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Abstract 

 
This thesis focuses on the synthesis and characterisation of halogenoaluminate π-arene 

complexes of rare earths and alkaline earths and compares the similarities between the two 

groups of metals. This thesis also discusses the reactivity of divalent rare earth N,N′-

bis(aryl)formamidinate (ArForm) complexes. 

 

Study of the synthesis of halogenoaluminate π-arene complexes of rare earths has yielded 

several new complexes containing η6-arene, [Ln(arene)(AlX4)n] (Ln = La, Ce, Pr, Nd, Gd, 

Sm, Eu, Yb; arene = toluene, mesitylene; X = Br, I; n = 2, 3). Divalent compounds of Sm, 

Eu and Yb have lattice solvated toluene molecules; however, the trivalent complexes are 

unsolvated. [Eu(η6-MeC6H5)(AlI4)2]n.PhMe, [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe and 

[Eu(η6-MeC6H5)(AlBr4)2]n.PhMe are the first examples of polymeric structures among these 

complexes. All of the complexes have nine coordinated metal centres; however, the 

ytterbium complex [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe has an eight coordinate Yb2+  centre, 

due to the lanthanoid contraction effect. 

 

The iodoaluminate and bromoaluminate complexes of lanthanoids were found to be 

isostructural and comparable with the chloroaluminate complexes in the literature. The Ln-

X (X = Br, I), Ln-centroid and the average Ln-C bond distances in the divalent complexes 

are longer than that of the trivalent complexes. This was expected, as the divalent ions are 

larger than trivalent ions. Furthermore, the Ln-I distances in the iodoaluminate complexes 

are longer than the Ln-Br distances in the bromoaluminate complexes. These differences are 

associated with the larger ionic radii of Ln2+ and I- ions than the Ln3+ and Br- ions, 

respectively. 

 

The geometry of the complexes could be best described as distorted pentagonal bipyramidal, 

with the arene molecule at an axial position (the centroid-Ln-I/Br angles are close to the 

straight angle, 180o). The lanthanoid contraction was also evidenced by the gradual decrease 

of the Ln-X (X = Br, I), Ln-centroid and the average Ln-C bond distances in the trivalent 

complexes of lanthanoids (from lanthanum to gadolinium). This trend was also accessible 

among the divalent complexes from samarium to ytterbium, and there was an intense change 

in ytterbium as it is the smallest metal among the metals used for the synthesis here. The 
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catalytic activity of [Nd(η6-C6H5Me)(AlI4)3]  for isoprene polymerisation  was performed at 

ambient temperature, and was less effective than the literature results of analogous 

chloroaluminate complexes.  

 

Investigation of the iodoaluminate π-arene complexes of alkaline earths (Ae) has given 

several new complexes involving η6-arene, [Ae(arene)m(AlI4)2] (Ae = Ca, Sr, Ba; arene = 

toluene, mesitylene; m = 1, 2). The Ca-centroid and the average Ca-C distances in the 

mesitylene complex were somewhat reduced than that of the toluene complex. This fact 

evidenced a stronger Ca-arene interaction in mesitylene complexes than in the toluene 

analogue, probably due to more electron donating effect of three methyl groups in 

mesitylene molecule than by one methyl group in toluene. Both complexes have a zigzag 

polymer structure. The strontium complex is isostructural with the samarium and europium 

complexes reported in chapter 2 due to their similar atomic radii.  

 

The barium complex [(Ba(η4-C6H5Me)2(AlI4)2] has the barium centre sandwiched between 

two toluene molecules both in an η4-fashion giving the barium centre an eight coordination. 

Nevertheless, the other complexes have only one arene molecule bonded to the metal centre. 

The Ba-I, Ba-C contacts are comparable with other analogous complexes considering the 

ionic radii of metals and iodide.  

 

Reactivity of divalent the formamidinate complexes [Yb(Form)2(thf)2] (Form = 

[RNCHNR]; R = 2,6-Me
2 

(XylForm); 2,4,6-Me
3 

(MesForm); 2,6-Et
2 

(EtForm); 2,6-iPr
2 

(DippForm)) has been studied by using different oxidants such as Cl3CCCl3, BrCH2CH2Br 

and ICH2CH2I. Benzophenone has also been used to study the reactivity of the less sterically 

demanding ytterbium formamidinate complexes. Reactions of [Yb(DippForm)2(thf)2].2THF 

with BrCH2CH2Br and ICH2CH2I yielded the halide complexes [Yb(DippForm)2X(thf)] (X 

= Br, I). However, all other divalent formamidinate complexes gave the homoleptic tris-

formamidnate complexes [Yb(Form)3] (Form = XylForm, MesForm and EtForm). Reactions 

with benzophenone also resulted in the tris-formamidnate complexes. This is probably due 

to the redistribution of the less bulky formamidinates. The nmr spectrum of these complexes 

could not be integrated due to the paramagnetic nature of trivalent ytterbium.    
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With the intention of the isolation of cationic complexes [L2Ln]+[AlX4/BPh4/SbCl6]-, a range 

of halide abstraction reactions has been performed using different halide abstracting reagents 

such as AlX3 (X = Cl, Br, I), SbCl5 and AgBPh4. Unexpectedly, all attempts to prepare 

cationic complexes from the halide abstraction reactions consistently gave ligand; however, 

on one occasion we isolated the reported complex [YbI2(thf)5]+ [YbI4(thf)2]-. The reaction 

between [Yb(DippForm)2(thf)2] and cobalt carbonyl gave the cobalt complex 

[Co(DippFormCO)(CO)3].THF in place of the expected cationic complex 

[Yb(DippForm)2]+[Co(CO)4]-.  

 

A deliberate RTP reaction using two formamidines of dissimilar steric bulk such as 

DippForH and XylFormH afforded the heteroleptic tris-formamidinate complex 

[Yb(DippForm)(XylForm)2].PhMe for the first time. In addition, [Eu(XylForm)2(µ-

OH)(thf)]2 and [Eu(EtForm)2(thf)2] have been synthesised by the RTP reactions involving 

XylFormH and EtFormH, respectively. [Yb(MesForm)2(µ-OH)]2 was also isolated by the 

similar procedure using ytterbium. The formation of [Yb(MesForm)2(µ-OH)]2 and 

[Eu(XylForm)2(µ-OH)(thf)]2 probably involves a trace amount of water and the presence of 

the hydroxyl group in the complexes was further confirmed from IR spectra.  
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1.1 The rare earth elements 
 

The rare earth elements (REE) comprise the largest chemically coherent group in the 

periodic table being made up of the group three elements, scandium, yttrium and 

lanthanum, and the 14 elements from cerium (Ce) to lutetium (Lu).1 The term lanthanoids 

refers to lanthanum and the elements cerium through to lutetium. Scandium and yttrium 

are included in the rare earths due to their close resemblance to lanthanoids. Generally, the 

symbol Ln is used to refer to the lanthanoid elements.2 The Finnish chemist Johan Gadolin 

was the pioneer of lanthanoid discovery, who got a black mineral oxide (earth) known as 

gadolinite in 1794 and named the oxide ‘yttria’. Immediately after Gadolin, a new earth, 

ceria was obtained by M.H. Klaproth, J.J. Berzelius and W. Hisinger from cerite. 

However, the separation of these earths into components was successfully performed by 

Swede C.G. Mosander in 1839–1843. He separated oxides of cerium and lanthanum along 

with a mixed oxide ‘didyimia’ from ceria. It was found that many of the lanthanoids occur 

together in the same minerals and because of their similar properties, separation of 

different lanthanoids was extremely challenging.3 Therefore, it was difficult to distinguish 

one element from another or from its mineral precursor and often led to confusion. This 

problem was resolved after the invention of the spectroscope. At the beginning of the 20th 

century (1907), the series was completed after the discovery of lutetium by Georges Urban 

and Carl Auer von Welsbach.4 The element promethium was separated from the fission 

products of uranium in 1945.5 

 

1 . 1 . 1  Occurrence and isolation 
 

All the lanthanoids occur in the earth’s crust except promethium. 147Pm is the most stable 

isotope of promethium, formed by the fission reaction of heavy nuclei in nuclear reactors.4-

6 There is a generally held perception that all rare earth metals are found from relatively 

rare minerals.4 In reality, some lanthanoids, for example, cerium and neodymium are more 

abundant than common metals such as cobalt and lead in the earth’s crust while, the least 

abundant thulium occurs in similar quantities to mercury and silver.6, 7 Promethium can be 

produced synthetically by the fission reaction of uranium.4-6 Table 1.1 shows the natural 

abundance of the lanthanoids in the earth’s crust. It is clear from the table that the lighter 
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lanthanoids are more abundant than the heavier ones. In addition, the elements with even 

atomic number are more abundant than those with odd atomic number.3 

 

Table 1.1: The natural abundance of lanthanoids in earth’s crust. 

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

Abundance 

(ppm) 

35 66 9.1 40 0.0 7 2.1 6.1 1.2 4.5 1.3 3.5 0.5 3.1 0.8 31 

 
 
The major natural sources of lanthanoids are Bastnasite LnFCO3, Monazite (Ln, Th)PO4 and 

Xenotime (Y, Ln)PO4 ores. Among the three ores, Monazite is richer in earlier lanthanoids whereas 

Xenotime is richer in later lanthanoids. In addition, Chinese rare earth reserves, mainly in the form 

of ionic ores form southern provinces cover more than 70% of the world’s total reserve of 

lanthanoids.3 These Chinese ion-absorption ores, weathered granites with lanthanides adsorbed 

onto the surface of aluminium silicates, are in some cases low in cerium and rich in the heavier 

lanthanides (Longnan) whilst the Xunwu deposits are rich in the lighter metals; the small particle 

size makes them easy to mine. The Chinese ores have made them a leading player in lanthanide 

chemistry. Besides China, some other countries such as Australia, USA, Brazil and India have 

deposits of rare earths.5-8 Table 1.2 demonstrates the natural abundance of the lanthanoids in 

common ores. 

 

Table 1.2: The natural abundance of the lanthanoids in ores.3 # 

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

Monazite 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 2.5 

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

Xenotime 0.5 5 0.7 2.2 0 1.9 0.2 4 1 8.6 2 5.4 0.9 6.2 0.4 60.0 
#Italic bold values are in ppm.  
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All the lanthanoids but Pm can be isolated from monazite whereas only the lighter 

lanthanoids can be obtained from bastnasite. The ores are first crushed, grinded and then 

the froth flotation technique is employed to concentrate them. After initial concentration, 

phosphate and thorium from monazite are removed by heating with caustic soda at 150°C. 

The phosphate present in the ore is converted to Na3PO4. After cooling, washing with 

water dissolves the phosphate leaving a mixture of hydrated Th(IV) and Ln(III) oxides. 

Treating the residue with hot HCl (pH 3.5) gives a mixture of LnCl3 solution and insoluble 

ThO2. The mixture of LnCl3 solution is then purified and separated.2, 3 For the isolation of 

lanthanoids from bastnasite, previously concentrated ore is treated with 10% HCl to 

remove calcium carbonate. After the successful removal of calcium carbonate, the ore 

contains about 70% lanthanoid oxides. The cerium content of the resultant mixture is then 

converted to Ce(IV) by roasting in air. Additional treatment of the mixture with HCl 

results in an aqueous solution of LnCl3 with insoluble CeO2.2, 3 The separation of 

individual lanthanoids from the mixture is difficult due to the similarities of their ion size 

and other properties. Solvent extraction and ion-exchange methods are employed for the 

separation of lanthanoids.2 The simplified processes of the isolation of REE from two 

minerals are illustrated in Scheme 1.1 and 1.2. 
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Scheme 1.1: Illustration of the isolation of REE from monazite. 
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Scheme 1.2: Illustration of the isolation of REE from bastnasite. 
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1 . 1 . 2 Electronic configurations and oxidation states 
 

The general electronic configuration of lanthanoids is [Xe]4fn5d06s2 except in cerium, 

gadolinium and lutetium. The ground state electronic configuration of lanthanum is 

[Xe]5d16s2 but after lanthanum, the energy of the 4f level falls below that of 5d as the 4f 

orbitals penetrate the xenon core more and hence the subsequent electrons are added to the 

shielded 4f orbitals. Ce has the arrangement [Xe]4f15d16s2 whereas Pr avails [Xe]4f35d06s2 

configuration and this pattern continues to Eu which has half-filled (4f7) f-orbital. Due to 

the high stability of the half-filled f subshell, the next electron in gadolinium is added to 

the 5d orbital giving [Xe]4f75d16s2 configuration. 

 

However, in terbium, the previous pattern is resumed ([Xe]4f95d06s2) and continues to 

ytterbium, [Xe]4f145d06s2. After getting the more stable full-filled (4f14) f-orbital, the next 

electron in lutetium goes to the 5d orbital resulting in the [Xe]4f145d16s2 configuration.3, 6, 9 

 

The electronic configuration of scandium and yttrium are [Ar]3d14s2 and [Kr]4d15s2 

respectively. These two metals have no 4f electrons and are not considered as true 

lanthanoids. However, yttrium has some resemblance to the chemical properties of the 

lanthanoids because of its similar size and identical ionic charge particularly to the heavier 

elements. On the other hand, the chemical properties of scandium deviate slightly from the 

lanthanoids since it is smaller than any other lanthanoid.4, 10 Lanthanoids have similar 

chemical properties because of the small energy differences on the addition of f-electrons. 

Moreover, the 4f orbitals penetrate the xenon core significantly, therefore, the 4f electrons 

are shielded enough to prevent them from participating in bonding. Because of these 

shielded 4f orbitals, the lanthanoid chemistry is quite different from the d-block transition 

elements where the d electrons participate in chemical reactions.3, 6 Table 1.3 displays the 

different properties of lanthanoids, transition metals and group I metals. 
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Table 1.3: Comparison of some important properties of lanthanoids, transition 

metals and group I metals.3 

 Lanthanoids Transition metals Group I 
Electron 
configurations of ions 

Variable Variable Noble gas 

Stable oxidation states Usually 3+ Variable 1+ 
Coordination numbers 
in complexes 

Commonly 8-10 Usually 6 Often 4-6 

Coordination 
polyhedra in 
complexes 

Minimise repulsion Directional Minimise 
repulsion 

Trends in coordination 
numbers 

Often constant in 
block but Ln 
contraction plays a 
role 

Often constant in 
block 

Increase down 
group 

Donor atoms in 
complexes 

‘Hard’ preferred ‘Hard’ and ‘soft’ ‘Hard’ preferred 

Hydration energy High Usually moderate Low 
Ligand exchange 
reactions 

Usually fast Fast and slow Fast 

Magnetic properties of 
ions 

Independent of 
environment 

Depends on 
environment and 
ligand field 

None 

Electronic spectra of 
ions 

Sharp lines Broad lines None 

Crystal field effects in 
complexes 

Weak Strong None 

Organometallic 
compounds 

Usually ionic, some 
with covalent 
character 

Covalently bonded Ionically bonded 

Organometallics in 
low oxidation states 

Few Common None 

Multiply bonded 
atoms in complexes 

None Common None 

 

The most stable oxidation state of all lanthanoids is +3, however, complexes of +4, +2 and 

0 oxidation states are also found but less frequently. The oxidation states with empty, half-

filled and full-filled 4f shells are stable except Sm(II) which has 4f6 configuration. The 

divalent compounds for all lanthanoids plus yttrium have recently been published, whereas 

Ce, Pr and Tb can give +4 oxidation states.4-7, 10, 11 The electronic configuration of 

lanthanoids and different ions are listed in Table 1.4. 
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1 . 1 . 3 The lanthanoid contraction 
 

As we go across the series from La to Lu, both the atomic and ionic radii of the Ln3+ ions 

exhibit a gradual decrease. However, europium and ytterbium show a sudden increase in 

their atomic radii from the previous atom samarium and thulium respectively. These atoms 

have a tendency to adopt the +2 oxidation state with greater radii, similar to barium. On 

the contrary, the ionic radii of Ln3+ ions have a steady decrease across the series; this 

phenomenon is commonly known as the lanthanoid contraction.3, 4, 7  

 

Table 1.4: Electronic configurations of lanthanoids and different ions.2 

Name of 

element  

Symbol Atomic 

number 

Ground state electronic configuration 

   Ln Ln2+ Ln3+ Ln4+ 

Scandium Sc 21 [Ar]3d14s2  [Ar]  

Yttrium Y 39 [Kr]4d15s2  [Kr]  

Lanthanum La 57 [Xe]5d16s2 [Xe]5d1 [Xe]4f0  

Cerium Ce 58 [Xe]4f15d16s2 [Xe]4f2 [Xe]4f1 [Xe]4f0 

Praseodymium Pr 59 [Xe] 4f36s2 [Xe]4f3 [Xe]4f2 [Xe]4f1 

Neodymium Nd 60 [Xe] 4f46s2 [Xe]4f4 [Xe]4f3  

Promethium Pm 61 [Xe] 4f56s2 [Xe]4f5 [Xe]4f4  

Samarium Sm 62 [Xe] 4f66s2 [Xe]4f6 [Xe]4f5  

Europium Eu 63 [Xe]4f76s2 [Xe]4f7 [Xe]4f6  

Gadolinium Gd 64 [Xe] 4f75d16s2 [Xe]4f75d1 [Xe]4f7  

Terbium Tb 65 [Xe] 4f96s2 [Xe]4f9 [Xe]4f8 [Xe]4f7 

Dysprosium Dy 66 [Xe] 4f106s2 [Xe]4f10 [Xe]4f9 [Xe]4f8 

Holmium Ho 67 [Xe] 4f116s2 [Xe]4f11 [Xe]4f10  

Erbium Er 68 [Xe] 4f126s2 [Xe]4f12 [Xe]4f11  

Thulium Tm 69 [Xe] 4f136s2 [Xe]4f13 [Xe]4f12  

Ytterbium Yb 70 [Xe] 4f146s2 [Xe]4f14 [Xe]4f13  

Lutetium Lu 71 [Xe] 4f145d16s2 [Xe]4f145d1 [Xe]4f14  
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Due to the shielded nature of 4f orbitals, they cannot compensate for the effect of 

increased nuclear charge after the addition of electrons, consequently, the size decreases.4 

The trends in atomic and ionic radii are listed in Table 1.5 as well as shown in Fig. 1.1. 

 

Table 1.5: Atomic and ionic radii of the lanthanoids (pm).3 
La Ce Pr Nd  Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

187.7 182.5 182.8 182.1 181.0 180.2 204.2 180.2 178.2 177.3 176.6 175.7 174.6 194.0 173.4 

La3+ Ce3+ Pr3+ Nd 3+ Pm3+ Sm3+ Eu3+ Gd3+ Tb3+ Dy3+ Ho3+ Er3+ Tm3+ Yb3+ Lu3+ 

103.2 101.0 99.0 98.3 97.0 95.8 94.7 93.8 92.3 91.2 90.1 89.0 88.0 86.8 86.1 
 

 

 

Fig. 1.1: Metallic and ionic radii of lanthanoids. 
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1.1 . 4 Coordination chemistry of lanthanoids 
 

The lanthanoids have diverse coordination chemistry compared to that of transition 

metals.3, 9 Lanthanoids adopt variable coordination numbers ranging from three to 12 

whereas many transition metals have definite coordination numbers.3, 6 Because of the 

variable coordination number, X-ray crystallography is the ultimate way to determine the 

actual coordination number of lanthanoids.3 Though both low and high coordination 

numbers are possible, lanthanoids favour the high coordination numbers due to their large 

ionic radii and high charge. Low coordination numbers are favoured by bulky ligands and 

high coordination numbers (10 or more) necessitates chelating ligands having small bites 

such as sulphate or nitrate groups. Moreover, the high coordination numbers are more 

common in larger, lighter lanthanoids than in heavier, smaller cations.9 The geometry of 

compounds is dependent on the coordination numbers. The coordination number and the 

corresponding geometry are furnished in Table 1.6. 

 

Table 1.6: Coordination numbers and corresponding geometry of Ln3+ ions.12  
 
Coordination number (CN) Common geometry 

3 Planar/Pyramidal 

4 Tetrahedral 

5 Square pyramidal/Trigonal bipyramidal 

6 Octahedral 

7 Monocapped trigonal prism 

8 Square antiprism/dodecahedral 

9 Tricapped trigonal prism/Trigonal prism/Monocapped 

square antiprism 

10 Bicapped dodecahedron/Pentagonal antiprism 

11 Monocapped pentagonal antiprism 

12 Icosahedron 
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1 . 1 . 5 Organometallic chemistry of lanthanoids 
 

Organometallic chemistry is a particularly interesting sub-branch of inorganic chemistry 

because of the practical applications of organometallic compounds. Generally, 

organometallic compounds contain at least one metal-carbon bond. However, some zero-

valent metal complexes, hydrides, and dinitrogen complexes having no metal-carbon 

bonds are regarded as organometallic compounds because of their similar chemical 

properties and reactivities with organometallic compounds.13 In contrast, metal cyanides 

possessing an M−C bond are excluded from organometallic compounds as they behave 

mostly like inorganic coordination compounds. The shielded f-orbitals in lanthanoids have 

limited interaction with ligands and the outer 5d, 6s and 6p orbitals are responsible for the 

bonding with ligands. Due to the presence of vacant d, s and p orbitals, lanthanoid ions are 

hard Lewis acids and facilitate bonding with hard bases having O, N, and light halide 

donor atoms.5, 7, 13 Organolanthanoid complexes are highly air and moisture sensitive 

because of having high affinity to oxygen and are handled with care under inert 

atmosphere.3, 13, 14 

 

The organometallic chemistry of lanthanoids has started flourishing after 1980, however, 

the organolanthanoid complexes of cyclopentadienyl were reported more than 60 years 

ago.15 The modern analytical techniques, especially, single crystal X-ray diffraction has 

enabled us to understand the structures of these air and moisture sensitive compounds.16  

The progress of organolanthanoid chemistry depends on the exploration of new ligand 

systems and therefore, the challenge is now to find ligands other than bulky 

cyclopentadienyl to take forward this novel field. 

 

1.2 The alkaline earth elements 
 

The group II elements in the periodic table consisting of beryllium (Be), magnesium (Mg), 

calcium (Ca), strontium (Sr), barium (Ba), and radium (Ra) are known as alkaline earth 

metals. They are called alkaline earth metals because they form alkaline solutions 

(hydroxides) after reacting with water, and are found in the earth’s crusts.17 They are 

highly reactive (less reactive than group I), typically divalent, and commonly form 
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colourless ionic compounds. Radium is extremely scarce as well as radioactive and is 

formed in the 238U decay series as 226Ra (half-life 1622 year). It was discovered by Pierre 

and Marie Curie from the uranium ore pitchblende.2, 10, 18 Beryllium is not readily available 

metal in the earth’s crust; however, it is found in the pegmatite rocks as surface deposits of 

beryl, Be3Al2[Si6O18].19 Magnesium is the eighth most abundant element in the earth’s 

crust and third most abundant in the sea.2 Calcium is the fifth most abundant element while 

strontium and barium are less bountiful but not rare.20 The elements magnesium, calcium, 

strontium and barium are widely distributed in minerals and as dissolved salts in the 

ocean.2 Barium, calcium and strontium are silvery metals, while beryllium and magnesium 

are greyish white in colour.10 

   

1 . 2. 1  Occurrence and isolation 
 

The alkaline earth elements are mostly found in the earth’s crust as different minerals as 

well as some in the ocean as dissolved salts. Beryllium is the least abundant among the 

alkaline earths because it is difficult to extract. It exists in the silicate minerals beryl, 

Be3Al2[Si6O18] and phenacite, Be2SiO4 in small quantities. Moreover, it is found in the 

precious minerals emerald and aquamarine.2 In 1798, beryllium was first discovered by the 

French chemist Louise Nicholas Vauquelin and named the element glaucinium (Greek 

glykys = sweet) because its compounds tasted sweet.19 The name beryllium derives from 

the gemstone beryl, which incorporates this element. Magnesium is the eighth most 

abundant element in the earth’s crust and considerable amount of magnesium salts are 

available in the ocean (about 0.13%). In 1755, magnesium oxide was separated from lime 

by Joseph Black and magnesium metal was isolated through electrolysis by Humphry 

Davy in 1808.20 Dolomite (MgCO3.CaCO3) and magnetite (MgCO3) are the carbonate 

minerals of magnesium, and are found in China, North Korea, Austria, Turkey and 

Greece.18 There are also deposits of sulphates, for example, epsomite (MgSO4.7H2O) and 

kieserite (MgSO4.H2O). Carnalite (KCl.MgCl2.6H2O) is a mineral of magnesium; 

however, it is used to extract potassium. A wide range of silicate minerals including 

olivine ((Mg, Fe)2SiO4), talc (Mg3(OH)2Si4O10), chrysotile (Mg3(OH)4Si2O5) and micas 

such as K+[Mg3(OH)2(AlSi3O10]-  are the sources of magnesium.18   
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Calcium is the fifth most abundant element in the earth’s crust and exists in many common 

minerals all over the world. The common minerals of calcium are the limestone (CaCO3), 

gypsum (CaSO4.2H2O), fluorite (CaF2) and apatite (Ca5(PO4)3(F,Cl,OH)). Limestone can 

be found in two crystalline forms such as calcite and aragonite. Calcite is the most 

common and forms rhombohedral colourless crystals. Aragonite is commonly red-brown 

or yellow in colour (colours derive from impurities) and is responsible for the colour of the 

landscape of the red sea area, the Bahamas and the Florida Keys; the crystals are 

orthorhombic. Limestone is a source of CaO and has enormous commercial importance. 

The natural abundance of strontium and barium are far less than those of magnesium and 

calcium. However, they are well known due to their occurrence as concentrated ores which 

makes their extraction easier. The minerals of strontium are celestite (SrSO4) and 

strontianite (SrCO3) whereas the one and only available mineral of barium is baryte 

(BaSO4). Radium is radioactive and extremely scarce. The Nobel Prize for Chemistry was 

awarded to Marie Curie for isolating radium from uranium ore pitchblende. The natural 

abundances of beryllium, magnesium, calcium, strontium and barium (in ppm) are shown 

in Fig. 1.2 (Logarithm of the abundances are taken).2 

 

 

Fig. 1.2: Abundance of the alkaline earth elements in the earth’s crust in ppm (excluding Ra). 
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Extraction of the group two metals by chemical reduction is not easy as they are strong 

reducing agents and they react with carbon to form carbides. They are very reactive, react 

promptly with water and strongly electropositive, therefore, they cannot be displaced with 

another metal in aqueous solutions. Electrolysis of the fused chloride of the metals (NaCl 

added to lower the melting point) can be used to extract the metals; however, strontium 

and barium have a tendency to form a colloidal suspension.2, 18 To extract beryllium, beryl 

is heated with Na2SiF6 to get water soluble BeF2 and Be(OH)2 precipitate. Then beryllium 

is obtained either by reduction of BeF2 with Mg (Eqn. 1.1), or by the electrolysis of BeCl2 

fused with sodium chloride.2, 18 

 

BeF2    +    Mg Be    +    MgF2                                                 (1.1)
1277 oC

 

 

Magnesium is the only alkaline earth metal produced on a large scale.  It is either produced 

by thermal decomposition of dolomite or by the electrolysis of fused MgCl2. Dolomite is 

thermally decomposed to MgO and CaO at about 1177 oC, MgO is then reduced to Mg by 

ferrosilicon in Ni vessels (Eqn. 1.2). Finally, Mg is separated by vacuum distillation.2, 18 

 

[CaCO3.MgCO3] heat CaO.MgO
+Fe/Si

Mg   + Ca2SiO4   +  Fe           (1.2)
 

 

Electrolysis of fused MgCl2 is also important and involves the production of MgCl2 from 

sea water followed by the electrolysis of it. At first step, slaked lime, Ca(OH)2 is added to 

the sea water, and calcium ions dissolved and Mg(OH)2 is precipitated (Eqn. 1.3). 

Mg(OH)2 is then filtered off, neutralised with HCl followed by evaporation and heating at 

717 oC to produce anhydrous MgCl2 (Eqn. 1.4). Finally, magnesium is obtained by the 

electrolysis of the molten MgCl2 and solidification of it (Eqn. 1.5).2, 18 

 

Ca(OH)2   +   MgCl2 Mg(OH)2      +   CaCl2
Slaked lime Sea water

(1.3)

 

 

Mg(OH)2      +   HCl         (1.4) 717 oC MgCl2  
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At anode: 2Cl- (l) Cl2 (g)  +  2e-

At cathode: Mg2+ (l)  +  2e- Mg (l)
                       (1.5)

 
 

Calcium metal is produced by the electrolysis of fused CaCl2 and CaF2. The CaCl2 is 

obtained either as a waste product from the Solvay process, or from CaCO3 and HCl. The 

strontium and barium metals are extracted on a smaller scale by the reduction of the 

corresponding oxides by aluminium or by electrolysis of their fused chlorides.2, 18   

 

1 . 2. 2 Electronic configurations,  oxidation states and properties 
 

The electronic configurations and some other physical parameters of the alkaline earth 

metals are shown in Table 1.7. The valence shell of these elements has two s electrons; the 

loss of the two valent s electrons results in a stable noble gas electronic configuration.17, 19 

Considering the size of the elements, the alkaline earth elements can simply be classified 

into two groups; beryllium and magnesium as light alkaline earths while the heavy alkaline 

earths comprise of calcium, strontium, barium and radium.19 The omnipresent +2 oxidation 

state of the alkaline earth elements are due to their tendency to lose the two s electrons in 

the ultimate shell to get a noble gas configuration.19 The alkaline earth elements are highly 

electropositive like rare earth elements, demonstrated by their chemical reactivity and 

standard electrode potential.10  

 

Table 1.7: Pertinent properties of the alkaline earth elements.2, 10 

 
Element Electronic 

configuration 

Melting point 

(oC) 

Ionic radii (Å)  Eo (V) vs SHE 

[M2+(aq) + 2e → M(s)] 

Be [He] 2s2 1278 0.34 -1.85 

Mg [Ne] 3s2 651 0.78 -2.37 

Ca [Ar] 4s2 843 1.06 -2.87 

Sr [Kr] 5s2 769 1.27 -2.89 

Ba [Xe] 6s2 725 1.43 -2.90 

Ra [Rn] 7s2 400 1.57 -2.92 
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Beryllium has a high charge/size ratio, and consequently most beryllium compounds are 

covalent rather than ionic, although forms a cationic complex [Be(H2O)4]2+] with neutral 

ligand water.  The chemistry of magnesium is intermediate between that of beryllium and 

the heavier elements, heavier elements form ionic complexes.2, 10 Calcium, strontium, 

barium, and radium form a series with closely connected physical and chemical properties 

of the elements and their compounds vary systematically with increasing size. Radium is 

the most electropositive among the alkaline earths and shows the highest ionic nature.10 

Calcium and strontium ions have the similar ionic radii and chemical properties as the 

lanthanoid ions Yb2+ and Eu2+ respectively.10, 19 Beryllium and magnesium do not give any 

colour to a flame test while the flame test can be used to distinguish between compounds 

of calcium (orange-red, but pale green when viewed through blue glass), strontium 

(crimson, but violet through blue glass) and barium (apple-green).2 

 

1 . 2. 3 Uses of alkaline earth elements 
 

Beryllium is used in the manufacture of the body parts in high speed aircraft, missiles and 

in communication satellites as it is one of the lightest metals known. Moreover, it has a 

high thermal conductivity, a very high melting point, inertness towards aerial oxidation 

and non-magnetic in nature. The high melting point and low cross-section for neutron 

capture enables beryllium to be useful in the nuclear energy industry. Due to its low 

electron density, Be is a poor absorber of electromagnetic radiation, and is used in X-ray 

tube windows.2 Magnesium and aluminium alloys have greater mechanical strength and 

resistance to corrosion as a result of the presence of magnesium, and fabrication properties 

show a significant improvement. Therefore, Mg/Al alloys are used in aircraft and 

automobile body parts and lightweight tools. Other uses include flares, fireworks and 

photographic flashlights. Mg also has some medical applications including the indigestion 

powders, milk of magnesia, Mg(OH)2 and a purgative (epsom salts, MgSO4.7H2O). Mg2+ 

is an essential component of chlorophyll in green plants and both Mg2+ and Ca2+ ions are 

used as catalysts for diphosphate-triphosphate transformations in biological systems.2 

 

Calcium compounds have a wide variety of uses, for example, calcium oxide is used in 

building mortar, and calcium carbonate is used in the manufacture of steel, glass, cement 

and concrete. Recently, calcium carbonate and calcium hydroxide are used for the 
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desulphurisation processes. A huge quantity of calcium hydroxide is also used for the 

production of bleaching powder and in water treatment. Strontium minerals are used in the 

manufacture of faceplate glass in colour television cathode-ray tubes in order to stop X-ray 

emissions. Moreover, SrO enhances the television picture quality. Barium sulphate is used 

as a weighting material in oil- and gas-well drilling fields. The ability of barium sulphate 

to stop the passage of X-rays leads to its use as a ‘barium meal’ in radiology for imaging 

the alimentary tract. Radium was extensively used in radiotherapy, however has been 

superseded by radioisotopes synthesised in nuclear reactors.2 

 

1 . 2. 4 Organometallic chemistry of alkaline earth elements  
 

In the last 25 years, the organometallic chemistry of alkaline earth metals has undergone a 

renaissance; especially the heavy organoalkaline-earth metal compounds have been 

recognised to have significant potential.21 However, the organomagnesium compounds 

(Grignard reagents) have been widely used in organic and inorganic syntheses since their 

discovery in 1900.10 These compounds have potential applications in different areas 

including polymerization initiation, organic synthetic chemistry, catalysis, and materials 

chemistry.21 Organoberyllium compounds are highly toxic, extremely reactive, and are not 

explored extensively.22 Organometallic chemistry of the heavier elements has focused on 

the cyclopentadienyls and other π-systems such as fluorenyl and indenyl.23-32 This is due to 

the unique capability of this system to stabilise the alkaline earth metal centres sterically 

and electronically.33 Organometallic compounds of alkaline earth metals need to be 

handled under air and moisture free conditions similar to the organometallic rare earth 

complexes.  

 

1.3 The ligands 
 

Ligands are ions or neutral molecules that bond to a central metal atom or ion to form a 

complex. Electronic as well as the steric ligand effects play a major role in the synthesis of 

organometallic complexes.34 To find a new ligand system other than the ubiquitous 

cyclopentadienyl-based ligands is the most challenging job in organometallic chemistry.  
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We intend to use two different categories of ligands for this work. Firstly, we chose arenes 

(toluene and mesitylene) as ligands to synthesise rare earth species as well as some heavy 

alkaline earth complexes. There are several reasons for the interest in arenes as a ligand in 

organometallic chemistry. For example, (i) arenes are readily available to use; (ii) in terms 

of catalysis, arenes are easier to substitute by incoming substrates compared to the 

negatively charged cyclopentadienyl ligands; (iii) by varying the nature of the ancillary 

ligands, a variation in the hapticity of the arene ligands could be generated; (iv) arene 

complexes are highly reactive and are potential precursors for catalysts such as in 

hydrogenation and polymerisation reactions and (v) synthesis of potential derivatives of 

the arene complexes.  

 

Secondly, the highly versatile and readily available N,N’-bis(aryl)formamidinate ligands 

have been chosen for this research, though several alternatives of cyclopentadienyl-based 

ligands are on hand. Formamidinates are the most prominent and are easily tuneable both 

electronically as well as sterically. These ligands can easily be synthesized in high yields 

by heating one equivalent of triethyl orthoformate and two equivalents of the appropriate 

substituted aniline (Eqn. 1.6) to reflux usually in the presence of acetic acid catalyst.35, 36 

By changing the substituents on the aryl groups, the ligands can be sterically and 

electronically modulated.  

 

CH(OEt)3  +  2 Ar-NH2 +  3Et(OH)CH3COOH
   Reflux
140-160 oC

H
C

NN
H

ArAr               (1.6)

 
 

1 . 3. 1  Bulky ligands in rare earths organometallic chemistry  
 

Bulky ligands not only stabilise low coordination numbers but also focus reactivity to a 

small defined portion of the metal surface thereby enhancing control and selectivity. A 

much wider range of ligand types, other than cyclopentadienyl ligand, greatly increases 

possible steric and electronic variation, hence increasing the possibility of stabilising 

terminal alkyls, hydrides and fluorides. Bulky ligands can be used to induce C-X (e.g. X = 

F, Cl, Br, H) activation either by steric engineering or through C-X-Ln complexation and 

to promote reductive behaviour in the normally non-reducing Ln(III) state.37, 38 
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1 . 3. 2 Chemistry of the formamidinate ligands 
  

Anionic N-centred donor ligands have been extensively used in the field of organometallic 

chemistry as well as in coordination chemistry.  Though several alternatives of 

cyclopentadienyl-based ligands are on hand, the highly versatile amidinate anion is most 

prominent and readily available.39, 40 The amidinate chemistry has started its journey with 

the discovery of N,N,N'-tris(trimethylsilyl) benzamidine, PhC(=NSiMe3)[N(SiMe3)2] in 

1973.41 Amidinate anions having the general formula, [{R1NC(R2)=NR1}-] (where, R1 = 

H, alkyl, cycloalkyl, aryl, trimethylsilyl and R2 = H, alkyl, aryl), are readily tuneable 

electronically as well as sterically and form different compounds with transition, main 

group and rare earth metals.39, 40 The amidinate ligands can be tuned by inserting different 

substituents both at the backbone carbon and nitrogen atoms. Moreover, they can easily be 

prepared with commercially available starting materials and considered as steric 

cyclopentadienyl equivalents.42, 43 

 

When the substituent at backbone carbon of amidinates is a proton, the amidinates are 

known as formamidinates. The steric and electronic effects of a proton at the backbone 

carbon of formamidinate, [RNC(H)=NR]-, is lower compared to other amidinates.37, 38, 44, 45 

Moreover, the backbone carbon can be used as a key tool to follow the reaction pathways 

or the formation of new formamidinate complexes by changes in the NMR spectrum since 

the resonances are often distinct from the other protons in the molecule.46 The substituents 

on the aryl rings can be changed and this affects their solubilities as well as altering the 

steric and electronic effects.35, 37, 47, 48 

 

The coordination chemistry of amidinates exhibit both chelating and bridging modes. The 

general structures of amidinate anions as well as their various coordination modes are 

shown in scheme 1.3.39, 40, 42 The most common coordination mode involves the chelating 

mode (B) whereas the monodentate metal coordination (C) is rare. The monodentate 

coordination can be found in amidinates with extremely bulky substituents. In addition, the 

bridging coordination mode (D) is common in transition metal chemistry.39, 40, 42 
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Scheme 1.3: General structure of amidinate anions (A) and various coordination modes 

of amidinates (B-D). 

1 . 3. 3 Synthetic pathways 

A viable synthetic approach for the arene complexes involves the one pot reaction between 

aluminium halides and lanthanoid halides or alkaline earth halides in the corresponding 

arene solvent. The aluminium iodide is prepared in a Schlenk flask by heating aluminium 

powder and iodine in arene solvents. Then stoichiometric amount of metal (lanthanoids or 

alkaline earths) and diiodoethane have been added to the aluminium iodide solution. After 

heating the mixture for approx. 24 hours, the corresponding arene complexes have been 

crystallised at room temperature (Scheme 1.4). 

2 Al  +  3 I2
arene

100 oC, 2h
2 AlI3

M  +  ICH2CH2I arene MI2  +  CH2=CH2

2 AlI3  +  AeI2
arene

100 oC, 24 h
[(arene)Ae(AlI4)2]

(M = Ca, Sr, Ba, Sm, Eu and Yb)
100 oC

2 AlI3  +  LnI2
arene

100 oC, 24 h
[(arene)Ln(AlI4)2]n (Ln = Sm, Eu and Yb)

2 AlI3  +  LnI3
arene

100 oC, 24 h
[(arene)Ln(AlI4)2]n (Ln = Sm, Eu and Yb)

(Ae = Ca, Sr, Ba)

Ln  +  ICH2CH2I arene LnI3 +  CH2=CH2 (Ln = La, Ce, Pr, Nd, and Gd)
100 oC

Scheme 1.4: Synthetic routes for the arene complexes of rare earths and alkaline earths. 
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Synthetic approaches for the lanthanoid formamidinate complexes involve metathesis or 

salt elimination, direct metalation, protolysis, and redox transmetalation/protolysis (RTP) 

reactions. The treatment of the rare earth halides with alkali metal substituted ligands are 

known as the metathesis or salt elimination reactions (Eqn. 1.7).49-52 Metathesis reactions 

occasionally result in low yields or form unwanted side products where the alkali metal 

can be retained forming an ‘ate’ species or the alkali metal halide binds to the lanthanoid 

complex.53  
 

LnX3 + 3 ML [LnL3] + 3 MX

M = alkali metal, L = anionic ligand and X = halide

                                  (1.7)LnX2 + 2 ML [LnL2] + 2 MX

 
 

Direct metalation involves the direct reaction between the ligand and the metal in a 

suitable solvent (Eqn. 1.8). Since the rare earths are highly electropositive, the presence of 

an oxide layer on their surface impedes the metal-based reactions. Therefore, activation of 

the metal surface is required. Usually, the metals are activated by the condensation of 

ammonia into the reaction mixture, or the addition of mercury salts or mercury metal.50  

 

Ln  +  n LH - H2

NH3 [Ln(NH3)xLn] Heat
Vacuum

[LnLn]  (n = 2 or 3) (1.8)

 

In protolysis reactions, a lanthanoid precursor, LnRn is treated with a protic ligand, LH 

(Eqn. 1.9).49, 50, 54-58 As the reactants are highly soluble in common solvents, this reaction 

can be performed in the absence of coordinating/donor solvents.50 As a result this reaction 

is a highly versatile approach for the synthesis of homoleptic complexes; heteroleptic 

complexes can be synthesized by using coordinating/donor solvents.51, 55, 57, 59, 60 Two steps 

requirements are the main disadvantage of the protolysis reactions, each step involves air 

and moisture sensitive compounds.  
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Ln(R)n + n HL [LnLn] + n HR

R = usually N(SiMe3)2, N(SiHMe2)2 or C6F5
L = ligand,   n = 2, 3, X = halide

Ln(R)n + n MXLnXn + n MR

                                   (1.9)

 
 

To overcome these issues, the redox transmetalation/protolysis (RTP) reaction using 

organomercurals is an alternative route to get various organolanthanoid complexes. RTP 

involves the treatment of a rare earth metal with a diarylmercurial such as 

diphenylmercury (weaker oxidant) or bis(pentafluorophenyl)mercury (stronger oxidant) 

and a protic ligand (Eqn. 1.10).37, 54, 61-69 As this route is a one-pot procedure and the only 

air-sensitive material is the lanthanoid metal, it is more straightforward compared to the 

metathesis or protolysis routes. Donor solvents such as tetrahydrofuran (THF) or 1,2-

dimethoxyethane (DME) are normally used in RTP reactions. However, reaction in a non-

donor solvent, for example in toluene requires more forcing conditions (heating).70 The 

key disadvantage of this type of reactions is the involvement of mercury reagents as it 

raises environmental concerns and requires care in handling.71 

 

2 Ln + n HgR2 + 2n LH 2 [LnLn(solv)] + n Hg+ 2n RH

R = C6F5, Ph, L = Ligand, n = 2, 3

solv (1.10)
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1.4 The current study 
 

This thesis focuses on the synthesis and characterisation of lanthanoid formamidinates and 

halogenoaluminate complexes of rare earths and alkaline earths. Four different 

formamidinates (Fig. 1.3) of varying steric bulk have been used for the study of lanthanoid 

formamidinate chemistry. For the halogenoaluminate complexes, we have chosen two 

aromatic ligand such as toluene and mesitylene.  

 

N,N'-bis(2,6-diisopropylphenyl)formamidinate
                         DippForm

N,N'-bis(2,6-diethylphenyl)formamidinate
                         EtForm

N,N'-bis(2,4,6-trimethylphenyl)formamidinate
                         MesForm

N,N'-bis(2,6-dimethylphenyl)formamidinate
                         XylForm

NN NN

NN NN

 

 
Fig. 1.3: Formamidinate ligands used in chapter 4. 

 

Chapter 2 investigates the chemistry of lanthanoid halogenoaluminate π-arene complexes. 

A series of iodoaluminate π-arene complexes have been synthesised using two different 

arenes such as toluene and mesitylene. In addition, some bromoaluminate complexes have 

been isolated. Catalytic activity of the neodymium complex [Nd(η6-C6H5Me)(AlI4)3] has 

been studied for isoprene polymerisation, and found comparable with the literature.72 
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Chapter 3 discusses the isolation and characterisation of iodoaluminate π-arene complexes 

of alkaline earths. These are the first ever reported bimetallic complexes of alkaline earths 

featuring metal-π arene interactions and are synthesised using two different arenes such as 

toluene and mesitylene.  

 

Chapter 4 ventures away from the halogenoaluminate π-arene complexes and discusses the 

chemistry of lanthanoid formamidinates. The reactivity of divalent formamidinate 

lanthanoids has been examined, and halide abstraction reactions have been performed to 

obtain cationic complexes. However, the reactions to obtain cationic complexes from the 

halide abstraction route have been unsuccessful at this stage. An unusual cobalt complex, 

[Co(DippFormCO)(CO)3].THF was isolated from one of the attempted syntheses of a 

cationic complex. Moreover, for the first time a mixed formamidinate complex of 

ytterbium [Yb(DippForm)(XylForm)2].PhMe was deliberately synthesised (using RTP 

with  different ligands) and characterised. 
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2.1  Introduction 
 

The organometallic complexes of rare earths involving π-ligands have mainly focused on 

the ubiquitous aromatic anionic ligand systems such as cyclopentadienide C5H5
-, 

pentamethylcyclopentadienide C5Me5
-, cyclooctatetraenide (C8H8

2-), and mixed species 

with charged π-donors.1-19 However, several organolanthanoid compounds containing 

neutral arenes have been reported. These compounds have considerable interest not only 

for the versatile coordination modes of arenes with lanthanoid metals but also for the 

potential applications in catalysis. Though different types of lanthanoid-arene complexes 

have been reported, the bimetallic complexes, for example, the halogenoaluminate 

lanthanoid-arene complexes are among the most exciting and challenging organometallic 

compounds. Due to the high reactivity of these complexes, they are considered to be a 

potential catalysts for some polymerisation reactions.20-24  

 

This direction of lanthanoid-arene chemistry had started its journey more than thirty years 

ago; however, most of the reported compounds involve chloroaluminates [AlCl4]-, 

whereas bromo- and iodoaluminate ([AlBr4]- and [AlI4]-) complexes are not so common.1, 

25-30 High catalytic activity of some of these complexes for polymerisation of alkenes and 

dienes have also been reported.31-33 The first chloroaluminate arene complex of samarium, 

[Sm(η6-C6Me6)(AlCl4)3] was reported in 1986 by Cotton and Schwotzer, synthesised by 

refluxing the mixture of samarium trichloride and aluminium trichloride. 34, 35 Yellow 

plates of [Sm(η6-C6Me6)(AlCl4)3] was crystallised from a blood red solution (indicative 

of a Sm(II) species also being present) in 14% total yield (Eqn. 2.1). The complex forms 

a distorted pentagonal bipyramidal coordination polyhedron with the η6-arene in an axial 

position. The mean Sm-Cl and Sm-C distances are 2.85 and 2.89 Å, respectively. The Cl-

Sm-Cl bond angle for adjacent chlorine atoms were within the range of 69.4-71.1o. 

Subsequently, a homologous series of trivalent lanthanoid η6-arene complexes has been 

prepared by a similar method using less substituted arenes such as tetramethylbenzene, 

mesitylene, m-xylene, toluene or even benzene as follows.  
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SmCl3  +  3 AlCl3  +
toluene

Al
Sm

Cl

Cl

Cl

Cl
Cl Cl

Cl

Cl

Cl

Cl
Al Al

ClCl

Al

(2.1)

 
 

[Sm(η6-MeC6H5)(AlCl4)3] was synthesised by the reaction of SmCl3, AlCl3 and 

aluminium powder in toluene.36 It has similar structure with a coordination geometry 

analogous to that of [Sm(η6-C6Me6)(AlCl4)3]. The central metal atom Sm(III) bonds to six 

carbon atoms in the toluene ring and six chlorides. The average Sm-C and Sm-Cl distances 

are 2.91 Å and 2.84 Å respectively. A similar reaction between activated AlCl3, excess 

aluminium powder and SmCl3 in m-xylene gave yellow crystals of [Sm(η6-

Me2C6H4)(A1C14)3] in 16% yield.37, 38
 Two independent [Sm(η6-Me2C6H4)(A1C14)3] 

moieties were observed in the asymmetric unit, both having the distorted pentagonal 

bipyramid coordination polyhedra with an axial m-xylene. The average Sm-C and Sm-Cl 

distances are 2.90 Å and 2.83 Å, for one moiety, and 2.88 Å, 2.84 Å for the other, 

respectively. The mean Sm-Cl distances (2.83 Å and 2.84 Å in two different moieties) are 

slightly shorter than the 2.85 Å found in [Sm(η6-C6Me6)(AlCl4)3].34 Most probably, this 

is due to the increased steric effect of the C6Me6 ligand. However, there were no clear 

differences between the average Sm-C distances.  

 

AlCl3, activated by heating with aluminum powder reacts with SmCl3 in benzene to give 

the neutral arene complex, [Sm(η6-C6H6)(AlCl4)3.C6H6].39 The average Sm-C and Sm-Cl 

distances are 2.92 Å and 2.83 Å, respectively and the geometry is analogous to the 

previously reported samarium complexes. [Ln(η6-C6H6)(AlCl4)3.C6H6] (Ln = La, Nd) 

compounds were synthesised by the same method and characterised by elemental analysis 

and IR spectroscopy.40 The compounds were found to be isomorphous and isostructural 

with [Sm(η6-C6H6)(AlCl4)3.C6H6]. Moreover, the Nd-C (2.93 Å) and Nd-Cl (2.85 Å) bond 

lengths are comparable to the Sm-C (2.92 Å) and Sm-Cl (2.83 Å) bond lengths considering 

the estimated standard deviations. A neutral arene complex of ytterbium, [Yb(η6-

C6Me6)(AlCl4)3·MeC6H5] was also synthesised by heating the mixture of aluminium 
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powder, YbCl3, AlCl3 and hexamethylbenzene in toluene.41 The complex was isostructural 

with [Sm(η6-C6H6)(AlCl4)3.C6H6] and other properties were analogous. 

