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Outline 

The thesis deals with the coordination chemistry of several diverse classes of ligands with 

different metals. In particular, these include; lanthanoid complexes of tellurolate ligands 

(Chapter 2), tin complexes of thiolate ligand (Chapter 3), ruthenium and osmium complexes of 

redox active N, N-bidentate ligand (Chapter 4) and palladium, platinum, selenium and tellurium 

complexes of pincer type pyrrolyl ligands (Chapter 5). Hence, the introductory chapter aims to 

briefly review the general aspects of lanthanoid and chalcogen elements, and lanthanoid 

chalcogen complexes (Part A), redox active ligands (Part B) and pincer ligands and their current 

perspectives (Part C). The aspects, more closely related to the work carried out, are reviewed in 

detail in the respective chapters.  

 

Part A 

1.1. General Introduction of Lanthanoid Elements 

Lanthanoids consist of 15 metallic elements whose atomic numbers lie between 57 (Lanthanum, 

La) and 71 (Lutetium, Lu) in the periodic table (Figure 1.1). These elements, together with the 

chemically similar elements scandium (Sc, Z = 21) and yttrium (Y, Z = 39), are often 

collectively known as the ‘rare earth elements’. Since neither these seventeen elements are found 

as free metals in the earth’s crust, nor pure minerals of these individual metals exist, they were 

termed as ‘rare-earths’ at the time of their discovery. However, the name ‘rare earth’ can be 

considered as misnomer as they are not ‘rare’ in terms of their terrestrial abundance, except 

promethium (Pm, Z = 61), which is radioactive and occurs only in trace amounts in nature. In 

fact, it is observed that lighter lanthanoids [Lanthanum (La), Cerium (Ce), Neodymium (Nd)] are 

quite abundant in nature, whereas the most abundant lanthanoid on earth, Ce has similar crustal 

abundance to nickel (Ni) or copper (Cu).1,2 Even, the sparsest lanthanoids [Thulium (Tm) and 

Lutetium (Lu)] have more abundance than bismuth (Bi), silver (Ag) or platinum (Pt) metals. 

57La 58Ce 59Pr 60Nd 61Pm 62Sm 63Eu 64Gd 65Tb 66Dy 67Ho 68Er 69Tm 70Yb 71Lu 

Figure 1.1. Lanthanoid elements (La-Lu). 

There are three primary mineral sources from where rare-earth metals are extracted and each 

source contains different concentrations of individual lanthanoid oxides. For example, (i) 
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Bastansite LnFCO3 and (ii) Monazite (Ln, Th)PO4, both are richer in earlier lanthanoids, while 

(iii) Xenotime (Y, Ln)PO4 contains higher abundance of heavier lanthanoids.1-3 There are some 

other mineral ores, such as Cerite, Allanite, Euxenite and Gadolinite which contain extractable 

quantities of rare-earths but are not used as common commercial sources.3 There are standard 

extraction procedures for extracting the lanthanoid oxides from the mineral sources.4 In 

particular, acid digestion is used in case of Bastansite, while both sodium hydroxide digestion as 

well as acid digestion are used for the extraction of lanthanoid oxides from Monazite and 

Xenotime. Once the lanthanoid oxides are extracted from the ores, the lanthanoids can be 

separated using common separation techniques such as chemical separations, fractional 

crystallization, ion exchange methods and solvent extraction.4 

1.1.1 General Properties of Lanthanoid Elements 

1.1.1.1. Electronic configurations: Lanthanoid Contraction  

All the lanthanoid metals, La to Lu are highly electropositive in nature and share remarkable 

uniformity in their chemical properties. The electronic configuration of lanthanoid elements are 

characterized by filling of 4f sub-shell. The general electronic configuration of the free 

lanthanoid atoms is [Xe]4f n5d 06s2 (n=1-14), with exceptions of Ce, Gd and Lu, where the 

electronic configuration becomes [Xe]4f n5d 16s2(n=1-14). Consequently, the general electronic 

configurations of +3 ions become [Xe]4f n (n=1,7 and 14 respectively). It is worth mentioning 

that 4f shell is buried inside the 5s and 5p electrons from the [Xe] core and are well-shielded by 

penetrated 5s and 5p orbitals. As a consequence, the deep embedded 4f orbitals display poor 

overlap with the ligand orbitals. This essentially contributes to the predominant ionic character of 

organolanthanoid complexes. The unavailability of 4f orbitals in overlap also leads to the fact 

that the common properties of the resulting complexes, such as spectroscopic as well as magnetic 

properties are not influenced by the nature of the auxiliary ligands. This is in direct contrast to 

the d-block metal complexes, wherein the outer d-orbitals take direct participation in overlap 

with ligand orbitals.  

While filling up the 4f sub-shell along the lanthanoid series, there is a decrease in both atomic as 

well as ionic radii, the phenomenon is known as ‘lanthanoid contraction’. On moving from left to 

right along the group, although each increase in nuclear charge is exactly balanced by a 

simultaneous increase in electronic charge, due to the ‘imperfect’ shielding by 4f orbitals, as 
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stated earlier, there is a net increase in attraction for the electron charge cloud and as a 

consequence, each ion experiences a further diminution in comparison with its predecessor. 

Another factor which attributes substantially to lanthanoid contraction is relativistic effect, 

however, this effect is more pronounced in ‘actinide contraction’.2  

1.1.1.2. Oxidation States and Coordination Number 

Almost all the lanthanoid elements commonly adopt �3 oxidation state. The prevalence of the �3 

oxidation state can be attributed to combination of several circumstances. The order of 

penetration of the orbitals through the inert core of electrons towards the nucleus is 4f >5d >6s. 

The same order is also followed for the stabilization effect on the orbitals for successive removal 

of electron from a neutral lanthanoid. As successive electrons are removed from a neutral 

lanthanoid atom, by the time an ionic charge of +3 has been reached, the preferential 

stabilization of the 4f orbitals is such that in all cases the 6s and 5d orbitals have been emptied. 

Again, in most cases, the 4f electrons are far embedded in the inert core and consequently they 

are so strongly attracted by the nucleus that as it requires huge energy to ionize them further. 

However, there are some anomalies, in particular, in early lanthanoids Ce and Pr where the 4f 

orbitals are still at a comparatively high energy and the effective nuclear charge is not so high to 

be able to attract the 4f electrons and therefore, they can lose further electrons. In fact, Ce(IV) 

acquires a noble gas configuration when it adopts �4 oxidation state. Again, in cases of Eu and 

Yb, �2 oxidation state is more stable which can be attributed to their half-filled (4f 7) and fully 

filled (4f 7) subshells respectively. The stability of the trivalent oxidation state also comes from 

the fact that the fourth ionization energy in most of the lanthanoids are larger than the sum of the 

first three ionization energies, with the exceptions of Ce, Tb, and Yb. In case of Yb, it has large 

third ionization energy which stabilizes the �2 oxidation state. 

As the lanthanoid ions are large in size, they adopt a wide range of coordination numbers in their 

complexes. In fact, lanthanoid complexes with coordination number as high as 12 are well 

documented in literature.1,6 However, since f-orbital do not have stereo-chemical influence on the 

resulting complex, the steric bulkiness of the ligand plays decisive role in the coordination 

number of the complexes.6 In fact, the common norm for lanthanoid complexes is high 

coordination numbers with ligands, provided they adopt a geometry that minimizes inter-ligand 

repulsions. 
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1.1.1.3. Nature of f-orbitals 

The associated quantum numbers for a lanthanoid f-orbitals are n = 4, l = 3 and ml = �3, �2, �1, 

0, �1, �2, �3. Consequently, a set of f-orbitals is 7-fold degenerate and all are ‘ungerade’ in 

nature. There are generally two ways to represent the f-orbitals, (i) cubic set and (ii) non-cubic 

set. The cubic set is related to tetrahedral, octahedral and cubic ligand filed. It comprises𝑓𝑥𝑦𝑧; 

𝑓𝑧(𝑥2−𝑦2),𝑓𝑥(𝑦2−𝑧2) and 𝑓𝑦(𝑧2−𝑥2) fy(z
2

-x
2

); 𝑓𝑧3, 𝑓𝑥3  and 𝑓𝑦3. The non-cubic set is consisted of 

𝑓𝑥3; 𝑓𝑥𝑧2 and 𝑓𝑦𝑧2; 𝑓𝑥𝑦𝑧; 𝑓𝑧(𝑥2−𝑦2), 𝑓𝑥(𝑥2−3𝑦2) and 𝑓𝑦(3𝑥2−𝑦2). The boundary surfaces of the f-

orbitals in a non-cubic environment are shown in Figure 1.2.5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.  Representations of the 4f orbitals.5 

As mentioned earlier, the 4f orbitals are spatially buried and significantly penetrated through the 

xenon core and do not take part appreciably in bonding with the ligand. Consequently, the f-

orbitals experience negligible crystal-field effects, while spin-orbit coupling plays a crucial role 

in the electronic structure.  
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1.1.1.4. Spectroscopic Properties 

Since f electrons are associated with a large number of microstates, consequently large number 

of transitions are possible in lanthanoid complexes. However, as there is no substantial overlap 

of the f-orbital with ligand orbitals and again due to the absence of d-f orbital mixing, all 

transitions are Laporte forbidden in lanthanoid complexes. As a consequence, the visible spectra 

of lanthanoid complexes usually consist of a large number of sharp, low intensity peaks with 

molar absorption coefficient typically in the range of 1-10 dm3 mol�1 cm�1.6  

1.2. General Introduction of Chalcogen Elements 

Selenium (Se, Z = 34) and tellurium (Te, Z = 52) are members of group 16 elements, which 

together with oxygen (O, Z = 8), sulfur (S, Z = 16), polonium (Po, Z = 84) are known as 

chalcogen elements. The element selenium was discovered by Swedish chemist Berzelius in 

1817 and was named after the Greek goddess of moon, ‘Selene’.7 Tellurium was discovered 35 

years earlier (in 1782) than selenium by Reichenstein from gold ore called aurum album.8 

However, his finding was not well-known to the chemistry fraternity almost for a decade, until 

German chemist Klaporth re-assessed his finding and gave the name tellurium after the Latin 

word ‘Tellus’ for earth.9 Although Se and Te share the same group with oxygen (O) and sulfur 

(S), their chemistry remained elusive for long time even after their discovery, which might be 

attributed to their malodorous aroma, toxicity and instability of some of their derivatives. In fact, 

during the early time of its development, selenium was considered to be absolute poison for 

living organism and its chemistry was limited to elemental selenium as dehydrating agent and 

SeO2 as oxidizing agent. However, report by Schwarz et al. stating the fact that selenium is 

important micronutrient for bacteria, mammals and birds, it has changed the age-old hesitancy 

towards heavier chalcogen atoms.10 In fact, selenocysteine, the selenium analogue of cysteine 

can be found at various active site of enzymes (especially in glutathione peroxidase) and is 

considered to be the 21st amino acid.11  

There are six naturally occurring isotopes for selenium: 74Se (0.87%), 76Se (9.02%), 77Se 

(7.58%), 78Se (23.52%), 80Se (49.82%) and 82Se (9.19%). On the other hand, although several 

isotopes exist for tellurium, only eight isotopes have substantial natural abundance: 120Te 

(0.09%), 122Te (2.55%), 123Te (0.89%), 124Te (4.74%), 125Te (7.07%), 126Te (18.84%), 128Te 

(31.74%) and 130Te (34.08%).12 Due to the diverse distribution of isotopes, both Se and Te 
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display characteristic splitting patterns in the mass spectra of their corresponding 

organochalcogen compounds. Again, among the isotopes, 77Se and 125Te have the nuclear spin I 

= ½ with significant natural abundance. Consequently, both 77Se and 125Te nuclear magnetic 

resonance (NMR) spectroscopy are used as the most common and powerful tools for the 

characterization of organosleneium and organotellurium compounds.13 Like sulfur, both 

selenium and tellurium, can adopt various oxidation states ranging from �2 (Na2Se/Na2Te) to �6 

(SeO4�
2/TeO4�

2). It is noteworthy to mention that in comparison to S, the higher oxidation state 

are more common and stable for selenium and tellurium, which are attributed to their lower 

ionization energies. 

 
1.2.1. Organotellurium Compounds: Synthesis of Diorganyl ditelluride 

Organotchalcogen compounds have garnered significant interest in contemporary chemistry with 

respect to their interesting properties and wide spread applications, such as ligands in 

coordination chemistry,14 reagents in organic synthesis,15 precursors for nanomaterials,16 mimics 

for glutathione peroxidase (GPx)17 to name a few. The first organotellurium compound namely, 

diethyl ditelluride was first reported by Wöhler in 1840.18 Subsequently, several methods have 

been developed for the synthesis of diorganyl ditellurides. Some common approaches for the 

synthesis of diorganyl ditellurides are described below: 

i) SN1 Nucleophilic Substitution Reaction  

 Nucleophilic substitution reaction (SN1) of organic halide by alkali metal chalcogenide is 

a very effective method for the preparation of organochalcogen derivative. Generally, the 

synthesis of alkali metal chalcogenide of the form M2Sen (where M is alkali metal and n = 1, 2) 

is achieved by the reaction of elemental chalcogen with alkali metal in presence of reducing 

agents such as, Na/Liq. NH3,19 NaBH4,20 LiAlH4,21 Li(C2H5)3BH,22 NH2NH2.H2O23 (Scheme 

1.1).  

 

Scheme 1.1. Generation of alkali metal chalcogenides, M2Sen. 
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The subsequent reaction of chalcogenide anion with organic halides or organic tosylates afforded 

the desired diorganyl dichalcogenides, R2E2 (Scheme 1.2).24 

 

Scheme 1.2. Synthesis of diorganyl dichalcogenides, R2E2 by nucleophilic substitution reaction. 

For example, when 2, 4-dichloropyrimidine, 1.1 was treated with Na2Te2, selective nucleophilic 

substitution took place on the C-2 carbon by the telluride anion to give ditelluride, 1.2. 

Interestingly, the chlorine atom on C-4 also being reactive, underwent substitution by the N, N-

dimethylamino anion derived from DMF (Scheme 1.3).25 

 

Scheme 1.3. Synthesis of ditelluride 1.2 by Na2Te2. 

