Na(thf)2(dme)2][Yb(BPO2)2(thf)2][31] (2.11 Å) and [Na(dme)3][Er(BPO2)2(dme)2] (2.13 

Å).[32] Also they are larger than the average Ln–O(phenolate) bond lengths determined for 

4.1, 4.2, 4.3 and 4.4 (averages 2.16 Å, 2.22 Å, 2.18 Å, 2.17 Å respectively) due to metals 
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size difference (ionic radii 0.90 Å, 0.95 Å, 0.91 Å, 0.90 Å for six coordinate Y, Sm, Dy, 

Ho respectively).[48] 

 

Figure 4.2 Non-ionic heterobimetallic diagram of compounds 4.5 and 4.6.  

 
Figure 4.5 X-ray crystal structure of 4.5. Hydrogen atoms are omitted for clarity. 
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Table 4.5 Selected bond lengths and angles of [Li(thf)2La(BPO2)2(thf)2], 

[Li(thf)2Pr(BPO2)2(thf)2]. 

 
Table 4.6 Crystallographic data for compounds 4.1-4.4. 

Bond lengths (Å) [Li(thf)2La(BPO2)2(thf)2] [Li(thf)2Pr(BPO2)2(thf)2] 
Ln(1)–O(1)                 2.351(4) 2.255(9) 
Ln(1)–O(2)               2.402(4) 2.344(9) 
Ln(1)–O(3)                2.326(4) 2.332(9) 
Ln(1)–O(4) 2.389(4) 2.381(9) 
Ln(1)–O(5) 2.590(5) 2.502(9) 
Ln(1)–O(6)                 2.611(5) 2.609(9) 
Li (1)–O(2) 1.957(11) 2.101(15) 
Li (1)–O(4) 1.975(10) 1.891(16) 
Li (1)–O(7) 2.012(10) 2.020(2) 
Li (1)–O(8) 2.041(11) 2.020(2) 
Bond angles (°)            
O(1)–Ln(1)–O(2)         95.96(16) 94.00(4) 
O(3)–Ln(1)–O(4)         96.12(15) 98.10(3) 
O(5)–Ln(1)–O(6) 91.31(9) 89.70(2) 
O(2)–Li(1)–O(4) 91.86(19) 90.70(5) 
O(7)–Li(1)–O(8) 89.74(18) 88.90(5) 
O(7)–Li(1)–O(2) 117.00(6) 113.00(9) 
O(4)–Li(1)–O(8) 119.00(6) 125.40(10) 

Compound 4.5 4.6 
formula C62H92O8LaLi C62H92O8PrLi 
fw 1111.24 1113.24 
crystal system monoclinic monoclinic 
space group Cc Cc 
a, Å 18.153(4) 18.145(4) 
b, Å 17.589(4) 17.484(4) 
c, Å 18.005(4) 18.003(4) 
α, deg 90 90 
β, deg 98.04(3) 97.45(3) 
γ, deg 90 90 
V, Å3 5693(2) 5663(2) 
Z 4 4 
T, K 173(2)  173(2) 
no. of rflns collected 31367 38831 
no. of indep rflns 12776 13383 
Rint 0.029 0.044 
Final R1 values (I > 2σ(I)) 0.026 0.054 
Final wR2(F2) values (I > 2σ(I)) 0.073 0.134 
Final R1 values (all data) 0.027 0.057 
Final wR2(F2) values (all data) 0.074 0.136 
GooF (on F2)  0.932 1.114 
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[Li(thf)2Ln(BPO2)2(thf)].sol (Ln = Er 4.7 sol = 2C6D6, Yb 4.8 sol = hexane, Lu 4.9 sol 

= 3C6D6) [K(thf)3Gd(BPO2)2(thf)2].2thf (4.10) 

The X-ray crystal structure of [Li(thf)2Ln(BPO2)2(thf)] 4.7 (Fig. 4.7) is isostructural with 

4.8, 4.9. Compounds 4.7 and 4.9 crystallise in the triclinic space group P-1, while 4.8 and 

4.10 crystallise in the monoclinic space groups Pn, P21 respectively (Table 4.8). 

Compounds 4.7-4.9 (Fig. 4.6, 4.7) and 4.10 (Fig. 4.8) display a dinuclear form involving 

two different metals bridged by two oxygen atoms from two different biphenolate ligands. 

The trivalent Ln (Ln = Er, Yb, Lu) metal centre in 4.7-4.9 is five-coordinate with a 

distorted trigonal bipyramidal geometry, which is coordinated by four oxygen atoms of 

the two (BPO2) ligands, and one oxygen atom of a thf molecule. In the case of 

[Li(thf)2Ln(BPO2)2(thf)] 4.7 O(2) and O(5) are arranged in axial positions O(2)ErO(5) 

150.28(6)° with other three oxygen atoms O(1), O(3), O(4) occupying equatorial positions 

(Fig. 4.7). Li has four coordination with two oxygen atoms of thf molecules and two 

oxygen atoms of the biphenolate ligands and the geometry around the Li metal centre is 

distorted square planar. The trivalent Gd metal centre is six-coordinate with a distorted 

octahedral geometry, which is coordinated by two oxygen atoms O(2), O(5) in axial 

positions O(2)GdO(5) 173.16(14)° with other four oxygen atoms O(1), O(3), O(4), 

O(6) arranged in equatorial positions around the Gd centre (Fig. 4.8). K has five 

coordination with three oxygen atoms of thf molecules and two oxygen atoms of the 

biphenolate ligands. The geometry around the K metal centre is distorted trigonal 

bipyramidal. Two oxygen atoms O(4) and O(8) are arranged in axial positions 

O(4)KO(8) 150.8(3)° with three other oxygen atoms O(2), O(7), O(9) in equatorial 

positions (Fig. 4.8). 

The distinguishing aspect of the trivalent metal Ln (Ln = Er, Yb, Lu) in 4.7-4.9 is the 

coordination number, which has five coordinate, while complexes 4.1-4.6 have six 

coordinate might be due to the size of the metal centre. 
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Compound [Li(thf)2Yb(BPO2)2(thf)] 4.8 described here was synthesised via a one pot 

redox transmetallation reaction followed by metalation using nBuLi (Scheme 4.1) instead 

of the ligand exchange reaction that Yao et. al[27] employed.  

Selected bond lengths and angles of 4.7-4.10 are listed in Table 4.7. The average bond 

lengths Er–O(phenolate) of [Li(thf)2Er(BPO2)2(thf)] were found to be 2.15 Å, which is 

comparable to the Er–O(phenolate) bond length average 2.13 Å reported for 

[Na(thf)2Er(BPO2)2(thf)][3]. The average bond lengths Lu–O(phenolate) of 

[Li(thf)2Lu(BPO2)2(thf)] were found to be 2.10 Å, which is comparable to the 

YbO(phenolate) bond lengths reported for [Li(thf)2Yb(BPO2)2(thf)][27] and 

[Na(thf)2Yb(BPO2)2(thf)][31] (averages 2.11 and 2.11 Å respectively) as Yb+3 and Lu+3 

have similar size (ionic radii 0.86 Å for six coordinate Yb+3 and Lu+3).[48]  

The average bond lengths Gd–O(phenolate) of [K(thf)3Gd(BPO2)2(thf)2] were found to be 

2.20 Å, which is shorter than the Sm–O(phenolate) bond lengths reported for 

[K(thf)2Sm(BPO2)2(thf)2][33] and larger than the Yb–O(phenolate) bond lengths reported for 

[K(thf)3Yb(BPO2)2(thf)2][33] (averages 2.23, 2.14 Å respectively) due to metal size 

differences. The Gd–O(thf) bond lengths (average = 2.52 Å) are longer than the average 

bond lengths Gd–O(phenolate) of [K(thf)3Gd(BPO2)2(thf)2] but they are almost similar to the 

Gd–O(thf) of [K(thf)2Sm(BPO2)2(thf)2][33] and [K(thf)3Yb(BPO2)2(thf)2][33]. The LnO 

bond lengths and the OLnO bond angles of [Li(thf)2Ln(BPO2)2(thf)] (Ln = Er, Lu) are 

different to each other due to metal size differences (ionic radii of Er+3 0.89 Å and Lu+3 

0.86 Å)[48] Table 4.7.  
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Figure 4.3 Non-ionic heterobimetallic diagram of compounds 4.7-4.9. 

 
Figure 4.4 X-ray crystal structure of 4.7. Hydrogen atoms are omitted for clarity. 
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Figure 4.5 X-ray crystal structure of 4.10. Hydrogen atoms are omitted for clarity.
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Table 4.7 Selected bond lengths and angles of [Li(thf)2Er(BPO2)2(thf)], [Li(thf)2Lu(BPO2)2(thf)] and [K(thf)3Gd(BPO2)2(thf)2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bond lengths (Å) [Li(thf)2Er(BPO2)2(thf)] [Li(thf)2Lu(BPO2)2(thf)] [K(thf)3Gd(BPO2)2(thf)2] 

Ln(1)–O(1)                 2.109(16) 2.147(18) 2.227(4) 
Ln(1)–O(2)                2.172(16) 2.077(2) 2.168(4) 
Ln(1)–O(3)                2.085(19) 2.160(18) 2.211(4) 
Ln(1)–O(4) 2.240(16) 2.051(18) 2.226(4) 
Ln(1)–O(5) 2.358(17) 2.312(19) 2.530(4) 
Li(1)–O(2) 2.005(4) 1.985(5)      - 
Li(1)–O(4) 1.953(4) 1.978(5)      - 
Li(1)–O(6) 1.953(4) 2.015(5)      - 
Li(1)–O(7) 1.969(5) 1.973(5)      - 
K(1)–O(2)      -      - 3.363(4) 
K(1)–O(4)      -      - 2.789(4) 
K(1)–O(7)      -      - 2.807(7) 
K(1)–O(8)      -      - 2.678(8) 

Bond angles (°)               
O(1)–Ln(1)–O(2)       88.20(6) 93.37(8) 95.34(14) 
O(3)–Ln(1)–O(4)       109.26(7) 108.67(7) 95.93(14) 
O(2)–Ln(1)–O(4) 77.33(6) 79.13(7) 90.03(14) 
O(2)–Ln(1)–O(5) 150.28(6) 161.09(7) 173.16(14) 
O(2)–Li(1)–O(4) 88.31(17) 87.60(2)      - 
O(6)–Li(1)–O(7) 103.80(2) 96.60(2)      - 
O(4)–Li(1)–O(6) 108.60(2) 105.90(2)      - 

O(2)K(1)O(4)      -      - 59.83(10) 

O(7)K(1)O(9)      -      - 82.70(3) 
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Table 4.8 Crystallographic data for compounds 4.7-4.10. 