 

The η6-benzene complexes of lanthanoids [Ln(η6-C6H6)(AlCl4)3.C6H6] (Ln = La, Nd, Sm) 

have been synthesised by the reaction of LnCl3 (Ln = La, Nd, Sm) with activated AlCl3 in 

benzene (the yields were 56%, 62% and 38%, respectively).42 All three complexes have 

the similar IR spectra, and the absorption bands are due to the benzene ring in their 

structures. For Nd, the Cl-M-Cl bond angles for the adjacent chlorine atoms in the plane 

range from 68.8o to 73.2o and that for Sm range from 68.9o to 73.4o. The mean bond 

distance of Sm-C is (2.91 Å) shorter that the Nd-C (2. 93 Å) because of the lanthanoid 

contraction.   

 

Liang et al have introduced direct syntheses without the requirement for the reducing agent 

(aluminium powder) in 1994 (Eqn. 2.2). A series of neutral η6-C6Me6 complexes of 

lanthanoids, [Ln(η6-C6Me6)(AlCl4)3.MeC6H5] (Ln = Nd, Sm, Gd, Yb) was prepared by 

the direct reaction of LnCI3, AlCl3, and C6Me6 in toluene in good yields (Nd 47%, Sm 

63%, Gd 59% and Yb 62%), and characterised by elemental analysis as well as IR and 

mass spectrometry.43 The phenyl ring C=C skeletal vibrations appear in the ranges of 

1558-1570 and 1440-1488cm-1, and out-of-plane ring bendings at 710-675 cm-1. No parent 

molecular ions were observed in the mass spectrum; however, AlCl3, LnCl3, C6Me6 ions 

and some fragments that are ascribed to the moieties containing AlCl3 and C6Me6 groups 

connected to the central metal could be observed clearly. Neutral arene complexes are 

fairly unstable under the measurement conditions (vacuum up to 10-6 mbar) as the higher 

molecular weight fragments were very low (< l%). These compounds decompose in 

electron donor solvents such as diethyl ether and THF, and are hardly soluble in aromatic 

solvents. The mean Ln-C distances in [Yb(η6-C6Me6)(AlCl4)3.MeC6H5] and [Sm(η6-

C6Me6)(AlCl4)3.MeC6H5] are 2.86 and 2.89 Å, respectively. The bond lengths are 

comparable considering the estimated standard deviations. The C1-Ln-Cl bond angles for 

the adjacent chlorine atoms in the plane range from 69.6 to 70.8 and 69.4 to 71.1° in 

[Yb(η6-C6Me6)(AlCl4)3.MeC6H5] and [Sm(η6-C6Me6)(AlCl4)3.MeC6H5], respectively.4) 
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LnCl3  +  3 AlCl3  +  C6Me6 Ln
Cl

Cl

Cl

Cl
Cl Cl

Cl

Cl

Cl

Cl
Al Al

ClCl

Al

              (2.2)

Ln = Nd, Sm, Gd, Yb

 

 

[Nd(η6-MeC6H5)(AlCl4)3] was isolated unexpectedly from the attempted synthesis of 

[Nd(η6-1,3,5-tBuC6H3)(AlCl4)3] by the reaction of NdCl3, 1,3,5-tri-tert-butylbenzene and 

AlCl3 (molar ratio 1:1:3) in toluene at 80oC for half an hour.44 This complex is 

isomorphous and isostructural with [Sm(η6-MeC6H5)(AlCl4)3]36, and the average Nd-C 

and Nd-Cl distances are 2.926 Å and 2.857 Å, respectively. The same compound was also 

prepared by the reaction of NdCl3(THF)2 and an excess of AlCl3 in toluene and 

characterised by IR spectra and X-ray diffraction.45 This research group also reported 

analogous compounds of Y and Yb, prepared by heating an excess of AlCl3 and the 

respective lanthanoid salts in toluene. 

 

The reaction of NdCl3, AlCl3 and mesitylene in the molar ratio of 1:3:1 in benzene at 70oC 

gave purple-red crystals of [{Nd(η6-1,3,5-Me3C6H3)(AlCl4)3}.C6H6] in 47% yield. The 

compound was then characterised by elemental analysis, IR and MS spectra as well as X-

ray diffraction.46 The IR and mass spectra were found to be similar to the complex [Nd(η6-

C6Me6)(AlCl4)3.MeC6H5]43
; however, the average Nd-C bond length was 2.916 Å which 

is shorter than 2.926 Å in [Nd(η6-MeC6H5)(AlCl4)3] and 2.93 Å in [Nd(η6-C6H6)(AlCl4)3]. 

The differences in Nd-C bond distances in these analogous complexes might reflect the 

variation of the interaction between different arenes and Nd metal. The more electron 

donating groups on the ring, the stronger the Nd-C bond (shorter distance). The Nd-Cl 

bond distance is 2.865 Å which is similar to 2.857 Å in [Nd(η6-MeC6H5)(AlCl4)3] and 

2.852 Å [Nd(η6-C6H6)(AlCl4)3]. Moreover, the Cl-Nd-Cl bond angles for adjacent 

chlorine atoms in the plane are also comparable with the analogous complexes, which 

range from 68.9 to 72.7o, 68.8 to 73.2o and 69.4 to 81.2o in [{Nd(η6-1,3,5-

Me3C6H3)(AlCl4)3}.C6H6], [Nd(η6-MeC6H5)(AlCl4)3] and [Nd(η6-C6H6)(AlCl4)3], 
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respectively. The first praseodymium chloroaluminate arene complex [Pr(η6-

Me2C6H4)(AlCl4)3] was synthesised by the reaction of PrCl3 and AlCl3 in m-xylene and 

found to be isostructural with other lanthanoid analogues.47  

 

Several compounds containing alkylated aluminium fragments AlX3R (R = Me, Et) have 

been prepared in high yield by the metal exchange reactions between [Ln(η6-

arene)(AlX4)3] and the appropriate AlR3 (Eqn. 2.3).21 The NMR spectra of some 

neodymium complexes at different temperature exhibited a fluxional behavior of the 

[AlX3R]- ligands and an exchange of the η6-arene ligand with the aromatic solvent was 

evident. The catalytic activity of the [Ln(η6-arene)(AlX3R)3] complexes in the 

polymerisation of butadiene and ethylene has been tested and found stereospecific. In 

addition to that, the catalytic activity of the [(η6-arene)Nd(AlCl4)3]-AlR3 (R = Et, iBu and 

C8H7) systems for the polymerisation of butadiene has been studied and no activity was 

observed when the arene is hexamethylbenzene.22 Organoaluminium compounds used 

with the arene complex remarkably controls the catalytic activity; the activity of Al(iBu)3 

being higher than that of Al(iBu)2H. No activity was displayed with AlEt3, AlEt2Cl, and 

Al(C8H17)3. With the increased amount of Al(iBu)3, the catalytic activity increased, the 

molecular weight of the polybutadiene decreased, and the cis-1,4 isomer was dominant 

(~ 96%). The optimised temperature was 50°C and the effect of solvents on the 

polymerisation activity decreased in the order: petrol > benzene > toluene.  

  

Ln(arene)(AlX4)3  +  AlR3 Ln(arene)(AlX3R)3
Solv.                 (2.3)

(Ln = Y, Pr, Nd, Sm, Gd; X = Cl, Br, I; R = Me, Et)  
 

[Nd(η6-C6H6)(AlCl4)3] in the presence of trialkylaluminium compounds in hexane or 

toluene catalyses the polymerisation of  isoprene23 as well as the copolymerisation of 

isoprene and butadiene24 to form cis-1,4 polymers. Similar to the prior report, the activity 

of the arene complex depends solely on the nature of the AlR3 reagent. The effect of 

various alkylaluminiums on polymerisation of isoprene in hexane is shown in Table 2.1. 

Moreover, the [Nd(η6-C6H6)(AlCl4)3]  complex and a La analogue have been tested for the 

catalysis of the alkylation of benzene with 1-hexene. Two isomers, 1-phenylhexane and 
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2-phenylhexane in the ratio of 28:72 have been observed; however, lanthanoid trichlorides 

have been found to be inactive under the same conditions.25  

 

Table 2.1: The effect of various alkylaluminiums on polymerisation of isoprene in 

hexane.23 

AlR3 Amount of catalyst 

used (mol Nd) (g 

isoprene)-1 

 Conversion 

(%) 

   Microstructure 

         cis-1,4                    3,4                          

Al(iBu)3 1.85 x 10-5 

3.70 x 10-5 

5.60 x 10-5 

52.5 

71.5 

84.6 

- 

93.8 

92.6 

- 

6.2 

7.4 

Al(iBu)2H 5.60 x 10-5 

7.20 x 10-5 

9.00 x 10-5 

46.5 

48.5 

63.1 

93.1 

- 

92.7 

6.9 

- 

7.3 

AlEt3 5.60 x 10-5 

1.20 x 10-4 

0 

0 

  

 

A cyclotetrameric complex of Eu(II),  [Eu(η6-Me6C6)(AlCl4)2]4 was synthesised by 

heating the mixture of EuCl3, freshly sublimed AlCl3 and hexamethylbenzene at 60oC for 

3 days in toluene (17% yield).48, 49 The average Eu(II)-C distance is 2.999 Å and is 

comparable with the Sm(III)-C 2.89 Å in Sm(η6-C6Me6)(AlCl4)3, if the difference of the 

ionic radii of Eu(II) (1.09 Å) and Sm(III) (0.964 Å) is considered.  

 

Mixed-halogeno aluminate arene complexes of samarium and thulium were reported by 

Fagin et al.50 Divalent samarium complexes [Sm(η6-C6R6)(AlCl3I)2]n (C6R6 = MeC6H5 or 

C6Me6) were obtained by the reaction of unsolvated SmI2 with AlCl3 in toluene and 

hexamethylbenzene (Eqn. 2.4). However, under the same conditions, the more strongly 

reducing lanthanoid diiodide TmI2 resulted in no analogous products; the trivalent arene 

complex Tm(η6-MeC6H5)(AlCl4-xIx)3 was formed by the reaction of TmI2 and AlCl3 in the 

presence of naphthalene in toluene. Crystal structures confirmed that at least three of the 

halide positions in both samarium compounds were composed of a mixture of iodine and 

chlorine atoms, whereas in the thulium compound, at least one of the halide positions was 

composed of a mixture of iodine and chlorine atoms. Although [Sm(η6-C6Me6)(AlCl3I)2]n 
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is similar to [Sm(η6-MeC6H5)(AlCl3I)2]2 by composition, in the solid state the former is 

dimeric rather  than polymeric. The average Sm-C distance in [Sm(η6-C6Me6)(AlCl3I)2]n 

was 3.0 Å which is higher than the other analogous trivalent samarium complexes. 

Considering the differences in the ionic radii of divalent (1.22 Å) and trivalent (1.132 Å) 

ions, the differences in Sm-C distances are consistent.51 The structure of Tm(η6-

MeC6H5)(AlCl4-xIx)3 is comparable to the trivalent ytterbium analogue Yb(η6-

MeC6H5)(AlCl4)3.45 The average Tm-C distance was 2.83 Å whereas in Yb(η6-

MeC6H5)(AlCl4)3, the Yb-C distance was 2.84 Å. 

 

2 SmI2  +  AlCl3 [Sm(C6R6)(AlCl3I)2]n                  (2.4)MeC6H5 or C6Me6

(C6R6 = MeC6H5 or C6Me6)  
Recently, lanthanum(III) chloroaluminate complexes La(η6-C6H5Me)(AlCl4)3 and [La(η6-

C6Me6)(AlCl4)3].0.5C6H6 have been synthesised by Cotton’s method.34 Furthermore, the 

parallel-slipped π−π stacking intermolecular interactions between the coordinated 

hexamethylbenzene ligand and a sandwiched benzene molecule (Fig. 2.1) was observed 

for the first time in [La(η6-C6Me6)(AlCl4)3].0.5C6H6 complex.52, 53 The La–C bond 

distances range from 2.927 to 3.035 Å and 2.956 to 3.006 Å for La(η6-C6H5Me)(AlCl4)3 

and [La(η6-C6Me6)(AlCl4)3].0.5C6H6, respectively. DFT calculations have confirmed that 

the lanthanoid-arene interaction is mainly electrostatic, and the lanthanoid-arene bonding 

energy in the hexamethylbenzene complex (33.15 kcal/mol) is higher than in the toluene 

complex (26.28 kcal/mol). Strong polarization of the coordinated hexamethylbenzene has 

been confirmed by both DFT and 1H NMR spectra.  

 

A half-sandwich dysprosium(III) chloroaluminate complex Dy(η6-C6Me6)(AlCl4)3 was 

synthesised by a similar method and characterised magnetically as well as by X-ray 

diffraction.54 The X-ray confirmed a comparable geometry and bonding properties with 

other reported lanthanoid-arene complexes. For the first time, this lanthanoid 

chloroaluminate complex was tested for magnetic behaviour and found to be a single-ion 

magnet with an energy barrier of 101 K and a hysteresis loop observed at 3 K. 
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Fig. 2.1: Structure of [La(η6-C6Me6)(AlCl4)3].0.5C6H6. 

 

Bromoaluminate arene complexes of lanthanoids Ln(η6-MeC6H5)(AlBr4)3 (Ln = Y, Pr, 

and Gd) and  Nd(η6-Me4C6H2)(AlBr4)3 were isolated by a similar method to the 

chloroaluminates by using AlBr3 in place of AlCl3.21, 45 

 

Despite being prepared by differing synthetic approaches, all the reported complexes are 

isostructural having the distorted pentagonal bipyramid coordination polyhedra with the 

arene molecule in an axial position. The bond lengths and bond angles are comparable for 

all the lanthanoid complexes considering the ionic radii. The published halogenoaluminate 

lanthanoid-arene complexes till now and some of their properties/structural parameters are 

listed in Table 2.2.   
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Table 2.2: Properties/structural parameters of reported halogenoaluminate 

lanthanoid-arene complexes. 

 
Complex 

Colour / m.p.  Ln-C / Ln-
Cavg (Å) 

Ln-
Clavg 
(Å) 

Ref. 

Y(η6-MeC6H5)(AlCl4)3 Pale yellow - - 45 

Y(η6-MeC6H5)(AlBr4)3 Colourless - - 45 

Y(η6-MeC6H5)(AlCl3Me)3 Colourless crystals - - 21 

[La(η6-C6H6)(AlCl4)3]. C6H6 - - - 40,42 

La(η6-C6H5Me)(AlCl4)3 Yellow crystals 2.927- 

3.035 

- 52 

[La(η6-C6Me6)(AlCl4)3].0.5C6H6 Yellow crystals 2.956- 

3.006 

- 52,53 

Pr(η6-Me2C6H4)(AlCl4)3 - 2.949 2.873 47 

Pr(η6-MeC6H5)(AlCl3Et)3 Pale green crystals - - 21 

Pr(η6-MeC6H5)(AlBr4)3 Pale green - - 45 

Nd(η6-MeC6H5)(AlCl4)3 - 2.926  2.857 44 

[Nd(η6- 1,3,5-

Me3C6H3)(AlCl4)3].C6H6 

Purple-red crystals 2.916 2.865 46 

[Nd(η6-C6H6)(AlCl4)3].C6H6 Dark tar 2.93 2.85 22,42 

Nd(η6-C6Me6)(AlCl4)3 - - - 22 

Nd(η6-MeC6H5)(AlCl3Me)3 Light blue 

crystalline solids 

- - 21 

Nd(η6-MeC6H5)(AlCl3Et)3 Light blue crystals - - 21 

Nd(η6-Me4C6H2)(AlCl3Me)3 Light blue crystals - - 21 

Nd(η6-Me4C6H2)(AlCl3Et)3 - - - 21 

[Nd(η6-C6Me6)(AlCl4)3].MeC6H5 Blue crystals, 

103oC (dec) 

- - 43 

Nd(η6-Me4C6H2)(AlBr4)3 Light blue - - 45 

Nd(η6-MeC6H5)(AlBr3Et)3 Light blue crystals - - 21 

Nd(η6-MeC6H5)(AlI3Et)3 Light blue crystals - - 21 

[Sm(η6-MeC6H5)(AlCl3I)2]n Red brown crystals, 

85oC (dec) 

- - 50 
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Table 2.2 (continued)     

[Sm(η6-C6Me6)(AlCl3I)2]n Red crystals, 210oC 

(dec) 

3.00 - 50 

[Sm(η6-C6H6)(AlCl4)3].C6H6 Yellow  2.92 2.83 39,42 

Sm(η6-MeC6H5)(AlCl4)3 Yellow  2.91 2.84 36 

Sm(η6-MeC6H5)(AlCl3Me)3 Yellow crystals - - 21 

Sm(η6-1,3-Me2C6H4)(AlCl4)3 Yellow, >110oC 

(dec) 

2.89 2.836 37 

[Sm(η6-

C6Me6)(AlCl4)3].(MeC6H5)1.5 

Yellow plates 2.89 2.85 34,35 

[Sm(η6-C6Me6)(AlCl4)3].MeC6H5 Yellow crystals, 

104°C (dec) 

2.89 2.85 43 

[Eu(η6-C6Me6)(AlCl4)2]4 

.(C6H2Me4) 

Green crystals, 

>140°C(dec) 

2.999 3.04 48,49 

Gd(η6-MeC6H5)(AlCl4)3 Colourless - - 45 

[Gd(η6-C6Me6)(AlCl4)3].MeC6H5 Yellow crystals, 

103°C (dec) 

- - 43 

Gd(η6-MeC6H5)(AlBr4)3 Colourless  - - 45 

Gd(η6-MeC6H5)(AlBr3Me)3 Colourless crystals - - 21 

[Yb(η6-C6Me6)(AlCl4)3].MeC6H5 Deep blue crystals, 

104°C (dec) 

2.86 2.785 41,43 
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2.2  Research Plan 
 

This chapter intends to expand the series of halogenoaluminate lanthanoid-arene 

complexes, especially the iodoaluminate complexes, as this section has not been explored 

extensively yet. Most of the published complexes involve chloroaluminates and limited to 

some selected lanthanoids such as neodymium, samarium, praseodymium, europium and 

gadolinium. It was our intention to attempt to extend this series for all lanthanoids as well 

as to modify the synthetic method. Reactivity and catalytic activity of some of the 

complexes have also been studied.   
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2.3  Results and Discussion  
  

2.3.1 Synthesis and Characterisation 

 

Aluminium powder (excess) and iodine are mixed in toluene in a Schlenk flask and heated 

at 100oC for two hours. After the solution became colourless (evidence of the consumption 

of iodine), stoichiometric amounts of lanthanoid metal and diiodoethane are added to the 

solution.  The solution is then heated for few more hours under nitrogen atmosphere using 

Schlenk line. Filtration, followed by crystallisation at room temperature, gave a series of 

iodoaluminate π-arene complexes (Scheme 2.1). By changing the solvent (mesitylene in 

place of toluene), some analogous complexes have also been isolated. We have also 

extended this to include the isolation of some bromoaluminate π-arene complexes. 

Bromoaluminate π-arene complexes were synthesised by a slight modification of the 

published procedure.45  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

2 Al  +  3 I2
toluene

100 oC, 2h
2 AlI3

2 Lntoluene

2 or 3 ICH2CH2I
+

100 oC, 24h

Ln
I

I

I

I
I I

I

I

I

I
Al Al

II

Al

Ln = La, Ce, Nd, Gd

Ln
I

I
I I

I

I
Al

II

Al

Ln = Sm, Eu, Yb
n

or

 
 

Scheme 2.1: Synthesis of iodoaluminate π-arene complexes of lanthanoids in toluene. 
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The IR spectra of the complexes were recorded in nujol mulls (mineral oil) between 

sodium chloride plates. The IR spectra of all the complexes show similar absorption 

patterns including the presence of C–H aromatic stretches of the coordinated solvent 

molecule at about 3000 cm-1 and sp3 C-H stretching at around 2900 cm-1 comparable to 

the reported literature.42, 52, 55 Microanalysis was performed to determine purity and to 

confirm the composition of bulk material was similar to the X-ray crystal structure 

composition and EDTA complexometric titration was performed to determine the metal 

composition. The complexes were insoluble in most non-polar solvents and decomposed 

in polar organic solvents like thf. Therefore, no NMR experiments were performed.   

 

2.3.2 X-ray Crystal Structures 

 
2. 3. 2. 1  Iodoaluminate lanthanoid(III) complexes in toluene 
 

The X-ray crystal structures of the monomeric complexes of lanthanoids Ln(η6-

C6H5Me)(AlI4)3; Ln = La (1), Ce (2), Nd (3) and Gd (4) have been determined. The 

structure of La(η6-C6H5Me)(AlI4)3 (1) (Fig. 2.2) shows a nine coordinate species where 

the lanthanum(III) centre is connected to six iodides and an η6-bound arene. Two 

independent molecules of 1 were observed in the asymmetric unit having the coordination 

polyhedron as a distorted pentagonal bipyramid with the η6-arene located at an axial 

position. The other axial position opposite to the arene centroid consist of an iodide (I10) 

(the centroid-La-I angle is 178.07o), which has the shortest La-I bond length among all the 

La-I bonds. Therefore, I10 is more strongly bound to the La3+ centre than the other iodides.  

This compound is isostructural to the reported lanthanum complex La(η6-

C6H5Me)(AlCl4)3.52 The La-C bond lengths range from 2.971(9) to 3.057(9) Å with a La-

centroid distance being 2.663(4) Å. These distances are comparable with those of La(η6-

C6H5Me)(AlCl4)3 where the La-C bond lengths fall in the range from 2.927(7) to 3.035(7) 

Å with a La-centroid distance being 2.633(7) Å.52   
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Fig. 2.2: Molecular structure of La(η6-C6H5Me)(AlI4)3 (1), representative of the 

isostructural complexes 2, 3 and 4. Hydrogen atoms have been omitted for clarity. 

 

The La-centroid distances in the corresponding cyclopentadienyl complexes are 2.53 Å in 

[La(AlMe4)2{1,2,4-(Me3C)3C5H2}]56, 2.522 and 2.516 Å in [Cp*2La(AlMe4)]2
57

, which 

demonstrates a relatively weaker La-arene bond in the arene-haloaluminates than in the 

cyclopentadienyl compounds. The La-C bond lengths fall in the range from 2.764(1)–

2.806(1) Å in [{η5-C5Me4C2H4NMe2(AlMe3)}La(AlMe4)2]58, 2.756(2)–2.843(2) Å in 

[(C5Me4C2H4NMe2)La(AlMe4)2]58, 2.732(1)–2.846(1) Å in 

[(C5Me4C6H4NMe2)La(AlMe4)2]58, 2.753(2)-2.801(3) Å in (C5Me5)La(AlMe4)2
59, 2.547–

2.561 Å in [{(C5Me5)2La(AlEt4)}2]60 and 2.7502(11) - 2.8228(10) Å in 

[(C5Me4H)La(AlMe4)2]2
61

. Therefore, the significantly longer La-C bond lengths 

(2.927(7)- 3.035(7) Å) in 1 reveals a substantially weaker La-arene interaction in it 

compared to the cyclopentadienyl complexes. This fact is further confirmed by their 

dissociation to the starting materials in THF solution.45  
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The La-C(arene) distances in [K([18]-crown-6)][La{η5-C5H3(SiMe3)2-1,3}2-(C6H6)] fall 

in the range from 2.75(1) to 2.79(1) Å with an average of 2.635(6) Å and a La-centroid 

length of 2.427(6) Å.62, 63 The average U-C bond lengths is in the analogous uranium 

chloroaluminate complexes are 2.91 Å in U(η6-C6H6)(AlCl4)3 
64, 2.92 Å in {U(η6-

C6Me6)Cl2]2(µ-Cl)3AlCl4}65, and 2.92 Å in [U(η6-C6Me6)Cl2(µ-Cl)3UCl2(η6-

C6Me6)][AlCl4]66, whereas the average La-C bond length in 1 is 3.0065 Å. From these 

data, it can be concluded that the toluene is more weakly bound to the metal centre in 1 

compared to the cyclopentadienyl, crown ether and uranium chloroaluminate complexes.  

A comparison of M-C(arene)/M-C(Cp) and M-(ring centroid) distances (Å) are shown in 

Table 2.3. 

 

The La-I bond distances range from 3.2801(10) Å to 3.3668(9) Å in 1, whereas the La-Cl 

bond distances in [La(η6-C6Me6)(AlCl4)3].0.5C6H6 range from 2.9083(10) Å to 2.9298(9) 

Å.53 These bond lengths are comparable if we consider the ionic radii of chlorides (1.81 

Å) and iodides (2.20 Å) in the bonds.51, 67 After subtracting the ionic radii from the bond 

distances, the effective La-I bond distances range from 1.0502(10) Å to 1.1668(9) Å in 1 

and those of La-Cl bond distances in [La(η6-C6Me6)(AlCl4)3].0.5C6H6 range from 

1.0983(10) Å to 1.1198(9) Å. The I-La-I bond angles for adjacent chlorine atoms in the 

plane range from 70.670(15)o to 140.007(18)o and that of  I-Al-I bond angles fall in the 

range 98.97(8)-116.34(9) o however, most of the I-Al-I angles are close to the idealised 

tetrahedral angle (~ 109.5°).   
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Table 2.3: A comparison of M-C(arene)/M-C(Cp) and M-(ring centroid) distances 
(Å). 
 

Compound M-C(arene)/M-C(Cp) M-C 
Average 

M-(Cent.) Ref. 

La(η6-C6H5Me)(AlI4)3 2.971(9)-3.057(9) 3.0065 2.663(4) This 
work 

La(η6-C6H5Me)(AlCl4)3 2.927(7)-3.035(7) 2.9765 2.633(7) 52 

[La(η6-C6Me6)(AlCl4)3].0.5C6H6 2.956(4)-3.006(4) 2.9805 2.628(4) 52, 53 

U(η6-C6H6)(AlCl4)3  2.91  64 

{U(η6-C6Me6)Cl2]2(µ-Cl)3AlCl4}  2.92  65 

[U(η6-C6Me6)Cl2(µ-Cl)3UCl2(η6-

C6Me6)][AlCl4] 

 2.92  66 

[La(AlMe4)2{1,2,4-(Me3C)3C5H2}]   2.53 56 

[Cp*2La(AlMe4)]2   2.522, 2.516 57 

[{η5-C5Me4C2H4NMe2 

(AlMe3)}La(AlMe4)2]  

2.764(1)-2.806(1)   58 

[(C5Me4C2H4NMe2)La(AlMe4)2] 2.756(2)-2.843(2)   58 

[(C5Me4C6H4NMe2)La(AlMe4)2] 2.732(1)-2.846(1)   58 

(C5Me5)La(AlMe4)2 2.753(2)-2.801(3)   59 

 [{(C5Me5)2La(AlEt4)}2] 2.547-2.561   60 

 [(C5Me4H)La(AlMe4)2]2 2.7502(11)-2.8228(10)   61 

[K([18]-crown-6)][La{η5-

C5H3(SiMe3)2-1,3}2(C6H6)] 

2.75(1)-2.79(1)  2.635(6) 2.427(6) 62, 63 

 

Compound 2 is the first compound of this kind with cerium; however, it is isostructural 

with 1 and has two molecules in the asymmetric unit. The Ce-C bond lengths fall in the 

range from 2.947(12) to 3.035(12) Å with a Ce-centroid distance of 2.634(6) Å and are 

comparable with 1. The mean U-C distances in the analogous uranium-arene complexes 

span the range from 2.91-2.92 Å64-66 and the mean Ce-C bond distances in the 

corresponding cyclopentadienyl complexes fall in the range 2.72(5)-2.83(3) Å.62, 63, 68-73 

Moreover, the Ce-centroid distances in the corresponding cyclopentadienyl complexes are 

2.328-2.55 Å. 62, 63, 68, 70, 71, 73 Therefore, the Ce-C bond lengths as well as the Ce-centroid 

distance in 2 are significantly elongated than the corresponding uranium complexes and 

the cyclopentadienyl complexes. A comparison of M-C(arene)/M-C(Cp) and M-(ring 

centroid) distances (Å) are given in Table 2.4.  
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The Ce-I bond distances range from 3.2260(12) Å to 3.3181(12) Å, similar to 1. The I-Ce-

I bond angles for adjacent chlorine atoms in the plane range from 70.65(2)o to 141.108 

(3)o and most of the I-Al-I bond angles are closer to the idealised tetrahedral angle.  

 

Table 2.4: A comparison of M-C(arene)/M-C(Cp) and M-(ring centroid) distances 
(Å). 
 
Compound M-C(arene)/M-C(Cp) M-C 

Average 
M-(Cent.) Ref. 

Ce(η6-C6H5Me)(AlI4)3 2.947(12)-3.035(12) 2.9813 2.634(6) This 
work 

U(η6-C6H6)(AlCl4)3  2.91  64 

{U(η6-C6Me6)Cl2]2(µ-Cl)3AlCl4}  2.92  65 

[U(η6-C6Me6)Cl2(µ-Cl)3UCl2(η6-

C6Me6)][AlCl4] 

 2.92  66 

Cp'2CeH [Cp'=1,3,4-(Me3C)3(C5H2)]  2.81(2) 2.53 71 

(C5Me5)CeI2(thf)3 2.749(13)-2.844(14) 2.7968 2.523(13) 68 

[(C5Me5)2CeC12K(THF)]n 2.77 2.79 (2)  69 

[Ce(C5Me5)2I(bipy)]  2.83(3)  72 

[Cp′2Ce(2,3,4,6-C6HF4)]  2.82 2.55 73 

[Cp′2Ce(2,3,4,5-C6HF4)]  2.82 2.54 73 

[{Ce(C5H4But)2(µ-I)}2]  2.77(3)  74 

[(η5-C5H3But
2Ce(µ2-Cl)]2 2.75(1)-2.85(2) 2.79(5) 2.52 70 

[K([18]-crown-6)][Ce{η5-

C5H3(SiMe3)2-1,3}2-(C6H6)] 

2.588(5)- 2.787(5) 2.72(5) 2.328 62,63 

 

Nd(η6-C6H5Me)(AlI4)3 3  to consist of one molecule in the asymmetric unit but is 

isostructural with 1 and 2. The Nd-C bond lengths span the range from 2.885(8) Å to 

3.011(7) Å with an Nd-centroid distance of 2.579(3) Å. On the other hand, the Nd-C bond 

lengths in the corresponding chloroaluminate complexes Nd(η6-MeC6H5)(AlCl4)3, 

[Nd(η6-1,3,5-Me3C6H3)(AlCl4)3].C6H6 and [Nd(η6-C6H6)(AlCl4)3].C6H6 range from 

2.871(5)-2.999(6), 2.898(9)-2.933(9) and 2.93(2)-2.94(2) Å, respectively. 22, 42, 44, 46 The 

average Nd-C bond lengths of the complexes are 2.926, 2.916 and 2.933 Å, respectively.22, 

42, 44, 46 The Nd-C bond distances in 3 are slightly elongated than the corresponding 

chloroaluminate complexes exhibit a weaker Nd-C bond in it; however, the bond lengths 

are comparable with 1 and 2. Moreover, the Nd-C bond lengths in 3 are significantly 
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longer than the M-C bonds in the corresponding uranium-arene complexes and 

neodymium cyclopentadienyl complexes (Table 2.5). 

 

Table 2.5: A comparison of M-C(arene)/M-C(Cp) and M-(ring centroid) distances 
(Å). 
 
Compound M-C(arene)/M-C(Cp) M-C 

Average 
M-(Cent.) Ref. 

Nd(η6-C6H5Me)(AlI4)3 2.885(8) Å to 3.011(7) 2.9333 2.579(3) This 
work 

Nd(η6-MeC6H5)(AlCl4)3 2.871(5) Å to 2.999(6) 2.926  44 

[Nd(η6- 1,3,5-Me3C6H3)(AlCl4)3].C6H6 2.898(9)-2.933(9) 2.916  46 

[Nd(η6-C6H6)(AlCl4)3].C6H6 2.93(2)-2.94(2) 2.933  22,42 

U(η6-C6H6)(AlCl4)3  2.91  64 

{U(η6-C6Me6)Cl2]2(µ-Cl)3AlCl4}  2.92  65 

[U(η6-C6Me6)Cl2(µ-Cl)3UCl2(η6-

C6Me6)][AlCl4] 

 2.92  66 

[Nd(C5H4But)2I(py)2]  2.76(5)  74 

[Nd(AlMe4)2{1,2,4-(Me3C)3C5H2}] 2.694(2)-2.768(2)  2.45 56 

[{η5-C5Me4C2H4NMe2(AlMe3)}Nd (AlMe4)2] 2.706(1)-2.748(1)   58 

[(C5Me4C6H4NMe2)Nd (AlMe4)2] 2.667(2)-2.788(1)   58 

[K([18]-crown-6)][Nd{η5-C5H3(SiMe3)2-

1,3}2(C6H6)] 

2.555(5)-2.763(5) 2.6865 2.292 63 

 

The equatorial Nd-I bond lengths in 3 range from 3.2296(11) to 3.3296(9), are rather 

longer than the Nd-I(10) length of  3.1376(7) Å. The Nd-Cl bond lengths in Nd(η6-

MeC6H5)(AlCl4)3 fall in the range from 2.799(1) to 2.902(1) Å.44 Nd-halide distances are 

comparable if we consider the ionic radii of the halides. The I-Nd-I bond angles for 

adjacent iodine atoms in the plane range from 68.513(14)o to 140.369(17)o, similar to 1  

and 2. The majority of the I-Al-I bond angles are closer to the idealised tetrahedral angle. 

 

The X-ray crystal structure of complex 4 reveals an analogous structure of 1, 2 and 3. 

Moreover, it is isostructural with the reported complex Gd(η6-MeC6H5)(AlCl4)3.45 The 

asymmetric unit contains two individual molecules in it, and the Gd-C bond lengths span 

the range from 2.868(9) to 2.978(9) Å with a Gd-centroid distance of 2.5495(5) Å. The 

Gd-C distances in the formally zerovalent bis(benzene) sandwich complex Gd(1,3,5-t-
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Bu3C6H3)2 are 2.585-2.660 Å (average 2.630Å) and Gd-centroid distance is 2.219 Å.74 The 

Gd-centroid distance in the corresponding cyclopentadienyl complex [Gd(η5-

C5Me4SiMe3){(μ-Me)2(AlMe2)}2] is 2.393(2).75 So, the Gd-arene bonds in 4 are 

significantly weaker than the Gd-arene bonds in the corresponding uranium-arene (Table 

2.6), cyclopentadienyl and the zerovalent benzene complexes.  

 

The equatorial Gd-I bond lengths in 4 range from 3.1991(10) to 3.3089(9)Å with an axial 

iodide (I10) being the shortest distance (3.1513(10) Å ) to gadolinium.  The I-Gd-I bond 

angles for adjacent chlorine atoms in the plane range from 68.11(2)o to 140.81(2)o. Most 

of the I-Al-I angles are closer to the idealised tetrahedral angle. The selected bond lengths 

(Å) and bond angles (o) for 1, 2, 3 and 4 are shown in Table 2.7 and 2.8, respectively. 

 

The average Ln-C distances as well as the Ln-C(centroid) distances in the trivalent 

iodoaluminiate lanthanoid complexes display a gradual decrease (Fig. 2.3) from 

lanthanum to gadolinium due to the lanthanoid contraction. 
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Table 2.6: A comparison of M-C(arene)/M-C(Cp) and M-(ring centroid) distances 

(Å). 

 
Compound M-C(arene)/M-

C(Cp) 

M-C 
Average 

M-(Cent.) Ref. 

Gd(η6-C6H5Me)(AlI4)3 2.868(9)-2.978(9) 2.9035 2.5495(5) This 
work 

U(η6-C6H6)(AlCl4)3  2.91  64 

{U(η6-C6Me6)Cl2]2(µ-Cl)3AlCl4}  2.92  65 

[U(η6-C6Me6)Cl2(µ-Cl)3UCl2(η6-

C6Me6)][AlCl4] 

 2.92  66 

Gd(1,3,5-t-Bu3C6H3)2 2.585-2.660 2.630 2.219 74 

[Gd(η5-C5Me4SiMe3){(μ-Me)2(AlMe2)}2]   2.393(2) 75 

 

 

 
 

Fig. 2.3: Lanthanoid contraction in iodoaluminate lanthanoid(III) complexes in toluene. 

 

 

 

 

 

La Ce Nd Gd
Ln-C(avg.) 3.0065 2.9813 2.9333 2.9035
Ln-Cent. 2.663 2.634 2.579 2.5495

2.3
2.4
2.5
2.6
2.7
2.8
2.9

3
3.1

D
is

ta
nc

es
(Å

)

Lanthanoids

Lanthanoid Contraction

Ln-C(avg.) Ln-Cent.



Chapter 2 
 

53 
 

Table 2.7: The selected bond lengths (Å) for Ln(η6-C6H5Me)(AlI4)3; Ln = La  (1), Ce 

(2), Nd (3) and Gd (4). 

 
Ln = La (1) Ce (2) Nd (3) Gd (4) 
Ln(1)-I(1) 3.3330(9) 3.3181(12) 3.3294(9) 3.3089(9) 

Ln(1)-I(2) 3.2801(10) 3.2615(11) 3.2296(11) 3.2414(8) 

Ln(1)-I(5) 3.3668(9) 3.3537(11) 3.2653(8) 3.2720(9) 

Ln(1)-I(6) 3.3155(8) 3.2989(11) 3.2760(9) 3.1991(10) 

Ln(1)-I(9) 3.2813(9) 3.2622(12) 3.3296(9) 3.2069(10) 

Ln(1)-I(10) 3.2502(10) 3.2260(12) 3.1376(7) 3.1513(10) 

Ln(1)-C(2) 3.057(9) 3.037(12) 3.011(7) 2.978(9) 

Ln(1)-C(3) 3.007(8) 2.991(11) 2.953(7) 2.931(10) 

Ln(1)-C(4) 2.971(9) 2.974(10) 2.928(8) 2.892(9) 

Ln(1)-C(5) 2.988(9) 2.964(11) 2.897(7) 2.868(9) 

Ln(1)-C(6) 2.995(9) 2.948(12) 2.885(8) 2.883(9) 

Ln(1)-C(7) 3.021(9) 2.974(12) 2.926(8) 2.896(9) 

Ln(1)-C(avg.) 3.0065 2.9813 2.9333 2.9035 

Ln(1)-C(cent.) 2.663(4) 2.634(6) 2.579(3) 2.5495(5) 

Al(1)-I(1) 2.590(3) 2.565(3) 2.577(3) 2.563(3) 

Al(1)-I(2) 2.575(3) 2.581(3) 2.589(2) 2.582(3) 

Al(1)-I(3) 2.482(3) 2.499(4) 2.481(2) 2.498(3) 

Al(1)-I(4) 2.471(3) 2.487(4) 2.500(2) 2.484(3) 

Al(2)-I(5) 2.568(3) 2.585(4) 2.576(3) 2.585(3) 

Al(2)-I(6) 2.582(2) 2.578(4) 2.581(3) 2.575(3) 

Al(2)-I(7) 2.484(3) 2.480(4) 2.490(3) 2.469(3) 

Al(2)-I(8) 2.496(3) 2.478(3) 2.486(3) 2.479(3) 

Al(3)-I(9) 2.603(3) 2.608(3) 2.582(2) 2.604(3) 

Al(3)-I(10) 2.597(2) 2.594(3) 2.580(2) 2.592(3) 

Al(3)-I(11) 2.483(2) 2.486(4) 2.492(2) 2.486(3) 

Al(3)-I(12) 2.487(2) 2.487(4) 2.495(2) 2.486(3) 
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Table 2.8: The selected bond angles (o) for Ln(η6-C6H5Me)(AlI4)3; Ln = La (1), Ce (2), 
Nd (3) and Gd (4). 
Ln = La (1) Ce (2) Nd (3) Gd (4) 
Centroid-Ln-I(axial) 178.07(8) 178.55(12) 179.51(8) 179.34(10) 

I(2)-Ln(1)-I(1) 72.419(16) 72.56(3)           72.915(14) 72.10(2) 

I(2)-Ln(1)-I(5) 138.528(19) 138.54(3) 137.255(17) 138.25(2) 

I(5)-Ln(1)-I(1) 140.007(18) 139.83(3) 137.069(16) 138.99(2) 

I(6)-Ln(1)-I(1) 138.36(2) 138.30(3) 140.318(17) 138.51(2) 

I(6)-Ln(1)-I(2) 68.394(15) 68.29(3) 68.513(14) 68.11(2) 

I(6)-Ln(1)-I(5) 71.735(15) 71.82(3) 73.144(15) 72.87(2) 

I(6)-Ln(1)-I(9) 139.459(18) 139.43(3) 140.369(17) 140.81(2) 

I(9)-Ln(1)-I(1) 71.213(15) 71.05(3) 69.188(13) 70.393(19) 

I(9)-Ln(1)-I(2) 141.11(2) 141.108(3) 137.444(16) 139.32(2) 

I(9)-Ln(1)-I(5) 70.670(15) 70.65(2) 69.664(13) 70.56(2) 

I(10)-Ln(1)-I(1) 80.015(17) 80.13(3) 80.973(15) 80.64(2) 

I(10)-Ln(1)-I(2) 82.813(19) 82.50(3) 77.190(14) 79.99(3) 

I(10)-Ln(1)-I(5) 80.623(17) 80.68(3) 79.397(14) 80.14(3) 

I(10)-Ln(1)-I(6) 81.674(17) 81.13(3) 81.819(16) 81.43(3) 

I(10)-Ln(1)-I(9) 77.819(16) 78.18(4) 78.437(13) 78.96(3) 

I(1)-Al(1)-I(2) 98.28(9) 97.89(12) 97.99(8) 97.05(9) 

I(3)-Al(1)-I(1) 110.08(9) 110.69(15) 112.05(9) 114.77(11) 

I(3)-Al(1)-I(2) 110.33(10) 110.34(14) 109.67(10) 106.62(11) 

I(4)-Al(1)-I(1) 111.58(10) 111.58(13) 110.13(9) 112.62(12) 

I(4)-Al(1)-I(2) 107.81(9) 107.58(15) 106.56(9) 112.19(10) 

I(4)-Al(1)-I(3) 117.10(10) 117.01(15) 118.35(9) 112.45(11) 

I(6)-Al(2)-I(5) 98.97(8) 98.60(12) 98.18(8) 96.29(9) 

I(7)-Al(2)-I(5) 111.67(11) 111.85(13) 110.88(10) 111.88(11) 

I(7)-Al(2)-I(6) 112.20(9) 112.28(14) 108.27(11) 107.92(11) 

I(7)-Al(2)-I(8) 112.12(9) 112.11(14) 115.77(10) 117.33(11) 

I(8)-Al(2)-I(5) 114.77(9) 114.80(15) 110.68(11) 111.07(11) 

I(8)-Al(2)-I(6) 106.28(10) 106.33(13) 111.66(10) 110.26(11) 

I(10)-Al(3)-I(9) 104.18(8) 103.72(13) 104.89(7) 102.17(9) 

I(11)-Al(3)-I(9) 105.46(9) 105.50(13) 109.50(8) 110.29(10) 

I(11)-Al(3)-I(10) 110.73(9) 110.88(12) 109.06(8) 110.32(10) 

I(12)-Al(3)-I(9) 110.05(9) 110.04(12) 111.31(8) 106.11(10) 

I(12)-Al(3)-I(10) 109.34(9) 109.66(13) 108.26(8) 111.08(11) 

I(12)-Al(3)-I(11) 116.34(9) 116.23(15) 113.44(8) 115.90(10) 
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2. 3. 2. 2 Iodoaluminate lanthanoid(II) complexes in toluene 
 
The divalent samarium complex [Sm(η6-MeC6H5)(AlI4)2]n.PhMe (5) (Fig. 2.4 and 2.5) 

has been synthesised by the procedure described in scheme 2.1, and the compound 

crystallises on the orthorhombic space group P212121 (No. 19), with a polymeric structure. 

The Sm2+ ion is coordinated to two AlI4
- ligands with an η6 toluene molecule at an axial 

position. The geometry surrounding the Sm2+ ion can be described as a distorted 

pentagonal bipyramid. The Sm-C bond lengths extend the range from 2.955(18) to 

3.083(11) Å with a Sm-centroid distance of 2.6884(4) Å, and are comparable with the 

reported samarium complex [Sm(η6-C6Me6)(AlCl3I)2]n, in which the Sm-C bond lengths 

and the Sm-centroid distances are 2.970(6)-3.063(6) Å and 2.655 Å, respectively.50  

 

The Sm-Cp(centroid) lengths in the cyclopentadienyl complex (C5Me5)2Sm(THF)(η2-

Et)AlEt3 fall in the range 2.434-2.446 Å76. In the fluorenyl complex η5-bis(Me3Si-

fluorenyl)Sm(THF)2, the  Sm-Cp(centroid)  distances fall in the range 2.67-2.70 Å77 and 

that of 2.629-2.633 Å in (C13H9)2Sm(THF)2.78 On the other hand, the Sm-Ph(centroid) 

distance in η6-bis(Me3Si-fluorene-AlMe3)Sm is 2.74 Å and that of 2.76 Å in η6-bis(Me3Si-

fluorene-AlEt3)Sm.77 In [Sm(AlMe4)2{1,2,4-(Me3C)3C5H2}], the Sm-Cp distances are 

2.668(1)-2.748(1) Å and that of  Sm-Cp(centroid) is 2.42 Å.56 The Sm-Cp(centroid) 

contacts in [(C5Me5)Sm(µ-I)(thf)2]2 is 2.534 Å.79 

 

From the literature data, it is obvious that the samarium-arene bonds are significantly 

weaker than the corresponding cyclopentadienyl complexes (as Cps are charged but arenes 

are neutral) except the fluorenyl-Cp complexes, where the bond strengths are almost 

analogous.  However, the samarium-arene bonds in 5 are significantly stronger than the 

Sm-Ph(centroid) bonds in the fluorene complexes. The mean Sm-C bond length in 5 

(3.0221 Å) is considerably longer than that of the mean Sm-C bond lengths in the 

corresponding samarium chloroaluminate arene complexes (Table 2.2) and the mean U-C 

bond lengths in the analogous uranium-arene complexes (Table 2.6), also support the 

weaker bond strength of samarium with the toluene molecule. 

 

In 5, the equatorial Sm-I bond lengths range from 3.3585(13) to 3.6029(14) Å (average 

3.4455 Å) with an axial Sm-I(6) of 3.3968(12) Å. The average Sm-Cl bond distances in 



Chapter 2 
 

56 
 

the corresponding chloroaluminate samarium complexes [Sm(η6-C6H6)(AlCl4)3].C6H6, 

Sm(η6-MeC6H5)(AlCl4)3, Sm(η6-1,3-Me2C6H4)(AlCl4)3, [Sm(η6-

C6Me6)(AlCl4)3].(MeC6H5)1.5 and [Sm(η6-C6Me6)(AlCl4)3].MeC6H5 are 2.83, 2.84, 2.836, 

2.85 and 2.85 Å, respectively (Table 2.2). These bond lengths are comparable if we 

consider the ionic radii of chlorides and iodides. The I-Sm-I bond angles range from 

68.30(3) to 143.20(3)o and most of the I-Al-I angles are closer to the idealised tetrahedral 

angle.  

 

Compound [Eu(η6-MeC6H5)(AlI4)2]n.PhMe (6) is isostructural with 5. The Eu-C bond 

lengths fall in the range 2.97(2)-3.099(16) Å with an average Eu-C length of 3.018 Å.  The 

Eu-C distances in [Eu(η6-C6Me6)(AlCl4)2]4.(C6H2Me4) range from 2.917(15) to 3.066(12) 

Å with an average Eu-C distance of 2.999(23) Å.48, 49 [Eu(η6-C6Me6)(AlCl4)2]4.(C6H2Me4) 

is the only reported chloroaluminate complex of europium so far having a distorted 

pentagonal bipyramid geometry and 6 is comparable with it. However, the reported 

complex forms a cyclotetramer composed of four Eu(C6Me6)(A1C14)2 units, whereas 

complex 6 forms a polymer.  
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Fig. 2.4: A monomeric repeat unit (top) and the one dimensional extended framework for 

[Sm(η6-MeC6H5)(AlI4)2]n.PhMe (5) (bottom), representative of the isostructural complex 

6. Hydrogen atoms and the solvent of crystallisation (toluene) have been omitted for 

clarity. 
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Fig. 2.5: The Sm-arene double stranded polymer with two bridging AlI4
- units and two 

terminal AlI4
- units for [Sm(η6-MeC6H5)(AlI4)2]n.PhMe (5), representative of the 

isostructural complex 6. Hydrogen atoms and the solvent of crystallisation (toluene) have 

been omitted for clarity. 

 

The Eu-centroid distance in 6 is 2.691(6) Å, and that in the corresponding 

cyclopentadienyl complexes are 2.4423(13) and 2.4619(5) Å in (C5Me5)2Eu(DADC6F5) 

(DADC6F5 = C6F5NC(Me)C(Me)NC6F5) 80, 255.0(2) in [(η5-C5H5)V(µ2-η6:η6-

C10H8]2Eu(thf)(dme)81. In the binuclear complex of Eu(II) [µ2-η4:η4-C10H8][EuI(DME)2], 

the Eu-centroid distance is 2.583(3)82 and the average Eu-C distance in the indene complex 

(η5:η1-C9H5-1-Me-3-CH2SiMe2NC4H8)2Eu is 2.911(18)83. From the average Eu-C 

distances as well as the Eu-centroid distances of the reported complexes, it is seen that the 

Eu-arene bonds in 6 is significantly weaker that the corresponding cyclopentadienyl, 

indene and naphthalene complexes. 
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The equatorial Eu-I bond lengths range from 3.3683(14) to 3.6062(14) Å (average 3.4529 

Å) with an axial Eu-I(6) of 3.3849(13) Å, similar to 5 and are comparable with [Eu(η6-

C6Me6)(AlCl4)2]4.(C6H2Me4) if we consider the ionic radii of chlorides and iodides. The 

I-Eu-I bond angles range from 68.56(3) to 142.61(3)o and most of the I-Al-I angles are 

closer to the idealised tetrahedral angle. The selected bond lengths (Å) and bond angles 

(o) for 5 and 6 are listed in Table 2.9 and 2.10, respectively. 