Atwood et al. have reported the synthesis of L-tellurocystine 1.4 by the reaction of E-chloro-L-

alanine 1.3 with Na2Te2 (Scheme 1.4).26 Recently, Satheeskumar et al. have reported the 

reactivity and antioxidant activity of 1.4 and its various derivatives.27  

 

Scheme 1.4. Synthesis of L-tellurocystine 1.4 E-chloro-L-alanine 1.3 by Na2Te2. 

ii) Lithiation Route 

 Lithiation is one of the convenient methods for the preparation of diorganyl 

dichalcogenide. Lithiation involves either H-abstraction from the aromatic systems or Br/Li 

exchange reaction with n-BuLi/t-BuLi. The aryl carbanion generated, when reacted with 
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elemental selenium/tellurium, followed by oxidation, results in the formation of corresponding 

diorganyl dichalcogenides. 

For example, Engman et al. synthesized a series of diaryl ditellurides, 1.9-1.12 from respective 

aryl bromides, 1.5-1.8 following a sequence of lithiation, tellurium insertion and oxidation 

(Scheme 1.5). All the synthesized ditellurides were assessed for glutathione peroxidase-like 

activities.28 

 

Scheme 1.5. Synthesis of ditellurides 1.9-1.12 by lithiation route. 

Kaur et al. have reported the synthesis of bis[2-(dimethylaminomethyl)-phenyl] ditelluride 1.14 

from N,N-dimethylbenzylamine 1.13 following the ortho-lithiation route (Scheme 1.6). 

Compound 1.13 was first treated with n-BuLi solution, which on treatment with tellurium 

powder gave lithium organotellurolate intermediate. Subsequent oxidative workup afforded 

ditelluride 1.14. Similar heteroatom directed lithiation route was also followed by Mugesh et al. 

for the synthesis of series of diaryl ditellurides such as (r),(r)-bis[2-(4-ethyl-2-oxazolinyl)phenyl] 

ditelluride, diferrocenyl ditelluride, 2-methyl dinaphthyl ditelluride. All these ditellurides were 

found to be promising GPx-mimetics.29 

 

Scheme 1.6. Synthesis of ditelluride 1.14 by lithiation route. 

iii) Grignard Route 

 Since n-BuLi/ t-BuLi are very strong bases, in some cases selective deprotonation 

become unsuccessful. Again, insertion of tellurium into C�Li bond in all substrates are not 
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successful. A milder approach for the synthesis of dichalcogenides is the Grignard route, where 

organyl halides such as 1.15 and 1.17 are treated with magnesium turnings to give corresponding 

organylmagnesium halides. Addition of tellurium powder followed by oxygen afforded the 

desired ditellurides 1.16 and 1.18 (Scheme 1.7).30 

 

Scheme 1.7. Synthesis of ditellurides 1.16 and 1.18 by Grignard route. 

iv) Other Methods 

 Uemura et al. have reported a novel method for the synthesis of unsaturated ditelurides 

from the reaction of tellurium dioxide (TeO2) with non-conjugated diene. For example, when 

non-conjugated dienes such as 4-vinylcyclohex-1-ene 1.19 and hexa-1,5-diene 1.21 were treated 

with TeO2 in acetic acid in presence of lithium bromide, it afforded bis(2-

acetoxyalkenyl)ditellurides 1.20 and 1.22 respectively (Scheme 1.8).31 

 

Scheme 1.8. Synthesis of ditelluride 1.20 and 1.22 from non-conjugated diene 1.19 and 1.21. 



  Chapter 1 
 

Page | 10  
 

This methodology was also successful for terminal alkenes in the sense that when 1.23-1.25 were 

treated with TeO2 in alcoholic hydrochloric acids and sodium bisulfite (Na2S2O5), it afforded 

bis�E-alkoxyalkyl) ditellurides, 1.26-1.28 (Scheme 1.9).32 

 

Scheme 1.9. Synthesis of ditellurides 1.26-1.28 from terminal alkenes 1.23-1.25 by tellurium 

dioxide (TeO2). 

Srivastava et al. have reported that when (2-phenylazophenyl-C, N´)tellurium(IV) trichloride, 

1.29 was reacted with an excess of hydrazine hydrate, it afforded bis[2-phenylazophenyl-C, N´] 

ditelluride, 1.30 (Scheme 1.10). A mixed-valent chloro derivative, 1.31 was also obtained as 

subsidiary product during the course of the reaction.33 

 

Scheme 1.10. Synthesis of ditelluride 1.30 from reduction of Te(IV) trichloride, 1.29. 

It is worth mentioning that ditellurides 1.14 and 1.30 are stabilized by Intramolecular Chalcogen 

Bonding (IChB) interactions. Hence, a brief general introduction of IChB is included in the 

following section.  

1.2.2. Intramolecular Chalcogen Bonding (IChB) 

Intramolecular Chalcogen Bonding (IChB), also known under the name of secondary bonding 

interactions or non-covalent interactions are a sub-class of V-hole interactions, which play 

crucial role in stabilisation of the organochalcogen compounds.34 By definition, IChB can be best 



  Chapter 1 
 

Page | 11  
 

described as a 3c-4e, donor–acceptor interactions n2(Y) → σ*(E–X) in which the lone pair of a 

donor atom Y (e.g., N, O) interacts with the antibonding σ* orbital of the heavy atom E (e.g., Se, 

Te) and a more electronegative atom X (e.g., Cl, Br) [Figure 1.3(a)]. Ideally, this interatomic 

interaction E···Y is longer than sum of the covalent radii of the two atoms and shorter than the 

sum of their van der Waals radii. The origin of this interaction can be explained by accounting 

the concept of electrostatic effect invoking the idea of V-hole (arising from partial charges) and 

dispersion distribution. The V-hole can be described as a region of positive electrostatic 

potential, which is located on the opposite side of covalent bonds (R�E) and is protruded towards 

a negatively charged atom resulting in a non-covalent interaction. Figure 1.3(b) shows the 

molecular structure of 2-formylphenylselenenyl bromide and its electrostatic surface potential on 

the isodensity surface, U(r) = 0.001 au, showing one sigma hole on the Se atom.34g While moving 

down the group, electronegativity decrease and polarizability increases in the order of O < S < Se 

< Te. Consequently, the size of the V-hole increases and the energy difference between σ(E–X) 

and σ*(E–X) orbitals decrease in heavier chalcogen atoms in comparison to the lighter ones. As 

a result of these effects, Te compounds exhibit stronger IChB interactions compared to those of 

Se and S. Again, it is noteworthy to mention that secondary bonding interaction is directional in 

the sense that E·· ·D requires to be colinear with E�X bond as shown in Figure 1.3(c).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. (a) Stabilization of [2-(dimethylaminomethyl)phenyl]chalcogenyl halide via a n2(N) 

→ V
��(�X) (E = Se/Te, X = Cl, Br), (b) electrostatic surface potential of 2-

formylphenylselenenyl bromide on the isodensity surface, U(r) = 0.001 au, showing one sigma 

= 
(b) 
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hole on the Se atom, (c) Molecular orbital interaction for secondary bonding, for simplicity, only 

p atomic orbitals are considered.34g 

1.3. Lanthanoid Chalcogen Complexes  

In recent times, interest in the chalcogenols (REH) and chalcogenolates (RE�) has immensely 

intensified as auxiliary ligands for the synthesis of metal chalcogenolate complexes.35 In fact, 

many alkali and alkaline earth metal chalcogenolates,36 transition metal chalcogenolates37 and 

main group chalcogenolates38 have been synthesized and found interesting applications in 

various aspects of contemporary chemistry. Interest in metal chalcogenolates particularly, metal 

selenolates, also stems from their relevance as model for the active sites of selenocysteine-

containing metalloproteins.39 

Like other metal complexes, complexes with lanthanoids have also gained profound interest, 

both from synthetic and application point of view. In particular, lanthanoid alkoxide complexes 

have been extensively investigated in literature.40 However, lanthanoid complexes with heavier 

chalcogens are not much prevalent as compared to analogous species with oxygen40 or sulfur41. 

The sluggish development of lanthanoid complexes with heavier chalcogens stems from the fact 

that lanthanoids are generally considered to be ‘hard’ metals, and they most readily form 

complexes with ‘hard’ ligands. Consequently, synthesis of complexes having bonds between 

hard, electropositive lanthanoid metal cations and soft, covalent chalcogen based ligands is very 

challenging. Again, most of the studies on lanthanoid chalcogenolates have been focused either 

on clusters of lanthanoid compounds or on oligomer or polymer of the same,42 which is 

essentially attributed to their affinity for high and variable coordination number. Consequently, 

synthesis of monomeric lanthanoid chalcogenolates becomes even more challenging. 

1.3.1. Synthesis of Organolanthanoid Chalcogenolate Complexes 

A detailed insight in to literature of lanthanoid complexes, especially with Se and Te are given in 

the introductory portion of Chapter 2, where special focus has been given to monomeric 

complexes and the influence of metal, chalcogen and solvents on the complexes. Here, in this 

section, synthetic procedures commonly used for organolanthanoid chalcogenolate complexes 

are explained in detail.  
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i) Oxidation Reaction of Divalent Lanthanoid Complexes 

 One of the efficient approaches for the synthesis of organolanthanoid chalcogenolate 

complexes is by oxidation reaction of divalent lanthanoid complexes with organic 

dichalcogenides. For example, Evans et al. have reported the synthesis of trivalent 

organosamarium chalcogen complex (C5Me5)2Sm(SPh)(THF) 1.33 by reducing the S�S bond in 

diphenyl disulfide using (C5Me5)2Sm(THF)2 1.32 (Scheme 1.11).43 Similar Yb complexes were 

also reported by reacting (C5Me5)Yb(NH3)2 with PhEEPh (E = S, Se, Te).44, 45 In complex 1.33, 

the coordination number around Sm is sufficed by two K5-cyclopentadienyl rings, one sulfur 

atom from the thiolate ligand and one oxygen atom from THF molecule. 

 

Scheme 1.11. Synthesis of lanthanoid chalcogen complex 1.33 by oxidation reaction of divalent 

lanthanoid complex 1.32. 

ii) Transmetallation 

 Transmetallation is a very effective method for synthesizing lanthanoid chalcogenolates. 

Brennan et al. have synthesized a series of lanthanoid(III) benzenefluorothiolate complexes such 

as (THF)3Ln(SC6F5)3 (Ln = Sm Er, Ho), (DME)2Er(SC6F5)3, [(THF)2Sm(SC6F5)2(µ-SC6F5)]2 by 

transmercuration of elemental lanthanoid with mercury thiolates Hg(SC6F5)2.46, 47 The reaction 

associated with formation of (THF)3Ho(SC6F5)3 1.35 from Hg(SC6F5)2 1.34, is shown in Scheme 

1.12. Brennan et al. have further observed that when lanthanoid(III) benzenefluorothiolates 

Ln(SC6F5)3 (Ln = Ce-Sm)) were treated with Hg(SC6F5)2, heterometallic compounds with the 

general formula [(DME)3Ln(SC6F5)2]2[Hg2(SC6F5)6] (Ln = La-Gd), were obtained.48 
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Scheme 1.12. Synthesis of lanthanoid chalcogen complex 1.35 by transmetallation. 

iii) Salt-Metathesis  

 Salt metathesis reactions present another convenient approach for the synthesis of 

lanthanoid chalcogenolate complexes. In fact, various lanthanoid dithiolene complexes were 

reported by salt-metathesis reactions.49-51 For example, Zheng et al. have reacted K2dmit (dmit = 

1,3-dithiole-2-thione-4, 5-dithiolate anion) with LnCl3 (Ln = La, Nd, Sm, Gd, Er, Y) in presence 

of 1,10-phenanthroline to afford lanthanoid dithiolene complexes with the formula 

K2[Ln(dmit)(phen)2Cl3]·6H20.49 Ephritikhine et al. synthesized tris(dithiolene) complexes of Nd 

and Ce by reacting Ln(BH4)3(THF)3 (Ln = Nd, Ce) and M2dddt (M = Na, K; dddt = 5,6-dihydro-

1,4-dithiine-2,3-dithiolate).50 In another instance, when [Ln(Cp*)2Cl2K] 1.36 was reacted with 

K2dddt, it afforded dimeric lanthanoid complexes [{Ln(Cp*)2(dddt)K(thf)2}2] [1.37 (Ce), 1.38 

(Nd )], which on subsequent reaction with 15-crown-5 resulted [K(15-crown-

5)2][Ln(Cp*)2(dddt)] [1.39 (Ce), 1.40 (Nd )] (Scheme 1.13).51 

 

Scheme 1.13. Synthesis of lanthanoid chalcogen complexes 1.39-1.40 by salt metathesis 

reaction. 
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iv) Reactions of Elemental Chalcogens with Lanthanoid Chalcogenolates: Synthesis of 

Chalcogen-rich Lanthanoid Clusters 

Brennan et al. reported the synthesis of chalcogen-rich lanthanoid clusters containing 

fluorinated thiolate ancillary ligands by following a two-step procedure. First lanthanoid 

fluorothiolates Ln(SC6F5) and benzenechalcogenolates Ln(EPh)3 (E = S, Se) were synthesized. 

In the subsequent step, the mixture of Ln(SC6F5) (Ln = Yb) and Ln(EPh)3 was treated with 

elemental S (or Se), which proceeded through the oxidative elimination of PhEEPh (E = S, Se) to 

afford tetranuclear clusters (THF)6Ln4E(EE)4(SC6F5)2 1.41-1.43 [1.41 (E = S, Ln = Yb); 1.42 (E 

= Se, Ln = Yb); 1.43 (E = Se; Ln = Tm)] (Scheme 1.14).52 Similarly, when Yb(SPh)3, 

synthesized by the reaction of PhSSPh with Yb/Hg in pyridine, was reacted with elemental S, it 

afforded a cubane cluster (py)10Yb6S6(SPh)6, 1.44.53,54 

 

Scheme 1.14. Synthesis of lanthanoid chalcogen clusters 1.41-1.44 by salt metathesis reaction. 
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1.3.2. Applications of Organolanthanoid Chalcogenolate Complexes 

Due to the high electrophilicity and high Lewis acid nature of of Ln�ER bond, the 

organolanthanoid chalcogen complexes show interesting reactivity profile. Some important 

reaction behavior of lanthanoid complexes are outlined below. 

i) Organolanthanoid Chalcogenolates as ‘Sulfenylating Reagent’ 

Tanigushi et al. have reported that the lanthanoid thiolate complex, [Yb(SR)3], (where R =  p-

tolyl), can react with enones to give corresponding Michael adducts, where [Ln(SR)3] acts as a 

sulfenylating reagent.55 

 

Scheme 1.15. Conjugate addition of 1.45 to enones, 1.46-1.47. 