 
 
 
 

Compound 4.7 4.8 4.9 4.10 
formula C70H96O7ErLi C63H96O7YbLi C76H102O7LuLi C74H116O11GdK 
fw 1223.71 1145.67 1309.53 1378.05 
crystal system triclinic monoclinic triclinic monoclinic 
space group P-1 Pn P-1 P21/c 
a, Å 13.704(3) 13.951(3) 12.698(3) 15.065(5) 
b, Å 15.874(3) 30.577(6) 14.857(3) 17.317(6) 
c, Å 16.614(3) 14.784(3) 19.178(4) 28.544(9) 
α, deg 71.89(3) 90 79.95(3) 90 
β, deg 76.93(3) 101.09(3) 81.34(3) 95.08(2) 
γ, deg 69.80(3) 90 80.65(3) 90 
V, Å3 3195(14) 6189(2) 3487(13) 7417(4) 
Z 2 4 2 4 
T, K 173(2) 173(2) 173(2) 298(2) 
no. of rflns collected 43476 103588 56817 123821 
no. of indep rflns 13552 29272 14861 17026  
Rint 0.032 0.043  0.025 0.109 
Final R1 values (I > 2σ(I)) 0.029 0.033 0.032 0.065 
Final wR2(F2) values (I > 2σ(I)) 0.081 0.087 0.086 0.183 
Final R1 values (all data) 0.029 0.042 0.033 0.124 
Final wR2(F2) values (all data) 0.082 0.092 0.088 0.235 
GooF (on F2) 1.035 1.059 0.929 1.103 
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[La(BPO2)(thf)5][AlMe2(BPO2)].thf (4.11) 

Compound 4.11 crystallises in the monoclinic space group C2/c (Table 4.10). Figure 4.9 

displays the ionic heterobimetallic form of the complex. The overall molecular geometry 

around the seven-coordinate La centre is best described as a distorted pentagonal 

bipyramid coordinated by two oxygen atoms of the (BPO2) ligand as a bidentate, and five 

oxygen atoms of thf molecules. Two oxygen atoms O(2) and O(7) are arranged in axial 

positions O(2)LaO(7) 166.49(9)° with other five oxygen atoms O(1), O(5), O(7), O(8), 

O(9) in equatorial positions (Fig. 4.9). The Al is four-coordinate with two oxygen atoms 

of the (BPO2) ligand and two methyl groups coordinated and the geometry around Al 

metal centre is distorted tetrahedral.  

In the literature there are no reported examples of ionic biphenolate heterobimetallics 

containing lanthanum and aluminium. There is an example of a biphenolate lanthanum 

complex [La(BPO2)(PO)(dme)2] (PO = 4-tBu-C6H4O; 2,6-diMe-C6H4O)[34] that contains 

La and has the same coordination number as La in [La(BPO2)(thf)5][AlMe2(BPO2)]. 

Selected bond lengths and angles of 4.11 are listed in Table 4.9. The average La–O(phenolate) 

bond lengths of [La(BPO2)(thf)5][AlMe2(BPO2)] were found to be 2.23 Å, which is same 

to the average LaO(phenolate) 2.23 Å reported for [La(BPO2)(PO)(dme)2] (PO = 4-tBu-

C6H4O).[34]  

The average Al–O(phenolate) bond lengths of 4.11 were found to be 1.77 Å, which is shorter 

than the AlO(phenolate) of the known structure [AlMe2Sm(BPO2)2(thf)2][29] (average 1.83 

Å). Also, it is shorter than the average Al–O(phenolate) determined for other structures 

[AlMe2Ln(BPO2)(thf)2] (Ln = Y, Pr, Sm, Tb) 1.83, 1.82, 1.83 and 1.83 Å respectively. 
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Figure 4.6 X-ray crystal structure of 4.11. Hydrogen atoms are omitted for clarity. 

 

[(BPO2)Ln(thf)3(F)AlMe(BPO2)].thf (Ln = Sm 4.12, Tb 4.13) 

X-ray crystal structure of [(BPO2)Sm(thf)3(F)AlMe(BPO2)] 4.12 is isotypic with 

[(BPO2)Tb(thf)3(F)AlMe(BPO2)] 4.13 (Fig. 4.11). Compounds 4.12 and 4.13 

crystallise in the monoclinic space group P21/c (Table 4.10). Figure 4.10 displays the 

heterobimetallic form complex bridged by a fluorine atom. The overall molecular 

geometry around the Ln (Ln = Sm, Tb) centres is best described as a distorted octahedral. 

The Ln metal centre is a six coordinate with a bidentate BPO2 and three monodentate thf 

molecules and one bridging fluorine atom. The Al is four-coordinate with two oxygen 

atoms of the (BPO2) ligand, one methyl group and one bridging fluorine atom coordinated 

and the geometry around Al metal centre is distorted tetrahedral.  

Selected bond lengths and angles of 4.12 and 4.13 are listed in Table 4.9. The average Ln–

O(phenolate) (Ln = Sm, Tb) bond lengths of [(BPO2)(thf)3Ln(F)AlMe(BPO2)] were found 

to be 2.13, 2.11 Å respectively, which is comparable to the average Sm–O(phenolate) reported 

for [Na(tmeda)Sm(BPO2)(thf)] (tmeda = tetramethylethylenediamine)[3] and 

[Sm(BPO2)(PO)(thf)2][5]( PO = 4-Me, 2,6-tBu-C6H2O)  2.19, 2.14 Å respectively. 
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The average Al–O(phenolate) bond lengths of 4.12 and 4.13 were found to be 1.72, 1.72 Å, 

which is slightly shorter than the AlO(phenolate) of the known structure 

[AlMe2Sm(BPO2)2(thf)2][29] (average 1.83 Å). Also, the bond lengths Al–O(phenolate) of 4.12 

and 4.13 are shorter than the Al–O(phenolate) determined for other structures 

[AlMe2Ln(BPO2)(thf)2] (Ln = Y, Pr, Sm, Tb) 1.83, 1.82, 1.83 and 1.83 Å respectively. 

The Sm–F bond length of 4.12 was found to be 2.331(4) Å, which is larger than the Sm–

F bond length 2.093(2) Å reported for [Sm(DippForm)2(thf)F][49] presumably due to it 

being in a bridging mode rather than a terminal mode. In the literature, there is no example 

of fluorinated six coordinate terbium. The difference between Sm–F bond length and Tb–

F bond length is 0.05 Å which is close to the difference between ionic radii 0.03 Å for six 

coordinate Sm+3 and Tb+3.[48]  

The AlF bond length of 4.12 and 4.13 1.747(4), Å 1.749(3) Å respectively is comparable 

to the AlF bond length (1.7858(17) Å) reported for {Me2C(Cp)(Flu)ZrMe+FAl(2-

C6F5C6F4)3
-} (Flu = fluorenyl).[50] 

 

 

Figure 4.10 Heterobimetallic diagram of compounds 4.12 and 4.13. 
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Figure 4.7 X-ray crystal structure of [(BPO2)Tb(thf)3(F)AlMe(BPO2)] 4.13. 

Hydrogen atoms are omitted for clarity. 



   

168 
 

Chapter Four 

Table 4.9 Selected bond lengths and angles of [La(BPO2)(thf)5][AlMe2(BPO2)], [(BPO2)(thf)3Ln(F)AlMe(BPO2)] (Ln = Sm, Tb). 

 

 
       Me = Methyl group 

Bond lengths (Å) [La(BPO2)(thf)5][AlMe2(BPO2)] [(BPO2)(thf)3Sm(F)AlMe(BPO2)] [(BPO2)(thf)3Tb(F)AlMe(BPO2)] 

Ln(1)–O(1)                 2.228(2) 2.161(5) 2.133(3) 

Ln(1)–O(2)                2.246(2) 2.113(5) 2.096(3) 

Ln(1)–O(3) 2.571(2) 2.424(5) 2.338(4) 

Ln(1)–O(5) 2.597(3) 2.480(4) 2.366(4) 

Ln(1)–F(1) - 2.331(4) 2.278(3) 

F(1)–Al(1) - 1.747(4) 1.749(3) 

Al(1)–O(6) 1.785(3) 1.729(6) 1.728(4) 

Al(1)–O(7) 1.766(3) 1.721(6) 1.725(4) 

Al(1)–C(Me) 1.979(4) - - 

Al(1)–C(Me) 1.992(4) 1.948(9) 1.938(5) 

Bond angles (°)               

O(1)–Ln(1)–O(2)       92.90(8) 96.16(17) 97.26(13) 

O(3)–Ln(1)–O(4) 74.68(9) 87.70(2) 88.02(13) 

O(6)–Al(1)–O(7) 109.00(12) 114.40(3)                                              114.23(18) 

F(1)–Al(1)–C(48) - 107.90(4) 108.10(2) 
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Table 4.10 Crystallographic data for compounds 4.11 and 4.13. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound 4.11 4.12 4.13 
formula C72H114O10LaAl   C63H95O8FSmAl C63H95O8FTbAl 
fw 1305.56 1176.76 1185.33 
crystal system monoclinic monoclinic monoclinic 
space group C2/c P21/c P21/c 
a, Å 17.306(4) 30.493(6) 14.585(3) 
b, Å 20.132(4) 14.633(3) 27.725(6) 
c, Å 39.877(8) 27.807(6) 30.613(6) 
α, deg 90 90 90 
β, deg 94.87(3) 90.30(3) 90.002(3) 
γ, deg 90 90 90 
V, Å3 13843(5) 12407(4) 12379(4) 
Z 8 8 8 
T, K 173(2) 173(2) 173(2) 
no. of rflns collected 88149 122736 104760 
no. of indep rflns 16560 21604  27387 
Rint 0.035 0.045 0.068 
Final R1 values (I > 2σ(I)) 0.042 0.082 0.056 
Final wR2(F2) values (I > 2σ(I)) 0.159 0.181 0.153 
Final R1 values (all data) 0.051 0.086 0.096 
Final wR2(F2) values (all data) 0.167 0.183 0.180 
GooF (on F2) 1.388 1.206 1.110 
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[AlMe2Ln(BPO2)2(thf)2].2C6D6 (Ln = Y 4.14, Pr 4.15, Sm 4.16, Tb 4.17)  

Compounds 4.14-4.17 are isostructural and crystallise in the monoclinic space group 

P21/n (Table 4.12). Figure 4.12 displays the heterobimetallic complex with Al and Ln 

bridged by two oxygen atoms from two different biphenolate ligands. The overall 

molecular geometry around the six-coordinate Ln (Ln = Y, Pr, Sm, Tb) centre is distorted 

octahedral, which is coordinated by four oxygen atoms of the two (BPO2) ligands, and 

two oxygen atoms of thf molecules in a cisoid form. Al has four coordination with two 

oxygen atoms of biphenolate ligand and two carbon atoms of methyl groups. The 

geometry around the Al metal centre is distorted tetrahedral. X-ray crystal structure of 

4.16 shows it has thf molecule sitting in the lattice in addition to the two C6D6. 