 
Table 2.9: The selected bond lengths (Å) for [Ln(η6-MeC6H5)(AlI4)2]n.PhMe; Ln = 

Sm (5) and Eu (6). 

Ln = Sm (5) Eu (6) 
Ln(1)-I(1) 3.3585(13) 3.3683(14) 

Ln(1)-I(2) 3.4307(13) 3.4083(14) 

Ln(1)-I(5) 3.4159(13) 3.4230(14) 

Ln(1)-I(6) 3.3968(12) 3.3849(13) 

Ln(1)1-I(7) 3.4681(13) 3.4587(15) 

Ln(1)1-I(8) 3.6029(14) 3.6062(14) 

Ln(1)-C(2) 3.0831(4) 3.099(16) 

Ln(1)-C(3) 3.037(17) 3.029(15) 

Ln(1)-C(4) 2.955(18) 3.01(2) 

Ln(1)-C(5) 2.98(2) 2.97(2) 

Ln(1)-C(6) 3.01(2) 2.97(2) 

Ln(1)-C(7) 3.068(16) 3.030(19) 

Ln(1)-C(avg.) 3.0221 3.018 

Ln(1)-C(cent.) 2.6884(4) 2.690(5) 

Al(1)-I(1) 2.540(4) 2.546(5) 

Al(1)-I(2) 2.558(5) 2.550(5) 

Al(1)-I(3) 2.500(4) 2.507(5) 

Al(1)-I(4) 2.506(4) 2.505(5) 

Al(2)-I(5) 2.542(5) 2.546(5) 

Al(2)-I(6) 2.559(4) 2.554(5) 

Al(2)-I(7) 2.525(5) 2.528(4) 

Al(2)-I(8) 2.529(4) 2.531(5) 

(5) 11/2+x,3/2-y,1-z; (6) 1-1/2+x,1/2-y,1-z 
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Table 2.10: The selected bond angles (o) for [Ln(η6-MeC6H5)(AlI4)2]n.PhMe; Ln = Sm 

(5) and Eu (6). 

 
Ln = Sm (5) Eu (6) 
Centroid-Ln-

I(axial) 

171.2(2) 173.7(2) 

I(1)-Ln(1)-I(2) 71.79(3) 72.15(3) 

I(1)-Ln(1)-I(5) 140.74(3) 140.85(4) 

I(1)-Ln(1)-I(6) 84.12(3) 84.12(4) 

I(1)-Ln(1)-I(7)2 68.30(3) 68.69(3) 

I(1)-Ln(1)-I(8)2 135.36(3) 135.75(4) 

I(2)-Ln(1)-I(7)2 137.46(3) 138.38(4) 

I(2)-Ln(1)-I(8)2 143.20(3) 142.61(3) 

I(5)-Ln(1)-I(2) 71.95(3) 77.60(3) 

I(5)-Ln(1)-I(7)2 138.36(4) 137.99(3) 

I(5)-Ln(1)-I(8)2 73.43(3) 72.73(3) 

I(6)-Ln(1)-I(2) 76.94(3) 77.60(3) 

I(6)-Ln(1)-I(5) 73.52(3) 73.61(3) 

I(6)-Ln(1)-I(7)2 84.90(3) 84.89(3) 

I(6)-Ln(1)-I(8)2 81.70(3) 81.30(3) 

I(7)2-Ln(1)-I(8)2 68.43(3) 68.56(3) 

I(1)-Al(1)-I(2) 102.68(16) 103.10(17) 

I(3)-Al(1)-I(1) 110.73(17) 110.70(19) 

I(3)-Al(1)-I(2) 110.75(16) 110.65(19) 

I(3)-Al(1)-I(4) 112.09(17) 112.42(18) 

I(4)-Al(1)-I(1) 110.36(16) 109.84(19) 

I(4)-Al(1)-I(2) 109.84(16) 109.73(19) 

I(5)-Al(2)-I(6) 106.13(16) 106.20(16) 

I(7)-Al(2)-I(5) 111.53(17) 111.18(18) 

I(7)-Al(2)-I(6) 110.29(17) 110.50(18) 

I(7)-Al(2)-I(8) 103.84(16) 103.81(16) 

I(8)-Al(2)-I(5) 110.81(17) 111.16(18) 

I(8)-Al(2)-I(6) 114.36(18) 114.09(19) 

(5) 2-1/2+x,3/2-y,1-z; (6) 2-1/2+x,1/2-y,1-z 



Chapter 2 
 

61 
 

Complex Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe (7) (Fig. 2.6 and 2.7), while divalent, like Sm 

and Eu is rather different due to the much smaller size of Yb2+ compared with the other 

two, and therefore, we get a different structure due to diminished coordination number. 

Complex 7 is the first polymeric structure of ytterbium among the halogenoaluminate 

complexes.  

 

The Yb-C contacts fall in the range 2.896(10)-2.961(10) Å with an average of 2.920 Å, 

which are slightly smaller than the Ln-C contacts in 5 and 6 (Table 2.9). This is due to the 

differences in the ionic radii of the metals. The Yb-C contacts in the corresponding 

trivalent chloroaluminate complex of ytterbium [Yb(η6-C6Me6)(AlCl4)3].MeC6H5 range 

from 2.739(35) to 3.010(48) Å with an average of 2.865 Å, and are fairly comparable with 

7. In the corresponding cyclopentadienyl complex of ytterbium Yb(C5Me5)2AlCl4, the Yb-

C distances fall in the range 2.559(3)-2.609(3) Å84, which is considerably smaller that of 

in 7. The distinct difference in the Yb-C bond lengths reveals the weaker bond strength in 

the arene complex compared to the cyclopentadienyl counterparts due to neutral vs 

charged ligands. 

 

The equatorial Yb-I contacts range from 3.1442(10) to 3.2917(10) Å and the axial Yb-I 

contact is 3.2917(10) which is reasonably smaller than the Ln-I contacts in 5 and 6. The 

Yb-Cl contacts in [Yb(η6-C6Me6)(AlCl4)3].MeC6H5 are comparable considering the ionic 

radii of chlorides and bromides. The I-Yb-I bond angles range from 77.19(4) to 155.60(2)o 

and most of the I-Al-I angles are closer to the idealised tetrahedral angle. The selected 

bond lengths (Å) and bond angles (o) for 5 and 6 are itemised in Table 2.9 and 2.10, 

respectively. The contribution of the lanthanoid contraction in divalent complexes is 

shown in Fig. 2.8. The Ln-C(avg.) and Ln-Centroid distances in 5 and 6 are similar; 

however, there is a sudden decrease in 7 that also reduced the coordination number of Yb. 
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Fig. 2.6: A monomeric repeat unit (top) and the one dimensional extended framework for [Yb(η6-

MeC6H5)(AlI4)2]n.1/2PhMe (7) (bottom). Hydrogen atoms and the solvent of crystallisation 

(toluene) have been omitted for clarity. 
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Fig. 2.7: The Yb-arene single stranded polymer with two AlI4

- units for [Yb(η6-

MeC6H5)(AlI4)2]n.1/2PhMe (7). Solvent of crystallisation (toluene) have been omitted for 

clarity. 

 
Table 2.11: The selected bond lengths (Å) for [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe (7)  
 
 Yb (7)  Yb (7) 

Yb(1)-I(1) 3.2321(13) Yb(1)-C(avg.) 2.920 

Yb(1)-I(2) 3.2228(10) Yb(1)-C(cent.) 2.565(4) 

Yb(1)1-I(4) 3.2829(10) Al(1)-I(1) 2.569(3) 

Yb(1)-I(5) 3.1442(10) Al(1)-I(2) 2.549(3) 

Yb(1)-I(6) 3.2917(10) Al(1)-I(3) 2.477(3) 

Yb(1)-C(2) 2.961(10) Al(1)-I(4) 2.563(3) 

Yb(1)-C(3) 2.945(10) Al(2)-I(5) 2.577(3) 

Yb(1)-C(4) 2.903(11) Al(2)-I(6) 2.567(3) 

Yb(1)-C(5) 2.899(11) Al(2)-I(7) 2.495(3) 

Yb(1)-C(6) 2.896(10) Al(2)-I(8) 2.496(3) 

Yb(1)-C(7) 2.920(10)  
         1+x,1+y,+z 
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Table 2.12: The selected bond angles (o) for [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe (7). 
 
 Yb (7)  Yb (7) 

Centroid-Ln-I(axial) 177.24(10) I(2)-Al(1)-I(4) 109.31(12) 

I(1)-Yb(1)-I(4)2 81.90(3) I(3)-Al(1)-I(1) 110.10(12) 

I(1)-Yb(1)-I(6) 78.74(3) I(3)-Al(1)-I(2) 112.74(12) 

I(2)-Yb(1)-I(1) 78.95(2) I(3)-Al(1)-I(4) 112.71(12) 

I(2)-Yb(1)-I(4)2 155.60(2) I(4)-Al(1)-I(1) 104.92(11) 

I(2)-Yb(1)-I(6) 81.06(2) I(6)-Al(2)-I(5) 102.67(10) 

I(4)2-Yb(1)-I(6) 80.49(3) I(7)-Al(2)-I(5) 109.47(12) 

I(5)-Yb(1)-I(1) 154.40(2) I(7)-Al(2)-I(6) 113.14(12) 

I(5)-Yb(1)-I(2) 88.82(2) I(7)-Al(2)-I(8) 112.16(11) 

I(5)-Yb(1)-I(4)2 102.46(3) I(8)-Al(2)-I(5) 108.98(12) 

I(5)-Yb(1)-I(6) 77.19(4) I(8)-Al(2)-I(6) 109.95(12) 

I(2)-Al(1)-I(1) 106.60(12)   
  2+x,-1+y,+z 

 

 
 

Fig. 2.8: Lanthanoid contraction in iodoaluminate lanthanoid(II) complexes in toluene. 
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2. 3. 2. 3 Iodoaluminate lanthanoid(III) complexes in mesitylene 

Synthesis of lanthanoid(III) iodoaluminate π-arene complexes have been extended to 

bulkier π-donor ligand eg. mesitylene, and have been isolated and characterised the 

monomeric complexes of lanthanum, cerium, praseodymium, neodymium, samarium and 

gadolinium (Scheme 2.2) successfully. All the complexes are isostructural having the 

formula Ln(η6-C6H3Me3)(AlI4)3 (Ln = La, Ce, Pr, Nd, Sm and Gd). La(η6-C6 

H3Me3)(AlI4)3 (8) (Fig. 2.9) crystallises in the triclinic space group P-1 (No. 2) and has 

two independent molecules in the asymmetric unit. It is isostructural with 1 having 

identical bond lengths and bond angles for all the atoms, and is comparable with the 

corresponding chloroaluminate complexes (Table 2.3). The La-C bond contacts are 

weaker than that of in the cyclopentadienyls complexes as well as the U-C bond lengths 

in the uranium chloroaluminate complexes (Table 2.3 and 2.13).  

 

Ln
I

I

I

I
I I

I

I

I

I
Al Al

II

Al Ln = La, Ce, Pr, Nd, Sm and Gd

2 Al  +  3 I2
mesitylene
100 oC, 2h

2 AlI3

2 Lnmesitylene
+100 oC, 24h 3 ICH2CH2I

 

Scheme 2.2: Synthesis of iodoaluminate π-arene complexes of lanthanoids in mesitylene. 
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Ce(η6-C6 H3Me3)(AlI4)3 (9) crystallises with one molecule in the asymmetric unit and is 

isostructural with 2. The Ce-C bond contacts as well as the Ce-centroid distance in 9 are 

significantly elongated than in the corresponding uranium chloroaluminate and 

cyclopentadienyl complexes (Table 2.4 and 2.13) suggest a weaker metal-arene interaction 

in the iodoaluminate arene complexes.  

 

 
 

Fig. 2.9: Molecular structure of La(η6-C6H3Me3)(AlI4)3 (8), representative of the 

isostructural complexes 9, 10, 11, 12 and 13. Hydrogen atoms have been omitted for 

clarity. 

 

X-ray crystallography shows Pr(η6-C6 H3Me3)(AlI4)3 (10)  to consist of one molecule in 

the asymmetric unit and isostructural with 1-4, 8 and 9. The Pr-C contacts range from 

2.927(9) -2.995(11) Å with a Pr-centroid contact being 2.615(4) Å. The average Pr-C 

length in 10 (2.9648 Å) is comparable with the corresponding chloroaluminate Pr(III) 

complex  Pr(η6-Me2C6H4)(AlCl4)3, where the mean Pr-C length is 2.949 Å (Table 2.2). 

The mean Pr-C contacts fall in the range from 2·76 to 2.808 Å for the cyclopentadienyl 
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complexes [(Pr{η-[C5H3-(SiMe3)2]}2Cl)2]85, [(C5Me5)2Pr(µ-Cl2)2Na(dme)2]86, 87, 

[(ButCp)2PrCl]2
88, [(t-BuCp)2PrCl.2THF]89 and [{Li(C4H8O)3}Br{Pr(C9H13)3}]90. The Pr-

centroid distances of the complexes range from 2.489(9) to 2.589(7) Å. In the diindenyl 

complex [(C9H7)2PrCl(thf)]2, the mean Pr-C distance is 2.810 Å and that of the Pr-centroid 

being 2.534(2).91 Both the average Pr-C distance (2.9648 Å) and the Pr-centroid distance in 10 

are larger than in the cyclopentadienyl and indenyl complexes suggest a more weakly bound 

arene system in the iodoaluminate arene complexes.  

 

The Pr-I distances in 10 range from 3.2292(10) to 3.2897(15) Å with an average of 3.2845 

Å and the average Pr-Cl bond length in Pr(η6-Me2C6H4)(AlCl4)3 is 2.873 Å (Table 2.2). If we 

consider the ionic radii of halides, the Pr-halide distances are similar in both compounds. The 

I-Pr-I and I-Al-I angles are comparable with the other iodoaluminate complexes. 

 

The X-ray crystal structure of Nd(η6-C6 H3Me3)(AlI4)3 11 is isostructural with 3 with 

similar bond lengths and bond angles for all atoms, and is comparable with the 

corresponding chloroaluminate complexes (Table 2.5). The La-C bond contacts are 

weaker than that of in the cyclopentadienyls complexes as well as in the uranium 

chloroaluminate complexes (Table 2.5 and 2.13). 

 

The Sm-C bond lengths in 12 extend the range from 2.89(2) to 2.946(12) Å with an 

average Sm-C distance of 2.9267 Å, and are comparable with the reported samarium 

complexes [Sm(η6-C6H6)(AlCl4)3].C6H6,39, 42 Sm(η6-MeC6H5)(AlCl4)3,36 Sm(η6-1,3-

Me2C6H4)(AlCl4)3 
37

 and [Sm(η6-C6Me6)(AlCl4)3].MeC6H5 
43

 featuring the mean Sm-C 

bond length of 2.92, 2.91, 2.89 and 2.89 Å, respectively. The Sm-C bond contacts in the 

literature compounds slightly vary due to the number of alkyl substituents on the arenes. 

Arenes with more methyl substituents have stronger Sm-C interactions because of the 

electron donating effect of the substituents. The average Sm-I contact in 12 is 3.2614 Å 

and that of the Sm-Cl contacts in the literature compounds ([Sm(η6-

C6H6)(AlCl4)3].C6H6,39, 42 Sm(η6-MeC6H5)(AlCl4)3,36 Sm(η6-1,3-Me2C6H4)(AlCl4)3 
37

 and 

[Sm(η6-C6Me6)(AlCl4)3].MeC6H5 
43) vary from 2.83-2.85 Å. These distances are 

comparable considering the ionic radii of chlorides (1.81 Å) and iodides (2.20 Å).51 
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The Gd-C contacts in 13 span the range from 2.881(6)-2.943(7) Å with a Gd-centroid 

distance of 2.548(3) Å  are comparable with 4 where the Gd-C bond lengths span the range 

from 2.868(9)-2.978(9) Å with a Gd-centroid distance of 2.5495(5) Å. The Gd-C distances 

in the formally zerovalent bis(benzene) sandwich complex Gd(1,3,5-t-Bu3C6H3)2 are 

2.585-2.660 Å (average 2.630Å) and Gd-centroid distance is 2.219 Å.74 The Gd-centroid 

distance in the corresponding cyclopentadienyl complex [Gd(η5-C5Me4SiMe3){(μ-

Me)2(AlMe2)}2] is 2.393(2).75 The Gd-arene bonds in 13 are significantly weaker than the 

Gd-arene bonds in the corresponding uranium-arene (Table 2.6), cyclopentadienyl and the 

zerovalent benzene complexes.  

 

The selected bond lengths (Å) and bond angles (o) for 8, 9, 10, 11, 12 and 13 are shown in 

Table 2.13 and 2.14, respectively. Because of the lanthanoid contraction, both the Ln-

C(avg.) and Ln-Centroid distances in the trivalent mesitylene complexes show a gradual 

decrease (Fig. 2.10) form lanthanum to gadolinium.   
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Table 2.13: The selected bond lengths (Å) for Ln(η6-C6H3Me3)(AlI4)3; Ln = La (8), 

Ce (9), Pr (10), Nd (11), Sm (12) and Gd (13). 

 
Ln = La (8) Ce (9) Pr (10) Nd (11) Sm (12) Gd (13) 

Ln(1)-I(1) 3.318(2) 3.3003(16) 3.3796(15) 3.2764(15) 3.3638(19) 3.3557(13) 

Ln(1)-I(2) 3.320(2) 3.3021(11) 3.2776(11) 3.2772(11) 3.2756(16) 3.2359(8) 

Ln(1)-I(5) 3.402(2) 3.3879(17) 3.2897(15) 3.3687(16) 3.2467(18) 3.2485(13) 

Ln(1)-I(6) 3.3066(19) 3.2893(12) 3.2896(10) 3.2630(12) 3.2511(19) 3.2498(8) 

Ln(1)-I(9) 3.2693(19) 3.2503(11) 3.2413(10) 3.2246(11) 3.2757(17) 3.1943(8) 

Ln(1)-I(10) 3.2784(19) 3.2527(12) 3.2292(10) 3.2220(11) 3.1556(18) 3.1785(8) 

Ln(1)-C(2) 3.01(2) 3.007(14) 2.995(11) 2.946(12) 2.97(2) 2.943(7) 

Ln(1)-C(3) 3.00(2) 2.961(13) 2.953(10) 2.925(12) 2.93(2) 2.889(7) 

Ln(1)-C(4) 3.01(2) 2.999(14) 2.981(10) 2.972(12) 2.91(2) 2.907(7) 

Ln(1)-C(5) 3.02(2) 2.988(14) 2.927(9) 2.942(12) 2.89(2) 2.881(6) 

Ln(1)-C(6) 2.97(3) 2.995(14) 2.980(10) 2.968(11) 2.95(2) 2.918(7) 

Ln(1)-C(7) 3.02(2) 2.945(12) 2.953(11) 2.927(12) 2.91(2) 2.904(7) 

Ln(1)-C(avg.) 3.0033 2.9825 2.9648 2.9466 2.9267 2.9070 

Ln(1)-C(cent.) 2.660(9) 2.634(6) 2.615(4) 2.597(5) 2.575(9) 2.548(3) 

Al(1)-I(1) 2.578(7) 2.576(4) 2.555(3) 2.575(4) 2.566(6) 2.560(2) 

Al(1)-I(2) 2.594(6) 2.592(4) 2.588(3) 2.595(4) 2.573(7) 2.588(2) 

Al(1)-I(3) 2.487(7) 2.483(4) 2.487(3) 2.476(4) 2.494(7) 2.487(2) 

Al(1)-I(4) 2.491(6) 2.497(4) 2.507(3) 2.497(4) 2.491(7) 2.503(2) 

Al(2)-I(5) 2.554(7) 2.560(4) 2.577(3) 2.560(4) 2.584(6) 2.576(2) 

Al(2)-I(6) 2.601(7) 2.589(4) 2.589(3) 2.585(4) 2.586(6) 2.590(2) 

Al(2)-I(7) 2.513(7) 2.506(5) 2.500(3) 2.506(4) 2.480(6) 2.494(2) 

Al(2)-I(8) 2.470(7) 2.487(4) 2.483(3) 2.480(4) 2.497(7) 2.488(2) 

Al(3)-I(9) 2.603(7) 2.597(4) 2.593(3) 2.591(4) 2.619(7) 2.596(2) 

Al(3)-I(10) 2.593(7) 2.601(4) 2.603(3) 2.598(4) 2.588(6) 2.598(2) 

Al(3)-I(11) 2.488(6) 2.492(4) 2.473(3) 2.487(4) 2.492(7) 2.473(2) 

Al(3)-I(12) 2.478(6) 2.470(4) 2.487(3) 2.471(4) 2.478(6) 2.490(2) 
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Table 2.14: The selected bond angles (o) for Ln(η6-C6H3Me3)(AlI4)3; Ln = La (8), Ce 
(9), Pr (10), Nd (11), Sm (12) and Gd (13). 

Ln = La (8) Ce (9) Pr (10) Nd (11) Sm (12) Gd (13) 
Centroid-Ln-I(axial) 177.1(2) 177.24(12) 177.54(10) 177.81(14) 177.2(5) 178.53(7) 

I(2)-Ln(1)-I(1) 72.81 (5) 72.92(2) 72.09(3) 73.02(2) 71.33(5) 72.08(3) 

I(2)-Ln(1)-I(5) 139.76(5) 139.59(3) 139.82(3) 139.37(3) 136.42(5) 139.48(19) 

I(5)-Ln(1)-I(1) 138.43(5) 138.27(3) 137.98(3) 138.04(3) 138.08(5) 137.73(3) 

I(6)-Ln(1)-I(1) 138.36(2) 139.55(3) 139.63(3) 139.51(3) 139.09(4) 139.16(18) 

I(6)-Ln(1)-I(2) 68.394(15) 69.27(2) 69.42(4) 69.17(2) 68.47(4) 69.07(3) 

I(6)-Ln(1)-I(5) 71.735(15) 72.08(2) 73.00(3) 72.06(2) 73.37(4) 73.12(3) 

I(6)-Ln(1)-I(9) 136.70(5) 136.74(3) 138.74(3) 136.63(3) 141.97(5) 138.87(2) 

I(9)-Ln(1)-I(1) 70.10(5) 70.09(2) 69.03(3) 70.11(2) 70.53(5) 68.83(2) 

I(9)-Ln(1)-I(2) 138.78(5) 138.86(3) 136.67(3) 138.92(3) 137.66(5) 136.47(2) 

I(9)-Ln(1)-I(5) 69.30(5) 69.20(2) 69.97(3) 69.03(2) 70.14(4) 70.06(2) 

I(10)-Ln(1)-I(1) 81.09(6) 81.12(3) 81.41(2) 81.08(2) 80.20(5) 81.15(13) 

I(10)-Ln(1)-I(2) 80.29(5) 79.89(2) 78.52(2) 79.46(2) 77.35(4) 77.73(14) 

I(10)-Ln(1)-I(5) 81.50(6) 81.47(3) 81.26(2) 81.34(2) 78.51(4) 81.26(14) 

I(10)-Ln(1)-I(6) 78.98(6) 78.67(3) 79.54(2) 78.37(3) 83.99(5) 78.85(14) 

I(10)-Ln(1)-I(9) 76.88(5) 77.27(2) 77.50(2) 77.59(2) 78.73(4) 78.09(14) 

I(1)-Al(1)-I(2) 99.2(2) 98.78(14) 99.24(11) 97.91(12) 97.8(2) 97.80(7) 

I(3)-Al(1)-I(1) 112.4(3) 112.70(15) 107.61(12) 113.06(14) 109.6(2) 107.73(8) 

I(3)-Al(1)-I(2) 108.1(2) 108.34(15) 111.75(11) 108.50(13) 112.0(3) 112.06(8) 

I(4)-Al(1)-I(1) 107.0(2) 107.12(14) 116.03(12) 107.26(13) 114.2(3) 116.53(8) 

I(4)-Al(1)-I(2) 110.6(3) 110.52(15) 105.46(12) 110.51(14) 108.4(2) 105.89(8) 

I(4)-Al(1)-I(3) 117.8(2) 117.74(16) 115.56(12) 117.80(15) 113.8(2) 115.46(8) 

I(6)-Al(2)-I(5) 99.8(2) 99.49(15) 98.51(10) 98.64(12) 97.3(2) 97.06(7) 

I(7)-Al(2)-I(5) 115.2(3) 115.61(15) 106.84(11) 115.84(15) 111.3(2) 107.65(8) 

I(7)-Al(2)-I(6) 104.8(3) 105.66(15) 110.77(12) 105.66(15) 111.6(2) 111.08(8) 

I(7)-Al(2)-I(8) 116.0(2) 115.71(17) 117.71(12) 115.70(14) 115.8(3) 117.52(8) 

I(8)-Al(2)-I(5) 108.3(3) 107.64(16) 112.78(12) 107.78(15) 110.4(2) 112.88(8) 

I(8)-Al(2)-I(6) 111.5(3) 111.55(15) 108.56(12) 111.93(15) 108.8(2) 108.77(7) 

I(10)-Al(3)-I(9) 103.2(2) 102.71(13) 102.42(11) 102.21(13) 103.2(2) 101.25(7) 

I(11)-Al(3)-I(9) 110.5(2) 110.53(15) 107.88(11) 110.73(13) 107.4(2) 108.20(7) 

I(11)-Al(3)-I(10) 108.8(3) 108.36(13) 109.17(12) 108.42(15) 109.6(2) 109.43(7) 

I(12)-Al(3)-I(9) 107.3(3) 107.69(14) 111.01(12) 107.93(14) 110.1(2) 110.92(7) 

I(12)-Al(3)-I(10) 109.3(2) 109.37(15) 108.39(11) 109.26(13) 109.3(2) 108.70(8) 

I(12)-Al(3)-I(11) 116.9(3) 117.21(16) 116.99(12) 117.24(15) 116.5(3) 117.16(8) 
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Fig. 2.10: Lanthanoid contraction in iodoaluminate lanthanoid(III) complexes in 

mesitylene. 

 

2. 3. 2. 4 Bromoaluminate lanthanoid(III) complexes in toluene 

Trivalent monomeric bromoaluminate complexes of lanthanoids Ln(η6-C6H5Me)(AlBr4)3 

(Ln = La (14), Nd (15) and Sm (16)) (Fig. 2.11) have been synthesised by the reaction of 

aluminium bromide, dibromoethane and lanthanoid metals in toluene (Scheme 2.3). A 

divalent compound of Eu (17) was also obtained by the similar methond. (Scheme 2.3). 

Trivalent bromoaluminate complexes are isostructural with the corresponding 

iodoaluminate trivalent complexes of lanthanoids in toluene. However, Sm(η6-

C6H5Me)(AlBr4)3 (16) comes with a trivalent Sm3+ metal centre, whereas  iodoaluminate 

samarium complex 5 has divalent samarium centre with a polymeric structure. On the 

other hand, the europium complex [Eu(η6-C6H5Me)(AlBr4)2]n.PhMe (17) features a 

divalent Eu2+ centre with a polymeric structure and is analogous to 6. This result confirms 

the divalent state of Eu is much more stable than that of Sm. 
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Scheme 2.3: Synthesis of bromoaluminate π-arene complexes of lanthanoids in toluene. 

 

The La-C contacts in 14 range from 2.948(8) to 3.061(8) Å with a La-centroid distance of 

2.646(3) Å. These values are similar to the analogous lanthanoid complexes 1, 8 and 

La(η6-C6H5Me)(AlCl4)3 (Table 2.2, 2.7 and 2.13). The La-centroid bond distance and the 

average La-C bond distance (2.9931 Å) are significantly longer than the corresponding 

uranium chloroaluminate complexes and cyclopentadienyl complexes of lanthanum 

(Table 2.3), which tells a weaker bond of lanthanum with the π-ligand. 

 

The La-Br bond contacts are comparable with the corresponding iodoaluminate and 

chloroaluminate complexes if we consider the differences of the ionic radii of halides. The 

Br-Al-I angles are closer to the idealised tetrahedral angle. The complexes 15 and 16 are 

isostructural with the iodoaluminate complexes and are comparable with the 

corresponding chloroaluminate complexes. The Ln-C bond contacts are weaker than that 

of in the cyclopentadienyls complexes as well as in the uranium chloroaluminate 

complexes (Table 2.5).The selected bond lengths (Å) and bond angles (o) for 14, 15 and 

16 are shown in Table 2.15 and 2.16, respectively. 
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Fig. 2.11: Molecular structure of La(η6-C6H5Me)(AlBr4)3 (14), representative of the 

isostructural complexes 15 and 16. Hydrogen atoms have been omitted for clarity. 

 

The Ln-C(avg.) and Ln-Centroid distances in the trivalent bromoaluminate complexes 

display a gradual decrease (Fig. 2.12) which also support the lanthanoid contraction. 
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Table 2.15: The selected bond lengths (Å) for La(η6-C6H5Me)(AlBr4)3; Ln = La (14), 
Nd (15) and Sm (16). 
 

Ln = La (14) Nd (15) Sm (16) 
Ln(1)-Br(1) 3.0575(10) 3.0434(8) 2.9897(10) 

Ln(1)-Br(2) 3.0722(12) 3.0041(8) 3.0105(12) 

Ln(1)-Br(5) 3.0887(10) 3.0109(9) 3.0256(10) 

Ln(1)-Br(6) 3.0478(10) 3.0287(10) 2.9866(10) 

Ln(1)-Br(9) 3.0744(10) 3.0315(8) 3.0151(10) 

Ln(1)-Br(10) 3.0060(10) 2.9507(8) 2.9213(10) 

Ln(1)-C(2) 3.061(8) 3.002(6) 2.981(8) 

Ln(1)-C(3) 2.978(8) 2.984(6) 2.879(7) 

Ln(1)-C(4) 2.940(8) 2.936(6) 2.849(8) 

Ln(1)-C(5) 2.948(8) 2.896(6) 2.874(8) 

Ln(1)-C(6) 2.988(8) 2.870(6) 2.916(8) 

Ln(1)-C(7) 3.044(8) 2.907(6) 2.959(8) 

Ln(1)-C(avg.) 2.9931 2.9325 2.9096 

Ln(1)-C(cent.) 2.646(3) 2.577(3) 2.550(3) 

Al(1)-Br(1) 2.342(2) 2.3521(19) 2.340(3) 

Al(1)-Br(2) 2.356(2) 2.3565(19) 2.347(2) 

Al(1)-Br(3) 2.239(3) 2.245(2) 2.242(2) 

Al(1)-Br(4) 2.250(2) 2.257(2) 2.251(3) 

Al(2)-Br(5) 2.354(2) 2.3391(19) 2.351(3) 

Al(2)-Br(6) 2.362(3) 2.3514(19) 2.356(2) 

Al(2)-Br(7) 2.257(3) 2.2486(19) 2.256(3) 

Al(2)-Br(8) 2.241(3) 2.242(2) 2.243(3) 

Al(3)-Br(9) 2.369(2) 2.3635(19) 2.364(2) 

Al(3)-Br(10) 2.359(2) 2.3610(19) 2.359(3) 

Al(3)-Br(11) 2.253(3) 2.2578(19) 2.251(2) 

Al(3)-Br(12) 2.255(3) 2.2504(19) 2.259(2) 
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Table 2.16: The selected bond angles (o) for La(η6-C6H5Me)(AlBr4)3; Ln = La (14), 
Nd (15) and Sm (16). 
Ln = La (14) Nd (15) Sm (16) 
Centroid-Ln-Br(axial) 174.76(8) 175.54(6) 176.01(9) 

Br(2)-Ln(1)-Br(1) 71.13(3) 71.85(2) 71.85(3) 

Br(2)-Ln(1)-Br(5) 136.13(3) 138.79(3) 136.52(3) 

Br(5)-Ln(1)-Br(1) 143.55(3) 142.15(2) 141.63(3) 

Br(6)-Ln(1)-Br(1) 138.75(3) 136.40(2) 138.80(3) 

Br(6)-Ln(1)-Br(2) 68.03(3) 67.79(2) 67.70(3) 

Br(6)-Ln(1)-Br(5) 71.36(3) 71.64(2) 72.02(3) 

Br(6)-Ln(1)-Br(9) 140.37(3) 136.407(19) 140.26(3) 

Br(9)-Ln(1)-Br(1) 71.34(2) 72.17(2) 70.60(2) 

Br(9)-Ln(1)-Br(2) 135.87(2) 140.27(2) 136.62(2) 

Br(9)-Ln(1)-Br(5) 72.86(3) 70.83(2) 71.97(3) 

Br(10)-Ln(1)-Br(1) 84.50(3) 79.25(3) 83.58(3) 

Br(10)-Ln(1)-Br(2) 80.02(3) 82.19(2) 79.48(3) 

Br(10)-Ln(1)-Br(5) 79.36(3) 83.85(3) 79.30(3) 

Br(10)-Ln(1)-Br(6) 83.09(3) 79.64(3) 81.81(3) 

Br(10)-Ln(1)-Br(9) 74.08(3) 75.08(2) 75.54(3) 

Br(1)-Al(1)-Br(2) 98.75(9) 97.80(7) 97.37(9) 

Br(3)-Al(1)-Br(1) 108.77(10) 110.26(8) 108.95(11) 

Br(3)-Al(1)-Br(2) 113.16(10) 110.23(8) 113.98(10) 

Br(4)-Al(1)-Br(1) 111.24(10) 109.11(8) 111.80(10) 

Br(4)-Al(1)-Br(2) 107.14(10) 110.67(8) 107.43(11) 

Br(4)-Al(1)-Br(3) 116.40(10) 117.07(8) 115.83(10) 

Br(6)-Al(2)-Br(5) 98.73(9) 97.80(7) 97.34(9) 

Br(7)-Al(2)-Br(5) 108.95(11) 111.76(8) 109.14(10) 

Br(7)-Al(2)-Br(6) 110.15(10) 107.36(8) 110.72(11) 

Br(7)-Al(2)-Br(8) 117.42(11) 116.01(8) 117.03(10) 

Br(8)-Al(2)-Br(5) 110.07(10) 108.86(8) 110.49(11) 

Br(8)-Al(2)-Br(6) 109.90(11) 113.62(8) 110.33(10) 

Br(10)-Al(3)-Br(9) 101.56(9) 101.01(7) 100.71(10) 

Br(11)-Al(3)-Br(9) 111.58(10) 107.79(8) 112.24(10) 

Br(11)-Al(3)-Br(10) 107.80(10) 112.65(8) 107.83(10) 

Br(12)-Al(3)-Br(9) 107.77(10) 112.14(8) 107.79(10) 

Br(12)-Al(3)-Br(10) 112.52(10) 107.78(8) 112.87(10) 

Br(12)-Al(3)-Br(11) 114.83(10) 114.68(8) 114.59(11) 
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Fig. 2.12: Lanthanoid contraction in bromoaluminate lanthanoid(III) complexes in 

toluene. 

 

2. 3. 2. 5 Bromoaluminate lanthanoid(II) complexes in toluene  

 

Complex [Eu(η6-MeC6H5)(AlBr4)2]n.PhMe (17)  (Fig. 2.13 and 2.14) is isostructural with 

5 and 6. The Eu-C bond lengths fall in the range 3.010(5)-3.094(5) Å with an average Eu-

C length of 3.0398 Å and are comparable with 6 and [Eu(η6-

C6Me6)(AlCl4)2]4.(C6H2Me4).48, 49 

 

The Eu-centroid distance in 17 (2.6981(5) Å) is significantly elongated than that in the 

corresponding cyclopentadienyl complexes80-82. Therefore, the Eu-arene bonds in 17 is 

weaker that the cyclopentadienyl complexes. The equatorial Eu-Br bond lengths range are 

comparable to 6 and [Eu(η6-C6Me6)(AlCl4)2]4.(C6H2Me4) after considering the ionic radii 

of halides. The Br-Al-Br angles are close to the idealised tetrahedral angle. The selected 

bond lengths (Å) and bond angles (o) for 17 are listed in Table 2.17 and 2.18, respectively. 

 

La Nd Sm
Ln-C(avg.) 2.9931 2.9325 2.9096
Ln-Cent. 2.646 2.577 2.55
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Fig. 2.13: A monomeric repeat unit (top) and the one dimensional extended framework 

for [Eu(η6-MeC6H5)(AlBr4)2]n.PhMe (17) (bottom). Hydrogen atoms and the solvent of 

crystallisation (toluene) have been omitted for clarity. 
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Fig. 2.14: The Eu-arene double stranded polymer with two bridging AlBr4
- units and two 

terminal AlBr4
- units for [Eu(η6-MeC6H5)(AlBr4)2]n.PhMe(17). Hydrogen atoms and the 

solvent of crystallisation (toluene) have been omitted for clarity. 

 

Table 2.17: The selected bond lengths (Å) for [Eu(η6-MeC6H5)(AlBr4)2]n.PhMe (17).  
 
 Eu (17)  Eu (17) 

Eu(1)-Br(1) 3.1661(13) Eu(1)-C(7) 3.039(5) 

Eu(1)-Br(2) 3.1925(8) Eu(1)-C(avg.) 3.0398 

Eu(1)1-Br(3) 3.1391(8) Eu(1)-C(cent.) 2.6981(5) 

Eu(1)1-Br(4) 3.1475(8) Al(1)-Br(1) 2.2911(16) 

Eu(1)-Br(5) 3.1698(8) Al(1)-Br(2) 2.3048(17) 

Eu(1)-Br(6) 3.1438(9) Al(1)-Br(3) 2.3034(15) 

Eu(1)-C(2) 3.094(5) Al(1)-Br(4) 2.3026(15) 

Eu(1)-C(3) 3.053(5) Al(2)-Br(5) 2.3225(16) 

Eu(1)-C(4) 3.033(5) Al(2)-Br(6) 2.3329(16) 

Eu(1)-C(5) 3.010(5) Al(2)-Br(7) 2.2705(18) 

Eu(1)-C(6) 3.010(5) Al(2)-Br(8) 2.2517(17) 
    11/2-x,-1/2+y,1/2-z 
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Table 2.18: The selected bond angles (o) for [Eu(η6-MeC6H5)(AlBr4)2]n.PhMe (17). 
 
 Eu (17)  Eu (17) 

Centroid-Ln-Br(axial) 169.28(5) Br(6)-Eu(1)-Br(4)2 84.73(3) 

Br(1)-Eu(1)-Br(2) 69.477(14) Br(6)-Eu(1)-Br(5) 70.39(2) 

Br(1)-Eu(1)-Br(5) 143.488(16) Br(1)-Al(1)-Br(2) 104.07(6) 

Br(3)2-Eu(1)-Br(1) 72.05(2) Br(1)-Al(1)-Br(3) 109.60(6) 

Br(3)2-Eu(1)-Br(2) 139.22(2) Br(1)-Al(1)-Br(4) 112.66(6) 

Br(3)2-Eu(1)-Br(4)2 72.388(18) Br(3)-Al(1)-Br(2) 111.73(6) 

Br(3)2-Eu(1)-Br(5) 73.79(3) Br(4)-Al(1)-Br(2) 111.41(6) 

Br(3)2-Eu(1)-Br(6) 140.590(17) Br(4)-Al(1)-Br(3) 107.42(6) 

Br(4)2-Eu(1)-Br(1) 79.30(3) Br(5)-Al(2)-Br(6) 102.82(6) 

Br(4)2-Eu(1)-Br(2) 87.567(16) Br(7)-Al(2)-Br(5) 110.42(7) 

Br(4)2-Eu(1)-Br(5) 78.45(3) Br(7)-Al(2)-Br(6) 107.47(7) 

Br(5)-Eu(1)-Br(2) 137.442(16) Br(8)-Al(2)-Br(5) 110.12(7) 

Br(6)-Eu(1)-Br(1) 135.35(2) Br(8)-Al(2)-Br(6) 111.99(7) 

Br(6)-Eu(1)-Br(2) 68.422(19) Br(8)-Al(2)-Br(7) 113.48(7) 
21/2-x, 1/2+y, 1/2-z 

 

2.3.3 Catalysis for the Polymerisation of Isoprene 

 

The catalytic activity experiments were performed at Prof. Reiner Anwander Lab in the 

University of Tübingen, Germany. Thanks to Prof. Anwander and his group for this 

contribution. 

 

The catalytic activity of 3 for the polymerisation of isoprene was performed (Table 2.19 

and Eqn. 2.5) at ambient temperature. TIBA or TMA (0.15 mmol, 1.5 equiv.) was added 

to a suspension of Nd(η6-C6H5Me)(AlI4)3 (0.01 mmol, 1equiv) in 0.5 ml toluene. The 

mixture was aged at ambient temperature for 10 and 90 minutes, respectively. This mixture 

was added to a solution of DIBAH (0.50 mmol, 50 equiv.) and isoprene (10 mmol, 1000 

equiv.) in 3 ml n-hexane. The polymerisation was carried out at ambient temperature for 

5 h. The reaction was terminated by pouring the polymerisation mixture into 200 mL of 
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methanol containing 0.1% (w/w) 2,6-di-tert-butyl-4-methylpheonl as a stabilizer. The 

polymer was dried under vacuum at ambient temperature to constant weight. 

 

I

II
I

II

II

II

I

I

Nd

Al Al

Al

1: 1.5 TIBA or TMA

2: 50 DIBAH, 1000 IP
Polyisoprene (2.5)

 
 

Table 2.19: Catalytic activity of 3 in the polymerisation of isoprene. 
 

Pre-
catalyst 

Co-catalyst[a] 

(equiv.) 

Prereact. 
Time 
[min] 

Time 
[h] 

Yield 
(%) 

cis-
1,4[b] 

trans-
1,4[b] 3,4[b] Mn

[c] (x 
104) Mw/Mn

[c] TG
[d] 

Nd(AlI4)3 
TIBA/DIBAH 

(1.5/50) 10 5 16 83.3 5.3 11.4 2.9 6.74 59.2 

Nd(AlI4)3 
TMA/DIBAH 

(1.5/50) 
90 5 25 86.4 0.0 13.6 2.7 7.67 60.0 

[a] TIBA = Triisobutylaluminium; DIBAH = Diisobutylaluminium hydride [b] Determined by 1H, 13C NMR 
spectroscopy in CDCl3 against polystyrene standards. [c] Determined by GPC against polystyrene standards. 
[d] Determined by DSC at 10 K/min. 
 

The polymer itself was only partly soluble in chloroform or tetrahydrofuran (very high 

molecular weight; difficult to handle which also makes GPC analysis difficult; this was 

also pointed out by Biagini et al. who examined similar complexes).21 Therefore, the 

microstructure (cis-, trans-, 3,4-content) as well as the Mn and PDI represents only the 

soluble part of the polymer. It could be shown by GPC analysis that only 36% and 42% 

of the polymer were analysed, respectively.  
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2.3.4 Discussion 

 

The iodoaluminate and bromoaluminate complexes of lanthanoids were found to be 

isostructural and comparable with the reported chloroaluminate complexes. Some 

important structural parameters of the iodo- and bromoaluminate lanthanoid-arene 

complexes (1-17) are summarised in Table 2.20. The Ln-centroid and the average Ln-C 

bond distances in the trivalent compounds prepared in both toluene and mesitylene are 

similar, which suggest that the metal ligand interaction is independent of the substituents 

in the ligands.  The Ln-X, Ln-centroid and the average Ln-C bond distances in the divalent 

complexes are longer than that of the trivalent complexes as divalent ions are larger than 

trivalent ions. Moreover, the Ln-I distances in the iodoaluminate complexes are longer 

than the Ln-Br distances in the bromoaluminate complexes. These differences are 

associated with the larger ionic radii of Ln2+ and I- ions than the Ln3+ and Br- ions, 

respectively.51  

 

The geometry of all the complexes could be best described as distorted pentagonal 

bipyramid, with the arene molecule at an axial position (the centroid-Ln-I/Br angles are 

close to the straight angle). The gradual decrease of the Ln-X, Ln-centroid and the average 

Ln-C bond distances in the trivalent complexes of lanthanoids (lanthanum to gadolinium) 

support the lanthanoid contraction effect. This trend is also accessible among the divalent 

complexes from samarium to ytterbium, and there is a dramatic change in ytterbium as it 

is the smallest metal among the complexes reported in this chapter. The catalytic activity 

of Nd(η6-C6H5Me)(AlI4)3  in isoprene polymerisation  was performed at ambient 

temperature, and were found less effective than the literature results of analogous 

complexes.  

 

 

 

 

 

 



Chapter 2 
 

82 
 

Table 2.20: Summary of structural parameters of the iodo- and bromoaluminate 

lanthanoid-arene complexes (1-17). 

 
 Ln-

C(avg.) 
Ln-
C(cent.) 

Ln-X 
(avg.) 

Crystal 
system 

Space 
group 

La(η6-C6H5Me)(AlI4)3 (1) 3.0065 2.663(4) 3.3044 Monoclinic  P21/n 

Ce(η6-C6H5Me)(AlI4)3 (2) 2.9813 2.634(6) 3.2869 Monoclinic P21/n 

Nd(η6-C6H5Me)(AlI4)3 (3) 2.9333 2.579(3) 3.2613 Monoclinic  P21/c 

Gd(η6-C6H5Me)(AlI4)3 (4) 2.9035 2.5495(5) 3.2299 Monoclinic P21/n 

[Sm(η6-MeC6H5)(AlI4)2]n.PhMe (5) 3.0221 2.6884(4) 3.4455 Orthorhombic P212121 

[Eu(η6-MeC6H5)(AlI4)2]n.PhMe (6) 3.0180 2.691(6) 3.4416 Orthorhombic P212121 

[Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe 

(7) 

2.9200 2.565(4) 3.2347 Monoclinic C2/c 

La(η6-C6H3Me3)(AlI4)3 (8) 3.0033 2.660(9) 3.3157 Triclinic P-1 

Ce(η6-C6H3Me3)(AlI4)3 (9) 2.9825 2.634(6) 3.2971 Monoclinic P21/c 

Pr(η6-C6H3Me3)(AlI4)3 (10) 2.9648 2.615(4) 3.2845 Monoclinic P21/c 

Nd(η6-C6H3Me3)(AlI4)3 (11) 2.9466 2.597(5) 3.2720 Monoclinic P21/c 

Sm(η6-C6H3Me3)(AlI4)3 (12) 2.9267 2.575(9) 3.2614 Monoclinic C2/c 

Gd(η6-C6H3Me3)(AlI4)3 (13) 2.9070 2.548(3) 3.2438 Monoclinic P21/c 

La(η6-C6H5Me)(AlBr4)3 (14) 2.9931 2.646(3) 3.0578 Monoclinic  P21/n 

Nd(η6-C6H5Me)(AlBr4)3 (15) 2.9325 2.577(3) 3.0116 Monoclinic  P21/n 

Sm(η6-C6H5Me)(AlBr4)3 (16) 2.9096 2.550(3) 2.9915 Monoclinic  P21/n 

[Eu(η6-MeC6H5)(AlBr4)2]n.PhMe 

(17) 

3.0398 2.6981(5) 3.1598 Monoclinic C2/c 
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2.4  Conclusions 
 

Compounds 1-17 extend the structural diversity attainable within the halogenoaluminate 

lanthanoid arene series. [Eu(η6-MeC6H5)(AlI4)2]n.PhMe, [Yb(η6-

MeC6H5)(AlI4)2]n.1/2PhMe and [Eu(η6-MeC6H5)(AlBr4)2]n.PhMe are the first examples 

of polymeric structures among these complexes. Moreover, [Yb(η6-

MeC6H5)(AlI4)2]n.1/2PhMe is the first example of eight coordination in this series, 

evidence of the lanthanoid contraction. All the iodoaluminate complexes were synthesised 

by the treatment of aluminium iodide (prepared from aluminium powder and iodine), 

lanthanoid metals and diiodoethane in a one-pot reaction, leading to the isolation of 

various complexes by a convenient reaction scheme. Bromoalumininate complexes were 

synthesised by the reaction of the mixture of lanthanoid metals, aluminium bromide and 

dibromoethane in toluene. The catalytic activity of Nd(η6-C6H5Me)(AlI4)3  for the isoprene 

polymerisation was performed at ambient temperature. However, it was found less 

effective than the literature results of analogous complexes.   
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2.5  Experimental 
 

For general procedures, see Appendix 2. Combustion analyses consistently gave variable 

results, and are therefore presented only in Appendix 2. Metal analyses were generally 

more accurate and are presented here. 

 

Synthesis of iodoaluminate complexes in toluene 
 

A mixture of excess Al (0.162 g, 6 mmol) and I2 (1.90 g, 7.5 mmol) was taken in a Schlenk 

flask charged with 40 mL toluene. The mixture was heated with stirring in oil bath for a 

couple of hours at 100oC. The solution turned to colourless from red indicating the 

consumption of all iodine. After cooling the solution to room temperature, stoichiometric 

amounts Ln filings and ICH2CH2I were added to the solution under nitrogen atmosphere 

in the glove box. The mixture was heated at 100oC for 24 h, filtered and crystallised at 

room temperature.  

 

La(η6-C6H5Me)(AlI4)3 (1) 
 

La filings (0.232 g, 1.67 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

aluminium iodide solution. Colourless solution was obtained after heating and colourless 

crystals were grown in two days (0.82g, 27%). Metal analysis (C7H8Al3I12La); cal. (%) La 

7.57; found La 7.54. IR (Nujol, ʋ/cm-1): 2925 (s), 1582 (m), 1490 (m), 1463 (s), 1378 (m), 

1210(m), 1178 (w), 1077 (w), 1033 (w), 786 (m), 728 (w), 682 (w). 