Yb metal when reacted with bis(p-tolylsulfide) in the presence of benzophenone, afforded 

Yb(III) thiolate complex 1.45. Complex 1.45, when in situ treated with enones 1.46-1.47, it 

underwent Michael addition to afford the addition complexes 1.48-1.49 as shown in Scheme 

1.15. 

ii) Epoxide Opening Reaction 

Dowsland et al. have reported that ytterbium(III) chalcogenolate complexes can be efficiently 

used in epoxide opening reaction.56 In particular, when Yb metal was treated with diphenyl 

dichalcogenide in the presence of methyl iodide, it afforded Yb(III) chalcogenolate complexes 
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1.50-1.52 (Scheme 1.16). The resulting complexes, when treated with epoxides 1.53-1.54, the 

epoxides underwent facile ring opening reactions to give respective addition complexes 1.55-

1.60. 

 

Scheme 1.16. Epoxide ring opening reactions by lanthanoid chalcogenolates 1.50-1.52. 

iii) Polymerisation of Olefin 

Organolanthanoid complexes such as [Cp*2LnR] (R =alkyl and hydride) have attracted 

significant attention as active catalysts for the polymerization of ethylene.57 Recently, Hou et al. 

have reported that Sm(II) complexes [(C5Me5)Sm(THF)m(ER)(µ-C5Me5)K(THF)n]∞ (m = 0 or 1; 

n =1 or 2; ER = OC6H2 tBu2-2,6- Me-4, OC6H3 iPr2-2,6, SC6H2 iPr3-2,4,6] showed high catalytic 

activity for polymerization and block-copolymerization of styrene and ethylene.58 Similarly, 

(Me5C5)2LnR (Ln = Sm, Yb, Lu and Y; R = H, Me) are found to be effective catalysts for the 

polymerization of methyl methacrylate (MMA).59 Similar catalytic activities were also observed 

for Ln(SPh)3(HMPA)3 (Ln = Sm, Eu, Yb), [{Ln(HMPA)3}2(μ-SPh)3][SPh] (Ln = Sm, Yb) and 

[Ln(SC6H2Pri
3-2,4,6)(μ-SC6H2Pri

3-2,4,6)(THF)3]2 (Ln = Sm, Yb), where these complexes were 

used for the polymerization of MMA to give syndiotic polymers.60 It was observed that due to 

the presence of highly coordinating HMPA ligands, the syndiospecificity of the polymers 

increases significantly.  

iv) Organolanthanoid Chalcogenolates in Optoelectronics 

From the recent development in organolanthanoid chalcogenolates, it is observed that these 

compounds possess interesting luminescence behavior, which is important for the perspective of 
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rational design of emissive material. However, due to the extreme air- and moisture- sensitivity 

of the resulting complexes, the real-time optoelectronic applications of organolanthanoid 

chalcogenolates are still not well explored. Recently, Brennan et al. have reported that the 

bimetallic cluster [(py)8Ln4M2Se2(SePh)4] [Ln = Er; M= Hg, Cd ] exhibits promising 

luminescence properties with emission lifetime of 1.41 ms (Er/Cd) and 0.71 ms (Er/Hg).61 

Similarly, Nd thiolate complex [(DME)2Nd(SC6F5)] and oxyselenido complex 

[(THF)8Nd8O2Se2(SePh)16] are found to be highly emissive at 1077 and 925 nm respectively.62 
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Part B 

1.4. General Introduction of Redox Active Ligands 

In coordination chemistry, the properties of a metal complex as a whole depends on the 

interactions between the metal center and its surrounding ligands. In other words, the synergistic 

cooperation between the metal and the ligands play pivotal role in the determining the overall 

properties of the metal complex and eventually its applicability. Conceptually, the assignment of 

exact oxidation state of the metal ion is one of the foremost tasks in a metal complex. In fact, in 

contemporary coordination chemistry, the usefulness of oxidation state formalism has gained 

pronounced attention with respect to the prediction of the spectroscopic, electrochemical, 

magnetic properties of the complexes as well as to understand their reactivity profiles. In 

classical Warner type complexes, the assignment of oxidation was easy as shown in Scheme 

1.17. 

 

Scheme 1.17. Representative examples of classical Warner type complexes 1.61-1.63. 

However, complicacy in determining the formal oxidation state arises when the coordinated 

ligand has the potential to stabilize more than one oxidation states. In this context, Jørgensen 

introduced the concept of “non-innocence” feature of the ligand to address the apparent 

ambiguity in assigning the oxidation states of metal.63 According to Jørgensen’s theory, a ligand 

is termed as ‘innocent’ if it allows the unambiguous determination of the oxidation state of the 

central metal atom. A ligand is called non-innocent when it has several energetically accessible 

levels that allow redox reactions to change their charge state. For example, in Ni(gma) complex 

[where, gma = glyoxalbis(2-mercaptoanil)], it becomes difficult to precisely define the oxidation 

state of the central metal atom or the charges on the donor atoms of the ligand.64 This is because, 

there are four possible ways to explain the electronic state of the complex, such as 16-electron 

Ni(II) complex with diiminodithiolate (1.64a) or di(iminothiosemiquinonate) (1.64b); as a 14-
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electron Ni(IV) complex (1.64c) or, alternatively, as an 18-electron Ni(0) complex (1.64d). 

Consequently, the complex is best described by formulations (1.64a-1.64e) with delocalized 

bonds (Scheme 1.18).  

 

Scheme 1.18. Redox non-innocence behavior of gma = glyoxalbis(2-mercaptoanil) ligand in 

Ni(gma) complex, 1.64a-e . 

Another redox non-innocent ligand which has been extensively used in coordination chemistry is 

quinone moiety, 1.65.65 This can undergo two successive one-electron oxidation, thereby 

offering variable oxidation states to the bonded metal atom (Scheme 1.19). The redox innocence 

behavior is also common among the various biochemically relevant ligands, such as nitrosyl 

(1.66),66 molecular oxygen (1.67)67 and azo based ligands (1.68)68; possible redox states of these 

ligands are shown in Scheme 1.19. 

 

 

 

 

 

 

Scheme 1.19. Different redox states of some common non-innocent ligands, 1.65-1.68. 

Due to extensive and ambiguous involvement of electrons in the metal-ligand bond, it apparently 

becomes impossible to determine the electronic structure properties of metal complex which 
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incorporates non-innocent ligand by a single characterization techniques. In fact, a wide array of 

analytical techniques like mass spectrometry, UV-vis, IR, NMR and conductivity, X-ray 

diffraction studies in combination with theoretical calculations (DFT/TD-DFT) need to be 

deployed to get a clear perception of electronic structure properties of the complex (vide infra). 

1.4.1. Common Techniques to Establish Electronic Structural Forms of the Metal 

Complexes Incorporating Non-innocent Ligands 

1.4.1.1. Structural Studies 

The various bond parameters obtained from the single crystal X-ray diffraction studies offer 

crucial information in assigning the oxidation state of the coordinated non-innocent ligands. For 

example, in a metal complex which contains quinone ligand or a azo ligand, the C�X, C�Y and 

C�C distances of coordinated quinone moiety, or the N=N bond distances of the azo-aromatics 

significantly vary with respect to different oxidation states of the ligands as shown in Table 1.1.69 

Consequently, comparing the respective bond distances with the literature reported values can 

give a clear idea about the oxidation state of the ligand.  

Table 1.1. Various bond distances observed for coordinated quinone and azo moieties in 

different oxidation states  

 Bond Distance (Å) 

 Oxidized form Intermediate form Reduced form 

C-O 1.22 1.30 1.34 

C-N 1.31 1.35 1.38 

C-S 1.69 1.72 1.75 

N-N 1.23-1.30 1.35 1.40-1.45 

 

1.4.1.2. Electrochemistry and UV-vis-NIR-IR Spectroelectrochemistry 

Various electrochemical techniques such as cyclic voltammetry, differential pulse voltammetry 

and controlled potential coulometry together with UV-vis-NIR-IR spectroelectrochemistry 

provide significant information in determining the electronic structures of metal complex. For 

example, in the case of quinone based ruthenium complex, {RuII-Q●} (Q = Quinonoid based 

ligand), the presence of a low energy intense band near 1000 nm corresponding to HOMO 
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[dS(Ru)] to LUMO [S*(Q●)] transition. However, this low energy band is absent in {RuIII-Q●} or 

{RuII/III-Q} moiety.69a, 70 

1.4.1.3. EPR Spectroscopy 

EPR spectroscopy is also a useful technique to assign the specific location of unpaired spin(s), 

either on the metal or ligand or both. The anisotropic parameter (Δg) or <g> obtained from EPR 

spectrum of a paramagnetic molecule can be considered as “fingerprint” for the identification. 

This value contains the chemical information that lies in the interaction between the electron and 

the electronic structure of the molecule. Consequently, it depends on the mixing of the 

metal/ligands orbitals. As a general statement, <g>/ Δg appear to be >2.0/0.25 for metal centered 

spin.71 On the other hand, the value changes to ~2.0/<0.03 for the ligand centered spin.72 

However, complexity arises due to the mixing of metal-ligand orbitals (covalency).73 

1.4.1.4. Density Functional Theory (DFT) Calculations (Computational Studies) 

DFT calculations in combination with experimental observations can provide significant insights 

into the electronic structure of metal complexes of redox-active ligands. The calculated Mulliken 

spin-density plots, Time-Dependent Density Functional Theory (TD-DFT) along with molecular 

orbital compositions, Natural Bond Orbital (NBO) analyses also are very helpful in determining 

the location of unpaired spin(s), nature of the molecular orbitals, and most importantly, to verify 

the origin of the experimentally observed electronic transitions. 
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Part C 

1.5. General Introduction of Pincer Ligands 

The history of pincer ligand dates back to late 1970, when Moulton et al. reported a series of 

transition metal (Ni, Pd, Pt, Rh, Ir) complexes stabilised by tridentate PCP ligand.74 The term 

‘pincer’ was first coined by van Koten in 1989 to describe tridentate ligand capable of imposing 

a meridional coordination around the metal center. With the advancement of chemistry, in 

current time, pincer ligands have covered almost all variation of side arms as well as various 

ligand backbones. It is precisely the convenience in fine-tuning the flanking arms as well as the 

backbone as shown in Figure 1.4, that triggers the rational design of various palindromic pincers 

(such as PCP, PNP, CCC, CNC, NNN, NCN, OCO, SPS, SeCSe etc.) as well as non-palindromic 

pincers (such as NNP, PCN etc.), which eventually makes them universal ancillary ligands in 

metal based chemistry.75 Some example of palindromic as well as non-palindromic pincer 

ligands are shown in Chart 1.1.75  

 

Figure 1.4. General structure motif of a pincer ligand with potential modification sites.  
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Chart 1.1. Some representative pincer ligands.75 

1.5.1. Common Strategies for Synthesis of Metal Complexes of Pincer Ligands 

With the advancement of chemistry of pincer ligands, various synthetic strategies have been 

developed and utilized for the synthesis of metal complexes of pincer ligands. However, it is 

noteworthy that, all the synthetic strategies are solely dependent on nature of the donor sites as 

well as the metal. Some common methodologies for synthesis of pincer-metal complexes are 

outlined below. 

i) Cyclometalation 

 Moultan et al., for the first time, introduced cyclometalation for the synthesis of metal 

pincer complexes. In particular, they synthesized a series of transition metal complexes, 1.70-

1.74 of PCP pincer ligands, 1.69 by cyclometalation process (Scheme 1.20).74 

 

Scheme 1.20. Synthesis of pincer complexes by direct cyclometalation reaction. 
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After this report, the cyclometalation approach has been extensively used for the synthesis of 

metal complexes of various pincer scaffolds. For example, Milstein and co-workers have 

synthesized a series of Rh complexes of PCP pincer ligands by adopting direct cyclometalation 

approach.76 Similarly, Beley et al. have synthesized Ru and Os complexes of NCN pincer 

ligands by facile cyclometalation with respective precursors.77 

ii) Oxidative Addition 

 Oxidative addition by low-valent metal precursors is found to be another successful 

approach for synthesizing the metal complexes of pincer ligands. This process is always 

accompanied by increase in oxidation state and coordination number of the metal center by two 

unit.78 A typical example includes the synthesis of organonickel complex 1.76 of NCN pincer 

ligand 1.75 where Ni(COD) (COD = 1,5-cycloctadiene) was used as a metal precursor (Scheme 

1.21).78a 

 

Scheme 1.21. Synthesis of pincer complex 1.76 by oxidative addition reaction.  

iii) Transmetallation 

 Transmetallaion is one of the more conventional approaches for the synthesis of metal 

complexes of pincer ligands. Mostly, the synthesis of pincer complexes by transmetallation 

approach has been achieved by using organolithium or organomercurial reagents. However, the 

usage of organosilver and organocopper compounds as trasmetallating reagents is also well 

appreciated in literature. For example, Suárez et al. have synthesized Ru(II)-CNC pincer 

complex 1.79 by transmetallation method from corresponding Ag(I)-NHC complex 1.78 

(Scheme 1.22).79 Complex 1.78 was obtained by the reaction of bis-imidazolium salt 1.77 with 

Ag2O. Similarly, Liu et al. reported Ag(I)-pincer complex wherein they have utilized Cu(I)-NHC 

complex as trasmetallating reagent.80 
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Scheme 1.22. Synthesis of pincer complex 1.79 by transmetallation of 1.78.  

1.5.2. Applications and Current Perspectives of Pincer Complexes 

 The robustness that the pincer ligand framework offers to the metal complexes and with 

their unique design, durability and versatility, the pincer ligand motifs have arguably achieved 

the status of privileged platform in modern organometallic and coordination chemistry. In the 

last 48 years since Moultan et al. reported the first PCP pincer complex, seminal contributions 

from many different groups, the coordination chemistry and reactivity of pincer complexes has 

achieved a multitude of applications across chemical sciences and is still continuing to find many 

new applications. In today’s scenario, the chemistry of pincer-ligated metal complexes display 

extraordinarily expanded portfolio; such as starting from homogenous catalysis81 to synthesis of 

novel sensor materials82; molecular recognition,83 optoelectronics,84 to supramolecular 

chemistry85 to name a few. During the period of time, a number of reviews have been published 

describing about the scope and wide-spread applications of pincer complexes.75[d-g], 81 

One recent area of interest where pincer complexes has gained significant attention is 

metallopharmaceuticals. While in some pincer ligand complexes the metal-ligand bond is labile 

and releases the metal from the tridentate environment quite easily, in some other pincer ligands 

have high stability which is quite important from the perspective of potential pharmaceutical 

applications. In fact, it is particularly the stability and strength of the metal-ligand bond and the 

ability to readily fine-tune the properties of some pincer complexes through structural alteration 

of the ligand, has triggered the increasing use of NHCs in metallopharmaceuticals.  