Selected LnO bond lengths and the OLnO bond angles of 4.14-4.17 are listed in Table 

4.11. The average Ln–O(Phenolate) (Ln = Y, Pr, Sm, Tb) bond lengths of 4.14-4.17 were 

found to be 2.24, 2.34 2.30, 2.34 Å respectively. The average Sm–O(Phenolate) bond lengths 

of 4.16 found to be 2.30 Å which is same as the average Sm–O(Phenolate) bond lengths 

reported for [AlMe2Sm(BPO2)2(thf)2][29] (average 2.30 Å). The difference between the 

average Ln–O(Phenolate) (Ln = Y, Tb) and reported Sm–O(Phenolate) bond lengths (average 

2.30 Å) of [AlMe2Sm(BPO2)2(thf)2][29] is (0.06, 0.04 Å respectively) which is close to the 

difference between the ionic radii of Y+3, Tb+3 (CN = 6) and Sm+3 (CN = 6) (0.05, 0.03 Å 

respectively).[48] The difference between the average Pr–O(Phenolate) and reported Sm–

O(Phenolate) bond lengths (average 2.30 Å) of [AlMe2Sm(BPO2)2(thf)2][29] is (0.04 Å) which 

is same as the difference between the ionic radii of Pr+3, (CN = 6) and Sm+3 (CN = 6) 

(0.04 Å).[48] 

The average Al–O(Phenolate) bond lengths of 4.14-4.17 were found to be 1.83, 1.82, 1.83 and 

1.83 Å respectively, which are similar to the AlO(Phenolate) of the known structure 

[AlMe2Sm(BPO2)2(thf)2][29] (average 1.83 Å). 
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Figure 4.8 Heterobimetallic diagram of compounds 4.14-4.17.  

 

 

Figure 4.9 X-ray crystal structure of 4.17. Hydrogen atoms are omitted for clarity. 
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Table 4.11 Selected bond lengths and angles of 4.14-4.17. 

 
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Me = Methyl group 

Bond lengths (Å) [AlMe2Y(BPO2)2(thf)2] [AlMe2Pr(BPO2)2(thf)2] [AlMe2Sm(BPO2)2(thf)2] [AlMe2Tb(BPO2)2(thf)2] 

Ln(1)–O(1)               2.093(3) 2.170(3) 2.163(3) 2.159(5) 

Ln(1)–O(2)               2.375(3) 2.497(3) 2.448(3) 2.493(5) 

Ln(1)–O(3)               2.388(3) 2.509(3) 2.145(3) 2.517(5) 

Ln(1)–O(4) 2.110(3) 2.201(4) 2.447(3) 2.195(5) 

Ln(1)–O(5) 2.399(4) 2.540(4) 2.476(3) 2.519(6) 

 Ln(1)–O(6) 2.409(4) 2.526(4) - 2.539(6) 

Al(1)–O(2) 1.834(4) 1.831(4) 1.828(3) 1.841(6) 

Al(1)–O(3) 1.828(4) 1.818(4) 1.834(3) 1.835(6) 

Al(1)–C(Me) 1.970(6) 1.974(7) 1.969(5) 1.977(9) 

Al(1)–C(Me) 1.979(6) 1.984(7) 1.971(5) 1.984(9) 

Bond angles (°)           

O(1)–Ln(1)–O(2)     101.76(13) 101.73(13) 105.95(9) 101.91(18) 

O(3)–Ln(1)–O(4)     104.15(13) 105.33(12) 102.49(10) 105.74(17) 

O(2)–Ln(1)–O(3) 63.67(12) 61.04(12) 62.44(10) 60.98(16) 

O(6)–Ln(1)–O(5) 148.71(14) 148.36(16) - 148.60(2) 

O(3)–Al(1)–O(2) 86.66(17) 88.32(18) 87.70(14) 87.50(3) 
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Table 4.12 Crystallographic data for compounds 4.14-4.17. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compound 4.14 4.15 4.16 4.17 
formula C68H94O6YAl C68H94O6PrAl C72H102O7SmAl C68H94O6TbAl 
fw 1123.36 1175.36 1256.92 1193.38 
crystal system monoclinic monoclinic monoclinic monoclinic 
space group P21/n P21/n P21/n P21/n 
a, Å 9.845(2) 10.009(10) 9.860(2) 10.004(10) 
b, Å 19.536(4) 19.875(2) 19.597(4) 19.930(2) 
c, Å 32.429(7) 32.781(3) 32.532(7) 32.763(3) 
α, deg 90 90 90 90 
β, deg 94.32(3) 94.66(4) 94.70(3) 94.62(6) 
γ, deg 90 90 90 90 
V, Å3 6219(2) 6500(11) 6265(2) 6511(11) 
Z 4 4 4 4 
T, K 173(2) 298(2) 173(2) 298(2) 
no. of rflns collected 76823 54481 47064 81485 
no. of indep rflns 10557 11384 10455 14924 
Rint 0.074 0.084 0.046 0.281 
Final R1 values (I > 2σ(I)) 0.098 0.066 0.052 0.080 
Final wR2(F2) values (I > 2σ(I)) 0.259 0.169 0.145 0.185 
Final R1 values (all data) 0.111 0.087 0.053 0.248 
Final wR2(F2) values (all data) 0.275 0.189 0.146 0.258 
GooF (on F2) 1.065 1.108 1.085 0.941 
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[Al2(BPO2)3(thf)2].thf (4.18) 

[Al2(BPO2)3(thf)2] crystallises in the triclinic space group P-1 (Table 4.16). Figure 4.14 

exhibits a dinuclear structure bridged by a biphenolate ligand. The overall molecular 

geometry around the four-coordinate Al(1) and Al(2) metal centres is best described as a 

distorted tetrahedral. Each metal centre of Al(1) and Al(2) is coordinated by two oxygen 

atoms of the (BPO2) ligand as bidentate, and one oxygen atom of thf molecule in addition 

to one oxygen atom of the bridging (BPO2) ligand. Complex 4.18 incorporates several 

unusual features. In particular, the bridging (BPO2) ligand which clearly showed the 

flexibility of ArCH2Ar unit by twisting the (BPO2) ligand to accommodate two Al 

centres in a K1, K1 mode.  

Selected Al–O bond lengths and OAl–O bond angles of [Al2(BPO2)3(thf)2] are listed in 

Table 4.13. The average Al–O(phenolate) bond lengths of 4.18 were found to be 1.70 Å, 

which is slightly shorter than the average Al–O(phenolate) bond lengths (average 1.73 Å) 

reported for [AlMe(BPO2)(thf)][15] and [AlMe(BPO2)]2
[35]

 Table 4.13. Also, it is slightly 

shorter than the average Al–O(phenolate) bond lengths calculated for [AlMe(BPO2)(thf)] 

(average  1.72 Å). As expected, the average Al–O(thf) bond lengths of [Al2(BPO2)3(thf)2] 

is 0.14 Å longer than the average Al–O(phenolate) bond lengths. The bond angle ArCH2Ar 

of the twisted (BPO2) ligand 114.8(5)° which is close to the bond angles ArCH2Ar of 

the terminal ligands 113.1(5)°, 114.8(6)°. 
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Figure 4.10 X-ray crystal structure of 4.18. Hydrogen atoms are omitted for clarity. 

[AlMe(BPO2)(thf)].C6D6 (4.19) 

Compound [AlMe(BPO2)(thf)] crystallises in the monoclinic space group P21/c (Table 

4.16). Figure 4.15 shows this compound crystallises as a mononuclear structure. The Al 

metal centre has four-coordination, which is coordinated by two oxygen atoms of the 

(BPO2) ligand as a bidentate, and one oxygen atom of thf molecule in addition to one 

carbon atom of the methyl group. The overall molecular geometry around the Al metal 

centre is best described as a distorted tetrahedral. Complex 4.19 is isotypic with 

[Al(BPO2)Br(Et2O)][36], [AlMe(BPO2)(thf)][15] (BP(OH)2 = 2, 2-methylene-bis(4-chloro-

6-isopropyl-3-methylphenol) (Fig. 4.16). 

Selected bond lengths Al–O of [AlMe(BPO2)(thf)] are listed in Table 4.13. The average 

Al–O bond lengths of 4.19 were found to be 1.72 Å, which is in agreement with the 

average Al–O bond lengths reported for [AlMe(BPO2)(thf)][15] (BP(OH)2 = 2, 2-
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methylene-bis(4-chloro-6-isopropyl-3-methylphenol) and [AlMe(BPO2)]2
[36]  (Fig. 4.18) 

(average 1.73 Å) (Table 4.13) and they are slightly longer than the Al–O bond lengths for 

[Al2(BPO2)3(thf)2]. Figure 4.18 shows some known aluminium biphenolate structures. 

 

Figure 4.11 X-ray crystal structure of 4.19. Hydrogen atoms are omitted for clarity. 

 

 

Figure 4.12 Known aluminium biphenolate structures of [AlMe(BPO2)(thf)][15], 

[AlMe(BPO2)PO(Ph3)][37], [Al(BPO2)Br(Et2O)][36], [AlMe(BPO2)]2
[35] and 

[Al(BPO2)(MeO)]2
[38].  
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Table 4.13 Selected bond lengths and angles of [Al2(BPO2)3(thf)2], [AlMe(BPO2)(thf)], [AlMe(BPO2)(thf)][15] ( BP(OH)2 = 2,2-methylene-

bis(4-chloro-6-isopropyl-3-methylphenol) and [Al(BPO2)Cl]2
[36] (BP(OH)2 = 2,2-methylene-bis-(4,6-di-tert-butylphenol). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bond lengths (Å) [Al2(BPO2)3(thf)2]  [Al(Me)(BPO2)(thf)]  [AlMe(BPO2)(thf)][15] [Al(BPO2)Cl]2
[35] 

Al(1)–O(1)                 1.714(4) 1.734(14) 1.728(3) 1.826(4) 
Al(1)–O(2)                1.712(4) 1.718(14) 1.738(2) 1.637(4) 
Al(1)–O(3)                1.846(5) 1.866(15) 1.885(3) - 
Al(1)–C(24) - 1.940(2) 1.940(4) - 
Al(1)–O(4) 1.684(5) - - - 
Al(2)–O(5) 1.701(5) - - - 
Al(2)–O(6) 1.698(5) - - - 
Al(2)–O(7) 1.722(5) - - - 
Al(2)–O(8) 1.844(5) - - - 
Bond angles (°)                
O(1)Al(1)O(2)       114.10(2) 116.47(7) 108.11(12) 113.10(2) 
O(1)Al(1)O(3) - 101.44(7) 100.96(12) - 
O(2)Al(1)C(24) - 113.95(8) 118.36(17) - 
O(3)Al(1)O(4)       101.30(2) - - - 
O(1)Al(1)O(4) 116.60(2) - - - 
O(2)Al(1)O(4) 118.30(2) - - - 
O(6)Al(2)O(7)       113.70(3) - - - 
O(5)Al(2)O(8)       98.70(3) - - - 
O(5)Al(2)O(6) 118.90(3) - - - 
O(5)Al(2)O(7) 117.00(3) - - - 
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[Li4(BPO2)2(thf)4].thf (4.20) 

Compound [Li4(BPO2)2(thf)4] crystallises in the trigonal space group P31 (Table 4.16). 