 

Ce(η6-C6H5Me)(AlI4)3 (2) 
 

1.67 mmol of Ce filings (0.234 g) and 2.5 mmol of ICH2CH2I (0.704g,) were added to the 

aluminium iodide solution. A light yellow solution was formed after heating and red 

crystals were obtained in two days (0.94g, 31%). Metal analysis (C7H8Al3I12Ce): cal. (%) 

Ce 7.63; found Ce 7.59. IR (Nujol, ʋ/cm-1):2923 (s), 1463 (s), 1377 (m), 787 (m), 723 (w) 
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Nd(η6-C6H5Me)(AlI4)3 (3) 
 

Nd filings (0.241 g, 1.67 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

aluminium iodide solution and the mixture was heated. A light blue solution was obtained 

and light blue crystals were formed in 24 hours (1.27g, 41%). Metal analysis 

(C7H8Al3I12Nd): cal. (%) Nd 7.84; found Nd 7.90. IR (Nujol, ʋ/cm-1): 3070 (m), 3045 (m), 

2855 (s), 2730 (s), 1463 (s), 1377 (s), 1177(w), 789 (m), 726 (w), 680 (w).  

 
Gd(η6-C6H5Me)(AlI4)3 (4) 
 

1.67 mmol of Gd filings (0.263 g) and 2.5 mmol of ICH2CH2I (0.704g) were added to the 

aluminium iodide solution. After heating the mixture, a light yellow solution was formed. 

Yellow-orange crystals were obtained in 2 days (1.12g, 36%). Metal analysis 

(C7H8Al3I12Gd): cal. (%) Gd 8.49; found Gd 8.46. IR (Nujol, ʋ/cm-1): 3140 (w), 2726 (m), 

2560 (m), 2341 (w), 1614 (w), 1377 (s), 1157(m), 792 (w), 726 (w), 722 (m), 668 (w). 

 

[Sm(η6-MeC6H5)(AlI4)2]n.PhMe (5) 

 

Sm filings (0.375 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

aluminium iodide solution. After heating the mixture gave a light yellow solution. Dark 

crystals were obtained in 2 days (0.85g, 24%). Metal analysis (C14H16Al2I8Sm): cal. (%) 

Sm 10.71; found Sm 10.34. 

 

[Eu(η6-MeC6H5)(AlI4)2]n.PhMe (6) 

 

2.5 mmol of Eu filings (0.379 g) and 2.5 mmol of ICH2CH2I (0.704g) were added to the 

aluminium iodide solution. Heating the mixture gave a light yellow solution and light 

yellow crystals were obtained in 2 days (0.59g, 17%). Metal analysis (C14H16Al2EuI8): cal. 

(%) Eu 10.81; found Eu 10.43. IR (Nujol, ʋ/cm-1):  2924 (s), 2690 (w), 2250 (w), 1602 

(w), 1462 (m), 1377 (s), 1154(w), 769 (w), 727 (w), 693 (w). 
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[Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe (7) 

 

Yb filings (0.432 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

solution followed by heating gave a red solution. Red crystals were obtained in 2 days 

(0.77g, 22%). Metal analysis (C10.5H12Al2I8Yb): cal. (%) Yb 12.54; found Yb 12.08. IR 

(Nujol, ʋ/cm-1): 3205 (w), 2921 (s), 2726 (m), 2410 (w), 1692 (m), 1587 (m), 1462(s), 

1377 (s), 1169 (w), 722 (w). 

 

Synthesis of iodoaluminate complexes in mesitylene 
 

A mixture of excess Al (0.162 g, 6 mmol) and I2 (1.90 g, 7.5 mmol) was taken in a Schlenk 

flask charged with 40 mL mesitylene. The mixture was heated with stirring in oil bath for 

a couple of hours at 100oC. The solution turned to colourless from red indicating the 

consumption of all iodine. After cooling the solution to room temperature, stoichiometric 

amounts of Ln filings and ICH2CH2I (0.704g, 2.5 mmol) were added to the solution under 

nitrogen atmosphere in the glove box. The mixture was heated overnight at 100oC giving 

a colourless solution, which was filtered and crystallised at room temperature.  

 

La(η6-C6H3Me3)(AlI4)3 (8) 
 

La filings (0.232 g, 1.67 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

aluminium iodide solution and heated. Colourless solution was formed and colourless 

crystals were grown in two days (0.65g, 21%). Metal analysis (C9H12Al3I12La); cal. (%) 

La 7.46; found La 7.37. IR (Nujol, ʋ/cm-1): 2918 (s), 2700 (w), 2615 (w), 1460(s), 1377 

(s), 1262 (w), 1029 (w), 722 (w). 

 
Ce(η6-C6H3Me3)(AlI4)3 (9) 
 

Ce filings (0.234 g, 1.67 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

solution of aluminium iodide. Heating the mixture gave a red solution and red crystals 

were grown in two days (0.95g, 31%). Metal analysis (C9H12Al3I12Ce); cal. (%) Ce 7.52; 

found Ce 7.31. 
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Pr(η6-C6H3Me3)(AlI4)3 (10) 
 

1.67 mmol of Pr filings (0.235 g) and 2.5 mmol ICH2CH2I (0.704g) were added to the 

aluminium iodide solution. The mixture was heated giving a red solution. Red crystals 

were grown in two days (0.82g, 26%). Metal analysis (C9H12Al3I12Pr); cal. (%) Pr 7.56; 

found Pr 7.48. 

 
Nd(η6-C6H3Me3)(AlI4)3 (11) 
 

Nd filings (0.241 g, 1.67 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the AlI3 

solution. The mixture was heated giving a red solution and red crystals were grown in a 

week at room temperature (0.10 g, 32%). Metal analysis (C9H12Al3I12Nd); cal. (%) Nd 

7.72; found Nd 7.58. IR (Nujol, ʋ/cm-1): 2923 (s), 2854 (s), 2700 (w), 1607 (w), 1462 (m), 

1377 (m), 1261(w), 1027 (w), 869 (w), 722 (w), 676 (w). 

 

Sm(η6-C6H3Me3)(AlI4)3 (12) 
 
Sm filings (0.375 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the 

aluminium iodide solution. After heating the mixture gave a light yellow solution. Dark 

crystals were obtained in 2 days (0.88 g, 25%). Metal analysis (C9H12Al3I12Sm): cal. (%) 

Sm 8.02; found Sm 7.94. IR (Nujol, ʋ/cm-1): 3190 (w), 2726 (m), 1560 (w), 1300 (m), 

1154 (w), 1026 (w), 869 (w), 722 (w). 

 

Gd(η6-C6H3Me3)(AlI4)3 (13) 
 

1.67 mmol of Gd filings (0.263 g) and 2.5 mmol of ICH2CH2I (0.704g) were added to the 

aluminium iodide solution. After heating the mixture, a light yellow solution was formed. 

Yellow-orange crystals were obtained in 2 days (1.06 g, 35%). Metal analysis 

(C9H12Al3I12Gd): cal. (%) Gd 8.36; found Gd 8.45. IR (Nujol, ʋ/cm-1): 3126 (w), 2726 

(m), 2615 (m), 1377 (s), 1301 (m), 1154 (m), 1026 (w), 967 (w), 871 (w), 722 (w). 
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Synthesis of bromoaluminate complexes in toluene 
 

A mixture of AlBr3 (1.6 g, 6.0 mmol), Ln filings (0.278 g, 2.0 mmol) and BrCH2CH2Br 

(0.6 g, 6 mmol) was taken in a Schlenk flask charged with 40 mL toluene. The mixture 

was heated overnight at 100oC giving a dark muddy solution, which was filtered to remove 

the unreacted solid. The solution was kept at room temperature for crystallisation and dark 

crystals covered with muddy solution were obtained next day. No pure compound could 

have been isolated, so no elemental analysis was performed. 

 

La(η6-C6H5Me)(AlBr4)3 (14) 

 

2.0 mmol of La filings (0.278 g) was used. 

 

Nd(η6-C6H5Me)(AlBr4)3 (15) 

 

Nd filings (0.288 g, 2.0 mmol) was used. 

 

Sm(η6-C6H5Me)(AlBr4)3 (16) 

 

Sm filings (0.30 g, 2.0 mmol) was used giving a yellow solution. 

 
[Eu(η6-MeC6H5)(AlBr4)2]n.PhMe (17) 

 

Eu filings (0.304 g, 2.0 mmol) was used giving a dark cloudy solution. 
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2.6  X-ray crystal data 
 

For general procedures, see Appendix 2. 

 

La(η6-C6H5Me)(AlI4)3 (1) 
 

C7H8Al3I12La, Mr = 1834.85, monoclinic, space group P21/n (No. 14), a = 18.009(4) Å, 

b = 18.952(4) Å, c = 20.297(4) Å, β = 101.79(3)°, α = γ = 90°, V = 6781(2) Å3, T = 

173(2) K, Z = 8, Z' = 2, µ(Mo Kα) = 12.261 mm-1, Dcalc = 3.5942 gcm-3, 108921 

reflections measured, 15407 unique (Rint = 0.0895) which were used in all calculations. 

The final wR2 was 0.0966 (all data) and R1 was 0.0425 (I≥ 2σ(I)). 

 

Ce(η6-C6H5Me)(AlI4)3 (2) 
 

C7H8Al3CeI12, Mr = 1835.99, monoclinic, space group P21/n (No. 14), a = 18.033(4) Å, 

b = 18.943(4) Å, c = 20.272(4) Å, β = 102.07(3)°, α = γ = 90°, V = 6772(2) Å3, T = 

173(2) K, Z = 8, Z' = 2, µ(MoKα) = 12.361 mm-1, Dcalc = 3.602 gcm-3, 51299 reflections 

measured, 10320 unique (Rint = 0.0637) which were used in all calculations. The final wR2 

was 0.1204 (all data) and R1 was 0.0454 (I >2σ(I)). 

 
Nd(η6-C6H5Me)(AlI4)3 (3) 
 

C7H8Al3I12Nd, Mr = 1840.18, monoclinic, space group P21/c (No. 14), a = 15.795(3) Å, 

b = 14.005(3) Å, c = 15.901(3) Å, β = 105.19(3)°, α = γ = 90°, V = 3394.5(13) Å3, T = 

173(2) K, Z = 4, Z' = 1, µ(Mo Kα) = 12.517 mm-1, Dcalc = 3.6005 gcm-3
,
 23903 reflections 

measured, 6861 unique (Rint = 0.0866) which were used in all calculations. The final wR2 

was 0.1250 (all data) and R1 was 0.0498 (I≥ 2σ(I)). 

 
Gd(η6-C6H5Me)(AlI4)3 (4) 
 

C7H8Al3GdI12, Mr = 1853.12, monoclinic, space group P21/n (No. 14), a = 18.055(4) Å, 

b = 18.872(4) Å, c = 20.105(4) Å, β = 102.81(3)°, α = γ = 90°, V = 6680(2) Å3, T = 

173(2) K, Z = 8, Z' = 2, µ(MoKα) = 13.154 mm-1, Dcalc = 3.685 gcm-3, 59439 reflections 
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measured, 11588 unique (Rint = 0.0619) which were used in all calculations. The final wR2 

was 0.0948 (all data) and R1 was 0.0407 (I > 2σ(I)). 

 

[Sm(η6-MeC6H5)(AlI4)2]n.PhMe (5) 

 

C14H16Al2I8Sm, Mr = 1403.78, orthorhombic, space gorup P212121 (No. 19), a = 

10.992(2) Å, b = 14.409(3) Å, c = 19.079(4) Å, α = β = γ = 90°, V = 3021.8(10) Å3, T = 

173(2) K, Z = 4, Z' = 1, µ(MoKα) = 10.175 mm-1, Dcalc = 3.086 gcm-3, 17103 reflections 

measured, 4903 unique (Rint = 0.0896) which were used in all calculations. The final wR2 

was 0.1023 (all data) and R1 was 0.0400 (I > 2σ(I)). 

 

[Eu(η6-MeC6H5)(AlI4)2]n.PhMe (6) 

C14H16Al2EuI8, Mr = 1405.39, orthorhombic, space group P212121 (No. 19), a = 

10.977(2) Å, b = 14.388(3) Å, c = 19.269(4) Å, α = β = γ = 90°, V = 3043.3(11) Å3, T = 

173(2) K, Z = 4, Z' = 1, µ(MoKα) = 10.235 mm-1, Dcalc = 3.067 gcm-3, 37126 reflections 

measured, 6989 unique (Rint = 0.0779) which were used in all calculations. The final wR2 

was 0.1010 (all data) and R1 was 0.0439 (I > 2σ(I)). 

 

[Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe (7) 

 

C10.5H12Al2I8Yb, Mr = 1380.40, monoclinic, space group C2/c (No. 15), a = 38.143(8) Å, 

b = 8.1290(16) Å, c = 19.776(4) Å, β = 118.62(3)°, α = γ = 90°, V = 5383(2) Å3, T = 

173(2) K, Z = 8, Z' = 1, µ(MoKα) = 12.711 mm-1, Dcalc = 3.407 gcm-3, 15661 reflections 

measured, 4493 unique (Rint = 0.0914) which were used in all calculations. The final wR2 

was 0.1118 (all data) and R1 was 0.0474 (I > 2σ(I)). 

 

La(η6-C6H3Me3)(AlI4)3 (8) 
 

C9H12Al3I12La, Mr = 1862.84, triclinic, space group P-1 (No. 2), a = 10.159(2) Å, b = 

18.705(4) Å, c = 20.463(4) Å, α = 66.49(3)°, β = 89.99(3)°, γ = 89.98(3)°, V = 

3565.6(14) Å3, T = 293(2) K, Z = 4, Z' = 2, µ(MoKα) = 11.662 mm-1, Dcalc = 3.470 gcm-
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3, 28232 reflections measured, 11122 unique (Rint = 0.0250) which were used in all 

calculations. The final wR2 was 0.4014 (all data) and R1 was 0.1074 (I > 2σ(I)). 

Ce(η6-C6H3Me3)(AlI4)3 (9) 
 

C9H12Al3CeI12, Mr = 1864.11, monoclinic, space goroup P21/c (No. 14), a = 18.687(4) Å, 

b = 10.137(2) Å, c = 20.435(4) Å, β = 113.50(3)°, α = γ = 90°, V = 3549.9(15) Å3, T = 

293(2) K, Z = 4, Z' = 1, µ(Mo Kα) = 11.792 mm-1, Dcalc = 3.4876 gcm-3, 28006 reflections 

measured, 5708 unique (Rint = 0.0543) which were used in all calculations. The final wR2 

was 0.1509 (all data) and R1 was 0.0480 (I≥ 2σ(I)). 

 

Pr(η6-C6H3Me3)(AlI4)3 (10) 
 

C9H12Al3I12Pr, Mr = 1864.84, monoclinic, space group P21/c (No. 14), a = 18.607(4) Å, 

b = 10.144(2) Å, c = 20.383(4) Å, β = 113.27(3)°, α = γ = 90°, V = 3534.2(14) Å3, T = 

293(2) K, Z = 4, Z' = 1, µ(MoKα) = 11.936 mm-1, Dcalc = 3.505 gcm-3, 28281 reflections 

measured, 6720 unique (Rint = 0.0502) which were used in all calculations. The final wR2 

was 0.1624 (all data) and R1 was 0.0577 (I > 2σ(I)). 

 
Nd(η6-C6H3Me3)(AlI4)3 (11) 
 

C9H12Al3I12Nd, Mr = 1868.23, monoclinic, space group P21/c (No. 14), a = 18.645(4) Å, 

b = 10.117(2) Å, c = 20.399(4) Å, β = 113.35(3)°, α = γ = 90°, V = 3532.9(15) Å3, T = 

173(2) K, Z = 4, Z' = 1, µ(Mo Kα) = 12.030 mm-1, Dcalc = 3.5122 gcm-3, 38490 reflections 

measured, 8807 unique (Rint = 0.1042) which were used in all calculations. The final wR2 

was 0.2362 (all data) and R1 was 0.0847 (I≥ 2σ(I)). 

 
Sm(η6-C6H3Me3)(AlI4)3 (12) 

 

C9H12Al3I12Sm, Mr = 1874.28, monoclinic, space group C2/c (No. 15), a = 18.099(4) Å, 

b = 11.555(2) Å, c = 34.261(7) Å, β = 98.51(3)°, α = γ  = 90°, V = 7086(3) Å3, T = 

293(2) K, Z = 8, Z' = 1, µ(MoKa) = 12.188 mm-1, Dcalc = 3.514 gcm-3, 42395 reflections 

measured, 9689 unique (Rint = 0.0809) which were used in all calculations. The final wR2 

was 0.2255 (all data) and R1 was 0.0801 (I > 2σ(I)). 



Chapter 2 
 

92 
 

Gd(η6-C6H3Me3)(AlI4)3 (13) 
 

C9H12Al3GdI12, Mr = 1881.18, monoclinic, space group P21/c (No. 14), a = 18.608(4) Å, 

b = 10.105(2) Å, c = 20.352(4) Å, β = 113.19(3)°, α = γ = 90°, V = 3517.7(14) Å3, T = 

173(2) K, Z = 4, Z' = 1, µ(MoKa) = 12.492 mm-1, Dcalc = 3.552 gcm-3, 63445 reflections 

measured, 10105 unique (Rint = 0.0613) which were used in all calculations. The final wR2 

was 0.1024 (all data) and R1 was 0.0390 (I > 2σ(I)). 

 

La(η6-C6H5Me)(AlBr4)3 (14) 

 

C7H8Al3Br12La, Mr = 1270.90, monoclinic, space group P21/n (No. 14), a = 10.088(2) Å, 

b = 20.776(4) Å, c = 13.468(3) Å, β = 105.11(3)°, α = γ = 90°, V = 2725.1(10) Å3, T = 

100(2) K, Z = 4, Z' = 1, µ(MoKα) = 19.254 mm-1, Dcalc = 3.0973 gcm-3, 4665 reflections 

measured, 4665 unique (Rint = .) which were used in all calculations. The final wR2 was 

0.1217 (all data) and R1 was 0.0483 (I > 2σ(I)). 

 

Nd(η6-C6H5Me)(AlBr4)3 (15) 

 

C7H8Al3Br12Nd, Mr = 1276.23, monoclinic, space group P21/n (No. 14), a = 10.039(2) Å, 

b = 20.639(4) Å, c = 13.425(3) Å, β = 105.30(3)°, α = γ = 90°, V = 2683.0(10) Å3, T = 

100(2) K, Z = 4, Z' = 1, µ(MoKα) = 19.899 mm-1, Dcalc = 3.160 gcm-3, 29866 reflections 

measured, 4495 unique (Rint = 0.0639) which were used in all calculations. The final wR2 

was 0.0909 (all data) and R1 was 0.0378 (I > 2σ(I)). 

 

Sm(η6-C6H5Me)(AlBr4)3 (16) 

 

C7H8Al3Br12Sm, Mr = 1282.34, monoclinic, P21/n (No. 14), a = 10.017(2) Å, b = 

20.587(4) Å, c = 13.408(3) Å, β = 105.35(3)°, α = γ = 90°, V = 2666.4(10) Å3, T = 

100(2) K, Z = 4, Z' = 1, µ(MoKα) = 20.278 mm-1, Dcalc = 3.194 gcm-3, 27847 reflections 

measured, 4042 unique (Rint = 0.0747) which were used in all calculations. The final wR2 

was 0.1233 (all data) and R1 was 0.0487 (I > 2σ(I)). 
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[Eu(η6-MeC6H5)(AlBr4)2]n.PhMe (17) 

 

C10.5H12Al2Br8Eu, Mr = 983.40, monoclinic, space group C2/c (No. 15), a = 26.260(5) Å, 

b = 10.176(2) Å, c = 19.586(4) Å, β = 115.03(3)°, α = γ = 90°, V = 4742.0(19) Å3, T = 

100(2) K, Z = 8, Z' = 1, µ(MoKα) = 16.193 mm-1, Dcalc = 2.755 gcm-3, 35068 

reflections measured, 5294 unique (Rint = 0.0499) which were used in all calculations. The 

final wR2 was 0.0830 (all data) and R1 was 0.0339 (I > 2σ(I)). 
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3.1  Introduction 
 

The chemistry of six-membered π-arene complexes has attracted the interest of inorganic 

chemists since the characterisation of the compound [Cr(η6-benzene)2], synthesised by the 

reduction of anhydrous CrCl3 with Al/AlCl3 in aromatic hydrocarbon as solvent.1 After the 

discovery of the first transition metal π-arene complex, this direction of chemistry has been 

explored comprehensively.2-11 Moreover, six-membered π-arene complexes of U(III) and 

U(IV) have been reported, achieved by the AlX3-mediated synthesis.12-16 The lanthanoid-

arene complexes, have been synthesised by using AlX3 and LnX3 in aromatic solvent, and 

their catalytic activity have also been explored extensively.17-50 In chapter 2, we described a 

series of iodoaluminate lanthanoid π-arene complexes, synthesised by heating a mixture of 

in situ prepared AlI3 (from Al metal and I2) and LnI2/LnI3 (from Ln metal and ICH2CH2I). 

Even though there are distinct comparisons between divalent lanthanoids (Sm, Eu and Yb) 

with the heavier group 2 metals (Ba, Sr and Ca respectively), the six-membered π-arene 

complexes of alkaline earths are rare species (a Cambridge Crystallographic Database search 

found 38 hits),51-70 however, their cyclopentadienyl and allyl complexes are known.71-98  

 

Alkaline earth (Ae) complexes with a π−interaction to alkene and alkyne have been known 

for more than forty years. The first magnesium-diene complex Mg(thf)3(s-cis-PhCH=CH-

CH=CHPh) with trigonal bipyramidal coordination was prepared from the 1,3-diene and 

activated magnesium in thf 99, and [(MeC C)2BeNMe3]2 was reported involving an π–alkyne 

interaction.100 A quite large number of other complexes having π−alkene and −alkyne 

interactions have also been reported.72, 73, 101-117 The first Ae complex [Ba(η6-

C6H5Me)(Sn3(PSitBu3)4] (Fig.3.1) featuring Ba-η6(arene) interactions was obtained by the 

reaction of Ba(PHSitBu3)2 and bis[bis(trimethylsilyl)amino]stannylene in toluene.52 The Ba-

C bond distances range 3.36-3.48 Å.  
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Fig. 3.1: Molecular structure of [Ba(η6-C6H5Me) (Sn3(PSitBu3)4]. 

 

Barium complexes [nBu8N4Ba2(η6-arene)2] (arene = durene, naphthalene, toluene and 

benzene) have been synthesised by refluxing meso-octaalkylporphyrinogen compound 

[nBu8N4Ba2(thf)4] and the respective aromatic hydrocarbons for 24 hours.53 The two arene 

rings in durene and naphthalene complexes bonded to the barium centre with an average 

distance of 3.068(7) and 3.077(7) Å, respectively. However, in benzene and toluene 

complexes, one barium bonded to the arene in an η6-fashion, and the other barium is weakly 

bonded with an η2 (in benzene) or η3 (toluene) modes. The average Ba-C(η6) distances are 

3.068(3), 3.086(5) Å in the toluene and benzene complexes, respectively.   

 

The calix[4]arene complex of calcium [p-tBu-calix[4]-(OC5H9)2(O)2Ca2I2(MeCN)2] (Fig. 

3.2) has a Ca-η6(arene) interaction and was synthesised by refluxing a mixture of [CaI2(thf)4 

and [(p-tBu-calix[4]-(OC5H9)2-(O)2)Ca].DME) overnight in acetonitrile.54 One of the Ca2+ 

ions in the molecule bonded to two oxygen atoms, and has η6 interactions with the two 

opposite aromatic rings. The Ca-C(arene) distances in the two rings range from 3.072(3)-

3.515(3) and 3.014(4)-3.403(4) Å, respectively. The coordination sphere of the Ca2+ ion is 

completed by two acetonitrile solvent molecules with two acetonitrile molecules. 
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Fig. 3.2: Molecular structure of [p-tBu-calix[4]-(OC5H9)2(O)2Ca2I2(MeCN)2]. 

 

Aryl complexes of the heavier Ae metals Ca, Sr, and Ba have been synthesised by the one 

pot transmetalation/deprotonation reaction of the triazene, bis(pentafluorophenyl)mercury, 

and the corresponding Ae metal (Scheme 3.1). These complexes feature additional π-arene 

interactions with the pendent aryl substituents of the ligands.55 In the calcium complex, the 

Ca2+ ion binds to the mesityl ring in an η5 fashion and the Ca-C distances span the range 

from 3.015(7)–3.132(7) Å. In contrast, the metal ions in the Sr and Ba complexes bind not 

only to a mesityl group but also to the triisopropylphenyl ring of the triazenide ligand in η6 

or η5 modes. The M-C(mesityl) distances in Sr and Br complexes range from 3.165–3.306 

and 3.327–3.430 Å, respectively and that of the M-C(triisopropylphenyl) distances range 

3.078–3.283 and 3.286–3.406 Å, respectively. 

 

An “inverse” sandwich complex [(thf)3Ca{μ-C6H3-1,3,5-Ph3}Ca(thf)3] (Eqn. 3.1) was 

synthesised by the reaction of bromo-2,4,6-triphenylbenzene and activated calcium in THF. 

The arene locates in between the two metal cations with a Ca-Ca and Ca-C distances of 

4.279(3) and 2.592(3) Å, respectively.56 A series of heterometallic alkaline earth-rare earth 

aryloxo complexes has been prepared by the treatment of a rare earth metal and a potential 

alkaline earth meatal with 2,6-diphenylphenol (HOdpp) at elevated temperatures (200–250 
oC). Moreover, some charge-separated complexes [Ae2(Odpp)3][Ln(Odpp)4] were obtained 

for a range of metals (Ae = Ca, Sr and Ba; Ln = Nd, Sm, Ho and Yb) (Fig. 3.3).57 The 
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structure of the complexes feature an extensive intramolecular Ae-π bonding with the 

pendant phenyl groups. 
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Scheme 3.1: Synthesis of triazene complexes of Ca, Sr and Ba. 
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The addition of [Mes(I)Ca(Et2O)4] solution in diethyl ether to a solution of mesityl copper 

in toluene at ~40oC afforded a tetrameric solvent-free iodocalcium dimesityl cuprate(I) 

complex [ICa(µ-η1,η6-Mes2Cu)]4 (Fig. 3.4).58 The calcium atom binds to the mesityl group 

in the nonplanar dimesityl cuprate anion in an η6 fashion having a Ca-C distances in the 

range of 2.792(5)-2.866(6) Å (average Ca-C length is 282.9 Å). It also attached to the aryl 
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ipso-carbon atom in the planar dimesityl cuprate ion in a η1 mode. Two calcium atoms have 

a separation of 4.1743(17) Å, and are bridged by two iodine atoms to each other forming a 

four-membered Ca2I2 ring with the Ca-I distances in the range from 3.0398(12)–3.0950(11) 

and 307.67(12)–313.28(13) Å (average Ca-I length of 3.086 Å).  
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Fig. 3.3: Molecular structure of [Ca2(Odpp)3][Yb(Odpp)4], representative of a series of 

analogous complexes. 

 

The treatment of the magnesium(I) dimer, [(MesNacnac)MgMg(MesNacnac)] (MesNacnac = 

[{N(R)C(Me)}2CH]− R = C6H2Me3-2,4,6) with anthracene at ambient temperature in toluene gave 

a monomeric complex, in which the two Mg(MesNacnac) fragments bridged by an anthracene 

dianion (Eqn. 3.2).59 However, the connections of the two fragments with the anthracene 

dianion are significantly different; one Mg centre has a polar covalent interaction with two 

carbons, and the other displays η4-arene interactions with one of the arene rings. 

Consequently, the molecule seems to have a contact ion pair involving a [Mg(MesNacnac)]+ 

cation and a [(MesNacnac)Mg(anthracene)]- anion. The Mg-C(π) distances range from 

2.382(7)-2.426(6) Å, and the covalent M-C contacts are 2.344(7) and 2.372(7) Å. 



Chapter 3 
 

106 
 

 
 

Fig. 3.4: Molecular structure of [ICa(µ-η1,η6-Mes2Cu)]4. 
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Two separate dimorphs of the barium complex [(Ba{GaCl4}2)3·2C6H6] (Fig. 3.5) have been 

synthesised by the reaction of gallium chloride, barium chloride and barium metal in 

benzene.60 The dimorphs have the same structural units; however, one crystallises in the 

monoclinic space group C2/c, and the other belongs to a rhombohedral space group R3. The 

crystal structure shows one Ba atom coordinated by two axial benzene molecules in an η6-

fashion, and the benzene molecules being staggered on opposite sides of Ba. The Ba-C 

contacts fall in the range from 3.277(7)–3.331(11) and 3.278(10)–3.308(9) Å in the 

monoclinic and rhombohedral forms, respectively. The Ba atom is surrounded by six Cl- 

ions from adjacent, bridging GaCl4
- groups in a hexagonal planar fashion around the 

equatorial coordination plane. The Ba-Cl distances range from 3.302(2)–3.377(7) and 

3.343(2)–3.344(3) Å in the monoclinic and rhombohedral forms, respectively. Based on 

hapticity, the coordination number around the Ba atom is 12 (6 with two benzene rings and 

6 chloride ions). 

 

Ba
Cl

Cl

Cl

Cl

Cl

Cl
Ga Ba

Cl

Cl

Cl

Cl
Ga

Cl

Cl
Ba

Cl
Cl

Ga

Cl
Cl

Ba

Cl
ClCl

Cl

Ga Ga

Cl
Cl

Cl
ClBa

Ba

Ba
Cl

Cl

Cl

Cl
Cl

Cl
Ga

Cl
Cl

 
 

Fig. 3.5: Molecular structure of [(Ba{GaCl4}2)3·2C6H6]. 
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The other Ba atom is coordinated to the same GaCl4
- groups, surrounded by 12 chloride ions 

in an icosahedral fashion. The Ba-Cl distances range from 3.321(2)–3.440(2) Å in the 

monoclinic form, and 3.338(2)–3.415(2) Å in the rhombohedral form.  

 

The homoleptic alkaline earth triazenide complex [Ba{N3Dmp(Tph)}2] [Dmp = 2,6-

Mes2C6H3 and Mes = 2,4,6-Me3C6H2; Tph = 2-TripC6H4 and Trip = 2,4,6-iPr3C6H2] (Fig. 

3.6) has been synthesised by the reaction of phenylsilane, bis(pentafluorophenyl)mercury, 

triazene and excess Ba pieces.61 The coordination sphere of Ba2+ consists of four nitrogen 

atoms of the two κ2-chelated triazenide ligands and π-arene interactions to the two Mes rings 

of the terphenyl substituents in an η6 fashion. This gives rise to a distorted octahedral 

coordination of the Ba centre if we consider the centroid as the binding site. 
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Fig. 3.6: Molecular structure of [Ba{N3Dmp(Tph)}2], representative of 

[Sr{N3Dmp(Tph)}2]. 

 
The Ba-C contacts range from 3.312(5)-3.424(5) Å and the Ba-centroid distance is 3.0738(4) 

Å. The strontium complex [Sr{N3Dmp(Tph)}2] featuring an analogous structure of barium 

complex, has also been synthesised by the reaction of phenylsilane, 

bis(pentafluorophenyl)mercury, triazene and an excess of Sr. However, the Sr- π-arene 

interactions modes were η5/η3 instead of being η6. The Sr-C(η5) distances range from 

3.011(4)-3.311(4) Å, and that of Sr-C(η3) range from 2.980(4)-3.241(4) Å. The Sr-
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Centroid(η5) and Sr-Centroid(η3) distances are 2.839 and 2.974 Å, respectively. The 

geometry of the metal centre of [Sr{N3Dmp(Tph)}2] can be described as distorted 

tetrahedral by considering the arene binding sites as one binding site. 

 
The treatment of [Ba(AlEt4)2]n with HOSi(OtBu)3 in toluene resulted in the isolation of the 

dimeric complex [Ba(AlEt4)2(PhMe)]2  (Eqn. 3.3a) with κ2 and µ2:κ2,η1 coordinating 

terminal and bridging tetraethylaluminato ligands, respectively.62 The existence of a Schlenk 

equilibrium between [Ba{OSi(OtBu)3}(AlEt4)], [Ba{OSi(OtBu)3}2] and 

[Ba(AlEt4)2(PhMe)]2 (Eqn. 3.3b) was believed and isolated one component of the 

equilibrium. The average Ba-C(toluene) and Ba-Al distances are 3.535 and 3.311 Å, 

respectively. An analogous complex [Ba(GaEt4)2(PhMe)]2 was also isolated by the reaction 

of  [Ba(AlEt4)2]n and GaEt3·Et2O in toluene and found to be isostructural with 

[Ba(AlEt4)2(PhMe)]2 having an average Ba-C(toluene) distance of 3.322 Å.63
   

 

 

[Ba(AlEt4)2]n HOSi(OtBu)3+
toluene,
RT, 16 h
-C2H6 Al Ba
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Et
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Et
Et

Et
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Et Et

Et
(3.3a)

 
 
 

Ba[OSi(OtBu)3][AlEt4] [Ba(AlEt4)2(PhMe)]2 [Ba{OSi(OtBu)3}2]+ (3.3b)  
 

The reaction of [Ba{N(SiHMe2)2}2]n with GaMe3 resulted in the barium oxo complex 

[Ba(μ4-O)(GaMe3)2(toluene)]2, which features a planar [Ba(μ-O)]2 core (Fig. 3.7).64 Four 

GaMe3 molecules and two η6-coordinating toluene molecules shield this Ba2O2 moiety. Two 

GaMe3 molecules bridge the barium centres by two Ba–CH3 contacts and one Ga–O bond 

each. The other two molecules each interact with one barium centre by heterobridged 

moieties of the type [Ba(μ-CH3)(μ-O)GaMe2]. The average Ba1– and Ba2–centroid 

distances are 3.010 and 3.013 Å, respectively.  
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A dicalcium complex [Ca(Dipp-Bian)(thf)]2 (Dipp = 2,6-diisopropylphenyl, Bian = 

acenaphthylene-1,2-diamine) (Fig. 3.8) having two Dipp rings connected to two calcium 

centres in an η6 fashion has been reported.65 The Ca-C(arene) contacts range from 

2.7518(18)-3.0341(19) Å with a Ca-centroid contact being 2.5345(8) Å. 

 

 

 
 
 

Fig. 3.7: Molecular structure of [Ba(μ4-O)(GaMe3)2(toluene)]2. 
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Fig. 3.8: Molecular structure of [Ca(Dipp-Bian)(thf)]2. 
 
 

The reaction of Dipp-N=C(tBu)N(H)CH2-Py with CaI2 and KN(SiMe3)2 in THF resulted in 

the formation of [(thf)Ca{(Dipp-N)C(tBu)NCH2-Py}2] (Eqn. 3.4).66 This structure features 

an intramolecular calcium-π interaction with an aryl group of the ligand. The Ca−C(arene) 

distances fall in the range from 2.764(2)-3.135(2) Å (average 2.958 Å) with a Ca−centroid 

distance of 2.609 Å. An analogous complex [Ca{(Dipp–N)C(tBu)–N–Qu}2] (Qu = 8-

quinolyl) has also been prepared from the treatment of Dipp-N=C(tBu)N(H)CH2-Qu with 

[(thf )2Ca{N-(SiMe3)2}2] in THF.67 The Ca−C(arene) distances span the range from 

2.805(2)-3.145(2) Å (average 2.958 Å) with a Ca−centroid distance of 2.662 Å. 
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A solution of (Dipp-N=C(tBu)-N(H)-C2H4-Py) and [(thf)2Ae{N(SiMe3)2}2] (Ae = Ca, Sr) in 

toluene, stirred at room temperature gave the heteroleptic complexes 

[{(Me3Si)2N}Ae{Dipp-N=C(tBu)-N-C2H4-Py}] (Ae = Ca, Sr) (Fig. 3.9).68 The Ca-π 

interactions span the range from 2.750(3)–3.048(3) Å, relatively smaller than the Sr-π 

interactions (2.885(3)–3.098(3) Å) leading to distances between the aryl centroid and 

calcium or strontium atoms of 2.554 and 2.680 Å, respectively. 
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Fig. 3.9: Molecular structure of [{(Me3Si)2N}Ae{Dipp-N=C(tBu)-N-C2H4-Py}].  
 

The homoleptic bis(guanidinate) complex of barium [Ba(MesN{C(NCy2)}NMes)2] (Mes = 

2,4,6-Me3C6H2, Cy = cyclohexyl) has been synthesised by the redox transmetallation/ligand 

exchange reactions of Ba, diphenylmercury and the guanidine MesN{C(NCy2)}N(H)Mes in 

THF (Fig 3.10).69 This is the first example of monomeric barium complex of the NCN ligand 

family, having the structure stabilised by barium-arene interactions in the solid state. The 

barium centre is coordinated by two guanidinate ligands through one amide linkage and Ba-

π interactions between the metal centre and the nitrogen-bound mesityl substituents. The 

Ba-C distances between the metal centre and the ipso-carbon atoms of the nitrogen-bound 

mesityl group on each guanidinate ligand are 3.256(2) and 3.157(2) Å. The Ba-C(η6) 

contacts to the other nitrogen-bound mesityl group fall in range from 3.138(2)–3.303(3) and 

3.163(2)–3.337(3) Å. 
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Fig. 3.10: Molecular structure of [Ba(MesN{C(NCy2)}NMes)2]. 

 

Recently, an unusual solvent-free calcium complex [AdAmDippCaN(SiMe3)2] (Ad = 1-

adamantyl, Am = amidinate and Dipp = 2,6-diisopropylphenyl) has been reported, in which 

the coordination sphere of calcium is achieved not only by an η6 aryl coordination but also 

by a SiMe-Ca agostic interaction (Fig.3.11).70 The Ca-C(η6) distances range 2.745(2)-

2.925(2) and the SiMe-Ca agostic interaction is 2.823(2) Å. The centrosymmetric dimer 

[(AdAmDippCaH)2] with bridging hydrides (Fig 3.12) was also reported. The Ca-C(η6) 

distances range from 2.739(2)−2.894(2) Å, and compare well with 

[AdAmDippCaN(SiMe3)2]. 
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Fig. 3.11: Molecular structure of [AdAmDippCaN(SiMe3)2]. 
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Fig. 3.12: Molecular structure of [(AdAmDippCaH)2]. 
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3.2  Research Plan 
 

The chemistry of alkaline earth metals is dominated by the oxidation state +2, and they are 

known as redox-inactive metals.118 Divalent cations of the heavy alkaline earths Ca2+, Sr2+ 

and Ba2+ are large, polarisable, and electrophilic with the effective ionic radii of 1.12, 1.26, 

and 1.42 Å (C. N. = 8), respectively.119 These alkaline earths metals are similar to the 

divalent Ln metals Sm, Eu and Yb with ionic radii of 1.27, 1.25 and 1.14 Å (C. N. = 8), 

however, these are redox active. They form d0 complexes featuring ionic, non-directional 

bonding without any susceptibility for π-bonding due to the inability to convey d−π* back-

donation. Nevertheless, in recent years several compound classes with alkaline earth metals 

having π-bonding were investigated. 

 

There are several reasons for the interest in arene complexes of alkaline earth elements. (i) 

Depending on the softness and hardness of the metal cations, the metal cation-π system 

interactions play an important role in chemistry, pharmacy and biology.120-123 Calcium 

cations are considered as quite hard Lewis acids, and the calcium–π interactions have great 

importance in medicinal and pharmaceutical chemistry.124, 125 (ii) In terms of catalysis, 

arenes are easier to substitute by incoming substrates compared to the negatively charged 

cyclopentadienyl ligands. (iii) By varying the nature of the ancillary ligands, a variation in 

the hapticity of the arene ligands could be generated. (iv) These compounds are potential 

precursors for catalysts such as in hydrogenation and polymerisation reactions. (v) The zero-

oxidation-state metal arene complexes can generate the metal in an active form by 

appropriate displacement reactions, and they are good candidates for the metal organic 

chemical vapour deposition (MOCVD).11 

 

Computational studies have been done by several groups for the interactions between 

divalent Ae2+ cations and neutral arenes.126-130 However, the Ae-arene complexes remain 

little explored, and no halogenoaluminate alkaline earth arene complexes have been reported 

till now. Therefore, this chapter expects to synthesise and characterise a series of 

iodoaluminate complexes involving Ae-π (arene) interactions. Iodoaluminate complexes of 

heavy alkaline earths (Ca, Sr and Ba) featuring both half-sandwich and sandwich fashions 

are synthesised by the deiodination of metal iodide by AlI3 in alkyl substituted aromatic 

hydrocarbons of varying steric bulk such as toluene and mesitylene.    
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3.3  Results and Discussion  
  

3.3.1 Synthesis and Characterisation 

 

Divalent iodoaluminate π-arene complexes of heavy alkaline earths (Ae = Ca, Sr, Ba) have 

been synthesised by heating the mixture of aluminium triiodide and the respective alkaline 

earth diiodide at 100oC overnight in toluene (Scheme 3.2). The mixture of aluminium 

powder and iodine in toluene was heated at 100oC for a couple of hour giving the colourless 

solution of aluminium triiodide.  After cooling the solution to room temperature, Ae metal 

and ICH2CH2I were added to the reaction mixture and heated for approximately 24 hours. 

The reaction of Ae metal and ICH2CH2I gives the alkaline earth iodides which reacts with 

the aluminium triiodide giving the desired complexes. By changing the solvent (mesitylene 

in place of toluene), the analogous complex of calcium has also been isolated.  

 

2 Al  +  3 I2
toluene

100 oC, 2h
2 AlI3

Ae  +  ICH2CH2I

toluene or
mesitylene AeI2  +  CH2=CH2

2 AlI3  +  BaI2
toluene

100 oC, 24 h
[(toluene)2Ba(AlI4)2]

(Ae = Ca, Sr, Ba)

2 AlI3  +  SrI2
toluene

100 oC, 24 h
[(toluene)Sr(AlI4)2]n

100 oC

2 AlI3  +  AeI2
mesitylene

100 oC, 24 h
[(mesitylene)Ae(AlI4)2]n

2 AlI3  +  CaI2
toluene

100 oC, 24 h
[(toluene)Ca(AlI4)2]0.5[(toluene)Ca(AlI4)2]n

(Ae = Ca, Sr)  
 

Scheme 3.2: Synthesis of iodoaluminate π-arene complexes of heavy alkaline earths. 
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The IR spectra of the complexes have been recorded in Nujol mulls between sodium chloride 

plates. All the spectra exhibit a similar pattern comprising the presence of C–H aromatic 

stretches of the coordinated solvent molecule at about 3000 cm-1 and sp3 C-H stretching at 

around 2900 cm-1 comparable to the analogous lanthanoid complexes described in chapter 

2.  

 

Microanalysis was performed to determine the percentages of carbon and hydrogen in the 

complexes and thereby indicating purity, and complexometric titrations using EDTA were 

performed to determine the metal percentages. The metal and carbon, hydrogen percentages 

match the compositions found by X-ray diffraction for the complexes [Ca(η6-

C6H5Me)(AlI4)2]0.5[Ca(η6-C6H5Me)(AlI4)2]n, [Sr(η6-MeC6H5)(AlI4)2]n.PhMe and [Ba(η4-

C6H5Me)2(AlI4)2]. However, in the complex [Ca(η6-Me3C3H5)(AlI4)2]n, the carbon 

percentage was lower than expected. It was reported to get consistent lower carbon in 

alkaline earth complexes,131 and the reason may be due to the reaction of the complexes with 

aluminium crucible used in analysis.132 On the other hand, the carbon and hydrogen 

percentages in [Sr(η6-Me3C3H5)(AlI4)2]n were higher than the expected values. This may be 

due to the residual toluene (ca. 0.5 mole) on the surface of the crystals.    

 

The complexes were insoluble in most non-polar solvents and decomposed in polar organic 

solvents such as thf. Due to the insolubility of the complexes in common organic solvents, 

no NMR experiments could be performed.   
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3.3.2 X-ray Crystal Structures 

 
3. 3. 2. 1  Iodoaluminate Ae(II) complexes in toluene 
 

X-ray crystallography shows [Ca(η6-C6H5Me)(AlI4)2]0.5[Ca(η6-C6H5Me)(AlI4)2]n  (1)  

crystallises with one and half molecules in the asymmetric unit and the overall structure is 

polymeric. The half molecule grows to a monomeric structure of [Ca(η6-C6H5Me)(AlI4)2], 

and the other molecule expands as a single strand polymeric structure. (Fig. 3.13a). The 

coordination sphere around the Ca2+ ion in both the monomer and polymer is surrounded by 

five iodides and an axial arene in an η6 fashion leading to a octahedral arrangement, if the 

centroid of the arene is considered a single coordination site. To the best of our knowledge, 

1 is the first structure of this kind among the alkaline earths, and is isostructural with the 

ytterbium complex [Yb(η6-MeC6H5)(AlI4)2]n, both having the coordination number of eight 

around the metal centres. This is mainly due to the hard ion characteristics of Yb2+ and Ca2+, 

giving ionic compounds, and their almost identical size (1.14 Å Yb2+ and 1.12 Å for Ca2+) 
133. 

 

The Ca-C bond lengths (polymer) span the range from 2.89(3)-3.09(2) Å (average 2.9650 

Å) in 1 whereas, they are 3.072(3)-3.515(3) and 3.014(4)-3.403(4) Å in the calix[4]arene 

complex [p-tBu-calix[4](OC5H9)2(O)2-Ca2I2-(MeCN)2]54 and 3.015(7)-3.132(7) Å in the 

calcium triazene complex [Ca(C6F5)(N3ArAr’)(thf)] (Ar = 2,4,6-Me3 and Ar’ = 2,4,6-iPr3), 
55, are significantly elongated compared to 1. However, these interactions are considerably 

stronger in the complexes [ICa(µ-η1,η6-Mes2Cu)]4
58, [Ca(Dipp-Bian)(thf)]2

65, 

[(thf)Ca{(Dipp-N)C(tBu)NCH2-Py}2]66, [Ca{(Dipp–N)C(tBu)–N–Qu}2]67 [{(Me3Si)2N}-

Ca{Dipp-N=C(tBu)-N-C2H4-Py}]68 [AdAmDippCaN-(SiMe3)2]70, [(AdAmDippCaH)2]70, in 

which the Ca-C contacts range from 2.792(5)-2.866(6), 2.7518(18)-3.0341(19), 2.764(2)-

3.135(2), 2.805(2)-3.145(2), 2.750(3)–3.048(3), 2.745(2) to 2.925(2) and 2.739(2)−2.894(2) 

Å, respectively. Complex 1 has the Ca-centroid distance of 2.6164(5) Å, and in comparison 

with the above literature complexes, the Ca-centroid distances are in accord with the Ca-C 

distances. 
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When compared with Ca-C(Cp) distances, where the aromatic Cp is charged, the distances 

to the neutral arenes are much longer as expected. For example, the average Ca-C(Cp) 

distances in the cyclopentadienyl complexes are 2.65(4) Å in [Cp(SiMe3)3Ca(µ-I)(thf)]2
79, 

2.70(1) Å in [(Me5C5Ca(µ-Me3Al.THF)]280, 2.67 (1) Å in [(Me5C5)Ca(µ-I)(THF)2]2
82, 

2.684(4) Å in [(C5Me5)Ca(OPPh3)3]+I- 83, 2.677(4) Å [(C5(tBu)3H2]2)CaI(THF)2]86 and 

2.63(2) Å in [C5(tBu)3H2]2CaI(THF)]2
86. Furthermore, the Ca-Cp(Centroid) contacts are 

2.36(2) Å in [Cp(SiMe3)3)Ca(µ-I)(thf)]2
79, 2.429 and 2.423 Å in [Ca(C5Ph4H)2(thf)]91, 2.39 

Å in [(C5(tBu)3H2]2)CaI(THF)2]86, 2.34 Å in [C5(tBu)3H2]2-CaI(THF)]2
86 and 2.381(3) Å in 

trans-Ph2(CH3)2C2(η5-C5H4)2Ca(DME)90. Comparing the literature values, it is obvious that 

both the average Ca-C contacts and the Ca-Centroid contacts in cyclopentadienyl complexes 

are significantly shorter compared to 1. The Ca-C interactions are expectedly stronger in 

charged cyclopentadienyl ligands than that of the charge neutral arene ligands studied here.  
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Fig. 3.13a: One and half molecules in the asymmetric unit (top), the one dimensional 

extended framework for [Ca(η6-MeC6H5)(AlI4)2]1.5 (1) (middle) and single stranded 

polymer with two AlI4
- units (bottom). Hydrogen atoms have been omitted for clarity. 
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Fig. 3.13b: Packing diagram of 1. The monomer units are filling up the voids by taking 

positions in between the polymeric counterparts. 

 

In complex 1, the Ca-I bond distances range from 3.126(7)-3.316(7) Å with the axial Ca-I 

contact of 3.316(7) Å. In the ytterbium analogue [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe, the 

Yb-I contacts are slightly longer and range from 3.1442(10)-3.2917(10) Å, and the axial Yb-

I contact is 3.2917(10) (chapter 2). In accordance  with the slight differences of the ionic 

radii of 8-coordinate Ca2+ and Yb2+ (1.12 and 1.14 Å, respectively)133, interestingly the axial 

M-I bond is the longest in both the Ca and Yb complexes. The I-Ca-I bond angles range 

from 78.06(16)-155.9(2)o are comparable to the I-Yb-I angles of 77.19(4) to 155.60(2)o. The 

I-Al-I angles are close to the idealised tetrahedral angles. 

 

Complex [Sr(η6-MeC6H5)(AlI4)2]n.PhMe (2) (Fig. 3.14a) crystallises in the orthorhombic 

space group P212121 (No. 19) with only one molecule in the asymmetric unit. The X-ray 

crystal structure of complex 2 comprises of a nine coordinate Sr2+ centre, which is bound to 

six (I7 and I8 bridge between monomer units) iodine atoms of the AlI4
- moieties with a 

toluene molecule at an axial position, and I6 occupies the other axial position. The 
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coordination polyhedron surrounding the Sr2+ centre is a distorted pentagonal bipyramid if 

the centroid of the aromatic ligand is considered as a sole point of coordination, but with a 

formal coordination number of nine, and is isostructural with its europium analogue [Eu(η6-

MeC6H5)(AlI4)2]n.PhMe (chapter 2).  