1.6. Objectives and Glimpses of the Present Work 

The aspects that are brought to light by the preceding discussions and the objectives of the 

present work are summarized below. 
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1. (Chapters 2 and 3) Due to the large atomic size and affinity for higher coordination number 

of the lanthanoid ions, most of the reported lanthanoid chalcogenolate complexes are either 

clusters or polymeric in nature. Consequently, synthesis of monomeric lanthanoid 

chalcogenolates is a formidable challenge. Our group has long standing interest on the 

stabilization of monomeric transition metal chalcogenolate complexes using hybrid, 

Intramolecular Chalcogen Bonding (IChB) stabilised multidentate ligands containing soft ‘Te’ 

and hard ‘N’ atom. The same strategy is envisaged to apply in Chapter 2 for the synthesis of 

monomeric lanthanoid tellurolate complexes, wherein the donor nitrogen atoms from the 

auxiliary arms, which were involved in secondary bonding interaction with tellurium (N···Te) 

would act as chelating arms to result monomeric lanthanoid metal complexes. In this context two 

diorganyl ditellurides namely, bis[2-(dimethylamino)methyl)phenyl]ditelluride, and 8,8'-

diquinolyl ditelluride have been considered and their reactions towards formation of lanthanoid 

complexes have been explored. 

We further envisaged to synthesize monomeric lanthanoid thiolate complexes. For that, 

synthesis of quinolnie thiolate ligand was attempted by the reaction of 8-quinolinesulfonyl 

chloride with tin dichloride, which afforded bis(8-thiolquinolinium) hexachloridostannate(IV). It 

is worth noting that although bis(8-thiolquinolinium) hexachloridostannate(IV) has been 

extensively used in literature as reactive intermediate,86 however, there is no structural 

characterization of bis(8-thiolquinolinium) hexachloridostannate(IV) available yet. Hence in 

Chapter 3, we carried out a detailed characterization of bis(8-thiolquinolinium) 

hexachloridostannate(IV). In addition, some interesting reaction behaviors of bis(8-

thiolquinolinium) hexachloridostannate(IV) in different solvents are also explored. 

2. (Chapter 4) In recent times, redox innocence properties of N,N´-disubstituted 1,2-

diaminobenzenes have gained significant interest. It is observed that the substituents present in 

NH arms of 1,2-diaminobenzene play important role in the redox non-innocence of the ligand 

and their modification can significantly alter the electronic structural properties of the resulting 

metal complexes. Consequently, various substituents are incorporated to 1,2-diaminobenzene 

and their redox non-innocent behavior towards various metals have been extensively studied in 

the literature. In this context, in Chapter 4, two pyridine rings are incorporated as flanking arms 

to 1,2-diaminobenzene and it is envisaged to explore the redox innocent properties the new 

ligand, namely N,N´-bis(2-pyridyl)benzene-1,2-diamine with Ru and Os metal by means 
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spectroscopic, electrochemical, magnetic and computational investigations. It is believed that 

incorporation of S-acceptor group to the flanking arms would significantly alterate the redox 

properties of the resulting complexes. It is further planned to compare the electronic structural 

properties of the synthesized complexes with similar reported complexes wherein different 

substituents are present in the flanking arms of 1,2-diaminobenzenes.  

3. (Chapter 5) Amidst various pincer scaffolds, NNN- pincer ligands based on pyrrole 

framework have recently drawn significant interest with respect to their interesting structural 

properties and applications.87 However, reports on transition metal complexes and group 16 

complexes of pyrrole based NNN ligands are rather scarce in literature. In Chapter 5, it was 

thought worthwhile to synthesize and explore the structural aspects of  Pd, Pt, Se and Te 

complexes of three pyrrole based NNN-pincer ligands with different side arms, namely 2,5-

bis[(dimethylamino)methyl] pyrrole, 2,5-bis[(pyrrolidino)methyl] pyrrole and 2,5-

bis[(piperidino)methyl] pyrrole. To get detail insight into N�Se/Te bond, comprehensive 

computational study [Atoms in Molecule (AIM), Natural Bond Order (NBO)] has also been 

carried out. 
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Facile Synthesis of Monomeric Lanthanide Chalcogenolates from 

2-(dimethylamino)methyl)phenyltellurolate and Quinoline-8-

tellurolate Ligands  
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2.1 Introduction 

The lanthanoid metals are regarded as hard metal centers and subsequently their chemistry 

has been dominated by hard donor ligands like ethers, amines, amides, etc. However, there have 

been considerable concerns in recent years for the preparation of complexes containing soft 

donor ligands, in particular with those of group 16. This is driven in part not only due to their 

promising technological interests but also from inquisitiveness to improve the understanding of 

such unconventional hard-soft interactions. 

In fact, over the past few decades there have been a meteoric rise in the design and synthesis 

of lanthanoid chalcogenolates due to their appealing variety of architectures, fascinating 

structural chemistry and prospective applications in various aspects such as magnetism,1 

catalysis,2-3 optics, and electronics.4-5 However, the chemistry of this class of compounds 

remains somewhat dormant due to some intrinsic characteristics of lanthanoid ions; such as the 

high and variable coordination numbers and the extreme oxophilicity of the resulting complexes. 

Most often, lanthanoid chalcogenolates were prepared either by the oxidative reactions of 

dichalcogenides (REER) with lanthanoid(II) complexes6 or by reaction of Ln/M amalgam with 

REER and trans-metallation reactions,7-8 or by reactions of lanthanoid chalcogenolates with 

elemental chalcogen, E (E = S/ Se/ Te).9-10 A detailed literature study on the synthesis of 

organolanthanoid chalcogenolate complexes is included in Chapter 1. It is worth mentioning that, 

most of the synthetic protocols for organolanthanoid chalcogenolate complexes afforded clusters 

or polymeric lanthanoid chalcogenolate complexes. Complexes like [(C5Me5)2Sm(P-(Ph)]2 

(E=S, Se, Te),11 (py)8Yb4Se4(SePh)4,12 (THF)8Ln8Se6(SePh)12(Ln=Sm),13 

[Sm7S7(SePh)6(DME)7][Hg3(SePh)7],14 [(THF)3Eu(TeC6H5)2NaTePh]∞15
 are among some 

notable examples. Another important class of lanthanoid chalcogenolates is multinary lanthanoid 

chalcogen complexes. These multinary lanthanoid chalcogen complexes have gained significant 

attention with respect to their synthesis, diverse structural features and applications.16 Flux 

method has been used for the synthesis of most of these multinary lanthanoid chalcogen 

complexes where all the reactants are heated at elevated temperature using a suitable flux. From 

structural point of view, the compounds show a wide range of structural features that can be 

described by the packing of metal-chalcogen polyhedra. In particular, in most of the lanthanoid 

nitride derivatives, the [NLn4]9� unit behaves as fundamental building block, which can 

eventually condense in multiple ways giving rise to a variety of structures. For example, three 
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different crystal structures are observed in ternary compound of the form Ln4N2S3 (Ln = La-Nd, 

Sm); the compound Sm2N2S3 consists of [NLn4]9� unit,17 whereas, bitetrahedra [N2Ln6]12� is the 

main structural composition for the early lanthanoids (Ln = La-Nd).18 An Additional layered 

arrangement of the [NLn4]9� unit is observed in the case of La2N2S3 and Pr2N2S3.19 Another 

important class of compounds which have recently attracted significant attention from the 

perspective of their synthesis as well as topological features is salt-inclusion solids wherein 

covalent metal oxide frameworks created voids which are filled by ionic salt lattice.20-22 

Compounds with such combination of both covalent and ionic sublattices are quite 

unconventional, which eventually makes their synthesis very challenging. Lanthanoid (III) 

chloride oxotellurate (IV), such as Na2Lu3I3[TeO3]4,20 Cs7Sm11Cl16[TeO3]12, 

Rb7Nd11Br16[TeO3]12
21

 and Na2Ln3Cl3[TeO3]4 (Ln = Sm, Eu, Gd, Tb, Dy, and Ho)22 are some 

examples, wherein the molecular structures of the compounds contain cavities created by the 

Ln�O and M�(O, Cl) (M=Na, Cs, Rb) bonds, which are eventually filled by Te4� cation.  

Synthesis of monomeric organolanthanoid chalcogenolate complexes is always a challenging 

topic for the researchers especially due to the high affinity of Ln metals towards higher 

coordination number. Generally, the synthesis of monomeric lanthanoid chalcogenolates is 

achieved by using two approaches: using sterically demanding auxiliary ligands and by 

incorporating chelating ligands. For example, mononuclear bis(cyclopentadienyl)lanthanoid 

alkoxide complexes, (C5H5)2Ln(THF)(OR) [Ln =Nd, Sm, Yb; R=2,4,6-

tris(trifluoromethyl)phenyl] 2.1-2.3 were prepared by reacting sterically bulky ligand, namely 

2,4,6-tris(trifluoromethyl)phenol with (C5H5)3Ln (Ln=Nd, Sm, Yb) (Figure 2.1).23 Similarly, 

reaction of elemental Sm with 1,3,5,7-cyclooctatetraene, HMPA and a bulky disulfide ligand 

afforded monomeric samarium(III) complex 2.4 with formula (K8-C8H8)Sm(SR)Lx, where R= 

2,4,6-triisopropylphenyl and L=HMPA, hexamethylphosphoramide.24 Here, HMPA and the 

bulky thiolate groups play a decisive role in acquiring the mono-nuclearity of resulting complex. 

Similarly, treatment of Yb[N(SiMe3)2]2 with bulky thiol, HSAr*, Ar*= 2,6-Trip2C6H3 (Trip = 

2,4,6-iPr3C6H2) yielded the monomeric ytterbium(II) thiolate complex Yb(SAr*)2, 2.5. Here, 

steric saturation of the ytterbium center is achieved by K6-S-coordinations of two flanking arene 

rings.25 Similar S-encapsulated�1d or Pr selenolate complexes, 2.6-2.7 of the same ligand have 

also been reported.26 The unique structural features in those complexes are Yb···K6-S-

interactions between Yb and two ortho-2,4-6-triisopropylphenyl rings of the terphenyl groups, 
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wherein both terphenyl selenolate ligands are orientated in such a way that the most favorable 

K6-S-arene interactions are obtained. 

 
Figure 2.1. Representative monomeric lanthanoid chalcogenolates 2.1-2.7 using sterically 

demanding ligands approach. 

Another successful approach for the synthesis of monomeric lanthanoid chalcogenolates is 

achieved by featuring chelating ligands. One such example is imidodiphosphinochalcogenido 

anion, [N(EPPh2)2]� where E =S, Se can offer two different coordination modes [K��or�K���Figure 

2.2(a) and 2.2(b) respectively]�to bind to tris(cyclopentadienyl)lanthanoid, Cp3Ln (Ln = La, Gd, 

Yb), thereby affording mononuclear lanthanoid complexes of the form Cp2Ln[N(EPPh2)2], 2.8-

2.12 [Figure 2.2(c)].27 From the solid-state structures of the complexes it is observed that early 

and middle lanthanoids (La, Gd) accommodated η3-coordination from the ligand, whereas the 

ligand provided η2-coordination to the late and smaller Yb centre.  
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Figure 2.2: (a) K��coordination mode of [N(EPPh2)2]� ligand (b) K��coordination mode of 

[N(EPPh2)2]� and (c) monomeric lanthanoid chalcogenolate complexes, 2.8-2.12.  

It is worth noting that the early work in monomeric lanthanoid chalcogenolate was mostly 

dominated by complexes supported by cyclopentadienyl type donors of varying substitutions and 

modifications. However, there have been consistent attempts to design some other ancillary 

ligands as alternatives to the ubiquitous cyclopentadienyl ligands. For example, considerable 

steric congestion offered by heteroallylic ligands viz. benzamidinate anion, [RPhC(NSiMe3)2]� or 

TpMe,Me = tris-3,5-dimethylpyrazolylborate proved to be successful in attaining the mono-

nuclearity of the resulting lanthanoid chalcogenolate complexes. For example reaction of 

YbI2(thf)2 with N,N'-bis-(trimethylsily1)benzamidinates afforded ytterbium(II)benzamidinate,  

[PhC(NSiMe3)2]3Yb. Subsequent reaction of [PhC(NSiMe3)2]3Yb with diphenyldiselenide 

resulted in reductive cleavage of Se�Se bond to afford complex 

[PhC(NSiMe3)2]2Yb(SePh)(THF), 2.13 [Figure 2.3(a)].28 Similarly, when [Sm(TpMe,Me)2] was 

treated with diphenyldichalcogenide, the reductive cleavage of chalcogen-chalcogen bond 

afforded  monomeric isoleptic complexes [Sm(TpMe,Me)2ER], E = S/Se/Te, R=Ph, 2.14-2.16 

[Figure 2.3(b)].29 Here, the coordination environment around the heptacoordinated Sm centre is 

occupied by one chalcogenolate ligand and two pyrazolylborates ancillary ligands in K3-fashion. 

From the molecular structures of the complexes, it was observed that there was a significant 

distortion of pyrazolylborate ligands away from C3 symmetry. This arises from the twisting of 

individual pyrazolylborate ligand around the B�N bond. The twisting played crucial role in 

obtaining an effective π-stacking of the phenyl group with one pyrazolyl ring. It is noteworthy 

that the π-stacking suffices the coordination environment of the samarium chalcogenolate 

complexes to attain their mono-nuclearity. 
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Figure 2.3. Representative examples of monomeric lanthanoid complexes 2.13-2.14 using 

alternatives of Cp ancillary ligands. 