Figure 4.17 exhibits a tetranuclear form bridged by four oxygen atoms of two biphenolate 

ligands and four LiC interactions to form a cage structure. The overall molecular 

geometry around the terminal metals Li(1) and Li(4) is best described as distorted trigonal 

planar. However, the overall molecular geometry around the interior metals Li(2) and 

Li(3) is best described as a distorted tetrahedral. Each metal centre Li(1) and Li(4) are 

three-coordinate, bound by two oxygen atoms of the (BPO2) ligands and one oxygen atom 

of thf molecule. Each metal centre Li(2) and Li(3) are four-coordinate, bound by three 

oxygen atoms of the (BPO2) ligands and one oxygen atom of thf molecule. Li(1) and Li(3) 

have LiC interactions with the same phenyl group, while Li(2) and Li(4) have LiC 

interactions with different phenyl group. The most interesting feature of this structure is 

the diverse range of intramolecular interactions, such as, LiC and LiO.  

Selected bond lengths Li–O, Li–C and the bond angles OLi–O of [Li4(BPO2)2(thf)4] are 

listed in Table 4.14. The average Li–O(phenolate) bond lengths of 4.20 were found to be 1.93 

Å, which is in a agreement with the average Li–O bond lengths reported for 

[Li5(BPO2)2(BuO)(thf)3] (1.94 Å).[39] 

The bond lengths Li–C {Li(1), Li(4)} of 4.20 were found to be 2.476(12), 2.676(13) Å 

respectively which are larger than the Li–C (2.45 Å, 2.53 Å) reported for 

[Li3(BPO2)(BenO)]2 (BenOH = Benzyl alcohol)[40] and [Li3(TPO3)(thf)4] (TPOH = tris-

(3,5-t-butyl-2-hydroxyphenyl)methane)[41] respectively. The bond lengths Li–C {Li(2), 

Li(3)} of 4.20 were found to be 2.743(12), 2.476(13) Å which are comparable to the Li–

C (2.79 Å, 2.66 Å) reported for [LiFe(Cp)L]2 (L = 

(C5H4CHCCH3)N(CH3CHCH2OMe))[42] and [(H2C=C(t-Bu)NPh)Li(OEt2)]2
[41] 

respectively. Figure 4.18 shows some known lithium biphenolate complexes. 
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Figure 4.15 X-ray crystal structure of 4.20. Hydrogen atoms are omitted for clarity. 

Table 4.14 Selected bond lengths and angles of [Li4(BPO2)2(thf)4]. 

Bond lengths (Å) [Li4(BPO2)2(thf)4] Bond lengths (Å) [Li4(BPO2)2(thf)4] 
Li(1)–O(1)              1.891(12) Li(3)–O(4) 1.998(12) 
Li(1)–O(3)              1.829(12) Li(4)–O(2) 1.809(13) 
Li(1)–O(5)              1.904(12) Li(4)–O(4) 1.948(12) 
Li(2)–O(3) 1.902(11) Li(4)–O(8) 1.872(13) 
Li(2)–O(4) 2.017(11) Li(1)–C(1) 2.476(12) 
Li(2)–O(6) 2.018(11) Li(2)–C(37) 2.743(12) 
Li(3)–O(1) 1.994(11) Li(3)–C(1) 2.676(13) 
Li(3)–O(2) 1.921(11) Li(4)–C(37) 2.476(13) 
Bond angles (°)         
O(1)–Li(1)–O(3)    100.80(6) O(4)–Li(2)–O(6) 108.80(5) 
Li(2)–Li(1)–O(5) 165.30(7) Li(2)–C(37)-Li(4) 91.80(4) 
Li(1)–C(1)–Li(3) 87.00(4) O(2)–Li(3)–O(4) 95.30(5) 
O(3)–Li(2)–O(4) 126.20(6) O(4)–Li(3)–O(7) 128.70(6) 
O(6)–Li(2)–O(1)    132.90(6) Li(4)–Li(3)–C(1) 128.80(5) 
O(3)–Li(2)–O(6) 104.20(5)   
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Figure 4.13 Known lithium biphenolate complexes [Na2(BPO2)(thf)3]2
[43], [Li(BPO)(OH)(BenOH)]2

[44] (BenOH = Benzyl alcohol), 

[Li5(BPO2)2(BuO)(thf)3][39] and [LiTP(O)(OMe)2}]2
[45]. 
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[ZnEtYb(BPO2)2(thf)].2C6D6 (4.21) 

Compound [ZnEtYb(BPO2)2(thf)] (Fig. 4.19) crystallises in the monoclinic space group 

Cc (Table 4.16). The compound crystallises in a heterobimetallic form with Zn and Yb 

bridged by two oxygen atoms of two biphenolate ligands. The overall molecular geometry 

around the five coordinate Yb metal centre is best described as a distorted trigonal 

bipyramid and is coordinated by four oxygen atoms of the two (BPO2) ligands and one 

oxygen atom of a thf molecule. Two oxygen atoms O(2) and O(5) occupy axial positions 

O(2)YbO(5) 130.4(7)° with three other oxygen atoms O(1), O(3), O(4), are arranged in 

equatorial positions (Fig. 4.19).  Zn has three coordination with two oxygen atoms of the 

biphenolate ligand and one ethyl group and the geometry around Zn is best described as 

distorted trigonal planar.  

In the literature there are no reported examples of a heterobimetallic complex that contains 

both a lanthanoid and zinc. There is an example of a biphenolate ytterbium complex 

[Li(thf)2Yb(BPO2)2(thf)][27] that contains Yb and has the same coordination number as Yb 

in [ZnEtYb(BPO2)2(thf)].  

Selected bond lengths Yb–O(phenolate), ZnO(phenolate) and the bond angles OYb–O, 

OZnO of 4.21 are listed in Table 4.15. The average Yb–O(phenolate) bond lengths of 

[ZnEtYb(BPO2)2(thf)] were found to be 2.14 Å, which is slightly larger than the Yb–

O(phenolate) average 2.12 Å obtained for [Li(thf)2Yb(BPO2)2(thf)]. The average Zn–

O(phenolate) bond lengths of [ZnEtYb(BPO2)2(thf)] were found to be 1.96 Å, which is in 

agreement the average Zn–O(phenolate) 1.97 Å reported for [EtZn(-OAr)]2 (Ar = 2,6-(t-

Bu)2-4-Me-C6H2O).[46] The Zn–C bond length of [ZnEtYb(BPO2)2(thf)] was found to be 

1.99(4) Å, which is larger than the Zn–C bond length 1.95(2) Å reported for [EtZn(-

OAr)]2 (Ar = 2,6-(t-Bu)2-4-Me-C6H2O).[46] 
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Table 4.15 Selected bond lengths and angles of [ZnEtYb(BPO2)2(thf)]. 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
Figure 4.14 X-ray crystal structure of 4.21. Hydrogen atoms are omitted for clarity. 

Bond lengths (Å) [ZnEtYb(BPO2)2(thf)] 
Yb(1)–O(1)                 2.053(4) 
Yb(1)–O(2)                2.271(4) 
Yb(1)–O(3)                2.207(4) 
Yb(1)–O(4) 2.059(4) 
Yb(1)–O(5) 2.285(4) 
Zn(1)–O(2) 1.946(4) 
Zn (1)–O(3) 1.977(4) 
Zn (1)–C(100) 1.990(4) 
Bond angles (°)          
O(1)–Yb(1)–O(2)       111.17(15) 
O(3)–Yb(1)–O(4) 90.74(15) 
O(1)–Yb(1)–O(4)       109.17(15) 
O(3)–Yb(1)–O(5)       147.19(15) 
O(3)–Zn(1)–O(2) 82.12(16) 



   

183 
 

Chapter Four 

Table 4.16 Crystallographic data for compounds 4.18-4.21. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Compound 4.18 4.19 4.20 4.21 
formula C81H114O9Al2 C34H47O3Al C66H100O9Li4 C64H85O5YbZn  
fw 1285.73 530.72 1065.26 1172.79 
crystal system triclinic monoclinic trigonal monoclinic 
space group P-1 P21/c P31 Cc 
a, Å 14.507(3) 25.068(5) 13.880(18) 22.938(5) 
b, Å 17.952(4) 15.323(3) 13.880(18) 13.595(3) 
c, Å 33.213(7) 16.825(3) 29.483(5) 19.431(4) 
α, deg 104.99(3) 90 90 90 
β, deg 90.25(3) 106.78(3) 90 106.54(3) 
γ, deg 113.80(3) 90 120 90 
V, Å3 7587(3) 6188(2) 4919(16) 5809(2) 
Z 4 8 3 4 
T, K 173(2) 173(2) 298(2) 173(2) 
no. of rflns collected 64058 90053 53607 31504 
no. of indep rflns 22017 14713 14241 9449 
Rint 0.076 0.043 0.135 0.047 
Final R1 values (I > 2σ(I)) 0.108 0.054 0.069 0.028 
Final wR2(F2) values (I > 2σ(I)) 0.307 0.138 0.149 0.070 
Final R1 values (all data) 0.159 0.068 0.221 0.028 
Final wR2(F2) values (all data) 0.353 0.155 0.207 0.070 
GooF (on F2) 1.066 0.721 0.950 1.089 
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4.4 Conclusions  

The reactivity of biphenolate lanthanoid complexes [Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 

2, 3) were determined with nBuLi and led to the isolation anionic 

[Li(thf)4][Ln(BPO2)2(thf)2] (Ln = Y, Sm, Dy, Ho) and non-ionic [Li(thf)2Ln(BPO2)2(thf)n] 

(Ln = La, Pr, Er, Yb, Lu; n = 1, 2) structures. Only the non-ionic structure 

[K(thf)3Gd(BPO2)2(thf)2] was isolated with potassium (a larger alkali metal) in place of 

lithium. Using trimethyl aluminium as the metallating agent also gave two forms of 

structures as anionic [Ln(BPO2)(thf)5][AlMe2(BPO2)] (Ln = La 4.11) and non-ionic 

[AlMe2Ln(BPO2)2(thf)2] (Ln = Y, Pr, Sm, Tb). Unexpected products 

[(BPO2)(thf)3Ln(F)AlMe(BPO2)] (Ln = Sm, Tb) were isolated from an attempt to 

synthesise [AlMe2Ln(BPO2)2(thf)2] (Ln = Sm, Tb) and they are the only halogenated 

heterobimetallic complexes were isolated in this study. However, employing a transition 

metal (ZnEt2) as the metallating agent gave a non-ionic structure [ZnEtYb(BPO2)2(thf)].   