 

In complex 2, the Sr-C(toluene) distances fall in the range from 2.989(12)-3.129(9) Å, which 

are considerably shorter that of the Sr-C(mesityl) and Sr-C(triisopropylphenyl) distances in 

triazene complex [Sr(C6F5)(N3ArAr’)] (Ar = 2,4,6-Me3 and Ar’ = 2,4,6-iPr3)55 (3.165–3.306 

and 3.078–3.283 Å, respectively). The Sr-C(η5) distances in [Sr{N3Dmp(Tph)}2]61 [Dmp = 

2,6-Mes2C6H3 and Mes = 2,4,6-Me3C6H2; Tph = 2-TripC6H4 and Trip = 2,4,6-iPr3C6H2] 

range from 3.011(4)-3.311(4) Å and are somewhat elongated than those in 2. Complex 

[{(Me3Si)2N}Sr{Dipp-N=C(tBu)-N-C2H4-Py}]68 has significantly shorter Sr-C interactions 

(2.885(3)–3.098(3) Å) compared to 2. The Sr-centroid contact in 2 is 2.717(3) Å, 

significantly shorter than 2.839 Å in [Sr{N3Dmp(Tph)}2]61; however, elongated compared 

with 2.680 Å in [{(Me3Si)2N}Sr{Dipp-N=C(tBu)-N-C2H4-Py}]68. 

 

The average Sr-C(Cp) distances in [(Cp(SiMe3)3)SrI(thf)2]2
79, (CpTRP)2Sr(thf) (TRP = 1,2,4-

triisopropyl)134 and [{Sr(thf)3(η5-C5H4PPh2)2Pt(Me)2}.1.5 thf]93  are 2.87, 2.838 and 2.87(1) 

Å, respectively, and are significantly shorter than the average Sr-C(toluene) length 3.0497 

Å in 2. Furthermore, the Sr-Cp(centroid) contact in [(Cp(SiMe3)3)SrI(thf)2]2
79 2.604(7) is 

also shorter than that of the Sr-centroid contact in 2. The interactions between the negatively 

charged Cp ligands and strontium are stronger than the neutral arene-Sr interactions as 

expected.  

 

Complex 2 has Sr-I bond distances ranging from 3.3628(11)-3.6314(12) Å and are 

comparable to those in the europium complex [Eu(η6-MeC6H5)(AlI4)2]n.PhMe, where the 

Eu-I contacts range from 3.3683(14) to 3.6062(14) Å (chapter 2). As the ionic radii of 9-

coordinate Sr2+ and Eu2+ are very similar (1.31 and 1.30 Å, respectively)133, the Sr-I and Eu-

I distances in 2 and [Eu(η6-MeC6H5)(AlI4)2]n.PhMe are expected to be equivalent. The I-Sr-

I bond angles range from 68.11(2)-143.92(3)o and are comparable to the I-Eu-I angles of 

68.56(3)-142.61(3)o. The I-Al-I angles are close to ideal for tetrahedral geometry. 
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Fig. 3.14a: A monomeric repeat unit (top) and the one dimensional extended zigzag 

framework for [Sr(η6-MeC6H5)(AlI4)2]n.PhMe (2) (bottom). Hydrogen atoms and the 

solvent of crystallisation (toluene) have been omitted for clarity. 
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Fig. 3.14b: The Sr-arene double stranded polymer with two bridging AlI4

- units and two 

terminal AlI4
- units for 2. Hydrogen atoms and the solvent of crystallisation (toluene) have 

been omitted for clarity. 

 

The X-ray crystal structure of [Ba(η4-C6H5Me)2(AlI4)2] (3) (Fig. 3.15) shows an eight 

coordinate species where the Ba2+ centre is sandwiched between a pair of toluene molecules 

both in an η4 fashion, as well as with four iodide atoms bridging to two Al centres. This is 

the first ever-reported sandwich complex of barium having a distorted octahedral 

arrangement. There is only one molecule in the asymmetric unit.  

 

The Ba-C contacts range from 3.314(9)-3.435(9) Å (average 3.333 Å) with a Ba-centroid 

contact for both arenes of 3.087(4) Å. Significantly elongated Ba-C distances are available 

in the literature compared with 3 e.g. [Ba(η6-C6H5Me) (Sn3(PSitBu3)4]52 (3.36-3.48 Å), 

triazene complex [Ba(C6F5)(N3ArAr’)] (Ar = 2,4,6-Me3 and Ar’ = 2,4,6-iPr3)55 (Ba-

C(mesityl) distances 3.327–3.430 Å and Ba-C(triisopropylphenyl) 3.286–3.406 Å). 

However, the values for 3 are comparable with [(Ba{GaCl4}2)3·2C6H6]60 (3.277(7)–

3.331(11) and 3.278(10)–3.308(9) Å), [Ba{N3Dmp(Tph)}2]61 (3.312(5)-3.424(5) Å) and 
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[Ba(MesN{C(NCy2)}NMes)2]69 (3.138(2)–3.303(3) and 3.163(2)–3.337(3) Å). The Ba-

centroid contact in [Ba{N3Dmp(Tph)}2]61 is 3.0738(4) Å and the Ba1– and Ba2–centroid 

distances in [Ba(μ4-O)(GaMe3)2(toluene)]64 are 3.010 and 3.013 Å, respectively. The Ba-

centroid distances for the literature compounds compare well with the complex 2. 

 

 
 
Fig. 3.15: Molecular structure of Ba(η4-C6H5Me)2(AlI4)2 (3). Hydrogen atoms have been 

omitted for clarity. 

 

The Ba-centroid(Cp) contact in the cyclopentadienyl complex [{(C5H2R3-

1,2,4)BaI(THF)2}∞] (R = CMe3) is 2.762 Å and that of 2.72 and 2.73 Å for the two barium 

centres in [{(C5HR4)BaI(THF)2}2] (R = CHMe2).78 {[(C5SiMe3)3H2)BaI(thf)2].1/2C7H8}∞ 

has the Ba-centroid(Cp) distance of 2.76(1) Å.79 Due to the strong interactions between the 

negatively charged cyclopentadienyl rings and barium centre, the Ba-centroid(Cp)  contacts 

are significantly shorter, as expected compared to the  Ba-centroid(toluene) contacts in 3 

where the arene is uncharged. 
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In complex 3, the Ba-I contacts range from 3.5071(9)-3.5896(11) Å (average 3.544 Å) and 

are comparable (considering the ionic radii of metals133) to the corresponding samarium and 

europium complexes, where the average Ln-I contacts are 3.4455 and 3.4529 Å , 

respectively (chapter 2). The Ba-I distances in the cyclopentadienyl complexes 

{[(C5SiMe3)3H2)BaI(thf)2].1/2C7H8}∞
79 and [{(C5H2R3-1,2,4)BaI(THF)2}∞]78 range from 

3.390(1)-3.475(2)  and 3.4457(5)-3.4466(6) Å, respectively, slightly shorter than those in 3. 

The I-Ba-I angles range from 69.718(18)-147.52(2)o are comparable to the I-Sm-I angles of 

68.30(3) to 143.20(3)o. The I-Al-I angles are close to ideal for tetrahedral geometry. 

 

The average Ae-C distances as well as the Ae-C(centroid) distances in the iodoaluminiate 

alkaline earth complexes show a gradual increase (Fig. 3.16a and 3.16b) from calcium to 

barium due to the increase of ionic radii. 

 

 
 

Fig. 3.16a: Changes of the metal-arene distances in the iodoaluminate complexes of alkaline 

earths. 
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Fig. 3.16b: Changes of the metal-centroid(arene) distances with the ionic radii in the 

iodoaluminate complexes of alkaline earths. 

 

3. 3. 2. 2 Iodoaluminate Ae(II) complexes in mesitylene 
 

The more highly substituted (trimethyl benzene) arene has been used to synthesise the 

iodoaluminate Ae(II) analogues of the toluene adducts. Calcium and strontium complexes 

have been synthesised and characterised successfully. The complex [Ca(η6-

Me3C3H5)(AlI4)2]n (4) (Fig. 3.17a) crystallises in the orthorhombic space group Pn21a (No. 

33) featuring only one independent molecule in the asymmetric unit. The geometry around 

the metal centre and the Ca-I contacts (range 3.146(4)-3.4359(17) Å) are analogous to 1. 

However, the average Ca-C and Ca-centroid distances (2.9302 and 2.574(3) Å, respectively) 

in 4 are slightly shorter than those in 1. This is due the stronger Ca-mesitylene interactions 

than Ca-toluene interactions. The electron donating methyl groups make the mesitylene ring 

more electron dense compared to toluene. The I-Ca-I angles are comparable with 1, and the 

I-Al-I angles are close to an idealised tetrahedron.  
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Fig. 3.17a: A monomeric repeat unit (top) and the one dimensional extended zigzag 

framework for [Ca(η6-Me3C3H5)(AlI4)2]n (4) (bottom). Hydrogen atoms have been omitted 

for clarity. 
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Fig. 3.17b: The Ca-arene double stranded polymer with two bridging AlI4
- units and two 

terminal AlI4
- units for 4. Hydrogen atoms have been omitted for clarity. 

 

The complex [Sr(η6-Me3C3H5)(AlI4)2]n (5) (Fig. 3.18a) crystallises in the monoclinic space 

group  C2/c (No. 15) and are isostructural with 2 and 4. Both the average Sr-C and Sr-

centroid distances in 5 (3.1065 and 2.7735(12), respectively) are slightly elongated 

compared to 2.   The bond lengths (Å) and bond angles (o) for complexes 1-5 are listed in 

Table 3.1 and 3.2, respectively. 
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Fig. 3.18a: A monomeric repeat unit (top) and the one dimensional extended zigzag 

framework for [Sr(η6-Me3C3H5)(AlI4)2]n (5) (bottom). Hydrogen atoms have been omitted 

for clarity. 
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Fig. 3.18b: The Sr-arene double stranded polymer with two bridging AlI4
- units and two 

terminal AlI4
- units for 5. Hydrogen atoms have been omitted for clarity. 
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Table 3.1: The selected bond lengths (Å) for 1, 2, 3, 4 and 5. 
 
A = Ca (1) Sr (2) 

 
Ba (3) 
 

Ca (4) 
 

Sr (5) 
Ae(1)-I(1) 3.212(7) 3.3628(11) 3.5896(11) 3.188(3) 3.4092(16) 

Ae(1)-I(2) 3.239(8) 3.4584(11) 3.5575(10) 3.193(3) 3.4971(17) 

Ae(1)-I(4)1 3.275(8)     

Ae(1)-I(5) 3.126(7) 3.4210(12) 3.5203(10) 3.147(4) 3.4228(14) 

Ae(1)-I(6) 3.316(7) 3.4033(11) 3.5071(9) 3.4359(17) 3.4181(14) 

Ae(1)1-I(7)  3.6314(12)   3.4270(2) 

Ae(1)1-I(8)  3.4893(12)   3.6004(15) 

Ae(1)-I(8)1    3.146(4)  

Ae(1)-C(2) 3.09(4) 3.129(9)  2.955(8) 3.104(14) 

Ae(1)-C(3) 2.97(4) 3.100(10)  2.938(14) 3.057(13)
  

Ae(1)-C(4) 2.91(3) 3.027(10) 3.315(9) 2.948(16) 3.085(15) 

Ae(1)-C(5) 2.89(3) 3.006(12) 3.267(10) 2.888(9) 3.088(14) 

Ae(1)-C(6) 2.92(3) 2.989(12) 3.314(9) 2.920(17) 3.176(12) 

Ae(1)-C(7) 3.01(3) 3.051(10) 3.435(9) 2.932(12) 3.129(16) 

Ae(1)-C(avg.) 2.9650 3.0497 3.3328 2.9302 3.1065 

Ae(1)-C(cent.) 2.6164(5) 2.717(3) 3.087(4) 2.574(3) 2.7735(12) 

Al(1)-I(1) 2.579(10) 2.544(3) 2.550(3) 2.571(6) 2.567(5) 

Al(1)-I(2) 2.538(11) 2.557(3) 2.540(3) 2.586(6) 2.556(4) 

Al(1)-I(3) 2.482(10) 2.508(3) 2.560(3) 2.504(2) 2.517(6) 

Al(1)-I(4) 2.582(12) 2.504(3) 2.490(3) 2.498(2) 2.504(5) 

Al(2)-I(5) 2.576(9) 2.544(3) 2.570(3) 2.567(4) 2.543(3) 

Al(2)-I(6) 2.567(10) 2.552(3) 2.578(3) 2.625(4) 2.541(4) 

Al(2)-I(7) 2.474(10) 2.531(3) 2.487(3) 2.572(4) 2.536(4) 

Al(2)-I(8) 2.521(11) 2.528(3) 2.507(3) 2.536(4) 2.527(4) 

(1) 1+x,-1+y,+z; (2) 11/2+x,3/2-y,1-z; (4) 11-x,1/2+y,-z; (5) 11/2-X,-1/2+Y,1/2-Z 
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Table 3.2: The selected bond angles (o) for 1, 2, 3, 4 and 5. 
 
Ae = Ca (1) Sr (2) Ba (3) Ca (4) Sr (5) 
Centroid-Ae-
I(axial)/centroid 

178.40(3) 172.30(4) 178.238(17) 174.78(4) 169.03(4) 

I(1)-Ae(1)-I(2) 78.11(17) 71.54(3) 69.718(18) 78.66(4) 71.07(4) 

I(1)-Ae(1)-I(5) 155.9(2) 140.94(3) 142.76(2) 151.10(7) 143.04(4) 

I(1)-Ae(1)-I(6) 80.79(16) 84.68(3) 69.88(2) 76.44(6) 86.38(4) 
I(1)-Ae(1)-I(7)2  135.26(3)   134.23(4) 
I(1)-Ae(1)-I(8)2  68.34(2)  84.75(11) 66.09(3) 
I(2)-Ae(1)-I(7)2  143.92(3)   146.14(4) 
I(2)-Ae(1)-I(8)2  137.23(3)  150.99(7) 134.59(4) 
I(5)-Ae(1)-I(2) 88.49(17) 72.21(3) 147.52(2) 85.03(11) 74.59(4) 
I(5)-Ae(1)-I(7)2  73.90(2)   73.85(4) 
I(5)-Ae(1)-I(8)2  138.50(3)  99.03(5) 139.16(4) 
I(6)-Ae(1)-I(2) 79.34(15) 76.91(3) 139.41(2) 76.02(5) 76.83(4) 
I(6)-Ae(1)-I(5) 77.10(15) 73.41(2) 72.92(2) 76.55(6) 72.74(3) 
I(6)-Ae(1)-I(7)2  81.96(3)   82.40(4) 
I(6)-Ae(1)-I(8)2  85.15(2)  77.05(6) 86.03(3) 
I(8)2-Ae(1)-I(7)2  68.11(2)   68.95(3) 
I(4)1-Ae(1)-I(1) 78.06(16)     
I(4)1-Ae(1)-I(2) 150.1(2)     
I(4)1-Ae(1)-I(5) 106.7(2)     
I(4)1-Ae(1)-I(6) 79.23(17)     
I(1)-Al(1)-I(2) 105.2(4) 102.86(10) 106.76(10) 103.29(8) 103.21(17) 

I(3)-Al(1)-I(1) 110.6(4) 110.25(11) 106.89(10) 110.4(2) 108.11(16) 

I(3)-Al(1)-I(2) 116.9(4) 110.72(11) 108.73(10) 109.27(19) 111.5(2) 

I(4)-Al(1)-I(1) 102.9(3) 110.71(11) 114.28(11) 111.2(2) 109.2(2) 

I(4)-Al(1)-I(2) 109.3(4) 110.21(11) 108.36(10) 110.6(2) 110.81(16) 

I(4)-Al(1)-I(3) 110.9(4) 111.76(11) 111.61(10) 111.75(9) 113.44(19) 

I(5)-Al(2)-I(6) 102.7(3) 106.33(10) 108.43(10) 103.76(12) 105.87(13) 

I(7)-Al(2)-I(5) 109.7(4) 110.44(11) 108.45(10) 109.82(13) 108.96(14) 

I(7)-Al(2)-I(6) 113.3(4) 114.37(11) 107.84(10) 116.85(13) 113.99(13) 

I(8)-Al(2)-I(5) 108.7(4) 111.56(11) 108.23(10) 108.74(13) 112.27(13) 

I(8)-Al(2)-I(6) 109.3(4) 110.16(11) 107.40(10) 104.82 (12) 112.22(14) 

I(8)-Al(2)-I(7) 112.7(3) 104.09(10) 116.26(11) 
 

112.26(13) 103.66(13) 
(1) 1+x,-1+y,+z; (2) 2-1/2+x,3/2-y,1-z; (4) 21-x,1/2+y,-z’ (5) 21/2-X,1/2+Y,1/2-Z 
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3.3.3 Discussion 

 

A series of heavy alkaline earth iodoaluminate complexes ([Ca(η6-C6H5Me)(AlI4)2]0.5 

[Ca(η6-C6H5Me)(AlI4)2]n, [Sr(η6-MeC6H5)(AlI4)2]n.PhMe, Ba(η4-C6H5Me)2(AlI4)2 and 

[Ae(η6-Me3C3H5)(AlI4)2]n (Ae = Ca, Sr)) have been synthesised and characterised. The 

calcium and strontium complexes were isolated from two different solvents, toluene and 

mesitylene. The Ca-centroid and the average Ca-C distances in the mesitylene complex are 

somewhat reduced than that of toluene complex. This fact suggests stronger Ca-arene 

interactions in mesitylene complex than in the toluene analogue, presumably due to the 

electron donating effect of three methyl groups in mesitylene molecule (only one in toluene). 

Both complexes have a zigzag polymer structure. The strontium complex is isostructural 

with the samarium and europium complexes reported in chapter 2.  

 

The barium complex (Ba(η4-C6H5Me)2(AlI4)2) comes with a different structure than the 

other alkaline earth complexes. Barium centre is sandwiched between two toluene molecules 

both in an η4 fashion giving barium centre eight coordination. In contrary, the other 

complexes have only one toluene/mesitylene molecule bonded to the metal centres. The Ba-

I, Ba-C contacts are comparable with other analogous complexes considering the ionic radii 

of metals and iodide.    

 

3.4  Conclusions 
 

Compounds 1-5 extend the structural diversity attainable within the iodoaluminate 

complexes of heavy alkaline earths. These are the first ever-reported bimetallic complexes 

of alkaline earths featuring metal-π arene interactions.  All the complexes were synthesised 

by the reaction of in situ prepared aluminium iodide and alkaline earth iodides in a one-pot 

reaction, leading to the isolation of various complexes by a convenient reaction scheme.  
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3.5  Experimental 
 

For general procedures, see Appendix 2. Combustion analyses consistently gave variable 

results, and are therefore presented only in Appendix 2. Metal analyses were generally more 

accurate and are presented here. 

 

[Ca(η6-C6H5Me)(AlI4)2]1.5 (1)   

 

Toluene (30 mL) was taken in a Schlenk flask and charged with an excess of Al powder 

(0.162 g, 6 mmol) and I2 granules (1.90 g, 7.5 mmol). The mixture was heated with stirring 

at 100oC in an oil bath for a couple of hours. The solution became colourless from red 

indicating the consumption of all iodine. After cooling the solution to room temperature, Ca 

pieces (0.1 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the solution under 

nitrogen atmosphere in the glove box. Heating the solution at 100oC overnight gave a light 

yellow solution, which was filtered and stored at room temperature. Light yellow crystals 

were developed in two days (1.46 g, 32%). Metal analysis (C10.5H12Al3Ca1.5I12); cal. (%) Ca 

3.34; found Ca 3.29. IR (Nujol, ʋ/cm-1):  2923 (s), 2725 (w), 1608 (w), 1592 (w), 1463 (m), 

1377 (m), 1170 (w), 984 (w), 861 (w), 831 (w), 806 (w), 767 (w), 694 (w). 

 

 [Sr(η6-MeC6H5)(AlI4)2]n.PhMe (2) 
 

Following the procedure in 1, Sr pieces (0.219 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 

mmol) were added to the solution under nitrogen atmosphere in the glove box. Heating the 

solution at 100oC overnight gave a light yellow solution, which was filtered and stored at 

room temperature. Light yellow crystals were developed in two days (0.92 g, 27%). Metal 

analysis (C14H16Al2I8Sr); cal. (%) Sr 6.53; found Sr 6.48. IR (Nujol, ʋ/cm-1): 2925 (s), 2854 

(s), 2726 (w), 1605 (w), 1462 (s), 1260 (w), 1081 (w), 1020 (w), 799 (w), 769 (w), 727 (w), 

694 (w). 

 

Ba(η4-C6H5Me)2(AlI4)2 (3) 

 

Following the procedure in 1, Ba pieces (0.343 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 

mmol) were added to the solution under nitrogen atmosphere in the glove box. Heating the 



Chapter 3 
 

136 
 

solution at 100oC overnight gave a light yellow solution, which was filtered and stored at 

room temperature. Light yellow crystals were developed in two days (0.79 g, 23%). Metal 

analysis (C14H16Al2BaI8); cal. (%) Ba 9.87; found Ba 9.79. IR (Nujol, ʋ/cm-1): 2923 (s), 2857 

(s), 2722 (w), 1592 (w), 1463 (s), 1377 (m), 1023 (w), 755 (w), 723 (w), 696 (w). 

 

[Ca(η6-Me3C3H5)(AlI4)2]n (4) 

 

A Schlenk flask was charged with 40 mL mesitylene, and an excess of Al powder (0.162 g, 

6 mmol) and I2 granules (1.90 g, 7.5 mmol) was added into it. The mixture was heated with 

stirring at 100oC in an oil bath for a couple of hours. The solution became colourless from 

red indicating the consumption of all iodine. After cooling the solution to room temperature, 

Ca pieces (0.1 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 mmol) were added to the solution 

under nitrogen atmosphere in the glove box. Heating the solution at 100oC overnight gave a 

light yellow solution, which was filtered and stored at room temperature. Light yellow 

crystals were developed in two days (1.28 g, 42%). Metal analysis (C9H12Al2CaI8); cal. (%) 

Ca 3.26; found Ca 3.31. IR (Nujol, ʋ/cm-1): 2925 (s), 2854 (s), 2730 (w), 1593 (w), 1463(s), 

1377 (m), 1261 (w), 1034 (w), 867 (w), 722 (w), 723 (w), 689 (w). 

 

[Sr(η6-Me3C3H5)(AlI4)2]n (5) 

 

Following the procedure in 4, Sr pieces (0.219 g, 2.5 mmol) and ICH2CH2I (0.704g, 2.5 

mmol) were added to the solution under nitrogen atmosphere in the glove box. Heating the 

solution at 100oC overnight gave a light yellow solution, which was filtered and stored at 

room temperature. Light yellow crystals were developed in two days (0.79 g, 23%). Metal 

analysis (C9H12Al2I8Sr); cal. (%) Sr 6.86; found Sr 6.82. IR (Nujol, ʋ/cm-1): 2924 (s), 2725 

(w), 1608 (w), 1592 (w), 1464 (m), 1377 (m), 1030 (w), 861 (w), 834 (w), 806 (w), 723 (w), 

690 (w). 
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3.6  X-ray crystal data 
 

For general procedures, see Appendix 2. 

 

[Ca(η6-C6H5Me)(AlI4)2]1.5 (1)   

 

C10.5H12Al3Ca1.5I12, Mr  = 1802.06 g/mol, monoclinic, space group C2/c (No. 15), a = 

45.393(9) Å, b = 8.0140(16) Å, c = 20.304(4) Å, β = 98.12(3)°, α = γ = 90°, V = 7312(3) Å3, 

T = 173(2) K, Z = 8, Z' = 1, µ(MoKα) = 10.450 mm-1, Dcalc = 3.274 gcm-3, 31284 reflections 

measured, 6303 unique (Rint = 0.0772) which were used in all calculations. The final wR2 

was 0.2858 (all data) and R1 was 0.1299 (I > 2σ(I)). 

 

[Sr(η6-MeC6H5)(AlI4)2]n.PhMe (2) 

 

C14H16Al2I8Sr, Mr  = 1341.05 g/mol, orthorhombic, space group P212121 (No. 19), a = 

11.035(2) Å, b = 14.468(3) Å, c = 18.966(4) Å, α = β = γ = 90°, V = 3028.0(10) Å3, T = 

173(2) K, Z = 4, Z' = 1, µ(MoKα) = 9.996 mm-1, Dcalc = 2.942 gcm-3, 47978 reflections 

measured, 8478 unique (Rint = 0.0461) which were used in all calculations. The final wR2 

was 0.0821 (all data) and R1 was 0.0335 (I > 2σ(I)). 

 

Ba(η4-C6H5Me)2(AlI4)2 (3) 

 

C14H16Al2BaI8, Mr  = 1390.77 g/mol, monoclinic, space group P21/c (No. 14), a = 

10.166(2) Å, b = 21.721(4) Å, c = 13.988(3) Å, β = 96.62(3)°, α = γ = 90°, V = 

3068.2(11) Å3, T = 173(2) K, Z = 4, Z' = 1, µ(MoKα) = 9.402, 36872 reflections measured, 

5382 unique (Rint = 0.0479) which were used in all calculations. The final wR2 was 0.0785 

(all data) and R1 was 0.0362 (I > 2σ(I)). 
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[Ca(η6-Me3C3H5)(AlI4)2]n (4) 

 

C9H12Al2CaI8, Mr  = 1229.43 g/mol, orthorhombic, space group Pn21a (No. 33), a  = 

17.374(4) Å, b  = 8.9230(18) Å, c  = 17.273(4) Å, α = β = γ = 90°, V = 2677.8(9) Å3, T = 

298(2) K, Z = 4, Z' = 1, µ(MoKα) = 9.515, 21970 reflections measured, 5308 unique (Rint = 

0.0414) which were used in all calculations. The final wR2 was 0.0784 (all data) and R1 was 

0.0313 (I > 2σ(I)). 

 

[Sr(η6-Me3C3H5)(AlI4)2]n (5) 

 

C9H12Al2I8Sr, Mr =1276.97 g/mol, monoclinic, space group C2/c (no. 15), a = 28.863(6) Å, 

b = 11.000(2) Å, c = 21.017(4) Å, β = 111.82(3)°, V = 6194(2) Å3, Z = 8, T = 293(2) K, 

μ(MoKα) = 9.765 mm-1, Dcalc = 2.738 gcm-3, 51768 reflections measured (4.002° ≤ 2Θ ≤ 

63.908°), 8613 unique (Rint = 0.0950, Rsigma = 0.0617) which were used in all calculations. 

The final R1 was 0.0923 (I > 2σ(I)) and wR2 was 0.2309 (all data). 
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4.1  Introduction 
 

In order to get alternative N-donor based ligand systems to the ubiquitous cyclopentadienyl 

type ligands,1-12 our group has focused on the versatile and readily available N, N′- 

bis(aryl)formamidine ligands (Fig. 4.1) to explore the chemistry of rare earth complexes.13-

29. Recently, the formamidinate chemistry of lanthanoids has extensively been reviewed by 

us.30 The common synthetic methods of the complexes involve metathesis or salt 

elimination, direct metalation, protolysis, redox transmetallation and redox 

transmetallation/protolysis or RTP reactions. The general synthetic procedures have been 

described in chapter one.  
 

N N
H

R R

 
 

Fig. 4.1: N, N′- bis(aryl)formamidine ligands; = o-MeC6H4 (o-TolFormH), 2,6-Me2C6H3 

(XylFormH), 2,4,6-Me3C6H2 (MesFormH), 2,6-Et2C6H3 (EtFormH), o-PhC6H4 (o-

PhPhFormH), 2,6-iPr2C6H3 (DippFormH), o-HC6F4 (TFFormH), FC6H4 (FFormH). 

 

A series of reactive, monomeric divalent lanthanoid formamidinates [Yb(Form)2(thf)2] 

(Form = [RNCHNR]; R = o-MeC6H4 (o-TolForm), 2,6-Me2C6H3 (XylForm), 2,4,6-Me3C6H2 

(MesForm), 2,6-Et2C6H3 (EtForm), o-PhC6H4 (o-PhPhForm), 2,6-iPr2C6H3 (DippForm), o-

HC6F4 (TFForm), FC6H4 (FForm), [Sm(DippForm)2(thf)2] and [Eu(DippForm)2(thf)2] have 

been synthesised by the redox transmetallation/protolysis (RTP) reactions between an 

excess of a lanthanoid metal, Hg(C6F5)2 and the corresponding formamidine (HForm) (Eqn. 

4.1).13, 14 The complexes feature chelating N, N′-Form ligands and two cis-thf donors. 

[Sm(DippForm)2(thf)2] was also synthesised by the metathesis/salt elimination reaction 

between NaDippForm and [Sm(I)2(thf)2] in thf.15  
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Syntheses by direct metalation reactions, without the requirement of an organomercurial co-

oxidant as in RTP reactions have been introduced recently for the synthesis of divalent 

lanthanoid complexes.16 This approach was successful for the synthesis of some divalent 

europium and ytterbium complexes using acetonitrile as a solvent (Scheme 4.1). However, 

the ytterbium metal required activation by two drops of Hg0 to initiate the reactions. Some 

other divalent compounds of ytterbium such as [Yb(DippForm)2(thf)], 

[Yb(DippForm)2(CH3CN)3], [Yb(DippForm)2(CH3CN)2], [Yb(FForm)2(thf)2] and 

[Yb(DFForm)2(dme)] have been synthesised by RTP reactions followed by crystallisation 

in solvents other than thf. 14, 16    

  

Ln  +  Hg(C6F5)2 or HgPh2  + N N
H

Ar Ar

2
-Hgo, -2 HC6F5 or PhH

THF
Ln

N

N

Ar

Ar

N

N

Ar

Arthf

thf
Ln = Eu, Yb

(4.1)

 
 

A series of tris(formamidinato)lanthanoid(III) complexes, [Ln(Form)3(thf)n], viz. [La(o-

TolForm)3(thf)2], [Er(o-TolForm)3(thf)], [La(XylForm)3(thf)], [Sm(XylForm)3], 

[Ln(MesForm)3] (Ln = La, Nd, Sm and Yb), [Ln(EtForm)3] (Ln = La, Nd, Sm, Ho and Yb), 

and [Ln(o-PhPhForm)3] (Ln = La, Nd, Sm and Er) complexes has been synthesised by RTP 

reactions between N, N′-bis(aryl)formamidines, an excess of lanthanoid metal and 

bis(pentafluorophenyl) mercury (Hg(C6F5)2) in thf (Eqn. 4.2).17 On the contrary, [{Yb(o-

TolForm)2(µ-OH)(thf)}2] was isolated unexpectedly from the analogous attempts to prepare 

Yb(o-TolForm)3] by the RTP reaction. [Yb(o-TolForm)3(thf)] was isolated from a 

metathesis reaction of YbCl3 and o-TolFormLi in thf. The bulkier formamidine, DippFormH 

gave [Ln(DippForm)2F(thf)] (Ln = La, Ce, Nd, Sm and Tm) featuring C-F activation of the 

implied [Ln(DippForm)2C6F5] intermediates. The reaction of bis(phenylethynyl)mercury 

(Hg(C≡CPh)2), Nd metal and DippFormH in thf resulted in the formation of 

[Nd(DippForm)2(C≡CPh)(thf)] with a rare (for Ln) terminal C≡CPh group. The oxidation 

of [Sm(DippForm)2(thf)2] with Hg(C≡CPh)2 afforded the similar complex involving 

samarium, [Sm(DippForm)2(C≡CPh)(thf)]. 
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N N

H X

X

X

X

X = iPr, DippFormH
X = F, DFFormH

X = F
(i)

-H2

-H2

-H2

-H2

X = iPr
(ii)

X = F
(iv)

X = F
(iii)

[Eu(DippForm)2(CH3CN)4]

[{Eu(DiFForm)2(CH3CN)2}2]

[Yb(DFForm)2(thf)3]

[Yb(DFForm)2(CH3CN)]2

[Yb(DFForm)2]2

+

 

 
Scheme 4.1: Direct metalation synthesis of divalent rare-earth ArForm complexes (i) Eu0, 

CH3CN, 16 h, room temperature; (ii) Eu0, CH3CN, 24 h, 60 oC; (iii) Yb0, Hg0 (two drops), 

thf/CH3CN, 24 h, 50 oC; (iv) Yb0, Hg0 (one drop), CH3CN, 10 h, room temperature, 

crystallised from toluene. 

   

Ln  +  1.5 Hg(C6F5)2  + N N
H

Ar Ar

3 -1.5 Hgo, -3 HC6F5

THF Ln

Ln = La, Nd, Sm, Ho, Er and Yb

N N
Ar Ar

N N
Ar Ar

N

N

Ar

Ar

(thf)n (4.2)

 
 

RTP reactions between rare-earth metals, Hg(C6F5)2, and N, N′-bis(4-methylphenyl)- 

formamidine (p-TolFormH) in thf followed by the addition of non-coordinating solvents 

(hexane or toluene) afforded unsolvated dimeric complexes [Ln(p-TolForm)3]2 [Ln = La, 

Ce, Nd, Sm], containing rare μ-1κ(N, N′):2k(N, N′) formamidinate ligands bridging between 

the two metal centres. However, the smaller lutetium analogue [Lu(p-TolForm)3(thf)] 

remains solvated with a seven-coordinate monomeric structure. In order to examine the 

reactivity of [Sm(p-TolForm)3]2, it has been treated with triphenylphosphine oxide, 

DFFormH and [K(p-TolForm)(18-Crown-6)] producing [Sm(p-TolForm)3(Ph3PO)2], 
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[Sm(DFForm)2(p-Tol-Form)(thf)2], and the charge separated [K(18-Crown-6)][Sm(p-

TolForm)4], respectively (Scheme 4.2).18 

 

[Sm(p-TolForm)3]2

(iii) (iv)

(ii)(i)

[Sm(p-TolForm)(DFForm)2(thf)2]

[Sm(p-TolForm)3]2

[Sm(DFForm)3(thf)2]

+

+

[K(18-Crown-6)][Sm(p-TolForm)4]

[Sm(p-TolForm)3(Ph3PO)2]

1/2[Sm(p-TolForm)3]2

+

 

 
Scheme 4.2: Reactivity of [Sm(p-TolForm)3]2 with (i) two equivalents of Ph3PO in 

PhMe/C6D6, with heating; (ii) DFFormH, in thf; (iii) K mirror and 18-crown-6 in PhMe; (iv) 

[K(p-TolForm)(18-crown-6)] in PhMe. 

 

The redox transmetallation reaction of lanthanum with Hg(C6F5)2 and N, N′-bis(2-

trifluoromethylphenyl)formamidine (CF3FormH) in thf resulted in the formation of the 

complex [La(CF3Form)3], featuring six La–F interactions in the solid-state structure with 

lanthanum having the coordination number of 12 (Fig. 4.2).19 A similar reaction with 

ytterbium metal gave the complex [Yb(CF3Form)3(thf)] with a coordination number of 8. 

 

N NF
F

F
F

F
F

N

N

F

F F

F

F F

N

N

F

F
F

F

F
F

La

 
Fig. 4.2. Molecular structure of [La(CF3Form)3]. 
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Protolysis reactions between [Ce{N(SiMe3)2}3] and a stoichiometric amount of the 

corresponding formamidine ligands DFFormH, EtFormH, and p-TolFormH gave the 

trivalent cerium complexes [Ce(DFForm)3(thf)2] and [Ce(DFForm)3], [Ce(EtForm)3], and 

[Ce(p-TolForm)3], respectively (Scheme 4.3).20 A bimetallic cerium/lithium complex 

[LiCe(DFForm)4] was also synthesised by the treatment of the mixture of 

[Ce{N(SiHMe2)2}3(thf)2], [Li{N(SiHMe2)2}] and DFFormH in toluene. Attempted 

oxidation of [Ce(DFForm)3(thf)2] and [Ce(EtForm)3] with Ph3CCl resulted in 

[Ce3Cl5(DFForm)4(thf)4] and [Ce(EtForm)Cl2(thf)3, respectively. The cerium(III) 

formamidinate complex [{Ce(p-TolForm)3}2] was also prepared by the protolysis reaction 

between [Ce{N(SiMe3)2}3] and p-TolFormH which was previously reported by an 

alternative RTP synthesis. Moreover, the first structurally characterised homoleptic 

cerium(IV) formamidinate complex [Ce(p-TolForm)4] (Fig. 4.3) was achieved by protolysis 

reaction between [Ce{N(SiHMe2)2}4] and four equivalents of p-TolFormH. The cerium(IV) 

silylamide complex [Ce{N(SiMe3)2}3(bda)0.5]2 (bda = 1,4-benzenediolato) was synthesised 

by treating [Ce{N(SiMe3)2}3] and half an equivalent of 1,4-benzoquinone.  

 

 

[CeCl3(thf)2] + 3 [KN(SiMe3)2]
n-hexane
-3 KCl

[Ce{NSiMe3)2}3]

[Ce(p-TolForm)3]

(i)
[Ce(DFForm)3(thf)2]

[Ce(DFForm)3]

[Ce(EtForm)3]

(ii)

(iii)

(iv)

 

 
Scheme 4.3: Reaction time for each complex: 16 h. In each reaction three equivalents 

of HN(SiMe3)2 were produced and removed by vacuum drying (2–5 h). (i) 3 p-TolFormH, 

toluene or diethyl ether; (ii) 3 DFFormH, thf; (iii) 3 DFFormH, toluene; (iv) 3 EtFormH, thf. 
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N N

N

N

N

N

Ce

N N

 
 

Fig. 4.3. Molecular structure of [Ce(p-TolForm)4]. 

 

Rare earth tetramethylaluminate complexes bearing formamidinato N‑ancillary ligands 

have been synthesised and the catalytic activity of the complexes for isoprene 

polymerisation has been tested. Protolysis reactions of [Y{N(SiHMe2)2}3(thf)2] with 

EtFormH and DippFormH produced the corresponding [Y(Form){N(SiHMe2)2}2(thf)] 

complexes, subsequently provide [Y(Form)(AlMe4)2] complexes after treatment with AlMe3 

(Scheme 4.4). An unsolvated product [Y(EtForm)2{N(SiHMe2)2}2] was also isolated by a 

double protolysis of [Y{N(SiHMe2)2}3(thf)2] in hexane. The bimetallic formamidinate 

complexes, [Ln(Form)(AlMe4)2] (Ln = Y, Form = EtForm, MesForm, DippForm, tBuForm 

(Ar = 2-tBuC6H4); Ln = La, Form = DippForm, tBuForm) have been synthesised by the 

protolysis reactions of formamidines and homoleptic rare earth metal tetramethylaluminates 

Ln(AlMe4)3 in high yield (Scheme 4.4). These complexes have a distorted-octahedral 

geometry with the six coordinate metal ligated by two nitrogen atoms of the formamidinato 

ligand and two methyl carbons of each of the η2-coordinated tetramethylaluminato 

moieties.21 
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Y[N(SiHMe2)2]3(thf)2

-thf

(i)

-HN(SiHMe2)2

-CH4
-AlMe3

Ln(AlMe4)3

(iii)

-[AlMe3(thf)]

-[Me2Al(m-NR'2)]2

R = Et or iPr, R' = H

Ln = Y; L = Et, Mes, Dipp, tBu
Ln = La; L = Dipp, tBu

Y
NN

(Me2HSi)2N NH(SiHMe2)2

(ii)

Me Me
Me Me

Me

Me Me

MeAl Al

R R'

R

RR'

R

Ln
NN

R R'

R

RR'

R

O

-thf
- 2 HN(SiHMe2)2(iv)

[Y(EtForm)2{N(SiHMe2)2}2]

 

 
Scheme 4.4: (i) Et- or DippFormH, hexane, r.t., 16 h; (ii) 4AlMe3, C6D6, r.t., 1 h; (iii) 

LFormH, hexane, r.t., 16h; (iv) 2 EtFormH, hexane, r.t., 16 h. 

 

A protolysis reaction between La(AlMe4)3 and EtFormH resulted in a compound, 

[La(EtFormAlMe3)(AlMe4)2](C7H8)1.5 containing a metal-π-arene interaction. In contrast to 

the six-coordinate [Ln(Form)(AlMe4)2], an eight-coordinate configuration in 

[La(EtFormAlMe3)(AlMe4)2](C7H8)1.5 resulted from the coordination of one nitrogen of 

EtForm and one aryl substituent to the lanthanum atom in an η1(N):η6(arene) manner 

(Scheme 4.5). 



Chapter 4 
 

156 
 

NH

N hexane, r.t., 16h

-CH4

Ln(AlMe4)3

-CH4

Y(AlMe4)3

-AlMe4 Me Me
Me Me

Me

Me Me

MeAl Al

Y

NN

Et

Et

Et

Et

Me Me

Me Me

Me

Me Me

MeAl Al

La

NN

Al

Et

Et
Et

Et

Me

MeMe

Et

Et

Et

Et

 

Scheme 4.5: Syntheses of lanthanoid-aluminium complexes. 

 

The reaction of the homoleptic precursor La(AlMe4)3 with one equivalent of MesFormH in 

hexane formed [La(Me2CH2FormAlMe3)(AlMe3)(AlMe4)] (Me2CH2Form = MesForm-H(o-

Me)) having a C−H bond activation of an o-methyl group of the mesityl moiety (Scheme 

4.6). The high mobility of the aluminate methyl groups facilitated the C-H activation 

reactions. 

 
The catalytic activity of the compounds [Ln(Form)(AlMe4)2] (Ln = Y, La; Form = EtForm, 

DippForm) in isoprene polymerisation were investigated by activating them with 

[Ph3C][B(C6F5)4] or [PhNMe2H][B(C6F5)4]. At ambient temperature, polyisoprene of 

narrow molecular weight distribution (PDI < 1.2) was produced. The cocatalysts were 

stereoselective; trityl borate gave trans-1,4-selectivity (maximum 87%), while the anilinium 

borate favors cis-1,4-selectivity (maximum 82%).21 
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Scheme 4.6: Syntheses of lanthanoid-aluminium complexes. 

 

Alkyl elimination or salt metathesis reactions afforded a series of rare-earth metal monoalkyl 

complexes supported by the N, N´-di(2,6-dialkylphenyl)formamidinate ligand 

[LnL2CH2SiMe3·thf] [L = HC(N-2,6-Me2C6H3)2, Ln = Y, L = HC(N-2,6-iPr2C6H3)2; Ln = 

Y, Er, Dy, Sm, and Nd] in good yields (Scheme 4.7). These compounds were combined with 

[Ph3C][B(C6F5)4] and alkylaluminium to test the catalytic activity for isoprene 

polymerisation. The catalytic activity towards isoprene polymerisation was good and 

polyisoprenes with high molecular weight (Mn>104) and narrow molecular distribution 

(PDI<2.0) were obtained. If the catalysts were added in the order 

[RE]/[alkylaluminum]/[borate], 1,4- regioselectivity was reported as high as 98%.31 
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Scheme 4.7: Alkyl elimination reactions for syntheses of rare-earth metal monoalkyl 

complexes. 

 
Moreover, the catalytic activity of some tris(formamidinato)lanthanum(III) complexes for 

the Tishchenko reaction has been reported. The dimerisation of an aldehyde to the 

corresponding carboxylic ester (Scheme 4.8) is commonly known as the industrially 

important Tishchenko reaction. [La(o-TolForm)3(thf)2], [La(XylForm)3(thf)], and 

[La(EtForm)3] were examined as procatalysts for the Tishchenko reaction and the first 

compound was found as the most efficient catalyst ever reported. The catalytic activity of 

these compounds is due to their high Lewis acidity and easily interchangeable ligand 

spheres.22 

R H
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2
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R O
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Scheme 4.8: Tishchenko reaction. 

 

RTP reactions involving Ln (Ln = Yb, La, Nd), Hg(C6F5)2 and the FFormH ligand produced 

the trivalent complexes [Yb(FForm)3(thf)], [La(FForm)3(thf)2].thf and [Nd(FForm)3(thf)x] 

(x = 1–2). Further recrystallisations of the complexes from either dme or diglyme/hexane 

gave [La(FForm)3(dme)] and [Nd(FForm)3(diglyme)].diglyme complexes suitable for X-ray 

crystallography. Moreover, an RTP reaction involving TFormH and Nd followed by 

crystallisation from dme resulted in [Nd(TFForm)3(dme)]. The heat treatment of the divalent 

[Yb(TFForm)2(thf)3] in PhMe and diglyme yielded the complexes [Yb(TFForm)3(thf)2] and 

[Yb(TFForm)(diglyme)2][Yb(TFForm)4], respectively. The syntheses of these complexes 

are illustrated in scheme 4.9.14 
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Scheme 4.9: (i) Yb0 (excess), Hg(C6F5)2, 2 FFormH, thf, sonication 1 d, -Hg0, -2 C6F5H; (ii) 

La0, 1.5 Hg(C6F5)2, 3 FFormH, thf, 60 oC 2 d, -1.5 Hg0, -3 C6F5H; (iii) Nd0, 1.5 Hg(C6F5)2, 

3 FFormH, thf, sonication 2 d, -1.5 Hg0, -3 C6F5H; (iv) diglyme/hexane; (v) Yb0 (slight 

excess), 1.5 Hg(C6F5)2, 3 FFormH, thf, room temperature, 2 d, -1.5 Hg0, -3 C6F5H; (vi) Nd0, 

1.5 Hg(C6F5)2, 3 TFFormH, thf, sonication 2 d, -1.5 Hg0, -3 C6F5H; (vii) evaporation 

followed by crystallisation from dme/PhMe. 

 

Highly crowded samarium complexes, [Sm(L)3] and [Sm(L)2(L')] (L = formamidinate and 

L' = formamidinate or amidinate) have been synthesised by the oxidation of divalent 

[SmL2(thf)2] species or the insertion reactions of trivalent [Sm(L)2(C≡CPh)(thf)] complexes 

with carbodiimides (RNCNR; R = Cy, Mes, Dipp). It was noticed that the size of the R 

substituent on the carbodiimide influenced the reaction outcomes significantly. The 

homoleptic tris(formamidinato)samarium(III) complex, [Sm(L)3] (Scheme 4.10a) was 

obtained by the oxidation of [SmL2(thf)2] with N,N'-di(2,6-diisopropylphenyl)carbodiimide 

(DippNCNDipp) in PhMe in good yield. This compound was previously isolated by a 

different reaction route 15; however, the current route was described as a simpler one with 

improved yield. The heteroleptic complex, [Sm(L)2(MesNC(H)NMes)] (Scheme 4.10a) was 

obtained from the same reaction of [SmL2(thf)2] with RNCNR (R = Mes) but this reaction 

with R = Cy gave a mixture of products. Fractional crystallisation of that mixture afforded 

two complexes, [SmL2(CyNC(CH2Ph)NCy)] and [SmL2(CyNC(H)NCy)]. In contrast, pure 

[SmL2(CyNC(H)NCy)] was isolated solely by using thf as solvent (Scheme 4.10b). 

Treatment of [Sm(L)2(C≡CPh)(thf)] and carbodiimides RNCNR (R = Cy, Mes) resulted in 

[Sm(L)2(RNC(C≡CPh)NR)] (R = Cy or Mes) and are analogues of 
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[SmL2(CyNC(CH2Ph)NCy)] but no product was obtained from the reaction of 

[Sm(L)2(C≡CPh)(thf)] with DippNCNDipp (Scheme 4.10c).23 
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Scheme 4.10: Syntheses of highly crowded samarium complexes. 

 

The synthesis of the dark green [Sm(DippForm)2(thf)2] complex was accomplished by three 

different synthetic routes (Scheme 4.11). From the structural data, it was observed that 

[Sm(DippForm)2(thf)2] is hexacoordinated and isomorphous with the related strontium and 

barium amidinates. During the synthesis of the divalent product of samarium, a colourless 

crystalline trivalent samarium compound was isolated as co-product and confirmed by single 

crystal X-ray diffraction as the samarate [Na(thf)5][Sm(I)2(DippForm)2(thf)]. Dissolution of 

this product in hexane gave homoleptic [Sm(DippForm)3] with simultaneous precipitation 

of NaI and [Sm(I)3(thf)3.5]. Moreover, the monofluoro-bis(amidinate) 

[SmF(DippForm)2(thf)] has been isolated from a reaction mixture that underwent C-F 

activation.15 
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Scheme 4.11: (i) X = Na, SmI2(thf)2; (ii) X = H, Sm/Hg(C6F5)2; (iii) X = H, 

Sm[N(SiMe3)2]2(thf)2; (iv) SmI2(thf)2/NaI; (v) Dissolution in hexane; (vi) DippFormH, 

Hg(C6F5)2. 