2.1.1 Influence of metal, chalcogen and solvents on nuclearity of lanthanoid chalcogenolates 

Although steric demands of the ancillary ligands or the chelation play an imperative role 

in determining the mono-nuclearity of lanthanoid complexes, the roles of ionic radii of the metal 

and of E and R of the chalcogenolate ligand and nature of the solvent molecules also have 

significant influence on it. Brennan and co-workers have systemically investigated the role of 

metal on the nuclearity of the complexes and found that in case of lanthanoid benzenethiolates 

and selenolates, the possibility of oligomerization increases with the increase in size of the 

metal.30 This trend is best illustrated in the case of benzeneselenolate compounds, where the 

small metal Er gives mononuclear complexes of the type (THF)3Er(SePh)3, 2.17 (Figure 2.4). On 

the other hand, Sm affords dimeric complexes [(py)3Sm(SePh)3]2, 2.18 (Figure 2.4) and early 

lanthanoid Nd affords polymeric [(THF)4Nd3(SePh)9]n, 2.19 (Figure 2.4). 

 

 

 

 

 

 

Figure 2.4. Effect of the metal size on nuclearity of lanthanoid complexes; smaller metal (Er) 

prefers mono-nuclearity while larger Nd tends to form polymer.  
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Like lanthanoid metals, the nature of chalcogen elements clearly has influences on the 

aggregation. For instance, the smaller and more electronegative SPh ligand is a stronger donor 

towards Ln ions in comparison to the larger and less electronegative SePh ligand. Consequently 

S has greater tendency for bridging than the higher congeners. This can be best observed in case 

of trivalent lanthanide chalcogenolate complexes, where Ln(SPh)3 complexes are sparingly 

soluble in THF while Ln(SePh)3 complexes are considerably more soluble. Steric properties of 

chalcogenolates also have prominent influences on the structure of the lanthanoid 

chalcogenolates, especially in terms of secondary coordination sphere interactions. In case of 

benzenethiolate and benzeneselenolate, it is apparent from the acute Ln-E-C(Ph) angles (Figure 

2.5) that the ligand-ligand repulsion will be significantly reduced with the increase in chalcogen 

size. Consequently, the possibility of higher coordination number of the complexes increases 

with the increase in chalcogen size. This effect can be best illustrated taking divalent Ln(EPh)2 as 

examples, where, smaller chalcogens (S, Se) resulted in octahedral complexes (py)4Yb(EPh)2 

(E=S, Se), 2.20-2.21; whereas with Te a pentagonal bipyramidal complex (py)5Yb(TePh)2, 2.22 

was obtained. 

 

 

 

 

 

 

 

 

 

Figure 2.5. Effect of chalcogen size on the coordination number and geometry, where EPh (E = 

S, Se) afforded hexacoordianted complex and TePh afforded heptacoordianted complex.  

Similarly, the nature of solvent also plays important role on nuclearity of the resulting 

lanthanoid complexes. In comparison to THF, the more basic pyridine displaces the bridging 

chalcogenolates more efficiently to form less extended structures. For example, while comparing 

the molecular structures of [(THF)4Sm3(SePh)9]n and [(py)3Sm(SePh)3]2, it is observed that in 
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case of weaker THF donor, Sm(SePh)3 crystallizes as a one-dimensional polymer 

[(THF)4Sm3(SePh)9]n with six bridging selenolates per one Sm(III) ion. On the other hand, the 

bridging interactions was significantly disrupted by stronger pyridine donor and a structure with 

only two bridging benzeneselenolates per one Sm metal is observed in [(py)3Sm(SePh)3]2.31 This 

effect also becomes apparent from the greater solubility of Ln(SPh)3 in pyridine relative to THF.  

2.2 Objectives 

As discussed in Chapter 1, Intramolecular Chalcogen Bonding (IChB) interactions or simply 

secondary bonding interactions play significant roles in stabilising organochalcogen derivatives.  

These intramolecular interactions have found usage in the literature for the isolation of 

monomeric metal chalcogenolates.32 For example, Brennan and co-workers have reported the 

synthesis of a series of metal selenolates/thiolates complexes using the pyridineselenolate ligand 

where the coordination from the pyridine nitrogen atoms played significant role in the stability of 

the complexes.32f More recently, Mugesh et al. have reported the isolation of monomeric group 

12 metal (Zn, Cd, Hg) chalcogenolates (S, Se, Te) with the help of intramolecular secondary 

bonding interactions, which otherwise have tendency to form polymers through bridging by the 

chalcogenolate ligands.32g-i In particular, they have reported the synthesis of homoleptic Zn(II), 

Cd(II) and Hg(II) chalcogenolates incorporating the intramolecularly chelating oxazoline ligands 

by the metathesis reaction of OxE�Li�� [Ox = 2-(4,4-dimethyl-2-oxazolinyl)benzene; E = 

S/Se/Te] with corresponding metal salts. In the complexes, the oxazoline rings from the side 

arms offered chelation to the metal centre, thereby resulting in mono-nuclearity of the 

complexes. However, to best of our knowledge, such kind of hybrid, IChB stabilized 

multidentate ligands containing ‘soft’ chalcogen atom and ‘hard’ N atom have not been used for 

the isolation of monomeric lanthanoid complexes. Hence, in the present chapter, it was 

envisaged to explore the reaction of IChB stabilised ditellurides namely, bis[2-

(dimethylamino)methyl)phenyl]ditelluride, and 8,8'-diquinolyl ditelluride with lanthanoids. It is 

believed that the donor nitrogen atoms from the auxiliary arms, which were involved in 

secondary bonding interactions with tellurium (N···Te), would act as chelating arms to the metal 

centres, thereby resulting in the formation of monomeric lanthanoid metal complexes. It was 

further planned to get a detailed insight into the structural aspects of the complexes, especially 

with respect to the bonding between the hard Ln centres and the soft Te atoms. 
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2.3 Results and discussion 

The ditelluride, bis[2-( (dimethy1amino)methyl)phenyl] ditelluride, 2.23 was synthesized 

following the reported procedure.33a Treatment of N,N-dimethylbenzylamine with nBuLi 

followed by the addition of tellurium powder and subsequent oxidative workup afforded bis[2-( 

(dimethy1amino)methyl)phenyl] ditelluride, 2.23 (Scheme 2.1).  

 

 

 

Scheme 2.1. Synthesis of bis[2-(dimethylamino)methyl)phenyl]ditelluride, 2.23. 

8,8'-Diquinolyl ditelluride, 2.24 was synthesized by reacting 8-bromoquinoline with disodium 

ditelluride, Na2Te2. 8-Bromoquinoline was first synthesizes by modified Skraup reaction wherein 

2-bromoaniline was treated with glycerol and meta-nitrobenzenesulfonic acid sodium salt in the 

presence of methanesulfonic acid and ferrous sulphate hexahydrate.33b When 8-bromoquinoline 

was treated with in situ generated Na2Te2, it afforded 8,8'-diquinolyl ditelluride, 2.24 (Scheme 

2.2).   

 

Scheme 2.2. Synthetic route for 8,8'-diquinolyl ditelluride, 2.24. 

Both ditellurides 2.23 and 2.24 were characterized by 1H, 13C and 125Te NMR 

spectroscopy, where the NMR spectra of 2.23 matched well with the literature values.33a In 

particular, in the 1H spectrum of 2.23, the chemical shifts in the region 6.9-8.0 ppm correspond 

to the aromatic protons. The NMR resonance at 3.5 and 2.3 ppm were assigned to ‘methine’ and 

‘methyl’ protons respectively. In the 125Te NMR spectrum of 2.23, a single peak was observed at 
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353.2 ppm. In the 1H spectrum of 2.24, six discrete resonances were observed in the aromatic 

region ( 7.3 – 9.0 ppm) corresponding to six protons of the quinoline ring. The 125Te chemical 

shift was observed at 220 ppm, which is significantly shielded with respect to 2.23. The upfield 

shift of 125Te in 2.23 might be attributed to weaker Te···N interaction as compared to 2.24. 

 When bis[2-(dimethylamino)methyl)phenyl]ditelluride, 2.23 was reacted with Eu metal 

in acetonitrile or THF, reduction of the Te-Te bond took place and the reaction afforded 

monomeric lanthanoid complexes of the form Eu(TeR)2(Solv)2 [R=2-(Me2NCH2)C6H4] 

(Solv=THF/acetonitrile) , 2.25-2.26 (Scheme 2.3). Similarly, the reaction of Yb metal with 2.23 

in THF/pyridine afforded the isostructural complexes Yb(TeR)2(Solv)2 (Solv=THF/pyridine), 

2.27-2.28. It is worth mentioning that the surfaces of Yb metal needed to be activated by a drop 

of Hg0 prior to the reaction with ditellurides. However, Eu being more reactive does not require 

activation by Hg0. 

 

 

 

 

 

Scheme 2.3. Synthesis of lanthanoid complexes of 2-(dimethylamino)methyl)phenyl tellurolate 

ligand, 2.25-2.28. 

The same observation was also made in the reaction of 8,8'-diquinolyl dichalcogenide, 2.24 with 

lanthanoid metals, wherein Ln undergoes similar oxidative addition to give divalent, monomeric 

complexes of the form [Ln(ENC9H12)2(Solv)n] (Ln=Eu,Yb, E=Te, Solv=THF, DME), 2.29-2.30 

(Scheme 2.4). However, unlike the earlier cases where 2-(dimethylamino)methyl)phenyl 

tellurolate ligand yielded hexacoordinated lanthanoid complexes (2.25-2.28), in case of the 

quinoline-8-tellurolate, a significant difference in coordination number of the resulting 

complexes was observed as evident from their molecular structures. For instance, in THF as 

solvent, it resulted in the isolation of heptacoordinated complex, [Eu(TeNC9H6)2(THF)3], 2.29 
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where two quinoline moieties occupied four coordination sites and three coordination sites were 

occupied by THF molecules. On the other hand, in solvent DME, the coordination from two 

tellurolate ligand and two DME molecules resulted in octacoordinated complex, 

[Eu(TeNC9H6)2(DME)2], 2.30. The formation of high coordination number complexes in case of 

the quinoline-8-tellurolate ligand is attributed to the fact that, herein, unlike 2-

(dimethylamino)methyl)phenyl tellurolate ligands, the quinoline moieties with their rigid 

aromatic ring occupy one side of the Ln metal, which consequently leave enough spaces for three 

THF ( or tow DME) molecule to sit around Ln. 

 

Scheme 2.4. Ln complexes of quinoline-8-tellurolate ligand, 2.29-2.30 

Interestingly, when the reaction of 8,8'-diquinolyl ditelluride, 2.24 was performed with Yb metal 

in DME at slightly harsh condition i.e. at 50 °C, the reaction took a different course and resulted 

in the formation of complex 2.31(Scheme 2.5). In particular, one of the methoxy C�O bonds of 

the DME molecule underwent cleavage resulting in the formation of a 2-methoxethanonolate 

ligand, which eventually acts as bridging ligand to give rise to a Yb(III) complexes of the form 

[Yb(TeNC9H12)2(P-OCH2CH2OMe)]2. Here, each Yb is heptacoordinated where two quinoline 

moieties occupy four coordination sites on each Yb molecule and rest of the three coordinations 

were satisfied by bridging methoxythanonolate ligand. Although, there is no dearth of literature 

reports regarding metal complexes bridged by methoxythanonolate ligand as the latter can be 

easily obtained by simple deprotonation of 2-methoxyethanol,34 however only a few reports are 

available for transition/lanthanoid metal facilitated formation of methoxyethanolate ligand by the 

activation of DME molecule.35 Nevertheless, the cleavage of solvent molecule such as THF 

during coordination to a lanthanoid metal is well documented in the literature and considered to 

be an interesting phenomenon.36 
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Scheme 2.5. DME bridged Yb complexes of quinoline-8-tellurolate ligand, 2.31. 

Due to the paramagnetic nature of the Eu complexes, hydrolysis NMR has been carried out by 

using triflic acid in D2O and C6D6. It is worth noting that when lanthanoid tellurolate was 

hydrolysed in acidic medium, first it gave tellurol (RTe-H). The tellurol, being very unstable in 

acidic medium can undergo several competing reactions, such as oxidation to give ditelluride, 

telluroester, telluroxide etc. Liberation of elemental tellurium from the reaction is also expected 

in acidic medium. Consequently, hydrolysis NMR cannot be unambiguously used for the 

characterizations of the complexes.  Nevertheless, the peaks corresponding to the ligands can be 

observed in the hydrolysed spectra along with the other peaks. Again, the Yb complexes were 

found to be extremely sensitive in nature, the crystals immediately turn black indicating its 

decomposition once it was removed from the mother liquor. This might be due to the de-

solvation of the complex. Addition of dry THF from outside or any deuterated solvent does not 

re-dissolve the complexes, which in turn precluded the precise characterization of the complexes, 

2.27-2.28, 2.31 by NMR studies. The percentage of metal has been determined by metal analyses 

which are carried out by titration of HCl-digested samples against Na2H2EDTA in hexamine-

buffered solution with xylenol orange indicator. The metal percentages were found to be in 

agreement with the calculated values.  

2.4 Structural studies  

All samples were coated in viscous oil and mounted in a cryostream using the MX1 and MX2 

macromolecular beamlines at the Australian Synchrotron, where the data and integration were 

completed by Blu-ice37 and XDS38 software programs, respectively. Structural solutions were 

obtained by Direct methods39 and refined using full matrix least-squares methods against F2 

using SHELX9739 within the OLEX 240 interface 
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The molecular structure of 2.24 is shown in the Figure 2.6. Single crystals of 8,8'-

diquinolyl ditelluride, 2.24 were obtained by slow evaporation from diethyl ether solution. It 

crystallises in triclinic fashion with space group P-1. The Te1�Te1A distance is found to be 

2.710(12) Å. This distance is close to that of the Te�Te distance of reported for bis(2-naphthyl) 

ditelluride [2.7179(6) Å].41 The Te�C bond lengths [Te1�C1 2.145(11) Å, Te1A-C1A 2.099(9) 

Å] correspond to typical Te�C single bond as suggested by Pauling (2.14 Å).42a The tellurium–

nitrogen interatomic distances [N(1)·· ·Te(1) 2.985(8) Å, N1A�Te1A 2.980(8) Å, ] are larger 

than the sum of their covalent radii (2.70 Å)42a-b but are much shorter than the sum of the van der 

Waals radii for tellurium and nitrogen (3.65 Å).42c Consequently, the quinoline nitrogen is 

involved in strong secondary bonding interactions with the Te atom. However, the N···Te 

distances in compound 2.24 is significantly shorter as compared to compound 2.23 [2.903 Å and 

2.848 Å].41b This observation correlates with the respective 125Te NMR spectra of the 

compounds 2.23 and 2.24, as a stronger secondary bonding interaction is expected to cause 

downfield shift of the 125Te NMR resonance. 