The common feature of these ionic and non-ionic complexes is the lanthanoid 

coordination number. Lanthanoid metals involved in these structures have the same 

coordination number six-coordinate, except for lanthanum in 

[La(BPO2)(thf)5][AlMe2(BPO2)], which has seven-coordinate. There was a five 

coordinate as well of [Li(thf)2Ln(BPO2)2(thf)] Ln (Ln = Er, Yb, Lu). 

In conclusion, this study performed different directions of reactivity with biphenolate 

lanthanoid complexes [Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3), which were initially 

prepared through a redox transmetallation reaction and were described in chapter three. 

Metallating biphenolate lanthanoid complexes [Ln(BPO2)(BP(OH)O)(thf)n] (n = 1, 2, 3) 

with different metal alkyls/amides such as (nBuLi, KN(SiMe3)2, AlMe3, ZnEt2) can be 

used as a convenient method to synthesise heterobimetallic complexes, and provides a 

basis for future developments in a range of phenolic macrocyclic ligands. 
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[ZnEtYb(BPO2)2(thf)] 4.21 is the first type of heterobimetallic complex containing 

ytterbium and zinc. Also complex [(BPO2)(thf)3Ln(F)AlMe(BPO2)] (Ln = Sm, Tb) is  

the first type of heterobimetallic complexes containing a lanthanoid and aluminium 

bridged by a fluorine atom. 
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4.5 Experimental  

Potassium bis(trimethylsilyl)amide, n-butyllithium, trimethyl aluminium, diethyl zinc and 

2,2ʹ-methylene-bis(6-tert-butyl-4-methylphenol) were purchased from Sigma Aldrich and 

used as received. Hg(C6F5)2 was prepared by the literature method.[47] Further details 

regarding general considerations were described in Chapter two (experiment section 2.5). 

and Chapter three (experiment section 3.5). 

[Li(thf)4][Ln(BPO2)2(thf)2].thf (Ln = Y 4.1, Sm 4.2, Dy 4.3 and Ho 4.4) 

Ln metal filings (Ln 2.00 mmol = Y 0.17 g, Sm 0.30 g, Dy 0.32 g, Ho 0.32 g), BP(OH)2 

(1.36 g; 4.00 mmol), Hg(C6F5)2 (1.60 g; 3.00 mmol), and one drop of Hg were added to a 

Schlenk flask with dry thf (~20 ml), and stirred for two days. The resulting solution 

(yellow coloured for all Ln = Y, Sm, Dy, Ho) was filtered and (1.60 M, 1.00 mmol, 0.62 

ml) nBuLi was added and stirred for one day. Crystallisation was achieved by 

concentrating the yellow solution under vacuum to (~5 ml). Small colourless crystals of 

4.1-4.4 (0.70 g, 51 %; 0.54 g, 39 %; 0.65 g, 47 %; 0.63 g, 46 % respectively) grew upon 

standing overnight.  

4.1: m. p. 132-134 oC. Elemental analysis calcd for C74H116O11YLi (1277.55 g.mol-1): C 

69.57, H 9.15, Y 6.96. Calcd for C62H92O8YLi (1061.24 g.mol-1 after lost of three 

solvation thf): C 70.17, H 8.74, Y 8.38. Found: C 69.83, H 8.11, Y 8.05. 1H-NMR (400 

MHz, C6D6, 25°C): δ = 7.03 (br, 8H, ArH), 4.02 (br, 4H, CH2), 3.38 (br, 16H, OCH2, thf), 

2.18 (s, 12H, CH3), 1.50 (s, 36H, C(CH3)3), 1.27 (br, 16H, CH2, thf) ppm. IR (Nujol, cm-

1): 2370 w, 2275 w, 2049 w, 1883 w, 1741 s, 1605 s, 1381 s, 1254 s, 1204 m, 1172 m, 

1139 m, 1025 s, 955 w, 865 s, 788 s, 722 m, 677 m.  

4.2: m. p. 175-177 oC. Elemental analysis calcd for C74H116O11SmLi (1339.01 g.mol-1): C 

66.38, H 8.73, Sm 11.23. Calcd for C70H108O10SmLi (1266.90 g.mol-1 after lost of one thf 
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from lattice): C 66.36, H 8.59, Sm 11.87. Found: C 66.12, H 7.95, Sm 11.43. 1H-NMR 

(400 MHz, C6D6, 25°C): δ = 5.42 (br, 8H, ArH), 4.68 (d, 2H, CH2), 4.13 (d, 2H, CH2), 

1.42 (br, 24H, OCH2, thf), 0.82 (s, 12H, CH3), -0.73 (br, 24H, CH2, thf), -1.43 (s, 36H, 

C(CH3)3) ppm. IR (Nujol, cm-1): 2721 m, 2475 w, 2373 m, 2271 m, 2059 m, 1891 s, 1740 

s, 1601 s, 1556 s, 1258 w, 1070 w, 874 w, 722 m, 673 s, 583 s. 

4.3: m. p. 200-202 oC. Elemental analysis calcd for C74H116O11DyLi (1351.15 g.mol-1): C 

65.78, H 8.65, Dy 12.03. Calcd for C70H108O10DyLi (1279.04 g.mol-1 after lost of one thf 

from lattice): C 65.73, H 8.51, Dy 12.70. Found: C 65.08, H 7.95, Dy 12.19. IR (Nujol, 

cm-1): 2484 w, 2373 w, 2279 w, 2063 m, 1891 m, 1728 s, 1601 s, 1376 s, 1262 s, 1204 w, 

1139 m, 1025 s, 914 m, 861 s, 788 m, 677 m.  

4.4: m. p. 182-184 oC. Elemental analysis calcd for C74H116O11HoLi (1353.58 g.mol-1): C 

65.66, H 8.64, Ho 12.18. Calcd for C54H76O6HoLi (993.05 g.mol-1 after lost four solvation 

thf and one thf in the lattice): C 65.31, H 7.71, Ho 16.61. Found: C 64.87, H 7.44, Ho 

16.15. 1H-NMR (400 MHz, C6D6, 25°C): δ = 7.00 (m, 8H, ArH), 5.74 (d, 2H, CH2), 3.76 

(d, 2H, CH2), 2.09 (s, 12H, CH3), 1.85 (br, 8H, OCH2, thf), 1.40 (s, 36H, C(CH3)3), 0.29 

(br, 8H, CH2, thf) ppm. IR (Nujol, cm-1): 2725 m, 2586 w, 2365 w, 2275 m, 1907 m, 1732 

s, 1601 s, 1556 m, 1204 w, 1143 w, 1074 m, 1029 s, 861 m, 792 m, 722 m, 673 s, 587 s.  

[Li(thf)2Ln(BPO2)2(thf)2] (Ln = La 4.5, Pr 4.6) 

The synthesis of complexes 4.5 and 4.6 were carried out in an identical manner to that 

described for complex 4.1-4.4. Crystallisation was achieved by concentrated the resulting 

solution under vacuum to (~5 ml). Small colourless crystals of 4.5 and 4.6 (0.34 g, 25 %, 

0.43 g, 31 % respectively) grew upon standing overnight.  

4.5: m. p. 228-230 oC. Elemental analysis calcd for C62H92O8LaLi (1111.24 g.mol-1): C 

67.01, H 8.34, La 12.50. Found: C 66.71, H 8.02, La 12.30. 1H-NMR (400 MHz, C6D6, 
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25°C): δ = 6.82 (br, 8H, ArH), 4.70 (d, 2H, CH2), 3.32 (d, 2H, CH2), 2.97 (br, 16H, OCH2, 

thf), 1.99 (s, 12H, CH3), 1.26 (s, 36H, C(CH3)3), 0.78 (br, 16H, CH2, thf) ppm. IR (Nujol, 

cm-1): 2667 w, 2390 w, 2110 w, 1744 m, 1605 m, 11462 s, 1372 s, 1258 s, 1200 w, 1025 

s, 914 m, 861 m, 808 s, 784 m, 730 s.  

4.6: m. p. 168-170 oC. Elemental analysis calcd for C62H92O8PrLi (1113.24 g.mol-1): C 

66.89, H 8.33, Pr 12.66. Found: C 66.17, H 7.69, Pr 12.27. IR (Nujol, cm-1): 2377 w, 2271 

w, 2050 m, 1891 m, 1744 s, 1568 s, 1225 s, 918 s, 861 s, 812 m, 722 m, 669 s.  

[Li(thf)2Ln(BPO2)2(thf)].sol (Ln = Er 4.7 sol = 2C6D6, Yb 4.8 sol = hexane, Lu 4.9 

sol = 3C6D6)  

The synthesis of complexes 4.7-4.9 were carried out similarly to that described for 

complexes 4.1-4.4. Crystallisation was achieved by concentrated the resulting solutions 

under vacuum to (~5 ml). Small colourless crystals of 4.7 and 4.9 (0.53 g, 38 %; 0.54 g, 

39 % respectively) grew upon standing overnight after recrystallised from C6D6, while 

large colourless crystals of 4.8 (0.34 g, 25 %) grew upon standing two days after 

recrystallised from hexane.  

4.7: m. p. 170-172 oC. Elemental analysis calcd for C70H96O7ErLi (1223.71 g.mol-1): C 

68.71, H 7.91, Er 13.67. Calcd for C50H68O5ErLi (923.27 g.mol-1 after lost two solvation 

thf and two C6D6 from lattice): C 65.04, H 7.42, Er 18.12. Found: C 64.72, H 7.06, Er 

17.84. 1H-NMR (400 MHz, C6D6, 25°C): δ = 6.99 (br, 8H, ArH), 5.06 (d, 2H, CH2), 4.31 

(d, 2H, CH2), 2.11 (br, 4H, OCH2, thf), 1.34 (s, 12H, CH3), 0.97 (br, 4H, CH2, thf), 0.28 

(s, 36H, C(CH3)3) ppm. IR (Nujol, cm-1): 2724 s, 2536 w, 2479 w, 2373 w, 2279 w, 2066 

m, 1890 m, 1735 s, 1600 s, 1563 m, 1204 w, 1016 m, 922 w, 856 m, 677 m.  