 

The lanthanoid-formamidinate compound, [LaF{DippForm}2(thf)] with a rare terminal La–

F bond has been synthesised by the reaction of elemental lanthanum with Hg(C6F5)2 and 

DippFormH in thf (Scheme 4.12). A novel functionalised formamidine was found as a by-

product of this reaction, which resulted from the ring opening of thf. X-ray crystal structure 

confirmed the six coordinate lanthanum centre with cisoid DippForm ligands.24 
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Scheme 4.12: Lanthanoid-formamidinate complex with a terminal La-F bond. 
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The samarium complex [{(Me3Si)2N}2Sm{µ-(RNC(H)N(Ar-

Ar)NC(H)NR)}Sm{N(SiMe3)2}2] (R = C6H3-2,6-iPr2; Ar-Ar = C6H3-2-iPr-6-

C(CH3)2C(CH3)2-6'-C6H3-2'-iPr) featuring a coupled bis(formamidinate) ligand was 

synthesised by the reaction of N,N'-bis(2,6-diisopropylphenyl)carbodiimide and 

[Sm{N(SiMe3)2}2(thf)2] in hexane (Fig. 4.4).25 Moreover, treating Li(DippForm) with 

anhydrous samarium trichloride and Li2(COT") [COT" = 1,4-bis(trimethylsilyl)cyclooctate 

traenyl] in thf afforded the complex N, N'-bis(2,6-diisopropylphenyl) formamidinato][η8-

1,4-bis(trimethylsilyl)cyclooctatetraenyl](tetrahydrofuran)samarium(III).32 Following a 

similar method, [Yb(DippForm)(COT")(thf)] has also been synthesised (Scheme 4.13).33 
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Fig. 4.4: Molecular structure of [{(Me3Si)2N}2Sm{µ-(RNC(H)N(Ar-Ar)- 

NC(H)NR)}Sm{N(SiMe3)2}2].  
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Scheme 4.13: Syntheses of [Ln(DippForm)(COT")(thf)] complexes (Ln = Sm, Yb). 
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A series of bulky formamidinate supported samarium(III) halide complexes, 

[Sm(DippForm)2X(thf)] (X = Cl, X = Br, X = I) have been synthesised by the oxidation of 

[Sm(DippForm)2(thf)2] with tert-butyl chloride, 1,2-dibromoethane, and iodine, 

respectively, at ambient temperature (Scheme 4.14). Compounds with a rare terminal La-

Me species, [Ln(DippForm)2Me(thf)] (Ln = Sm, Ln = La) and 

[Sm(DippForm)2(CH2SiMe3)(thf)] have been synthesised by the subsequent metathesis 

reactions of lanthanoid halides [Ln(DippForm)2X(thf)] (Ln = Sm, La; X = Cl, F) with 

lithium reagents LiMe and LiCH2SiMe3, respectively at ambient temperature in toluene 

(Scheme 4.14). The homoleptic tris(formamidinato)lanthanum complex, [La(DippForm)3 

resulted unexpectedly from the reaction of [La(DippForm)2Me(thf)] with 1,2,3,4-

tetraphenylcyclopentadiene in very low yield (Scheme 4.15). The 

mono(formamidinato)samarium(III) complex [Sm(DippForm)Br2(thf)3] formed as a 

coproduct with the bis(formamidinate), [Sm(DippForm)2Br(thf)] from the redox 

transmetallation/protolysis reaction of samarium metal with bis(2-bromo-3,4,5,6-

tetrafluorophenyl)mercury and DippFormH in thf (Scheme 4.16). The ethenolate complex 

[Sm(DippForm)2(OCH=CH2)(thf)] (instead of the target Sm−Ph complex) formed from the 

redox reaction of the divalent samarium complex [Sm(DippForm)2(thf)2] with 

diphenylmercury (Scheme 4.16).26 
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Scheme 4.14: (i) Ln = Sm, R = tBu, X = Cl; R = BrC2H4 or 2-HC6F4, X = Br; X2 = I2; (ii) 

Ln = Sm, X = Cl, R1 = Me; R1 = CH2SiMe3; Ln = La, X = F, R1 = Me.   
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Scheme 4.15: Synthesis of homoleptic tris(formamidinato)lanthanum complex. 
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Scheme 4.16: (i) Ar = C6F5, 2-BrC6F4 (ii) Ar = 2-BrC6F4, X = Br (iii) Ar = C6F5, 2-BrC6F4; 

X = F, Br (iv) HgPh2, PhMe, 110 °C, Ar = Ph (v) HgPh2, PhMe, 110 °C (vi) thf, Ar = Ph. 
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The trivalent ytterbium–fluoride complexes [{Yb(EtForm)2(µ2-F)}2] and [{Yb(o-

PhPhForm)2 (µ2−F)}2] were obtained by the oxidation of compounds [Yb(EtForm)2(thf)2] 

and [Yb(o-PhPhForm)2(thf)2] with perfluorodecalin in thf at ambient temperature (Scheme 

4.17). On the other hand, the oxidation of [Yb(o-PhPhForm)2(thf)2] and 

[Yb(DippForm)2(thf)2].2THF with hexachloroethane and 1,2-dichloroethane in thf or 

toluene at room temperature gave [Yb(o-PhPhForm)2Cl(thf)2]·2THF and 

[Yb(DippForm)2Cl(thf)]·THF, respectively (Scheme 4.17). An analogous terbium 

compound [Tb(DippForm)2Cl(thf)2] was obtained by the metathesis reaction between TbCl3 

and Na(DippForm). The reactions between excess Ln metal, Hg(2-BrC6F4)2, and 

DippFormH in thf at room temperature followed by crystallisation from toluene (Ln = La, 

Nd) or diethyl ether (Ln = Yb) yielded the complexes [Ln(DippForm)2Br (thf)]·solv (Ln = 

La, Nd); solv = none; Ln = Yb, solv =  Et2O) (Scheme 4.18) with C-Br activation. [Yb 

(DippForm)2Br(thf)]·Et2O was synthesised by the treatment of 

[Yb(DippForm)2(thf)2].2THF and 1-bromo-2,3,4,5-tetrafluorobenzene (Scheme 4.17).13 
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Scheme 4.17: Ar = EtForm, RX = C10F18, X = F, n = 0, m = 2; Ar = o-PhPhForm, RX = 

C10F18, X = F, n = 0, m = 2; Ar = o-PhPhForm, RX = C2Cl6, X = Cl, n = 2, m = 1; Ar = 

DippForm, RX = 1,2-Cl2C2H4, X = Cl, n = 2, m = 1; Ar = DippForm, RX = o-HBrC6F4, X 

= Br, n = 1, m = 1. 
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Scheme 4.18: Ln = La, Nd, Yb. 

 

A heterobimetallic samarium(II)formamidinate complex has been synthesised, and selected 

reactions of samarium(II) complexes and one samarium(III) formamidinate complex with 

benzophenone or CS2 have been reported. The heterobimetallic formamidinate 

samarium(II)/potassium complex [KSm(DippForm)3] has been synthesised by the treatment 

of [Sm(DippForm)3] and potassium graphite in toluene at elevated temperature (Fig. 4.5). 

In this complex, samarium is five coordinated by two chelating κ(N, N') formamidinate 

ligands and a one 1κ formamidinate ligand having a link to potassium by an η6-2,6-

diisopropylphenyl group and the other N atom. The reaction of [Sm(DippForm)2(thf)2] with 

benzophenone resulted in the highly unusual [Sm(DippForm)2(thf){µ-OC(Ph)=(C6H5)-

C(Ph)2O}Sm(DippForm)2] (C6H5 = 1,4-cyclohexadiene-3-yl-6-ylidene) compound. This 

compound features a C-C coupling between a carbonyl carbon and the carbon at the p- 

position of a phenyl group of the OCPh2 fragment. An isostructural complex 

[(DippForm)2(thf)Yb{μ-OC(Ph)=(C6H5)C(Ph)2O}Yb(DippForm)2] was also isolated from 

an analogous reaction of [Yb(DippForm)2(thf)2] and benzophenone (Scheme 4.19).27 

 

The reaction of [Sm(DippForm)2(thf)2] with carbon disulfide to form a dinuclear 

formamidinatosamarium(III) complex [{Sm(DippForm)2(thf)}2(µ-η2(C,S):κ(S',S")- 

CSCS2)] (Scheme 4.20) having a rare thioformylcarbonotrithioate ((SCSCS2)2-) bridging 

ligand. The C=O bond of benzophenone has been activated by the trivalent 

[Sm(DippForm)2(CCPh)(thf)] forming [Sm(DippForm)2{OC(Ph)2C2Ph}(thf)] as a major 

product and the unsolvated [Sm(DippForm)2{OC(Ph)2C2Ph}] as a minor product (Fig. 

4.6).27 
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Fig. 4.5: Molecular structure of [KSm(DippForm)3]. 
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Scheme 4.19: Synthesis of [Ln(DippForm)2(thf){µ-OC(Ph)=(C6H5)(Ph)2O}Ln- 

(DippForm)2] (Ln = Sm, Yb). 
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Scheme 4.20: Synthesis of [{Sm(DippForm)2(thf)}2(µ-η2(C,S):κ(S',S")SCSCS2)]. 
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Fig. 4.6: Molecular structure of [Sm(DippForm)2{OC(Ph)2C2Ph}]. 

 

The oxidation of divalent [Yb(DFForm)2(thf)3] by benzophenone (bp) and a halogenating 

agent (TiCl4(thf)2, Ph3CCl or C2Cl6) formed the complexes [Yb(DFForm)3(bp)]  and 

[Yb(DFForm)2Cl(thf)2], respectively (Scheme 4.21).16 Moreover, the trivalent complex 

[Yb(DFForm)3(thf)] was obtained from an RTP reaction between Yb0 (slight excess), 1.5 

Hg(C6F5)2, 3 DFFormH in thf at room temperature. The tetrametallic oxide species 

{Yb2(DFForm)4(O)}2] was also synthesised by exposing [Yb(DFForm)2(thf)3] to trace 

amounts of O2. The sonication of the mixture of DFFormH and europium metal in thf 

followed by heating gave crystals of a hydroxide species [{Eu(DFForm)2OH(thf)}2]. The 

formation of [{Eu(DFForm)2OH(thf)}2] probably involves a trace amount of water.16 
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Scheme 4.21: Reactivity of [Yb(DFForm)2(thf)3] towards oxidising agents (i) ½ C2Cl6 in 

thf, -1/2C2Cl4; (ii) Ph3CCl in thf, -(Ph3C)2; (iii) 1/2 TiCl4(thf)2 in thf; (iv) bp in DME; (v) 

trace amounts of adventitious O2, toluene. 

 

Recently, two ketyl complexes [Yb(DippForm)2(fn.-CO)(thf)] , and [Yb(DippForm)2(tpc.-

O)] have been synthesised by the treatment of the divalent complexes 

[Yb(DippForm)2(thf)n] (n = 1 or 2) with the ketones 9-fluorenone (fn), or 2,3,4,5-

tetraphenylcyclopentadienone (tpc, tetracyclone), respectively (ketyl = a radical anion 

containing a C.-O(-) group) (Scheme 4.22).28 However, the treatment of 1a or 1b with 

perfluorobenzophenone (pfb) resulted in the formation of C-F activated complex 

[YbF(DippForm)2(thf)] and a highly unusual fluoride/oxide-bridged species 

[Yb5F6O2(DippForm)5]. 
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Scheme 4.22: Reactions of [Yb(DippForm)2(thf)n] (n=2 (1a), or n=1 (1b)) with (i) 9-

fluorenone; (ii) 2,3,4,5-tetraphenylcyclopentadienone; (iii) perfluorobenzophenone. 

 

The ketyl complexes [Yb(DippForm)2(tbbq.-O2)], [Yb(DippForm)2(phen.O2)], and 

[Yb(DippForm)2(acen.-O2)(thf)] have also been synthesised by the reduction of diketones 

3,5-di-tert-butyl-1,2-benzoquinone (tbbq), 9,10-phenanthrenequinone (phen), or 1,2-

acenaphthenequinone (acen) (Scheme 4.23). Moreover, an unsolvated derivative of 

[Yb(DippForm)2(acen.-O2)(thf)], viz. [Yb(DippForm)2(acen.-O2)]  was isolated from 

toluene.28 
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Scheme 4.23: Single-electron-transfer reactions of [Yb(DippForm)2(thf)2] (1a) with 1,2-

diketones: tbbq, phen, and acen. 

 

An unusual diketyl species [Yb(DippForm)(tpc.-O)2(thf)2] featuring two cisoid tpc.-O- 

ligands in very close proximity has been synthesised by the treatment of 

[Yb(DippForm)2(tpc.-O)] with KH. Upon further treatment with [SmI2(thf)2], the tpc.-O 

ketyl was reduced to a dianion (1-oxido-2,3,4,5-tetraphenylcyclopentadianide2-), ({C5Ph4}-

O)2- by [SmI2(thf)2], giving dimeric [{SmI({C5Ph4}-O)(thf)2}2] and monomeric complexes 

[YbI(DippForm)2(thf)]  and [YbI2(DippForm)(thf)2] (Schemme 4.24).28 

 

[Yb(DippForm)2(tpc.-O)]
[SmI2(thf)2

thf

[{SmI({C5Ph4}-O)(thf)2}2]

unidentified "[YbI(DippForm)2]"species
+

Et2O
Rearrangement

[YbI(DippForm)2(thf)]

[YbI2(DippForm)(thf)3].Et2O
+

KHthf

[Yb(DippForm)(tpc.-O)2(thf)2]
+

[{K(DippForm)2K(thf)2}]
+

unidentified products  

Scheme 4.24: Reactions of [Yb(DippForm)2(tpc.-O)] with KH, and [SmI2(thf)2]. 
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 The reaction of free-tpc with two equivalents of [Sm(DippForm)2(thf)2] in toluene followed 

by crystallisation from a diglyme/hexane mixture afforded the formation of  a ring-opened 

thf species, [{Sm(DippForm)2}2(µ-O-C5Ph4-(CH2)4-O)(diglyme)]·Solv (Solv = hexane, 1/2 

diglyme) (Scheme 4.25).28 
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Scheme 4.25: Reaction performed in toluene, crystals were obtained from a diglyme/hexane 

mixture. 
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4.2  Research Plan 
 
After perusing the relevant literature, it was obvious that a significant amount of research 

has been performed on the divalent and trivalent lanthanoid formamidinates.30 However, the 

redox chemistry of divalent lanthanoid formamidinates has not been explored extensively. 

Moreover, no lanthanoid cationic complexes of formamidinates had been reported. 

Therefore, our intention was to synthesise a range of trivalent halide complexes, L2LnX (L 

= formamidinates) from the oxidation of divalent complexes. Following the synthesis of 

trivalent halide complexes, we intended to synthesise lanthanoid cationic complexes of 

formamidinates [L2Ln]+[AlX4/BPh4/SbCl6]- by halide abstraction reactions with AlX3, 

AgBPh4 and SbCl5. 
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4.3  Results and Discussion  
  

4.3.1 Synthesis and Characterisation 

 

Ytterbium(II) formamidinates of varying steric bulk, Yb(Form)2(thf)2 (Form = [RNCHNR]; 

R = 2,6-Me
2 
(XylForm); 2,4,6-Me

3 
(MesForm); 2,6-Et

2 
(EtForm); 2,6-iPr

2 
(DippForm)) have 

been synthesised by literature procedures.13 Subsequently, the divalent complexes have been 

oxidised to trivalent ytterbium(III) formamidinates by using different oxidants such as 

hexachloroethane (Cl3CCCl3), dibromoethane (BrCH2CH2Br) and diiodoethane 

(ICH2CH2I). The most sterically demanding formamidinate complex [Yb(DippForm)2(thf)2] 

has been oxidised to the respective trivalent halide complexes [Yb(DippForm)2X(thf)] (X = 

Cl, Br and I) (Eqn. 4.3) However, the chloride complex [Yb(DippForm)2Cl(thf)].THF has 

been reported, synthesised by the oxidation of [Yb(DippForm)2(thf)2]  with 1,2-

dichloroethane in toluene.13 

 

2[Yb(DippForm)2(thf)2].2THF BrCH2CH2Br/ICH2CH2I/C2Cl6

2[Yb(DippForm)2X(thf)] CH2=CH2/C2Cl4

70oC, 2hPhMe

+

+

(4.3)

(X = Cl, Br, I)  
 

On the other hand, the least sterically demanding formamidinate complexes 

[Yb(Form)2(thf)2] (Form = XylForm, MesForm and EtForm) were oxidised to the trivalent 

homoleptic formamidinate complexes instead of forming halide complexes (Eqn. 4.4); 

however, trivalent homoleptic formamidinate complexes of MesForm and EtForm have 

been reported, synthesised by the RTP reactions.34 Moreover, the reactions of 

[Yb(Form)2(thf)2]  (Form = XylForm, MesForm and EtForm) with benzophenone gave 

trivalent homoleptic complexes; however, Yb(DippForm)2(thf)2  gave a ketyl complex.27 
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2[Yb(Form)2(thf)2] CH2ICH2I/CH2BrCH2Br/C2Cl6

[Yb(Form)3]

70oC, 2hPhMe

+

+ YbX3 (X = Cl, Br, I)

(4.4)

(Form = XylForm, MesForm and EtForm)

 
 

 Halide abstraction reactions (Scheme 4.26a) have been performed between previously 

synthesised trivalent halide complexes [Yb(DippForm)2X(thf)] (X = Cl, Br, I) and a number 

of halide abstracting reagents such as AlX3 (X = Cl, Br, I), SbCl5 and AgBPh4 with the 

intention of the isolation of cationic complexes [L2Ln]+[AlX4/BPh4/SbCl6]-. AgBPh4 was 

prepared from silver nitrate and sodium tetraphenylborate by the literature procedure35 and 

AlX3, SbCl5 were used as received from the supplier. Surprisingly, all attempts to prepare 

cationic complexes from the halide abstraction reactions (Scheme 4.26b) consistently ended 

up with only isolation of ligand; however, on one occasion we isolated [YbI2(thf)5]+ 

[YbI4(thf)2]-, which was reported before by a different synthetic route.36
  All reactions to 

obtain cationic complexes from the halide abstraction route have been unsuccessful at this 

stage. In one reaction involving [Yb(DippForm)2Cl(thf)] and AgBPh4 the silver complex 

[Ag(DippForm)]2 was isolated instead of the expected cationic complex [Yb(DippForm)2]+ 

[BPh4]-. 

 

[L2Ln]+ [AlX4]-L2LnX AlX3

SbCl5

[L2Ln]+[SbCl6]-

AgBPh4[L2Ln]+[BPh4]-

-AgX
(X = Cl, Br, I)

 
Scheme 4.26a: Prospective halide abstraction reactions to synthesise cationic complexes. 

 

 

 

 

 

 

 



Chapter 4 
 

176 
 

PhMe/thf[Yb(DippForm)2Cl(thf)] AlCl3 60oC, 24h [Yb(DippForm)2]+ [AlCl4]-+
 

PhMe/thf[Yb(DippForm)2Br(thf)] AlBr3 60oC, 24h
[Yb(DippForm)2]+ [AlBr4]-+

 
PhMe/thf[Yb(DippForm)2I(thf)] AlI3 60oC, 24h [YbI2(thf)5]+ [YbI4(thf)2]-+

 

PhMe/thf[Yb(DippForm)2Cl(thf)] SbCl5 60oC, 24h [Yb(DippForm)2]+ [SbCl6]-+
 

thf[Yb(DippForm)2Cl(thf)] AgBPh4 RT, 24h
[Ag(DippForm)]2+

 
Scheme 4.26b: Halide abstraction reactions to synthesise cationic complexes. 

 

In an attempt to synthesise a cationic complex [Yb(DippForm)2]+[Co(CO)4]-  (Eqn. 4.5), the 

divalent formamidinate complex [Yb(DippForm)2(thf)2] was treated with cobalt carbonyl at 

60 oC in thf for 2h.37 However, this reaction was also unsuccessful in isolating the desired 

cationic complex and we isolated the cobalt complex [Co(DippFormCO)(CO)3].THF 

instead.  

 

thf2[Yb(DippForm)2(thf)2] Co2(CO)8 60 oC, 2h
[Yb(DippForm)2]+[Co(CO)4]-+ (4.5)

 
 

The treatment of [Yb(XylForm)2(thf)2] with ICH2CH2I in thf for 2h at 60 oC followed by the 

addition of AlI3 in the reaction mixture and further heating for a couple of hours afforded 

the complex [Yb(XylForm)I2(thf)3] (Eqn. 4.6). Moreover, the reaction between 

[Yb(MesForm)2(thf)2] and AgBPh4 in thf at ambient temperature for 24h gave the silver 

complex [Ag(MesForm)]2 (Eqn. 4.7). The redox transmetallation reaction between an excess 

of ytterbium metal, Hg(C6F5)2 and the formamidine MesFormH in thf afforded the complex 

[Yb(MesForm)2(µ-OH)]2 (Eqn. 4.8). The formation of [Yb(MesForm)2(µ-OH)]2 probably 

involves a trace amount of water. 

 

2[Yb(XylForm)2(thf)2]
(i) thf, 60oC, 2h

ICH2CH2I 2[Yb(XylForm)I2(thf)3] CH2=CH2(ii) AlI3
+ + (4.6)
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thf[Yb(MesForm)2(thf)2] AgBPh4 RT, 24h
[Ag(MesForm)]2+ (4.7)

 

Yb(excess) + 2 MesFormH + Hg(C6F5)2
thf, RT, 72h

-Hg, -2C6F5H
[Yb(MesForm)2(µ-OH)]2 (4.8)

 

 

The redox transmetallation reactions between an excess of europium metal, Hg(C6F5)2 and 

the formamidines XylFormH and EtFormH in thf gave the complexes [Eu(XylForm)2(µ-

OH)(thf)]2 and [Eu(EtForm)2(thf)2], respectively (Eqn. 4.9 and 4.10). The formation of 

[Eu(MesForm)2(µ-OH)(thf)]2 perhaps involves a trace amount of water. The presence of 

hydroxyl group was further confirmed from infrared spectra. 

 

Eu(excess) + 2 XylFormH + Hg(C6F5)2
thf, RT, 72h

-Hg, -2C6F5H
[Eu(XylForm)2(µ-OH)]2 (4.9)

 
 

2[Eu(EtForm)2(thf)2]Eu(excess) + Hg(C6F5)2 + 2 EtFormH
-Hg, -C6F5H
thf, RT, 72h

(4.10)
 

 

A heteroleptic trivalent formamidinate complex of ytterbium 

[Yb(DippForm)(XylForm)2].PhMe was synthesised by the RTP reaction between an excess 

of Yb metal, Hg(C6F5)2, XylFormH and DippFormH in thf followed by crystallisation from 

toluene (Eqn. 4.11). 

 

Yb(excess) + XylFormH + DippFormH + Hg(C6F5)2

(i) thf, RT, 72h

(ii) PhMe
-Hg, -2C6F5H

[Yb(DippForm)(XylForm)2].PhMe

(4.11)

 
 

The IR spectra of the complexes were recorded in nujol mulls between sodium chloride 

plates.  Due to the extreme sensitivity of complexes to moisture and air, slight decomposition 

(on transit from the glovebox to the infrared spectrometer) could be observed in the IR 

spectra of some of the complexes. The absence of a ν(N-H) absorption in the infrared spectra 
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(at around 3350 cm-1)13 indicates the complete deprotonation of the N,N’-

bis(aryl)formamidine reagents in the isolated complexes. Strong ν(C-N) stretching bands 

were observed in the region of 1675–1643 cm-1 for all spectra. A strong ν(O-H) band at 

3663 cm-1 supports the presence of a hydroxyl group in the complex [Yb(MesForm)2(µ-

OH)]2. The paramagnetic ytterbium complexes gave broadened NMR spectra and could not 

be satisfactorily integrated. Microanalysis was performed to determine purity and to confirm 

the composition of bulk material was similar to the X-ray crystal structure composition. The 

EDTA complexometric titration was performed to determine the metal composition.  The 

lower percentages of carbon in some complexes are presumably due to the reaction of the 

complexes with aluminium crucible used in analysis.38 The higher percentages of hydrogen 

in some complexes may be because of the exposure of moisture to the complexes.   

 

4.3.2 X-ray Crystal Structures 

 
[Yb(DippForm)2Br(thf)] (1) and [Yb(DippForm)2I(thf)] (2) 

 
Complexes 1 and 2 (Fig. 4.7) crystallise in the triclinic space group P-1 (no. 2) with one 

molecule within the asymmetric unit. The ytterbium centre is a trivalent, six coordinate 

complex with O1 cis to Br1 or I1 and the geometry for both complexes is best described as 

trigonal prismatic. The Yb-N bond lengths in complexes 1 and 2 range from 2.315(2) to 

2.371(2) and 2.304(3) to 2.391(2) Å, respectively and are comparable to the complexes 

[Yb(DippForm)2Cl(thf)]·THF and [Yb(DippForm)2Br(thf)]·Et2O.13 The Yb-O distances in 

the complexes 1 and 2 are similar (2.353(2) and (2.352(2) Å, respectively); however slightly 

longer than in [Yb(DippForm)2Cl(thf)]·THF (2.3291(17) Å) and 

[Yb(DippForm)2Br(thf)]·Et2O (2.343(2) Å).13   

 

The Yb-Br distances in 1 and [Yb(DippForm)2Br(thf)]·Et2O are similar; however are longer 

than the Yb-Cl distance in Yb(DippForm)2Cl(thf)]·THF by approximately 0.15 Å, which is 

similar to the difference in the appropriate ionic radii (1.81 Å for Br and 1.96 Å for Cl).39 In 

complex 2, the Yb-I distance is 2.8970(7) Å, which is significantly elongated compared to 

the Y-Br distances in 1 and [Yb(DippForm)2Br(thf)]·Et2O and the Yb-Cl distance in 

[Yb(DippForm)2Cl(thf)]·THF. These differences in the Yb-Cl, Y-Br and Yb-I distances are 

expected due to the differences in the ionic radii of Cl, Br and I.39  
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Fig. 4.7: Molecular structure of Yb(DippForm)2Br(thf) (1), representative of the 

isostructural complex Yb(DippForm)2I(thf) (2). Ellipsoids have been shown at 50% 

probability and hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) 

and angles (o) for 1: Yb1-Br1: 2.6617(7), Yb1-O1: 2.353(2), Yb1-N1: 2.315(2), Yb1-N2: 

2.371(2), Yb1-N3: 2.349(2), Yb1-N4: 2.354(2), N1-Yb1-N2: 57.97(8), N3-Yb1-N4: 

57.73(8), N1-C1-N2: 117.4(2), N3-C2-N4: 117.2(2). Selected bond lengths (Å) and angles 

(o) for 2: Yb1-I1: 2.8970(7), Yb1-O1: 2.352(2), Yb1-N1: 2.359(3), Yb1-N2: 2.340(3), Yb1-

N3: 2.391(2), Yb1-N4: 2.304(3), N1-Yb1-N2: 57.71(8), N3-Yb1-N4: 57.98(8), N1-C1-N2: 

117.2(3), N3-C2-N4: 118.1(3). 
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[Yb(XylForm)3] (3), [Yb(MesForm)3] (4) and [Yb(EtForm)3].2THF (5) 

 

Complex 3 (Fig. 4.8) crystallises in the orthorhombic space group P212121 (no. 19) with one 

molecule within the asymmetric unit, and complexes 4 and 5 crystallise in the triclinic space 

group P-1 (no. 2) with one and two molecules within the asymmetric unit, respectively. The 

ytterbium centre in all three complexes is six coordinated with trigonal prismatic 

arrangements. The Yb-N contacts in 3, 4 and 5 range from 2.336(9) to 2.363(9), 2.337(5) to 

2.362(4) and 2.330(3) to 2.358(3) Å, respectively. These compare reasonably well with the 

bond lengths found in the literature complexes [Yb(MesForm)3] and [Yb(EtForm)3].2THF, 

synthesised by the RTP reactions.34 

 

[{Ag(MesForm)}2].PhMe (6) and [{Ag(DippForm)}2].2THF (7) 

 

Complex 6 (Fig. 4.9) crystallises in the triclinic space group P-1 (No. 2), whereas complex 

7 crystallises in the monoclinic space group P21/c (no. 14). However, both complexes consist 

of two independent half molecules in the asymmetric unit. X-ray crystallography shows an 

inversion centre through the midpoint of the Ag−Ag interaction in the dinuclear complexes 

6 and 7.  The Ag-Ag bond contacts in 6 and 7 are 2.7487(6) and 2.7532(10) Å, respectively 

and are well compared with the reported complexes Ag2[(2,6-Me2C6H3N)2C(H)]2 (2.7544(6) 

Å)40, silver(I) tert-butyl-imino-2,2-dimethylpyrrolidinate (2.677(3) Å)41, [Ag(4-

MePh)2N2C(H)]2 (2.705(1) Å)42, [Ag(Pri)2N2C(Me)]2 (2.645 Å)43, [Ag(2-OMePh)2N2C(H)]2 

(2.780 Å)44 and [Ag(Me3SiN)2C(Ph)]2 (2.655 Å)45. The Ag-Ag bond distances are slightly 

shorter than the sum of the van der Waals radii (1.72 Å for Ag) indicating strong Ag-Ag 

interactions.46 

 

 The Ag-N distances in 6 and 7 are from 2.089(3) to 2.096(3) Å and 2.087(5) to 2.089(5), 

respectively, and are comparable to the complex [Ag2[(2,6-Me2C6H3N)2C(H)]2] (2.110(3) 

Å) 40. The N1-Ag1-N2# angle in 6 and 7 are (168.83(12) and 168.6(2)o, respectively) slightly 

bent from linear and are comparable to the above reported complex.40 
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Fig. 4.8: Molecular structure of Yb(XylForm)3 (3), representative of the isostructural 

complexes Yb(MesForm)3 (4) and [Yb(EtForm)3].2THF (5). Ellipsoids have been shown at 

50% probability; hydrogen atoms (and solvent of crystallisation for 5) have been omitted for 

clarity. Selected bond lengths (Å) and angles (o) for 3: Yb1-N1: 2.357(10), Yb1-N2: 

2.344(9), Yb1-N3: 2.336(9), Yb1-N4: 2.356(10), Yb1-N5: 2.337(9), Yb1-N6: 2.363(9), N1-

Yb1-N2: 57.8(3), N3-Yb1-N4: 58.4(3), N5-Yb1-N6: 57.8(3), N1-C1-N2: 119.0(11), N3-

C2-N4: 119.3(10), N5-C3-N6: 118.4(11). Selected bond lengths (Å) and angles (o) for 4: 

Yb1-N1: 2.350(5), Yb1-N2: 2.359(4), Yb1-N3: 2.362(4), Yb1-N4: 2.337(5), Yb1-N5: 

2.339(4), Yb1-N6: 2.360(5), N1-Yb1-N2: 58.01(17), N3-Yb1-N4: 57.94(16), N5-Yb1-N6: 

57.54(15), N1-C1-N2: 117.8(5), N3-C2-N4: 118.4(5), N5-C3-N6: 118.6(5). Selected bond 

lengths (Å) and angles (o) for 5: Yb1-N1: 2.343(3), Yb1-N2: 2.330(3), Yb1-N3: 2.356(3), 

Yb1-N4: 2.342(3), Yb1-N5: 2.358(3), Yb1-N6: 2.344(2), N1-Yb1-N2: 58.58(9), N3-Yb1-

N4: 57.96(10), N5-Yb1-N6: 57.97(9), N1-C1-N2: 118.2(3), N3-C2-N4: 118.2(3), N5-C3-

N6: 118.4(3). 
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Fig. 4.9: Molecular structure of [{Ag(MesForm)}2].PhMe (6), representative of the 

isostructural complex [{Ag(DippForm)}2].2THF (7). Ellipsoids have been shown at 50% 

probability; hydrogen atoms and solvent of crystallisation have been omitted for clarity. 

Selected bond lengths (Å) and angles (o) for 6: Ag1-N1: 2.089(3), Ag1-N2#: 2.096(3), Ag1-

Ag1#: 2.7487(6), N1-Ag1-N2#: 168.83(12), N1-Ag1-Ag1#: 83.32(8), N1-C1-N2: 126.7(4). 

Selected bond lengths (Å) and angles (o) for 7: Ag1-N1: 2.089(5), Ag1-N2#: 2.087(5), Ag1-

Ag1#: 2.7532(10), N1-Ag1-N2#: 168.6(2), N1-Ag1-Ag1#: 84.02(15) N1-C1-N2: 125.9(6). 

 

Yb(XylForm)I2(thf)3 (8) 

 

Complex 8 (Fig. 4.10) crystallises in the triclinic space group P-1 (no. 2), with two 

[Yb(XylForm)I2(thf)3] molecules in the asymmetric unit. The X-ray crystal structure of 8 

comprises of a seven coordinate Yb centre, which is bound to two iodides, two nitrogens of 

the formamidinates and three thf molecules. The coordination polyhedron surrounding the 

Yb centre is best described as a distorted pentagonal bipyramid with the two iodides at the 
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axial positions (I1-Yb1-I2: 170.37(6)). The Yb-O distances range from 2.332(13)-2.370(15) 

Å, comparable to the complexes 1, 2 (2.353(2) and (2.352(2) Å, respectively) and 

[Yb(DippForm)2Cl(thf)]·THF (2.3291(17) Å) and [Yb(DippForm)2Br(thf)]·Et2O (2.343(2) 

Å).13   

 

The Yb-N distances in 8 are 2.326(18) and 2.375(15) Å, are comparable with complexes 1, 

2, 3, 4, 5 as well as with the relevant complexes in literature.13, 34 The Yb-I distances fall in 

the range from 2.987(2) to 3.0090(19) Å and are slightly elongated than 2.8970(7) Å in 

complex 2. However,  Yb-I distances in 8 are slightly shorter than in the dinuclear complexes 

[{(κ2-N,N′-Priso)Yb(THF)(µ-I)}2] (Priso = ([(ArN)2CNPri
2]-, Ar = 2,6-

diisopropylphenyl)47 and [Yb(Giso)2] (Giso = [(ArN)2CN(C6H11)2]−, Ar = C6H3Pri
2-2,6)48, 

where the  Yb-I distances are 3.0946(14) and 3.1424(9) Å, respectively. 

 

[Co(DippFormCO)(CO)3].THF (9) 

 

Complex 9 (Fig. 4.11) crystallises in the monoclinic space group P21/n (no. 14), with one 

molecule in the asymmetric unit. This complex consists of a five-coordinate cobalt centre, 

connected to four carbonyl groups and a nitrogen atom from the N-C-N backbone of the 

formamidinate ligand. The C26-Co1-C29 angle is 176.1(2)o, and therefore, the coordination 

polyhedron surrounding the Co centre is best described as a distorted trigonal bipyramid 

with the two CO groups at the axial positions. The Co-N length is 1.968(3) Å which is 

approximately 0.1 Å shorter than the Co-N contact in [Co2[µ-κ2Ge,N-

{Ge(iPr2bzam)(HMDS)}(µ-CO)(CO)5] (iPr2bzam = diisopropyl benzamidinate, HMDS = 

N(SiMe3)2].49  The Co-C contacts in 9 fall in the range form 1.755(6) to 1.930(4) Å, and are  

slightly shorter than the Co-C lengths 1.767(2) to 1.994(18) Å in [Co2[µ-κ2Ge,N-

{Ge(iPr2bzam)(HMDS)}(µ-CO)(CO)5] (iPr2bzam = diisopropyl benzamidinate, HMDS = 

N(SiMe3)2].49  
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Fig. 4.10: Molecular structure of Yb(XylForm)I2(thf)3 (8). Ellipsoids have been shown at 

50% probability; hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) 

and angles (o) for 8: Yb1-N1: 2.326(18), Yb1-N2: 2.375(15), Yb1-I1: 2.987(2), Yb1-I2: 

3.0090(19), Yb1-O1: 2.332(13), Yb1-O2: 2.370(15), Yb1-O3: 2.339(11), N1-Yb1-N2: 

58.5(5), I1-Yb1-I2: 170.37(6), O1-Yb1-O2: 74.0(5), O2-Yb1-O3: 71.2(5), O1-Yb1-O3: 

145.2(6). 
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Fig. 4.11: Molecular structure of [Co(DippFormCO)(CO)3].THF (9). Ellipsoids have been 

shown at 50% probability; hydrogen atoms and solvent of crystallisation have been omitted 

for clarity. Selected bond lengths (Å) and angles (o) for 9: Co1-N2: 1.968(3), Co1-C26: 

1.930(4), Co1-C27: 1.755(6), Co1-C28: 1.755(6), Co1-C29: 1.799(5), C26-Co1-N2: 

82.67(16), C27-Co1-N2: 121.6(2), C28-Co1-N2: 117.70(19), C29-Co1-N2: 93.62(18), C26-

Co1-C27: 86.2(2), C26-Co1-C28: 86.0(2), C26-Co1-C29: 176.1(2), C27-Co1-C28: 

118.5(3), C28-Co1-C29: 96.7(2), N1-C1-N2: 118.3(4). 

 

[Yb(MesForm)2(µ-OH)]2 (10) 

 

Complex 10 (Fig. 4.12) crystallises in the monoclinic space group C2/c (no. 15) with half of 

the molecule within the asymmetric unit. This dinuclear complex consists of two six 

coordinate Yb3+ metal centres that are bridged by two hydroxyl groups. Each Yb3+ metal 

centre is bound to two chelating MesForm ligands and two hydroxyl groups. The geometries 

about the Yb3+ centres are best described as the trigonal prismatic.  
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The Yb-N bond lengths in 10 (2.315(4) - 2.382(4) Å) are slightly shorter than in the complex 

[{Yb(o-TolForm)2(µ-OH)(thf)}2] (2.378(6) to 2.420(6) Å).34 The Yb-Ohydroxyl contacts in 10 

(2.202(3) and 2.200(3) Å) are comparable to the complex [{Yb(o-TolForm)2(µ-OH)(thf)}2] 

(2.202(6) and 2.232(6) Å); however, are slightly shorter than the Yb-Ohydroxyl contacts found 

in [{Yb(Cp′)2(µ-OH)}2] (Cp′= C5H4SiMe3) (2.25(2) to 2.33(2) Å).50 

 

 
 

Fig. 4.12: Molecular structure of [Yb(MesForm)2(µ-OH)]2 (10). Ellipsoids have been shown 

at 50% probability; hydrogen atoms have been omitted for clarity. Selected bond lengths 

(Å) and angles (o) for 10: Yb1-N1: 2.347(3), Yb1-N2: 2.360(3), Yb1-O1: 2.202(3), Yb2-

N3: 2.382(4), Yb2-N4: 2.315(4), Yb2-O1: 2.200(3), N1-Yb1-N2: 57.74(12), N3-Yb2-N4: 

58.01(13), O1-Yb1-O1#: 70.68(16), O1-Yb2-O1#: 70.75(17). 
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[Eu(XylForm)2(µ-OH)(thf)]2 (11) 

 

X-ray shows the complex 11 crystallises in the triclinic space group P-1 (no. 2) with half the 

dimer in the asymmetric unit (Fig. 4.13)  that is isostructural with 

[{Eu(DFForm)2OH(thf)}2]16. The Eu3+ centres have coordination number seven, 

coordinated by two terminal κ(N,N′) XylForm ligands, a thf molecule and two of the 

bridging hydroxyl groups. The geometry of the Eu3+ centres is best described as a distorted 

N3 facecapped triangular prism. 

 

The Eu-N bond lengths in 11 fall in the range from 2.458(4) to 2.504(4) Å), and are slightly 

shorter than in the complex [{Eu(DFForm)2OH(thf)}2] (2.442(2) to 2.557(2) Å).16 The Eu-

Ohydroxyl contacts in 11 (2.274(5) and 2.251(4) Å) are also somewhat shorter than Eu-Ohydroxyl 

contacts in the complex [{Eu(DFForm)2OH(thf)}2] (2.282(2) and 2.278(2) Å); however, the 

Eu-Othf contacts in 11 and [{Eu(DFForm)2OH(thf)}2] are 2.474(3) and 2.463(2) Å, 

respectively, and are comparable to each other.16  

 

[Eu(EtForm)2(thf)2] (12) 

 

Complex 12 crystallises in the monoclinic space group C2/c (no. 15) with half of the 

monomer in the asymmetric unit (Fig. 4.14) and is isostructural with 

[Eu(DippForm)2(thf)2].13 The Eu2+ centre is coordinated by two chelating EtForm ligands 

and two cis thf donors, giving the Eu2+ centre a coordination number of six. The Eu-N bond 

lengths in 12 span the range from 2.458(4) to 2.504(4) Å and are somewhat shorter than the 

Eu-N contacts in [Eu(DippForm)2(thf)2]·2THF (2.593(7) to 2.597(6) Å). However, the Eu-

O distance is slightly elongated in 12 (2.274(5) Å compared to the Eu-O distance in 

[Eu(DippForm)2(thf)2]·2THF (2.556(6) Å).13 
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Fig. 4.13: Molecular structure of [Eu(XylForm)2(µ-OH)(thf)]2 (11). Ellipsoids have been 

shown at 50% probability and hydrogen atoms have been omitted for clarity. Selected bond 

lengths (Å) and angles (o) for 11: Eu1-N1: 2.458(4), Eu1-N2: 2.504(4), Eu1-N3: 2.491(4), 

Eu1-N4: 2.472(4), Eu1-O1: 2.274(5), Eu1-O1#: 2.251(4), Eu1-O2: 2.474(3), N1-Eu1-N2: 

54.66(12), N3-Eu1-N4: 54.96(13), O1-Eu1-O1#: 44.8(2), N1-C1-N2: 118.7(4), N3-C2-N4: 

119.1(4). 

 

[Yb(DippForm)(XylForm)2].PhMe (13) 

 

Complex 13 (Fig. 4.15) is the first ever deliberately synthesised mixed formamidinate 

species and crystallises in the triclinic space group P-1 (no. 2) with one molecule within the 

asymmetric unit. The Yb3+ centre embraces the coordination number of six, bound to two 

chelating XylForm and one DippForm ligands with a trigonal prismatic arrangement. The 

Yb-N contacts fall in the range from 2.317(2) to 2.344(2) Å, slightly shorter than in 

complexes 3, 4 and 5. However, these are reasonably comparable with the Yb-N bond 

lengths reported in the isostructural complexes.34 
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Fig. 4.14: Molecular structure of [Eu(EtForm)2(thf)2] (12). Ellipsoids have been shown at 

50% probability and hydrogen atoms have been omitted for clarity. Selected bond lengths 

(Å) and angles (o) for 11: Eu1-N1: 2.458(4), Eu1-N2: 2.504(4), Eu1-O1: 2.274(5), N1-Eu1-

N2#: 52.58(8, N1-Eu1-N2: 106.47(9), N1#-C1-N2: 121.0(3). 



Chapter 4 
 

190 
 

 
 

Fig. 4.15: Molecular structure of [Yb(DippForm)(XylForm)2].PhMe (13). Ellipsoids have 

been shown at 50% probability; hydrogen atoms and solvent of crystallisation have been 

omitted for clarity. Selected bond lengths (Å) and angles (o) for 13: Yb1-N1: 2.333(2), Yb1-

N2: 2.344(2), Yb1-N3: 2.337(2), Yb1-N4: 2.342(2) , Yb1-N5: 2.317(2), Yb1-N6: 2.340(2), 

N1-Yb1-N2: 58.07(7), N3-Yb1-N4: 58.13(8), N5-Yb1-N6: 58.34(8), N1-C1-N2: 118.3(2), 

N3-C2-N4: 119.1(2), N5-C3-N6: 118.8(2). 

 

 

 

 

 

 

 

 



Chapter 4 
 

191 
 

4.3.3 Discussion 

 

Reactivity of divalent formamidinate complexes Yb(Form)2(thf)2 (Form = [RNCHNR]; R = 

2,6-Me
2 
(XylForm); 2,4,6-Me

3 
(MesForm); 2,6-Et

2 
(EtForm); 2,6-iPr

2 
(DippForm)) has been 

studied by using different oxidants such as Cl3CCCl3, BrCH2CH2Br and ICH2CH2I. 

Benzophenone has also been used to study the reactivity of less sterically demanding 

ytterbium formamidinate complexes.  

 

Reactions of [Yb(DippForm)2(thf)2].2THF with BrCH2CH2Br and ICH2CH2I yielded the 

complexes [Yb(DippForm)2X(thf)] (X = Br, I). The Yb-N bond lengths in complexes range 

from 2.315(2) to 2.371(2) and 2.304(3) to 2.391(2) Å, respectively and are comparable to 

the complexes [Yb(DippForm)2Cl(thf)]·THF and [Yb(DippForm)2Br(thf)]·Et2O. The Yb-

Br and Yb-I distances are longer than the Yb-Cl distance in Yb(DippForm)2Cl(thf)]· These 

differences in the Yb-Cl, Y-Br and Yb-I distances are expected due to the differences in the 

ionic radii of Cl, Br and I. However, all other divalent formamidinate complexes gave the 

homoleptic tris-formamidnate complexes [Yb(Form)3] (Form = XylForm, MesForm and 

EtForm). Reactions with benzophenone reactions also resulted in the tris-formamidnate 

complexes. This is probably due to the redistribution of the less bulky formamidinates in the 

complexes. Complex [Yb(XylForm)I2(thf)3] was isolated from the treatment of 

[Yb(XylForm)2(thf)2] with ICH2CH2I followed by the addition of AlI3.The NMR spectra of 

these complexes could not be integrated due to their paramagnetic behaviour.    

 

With the intention of the isolation of cationic complexes [L2Ln]+[AlX4/BPh4/SbCl6]-, a range 

of halide abstraction reactions has been performed using different halide abstracting reagents 

such as AlX3 (X = Cl, Br, I), SbCl5 and AgBPh4. Unexpectedly, all attempts to prepare 

cationic complexes from the halide abstraction reactions consistently gave ligand; however, 

on one occasion we isolated the reported complex [YbI2(thf)5]+ [YbI4(thf)2]-.  

 

A silver complex [Ag(DippForm)]2 was isolated from another attempted halide abstraction 

reaction involving [Yb(DippForm)2Cl(thf)] and AgBPh4 instead of the expected cationic 

complex [Yb(DippForm)2]+ [BPh4]-. An isostructural complex [Ag(MesForm)]2 was isolated 

from the reation of [Yb(MesForm)2(thf)2] and AgBPh4 at ambient temperature. The reaction 

between [Yb(DippForm)2(thf)2] and cobalt carbonyl gave the cobalt complex 
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[Co(DippFormCO)(CO)3].THF in place of the expected cationic complex 

[Yb(DippForm)2]+[Co(CO)4]-. In this complex, the cobalt was oxidised to Co1+ and a 

carbonyl group was inserted between the Co1+ centre and one of the nitrogens from the NCN 

backbone of the formamidinate. 

 

A deliberate RTP reaction using two formamidines of dissimilar steric bulk such as 

DippForH and XylFormH afforded the heteroleptic tris-formamidinate complex 

[Yb(DippForm)(XylForm)2].PhMe for the first time. In addition, [Eu(XylForm)2(µ-

OH)(thf)]2 and [Eu(EtForm)2(thf)2] have been synthesised by the RTP reactions using 

XylFormH and EtFormH, respectively. [Yb(MesForm)2(µ-OH)]2 was also isolated by the 

similar procedure using ytterbium. The formation of [Yb(MesForm)2(µ-OH)]2 and 

[Eu(XylForm)2(µ-OH)(thf)]2 probably involves a trace amount of water and the presence of 

the hydroxyl group was further confirmed from IR spectra.  

  

4.4  Conclusions 
 
Reactivity of divalent ytterbium formamidinate complexes has been studied and halide 

abstraction reactions have been performed for the synthesis of cationic lanthanoid 

complexes. Unfortunately, all attempts to prepare cationic complexes have been 

unsuccessful for this occasion. However, the reactivity studies yielded some novel 

complexes as well as some known complexes being synthesised from different reaction 

routes. For the first time, we deliberately synthesised a heteroleptic formamidinate complex 

from two different formamidinates of varying steric bulk. 

 

 

 

 

 

 

 



Chapter 4 
 

193 
 

4.5  Experimental 
 

For general procedures, see Appendix 2. 

 

Yb(DippForm)2Br(thf) (1) 

 

An orange solution of [Yb(DippForm)2(thf)2].2THF (0.59 g, 0.5 mmol) in toluene (15 mL) 

was added to a solution of BrCH2CH2Br (0.06 g, 0.3 mmol) in toluene (40 mL) with stirring. 

The solution was heated at 70 oC with stirring for 2 h. The volume of solution was reduced 

under vacuum, stored in fridge for 2 days and bright yellow crystals formed (0.41 g, 77%). 

Metal analysis (C54H78BrN4OYb): cal. (%) Yb 16.45; found Yb 16.17. IR (Nujol, ʋ/cm-1): 

2725 (w), 1666 (m), 1528 (m), 1460 (s), 1377 (w), 1319 (w), 1273 (m), 1194 (w), 1098 (w), 

1055 (w), 1012 (w), 946 (w), 934 (w), 859 (w), 801 (m), 775 (w), 757 (m), 722 (w). 

 

Yb(DippForm)2I(thf) (2) 

 

An orange solution of [Yb(DippForm)2(thf)2].2THF (0.29 g, 0.25 mmol) in toluene (10 mL) 

was added to a solution of ICH2CH2I (0.04 g, 0.15 mmol) in toluene (30 mL) with stirring. 

The solution was heated at 70 oC with stirring for 2 h. The volume of solution was reduced 

under vacuum, stored in fridge for 2 days and bright yellow crystals formed (0.20 g, 73%). 

Metal analysis (C54H78IN4OYb): cal. (%) Yb 15.74; found Yb 15.43. IR (Nujol, ʋ/cm-1): 

2560 (w), 1664 (m), 1587 (w), 1521 (m), 1460 (s), 1378 (m), 1318 (w), 1235 (m), 1189 (w), 

1097 (w), 1055 (w), 1010 (w), 934 (w), 857 (w), 821 (w), 800 (m), 775 (m), 722 (w), 668 

(w). 
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Yb(XylForm)3 (3) 

 

A mixture of an excess of freshly filed Yb metal (0.20 g, 1.15 mmol), 

bis(pentafluorophenyl)mercury (0.49 g, 0.92 mmol) and XylFormH (0.46 g, 1.85 mmol) was 

taken in a Schlenk flask under purified nitrogen. Tetrahydrofuran (40 mL) was added to the 

mixture. The slurry was stirred at ambient temperature for 72 h and the red-coloured solution 

was filtered to separate excess Yb metal and elemental mercury deposited. 

Hexachloroethane (0.23 g, 0.95 mmol) was added to the red solution with stirring. The 

colour of the solution turned to yellow from red immediately. After 2h, the solution was 

filtered to remove any solid materials and reduced the volume under vacuum to 10 mL. 

Yellow crystals, suitable for X-ray were formed after 2 d (0.34 g, 59%). Metal analysis 

(C51H57N6Yb): cal. (%) Yb 18.67; found Yb 18.21. IR (Nujol, ʋ/cm-1): 2923 (s), 2349 (w), 

2283 (w), 1651 (w), 1589 (w), 1532 (w), 1463 (s), 1377 (m), 1289 (w), 1202 (w), 1091 (w), 

763 (w), 722 (w). 