 

 

 

 

Figure 2.6. Molecular structure of 8,8'-diquinolyl ditelluride, 2.24. Ellipsoids shown at 50% 

probability, hydrogen atoms removed for clarity 

The molecular structures of Eu complexes of 2-(dimethylamino)methyl)phenyl tellurolate ligand, 

2.25-2.26 are shown in the Figure 2.7. A comparative study of the selected bond lengths and 

bond angles of the complexes are listed in Table 2.1. In both these complexes, the six-

coordinated lanthanoid metal atom sits on a crystallographically imposed center of inversion, 

containing two 2-(dimethylamino)methyl)phenyltellurolate ligands in trans arrangement. Each 2-

(dimethylamino)methyl)phenyltellurolate ligand fills two coordination sites, one from the 

tellurium and the other from the nitrogen atom; both these atoms are involved in the formation of 

a six membered chelating ring to the metal. The rest of the two coordination sites around the 
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divalent metal centre are occupied by two solvent molecules. Both the complexes are 

isostructural where the geometry around the Ln metal centre is octahedral, both the tellurolate 

ligands occupying the trans position with the angle Te-Eu-Te1=180°, N�Eu�N1=180° and 

D�Eu�D1=180° (where D = donor atom of the solvent molecule). The nitrogen donor atom of 

tellurolate ligand furnishes an N1�Ln –Te1 bite angle of close to 90° in both cases (Table 1.1). 

In the molecular structure of the complexes 2.25 and 2.26, of particular interest is the Eu�Te 

distance 3.2576(13) Å and 3.2258(8) Å respectively. This distance is significantly shorter as 

compared to the reported Eu�Te distance observed in the 1D polymer of [(THF)2Eu(TeC6H5)2]∞ 

[3.335(2)-3.359(2)],15 which is expected as in the latter Eu metals are bridged through Te atoms 

resulting in lengthening of the Eu�Te bond distance. However, the absolute Eu�Te bond 

distance in complexes 2.25 and 2.26 cannot accurately be explained by Shannon’s radii, as the 

predicted value (3.37Å) is significantly longer than the value observed experimentally.43  

 

 

 

 

 

2.25                                                          2.26 

Figure: 2.7. Molecular structure of [Eu(TeNC9H12)2(THF)2], 2.25. and [Eu(TeNC9H12)2(THF)2] 

2.26. Ellipsoids shown at 50% probability, hydrogen atoms removed for clarity 

In cases of the molecular structures of ytterbium tellurolate complex [Yb(TeNC9H12)2(THF)2] 

2.27 and [Yb(TeNC9H12)2(pyridine)2] 2.28 (Figure 2.8), the Yb�Te distances are found to be 

3.1611(12) and 3.1535(6)Å respectively. Both these distances are in same the range of Yb�Te 

distances (3.13-3.21Å) observed in the 1D coordination polymer [(THF)2Yb(P-

TeC6H5)2·1/2THF]∞.
15

 As expected from Shannon’s radii, the Yb�Te distances in 2.27 and 2.28 

are significantly shorter than reported for heptacoordinated ytterbium tellurolate, 

(pyridine)5Yb(TePh)2 [3.248(1) and 3.315(1)Å],31 and Cp*2Yb(TePh)(NH3) [3.039(1)Å].44 
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According to Shannon’s ionic radii, there is 0.15 Å difference between the ionic redii of Eu(II) 

and Yb(II) for coordination number 6.43 Consequently, one would expect the Eu�Te bond length 

to be 0.15 Å longer than that of Yb�Te bond distance. In our observation, the actual change in 

Ln-Te distances while moving from Eu to Yb is found to be in the range 0.06-0.1 Å.                                                                                                 

 

 

 

                                          

 

2.27                                                            2.28 

Figure 2.8. Molecular structures of [Yb(TeNC9H12)2(THF)2], 2.27 and 
[Yb(TeNC9H12)2(pyridine)2], 2.28. Ellipsoids shown at 50% probability, hydrogen atoms 
removed for clarity. 

Table 2.1. Selected bond lengths (Å) and angles (°) in the crystal structures of complex 2.25-2.31 

               (Here D= Donor atom of the solvent molecule) 

  2.25 2.26 2.27 2.28 2.29 2.30 2.31 

Ln1-Te1 3.2576(13) 3.2258(8) 3.1611(12) 3.1535(6) 3.3011(10) 3.2702(14) 3.0101(19) 

Ln1-Te2 3.2576(13) 3.2258(8) 3.1611(12) 3.1535(6) 3.2715(10) 3.2702(14) 3.022(2) 

Ln1-N1 2.660(3) 2.677(3) 2.566(3) 2.593(4) 2.640(8) 2.729(8) 2.48(2) 

Ln1-N2 2.660(3) 2.677(3) 2.566(3) 2.593(4) 2.682(8) 2.729(8) 2.47(2) 

Ln1-D1 2.581(3) 2.653(3) 2.475(2) 2.571(4) 2.608(8) 2.730(8) 2.433(16) 

Ln1-D2 2.581(3) 2.653(3) 2.475(3) 2.571(4) 2.560(7) 2.662(8) 2.184(14) 

Ln1-D3     2.568(7) 2.662(8) 2.221(13) 

Ln1-D4      2.730(8)  

Te1-Ln1-Te2 180.0 180.0 180.0 180.0 176.78(2) 107.93(4) 172.70(6) 

N1-Ln1-N2 180.0 180.0 180.0 180.0 77.8(2) 124.2(4) 72.9(7) 

N1-Ln1-Te1 82.62(6) 80.81(6) 84.79(7) 84.01(10) 67.39(18) 67.14(18) 73.6(5) 

N1-Ln1-Te2 97.38(6) 99.19(6) 95.21(6) 95.99(10) 113.71(18) 80.68(19) 99.9(5) 

N2-Ln1-Te1 97.38(6) 99.19(6) 95.21(6) 95.99(10) 116.01(18) 80.7(2) 101.2(7) 

N2-Ln1-Te2 82.62(6) 80.81(6) 84.79(6) 84.01(10) 67.19(18) 67.14(18) 73.3(7) 
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The molecular structures of complexes 2.29 and 2.30 are shown in Figure 2.9. As 

mentioned earlier, when the tellurolate ligand has been changed from 2-

(dimethylamino)methyl)phenyltellurolate to quinoline-8-tellurolate, there are significant changes 

in the coordination environment around the complexes. In particular, in THF quinoline-8-

tellurolate resulted in seven coordinated europium complex [Eu(TeNC9H6)2(THF)3] 2.29, 

whereas in DME, it afforded eight coordinated complex Eu(TeNC9H6)2(DME)2] 2.30. In both the 

complexes, quinoline nitrogen atoms made five membered chelating rings with the metal centres. 

In complex 2.29, the two quinoline-8-tellurolate ligands occupy axial position where both the 

tellurium atoms are trans to each other, as evident from Te1�Eu�Te2 angle of 176.78 (2) Å. 

Three THF molecules reside in a T-shape arrangement with Eu atom. The two nitrogen donor 

atoms from both the tellurolate ligands furnish an N1�Eu1�N2 angle of 77.8 (2) Å indicating 

their cis arrangement around Eu metal centre. However, a completely different spatial 

arrangement of the quinoline-8-tellurolate ligands is observed in complex 2.30, as evident from 

the remarkable difference in Te1-Eu1-Te2 angle [107.93(4) Å] and N1�Eu1�N2 angle [124.2(4) 

Å] in comparison to that of the 2.29. In complex 2.30, the eight-coordinate Eu atom sits on a 

crystallographically imposed centre of inversion. The Eu�Te bond distances in 2.29 [3.2715(10) 

and 3.3011(10) Å] and 2.30 [3.2702(14) Å] are slightly longer than that observed for 2.25 and 

2.26. The N�Eu�Te bite angles in complex 2.29 are found to be 67.19 (18) Å and 67.39 (18) Å. 

A similar bite angle [67.14(18) Å] is observed in 2.30. Expectedly, these bite angles are 

significantly smaller as compared to that of hexacoordinated complex 2.25 and 2.26.  

 

 

 

 

 

1.29                                                                      1.30 

Figure 2.9. Molecular structure of 2.29 and 2.30. Ellipsoids shown at 50% probability, hydrogen 

atoms removed for clarity. 
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The molecular structure of 2.31 is shown in Figure 2.10 which infers a dimeric structure 

with crystallographically imposed inversion center. Here each trivalent Yb metal centers is 

coordinated to two quinoline-8-tellurolate ligands. The two metal centres are bridged by alkoxy 

oxygen atom of two methoxyethanolate ligands thereby forming a Yb2O2 core with P2-bridging 

oxygen atom. The distance of the bridging oxygen atoms from the metal centres are 2.184(14) Å 

(Yb1�O2) and 2.221 (13) Å (Yb1�O2´). These Yb�O distances are close to the bridging bonds 

observed [2.198 (3) and 2.191 (3) Å] in the dimeric complex [Cp´YbCl(P-OC2H4OMe)]2 [where, 

Cp´ = 1,2,4-(Me3C)3C5H2].35c The coordinative bond distance of 2.433(16) Å between the Yb 

metal centre and the oxygen atom is significantly longer than the Yb�O bridging bonds. The 

non-bonding distance between the two metal centres is 3.589 (2) Å, which is in agreement with 

the distance observed in [Cp´YbCl(P-OC2H4OMe)]2 [3.5874(8) Å]. While comparing with 2.27 

and 2.28, the Yb�Te distances [3.011(19) and 3.022 (2) Å] in 2.31 are observed to be 

significantly shorter. The Te1–Yb�Te2 angle of 172.70(6)° indicates a trans arrangement of the 

quinoline-8-tellurolate ligand around Yb metal with respect to Te atom, whereas the cis arranged 

N1�Yb�N2 furnishes an angle of 72.9(7) Å.  Again the O1�Yb1�O2 distance is found to be 

70.6(5)°, which is in agreement with that of 70.36(12)° observed in [Cp´YbCl(P-OC2H4OMe)]2. 

 

 

 

 

 

Figure 2.10. Molecular structure of [Yb(TeNC9H12)2 (P-OCH2CH2OMe)]2, 2.31. Ellipsoids 

shown at 50% probability, hydrogen atoms removed for clarity. 

The Crystal Data and Structural Refinement for Complexes 2.24-2.31 are shown in Table 2.2. 
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2.5 Computational studies 

2.5.1 Computational Details 

 Although no experiment has been carried out to calculate the magnetic properties of the 

synthesized complexes, however, it was envisaged to theoretically explore the magnetic 

behaviour of the complexes. All the first principle calculations have been performed using 

MOLCAS 8.0 and ORCA 4.0.1 programme package.45, 46 In MOLCAS for estimating magnetic 

anisotropic properties we have employed CASSCF-RASSI-SO method. For this basis sets were 

chosen from ANO-RCC (atomic natural orbital-relativistic core contracted) basis set library- 

ANO-RCC-VTZP for Lanthanides (Ln = Yb, Eu) and Te center, ANO-RCC-VTZ for N, O 

centres and ANO-RCC-VDZ for C and H centres. Douglas-Kroll-Hess Hamiltonian was used to 

incorporate the scalar relativistic effect into the calculation. During the CASSCF (complete 

active space self-consistent field) step n electrons in metal 4f orbitals i.e., CAS(n,7) was chosen. 

In case of Yb seven doublet roots and for Eu one octet and 48 sextet roots were allowed to 

interact in the RASSI-SO (Restricted Active Space State Interaction-Spin Orbit) step. The g-

tensors and other Spin-Hamiltonian parameters were computed using SINGLE_ANISO module. 

We have also performed CASSCF-LFT (ligand field theory) calculations in ORCA 4.0.1 

software. Here for Eu we have employed relativistic SARC-DKH-TZVP basis, DKH-def2-

TZVP(-f) basis for O, N, Sapporo-DKH3-DZP basis for Te and DKH-def2-SVP basis set for C 

and H. In the CASSCF step, 7 electrons in 7 4f orbitals were correlated with 1 octet and 48 

sextets. The LFT operator has been introduced on the top of CASSCF wavefunction.  

 Also DFT (density functional theory) calculations have been carried out in Gaussian 09 

programme (version D.01).47 Here unrestricted-B3LYP functional was used along LANL2DZ for 

Te, CSDZ basis set for Ln and TZVP for rest of the atoms. Further NBO (Natural Bond Orbital) 

analysis was performed using Gaussian NBO version 3.1.   

2.5.2 Theoretical Study on [Eu(TeNC9H6)2(THF)3], 2.29 

A representative theoretical calculations on Eu2+ complex have been performed on 2.29. Since, it 

is 4f 7 system, therefore possesses no orbital contribution to the magnetic moment. Being a spin 

only system the ground state is stated as totally symmetric 8S term. The CASSCF computed 

shows that the first excited sextet state is ~36000 cm�1 apart from the ground state [Figure 
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2.11(a)]. Very small second order spin-orbit coupling splits the MS levels into four Kramers 

doublets. The computed g tensors show an isotropic 2.00 value. Thus very weak spin-orbit 

coupling splits the MS levels from a ground state to 1st excited state with computed energy gap of 

0.17 cm�1 (see Figure 2.11(a) inset).  Ligand field f-orbital splitting diagram shows a very small 

splitting which is close 600 cm�1. The correlated CASSCF-LFT orbitals are shown in Figure 

2.11(b). This figure also indicates a pure f-orbital character of the complex.  

 

Figure 2.11. (a) (Left) Spin-free and spin-orbit energy states computed from CASSCF+RASSI-

SO method of Eu complex. (b) (Right) Ligand field splitting diagram of 4f-orbitals of the Eu 

complex computed from CASSCF-LFT method.    

Therefore, the DFT computed shows a spherically symmetric spin density of 7.034 value (Figure 

2.12). From the spin density plot it is observed that there is a significant alpha spin polarization 

on the Eu2+ centre exist from surrounding coordinating atoms. Hence the coordinating atoms 

show a beta spin density -0.0016 on Te, �0.007 on N and �0.001 on O atoms (Figure 2.12). NBO 

analysis confirms that the seven 4f orbitals on Eu centre are purely metal centered (99.99%) f-

character orbitals.  
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Figure 2.12. Spin density plot of the 2.29 with isosurface value of 0.0002 e/bohr3.  