4.9: m. p. 230-232 oC. Elemental analysis calcd for C76H102O7LuLi (1309.53 g.mol-1): C 

69.71, H 7.85, Lu 13.36. Calcd for C58H84O7LuLi (1075.19 g.mol-1): C 64.79, H 7.87, Lu 
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16.27. Found: C 64.28, H 7.35, Lu 15.89. 1H-NMR (400 MHz, C6D6, 25°C): δ = 6.98 (br, 

8H, ArH), 4.49 (d, 2H, CH2), 3.59 (d, 2H, CH2), 2.96 (br, 12H, OCH2, thf), 2.08 (s, 12H, 

CH3), 0.42 (s, 36H, C(CH3)3), 0.87 (br, 12H, CH2, thf) ppm. IR (Nujol, cm-1): 2725 w, 

2385 w, 2271 m, 1895 w, 1748 s, 1605 s, 1462 s, 1376 s, 1258 m, 1025 m, 861 w, 800 m, 

722 m, 673 m.  

[K(thf)3Gd(BPO2)2(thf)2].2thf (4.10) 

The synthesis of complex 4.10 was carried out similarly to that described for complexes 

4.1-4.4, but (0.50 M, 1.00 mmol, 0.50 ml) KN(SiMe3)2 (potassium 

bis(trimethylsilyl)amide) was used instead of nBuLi. Crystallisation was achieved by 

concentrated the pale green solution under vacuum to (~5 ml). Small colourless crystals 

of 4.10 (0.65 g, 47 %) grew upon standing overnight.  

4.10: m. p. 268-270 oC. Elemental analysis calcd for C74H116O11GdK (1378.05 g.mol-1): 

C 64.50, H 8.48, Gd 11.41. Calcd for C66H100O9GdK (1233.84 g.mol-1 after lost of two thf 

of solvation): C 64.25, H 8.17, Gd 12.74. Found: C 63.79, H 7.82, Gd 12.36. IR (Nujol, 

cm-1): 2549 m, 2410 w, 2369 w, 2283 w, 2079 m, 1891 m, 1744 s, 1609 s, 1560 m, 1233 

m, 959 w, 681 s, 583 m. 

[La(BPO2)(thf)5][AlMe2(BPO2)].thf (4.11), [(BPO2)Ln(thf)3(F)AlMe(BPO2)].thf 

(Ln = Sm 4.12, Tb 4.13), [AlMe2Ln(BPO2)2(thf)2].2C6D6 (Ln = Y 4.14, Pr 4.15, Sm 

4.16, Tb 4.17) 

The synthesis of complexes 4.11-4.17 were carried as per those described for complexes 

4.1-4.4, but (2.00 M, 1.00 mmol, 0.50 ml) AlMe3 (trimethyl aluminium) was used instead 

of nBuLi. Crystallisation was achieved by concentrated the resulting solutions under 

vacuum to (~5 ml). Small colourless crystals of 4.11-4.13 (0.38 g, 27 %; 0.41 g, 30 %; 

0.34 g, 25 % respectively) grew upon standing overnight. While very small colourless 

crystals of 4.14-4.17 unsuitable for X-ray analysis which were dried under vacuum and 
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recrystallisation from benzene (0.45 g, 33 %; 0.32 g, 23 %, 0.45 g, 33 %; 0.53 g, 38 % 

respectively). 

4.11: m. p. 180-182 oC. Elemental analysis calcd for C72H114O10LaAl (1305.56 g.mol-1): 

C 66.24, H 8.80, La 10.64. Calcd for C60H90O7LaAl (1089.24 g.mol-1 after lost three 

solvation thf): C 66.16, H 8.33, La 12.75. Found: C 66.04, H 8.21, La 12.34. 1H-NMR 

(400 MHz, C6D6, 25°C): δ = 6.78 (br, 8H, ArH), 5.32 (s, 4H, CH2), 3.34 (br, 12H, OCH2,  

thf), 2.25 (s, 12H, CH3), 1.36 (s, 36H, C(CH3)3), 0.12 (br, 12H, CH2, thf), 0.26 (s, 6H, Al-

CH3) ppm. IR (Nujol, cm-1): 2373 w, 2283 w, 2030 w, 1891 m, 1744 s, 1605 s, 1239 w, 

1021 m, 865 m, 665 m. 

4.12: m. p. 168-170 oC. Elemental analysis calcd for C63H95O8FSmAl (1176.76 g.mol-1): 

C 64.30, H 8.14, Sm 12.78. Calcd for C59H87O7FSmAl (1104.66 g.mol-1): C 64.15, H 7.94, 

Sm 13.61. Found: C 63.95, H 7.82, Sm 13.40. IR (Nujol, cm-1): 2725 w, 2377 w, 2283 w, 

2210 w, 2030 m, 1969 m, 1891 m, 1748 s, 1605 s, 1564 m, 1262 w, 1017 m, 796 m, 718 

w, 669 w. 

4.13: m. p. 158-160 oC; Elemental analysis calcd for C63H95O8FTbAl (1185.33 g.mol-1): 

C 63.84, H 8.08, Tb 13.41. Calcd for C55H79O6FTbAl (1041.12 g.mol-1 after lost of two 

thf of solvation): C 63.45, H 7.65, Tb 15.26. Found: C 63.11, H 7.48, Tb 15.08. 1H-NMR 

(400 MHz, C6D6, 25°C): δ = 7.08 (br, 8H, ArH), 5.70 (s, 4H, CH2), 3.70 (br, 8H, OCH2, 

thf), 2.13 (s, 12H, CH3), 1.48 (s, 36H, C(CH3)3), 0.27 (br, 8H, CH2, thf), -0.37 (s, 3H, Al-

CH3) ppm. IR (Nujol, cm-1): 2733 w, 2586 w, 2377 s, 2218 m, 2153 w, 2059 m, 1895 s, 

1744 s, 1634 m, 1576 m, 1258 w, 1008 w, 800 m, 722 m, 518 m.  

4.14: m.p. 160-162 oC. Elemental analysis calcd for C68H94O6YAl (1123.36 g.mol-1): C 

72.70, H 8.43, Y 7.91. Calcd for C56H82O6YAl (967.13 g.mol-1 after lost of two molecules 

of C6D6 in the lattice): C 69.55, H 8.55, Y 9.19. Found: C 69.22, H 8.33, Y 9.03. IR (Nujol, 
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cm-1): 2725 w, 2369 w, 2214 w, 1891 m, 1740 s, 1605 s, 1258 w, 1012 w, 800 w, 722 m, 

669 m, 587 m, 518 m.  

4.15: m. p. 130-132 oC. Elemental analysis calcd for C68H94O6PrAl (1175.36 g.mol-1): C 

69.49, H 8.06, Pr 11.99. Calcd for C56H82O6PrAl (1019.14 g.mol-1 after lost of the two 

C6D6 molecules in the lattice): C 66.00, H 8.11, Pr 13.83. Found: C 59.48, H 7.82, Pr 

13.51. IR (Nujol, cm-1): 2381 s, 2271 s, 2083 w, 2034 m, 1895 m, 1752 s, 1703 s, 1609 s, 

1376 w, 1250 m, 1102 m, 1021 s, 967 w, 865 m, 788 s, 718 m, 692 s.  

4.16: m. p. 130-132 oC. Elemental analysis calcd for [AlMe2Sm(BPO2)2(thf)2].2C6D6, thf, 

C72H102O7SmAl (1256.92 g.mol-1): C 68.80, H 8.18, Sm 11.96. Calcd for 

[AlMe2Ln(BPO2)2(thf)2].1/2(C6D6), C59H88O6SmAl (1070.67 g.mol-1 after lost one and 

half molecules of C6D6 and one thf in the lattice): C 66.19, H 8.28, Sm 14.04. Found: C 

66.04, H 8.13, Sm 13.82. IR (Nujol, cm-1): 2381 s, 2271 s, 2083 w, 2034 m, 1895 m, 1752 

s, 1703 s, 1609 s, 1376 w, 1250 m, 1102 m, 1021 s, 967 w, 865 m, 788 s, 718 m, 692 s.  

4.17: m. p. 175-177 oC. Elemental analysis calcd for C68H94O6TbAl (1193.38 g.mol-1): C 

68.44, H 7.94, Tb 13.32. Calcd for C56H82O6TbAl (1037.15 g.mol-1 after lost two 

molecules of C6D6 in the lattice): C 64.85, H 7.97, Tb 15.32. Found: C 64.57, H 7.63, Tb 

15.08. 1H-NMR (400 MHz, C6D6, 25°C): δ = 7.04 (br, 8H, ArH), 3.44 (br, 8H, OCH2,  

thf), 2.17 (s, 12H, CH3), 1.49 (s, 36H, C(CH3)3), 0.85 (s, 8H, CH2, thf), 0.19 (s, 4H, CH2), 

-0.38 (s, 6H, Al-CH3) ppm. IR (Nujol, cm-1): 2385 w, 2297 s, 1744 s, 1454 s, 1372 s, 1278 

s, 1196 s, 1029 m, 996 s, 914 m, 895 s, 800 m.  

[Al2(BPO2)3(thf)2].thf (4.18) 

Following same stoichiometry that described for the synthesis of complexes 4.11-4.15 an 

attempt to synthesise [AlMe2Yb(BPO2)2(thf)n] led to isolation of [Al2(BPO2)3(thf)2] from 
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the mother liquor. Large colourless crystals of 4.18 which were suitable for X-ray (0.56 

g, 15 %) grew upon standing for two days. 

4.18: m. p. 132-134 oC. Elemental analysis calcd for C81H114O9Al2 (1285.73 g.mol-1): C 

75.67, H 8.94. Calcd for C77H106O8Al2 (1213.62 g.mol-1 after lost of one thf from lattice): 

C 76.20, H 8.80. Found: C 76.08, H 8.52. 1H-NMR (400 MHz, C6D6, 25°C): δ = 7.08 (m, 

12H, ArH), 3.90 (s, 6H, CH2), 2.71 (br, 8H, OCH2, thf), 1.96 (s, 18H, CH3), 1.33 (s, 54H, 

C(CH3)3), 0.86 (br, 8H, CH2, thf) ppm. IR (Nujol, cm-1): 2725 m, 2377 w, 2148 w, 1932 

w, 1748 s, 1638 m, 1605 m, 1204 m, 1147 s, 1047 s, 1014 m, 992 s, 800 m, 767 m, 722 s, 

665 s, 612 m. 

[AlMe(BPO2)(thf)].C6D6 (4.19) 

Following same stoichiometry that described for synthesise complexes 4.11-4.15 an 

attempt to synthesise [AlMe2Gd(BPO2)2(thf)n] led to isolate a large colourless crystals of 

[AlMe(BPO2)(thf)] (0.30 g, 22 %) grew upon standing overnight after recrystallised from 

benzene. 