 

Yb(MesForm)3 (4)  
 

A mixture of an excess of freshly filed Yb metal (0.20 g, 1.15 mmol), 

bis(pentafluorophenyl)mercury (0.49 g, 0.92 mmol) and XylFormH (0.46 g, 1.85 mmol) was 

taken in a Schlenk flask under purified nitrogen. Tetrahydrofuran (40 mL) was added to the 

mixture. The slurry was stirred at ambient temperature for 72 h and the red-coloured solution 

was filtered to separate excess Yb metal and elemental mercury deposited. 

Hexachloroethane (0.23 g, 0.95 mmol) was added to the red solution with stirring. The 

colour of the solution turned to yellow from red immediately. After 2h, the solution was 

filtered to remove any solid materials and reduced the volume under vacuum to 10 mL. 

Yellow crystals, suitable for X-ray were formed after 2 d (0.36 g, 54%). Metal analysis 

(C57H69N6Yb): cal. (%) Yb 17.11; found Yb 16.89. IR (Nujol, ʋ/cm-1): 2722 (m), 1675 (m), 

1622 (s), 1585 (m), 1460 (s), 1261 (m), 1194 (w), 1098 (m), 1017 (m), 870 (w), 802 (m), 

722 (w). 
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[Yb(EtForm)3].2THF (5) 

 

A mixture of an excess of freshly filed Yb metal (0.20 g, 1.15 mmol), 

bis(pentafluorophenyl)mercury (0.49 g, 0.92 mmol) and XylFormH (0.46 g, 1.85 mmol) was 

taken in a Schlenk flask under purified nitrogen. Tetrahydrofuran (40 mL) was added to the 

mixture. The slurry was stirred at ambient temperature for 72 h and the red-coloured solution 

was filtered to separate excess Yb metal and elemental mercury deposited. 

Hexachloroethane (0.23 g, 0.95 mmol) was added to the red solution with stirring. The 

colour of the solution turned to yellow from red immediately. After 2h, the solution was 

filtered to remove any solid materials and reduced the volume under vacuum to 10 mL. 

Yellow crystals, suitable for X-ray were formed after 2 d (0.42 g, 60%). Metal analysis 

(C71H92N6O2Yb): cal. (%) Yb 14.02; found Yb 13.91. IR (Nujol, ʋ/cm-1): 2727 (w), 1637 

(s), 1605 (w), 1510 (s), 1463 (s), 1377 (s), 1310 (w), 1262 (w), 1211 (w), 1172 (w), 1147 

(w), 1120 (w), 1031 (m), 850 (m), 783 (w), 722 (7), 680 (w). 

 

[{Ag(MesForm)}2].PhMe (6)  

 

[Yb(MesForm)2(thf)2] (0.21 g, 0.24 mmol) was dissolved in 40 mL of thf and AgBPh4 (0.13 

g, 0.29 mmol) was added to the orange solution with stirring. The solution was stirred for 

2h at ambient temperature and filtered to remove any suspended materials. The solvent was 

then removed under vacuum and redissolved the solid in toluene (10mL). After storing in 

fridge, colourless crystals, suitable for crystallography were formed in two days (0.09 g, 

43%). 

 

[{Ag(DippForm)}2].THF (7) 

 

[Yb(DippForm)2Cl(thf)].THF (0.55 g, 0.5 mmol) was dissolved in 40 mL of thf and AgBPh4 

(0.26 g, 0.6 mmol) was added to the yellow solution with stirring. The solution was stirred 

for 2h at ambient temperature and filtered to remove any suspended materials. The volume 

of the solution was then reduced to 10 mL under vacuum. Colourless crystals, suitable for 

crystallography were formed in two days (0.18 g, 35%). IR (Nujol, ʋ/cm-1): 2854 (s), 1667 

(w), 1596 (w), 1554 (m), 1460 (s), 1377 (s), 1339 (s), 1315 (w), 1239 (w), 1180 (w), 1099 

(w), 802 (w), 755 (w), 722 (w). 
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Yb(XylForm)I2(thf)3 (8) 

 

A mixture of [Yb(XylForm)2(thf)2]  (0.76 g, 0.93 mol) and ICH2CH2I (0.16 g, 0.55 mmol) 

was taken in a Schlenk flask under purified nitrogen. Tetrahydrofuran (40 mL) was added 

to the mixture. The slurry was stirred at ambient temperature for 2 h and AlI3 (0.38 g, 0.93 

mmol) was added to the yellow solution with stirring. After heating the mixture for 2 h at 

60 0C, the solution was filtered to remove any solid materials and reduced the volume under 

vacuum to 10 mL. Yellow crystals, suitable for X-ray were formed after 2 d (0.10 g, 60%). 

Metal analysis (C29H42I2N2O3Yb): cal. (%) Yb 19.37; found Yb 19.03. IR (Nujol, ʋ/cm-1): 

2854 (s), 2360 (m), 2342 (w), 1672 (w), 1638 (w), 1525 (w), 1464 (s), 1377 (m), 1261 (w), 

1188 (w), 1091 (w), 1038 (w), 1000 (w), 915 (w),  848 (w), 795 (w), 721 (w), 668 (w). 

 

[Co(DippFormCO)(CO)3].THF (9) 

 

THF (30 mL) was added to a Schlenk charged with [Yb(DippForm)2(thf)2].2THF (0.46 g, 

0.40 mmol) under purified nitrogen. Co2(CO)8 ( 0.16 g, 0.48 mmol) was added to the orange 

solution with stirring and stirred for 12 h at ambient temperature. The colour of the solution 

turned to dark brown from orange. The solution was filtered to remove any solid materials 

and reduced the volume under vacuum. The solution was then stored in fridge for 3 days 

during which time needle like crystals formed (0.35 g, 73%). IR (Nujol, ʋ/cm-1): 2726 (m), 

2071 (s), 2010 (s)1985 (w), 1969 (s), 1667 (s), 1623 (m), 1588 (w), 1463 (s), 1377 (s), 1280 

(m), 1199 (w), 1100 (w), 1009 (w), 897 (w), 801 (m), 758 (m), 722 (m), 659 (m). 

  

[Yb(MesForm)2(µ-OH)]2 (10)  

 

A mixture of an excess of freshly filed Yb metal (0.20 g, 1.15 mmol), 

bis(pentafluorophenyl)mercury (0.21 g, 0.40 mmol) and MesFormH (0.22 g, 0.81 mmol) 

was taken in a Schlenk flask under purified nitrogen. Tetrahydrofuran (40 mL) was added 

to the mixture. The slurry was stirred at ambient temperature for 72 h and the yellow-

coloured solution was filtered to separate excess Yb metal and elemental mercury deposited. 

Then the volume of the solution was reduced under vacuum to 10 mL. Yellow crystals, 

suitable for X-ray were formed after 3 d (0.19 g, 63%). Metal analysis (C38H47N4OYb): cal. 

(%) Yb 23.11; found Yb 22.96. IR (Nujol, ʋ/cm-1): 3663 (s), 2720 (s), 2484 (w), 1878 (w), 



Chapter 4 
 

197 
 

1718 (m), 1634 (s), 1600 (s), 1297 (s), 1263 (s), 1200 (s), 1145 (s), 1061 (s), 1010 (s), 956 

(s), 909 (s), 720 (s), 669 (s). 

 

[Eu(XylForm)2(µ-OH)(thf)]2 (11) 

 

THF (40 mL) was added to a Schlenk flask charged with excess freshly filed Eu metal (0.10 

g, 0.66 mmol), Hg(C6F5)2 (0.37 g, 0.69 mmol) and XylFormH (0.35 g, 1.37 mmol), under 

purified nitrogen. The slurry was stirred at ambient temperature for 72 h and yielded a light 

brown solution after filtration. Concentration under reduced pressure and storage in fridge 

for several days gave light brown crystals (0.35 g, 69%). IR (Nujol, ʋ/cm-1): 3265 (w), 2715 

(w), 1633 (m), 1532 (w), 1463 (s), 1377 (s), 1302 (w), 1261 (w), 1201 (m), 1091 (w), 1032 

(w), 802 (w), 759 (m), 722 (w). 

 

[Eu(EtForm)2(thf)2 (12) 

 

THF (40 mL) was added to a Schlenk flask charged with excess freshly filed Eu metal (0.20 

g, 1.32 mmol), Hg(C6F5)2 (0.74 g, 1.38 mmol) and EtFormH (0.85 g, 2.74 mmol), under 

purified nitrogen. The slurry was stirred at ambient temperature for 72 h and yielded a light 

yellow solution after filtration. Concentration under reduced pressure and storage in fridge 

for several days gave light yellow crystals (0.82 g, 66%). Metal analysis (C50H70N4O2Eu): 

cal. (%) Eu 16.68; found Eu 16.31. IR (Nujol, ʋ/cm-1): 1656 (w), 1633 (w), 1594 (w), 1525 

(s), 1456 (s), 1192 (m), 1104 (m), 1074 (w), 1034 (w), 1007 (w), 968 (w), 889 (w), 868 (w), 

805 (w), 767 (m), 757 (m), 722 (w). 

 

[Yb(DippForm)(XylForm)2].PhMe (13) 

 

A mixture of an excess of freshly filed Yb metal (0.12 g, 0.69 mmol), 

bis(pentafluorophenyl)mercury (0.37 g, 0.69 mmol), DippFormH (0.25 g, 0.69 mmol) and 

XylFormH (0.20 g, 0.75 mmol) was taken in a Schlenk flask under purified nitrogen. 

Tetrahydrofuran (40 mL) was added to the mixture. The slurry was stirred at ambient 

temperature for 72 h and the red-coloured solution was filtered to separate excess Yb metal 

and elemental mercury deposited. Then the solvent was removed under vacuum and 

crystallised from toluene. Red crystals, suitable for X-ray were formed after several days 
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(0.53 g, 68%). Metal analysis (C66H81N6Yb): cal. (%) Yb 15.29; found Yb 15.26. IR (Nujol, 

ʋ/cm-1): 2854 (s), 2360 (w), 1665 (w), 1529 (m), 1460 (m), 1377 (m), 1290 (w), 1202 (w), 

1093 (w), 1037 (w), 934 (w), 880 (w), 800 (w), 764 (w), 727 (w). 
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4.6  X-ray crystal data         
 
For general procedures, see Appendix 2. 

 

Yb(DippForm)2Br(thf) (1) 

 
C54H78BrN4OYb, Mr = 1052.13 g/mol, triclinic, space group P-1 (no. 2), a = 

11.415(2) Å, b = 14.425(3) Å, c = 16.253(3) Å, α = 83.99(3)°, β = 77.74(3)°, γ = 

80.56(3)°, V = 2573.0(10) Å3, Z = 2, T = 173.15 K, μ(MoKα) = 2.633 mm-1, Dcalc = 

1.355 g/cm3, 21915 reflections measured (2.57° ≤ 2Θ ≤ 55.782°), 11081 unique (Rint = 

0.0372, Rsigma = 0.0485) which were used in all calculations. The final R1 was 0.0302 (I > 

2σ(I)) and wR2 was 0.0802 (all data). 

 

Yb(DippForm)2I(thf) (2) 

 
C54H78IN4OYb (Mr = 1099.19 g/mol): triclinic, space group P-1 (no. 2), a = 

11.653(2) Å, b = 14.425(3) Å, c = 16.212(3) Å, α = 83.50(3)°, β = 77.54(3)°, γ = 

79.94(3)°, V = 2612(1) Å3, Z = 2, T = 100.15 K, μ(Mo Kα) = 2.420 mm-1, Dcalc = 

1.3975 g/cm3, 37350 reflections measured (2.58° ≤ 2Θ ≤ 55.82°), 11392 unique (Rint = 

0.0588, Rsigma = 0.0548) which were used in all calculations. The final R1 was 0.0338 

(I>=2u(I)) and wR2 was 0.0989 (all data). 

 

Yb(XylForm)3 (3) 

 
C51H57N6Yb (Mr = 927.06 g/mol): orthorhombic, space group P212121 (no. 19), a = 

10.695(2) Å, b = 20.269(4) Å, c = 21.005(4) Å, V = 4553.4(16) Å3, Z = 4, T = 296.15 K, 

μ(MoKα) = 2.094 mm-1, Dcalc = 1.352 g/cm3, 56943 reflections measured (2.792° ≤ 2Θ ≤ 

54.998°), 10456 unique (Rint = 0.1418, Rsigma = 0.1036) which were used in all calculations. 

The final R1 was 0.0470 (I >2σ(I)) and wR2 was 0.1393 (all data). 

 

Yb(MesForm)3 (4)  

 
C57H69N6Yb (Mr = 1011.19 g/mol): triclinic, space group P-1 (no. 2), a = 10.9808(3) Å, b = 

12.2357(4) Å, c = 21.5729(6) Å, α = 84.728(2)°, β = 83.131(2)°, γ = 84.594(2)°, V = 
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2855.34(15) Å3, Z = 2, T = 296.15 K, μ(MoKα) = 1.675 mm-1, Dcalc = 1.173 g/cm3, 33823 

reflections measured (3.354° ≤ 2Θ ≤ 50°), 10026 unique (Rint = 0.0514, Rsigma = 0.0512) 

which were used in all calculations. The final R1 was 0.0455 (I > 2σ(I)) and wR2 was 0.1513 

(all data). 

 

[Yb(EtForm)3].2THF (5) 

 
C71H92N6O2Yb (Mr = 1234.52 g/mol): triclinic, space group P-1 (no. 2), a = 

13.182(3) Å, b = 23.468(5) Å, c = 24.268(5) Å, α = 62.31(3)°, β = 89.13(3)°, γ = 

75.25(3)°, V = 6382(3) Å3, Z = 4, T = 293(2) K, μ(MoKα) = 1.514 mm-1, Dcalc = 

1.282 g/cm3, 118755 reflections measured (1.908° ≤ 2Θ ≤ 63.76°), 30947 unique (Rint = 

0.0604, Rsigma = 0.0525) which were used in all calculations. The final R1 was 0.0411 (I > 

2σ(I)) and wR2 was 0.1115 (all data). 

 

[{Ag(MesForm)}2].PhMe (6)  

 
C45H54Ag2N4 (Mr = 874.66 g/mol): triclinic, space group P-1 (no. 2), a = 11.8852(3) Å, b = 

12.0048(3) Å, c = 15.7270(4) Å, α = 88.8710(10)°, β = 72.3870(10)°, γ = 84.2450(10)°, V = 

2127.82(9) Å3, Z = 2, T = 296.15 K, μ(MoKα) = 0.956 mm-1, Dcalc = 1.365 g/cm3, 23091 

reflections measured (2.718° ≤ 2Θ ≤ 49.998°), 7447 unique (Rint = 0.0468, Rsigma = 0.0477) 

which were used in all calculations. The final R1 was 0.0379 (I > 2σ(I)) and wR2 was 0.1090 

(all data). 

 

[{Ag(DippForm)}2].THF (7) 

 
C54H78Ag2N4O (Mr = 1014.96 g/mol): monoclinic, space group P21/c (no. 14), a = 

23.500(5) Å, b = 16.971(3) Å, c = 16.962(3) Å, β = 90.47(3)°, V = 6765(2) Å3, Z = 8, T = 

173.15 K, μ(MoKα) = 0.614 mm-1, Dcalc = 1.067 g/cm3, 84621 reflections measured 

(1.732° ≤ 2Θ ≤ 55.848°), 16072 unique (Rint = 0.0447, Rsigma = 0.0274) which were used in 

all calculations. The final R1 was 0.0934 (I >2σ(I)) and wR2 was 0.2885 (all data). 
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Yb(XylForm)I2(thf)3 (8) 

 

C29H42I2N2O3Yb (Mr = 893.48 g/mol): triclinic, space group P-1 (no. 2), a = 

13.150(3) Å, b = 13.748(3) Å, c = 23.220(5) Å, α = 77.54(3)°, β = 89.77(3)°, γ = 

61.96(3)°, V = 3594.8(16) Å3, Z = 4, T = 173.15 K, μ(MoKα) = 4.346 mm-1, Dcalc = 

1.649 g/cm3, 31672 reflections measured (1.808° ≤ 2Θ ≤ 50°), 11609 unique (Rint = 0.2129, 

Rsigma = 0.1826) which were used in all calculations. The final R1 was 0.1177 (I >2σ(I)) 

and wR2 was 0.3366 (all data). 

 

[Co(DippFormCO)(CO)3].THF (9) 

 

C33H39CoN2O5 (Mr = 602.59 g/mol): monoclinic, space group P21/n (no. 14), a = 

11.1122(10) Å, b = 17.1592(17) Å, c = 18.425(2) Å, β = 100.195(4)°, V = 

3457.7(6) Å3, Z = 4, T = 296.15 K, μ(MoKα) = 0.534 mm-1, Dcalc = 1.158 g/cm3, 21302 

reflections measured (3.268° ≤ 2Θ ≤ 49.998°), 6021 unique (Rint = 0.1003, Rsigma= 0.0940) 

which were used in all calculations. The final R1 was 0.0700 (I >2σ(I)) and wR2 was 0.2159 

(all data). 

 

[Yb(MesForm)2(µ-OH)]2 (10)  

 

C38H47N4OYb (Mr = 748.86 g/mol): monoclinic, space group C2/c (no. 15), a = 

19.028 Å, b = 15.3 Å, c = 23.626 Å, β = 92.468°, V = 6871.819549 Å3, Z = 8, T = 173.15 K, 

μ(Mo Kα) = 2.756 mm-1, Dcalc = 1.4476 g/cm3, 57256 reflections measured (3.42° ≤ 2Θ ≤ 

55°), 7884 unique (Rint = 0.0595, Rsigma = 0.0300) which were used in all calculations. The 

final R1 was 0.0372 (I>=2u(I)) and wR2 was 0.0950 (all data). 

 

[Eu(XylForm)2(µ-OH)(thf)]2 (11) 

 

C38H45EuN4O2 (Mr = 741.71 g/mol): triclinic, space group P-1 (no. 2), a = 11.280(2) Å, b = 

12.030(2) Å, c = 14.517(3) Å, α = 113.89(3)°, β = 100.70(3)°, γ = 99.90(3)°, V = 

1701.7(7) Å3, Z = 2, T = 293(2) K, μ(MoKα) = 1.881 mm-1, Dcalc = 1.442 g/cm3, 18574 

reflections measured (5.452° ≤ 2Θ ≤ 63.446°), 8120 unique (Rint= 0.0600, Rsigma = 0.0801) 
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which were used in all calculations. The final R1 was 0.0495 (I > 2σ(I)) and wR2 was 0.1212 

(all data). 

 

[Eu(EtForm)2(thf)2 (12) 

 

C25H35Eu0.5N2O (Mr = 455.51 g/mol): monoclinic, space group C2/c (no. 15), a = 

14.6956(5) Å, b = 16.5752(6) Å, c = 19.8387(7) Å, β = 96.3170(10)°, V = 

4803.0(3) Å3, Z = 8, T = 296.15 K, μ(MoKα) = 1.346 mm-1, Dcalc = 1.254 g/cm3, 29143 

reflections measured (3.716° ≤ 2Θ ≤ 54.996°), 5521 unique (Rint = 0.0507, Rsigma = 0.0369) 

which were used in all calculations. The final R1 was 0.0344 (I >2σ(I)) and wR2 was 0.0896 

(all data). 

 

[Yb(DippForm)(XylForm)2].PhMe (13) 

 

C66H81N6Yb (Mr = 1131.38 g/mol): triclinic, space group P-1 (no. 2), a = 11.766(2) Å, b = 

14.393(3) Å, c = 17.710(4) Å, α = 84.48(3)°, β = 71.75(3)°, γ = 88.88(3)°, V = 

2835.0(11) Å3, Z = 2, T = 293(2) K, μ(MoKα) = 1.695 mm-1, Dcalc = 1.322 g/cm3, 52041 

reflections measured (2.432° ≤ 2Θ ≤ 63.816°), 13807 unique (Rint = 0.0502, Rsigma = 0.0416) 

which were used in all calculations. The final R1 was 0.0321 (I >2σ(I)) and wR2 was 0.0881 

(all data). 
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Investigation of the halogenoaluminate π-arene complexes of lanthanoids has yielded 17 new 

complexes, [Ln(arene)(AlX4)n] (Ln = La, Ce, Pr, Nd, Gd, Sm, Eu, Yb; arene = toluene, 

mesitylene; X = Br, I; n = 2, 3). Divalent compounds of Sm, Eu and Yb have lattice solvated 

toluene in their structures; however, the trivalent complexes are unsolvated. These complexes 

extend the structural diversity attainable within the halogenoaluminate lanthanoid arene series. 

[Eu(η6-MeC6H5)(AlI4)2]n.PhMe, [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe and [Eu(η6-

MeC6H5)(AlBr4)2]n.PhMe are the first examples of polymeric structures among these 

complexes. Moreover, [Yb(η6-MeC6H5)(AlI4)2]n.1/2PhMe is the first example of an eight 

coordination in this series, evidence of the lanthanoid contraction.  

 

The iodoaluminate and bromoaluminate complexes of lanthanoids were found to be 

isostructural and comparable with the reported chloroaluminate complexes.1-19  Iodoaluminate 

complexes were first examples and bromoaluminate complexes significantly extend the known 

literature. The Ln-centroid and the average Ln-C bond distances in the trivalent compounds 

prepared in both toluene and mesitylene are similar, which suggest that the metal ligand 

interaction is independent of the substituents in the ligands.  The Ln-X (X = Br, I), Ln-centroid 

and the average Ln-C bond distances in the divalent complexes are longer than that of the 

trivalent complexes as divalent ions are larger than trivalent ions. Moreover, the Ln-I distances 

in the iodoaluminate complexes are longer than the Ln-Br distances in the bromoaluminate 

complexes. These differences are associated with the larger ionic radii of Ln2+ and I- ions than 

the Ln3+ and Br- ions, respectively.20  

 

The geometry of all the complexes could be best described as distorted pentagonal bipyramidal, 

with the arene molecule at an axial position (the centroid-Ln-I/Br angles are close to the straight 

angle). The gradual decrease of the Ln-X, Ln-centroid and the average Ln-C bond distances in 

the trivalent complexes of lanthanoids (lanthanum to gadolinium) support the lanthanoid 

contraction effect. This trend is also accessible among the divalent complexes from samarium 

to ytterbium, and there is a dramatic change in ytterbium as it is the smallest metal among the 

complexes isolated here. The catalytic activity of [Nd(η6-C6H5Me)(AlI4)3]  in isoprene 

polymerisation  was performed at ambient temperature, and was less effective than the 

literature results of analogous complexes.  
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Study of the iodoaluminate π-arene complexes of alkaline earths has given five new complexes, 

[Ae(arene)m(AlI4)2] (Ae = Ca, Sr, Ba; arene = toluene, mesitylene; m = 1, 2). The Ca-centroid 

and the average Ca-C distances in the mesitylene complex are somewhat reduced than that of 

the toluene complex. This fact suggests stronger Ca-arene interactions in the mesitylene 

complex than in the toluene analogue, presumably due to the electron donating effect of three 

methyl groups in mesitylene molecule (only one in toluene). Both complexes have a zigzag 

polymer structure. The strontium complex is isostructural with the samarium and europium 

complexes reported in chapter 2.  

 

In the barium complex [(Ba(η4-C6H5Me)2(AlI4)2], the barium centre is sandwiched between 

two toluene molecules both in an η4 fashion giving barium centre an eight coordination. 

However, the other complexes have only one arene molecule bonded to the metal centre. The 

Ba-I, Ba-C contacts are comparable with other analogous complexes considering the ionic radii 

of metals and iodide. All the complexes were synthesised by the reaction of in situ prepared 

aluminium iodide and alkaline earth iodides in a one-pot reaction, leading to the isolation of 

various complexes by a convenient reaction scheme.  

 

Reactivity of divalent formamidinate complexes [Yb(Form)2(thf)2] (Form = [RNCHNR]; R = 

2,6-Me
2 

(XylForm); 2,4,6-Me
3 

(MesForm); 2,6-Et
2 

(EtForm); 2,6-iPr
2 

(DippForm)) has been 

studied by using different oxidants such as Cl3CCCl3, BrCH2CH2Br and ICH2CH2I. 

Benzophenone has also been used to study the reactivity of less sterically demanding ytterbium 

formamidinate complexes. The complex [Yb(DippForm)2(thf)2].2THF was oxidised to 

[Yb(DippForm)2X(thf)] (X = Br, I) by BrCH2CH2Br and ICH2CH2I, respectively. However, 

the similar approach with other formamidinate complexes gave the homoleptic tris-

formamidnates [Yb(Form)3] (Form = XylForm, MesForm and EtForm). Reactions with 

benzophenone also resulted in the tris-formamidnate complexes. This is probably due to the 

redistribution of the less bulky formamidinates in the complexes. The nmr spectrum of these 

complexes could not be integrated due to the paramagnetic nature of trivalent ytterbium.   
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For the isolation of cationic complexes [L2Ln]+[AlX4/BPh4/SbCl6]-, halide abstraction 

reactions have been performed using the halide abstracting reagents AlX3 (X = Cl, Br, I), SbCl5 

and AgBPh4. Surprisingly, ligand was isolated from all attempted halide abstraction reactions; 

however, on one occasion the reported complex [YbI2(thf)5]+ [YbI4(thf)2]- + was isolated. A 

silver complex [Ag(DippForm)]2 was obtained from another attempted halide abstraction 

reaction involving [Yb(DippForm)2Cl(thf)] and AgBPh4 instead of the expected cationic 

complex [Yb(DippForm)2]+ [BPh4]-. The reaction between [Yb(DippForm)2(thf)2] and cobalt 

carbonyl gave the cobalt complex [Co(DippFormCO)(CO)3].THF in place of the expected 

cationic complex [Yb(DippForm)2]+[Co(CO)4]-.  

 

A deliberate RTP reaction using two formamidines (DippForH and XylFormH) afforded the 

heteroleptic tris-formamidinate complex [Yb(DippForm)(XylForm)2].PhMe for the first time. 

In addition, [Eu(XylForm)2(µ-OH)(thf)]2 and [Eu(EtForm)2(thf)2] have been synthesised by the 

RTP reactions involving XylFormH and EtFormH, respectively. [Yb(MesForm)2(µ-OH)]2 was 

also synthesised by the similar procedure using ytterbium metal. The formation of 

[Yb(MesForm)2(µ-OH)]2 and [Eu(XylForm)2(µ-OH)(thf)]2 probably involves a trace amount 

of water and the presence of hydroxyl group was further confirmed from IR spectrum.  

 

Overall, this thesis represents a major contribution to the chemistry of halogenoaluminate π-

arene complexes of rare earths and alkaline earths. The reactivity of some iodoaluminate 

complexes have also been studied and discussed in chapter 2 and in appendix 1. The reactivity 

of divalent lanthanoid formamidinate complexes have been studied as well. 
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The following complexes have been isolated throughout this work. Complexes 1 and 2 have 

been isolated during the study of reactivity of lanthanoid halogenoaluminate π-arene 

complexes (discussed in chapter two). Complex 3 has been synthesised deliberately from 

diethyl ether for the starting material of halide abstraction reactions. Other complexes (4 to 7) 

have been isolated unexpectedly during this research work. 

 

[Al(DippForm)2I] (1) 

 

Synthesis: Iodoaluminate π-arene complex of lanthanum [La(η6-MeC6H5)(AlI4)3] was 

synthesised by the procedure described in chapter 2. Before storing [La(η6-MeC6H5)(AlI4)3] 

solution for crystallisation, KDippForm (0.67 g, 1.67 mmol) was added into it and heated for 

12 h at 100 oC. The solution was filtered and stored at ambient temperature for crystallisation. 

Colourless crystals were obtained in 2 d. 

  

Crystal data: C50H70AlIN4 (Mr =881.01 g/mol): monoclinic, space group P21/c (no. 14), a = 

14.156(3) Å, b = 16.573(3) Å, c = 21.433(4) Å, β = 108.35(3)°, V = 4772.5(18) Å3, Z = 

4, T =  100.15 K, μ(Mo Kα) = 0.725 mm-1, Dcalc = 1.2233 g/cm3, 54486 reflections measured 

(3.04° ≤ 2Θ ≤ 63.9°), 13092 unique (Rint = 0.1347, Rsigma = 0.1371) which were used in all 

calculations. The final R1 was 0.0703 (I>=2u(I)) and wR2 was 0.2129 (all data).  
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Fig. 1: X-ray structure of [Al(DippForm)2I]. 

 

[SmI2(BP)5]+[AlI4]-.PhMe (2) 

 

Synthesis: The divalent iodoaluminate π-arene complex of samarium [Sm(η6-

MeC6H5)(AlI4)2]n.PhMe was synthesised by the procedure described in chapter 2. Before 

storing [Sm(η6-MeC6H5)(AlI4)2]n.PhMe solution for crystallisation, benzophenone (BP) (0.46 

g, 2.50 mmol) was added into it and heated for 12 h at 100 oC. The solution was filtered and 

stored at ambient temperature for crystallisation. Colourless crystals were obtained in 2 d. 

 

 

 



Appendix 1 
 

 

 215 

Crystal data: C72H58AlI6O5Sm (Mr =1941.91 g/mol): monoclinic, space group Pc (no. 7), a = 

18.816(4) Å, b = 22.221(4) Å, c = 17.149(3) Å, β = 100.47(3)°, V = 7051(3) Å3, Z = 4, T = 

173.15 K, μ(MoKα) = 3.519 mm-1, Dcalc = 1.829 g/cm3, 129408 reflections measured (1.832° 

≤ 2Θ ≤ 63.952°), 36956 unique (Rint = 0.0381, Rsigma = 0.0331) which were used in all 

calculations. The final R1 was 0.0316 (I >2σ(I)) and wR2 was 0.0873 (all data). 

 

 

Fig. 2: X-ray structure of [SmI2(BP)5]+[AlI4]-.PhMe. 
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[La(DippForm)2F(Et2O)] (3) 

 

Synthesis: Complex [La(DippForm)2F(Et2O)] was synthesised by the literature procedure using 

a different solvent (diethyl ether).1 Lanthanum metal filings (0.12 g, 0.69 mmol), 

bis(pentafluorophenyl)mercury (0.37 g, 0.69 mmol) and DippFormH (0.50 g, 1.37 mmol) in 

diethyl ether (40 mL) were stirred at ambient temperature for 24 h, yielding an yellow solution 

after filtration. The volume of solution was reduced to 10 mL under vacuum and stored for 

several days in fridge gave yellow crystals.  

 

Crystal data: C54H80FLaN4O (Mr =959.13 g/mol): monoclinic, space group P21/c (no. 14), a = 

20.708(4) Å, b = 29.886(6) Å, c = 17.941(4) Å, β = 112.29(3)°, V = 10274(4) Å3, Z = 8, T = 

100.15 K, μ(MoKα) = 0.875 mm-1, Dcalc = 1.240 g/cm3, 136675 reflections measured (2.126° 

≤ 2Θ ≤ 55°), 22758 unique (Rint = 0.1424, Rsigma = 0.0763) which were used in all calculations. 

The final R1 was 0.0626 (I > 2σ(I)) and wR2 was 0.1583 (all data). 

 

 

Fig. 3: X-ray structure of [La(DippForm)2F(Et2O)]. 
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[YbI2(MeCN)5] (4) 

 

Synthesis: Complex [YbI2(MeCN)5] was synthesised by the literature procedure.2 Ytterbium 

filings (0.12 g, 0.66 mmol), AlI3 (0.82 g, 2.0 mmol) and diiodoethane (0.30 g, 1.06 mmol) were 

taken in a Schlenk flask. Acetonitrile (40 ml) was added and an exothermic reaction took place. 

The mixture was then sonicated for 12 h so that all traces of metal had been consumed. The 

solution was then filtered, and the solvent volume was reduced in vacuo until traces of material 

began to precipitate. After storing in fridge for overnight, orange crystals deposited, were 

collected and washed with cold acetonitrile. 

 

Crystal data: C10H15I2N5Yb (Mr =632.11 g/mol): orthorhombic, space group Pbca (no. 61), a = 

14.134(3) Å, b = 14.466(3) Å, c = 17.930(4) Å, V = 3666.0(13) Å3, Z = 8, T = 173.15 K, μ(Mo 

Kα) = 8.463 mm-1, Dcalc = 2.2904 g/cm3, 29107 reflections measured (4.54° ≤ 2Θ ≤ 55.82°), 

4286 unique (Rint = 0.0753, Rsigma = 0.0354) which were used in all calculations. The 

final R1 was 0.0347 (I>=2u(I)) and wR2 was 0.0927 (all data). 
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Fig. 4: X-ray structure of [YbI2(MeCN)5]. 

 

[LaCl3(thf)2]n (5) 
 
Synthesis: Complex [LaCl3(thf)2]n was isolated from an attempted synthesis of cationic 

complex [La(DippForm)2]+[AlCl3F]-
. This complex was reported before; however, the 

synthetic route was different.3 Moreover, the reported complex was crystallised with 

monoclinic space group P21/c whereas C2/c space group was observed here. 

[La(DippForm)2F(thf)] was synthesised by the literature procedure4 in thf and treated with 

AlCl3 (0.08 g, 0.60 mmol) at ambient temperature. After reducing the volume under vacuo and 

storing in the fridge for 2d, colourless crystals formed. 
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Crystal data: C24H40Cl9La3O6 (Mr =1160.34 g/mol): monoclinic, space group C2/c (no. 

15), a = 34.836(7) Å, b = 10.105(2) Å, c = 22.923(5) Å, β = 98.52(3)°, V = 7980(3) Å3, Z = 

8, T = 100.15 K, μ(MoKα) = 3.789 mm-1, Dcalc = 1.932 g/cm3, 46380 reflections measured 

(2.364° ≤ 2Θ ≤ 53.04°), 8086 unique (Rint = 0.1968, Rsigma = 0.1221) which were used in all 

calculations. The final R1 was 0.1075 (I > 2σ(I)) and wR2 was 0.3089 (all data). 

 

 

Fig. 5: X-ray structure of [La3Cl9(thf)6]n. 

 

[SmCl3(dme)2] (6) 

 

Synthesis: THF (40 mL) was taken to a Schlenk flask charged with freshly filed Sm metal (0.06 

g, 0.40 mmol), HgC6F5)2 (0.37 g, 0.69 mmol) and DippFormH (0.33 g, 0.91 mmol) under a 

purified nitrogen atmosphere. The resulting slurry was stirred at ambient temperature for 24 h 

to yield a pale yellow solution after filtration. Then AlCl3 (0.07 g, 0.55 mmol) was added to 

the solution and stirred for 12 h at room temperature. After filtration and removal of volatiles 

gave a light yellow powder that was extracted into dme (10 mL) and stored in fridge for several 

days gave light yellow crystals. 
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Crystal data: C8H20Cl3O4Sm (Mr =436.94 g/mol): monoclinic, space group P21/c (no. 14), a = 

11.451(2) Å, b = 8.8370(18) Å, c = 15.591(3) Å, β = 104.77(3)°, V = 1525.5(6) Å3, Z = 4, T = 

173.15 K, μ(MoKα) = 4.370 mm-1, Dcalc = 1.902 g/cm3, 10424 reflections measured (3.678° 

≤ 2Θ ≤ 55.782°), 3327 unique (Rint = 0.0822, Rsigma = 0.0699) which were used in all 

calculations. The final R1 was 0.0385 (I >2σ(I)) and wR2 was 0.0976 (all data). 

 

 

Fig. 6: X-ray structure of [SmCl3(dme)2]. 
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All reactions were carried out under dry nitrogen using glove box and standard Schlenk 

techniques, as lanthanoid metals and lanthanoid(II) and (III) products are highly air- and 

moisture-sensitive. All the reagents were supplied by Sigma Aldrich and Thermo Fisher 

Scientific and used without further purification unless stated otherwise. Toluene was dried over 

molecular sieves using LC Technology Solvent Purification Systems, collected in Schlenk 

flask, and stored over sodium. Acetonitrile was dried by distillation from calcium hydride. THF 

and hexane were dried and deoxygenated by refluxing over and distillation from sodium 

benzophenone ketyl under nitrogen. Formamidine ligands1-3 and bis(pentafluorophenyl) 

mercury, Hg(C6F5)2
4, 5 were prepared by literature methods. 

 

Microanalysis were carried out at School of Human Sciences, London Metropolitan University, 

UK. Metal analyses were performed by complexometric titration using EDTA, and 5% 

sulphosalisylic acid to mask aluminum of the halogenoaluminate bimetallic complexes.6 

Infrared spectra were collected on a Nicolet 6700 (Thermo Scientific) FTIR spectrophotometer, 

using NaCl plates with Nujol mull and the data were processed by using OMNIC software. 

Multinuclear NMR were obtained on a Bruker AscendTM 400 spectrometer using dry degassed 

deutero-benzene (C6D6) as solvent, and resonances were referenced to the residual 1H 

resonances of the deuterated solvent. Top Spin software were employed to process the data. 

 

The X-ray data were collected using the MX1 beamline at the Australian Synchrotron, Clayton, 

Victoria as well as using the XRD at the advanced analytical centre of James Cook University. 

A crystal was mounted on a cryoloop and flash cooled to 100 K. Data were collected using a 

single wavelength (λ = 0.712 Å). The data were collected using the Blue Ice7 GUI and 

processed with the XDS8 software package. By using Olex2,9 the structures were solved by 

direct methods with ShelXS,10 structure solution program. The structures were refined with 

anisotropic thermal parameters for the non-hydrogen atoms with hydrogen atoms constrained 

in calculated positions with a riding model. Structure refinements were performed with version 

2016/6 of ShelXL11 using Least Squares minimisation. The graphical representations were 

generated using bitmap images GUI of Olex2.9 
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Combustion analyses consistently gave variable results, and are therefore presented here. Metal 

analyses were generally more accurate and are presented in the respective chapters. 

 

Table A1: Microanalysis results for chapter 2 complexes 

 
 Calculated Found 

% C % H % N % C % H % N 

1 4.57 0.44 - < 0.1 <0.1 - 

2 4.58 0.44 - 4.55 0.47 - 

3 4.57 0.44 - 4.02 2.03 - 

4 4.54 0.44 - 4.57 0.50 - 

5 11.98 1.15 - 3.91 1.17 - 

6 11.96 1.15 - 3.28 2.98 - 

7 9.14 0.88 - 4.09 1.74 - 

8 5.80 0.65 - - - - 

9 5.80 0.65 - 9.41 1.82 - 

10 5.8 0.65 - 7.48 6.27 - 

11 5.79 0.65 - 5.10 1.86 - 

12 5.77 0.65 - 3.91 1.71 - 

13 5.75 0.64 - 4.57 0.50 - 

14 - - - - - - 

15 - - - - - - 

16 - - - - - - 

17 - - - - - - 
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Table A2: Microanalysis results for chapter 3 complexes 

 
 Calculated Found 

% C % H % N % C % H % N 

1 7.00 0.67 - 7.15 0.70 - 

2 12.54 1.20 - 11.59 1.31 - 

3 12.09 1.16 - 11.91 1.22 - 

4 8.79 0.98 - 5.45 3.31 - 

5 8.46 0.95 - 11.78 1.73 - 

 

Table A3: Microanalysis results for chapter 4 complexes 

 
 Calculated Found 

% C % H % N % C % H % N 

1 61.64 7.47 5.32 58.35 8.17 5.91 

2 59.01 7.15 5.10 54.92 7.84 5.57 

4 67.70 6.88 8.31 57.80 7.42 6.92 

8 38.98 4.74 3.14 38.98 5.23 2.80 

9 65.35 7.14 4.62 65.17 7.30 4.83 

10 60.95 6.33 7.48 60.59 6.61 7.36 

11 61.78 5.73 7.58 61.67 5.45 7.62 
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1. Introduction

Amidinate ligands ([R1NCR2NR3]�) (Fig. 1-1, R4 = H, deproto-
nated) are anionic ligands which can be modified sterically and
electronically to form stable and structurally interesting com-
plexes with metals [1]. Fig. 1-1 shows the general structure of an
amidine. Amidines are named based on the acid or amide obtained
after hydrolysis [2]. Amidinate complexes have versatile applica-
tions in chemical and material sciences [3–6], including as precur-
sors for atomic layer deposition of rare-earth oxide films [3,4,7]
and polymerisation of olefins [5,8]. In the case of R2 = H, the com-
pound is called a formamidine. N,N0-Diarylformamidinate ligands
have advantages over amidinate and guanidinate ligands of greater
simplicity. This impacts in ease of synthesis whereby formamidi-
nes, the proligands are readily prepared and can be easily
modulated to vary steric and electronic effects. These can be as var-
ied as anilines available as reactants. The corresponding for-
mamidines open up a wide range of syntheses owing to the
acidic NAH. By constrast amidinate and guanidinate ligands are
harder to access, and although they have in the C-R and C-NR2

moieties the opportunity for additional steric and electronic



Fig. 1-1. The general structure of an amidine.
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modulation, it also brings complexity in distinguishing these
effects from those of the N-R groups. The N,N0-diarylformamidi
nates ((ArN)2CH)�, (ArForm�)), gives them a special place amongst
the amidinate ligands with a wide variety of applications. For
example, lanthanoid formamidinates are excellent reagents in cat-
alysing the Tishchenko reaction [9].
Fig. 1-2. Different Forma
In recent years the N,N0-bis(aryl)formamidinate ligands have
demonstrated considerable coordination flexibility within the
amidinate family of organoamide support ligands and this review
focuses on these N,N0-bis(aryl)formamidinates [10,11]. N,N0-Bis
(aryl)formamidines (ArN@CHANHAr) can be easily synthesized in
high yields by heating to reflux one equivalent of triethyl orthofor-
mate with two equivalents of the appropriate substituted aniline
(Eq. (1)) [12], typically in the presence of an acetic acid catalyst.
They can be sterically and electronically modulated by varying
the substituents within the aryl groups.
There has been a lot of interest in developing N,N0-bis(aryl)for
mamidinates as ligands [13]. One important use is to kinetically
midine pro-Ligands.



Fig. 1-3. Possible binding modes for N,N0-bis(aryl)formamidinate ligands.
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stabilise group 13 hydride complexes by application of bulky
ligands [13]. It has also been possible to sterically engineer
carbon-fluorine bond activation [14]. Furthermore, they can act
as anionic ligand supports for low valent compounds. These
ligands bind rare earth metals well with the benefit of variations
of the steric bulk and electronic functionality at the N donor atoms
[15]. Moreover, rare-earth amidinate complexes have great versa-
tility in material and chemical applications, for example, precur-
sors that are used for atomic layer deposition of rare-earth oxide
films [7] or polymerisation of olefins [3]. Fig. 1-2 shows some
important types of formamidine proligands. By using different
derivatives of aniline as the precursor, various formamidine
ligands with different steric properties can be prepared. Therefore,
different metal-organic compounds with different coordination
number can be synthesized by using different formamidines. This
can aid in inducing variations in reactivity.

Bis(aryl)formamidinate ligands can display various potential
binding modes to metal centers (Fig. 1-3). Infrared and NMR spec-
troscopy can be used for studying the coordination of metal bis
(aryl)formamidinate complexes. However, when more than one
binding mode is present and/or the complex exhibits fluxional
coordination in solution, the use of these methods is complicated
significantly, meaning X-ray crystallography is important in deter-
mining the unambiguous structures of these complexes (in the
solid state) [13]. Fig. 1-3 illustrates many of the possible bonding
modes for the N,N0-bis(aryl)formamidinate ligands including mon-
odentate (a), chelate (b-d), g3-allyl (e), bridging (f, g), capping (h),
ortho-metallation (i), C-bonded (j), and g6 bonding (k) [2]. Of these
bonding modes, symmetric chelation (b) is the most commonly
found in RE formamidinate chemistry.
2. Formamidinatolanthanoid complexes

This section presents examples of use of various formamidines
to prepare formamidinatolanthanoid complexes.

2.1. Synthesis

Reactive rare earth complexes (organometallics, organoamides
including formamidinates and organo-oxides) can be synthesized
by several reactions. Metathesis (salt elimination), protolysis,
redox transmetallation and redox transmetallation/protolysis are
the common synthetic routes to prepare rare earth metal-organic
compounds.

Metathesis reactions, according to Eq. (2), involve the treatment
of a rare earth halide with an alkali metal complex of the ligand
[16–18].

Equa�on 2

In metathesis reactions the choice of lanthanoid halide and
alkali metal salt as starting materials is important. For example,
in many cases the use of lanthanide trichlorides and lithium salts
results in either low yields or unwanted side-products where the
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alkali metal is retained forming an ‘ate’ species, or the alkali metal
halide is bound to the lanthanoid complex [18].

Protolysis reactions include treatment of a lanthanoid precursor
(LnRn) with an LH proligand (Eq. (3)).

Equa�on 3

Due to the high solubility of the reactants in common solvents,

reaction 3.2 can be performed in the absence of coordinating/donor
Fig. 2-1. Schematic of the X-ray structure of [Yb(XylForm)2(thf)2] (1).

Fig. 2-2. Schematic and the X-ray stru
solvents [16]. Thus, this route is a highly versatile approach for the
synthesis of homoleptic lanthanoid complexes. Heteroleptic lan-
thanoid complexes can be synthesized using coordinating/donor
solvents [6,19,20]. Protolysis reactions often involve two steps
cture of [KSm(DippForm)3] (10).

Fig. 2-3. Schematic of the X-ray structure of [Eu(DippForm)2(CH3CN)4] (14).

Fig. 2-4. Schematic of the X-ray structure of [{Eu(DFForm)2(CH3CN)2}2] (15).
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which is the main drawback of this method. Each step involves air
and/or moisture sensitive compounds, and step 3.1 has the usual
potential problems of metathesis reactions.

Redox transmetallation/protolysis (RTP) is another type of reac-
tion for synthesizing rare earth metal-organic compounds. RTP
involves the reaction of a rare earth metal with a diarylmercurial
such as diphenylmercury [21] or bis(pentafluorophenyl)mercury
[14,21–24] and a protic ligand (Eq. (4)).

Equa�on 4
Fig. 2-5. Schematic of the X-ray structure of [{Yb(DFForm)2(CH3CN)}2] (17).

Table 2.2.1
Divalent compounds.

Reaction Compound

Yb + XylFormH + Hg(C6F5)2 in THF [Yb(XylFo
Yb + EtFormH + Hg(C6F5)2 in THF [Yb(EtForm
Yb + Ph2Hg + PhPhFormH in THF [Yb(o-PhP
Yb + DippFormH + Hg(C6F5)2 in THF [Yb(DippF
Crystallisation of [Yb(TFForm)2(thf)2] from THF [Yb(TFFor
Yb + TFFormH + Hg(C6F5)2 in THF [Yb(TFFor
Eu + DippFormH + Hg(C6F5)2 in THF [Eu(DippF
Yb + MesFormH + Hg(C6F5)2 in THF [Yb(MesFo
Yb + o-TolFormH + Hg(C6F5)2 in THF [Yb(o-TolF
[Sm(DippForm)3] + KC8 in toluene [KSm(Dipp
DippFormNa and [SmI2(THF)2] in THF or

Sm + DippFormH + Hg(C6F5)2 in THF
[Sm(DippF

[{Yb(DFForm)2(CH3CN)}2] dissolved in PhMe and
[Yb(DFForm)2(thf)3] dissolved in PhMe, C6D6, ether

[Yb(DFFor

Eu + DippFormH in CH3CN [Eu(DippF
Eu + DFFormH in CH3CN [{Eu(DFFo
Yb + DFFormH + Hg in CH3CN [{Yb(DFFo
Yb + DFFormH + Hg in mixture of thf and CH3CN [Yb(DFFor
Yb + Hg(Ph)2 + DippFormH in thf [Yb(DippF
Dissolution of [Yb(DippForm)2(thf)] in CH3CN [Yb(DippF
Crystallisation of [Yb(DippForm)2(CH3CN)3] from toluene or hexane [Yb(DippF
Yb + FFormH + Hg(C6F5)2 in THF [Yb(FForm
Compound (23) recrystallised from DME [Yb(DFFor
This method is a one-pot procedure. Therefore, compared with
metathesis and protolysis synthetic routes, it is more straightfor-
ward, particularly since the only air-sensitive material is the lan-
thanoid metal. The isolation procedure is also straightforward
involving a simple filtration to remove excess Ln metal and Hg
produced in the reaction. Donor solvents tetrahydrofuran (THF)
or 1,2-dimethoxyethane (DME) are normally used in RTP reactions.
Reactions in non-donor solvents e.g. toluene normally require
more forcing conditions such as heating [25]. Besides using
mercury reagents, two or three drops of mercury can be added to
the reaction mixture to activate the surface of rare earth metal
by formation of an amalgam. Involvement of mercury reagents is
the main drawback of this type of reaction since it raises environ-
mental concerns and requires care in handling. Hg(C6F5)2 and Hg
(CCPh)2 are stronger oxidants compared with diphenylmercury.
However, Hg(C6F5)2 is more reactive than HgPh2 and can yield rare
Ln(Form)2F complexes after C-F activation of the Ln(Form)2C6F5
intermediate species [24]. Performing RTP reactions using
diphenylmercury often requires activation of the metal
(HgCl2 or I2) and heating [21].
2.2. Divalent compounds

Different lanthanoid formamidinate complexes namely [Yb
(XylForm)2(thf)2] (1), [Yb(EtForm)2(thf)2] (2), [Yb(o-PhPhForm)2
(thf)2] (3), [Yb(DippForm)2(thf)2] (4), [Yb(TFForm)2(thf)3] (5) (which
is the result of crystallization of [Yb(TFForm)2(thf)2] (6) from THF),
[Eu(DippForm)2(thf)2] (7), [Yb(MesForm)2(thf)2] (8) and [Yb(o-
TolForm)2(thf)2] (9) have been prepared by RTP reactions between
an excess of a lanthanoid metal, Hg(C6F5)2 or HgPh2 and the corre-
sponding formamidine ligand [26]. All the compounds aremononu-
clear. In the case of [Yb(TFForm)2(thf)3] (5) the ytterbium atom is
seven coordinate whereas the metal centers of other complexes
are six coordinate. The resulting compounds also have chelating N,
N0-Form ligands and cis-thf donors (Fig. 2-1). The variation in the
O-Yb-O angles is an interesting feature which cannot be related to
the bulkiness of the Form ligands. The smallest O-Yb-O angles are
found in the structures of [Yb(DippForm)2(thf)2] (4) and [Eu
(DippForm)2(thf)2] (7) (75.49(10)�), and involve the bulkiest
/Product Method Refs.

rm)2(thf)2] (1) RTP [26]
)2(thf)2] (2) RTP [26]

hForm)2(thf)2] (3) RTP [26]
orm)2(thf)2] (4) RTP [26]
m)2(thf)3] (5) THF addition [26]
m)2(thf)2] (6) RTP [26]
orm)2(thf)2] (7) RTP [26]
rm)2(thf)2] (8) RTP [26]
orm)2(thf)2] (9) RTP [26]
Form)3] (10) Reduction [27]
orm)2(thf)2] (11) Metathesis/ Salt elimination or RTP [28,29]

m)2] (13) Ligand dissociation [30]

orm)2(CH3CN)4] (14) Direct metal synthesis [30]
rm)2(CH3CN)2}2] (15) Direct metal synthesis [30]
rm)2(CH3CN)}2] (17) Direct metal synthesis [30]
m)2(thf)3] (18) Direct metal synthesis and RTP [30]
orm)2(thf)] (20) RTP and crystallised from thf/hexane [30]
orm)2(CH3CN)3] (21) Solvent exchange [30]
orm)2(CH3CN)2] (22) Dissociation of ligand [30]
)2(thf)2] (23) RTP [31]
m)2(dme)] (24) Recrystallised from dme [31]



Fig. 2-6. X-ray structure of a) [La(CF3Form)3] (25) and simplified structures of b)
[(CF3Form)2(thq)] c) [(CF3Form)2Benz]. All phenyl groups in b) and c) represent
ortho-trifluoromethylphenyl groups, with the CF3 groups removed for clarity.
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DippForm ligand. Using the least bulky ligand, XylForm, in [Yb
(XylForm)2(thf)2] (1) gives the next smallest O-Yb-O angle (78.13
(9)�) and the largest O-Yb-O angle (87.4(2)�) is observed in [Yb
(EtForm)2(thf)2] (2), which has the second bulkiest Form ligand.