2.5.3 Theoretical Study on [Yb(TeNC9H12)2 (P-OCH2CH2OMe)]2, 2.31 

This Yb(III) dimer showed some interesting magnetic anisotropy which was studied with ab 

initio methods. Since Yb(III) is a f 13 system, so it has only one unpaired electron in 4f orbital. 

Due to strong spin-orbit coupling, it’s ground state spin-free composed of 2F term with a ground 

state J (L+S coupling constant) consist of 7/2. Therefore, the spin-orbit ground state has four 

Kramers doublets (KDs) from which molecular magnet property arises. The 

CASSCF+RASSI+SO+SINGLE_ANISO calculations reveals an effective energy barrier of 274 

cm�1, which is theoretically one of the highest reported spin reversal barrier (Ueff) for a single 

Yb(III) centre [Figure 2.13(a)]. During single_aniso we have substituted one Yb(III) centre with 

diamagnetic Lu(III) species. Although this reported barrier is very high but small magnetic 

exchange interaction may reduce or increase this barrier.  

   The computed ground state major magnetic anisotropy axes for the two Yb centres, i.e., gZZ 

axes have been shown together in Figure 2.13(b). The centres have nearly equivalent symmetry 

and hence the gZZ axes are almost parallel to each other. Since, the symmetry around the Yb 

centre is not exactly pentagonal bipyramidal (D5h) so the gZZ axis is not exactly along the Yb�Te 

bond axis but somewhat tilted. Since Yb(III) is a prolate ion and the stronger donating ligands 

such as O, N atoms are in equatorial position while weaker donating telluride is in axial position, 
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the ground state wave function depicts a pure (94%) J = r7/2 ground state (see Table 2.3). The g 

values also support an axial type anisotropy with a small rhombic part gz = 7.55, gy= 0.37 and 

gx= 0.22. From Figure 2.13(a), the ground state quantum tunnelling shows a small 0.09 value 

(red dotted line). The first excited state is 274 cm�1 apart and the gz angle indicates a relaxation 

of magnetization via this 1st excited state. The relaxation pathway reveals a Raman+Orbach type 

of relaxation (black dotted arrow + red dotted arrow) with an effective barrier of 274 cm�1 [see 

Figure 2.13(a)]. Since it is a dimer, so magnetic interaction could play an important role in 

reducing or increasing the effective energy barrier. This much of high barrier height for a single 

Yb(III) is reported to be one of the highest Ueff and therefore may show single molecule magnet 

(SMM) properties which further require experimental magnetic DC/AC.48-50        

Table 2.3. Ab initio computes spin-orbit energy levels along with g-tensor values and 

wavefunction decomposition.  

Ab initio 

Energy of the 

Kramers’ 

pairs 

g
x
 g

y
 g

z
 

Angle 

between g
z
 

axes 

Wavefunction 

analysis 

0.0 0.22 0.37 7.55 - 94%|r7/2² 

273.6 1.38 1.57 6.20 58q 
45%|r5/2², 

30%|r1/2² 

322.5 1.61 1.96 5.10 81q 
21%|r5/2², 

14%|r3/2² 
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Figure 2.13. (a) (Left) SingleAniso computed magnetization reversal barrier with the relaxation 

mechanisms. (b) (Right) gZZ axes direction on the two Yb(III) centre.  

2.6 Conclusion 

A series of monomeric Eu(II) and Yb(II) tellurolate complexes are synthesized by using hybrid, 

Intramolecular Chalcogen Bonding stabilized organotellurolate ligands, namely 2-

(dimethylamino)methyl)phenyltellurolate and quinoline-8-tellurolate ligand. In all the complexes 

the donor atoms from side arms, which were involved in secondary bonding interaction with 

tellurium (N···Te), form six membered [in case of 2-(dimethylamino)methyl)phenyltellurolate 

ligand] or five membered [in case of quinoline-8-tellurolate ligand] chelating rings with the 

metal centre. It is, in fact, the Ln·· ·N interactions, together with the steric bulk of the ligands, 

which prevented the formation of higher order aggregates and confined the molecules to 

monomers. Although the synthesis of monomeric lanthanoid chalcogenolate complexes has still 

remained a challenging task in inorganic chemistry, herein we have provided the detailed insight 

into the age-old academic curiosity on the Ln-chlacogen bonds. All the complexes are 

characterized by single crystal X-ray diffraction studies. From the structural characterizations of 

the complexes, it can be inferred that the Ln-chalcogen bond lengths in all the complexes can be 

predicted from ionic radius summation rules. However, some degree of covalent bonding also 

contribute to the stability of the complexes. While only a handful reports are available on 

monomeric ytterbium tellurolate complexes, there is no report available on the isolation and 
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structural characterization of monomeric europium tellurolate complexes to best of our 

knowledge. As such the europium complexes reported here are first of their kinds for any 

tellurolate ligand.  

2.7 Experimental section 

All the manipulations were carried out under nitrogen atmosphere using standard Schlenk techniques 

unless otherwise noted. Solvents were purified and dried by standard procedures and were distilled 

prior to use. 1H (400 MHz and 500 MHz), 13C (100.56 MHz and 125 MHz), 77Se (76.3 MHz) and 125Te 

(157.97 MHz) nuclear magnetic resonance spectra were recorded on Bruker AV 400 and Bruker AV 

500 spectrometers at 25 oC. Chemical shifts are cited with respect to Me3Si as internal standard (1H and 
13C) and Me2Se (77Se) and Me2Te (125Te) as external standards. IR spectra were collected using an 

Agilent Cary 630 attenuated total reflectance (ATR-IR) spectrometer between 4000 and 600 cm�1. 

Microanalyses were performed by the Elemental Analysis Service of London Metropolitan University 

(UK). Metal analyses were performed by titration of HCl-digested samples against Na2H2EDTA in 

hexamine-buffered solution with Xylenol orange indicator 

Synthesis of bis[2-(dimethylaminomethyl)phenyl] ditelluride, 2.2333a 

To a stirred solution of N,N-dimethylbenzylamine (1.53 cm3, 1.37 g, 10.2 mmol) in dry 

diethyl ether (50 cm3) 1.6 mol dm�3 solution of n-butyllithium in hexane (6.4 cm3, 10.2 mmol) 

was added dropwise by a syringe. A white slurry of the lithiated product was obtained on stirring 

for 32h at ambient temperature. Tellurium powder (0.80 g, 10.2 mmol) was added and stirring 

was continued for 4h for complete consumption of tellurium. The reaction mixture was then 

poured into a beaker containing aqueous NaHCO3 and oxygen was passed at a moderate rate for 

half an hour. The product was extracted with diethyl ether. The organic layer was separated, 

dried over anhydrous Na2SO4 and was evaporated to dryness to give a yellow oil. To this 

methanol was added (5 cm3) and the solution was allowed to diffuse slowly. The yellow coloured 

solid obtained was recrystallized in chloroform to give the pure titled compound. 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.01-7.98 (d, 2H), 7.15- 6.98(m, 6H, Ar-H), 3.55 (s, 4H, 

CH2), 2.30 (s, 12H, NMe2). 
13C NMR (100 MHz, CDCl3): G (ppm) 140.8, 138.9, 129.1, 128.0, 127.7, 113.0, 66.3, 43.8. 
125Te NMR (500 MHz, CDCl3): G (ppm) 353.2 ppm 
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Synthesis of 8,8'-diquinolyl ditelluridee, 2.24 

 To a vigorously stirred mixture of powdered NaOH (1.5 g, 38.0 mmol), tellurium powder 

(2.0 g, 25.0 mmol) and DMF (20 ml), 100% hydrazine hydrate (1 ml, 25.0 mmol) was added 

dropwise at room temperature. The mixture was stirred for 7h. 8-bromoquinoline (4.2 g, 25.0 

mmol) was added drop-wise to the reaction mixture and refluxed for 3 days. After all the starting 

material was consumed, as evident by TLC, the reaction was stopped and diluted with water. The 

mixture was extracted with diethyl ether (4×100 ml) and the organic layer was dried over 

anhydrous sodium sulphate. Removal of solvent in vacuo afforded the titled compound as a 

yellow crystalline solid.  

Yield: 78 %, m.p.: 200°C. 
1H NMR (400 MHz, CDCl3): 9.0 (d, 2H), 8.2 (dd, 2H), 8.0 (dd,2H), 7.7 (dd,2H), 

7.5(dd,2H),7.3(dd,2H). 
13C NMR (100 MHz, CDCl3): 149.5, 146.8, 136.3, 131.5, 128.8, 128.2, 127.4, 125.8, 121.7 
125Te NMR (500 MHz, CDCl3): 220.2 ppm 

Synthesis of [Eu(TeNC9H6)2(THF)2], 2.25 

In a Schlenk flask, Eu fillings (0.23g, 1.52 mmol) and bis[2-

(dimethylamino)methyl)phenyl]ditelluride (0.2 g, 0.38 mmol) were taken in THF and reaction 

mixture was stirred for 18h. The reaction mixture was filtered through filtering cannula to 

remove the excess metal. The volume of filtrate was reduced under vacuum to ca. 10 mL and the 

flask was stored at �30 °C. Dark yellow coloured crystals were obtained after 15 days and 

examined by X-ray crystallography.  

Yield: 74%, m.p. 158°C 

Elemental analysis Calcd (%) for C26H40EuN2O2Te2 (819.772): C 38.09, H 4.92, N 3.42; found 

C 37.91, H 4.86, N 3.41 

Qmax (nujol)/cm�1: 3038.7 w, 2957.5 s, 2925.1 s, 2856.7 s, 2782.5 w, 2414.2 w, 2272.5 w, 1884.2 

w, 1577.2 m, 1457.0 s, 1374.484 m, 1313.0 w, 1246.2 m, 1174.9 m, 1023.2 s, 950.0 w, 918.6 m, 

868.1 m, 835.0 m, 800.8 s, 751.6 s. 
1H NMR (Hydrolysed) (400 MHz, CDCl3): 7.93 (4H, br), 7.36 (8H, br), 7.15 (4H, br), 3.95 (8 H, 

br), 3.58 (2H, br), 2.57 (12H, br), 1.72(2 H, br) 
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Synthesis of [Eu(TeNC9H6)2(Acetonitrile)2], 2.26 

Same procedure has been followed for synthesis of 2.26. In a Schlenk flask, freshly prepared Eu 

filings (0.23 g, 1.52mmol) and bis[2-(dimethylamino)methyl)phenyl]ditelluride (0.20 g, 0.38 

mmol) were taken in THF and reaction mixture was stirred for 18h. The reaction mixture was 

filtered through filtering cannula to remove the excess metal. The volume of filtrate was reduced 

under vacuum to ca. 10 mL and the flask was stored at �30°C. Dark orange coloured crystals 

were obtained after 1 month. 

Yield: 79%, m.p. 158°C 

Elemental analysis Calcd (%) for C22H30EuN4Te2 (757.674): C 34.88, H 3.99, N 7.39; found C 

35.23, H 3.78, N 7.43 

Eu: 19.93 (Calcd. 20.06%) 

Qmax (nujol)/cm�1: 2920 m, 2833 w, 1619 w, 1499 s, 1456 m, 1359 w, 1275 s, 1232 w, 1128 s, 

1091 m, 1039 m, 941 m 

 

Synthesis of [Yb(TeNC9H6)2(THF)2], 2.27 

Small amounts of Hg0 ( 2 drops) were added to Yb (0.26 g, 1.50 mmol) filings in 10 mL THF and 

the reaction mixture was allowed to stir for 1.5h. Bis[2-

(dimethylamino)methyl)phenyl]ditelluride (0.20 g, 0.38 mmol) was dissolved in 10 mL THF and 

was transferred to the reaction mixture. The reaction mixture was stirred for 18h at room 

temperature. Excess metals were removed through filtration. The filtrate was concentrated to ca. 

5-7 mL and kept in �30°C. After 1 month dark red coloured crystal of 2.27 was obtained. 

Yield: 85%, m.p. turn black at 178°C. 

Elemental analysis Calcd (%) for C26H40YbN2O2Te2 (840.872): C 37.14, H 4.80, N 3.33; found 

C 37.29, H 4.93, N 3.19 

Yb: 20.39 (Calcd. 20.58%) 

Qmax (nujol)/cm�1: 2924.5 s, 2854.9 s, 2781.1 w, 2723.5 w, 2283.1 w, 1578.6 m, 1457.1 m, 

1374.3 w, 1260.7 m, 1094.0 m, 1021.2 m, 841.3 w, 799.1 m, 746.2 w 

Synthesis of [Yb(TeNC9H6)2(pyridine)2], 2.28 
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Same protocol has been followed for the synthesis of 2.28 where small amounts of Hg0 ( 2 drops) 

were added to Yb filings (0.26 g, 1.50 mmol) in 10 mL pyridine and the reaction mixture was 

allowed to stir for 1.5h. Bis[2-(dimethylamino)methyl)phenyl]ditelluride (0.20 g, 0.38 mmol) 

was dissolved in 5 mL pyridine and was transferred to the reaction mixture. The reaction mixture 

was stirred for 18h at room temperature. Excess metals were removed through filtration. The 

filtrate was concentrated to half and kept in �30°C. After 1 month dark red coloured crystal of 

2.28 was obtained.  

Yield: 85%, m.p. turn black at 178°C. 

Elemental analysis Calcd (%) for C28H34YbN4Te2 (854.862): C 39.34, H 4.01, N 6.55; found C 

39.11, H 4.17, N 6.89 

Yb: 19.99 (Calcd 20.24%) 

Qmax (nujol)/cm�1: 2924.8 s, 2855.1 s, 2728.7 w, 2313.9 w, 1595.7 w, 1460.0 m, 1377.0 w,1261.1 

w, 1147.6 w, 1029.2 w, 743.6 w, 702.0 w  

Synthesis of [Eu(TeNC9H6)2(THF)3], 2.29 

In a Schlenk flask, freshly prepared Eu (0.17 g, 1.11mmol) filings and 8,8´-diquoline ditelluride 

(0.15 g, 0.29 mmol) were taken in 15 mL THF and reaction mixture was stirred for 18h. The 

reaction mixture was filtered through filtering cannula to remove the excess metal. The volume 

of filtrate was reduced under vacuum to ca. 5 mL and the flask was stored at �30 °C. Yellow 

coloured crystals were obtained after 3 weeks and examined by X-ray crystallography.  