4.19: m. p. 130-132 oC. Elemental analysis calcd for C34H47O3Al (530.72 g.mol-1): C 

76.95, H 8.93. Calcd for C28H41O3Al (452.60 g.mol-1 after lost one molecule of C6D6 in 

the lattice): C 74.30, H 9.13. Found: C 74.12, H 8.95. 1H-NMR (400 MHz, C6D6, 25°C): 

δ = 6.98 (br, 4H, ArH), 3.86 (s, br, 4H, OCH2, thf), 3.15 (s, 2H, CH2), 2.28 (s, 6H, CH3), 

2.12 (s, 3H, AlCH3), 1.60 (s, 18H, C(CH3)3), 0.75 (br, 4H, CH2, thf) ppm. IR (Nujol, cm-

1): 2377 m, 2214 w, 2054 w, 1940 w, 1854 m, 1744 m, 1638 s, 1462 m, 1255 m, 1074 s, 

955 m, 804 w, 722 s.  

[Li4(BPO2)2(thf)4].thf (4.20) 

Following same stoichiometry that described for synthesise complexes 4.1-4.9 an attempt 

to synthesise [Li(thf)nGd(BPO2)2(thf)n] led to isolate [Li4(BPO2)2(thf)4]. Complex 
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[Li4(BPO2)2(thf)4] (4.20) was isolated from the mother liquor instead of the desired 

complex [Li(thf)nGd(BPO2)2(thf)n], and grew upon standing for two days as large 

colourless crystals of 4.20 which were suitable for X-ray (0.25 g, 18 %).  

4.20: m. p. 218-220 oC. Elemental analysis calcd for C66H100O9Li4 (1065.26 g.mol-1): C 

74.41, H 9.46. Calcd for C62H92O8Li4 (993.15 g.mol-1 after lost of one thf of solvation): C 

74.98, H 9.34. Found: C 74.64, H 9.18. 1H-NMR (400 MHz, C6D6, 25°C): δ = 6.88 (br, 

8H, ArH), 3.96 (s, 4H, CH2), 2.95 (br, 16H, OCH2, thf), 2.06 (s, 12H, CH3), 1.33 (s, 36H, 

C(CH3)3), 0.94 (br, 16H, CH2, thf) ppm. IR (Nujol, cm-1): 2496 w, 2369 w, 2279 w, 2071 

w, 1920 m, 1748 s, 1380 s, 1230 m, 1147 w, 1041 s, 861 s, 780 s, 726 w.  

[ZnEtYb(BPO2)2(thf)].2C6D6 (4.21) 

The synthesis of complex 4.21 was carried out in the same way as that described for 

complexes 4.1-4.4, but (1.00 M, 1.00 mmol, 0.50 ml) ZnEt2 (diethyl zinc) was used instead 

of nBuLi. Crystallisation was achieved by evaporating the resulting solution under vacuum 

to dryness and then recrystallised from benzene. Small yellow crystals of 4.21 (0.70 g, 51 

%) grew upon standing overnight.  

4.21: m. p. 138-140 oC. Elemental analysis calcd for C64H85O5YbZn (1172.79 g.mol-1): C 

65.54, H 7.31, Yb 14.75. Calcd for C55H79O5YbZn (1058.64 g.mol-1 after lost one and half 

molecules of C6D6 in the lattice): C 62.40, H 7.52, Yb 16.35. Found: C 62.18, H 7.37, Yb 

16.05. IR (Nujol, cm-1): 2553 w, 2434 w, 2377 m, 2267 s, 2132 m, 2034 m, 1748 s, 1605 

s, 1376 w, 1208 m, 628 m.  
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4.6 Crystal and refinement data 

Crystalline samples were immersed in Paratone-N oil and mounted on a glass fibre. Data 

collection was done at 173(2) K using the MX1 beamline at the Australian Synchrotron. 

Data collection for 4.10, 4.12 and 4.18, were done on a Bruker APEX II diffractometer at 

298(2) K using graphite-monochromate MoKα radiation, λ = 0.71073 Å. Further details 

regarding structure solutions and refinements were described in Chapter two (crystal and 

refinement data section 2.6). Crystal data and refinement parameters are compiled below. 

[Li(thf)4][Y(BPO2)2(thf)2].thf (4.1) 

C74H116O11YLi, M = 1277.55, 0.10  0.08  0.05 mm3, triclinic, space group P-1 (No. 2), 

a = 14.141(3), b = 17.116(3), c = 30.903(6), 105.04(3),  = 92.37(3), 90.60(3), V 

= 7216(3) Å3, Z = 4, ρc = 1.604 g/cm3,  = 5.223 mm-1, F000 = 3588, = 0.71073 Å, T = 

173(2) K, 2max = 50º, 46574 reflections collected, 23591 unique (Rint = 0.035).  Final 

GooF =1.082, R1 = 0.093, wR2 = 0.250, R indices based on 19244 reflections with I > 

2(I) (refinement on F2), 1618 parameters, 20 restraints. Lp and absorption corrections 

applied. 

[Li(thf)4][Sm(BPO2)2(thf)2].thf (4.2) 

C74H116O11SmLi, M = 1339.01, 0.12  0.04  0.09 mm3, monoclinic, space group P21 

(No. 4), a = 12.984(3), b = 37.320(8), c = 15.010(3), 90,  = 106.79(3), V = 

6963(3) Å3, Z = 4, ρc = 1.891 g/cm3,  = 4.431 mm-1, F000 = 3885, = 0.71073 Å, T = 

173(2) K, 2max = 55º, 92998 reflections collected, 32648 unique (Rint = 0.046).  Final 

GooF = 0.998, R1 = 0.034, wR2 = 0.094, R indices based on 31020 reflections with I > 

2(I) (refinement on F2), 1554 parameters, 1 restraint. Lp and absorption corrections 

applied.  
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[Li(thf)4][Dy(BPO2)2(thf)2].thf (4.3) 

C74H116O11DyLi, M = 1351.15, 0.20  0.05  0.06 mm3, monoclinic, space group P21 (No. 

4), a = 12.993(3), b = 37.364(8), c = 14.907(3), 90,  = 106.44(3), V = 6941(3) 

Å3, Z = 4, ρc = 3.034 g/cm3,  = 7.334 mm-1, F000 = 6183, = 0.71073 Å, T = 173(2) K, 

2max = 55º, 110447 reflections collected, 31072 unique (Rint = 0.030).  Final GooF = 

1.181, R1 = 0.036, wR2 = 0.128, R indices based on 28850 reflections with I > 2(I) 

(refinement on F2), 1554 parameters, 1 restraint. Lp and absorption corrections applied. 

[Li(thf)4][Ho(BPO2)2(thf)2].thf (4.4) 

C74H116O11HoLi, M = 1353.58, 0.09  0.08  0.15 mm3, monoclinic, space group P21 (No. 

4), a = 12.997(3), b = 37.232(7), c = 14.912(3), 90,  = 106.40(3), V = 6922(3) 

Å3, Z = 4, ρc = 1.981 g/cm3,  = 6.828 mm-1, F000 = 3984, = 0.71073 Å, T = 173(2) K, 

2max = 55º, 86174 reflections collected, 32278 unique (Rint = 0.053).  Final GooF = 1.037, 

R1 = 0.037, wR2 = 0.093, R indices based on 29922 reflections with I > 2(I) (refinement 

on F2), 1549 parameters, 1 restraint. Lp and absorption corrections applied. 

[Li(thf)2La(BPO2)2(thf)2] (4.5) 

C62H92O8LaLi, M = 1111.24, 0.05  0.13  0.09 mm3, monoclinic, space group Cc (No. 

9), a = 18.153(4), b = 17.589(4), c = 18.005(4), 90,  = 98.04(3), V = 5693(2) Å3, 

Z = 4, ρc = 2.115 g/cm3,  = 4.453 mm-1, F000 = 3552, = 0.71073 Å, T = 173(2) K, 2max 

= 55º, 31367 reflections collected, 12776 unique (Rint = 0.029).  Final GooF = 0.932, R1 

= 0.026, wR2 = 0.073, R indices based on 12612 reflections with I > 2(I) (refinement on 

F2), 665 parameters, 2 restraints. Lp and absorption corrections applied.  
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[Li(thf)2Pr(BPO2)2(thf)2] (4.6) 

C62H92O8PrLi, M = 1113.24, 0.14  0.09  0.07 mm3, monoclinic, space group Cc (No. 

9), a = 18.145(4), b = 17. 484(4), c = 18.003(4), 90,  = 97.45(3), V = 5663(2) Å3, 

Z = 4, ρc = 2.140 g/cm3,  = 5.112 mm-1, F000 = 3600, = 0.71073 Å, T = 173(2) K, 2max 

= 55º, 38831 reflections collected, 13383 unique (Rint = 0.044).  Final GooF = 1.114, R1 

= 0.054, wR2 = 0.134, R indices based on 12879 reflections with I > 2(I) (refinement on 

F2), 665 parameters, 2 restraints. Lp and absorption corrections applied. 

[Li(thf)2Er(BPO2)2(thf)].2C6D6 (4.7) 

C70H96O7ErLi, M = 1223.71, 0.12  0.11  0.05 mm3, triclinic, space group P-1 (No. 2), 

a = 13.704(3), b = 15.874(3), c = 16.614(3), 71.89(3),  = 76.93(3), 69.80(3), V 

= 3195 Å3, Z = 2, ρc = 2.061 g/cm3,  = 7.835 mm-1, F000 = 1908, = 0.71073 Å, T = 

173(2) K, 2max = 55º, 43476 reflections collected, 13552 unique (Rint = 0.032).  Final 

GooF = 1.035, R1 = 0.029, wR2 = 0.081, R indices based on 13308 reflections with I > 

2(I) (refinement on F2), 728 parameters, 0 restraints. Lp and absorption corrections 

applied.  

[Li(thf)2Yb(BPO2)2(thf)].Hexane (4.8) 

C63H96O7YbLi, M = 1145.67, 0.16  0.08  0.13 mm3, monoclinic, space group Pn (No. 