The preparation of a new heterobimetallic samarium(II)
formamidinate complex and selected reactions of samarium(II)
complexes and one samarium(III) formamidinate complex with
benzophenone or CS2 were reported in 2014 [27]. The hetero-
bimetallic formamidinate samarium(II)/potassium complex
[KSm(DippForm)3] (10) was synthesized by the reaction of [Sm
(DippForm)3] with potassium graphite in toluene at elevated
temperature (Fig. 2-2). [KSm(DippForm)3] (10) and [Sm
(DippForm)2(thf)2] (11) are the only known divalent formamidi-
natosamarium species so far reported [28]. In [KSm(DippForm)3]
(10) samarium is five coordinated by two chelating j(N,N0) for-
mamidinate ligands and a one 1j formamidinate ligand which
also binds to potassium by an g6-2,6-diisopropylphenyl group
and the other N atom.

Reaction of sodium metallated DippForm with [Sm(I)2(thf)2]
has been reported as one method to synthesize [Sm(DippForm)2
(thf)2] (11) compound [29]. During this reaction, another complex,
the trivalent samarate [Na(thf)5][Sm(I)2(DippForm)2(thf)] (12) (see
Table 2.3.1) was isolated as a minor co-product.

It has been reported that reaction of Eu and Yb metal with N,N0-
bis(2,6-diisopropylphenyl)formamidine or N,N0-bis(2,6-difluoro
phenyl)formamidine in CH3CN can be an effective and efficient
method of preparing divalent rare earth formamidinate complexes
without the need of an organomercurial co-oxidant as in RTP syn-
theses [31]. Thus, [{Yb(DFForm)2(CH3CN)}2] (17) (Fig. 2-5) (and
some [Yb(DFForm)2] (13)) and [Eu(DippForm)2(CH3CN)4] (14)were
synthesized from DFFormH and DippFormH respectively and as a
result, the highest coordination number for divalent rare earth
ArForm complexes was observed in the latter compound (Fig. 2-
3). Using DFFormH as the ligand yields [{Eu(DFForm)2(CH3CN)2}2]
(15) (Fig. 2-4) which has an unusual bridging coordination mode
m-1j(N:N0):2j(N:N0). This coordination mode is the first for diva-
lent lanthanoid formamidinates and was only recently reported
for trivalent formamidinates [15]. This paper reports that using
thf in place of CH3CN with the formamidine ligands yields the
trivalent hydroxy-bridged dimer [{Eu(DFForm)2OH(thf)}2] (16)
establishing the importance of using CH3CN. Success for these
two ligands of disparate acidities and bulk suggests that the
method should be widely applicable for most formamidines. The
same method is viable for preparing [Yb(DFForm)2(thf)3] (18) from
CH3CN and CH3CN/THF respectively, but activation of Yb by Hg
metal is required. Tetrametallic oxide species [{Yb2(DFForm)4
(O)}2] (19) was synthesized by exposing [Yb(DFForm)2(thf)3] (18)
to trace amounts of O2. This report compares this synthetic method
to the RTP reaction which yields [Yb(DFForm)2(thf)3] (18) and the
lowest coordination number for divalent rare earth ArForm com-
plexes, [Yb(DippForm)2(thf)] (20), in the case of using Yb as the
metal. [Yb(DippForm)2(CH3CN)3] (21) was crystallised from [Yb
(DippForm)2(thf)] (20) using CH3CN as the solvent. Another Yb
complex [Yb(DippForm)2(CH3CN)2] (22) can be obtained by
evaporation of [Yb(DippForm)2(CH3CN)3] (21) in CH3CN and
recrystallization from PhMe. The center atoms in [{Yb(DFForm)2
(CH3CN)}2] (17) are seven coordinate. They have one CH3CN and
one DFForm terminally bound and an unusual twisted DFForm
bridging ligand, because of the close Yb-F bond (2.626(2)Å).
Another divalent complex [Yb(FForm)2(thf)2] (23) is the result of
a RTP reaction between FFormH and an excess Yb metal [31].
Recrystallization of [Yb(FForm)2(thf)2] (23) from dme yields
another divalent complex [Yb(FForm)2(dme)2] (24). All known
divalent lanthanoid formamidinato compounds are listed in
Table 2.2.1.
2.3. Trivalent compounds

A homoleptic monomer i.e. [La(CF3Form)3] (25) (Fig. 2-6) was
obtained from a RTP reaction from CF3FormH [32]. This compound
easily undergoes C-F activation by heating in non-coordinating sol-
vents such as C6D6 or PhMe to produce LaF3 and [(CF3Form)2(thq)]
(thq = tetrahydroquinazoline) as the major and [(CF3Form)2Benz]
(Benz = benzamidine) as the minor product. This process can be
compared to the [Yb(CF3Form)3(thf)] (26) complex (Fig. 2-7) which



Fig. 2-7. X-ray structure of [Yb(CF3Form)3(thf)] (26).
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was synthesized in the same study. [Yb(CF3Form)3(thf)] (26) can be
C-F activated using the same method to yield the same compounds
but with [(CF3Form)2Benz] as the major product. However, it has a
Scheme 2-1. Schematic of the X-ray structure of [Sm(DippForm)

Scheme 2-2. Schematic of the X-ray structure of [Ln(DippForm)2R0(thf)]. Ln =
longer activation time perhaps due to the lack of significant Yb-F
interactions (Yb-F � 3.2427(17) Å) compared with six La-F bonds
in 2b.

The oxidation of [Sm(DippForm)2(thf)2] (11) by tert-butyl chlo-
ride, 1,2-dibromoethane and iodine at ambient temperature led to
the formation of the samarium(III) halide complexes [Sm
(DippForm)2Cl(thf)] (27), [Sm(DippForm)2Br(thf)] (28) and [Sm
(DippForm)2I(thf)] (29) respectively in good yields (Scheme 2-1)
[23]. The metathesis reaction of [Sm(DippForm)2Cl(thf)] (27) and
[La(DippForm)2F(thf)] (30) with LiMe and LiCH2SiMe3 resulted in
the formation of samarium alkyl complexes [Sm(DippForm)2Me
(thf)] (31), [Sm(DippForm)2CH2SiMe3(thf)] (32) and [La
(DippForm)2Me(thf)] (33). The complex [La(DippForm)2Me(thf)]
(33) is the first reported La complex that contains a rare terminal
methyl ligand (Scheme 2-2).

Bis(2-bromo-3,4,5,6-tetrafluorophenyl)mercury, DippFormH
and Sm were used in a RTP reaction to yield [Sm(DippForm)
Br2(thf)3] (34) [23]. The divalent samarium compound, [Sm
(DippForm)2(thf)2] (11), was used in a redox reaction with
diphenylmercury to yield [Sm(DippForm)2(OCH@CH2)(thf)] (35).
[Sm(DippForm)2Cl(thf)] (27), [Sm(DippForm)Br2(thf)3] (34) (Fig. 2-
8), [Sm(DippForm)2Me(thf)] (31), [Sm(DippForm)2CH2SiMe3(thf)]
(32), [Sm(DippForm)2(OCH@CH2)(thf)] (35) (Fig. 2-9) and [La
(DippForm)2Me(thf)] (33) are mononuclear and the coordination
number of the central metal is six in all compounds. Formamidinate
ligands connect by chelation to the metal atom through two nitro-
gen donor atoms. Also, it has been reported benzophenone (bp) or
halogenating agents like TiCl4(thf)2, Ph3CCl or C2Cl6 can be used as
2X(thf)]. R = tBu, X = Cl, R = BrC2H4 or 2-HC6F4, X = Br, X2 = I2.

Sm, X = Cl, R0 = Me, Ln = Sm, X = Cl, R0 = CH2SiMe3, Ln = La, X = F, R0 = Me.
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oxidants to synthesize [Yb(DFForm)3(bp)] (36) and [Yb(DFForm)2Cl
(thf)2] (37) from divalent [Yb(DFForm)2(thf)3] (18) [30]. [Yb
(DFForm)3(thf)] (38)was also obtained from an RTP reaction in this
paper.

It has been reported divalent Yb complexes can induce C-X (X@F,
Cl, Br) activation reactionswith perfluorodecalin, hexachloroethane
or 1,2-dichloroethane, and 1-bromo-2,3,4,5-tetrafluorobenzene,
yielding [Yb(EtForm)2F]2 (39), [Yb(o-PhPhForm)2F]2 (40),
Fig. 2-8. Schematic of the X-ray structure of [Sm(DippForm)Br2(thf)3] (34).

Fig. 2-9. Schematic of the X-ray structure of [Sm(DippForm)2(OCH = CH2)(thf)]
(35).

Fig. 2-10. Schematic and the X-ray stru
[Yb(o-PhPhForm)2Cl(thf)2] (41), [Yb(DippForm)2Cl(thf)] (42) and
[Yb(DippForm)2Br(thf)] (43) (Eq. (5)) [26].

Equa�on 5
The coordination number for Yb in [Yb(EtForm)2F]2 (39), [Yb
(DippForm)2Cl(thf)] (42) and [Yb(DippForm)2Br(thf)] (43) is six.
[Yb(EtForm)2F]2 (39) has a dimeric structure containing fluoride-
bridges (Fig. 2-10). However, [Yb(DippForm)2Cl(thf)] (36) and [Yb
(DippForm)2Br(thf)] (43) are mononuclear. [Yb(o-PhPhForm)2Cl
cture of [Yb(EtForm)2(m-F)]2 (39).

Fig. 2-11. Schematic of the X-ray structure of [Yb(o-PhPhForm)2Cl(thf)2] (41).



Scheme 2-3. Schematic of the X-ray structure of [Ln(DippForm)2(thf){l-OC(Ph) = (C6H5)-C(Ph)2O}Ln(DippForm)2](Ln = Sm (47), Yb (48)).

Scheme 2-4. Schematic and part of the X-ray structures of [{Sm(DippForm)2(thf)}2(l-g2(C,S):j(S0 ,S00)-SCSCS2)] (49) highlighting the C2S4 fragment.
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(thf)2] (41) is a seven coordinated monomeric complex with two
chelating formamidinate ligands, a terminal chloride and two
THF donors (Fig. 2-11). In the case of using DippFormH and Hg
(2-BrC6F4)2 in RTP reactions, a series of complexes [Ln(DippForm)2-
Br(thf)] (Ln = La (44), Nd (45)) was synthesized. For comparison
purposes, a related complex [Tb(DippForm)2Cl(thf)2]�2.5THF (46)
was synthesized in this study using a metathesis reaction between
TbCl3 and Na(DippForm) [26].



Fig. 2-12. Representative molecular structure of [La(p-TolForm)3]2 (50).

Fig. 2-13. Schematic molecular structures of [Nd(p-TolForm)3(thf)2]�THF (56) (left) and [Lu(p-TolForm)3(thf)]�THF (57) (right) exemplifying the lowering of coordination
number with lanthanoid size.

Fig. 2-14. Schematic of the X-ray structures of [Sm(DippForm)2{OC-(Ph)2C2Ph}]
(60).
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The highly unusual [Sm(DippForm)2(thf){l-OC(Ph)=(C6H5)-C
(Ph)2O}Sm(DippForm)2] (47) (C6H5 = 1,4-cyclohexadiene-3-yl-6-
ylidene) compound was reported as the result of the reaction of
[Sm(DippForm)2(thf)2] (11) with benzophenone [27]. This com-
pound contains rare C-C coupling between a carbonyl carbon and
the carbon at the para position of a phenyl group of the OCPh2 frag-
ment. It was also found that the reaction of [Yb(DippForm)2(thf)2]
(4) with benzophenone gives a similar product (48) (Scheme 2-3),
with a ketyl complex intermediate considered to be involved.

It was also reported that [Sm(DippForm)2(thf)2] (11) reacts with
carbon disulfide to form a dinuclear [{Sm(DippForm)2(thf)}2
(l-g2(C,S):j(S0,S00)-SCSCS2)] (49) complex (Scheme 2-4). This com-
plex has a rare thioformyl carbonotrithioate ((SCSCS2)2�) bridging
ligand.

RTP reactions were carried out between Hg(C6F5)2, p-TolForm
and rare earth metals including La, Ce, Nd, Lu and Sm to yield
trivalent lanthanoid formamidinates. By using THF as the
solvent, compounds were synthesized with the general form of



Fig. 2-15. X-ray structure of [Sm(DippForm)2(MesForm)] (62).

Fig. 2-16. X-ray structure of [Sm(DippForm)2(CyNC(CCPh)NCy)] (65).

Fig. 2-17. Schematic and the X-ray stru
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[Ln(p-TolForm)3]2 or [Ln(p-TolForm)3(thf)2] (Ln = rare earth metal).
[15] It was the first time that the l-1j(N,N0):2j(N,N0) coordination
mode had been achieved in trivalent rare earth formamidinate
chemistry and also discussed previously for the divalent Eu com-
plex [{Eu(DFForm)2(CH3CN)2}2] (15). Fig. 2-12 shows the X-ray
structure of the [La(p-TolForm)3]2 (50) which is same as the [Sm
(p-TolForm)3]2 (51). The cerium analogue has a similar structure
but with an eclipsed rather than a staggered conformation [15].
Two l-1j(N,N0):2j(N,N0) bridging and four j(N,N0) terminal p-
TolForm ligands are present in the structure of each dimeric
complex.

[Sm(p-TolForm)3(Ph3PO)2] (52) was synthesized by treating
[Sm(p-TolForm)3]2 (51) with triphenylphosphine oxide (Ph3PO)
and crystallizing from C6D6. The reaction of DFFormH on [Sm(p-
TolForm)3]2 (51)was studied using PhMe. As a result of a protolysis
reaction and crystallization from THF/hexane, three different com-
plexes, [Sm(DFForm)2(p-TolForm)(thf)2] (53), [Sm(p-TolForm)3]2
(51) and [Sm(DFForm)3(thf)2] (54)were isolated. Another complex,
[K(18-Crown-6)][Sm(p-TolForm)4] (55), was synthesized by reac-
tion of [Sm(p-TolForm)3]2 (51) in PhMe in the presence of 18-
Crown-6 and a potassium mirror.

Fig. 2-13 shows the schematic structure for complexes in this
study containing Nd (56) and Lu (57) [15]. The Nd atom is eight
coordinated by three bidentate p-TolForm ligands and two tran-
soid-THF ligands (OANdAO: 153.61(6)�), in a distorted dodecahe-
dral environment. The lutetium atom is seven coordinate with
one symmetric (Lu–N5: 2.374(4), Lu–N6: 2.373(4)) and two asym-
metric chelating p-TolForm ligands (Lu–N1: 2.386(4), Lu–N2:
2.303(4), Lu–N3: 2.358(4), Lu–N4: 2.336(4)) and one THF ligand
with the reduction in coordination number being a consequence
of the lanthanoid contraction.

Trivalent [Sm(DippForm)2(CCPh)(thf)] (58) can activate the
C@O bond of benzophenone and form [Sm(DippForm)2{OC(Ph)2C2-
Ph}(thf)] (59) with unsolvated [Sm(DippForm)2{OC-(Ph)2C2Ph}]
(60) as a minor product. j(N,N0)-Bonding between a DippForm
and samarium exists in all compounds (Fig. 2-14 [27]).

Oxidation of [Sm(DippForm)2(thf)2] (11) with different oxidiz-
ing agents has been investigated in another study [28]. Oxidation
of [Sm(DippForm)2(thf)2] (11) with DippNCNDipp in PhMe can
yield [Sm(DippForm)3] (61). Using the less bulky carbodiimide,
MesNCNMes, yields the heteroleptic [Sm(DippForm)2(MesForm)]
cture of [LaF(DippForm)2(thf)] (30).



Scheme 2-5.

Fig. 2-18. Schematic molecular structures of [La(o-TolForm)3(thf)2] (67) (left) and [{Yb(o-TolForm)2(m-OH)thf}2] (85) (right).

Fig. 2-19. Schematic of the X-ray molecular structures of [Ce(DFForm)3(thf)2] (91) (left) and [Ce(DFForm)3] (92) (right).

Fig. 2-20. Schematic of the X-ray structure of [La(DippForm)3] (97).
Fig. 2-21. Schematic of the X-ray structure of [{(Me3Si)2N}2Sm{m-(RNC(H)N(Ar-Ar)
NC(H)NR)}Sm{N(SiMe3)2}2] (99) complex.
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Scheme 2-6. Schematic of the X-ray structure of [Ln(DippForm)(COT00)(thf)].C7H8 complexes (Ln = Sm (99), Yb (100)).

Fig. 2-22. Schematic of the X-ray structure of [Y(MesForm)(AlMe4)2] (102).
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(62) (Fig. 2-15). It has been found that using N,N0-dicyclohexylcar
bodiimide (CyNCNCy) as the oxidant in PhMe can yield two com-
plexes, [Sm(DippForm)2(CyNC(CH2Ph)NCy)] (63) and [Sm
(DippForm)2(CyNC(H)NCy)] (64) in approximately equal yields,
indicating activation of toluene has occurred. However, in the case
of using thf as the solvent, only [Sm(DippForm)2(CyNC(H)NCy)]
(64) can be isolated. In this process an intermediate radical com-
pound can receive a hydrogen atom from the solvent to give a for-
mamidinate ligand. This paper also reports complexes [Sm
(DippForm)2(CyNC(CCPh)NCy)] (65) (Fig. 2-16) and [Sm
(DippForm)2(MesNC(CCPh)NMes)] (66) as the result of the reaction
of [Sm(DippForm)2(CCPh)(thf)] (58) with RNCNR (R = Cy, Mes)
where the carbodiimide inserts into the Sm-CCPh bond.

A functionalised formamidine, DippForm((CH2)4OC6F4H-o) and
a rare terminal LnAF bond were formed in an RTP study from Dipp-
FormH, lanthanum and Hg(C6F5)2 (Scheme 3-5) [14]. The resulting
compound, [LaF(DippForm)2(thf)] (30) (Fig. 2-17), shows that lan-
thanum is six coordinate and there are two chelating cisoid Dipp-
Form ligands. The main idea of this study was to use the RTP
reaction with bis(pentafluorophenyl)mercury to synthesie a
heteroleptic lanthanum fluoride [La(L)2F] complex. This report
shows that the proposed [Ln(C6F5)L2] intermediate undergoes
CAF activation to yield [Ln(F)L2] and a unique functionalised for-
mamidine, DippForm((CH2)4OC6F4H-o) (Scheme 2-5) which arises
from a substituted benzyne, a ring opened thf and DippFormH. In
this study elemental lanthanum was used with bis(pentafluoro-
phenyl)mercury and DippFormH in THF in a 1 : 1.5 : 3
stoichiometry.

A series of tris(formamidinato)lanthanoid(III) complexes in the
form of [Ln(Form)3(thf)n] has been reported as the products of RTP
reaction between different lanthaniods and N,N0-bis (aryl)for-
mamidine ligands [24]. The o-TolFormH ligand was used with La
and Er to give [La(o-TolForm)3(thf)2] (67) and [Er(o-
TolForm)3(thf)] (68) respectively. [La(XylForm)3(thf)] (69) and
[Sm(XylForm)3] (70) were synthesized using XylFormH ligand
and MesFormH as the proligand yielded [Ln(MesForm)3] com-
plexes (Ln = La (71), Nd (72), Sm (73) and Yb (74)). In the case of
EtFormH, the [Ln(EtForm)3] complexes were synthesized (Ln = La
(75), Nd (76), Sm (77), Ho (78) and Yb (79)). The o-PhPhFormH
ligand gave [Ln(o-PhPhFormH)3] complexes (Ln = La (80), Nd
(81), Sm (82) and Er (83)). In this study, [Yb(o-TolForm)3(thf)]
(84) was isolated from a metathesis reaction route because the
RTP reaction consistently gave [{Yb(o-TolForm)2(m-OH)thf}2] (85).
The La metal center is eight-coordinate in 67 and the molecular
unit exhibits two transoid THF donor molecules (O-La-O: 157.23
(17)�) (Fig. 2–18 left). In the Yb complex (85), each ytterbium cen-
ter has two chelating o-TolForm ligands, one THF molecule and
two bridging OH groups giving a seven-coordinate ytterbium atom
(Fig. 2-18 right). The ionic radius of Yb3+ is smaller than La3+ due to
the lanthanoid contraction giving the lanthanum complex a higher
coordination number than the ytterbium complex [33].

Using DippFormH which is a bulkier ligand, C-F activation
occurs to give [Ln(DippForm)2F(thf)] complexes (Ln = La (30), Ce
(86), Nd (87), Sm (88) and Tm (89)) [26]. [Nd(DippForm)2(CCPh)
(thf)] (90) was synthesized in this study by using bis(phenylethy-
nyl)mercury (Hg(CCPh)2) rather than Hg(C6F5)2 in an RTP reaction
and provides evidence for the formation of [Ln(Form)2R] (R = C6F5
or CCPh) intermediates. Hg(CCPh)2 also was used to prepare [Sm
(DippForm)2(CCPh)(thf)] (58) complex by oxidation of [Sm
(DippForm)2(thf)2] (11).

Three new cerium(III) formamidinate complexes comprising
[Ce(DFForm)3(thf)2] (91), [Ce(DFForm)3] (92), and [Ce(EtForm)3]
(93) are the results of a protonolysis reactions between [Ce{N
(SiMe3)2}3] and N,N0–bis(2,6-difluorophenyl)formamidine
(DFFormH) or EtFormH [34]. The unsolvated [Ce(DFForm)3] (92)



Scheme 2-7. Synthetic pathway and the products for formation of [La{g1(N):g6(Ar)-2-Me3AlCH2-4,6-Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107) and [La(2-Me3AlCH2-4,6-
Me2C6H2NCHNMes)(AlMe3)(AlMe4)]2(C6H14)1.5 (108) which cocrystallize 1:1.

Scheme 2-8. Structures of L2RECH2SiMe3�thf [L = XylForm, RE = Y (113) and L = DippForm,RE = Y (113), Er (114), Dy (115), Sm (116), and Nd (117)].
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Table 2.3.1
Trivalent compounds.

Reaction Compound Method Refs.

[SmI2(THF)2] + solution of [Sm(DippForm)2(thf)2] in THF [Na(thf)5][Sm(I)2(DippForm)2(thf)] (12) Redox [29]
Eu + DFFormH in THF [{Eu(DFForm)2OH(thf)}2] (16) RTP [30]
[Yb(DFForm)2(thf)3] in PhMe exposed with trace O2 [{Yb2(DFForm)4(O)}2] (19) Oxidation [30]
La + CF3FormH + Hg(C6F5)2 in THF [La(CF3Form)3] (25) RT [32]
Yb + CF3FormH + Hg(C6F5)2 in THF [Yb(CF3Form)3(thf)] (26) RT [32]
[Sm(DippForm)2(thf)2] + (CH3)3CCl in PhMe [Sm(DippForm)2Cl(thf)] (27) Oxidation [23]
[Sm(DippForm)2(thf)2] + BrCH2CH2Br in PhMe [Sm(DippForm)2Br(thf)] (28) Oxidation [23]
[Sm(DippForm)2(thf)2] + I2 in PhMe [Sm(DippForm)2I(thf)] (29) Oxidation [23]
[Sm(DippForm)2Cl(thf)] + MeLi in PhMe [Sm(DippForm)2Me(thf)] (31) Metathesis [23]
[Sm(DippForm)2Cl(thf)] + SiMe3CH2Li [Sm(DippForm)2(CH2SiMe3)(thf)] (32) Metathesis [23]
[La(DippForm)2F(thf)] + MeLi in PhMe [La(DippForm)2Me(thf)] (33) Metathesis [23]
Sm + Hg(2-BrC6F4)2 + DippFormH [Sm(DippForm)Br2(thf)3] (34) RTP [23]
[Sm(DippForm)2(thf)2] and diphenylmercury in toluene [Sm(DippForm)2(OCH@CH2)(thf)] (35) Oxidation + thf

cleavage
[23]

[Yb(DFForm)2(thf)3] + BP in DME (crystallised from
PhMe)

[Yb(DFForm)3(bp)] (36) Oxidation and
redistribution

[30]

[Yb(DFForm)2(thf)3] + TiCl4(thf)2/Ph3CCl in THF [Yb(DFForm)2Cl(thf)2] (37) Oxidation [30]
Yb + DFFormH + Hg(C6F5)2 in THF [Yb(DFForm)3(thf)] (38) RTP [30]
Perfluorodecalin + [Yb(EtForm)2(thf)2] in THF [{Yb(EtForm)2(l2-F)}2] (39) CAF activation [26]
Perfluorodecalin + [Yb(o-PhPhForm)2(thf)2] in THF [Yb(o-PhPhForm)2F]2 (40) CAF activation [26]
Hexachloroethane + [Yb(o-PhPhForm)2(thf)2]�2THF in

THF
[Yb(o-PhPhForm)2Cl(thf)2] (41) CACl activation [26]

1,2-dichloroethane + [Yb(DippForm)2(thf)2] in PhMe [Yb(DippForm)2Cl(thf)] (42) CACl activation [26]
Yb + Hg(2-BrC6F4)2 + DippFormH in THF [Yb(DippForm)2Br(thf)] (43) CABr activation [26]
Ln + Hg(2-BrC6F4)2 + DippFormH in THF [Ln(DippForm)2Br(thf)] (Ln = La (44), Nd (45)) CABr activation [26]
[Na-(DippForm)(thf)3] + TbCl3 in THF [Tb(DippForm)2Cl(thf)2]�2.5THF (46) Metathesis [26]
[Sm (DippForm)2(thf)2] + Benzophenone in toluene [Sm (DippForm)2(thf) {l-OC(Ph)@(C6H5)C-(Ph)2O}Sm(DippForm)2] (47) Ketyl

rearrangement
[27]

[Yb(DippForm)2(thf)2] + Benzophenone in toluene [Yb (DippForm)2(thf) {l-OC(Ph)@(C6H5)C(Ph)2O}Yb(DippForm)2] (48) Ketyl
rearrangement

[27]

[Sm(DippForm)2(thf)2] + CS2 in C6D6 [{Sm(DippForm)2(thf)}2(l-g2(C,S):j(S0 ,S00) SCSCS2)] (49) Oxidation [27]
Ln + p-TolFormH + Hg(C6F5)2 in THF [Ln(p-TolForm)3]2 (Ln = La (50), Ce (96), Sm (51), Nd (127)) RTP [15]
[Sm(p-TolForm)3]2.1/2 thf + Ph3PO in PhMe [Sm(p-TolForm)3(Ph3PO)2] (52) Bridge splitting [15]
[Sm(p-TolForm)3]2.1/2 thf + DFFormH in PhMe

(crystallised from THF/Hexane mixture)
[Sm(p-TolForm)(DFForm)2(thf)2] (53) Bridge splitting [15]

[Sm(p-TolForm)3]2.1/2 thf + DFFormH in PhMe
(crystallised from THF/Hexane mixture)

[Sm(DFForm)3(thf)2] (54) Bridge splitting [15]

KC8 + 18-Crown-6 + [Sm(p-TolForm)3]2 in PhMe [K(18-Crown-6)][Sm(p-TolForm)4] (55) Attempted
reduction

[15]

[Nd(p-TolForm)3]2.PhMe dissolved in THF and layered
with hexane

[Nd(p-TolForm)3(thf)2] (56) Bridge splitting [15]

Lu + p-TolFormH + Hg(C6F5)2 in THF [Lu(p-TolForm)3(thf)] (57) RTP [15]
[Sm(DippForm)2(thf)2] + Hg(CCPh)2 in Toluene [Sm(DippForm)2(C„CPh)(thf)] (58) Oxidation [24]
[Sm(DippForm)2(CCPh)(thf)] + Benzophenone in toluene [Sm(DippForm)2{OC(Ph)2C2Ph}(thf)] (59) (major) [Sm(DippForm)2{OC

(Ph)2C2Ph}] (60) (minor)
Insertion [27]

Dissolution of [Na(THF)5][SmI2(DippForm)2(THF)] in
hexane

[Sm(DippForm)3] (61) Rearrangement [29]

[Sm(DippForm)2(thf)2 + DippNCNDipp in toluene [Sm(DippForm)3] (61) Oxidation [28]
MesNCNMes + [Sm(DippForm)2(thf)2] in PhMe

(crystallised from hexane)
[Sm(DippForm)2(MesForm)] (62) Oxidation [28]

N,N0-dicyclohexylcarbodiimide (CyNCNCy) + [Sm
(DippForm)2(thf)2] in PhMe

[Sm(DippForm)2(CyNC(CH2Ph)NCy)] (63) and [Sm(DippForm)2(CyNC(H)NCy)]
(64)

Oxidation [28]

[Sm(DippForm)2(C„CPh)(thf)] + N,N0-
dicyclohexylcarbodiimide (CyNCNCy) in PhMe

[Sm(DippForm)2(CyNC(C„CPh)NCy)] (65) Insertion [28]

[Sm(DippForm)2(C„CPh)(thf)] + MesNCNMes in PhMe [Sm(DippForm)2(MesNC(C„CPh)NMes)] (66) Insertion [28]
La + o-TolFormH + Hg(C6F5)2 in THF [La(o-TolForm)3(thf)2] (67) RTP [24]
Er + o-TolFormH + Hg(C6F5)2 in THF [Er(o-TolForm)3 (thf)] (68) RTP [24]
La + XylFormH + Hg(C6F5)2 in THF [La(XylForm)3(thf)] (69) RTP [24]
Sm + XylFormH + Hg(C6F5)2 in THF [Sm(XylForm)3] (70) RTP [24]
Ln + MesFormH + Hg(C6F5)2 in THF [Ln(MesForm)3] (Ln = La (71), Nd (72), Sm (73) and Yb (74)) RTP [24]
Ln + EtFormH + Hg(C6F5)2 in THF [Ln(EtForm)3] (Ln = La (75), Nd (76), Sm (77), Ho (78) and Yb (79)) RTP [24]
Ln + o-PhPhFormH + Hg(C6F5)2 in THF Ln(o-PhPhForm)3] (Ln = La (80), Nd (81), Sm (82) and Er (83) RTP [24]
YbCl3 + o-TolFormLi in THF [Yb(o-TolForm)3(thf)] (84) Metathesis [24]
Yb + o-TolFormH + Hg(C6F5)2 in THF [{Yb(o-TolForm)2 (l-OH)(thf)}2] (85) RTP [24]
Ln + DippFormH + Hg(C6F5)2 in THF [Ln(DippForm)2F(thf)] (Ln = La (30), Ce (86), Nd (87), Sm (88) and Tm (89)) RTP + C�F

activation
[24]

Nd + DippFormH + Hg(CCPh)2 in THF [Nd(DippForm)2(C„CPh)(thf)] (90) RTP [24]
[Ce{N(SiMe3)2}3] + DFFormH in THF [Ce(DFForm)3(thf)2] (91) Protolysis [34]
[Ce{N(SiMe3)2}3] + DFFormH in PhMe [Ce(DFForm)3] (92) Protolysis [34]
[Ce{N(SiMe3)2}3] + EtFormH in THF [Ce(EtForm)3] (93) Protolysis [34]
Oxidation of [Ce(DFForm)3(thf)2] with Ph3CCl [Ce3Cl5(DFForm)4(thf)4] (94) Attempted

oxidation
[34]

[Ce(EtForm)3] + Ph3CCl in THF [Ce(EtForm)Cl2(thf)3] (95) Redox [34]
[La(DippForm)2Me(thf)] + H2C5Ph4 in C6D6 [La(DippForm)3] (97) – [23]

(continued on next page)

G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265 261



Table 2.3.1 (continued)

Reaction Compound Method Refs.

[Sm{N(SiMe3)2}2(THF)2] and N,N0-bis(2,6-
diisopropylphenyl)carbodiimide in hexane

[{(Me3Si)2N}2Sm{l-(RNC(H)N(Ar-Ar) (R = C6H3-2,6-iPr2; Ar-Ar = C6H3-2-iPr-6-C
(CH3)2C(CH3)2-60-C6H3-20-iPr)NC(H)-NR)}Sm{N(SiMe3)2}2] (98)

Oxidation
+ Radical
coupling

[35]

SmCl3 + DippFormLi + Li2COT00 in THF Sm(DippForm)(COT00)(THF) (COT00 = 1,4-bis-(trimethylsilyl)cyclooctatetraenyl
dianion) (99)

Metathesis [36]

YbCl3 + DippFormLi + Li2COT00 in THF Yb(DippForm)(COT00)(THF) (COT00 = 1,4-bis-(trimethylsilyl)cyclooctatetraenyl
dianion) (100)

Metathesis [37]

Y(AlMe4)3 + EtFormH in hexane Y(EtForm)(AlMe4)2 (101) Protolysis [20]
Y(AlMe4)3 + MesFormH in hexane Y(MesFormAlMe3)(AlMe4)2 (102) Protolysis [20]
Ln(AlMe4)3 + DippFormH in hexane Ln(DippForm)(AlMe4)2 (Ln = Y (103), La (105)) Protolysis [20]
Ln(AlMe4)3 + tBuFormH in hexane Ln(tBuForm)(AlMe4)2 (Ln = Y (104), La (106) Protolysis [20]
La(AlMe4)3 + MesFormH in hexane [La{g1(N):g6(Ar)-2-Me3AlCH2-4,6-Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107)

and [La(2-Me3AlCH2-4,6-Me2C6H2NCHNMes)(AlMe3)(AlMe4)](C6H14)1.5] (108)
Protolysis [20]

La(AlMe4)3 + EtFormH in toluene [La(g1(N):g6(Ar)-EtFormAlMe3)(AlMe4)2](C7H8)1.5 (109) Protolysis [20]
Y[N(SiHMe2)2]3(thf)2 + EtFormH in hexane Y(EtForm)[N(SiHMe2)2]2(thf) (110) Protolysis [20]
Y[N(SiHMe2)2]3(thf)2 + DippFormH in hexane Y(DippForm)[N(SiHMe2)2]2(thf) (111) Protolysis [20]
Y(CH2SiMe3)3(THF)2 + XylFormH in Hexane Y[XylForm]2 (CH2SiMe3)(thf) (112) Protolysis [38]
Ln(CH2SiMe3)3(THF)2 + DippFormH in Hexane Ln[DippForm]2 (CH2SiMe3)(thf) (Ln = Y (113), Er (114), Dy (115), Sm (116)) Protolysis [38]
n-BuLi + DippFormH + NdCl3 + LiCH2SiMe3 Nd[DippForm]2 (CH2SiMe3)(thf) (117) Metathesis [38]
Yb + FFormH + Hg(C6F5)2 in THF [Yb(FForm)3(thf)] (118) RTP [31]
La + FFormH + Hg(C6F5)2 in THF [La(FForm)3(thf)2].thf (119) RTP [31]
Nd + FFormH + Hg(C6F5)2 in THF [Nd(FForm)3(thf)x] (x = 1 (120), x = 2 (121)) RTP [31]
[La(FForm)3(thf)2].thf dissolved in DME [La(FForm)3(dme)] (122) Ligand exchange [31]
Nd + FFormH + Hg(C6F5)2 in THF (crystallised from

diglyme)
[Nd(FForm)3(diglyme)].diglyme (123) RTP [31]

Nd + TFFormH + Hg(C6F5)2 in THF (crystallised from a
mixture of DME and toluene)

[Nd(TFForm)3(dme)] (124) RTP [31]

[Yb(TFForm)2(thf)2] was dissolved in toluene and
crystallised from mixture of toluene and hexane

[Yb(TFForm)3(thf)2] (125) – [31]

[Yb(TFForm)2(thf)2] was dissolved in diglyme and
crystallised from mixture of toluene and hexane

[Yb(TFForm)(diglyme)2][Yb(TFForm)4] (126) – [31]

[Ce{N(SiHMe2)2}3(thf)2] + [Li{N(SiHMe2)2}] + DFFormH in
PhMe

[LiCe(DFForm)4] (128) Protolysis [34]
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complex was prepared and isolated from toluene. The THF solvated
species [Ce(DFForm)3(thf)2] (93) (Fig. 2-19), can be formed by add-
ing THF to [Ce(DFForm)3] (92) but this process is irreversible. The
absence of THF in the [Ce(DFForm)3] (92) complex may be the
main reason for having shorter Ce-N bonds in this complex com-
pared to the Ce-N bonds in [Ce(DFForm)3(thf)2] (93). The shorter
Ce-N bonds in [Ce(DFForm)3] (92) allow fluorine coordination.
Because of the coordinating fluorine the Cipso-N-CH angle (126.4(
2)–128.3(2)�) is higher compared to the [Ce(DFForm)3(thf)2] (93)
complex (116.1(4)–121.4(4)�). It has been reported another Ce
(III) complex [Ce3Cl5(DFForm)4(thf)4] (94) was synthesized by
attempted oxidation of [Ce(DFForm)3(thf)2] with Ph3CCl (93) while
[Ce(EtForm)Cl2(thf)3], (95) was isolated from a similar reaction of
[Ce(EtForm)3], (92).

Moreover, the cerium(III) formamidinate [{Ce(p-TolForm)3}2]
(96) was prepared in good yield (96%) using a protolysis reaction
between [Ce{N(SiMe3)2}3] and p-TolFormH ligand [34]. The struc-
ture was determined following an alternative RTP synthesis [15].

Unexpectedly, the homoleptic tris-(formamidinato)lanthanum
complex [La(DippForm)3] (97) (Fig. 2-20) was isolated in a very
low yield from the ligand exchange reaction of [La(DippForm)2-
Me(thf)] (33) with 1,2,3,4-tetraphenylcyclopentadiene [23]. An
earlier attempt to prepare this complex by metathesis was unsuc-
cessful [29].

The [{(Me3Si)2N}2Sm{m-(RNC(H)N(Ar-Ar)NC(H)NR)}Sm{N(SiM
e3)2}2] (98) complex with a coupled, bis(formamidinate) ligand
(Fig. 2-21), was synthesized by reaction of solutions of N,N0-bis(2,
6-diisopropylphenyl)carbodiimide and [Sm{N(SiMe3)2}2(thf)2] in
hexane [35].

It has been reported that [N,N0-bis(2,6-diisopropylphenyl)forma
midinato][g8-1,4-bis(trimethylsilyl)cyclooctatetraenyl](tetrahy
drofuran)samarium(III) toluene monosolvate (99) can be synthe-
sized by the treatment of Li(DippForm) with anhydrous samarium
trichloride and Li2(COT00) [COT00 = 1,4-bis(trimethylsilyl)cyclooctate
traenyl] in thf [36]. The same procedure was also used to synthe-
size [(COT00)Yb-(DippForm)(thf)] (100) (Scheme 2-6) [37].

A series of Y(Form)(AlMe4)2 (Form = EtForm (101), MesForm
(102), DippForm (103), tBuForm (104)) complexes have been syn-
thesized by protolysis of Y(AlMe4)3 species (Fig. 2-22). Using the
same route and La metal, La(Form)(AlMe4)2 (Form = DippForm
(105), tBuForm (106)) complexes can be prepared [20]. Adding La
(AlMe4)3 to one equivalent of MesFormH in hexane yields a yellow
solution, from which the complexes [La{g1(N):g6(Ar)-2-
Me3AlCH2-4,6-Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107) and [La
(2-Me3AlCH2-4,6-Me2C6H2NCHNMes)(AlMe3)(AlMe4)](C6H14)1.5]
(108) have been co-crystallised in a 1:1 ratio and result from CAH
activation of a C-Me group of the mesityl moiety. The presence of a
methylene ligand is the most interesting structural characteristic
of this compound. The methylene ligand increases the coordination
saturation of the lanthanum center and helps theg2 binding of two
aromatic carbon atoms (Scheme 2-7). The same method was used
to synthesize [La(g1(N):g6(Ar)-EtFormAlMe3)(AlMe4)2](C7H8)1.5
(109). In this study Y[N(SiHMe2)2]3(thf)2 was treated with
EtFormH and DippFormH in protolysis reactions to yield Y
(EtForm)[N(SiHMe2)2]2(thf) (110) and Y(DippForm)[N
(SiHMe2)2]2(thf) (111) respectively.

The coordination number in [La{g1(N):g6(Ar)-2-Me3AlCH2-4,6-
Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107) is 10 and this complex
contains the g1(N):g6(Ar) binding mode of the metallated Form
ligand. The coordination number for the La center in [La(2-
Me3AlCH2-4,6-Me2C6H2NCHNMes)(AlMe3)(AlMe4)] (108) is nine
and AlMe3 bridges a nitrogen donor atom and the lanthanum atom
via two methyl groups. The upper product (Scheme 2-7) can be iso-
lated pure from the filtrate after isolation of the 1:1 mixture.

A series of rare-earth metal monoalkyl complexes of formamid-
inates, LnL2CH2SiMe3�thf [L2 = (XylForm)2, Ln = Y (112), L2 =
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(DippForm)2, Ln = Y (113), Er (114), Dy (115), Sm (116), and Nd
(117)] (Scheme 2-8) were synthesized by alkyl elimination or salt
metathesis reactions in good yields (64–73%) [38]. These com-
pounds are similar to the reported complexes in another study
(see above Scheme 2-2) [23].

Using the FFormH ligand in RTP reactions yielded [Yb(FForm)3(-
thf)] (118), [La(FForm)3(thf)2].thf (119) and [Nd(FForm)3(thf)x]
(x = 1–2) (120, 121) complexes [31]. These compounds were crys-
Scheme 2-9. The procedure of making [Ce{N(SiHMe2)2}4] com

Fig. 2-23. Schematic and the X-ray st
talized either from DME or diglyme/hexane to give [La(FForm)3
(dme)] (122) and [Nd(FForm)3(diglyme)].diglyme (123) complexes
to allow X-ray crystal structural determinations. In an RTP reaction
with Nd and after recrystallization from dme, [Nd(TFForm)3(dme)]
(124)was isolated. Two other complexes [Yb(TFForm)3(thf)2] (125)
and [Yb(TFForm)(diglyme)2][Yb(TFForm)4] (126) were synthesized
by heating [Yb(TFForm)2(thf)3] (5) in PhMe and diglyme
respectively.
plex and formamidine-promoted protonolysis reactions.

ructure of [LiCe(DFForm)4] (128).



Fig. 2-24. Schematic of the X-ray structure of [Ce(p-TolForm)4] (130).

Scheme 3-2. Isoprene polymerisation showing only the cis-1,4 isomer.

Scheme 3-1. Tishchenko reaction.
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All trivalent lanthanoid formamidinato compounds are listed in
Table 2.3.1.

2.4. Tetravalent compound(s) [34]

2.4.1. Synthesis of trivalent complexes that are potential precursor of
tetravalent complexes

Treating a mixture of [Ce{N(SiHMe2)2}3(thf)2] and [Li{N
(SiHMe2)2}] with four equivalents of DFFormH in toluene resulted
in the bimetallic cerium lithium complex [LiCe(DFForm)4] (128).
The cerium–lithium bimetallic complex [LiCe(DFForm)4] (128)
was the first reported trivalent rare-earth complex with four coor-
dinating formamidinate ligands. The cerium atom is ten-
coordinated, with eight nitrogen and two fluorine donor atoms
(Fig. 2-23). The lithium atom is six-coordinate and it has closer flu-
orine interactions than the bridging lithium-nitrogen bond lengths.
Bridging of the ligands to the larger, higher charged cerium atom
maybe the main reason for inability of the lithium metal to bind
closer to nitrogen. It can be seen that this complex has one termi-
nal formamidinate ligand bound N, N0, F to cerium and three for-
mamidinate ligands bridging between cerium and lithium. The
bridging formamidinate ligands have one nitrogen bridging Ce
and Li, and are bond just to Ce, i.e. the ligands are chelating to Ce
and unidentate to Li.

2.4.2. Protolysis of Ce(IV) amides to give Ce(IV) formamidinates
It has been reported [34] that the product of the reaction of [Ce

{N(SiHMe2)2}4] with DFFormH and EtFormH are cerium(IV) com-
plexes, e.g. [Ce(EtForm)4] (129), which decompose before possible
isolation (Scheme 2-9). Using a protolysis reaction between [Ce{N
(SiHMe2)2}4] and four equivalents of p-TolFormH, the first struc-
turally characterized homoleptic cerium(IV) formamidinate com-
plex [Ce(p-TolForm)4] (130) was obtained [35]. The coordination
number of cerium in this compound is eight (Fig. 2-24).
Scheme 2-9 shows the procedure of synthesising [Ce{N
(SiHMe2)2}4] and the subsequent formamidine-promoted protoly-
sis reactions. However, reaction of [Ce{N(SiHMe2)2}4] with bulkier
formamidines leads to reduction giving CeIII complexes (Scheme 2-
9).

3. Catalysis

A series of tris(formamidinato)lanthanum(III) complexes [La(o-
TolForm)3(thf)2] (57), [La(XylForm)3(thf)] (59) and [La(EtForm)3]
(65) (synthesis by RTP reactions [26]-Table 2.3.1) have been
reported to be precatalysts for the Tishchenko reaction. The Tish-
chenko reaction is the dimerization of an aldehyde to form the cor-
responding carboxylic ester (Scheme 3-1) and is an industrially
important reaction [9]. Generally, aluminum alkoxides have been
used as homogeneous catalysts for the Tishchenko reaction. [39–
41] However, other catalysts such as boric acid [42] and a few
transition-metal complexes have been used in the recent past
[43]. Recently, some Mg compounds have been tested as catalysts
for the Tishchenko reaction [44]. But these alternative catalysts are
often either very expensive (e.g. [H2Ru(PPh3)2]) [41] or give low
yields (e.g. K2[Fe(CO)4]) [42,44], or they are only reactive under
extreme reaction conditions (e.g. boric acid) or slow (e.g. [(C5H5)2-
ZrH2]) [43]. The lanthanoid formamidinate compounds are the
most active catalyst system ever reported. Catalytic activity
increases with reduced steric effect of the formamidinate ligands,
with [La(o-TolForm)3(thf)2] (57) the most effective, La is the most
effective metal.

The catalytic activity of the compounds [Ln(Form)(AlMe4)2]
(Ln = Y, La; Form = EtForm (89, 93), DippForm (91, 95)) in isoprene
polymerization was investigated by activating them with [Ph3C][B
(C6F5)4] or [PhNMe2H][B(C6F5)4]. At ambient temperature, polyiso-
prene of narrow molecular weight distribution (PDI < 1.2) was pro-
duced. The stereochemical outcome of the polymerization was
dependent on the catalyst; trityl tetrakis(pentafluorophenyl)borate
gave trans-1,4-selectivity (maximum 87%), while the anilinium
borate favours cis-1,4-selectivity (maximum 82%) [20]. The general
isoprene polymerisation reaction is illustrated in Scheme 3-2 (only
the cis-1,4 isomer is shown, trans-1,4, 1,2 and 3,4 polymers are also
possible).

Moreover, a series of rare-earth metal monoalkyl complexes of
formamidinates LnL2CH2SiMe3�thf [L = XylForm, Ln = Y, L = Dipp-
Form, Ln = Y, Er, Dy, Sm, and Nd] were combined with [Ph3C][B
(C6F5)4] and alkylaluminium species to test the catalytic activity
for isoprene polymerisation. The catalytic activity towards iso-
prene polymerization provided polyisoprenes with high molecular
weight (Mn > 104) and narrow molecular weight distributions
(PDI < 2.0) were obtained. If the catalysts were added in the order
[RE]/[alkylaluminium]/[B(C6F5)4- ], 1,4- regioselectivity was
reported as high as 98%. However, there was no appreciable selec-
tivity between cis-1,4- and trans-1,4- isomers in the polymers [38].
4. Conclusions and outlook

The formamidinate complexes of rare earth metals have been
reviewed. By varying the metals or the steric and electronic effects
of the ligands, the structures and reactivity of the resulting com-
plexes can be widely varied. By using formamidinates with fluori-
nated substituents on the arene rings, C-F activation can be
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promoted. The current review offers many openings to future
research involving these easy to prepare ligands, and many other
related ligands can be used to provide new reactivity and struc-
tures. Unusual oxidation state chemistry for the rare earth metals
remains a challenge, e.g. divalent complexes other than Eu(II),
Sm(II) and Yb(II) and tetravalent complexes other than Ce(IV).
The chemical and catalytic activity of some of these compounds
presented has been explored but there still remains much more
to be studied.
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