7), a = 13.951(3), b = 30.577(6), c = 14.784(3), 90,  = 101.09(3), V = 6189(2) 

Å3, Z = 4, ρc = 2.079 g/cm3,  = 8.281 mm-1, F000 = 3718, = 0.71073 Å, T = 173(2) K, 

2max = 55º, 103588 reflections collected, 29272 unique (Rint = 0.043).  Final GooF = 

1.059, R1 = 0.033, wR2 = 0.087, R indices based on 24931 reflections with I > 2(I) 

(refinement on F2), 1351 parameters, 2 restraints. Lp and absorption corrections applied. 
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[Li(thf)2Lu(BPO2)(thf)].3C6D6 (4.9) 

C76H102O7LuLi, M = 1309.53, 0.04  0.06  0.12 mm3, triclinic, space group P-1 (No. 2), 

a = 12.698(3), b = 14.857(3), c = 19.178(4), 79.95(3),  = 81.34(3), 80.65(3), V 

= 3487(13) Å3, Z = 2, ρc = 2.024 g/cm3,  = 8.463 mm-1, F000 = 2040, = 0.71073 Å, T = 

173(2) K, 2max = 55º, 56817 reflections collected, 14861 unique (Rint = 0.025).  Final 

GooF = 0.929, R1 = 0.032, wR2 = 0.086, R indices based on 14247 reflections with I > 

2(I) (refinement on F2), 782 parameters, 0 restraints. Lp and absorption corrections 

applied. 

[K(thf)3Gd(BPO2)2(thf)2].2thf (4.10) 

C74H116O11GdK, M = 1378.05, 0.16 × 0.12 × 0.14 mm3, monoclinic, space group P21/c 

(No. 14), a = 15.065(5), b = 17.317(6), c = 28.544(9), 90,  = 95.08(2), V = 

7417(4) Å3, Z = 4, ρc = 1.101 g/cm3, = 0.997 mm-1, F000 = 2396, = 0.71073 Å, T = 

298(2) K, 2max = 54º, 123821 reflections collected, 17026 unique (Rint = 0.109).  Final 

GooF = 1.103, R1 = 0.065, wR2 = 0.183, R indices based on 9724 reflections with I > 2(I) 

(refinement on F2), 739 parameters, 15 restraints. Lp and absorption corrections applied. 

[La(BPO2)(thf)5][AlMe2(BPO2)].thf (4.11) 

C72H114O10LaAl, M = 1305.56, 0.06 × 0.21 × 0.04 mm3, monoclinic, space group C2/c 

(No. 15), a = 17.306(4), b = 20.132(4), c = 39.877(8), 90,  = 94.87(3), V = 

13843(5) Å3, Z = 8, ρc = 1.853 g/cm3, = 3.155 mm-1, F000 = 7600, = 0.71073 Å, T = 

173(2) K, 2max = 55º, 88149 reflections collected, 16560 unique (Rint = 0.035).  Final 

GooF = 1.388, R1 = 0.042, wR2 = 0.159, R indices based on 15062 reflections with I > 

2(I) (refinement on F2), 775 parameters, 0 restraints. Lp and absorption corrections 

applied. 
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[(BPO2)Sm(thf)3(F)AlMe(BPO2)].thf (4.12) 

C63H95O8FSmAl, M = 1176.76, 0.33 × 0.17 × 0.09 mm3, monoclinic, space group P21/c 

(No. 14), a = 30.493(6), b = 14.633(3), c = 27.807(6),  = 90, 90.30(3), V = 

12407(4) Å3, Z = 8, ρc = 1.965 g/cm3, = 5.017 mm-1, F000 = 7182, = 0.71073 Å, T = 

173(2) K, 2max = 50º, 122736 reflections collected, 21604 unique (Rint = 0.045).  Final 

GooF = 1.206, R1 = 0.082, wR2 = 0.181, R indices based on 19747 reflections with I > 

2(I) (refinement on F2), 1369 parameters, 0 restraints. Lp and absorption corrections 

applied. 

[(BPO2)Tb(thf)3(F)AlMe(BPO2)].thf (4.13) 

C63H95O8FTbAl, M = 1185.33, 0.05 × 0.26 × 0.14 mm3, monoclinic, space group P21/c 

(No. 14), a = 14.585(3), b = 27.725(6), c = 30.613(6),  = 90, V = 12379(4) Å3, Z 

= 8, ρc = 1.268 g/cm3, = 1.208 mm-1, F000 = 4992, = 0.71073 Å, T = 173(2) K, 2max 

= 50º, 78907 reflections collected, 20549 unique (Rint = 0.059).  Final GooF = 1.052, R1 

= 0.056, wR2 = 0.148, R indices based on 16545 reflections with I > 2(I) (refinement on 

F2), 1369 parameters, 0 restraint. Lp and absorption corrections applied. 

[AlMe2Y(BPO2)2(thf)2].2C6D6 (4.14) 

C68H94O6YAl, M = 1123.36, 0.09 × 0.18 × 0.13 mm3, monoclinic, space group P21/n (No. 

14), a = 9.845(2), b = 19.536(4), c = 32.429(7), ==90,  = 94.32(3), V = 6219(2) Å3, 

Z = 4, ρc = 1.200 g/cm3, = 1.001 mm-1, F000 = 2408, = 0.71073 Å, T = 173(2) K, 2max 

= 50º, 76823 reflections collected, 10557 unique (Rint = 0.074).  Final GooF = 1.065, R1 

= 0.098, wR2 = 0.259, R indices based on 8678 reflections with I > 2(I) (refinement on 

F2), 703 parameters, 0 restraints. Lp and absorption corrections applied. 
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[AlMe2Pr(BPO2)2(thf)2].2C6D6 (4.15) 

C68H94O6PrAl, M = 1175.36, 0.14 × 0.09 × 0.06 mm3, monoclinic, space group P21/n (No. 

14), a = 10.009(10), b = 19.875(2), c = 32.781(3), 90,  = 94.66(3), V = 6500(11) 

Å3, Z = 4, ρc = 1.201 g/cm3, = 0.810 mm-1, F000 = 2488, = 0.71073 Å, T = 298(2) K, 

2max = 50º, 54481 reflections collected, 11384 unique (Rint = 0.084).  Final GooF = 1.108, 

R1 = 0.066, wR2 = 0.169, R indices based on 8716 reflections with I > 2(I) (refinement 

on F2), 703 parameters, 0 restraints. Lp and absorption corrections applied. 

[AlMe2Sm(BPO2)2(thf)].2C6D6, thf (4.16) 

C72H102O7SmAl, M = 1256.92, 0.11 × 0.08 × 0.17 mm3, monoclinic, space group P21/n 

(No. 14), a = 9.860(2), b = 19.597(4), c = 32.532(7), ==90,  = 94.70(3), V = 6265(2) 

Å3, Z = 4, ρc = 1.946 g/cm3, = 4.968 mm-1, F000 = 3591, = 0.71073 Å, T = 173(2) K, 

2max = 50º, 47064 reflections collected, 10455 unique (Rint = 0.046).  Final GooF = 1.085, 

R1 = 0.052, wR2 = 0.145, R indices based on 9976 reflections with I > 2(I) (refinement 

on F2), 703 parameters, 0 restraints. Lp and absorption corrections applied. 

[AlMe2Tb(BPO2)2(thf)2].2C6D6 (4.17) 

C68H94O6TbAl, M = 1193.38, 0.24 × 0.16 × 0.05 mm3, monoclinic, space group P21/n 

(No. 14), a = 10.004(10), b = 19.930(2), c = 32.763(3), 90,  = 94.62(6), V = 

6511(11) Å3, Z = 4, ρc = 1.217 g/cm3, = 1.147 mm-1, F000 = 2512, = 0.71073 Å, T = 

298(2) K, 2max = 54º, 81485 reflections collected, 14924 unique (Rint = 0.281).  Final 

GooF = 0.941, R1 = 0.080, wR2 = 0.185, R indices based on 5567 reflections with I > 2(I) 

(refinement on F2), 703 parameters, 0 restraints. Lp and absorption corrections applied. 
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[Al2(BPO2)3(thf)2].thf (4.18) 

C81H114O9Al2, M = 1285.73, 0.08 × 0.12 × 0.19 mm3, triclinic, space group P-1 (No. 2), a 

= 14.507(3), b = 17.952(4), c = 33.213(7), 104.99(3),  = 90.25(3), 113.80(3), V 

= 7587(3) Å3, Z = 8, ρc = 2.024 g/cm3, = 6.849 mm-1, F000 = 4466, = 0.71073 Å, T = 

173(2) K, 2max = 47º, 64058 reflections collected, 22017 unique (Rint = 0.076).  Final 

GooF = 1.066, R1 = 0.108, wR2 = 0.307, R indices based on 13452 reflections with I > 

2(I) (refinement on F2), 1615 parameters, 0 restraints. Lp and absorption corrections 

applied. 

[AlMe(BPO2)(thf)].C6D6 (4.19) 

C34H47O3Al, M = 530.72, 0.18 × 0.04 × 0.16 mm3, monoclinic, space group P21/c (No. 

14), a = 25.068(5), b = 15.323(3), c = 16.825(3), 90,  = 106.78(3), V = 6188(2) 

Å3, Z = 8, ρc = 2.009 g/cm3, = 5.675 mm-1, F000 = 3633, = 0.71073 Å, T = 173(2) K, 

2max = 55º, 90053 reflections collected, 14713 unique (Rint = 0.0438).  Final GooF = 

0.721, R1 = 0.054, wR2 = 0.138, R indices based on 11914 reflections with I > 2(I) 

(refinement on F2), 703 parameters, 0 restraints. Lp and absorption corrections applied. 

[Li4(BPO2)2(thf)4].thf (4.20) 

C66H100O9Li4, M = 1065.26, 0.13 × 0.25 × 0.16 mm3, trigonal, space group P31 (No. 144), 

a = 13.880(18), b = 13.880(18), c = 29.483(5), 90,  = 120, V = 4919(16) Å3, Z = 

3, ρc = 1.079 g/cm3, = 0.068 mm-1, F000 = 1740, = 0.71073 Å, T = 298(2) K, 2max = 

55º, 53607 reflections collected, 14241 unique (Rint = 0.135).  Final GooF = 0.950, R1 = 

0.069, wR2 = 0.149, R indices based on 5616 reflections with I > 2(I) (refinement on F2), 

728 parameters, 1 restraint. Lp and absorption corrections applied. 
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[ZnEtYb(BPO2)2(thf)].2C6D6 (4.21) 

C64H85O5YbZn, M = 1172.79, 0.31 × 0.14 × 0.07 mm3, monoclinic, space group Cc (No. 

9), a = 22.938(5), b = 13.595(3), c = 19.431(4), 90,  = 106.54(3), V = 5809(2) 

Å3, Z = 4, ρc = 1.349 g/cm3, = 1.978 mm-1, F000 = 2580, = 0.71073 Å, T = 173(2) K, 

2max = 54º, 31504 reflections collected, 9449 unique (Rint = 0.0476).  Final GooF = 1.089, 

R1 = 0.0280, wR2 = 0.0708, R indices based on 9429 reflections with I > 2(I) (refinement 

on F2), 560 parameters, 181 restraints. Lp and absorption corrections applied. 
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