Yield: 72 %, m.p. 187°C. 

Elemental analysis Calcd (%) for C30H36EuN2O3Te2 (879.782): C 40.96, H 4.12, N 3.18; found C 

40.82, H 4.20, N 3.25 

Qmax (nujol)/cm�1: 2924.4 s, 2856.9 s, 2684.4 w, 2414.1 w, 2317.9 w, 1795.1 w, 1663.7 w, 1586.0 

m, 1486.9 m, 1457.0 s, 1413.4 m, 1376.7 m, 1288.2 m, 1205.0 m, 1126.2 m, 1064.5 m, 1034.6 s, 

959.4 m, 892.2 m,  825.2m, 792.5 m 

1H NMR (Hydrolysed) (400 MHz, CDCl3): 6.1(2H, dd), 4.9(1H, br), 4.88 (4H, br), 4.49(2H, br), 

4.37 (1H, t), 4.2 (2H, m) 

Synthesis of [Eu(TeNC9H6)2(DME)2], 2.30 
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Same protocol has been followed for the synthesis of 1.3h where in a Schlenk flask, Eu metal 

(0.17 g, 1.11mmol) and 8,8´-diquoline ditelluride (0.15 g, 0.29 mmol) were taken in 15 mL DME 

and reaction mixture was stirred for 18h. The reaction mixture was filtered through filtering 

cannula to remove the excess metal. The volume of filtrate was reduced under vacuum to ca. 5-7 

mL and the flask was stored at �30°C. Orange coloured crystals were obtained after 3 weeks and 

examined by X-ray crystallography.  

Yield: 76 %, m.p. 191°C. 

Elemental analysis Calcd (%) for C26H32EuN2O4Te2 (843.702): C 37.01, H 3.82, N 3.32; found C 

37.09, H 4.01, N 2.57 

Qmax (nujol)/cm�1: 2924.8 s, 2855.3 m, 1595.9 w, 1453.1 m, 1372.4 w, 1297.1 w, 1261.9 w, 

1200.6 w,  1114.5 w, 1066.0 m, 1024.2 w, 954.9 w, 858.6 w, 819.3 m, 785.6 m. 
1H NMR (Hydrolysed) (400 MHz, CDCl3): 8.50(1H, br), 8.12 (1H, dd), 7.36(1H, br), 7.07 (1H, 

br), 6.86 (1H, br), 6.7 ( 1H, br), 3.05(2H, s), 2.93 (3H, s) 

Synthesis of [Yb(TeNC9H6)4(P�^2�C3H7O2)2], 2.31 

In a Schlenk flask, small amounts of Hg0 ( 2 drops) were added to Yb filings (0.26 g, 1.50 mmol) 

in 10 mL DME and the reaction mixture was allowed to stir for 1.5h. 8,8´-diquoline ditelluride 

(0.20 g, 0.38 mmol) was dissolved in 5 mL DME and was transferred to the reaction mixture. 

The reaction mixture was stirred for 18 h at 50 °C. Excess metals were removed through 

filtration. The filtrate was concentrated to half and kept in �30 °C. After 15-20 days dark red 

coloured crystals of 2.31 were obtained. 

Yield: 61%, turns black at 185°C 

Elemental analysis Calcd (%) for C42H38Yb2N4O4Te4 (1519.2980): C 33.20, H 2.52, N 3.69; 

found C 33.04, H 2.58, N 3.81 

Qmax (nujol)/cm-1: 2924.6s, 2285.5w, 1941.5w, 1588.9m, 1456.3s, 1375.8s, 1290.7m, 1208.0s, 

1097.0s, 1042.3s, 966.9m, 862.8w, 619.2s 
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Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09 (Revisions D.01), 

Gaussian, Inc., Wallingford CT, U.S.A., 2013. 

48. Wu, D-Q.; Shao, D.; Wei, X-Q.; Shen, F-X.; Shi, L.; Zhang, Y-Q. Wang, X-Y. Dalton 

Trans. 2017, 46, 12884. 

49. Gavrikov, A. V.; Efimov, N. N.; Dobrokhotova, Z.V.; Ilyukhin, A. B.; Vasilyev, P. N.; 

Novotortsev, V.M. Dalton Trans. 2017, 46, 11806. 

50. Gavrikov, A. V.; Efimov, N. N.; Ilyukhin, A. B.; Dobrokhotova, Z. V.; Novotortsev, V. 

M. Dalton Trans. 2018, 47, 6199. 

 

 

 

 

 

 

 

 



  Chapter 2 
 

Page | 70  
 

 

2.9 Representative Spectra of Some Compounds 

 

 

Figure 2.14. 1H NMR spectrum of 2.24 

 

 

 

 

 

 

 

Figure 2.15. 125Te NMR spectrum of 2.24 
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Figure 2.15. 13C NMR spectrum of 2.24 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. HRMS of 2.24 
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Synthesis and Characterization of cis-Dichloridobis(8-quinolinethiolato)tin(IV) 

and Bis(8-sulfanylquinolinium) hexachloridostannate(IV) Derivatives 
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3.1 Introduction 

The inorganic complexes of 8-quinolinol (oxine) as well as its sulfur analogue 8-

quinolinethiol (thiooxine) have garnered profound interest with respect to their synthesis, 

fascinating structural features and promising applications in different fields of chemistry and 

biology.1 However compared to organotin oxinates,2 the studies of organotin thiooxinates are 

much less prevalent. Tanaka et al., in 1964, have reported the synthesis of diorganotin bis(8-

quinolinolates) by reacting ethanolic solution of dialkyl- or diphenyltin dichloride with 8-

hydroxyquinoline.3 The first molecular structure of diorganotin bis(8-quinolinolates) namely, 

dimethyltin bis(8-hydroxyquinolinate) was reported by Schlemper.2b Later on, Archer et al. 

reported the synthesis and structural aspects of dichloridobis(8-quinolinolato)tin(IV) by 

reaction of anhydrous tin dichloride with 8-hydroxyquinoline.4 The work has been expanded 

considerably wherein different substituted organotin 8-quinolinolates have been synthesised 

and their in vitro cytotoxicity has been examined.5 For instance, by comparison with 

cisplatin, organotin quinolinolates like [Sn(ClQ)2Cl2], [Sn(BrQ)2Cl2] and [Sn(ClIQ)2Cl2] 

(HClQ = 5,7-dichloro-8-hydroxyquinoline, H-BrQ = 5,7-dibromo-8-hydroxyquinoline, H-

ClIQ = 5-chloro-7-iodo-8-hydroxyquinoline) show significant anti-proliferative activity 

toward tumour cell lines.5c 

Bis(8-sulfanylquinolinium) hexachloridostannate(IV) has been identified as a reactive 

intermediate in various reactions. For example, in 1908, Edinger reported the presence of 

bis(8-sulfanylquinolinium) hexachloridostannate(IV) as an intermediate in the conversion of 

8-quinolinesulfonic acid in to 8-quinolinethiol.6 Similar reaction sequences have been 

extensively used afterwards to study the miscellaneous chemistry associated with 8-

quinolinethiol.7 Lubenets et al. utilized bis(8-sulfanylquinolinium) hexachloridostannate(IV) 

to react with sodium hydroxide in presence of sodium tartrate to synthesise sodium 8-

quinolinethiolate,8 and its use is prevalent in the literature.9 However, although bis(8-

sulfanylquinolinium) hexachloridostannate(IV) has played a significant role as an 

intermediate in the progression of organotin thiooxinates chemistry, there is no structural 

characterisation reported to the best of our knowledge. Herein, we report the isolation and 

structural characterisation of bis(8-sulfanylquinolinium) hexachloridostannate(IV). 

Additionally, we have explored some interesting reaction behaviour of this compound in 

different solvents. 
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3.2 Results and discussion 

The synthesis of bis(8-sulfanylquinolinium) hexachloridostannate(IV) salt 3.2 was 

accomplished by following the reported procedure wherein 8-quinolinesulfonyl chloride, 3.1 

(synthesised by reacting quinoline-8-sulfonic acid with phosphorus pentachloride) was 

treated with tin(II) dichloride dihydrate in the presence of hydrochloric acid to afford as 

yellow crystalline solid.6 During the course of the work, to our surprise, we observed that 3.2 

shows interesting behaviour in different organic solvents. In particular, compound 3.2 when 

recrystallized from chloroform or dichloromethane, yielded cis-dichloridobis(8-

quinolinethiolato) tin(IV), 3.3. However, when recrystallized from methanol, it afforded 

crystals of 8,8'-dithiodiquinolinium hexachloridostannate (IV), 3.4 (Scheme 1).  

The behaviour of 3.2 in DMSO has also been investigated and it provides a convenient 

approach for the synthesis of diquinolinyl-8,8'-disulfide, 3.5. In particular, 3.2 in an excess of 

DMSO and exposed to air oxidised affording diquinolinyl-8,8'-disulfide, 3.5. The formation 

of the disulfide is enhanced when 3.2 was heated at 120 °C in the presence of air. During the 

reaction, dimethyl sulfide gas was evolved and its cessation indicated the complete 

transformation to the disulfide. The reaction medium when treated with mercuric chloride 

gave a white precipitate of mercurous chloride signifying the presence of SnⅡ. Synthetically, 

this reaction is advantageous as it is quite simple to carry out and more importantly, does not 

require an added oxidant like potassium ferricyanide or a phase transfer catalytic system like 

CBr4/18-crown-6/benzene which compounds have been previously used.10 

Since compound 3.2 shows variable behaviour in different solvents with different 

compounds being subsequently isolated, it complicates its characterisation by NMR 

spectroscopy. In the 1H NMR spectra of 3-5, six discrete resonances are observed in the range 

7-9 ppm, which correspond to the quinoline protons. The 119Sn{1H} NMR spectrum of 3.3 

shows a single resonance at G -392 ppm. This value is in agreement with the value expected 

for a six coordinate Sn(IV) complex.11 In the ESI-MS (positive mode) spectrum of 3.2, the 

molecular ion peak at m/z 160.0228 corresponds to the {[Cat-H]}+ ion. In the ESI-MS 

spectrum of complex 3.3, the molecular ion peak at m/z = 474.9143 (98.36%) is attributed to 

the positively charged species [3.3-Cl]+, indicating the lability of the metal-chloride bond. 

Such a dissociation of one or two chloride ligands from the metal centre is common.5c The 

other prominent peak at m/z = 599.9664 (65.80%) could be assigned to tri(8-

thioquinolinyl)stannonium ion. The observed isotopic patterns for both the peaks fit well with 
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theoretical isotopic distributions. Similarly, the ESI MS spectrum of 3.4 exhibits two 

prominent mass peaks, which are assigned to {[Cat-H]}+ (m/z 321.0507, 100%) and {[Cat-

2H+Na]}+ (m/z 343.0351, 97.20%) respectively. The molecular ion peak for 3.5 at m/z 

321.0635 corresponds to the [3.5+H]+ ion. 

 

Scheme 3.1. Synthetic route to dichloridobis(8-quinolinethiolato)tin(IV), 3.3 and quinolinium 

hexachloridostannate(IV) derivatives 3.2, 3.4 and diquinolyl-8,8'-disulfide, 3.5. 

3.3 Structural studies 

During the crystallization of dichloridobis(quinoline-8-thiolato)tin(IV) 3.3, we 

succeeded in isolating two polymorphs 3.3m and 3.3t. Complex 3.3m obtained by 

evaporation of a saturated dichloromethane solution, crystallizes in the monoclinic space 

group C2/c, whereas 3.3t, obtained by evaporation of a chloroform solution, crystallizes in 

the triclinic space group P-1. The molecular structure of 3.3m is presented in Figure. 3.1 and 

selected bond lengths and bond angles are presented in Table 3.1. The single-crystal X-ray 

diffraction determinations reveals that the hexacoordinated metal centre of the Sn4+ ion in 
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both 3.3m and 3.3t, is chelated by two 8-quinolinethiolate anions and coordinated by two cis-

chloride ions. The co-ordination environment of SnⅣ is distorted octahedral and the N-donor 

atoms as well as the chloride ligands are in a cis arrangement. On the other hand, the sulfur 

atoms of the 8-quinolinethiolate anions are trans to each other. The SnⅣ atom lies on a two-

fold axis so that the two 8-hydroxyquinoline ligands are related by symmetry. 

 

 Figure 3.1. ORTEP diagram of dichloridobis(8-quinolinethiolato)tin(IV), 3m plotted with 

50% probability displacement ellipsoids. 

Comparing the molecular structure of dichloridobis(8-quinolinethiolato)tin(IV), 3.3 with its 

O- analogue, dichloridobis(8-quinolinolato)tin(IV)4, both have similar spatial arrangements 

of the ligands around the metal centre. In both the polymorphs, 3.3m and 3.3t, the bond 

lengths around the metal atom (Sn�N, Sn�Cl) are in the same range. However, in complex 

3.3t, ∠S-Sn-S is closer to linear, ∠Cl-Sn-Cl wider and ∠N-Sn-N smaller than the 

corresponding angles of 3.3m (Table 3.1). The Sn�S bond length in 3.3m is observed to be 

2.4168(4) Å. This distance is expectedly longer than the Sn-O distance of dichloridobis(8-

quinolinolato)tin(IV) [2.030(3)Å]4 but shorter in dichloridobis(2-pyridinethiolato)tin(IV) 

[2.4739(3)°Å, 2.4770(4) Å],12 as in the latter the pyridinethiolate ligands are involved in the 

formation of four membered chelating rings to the metal centre. Again the Sn-S distances in 

3.3m is somewhat longer than that of dibenzylchlorido(8-quinolinethiolato)tin(IV) [2.386(2) 

Å].9d  As this difference is much less than the 0.07 Å expected for the change in coordination 

number from the Shannon radii,13 Sn-S bond length of dibenzyltin(IV) compound may be 

lengthened by the two Sn-C bonds. The Sn-N and Sn-Cl bond lengths in 3.3m (Table 3.1) are 

significantly longer than those in dichloridobis(8-quinolinolato)tin(IV) [2.209(4) and 

2.379(2)Å respectively] and dichloridobis(2-pyridinethiolato)tin(IV) [ave. 2.264(1) and ave. 

2.40245(4) Å respectively], but shorter than in  dibenzylchlorido(8-quinolinethiolato)tin(IV) 
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[2.367(4) and 2.475(5) Å respectively]. The S-Sn-S angle in 3.3m exhibits a significant 

deviation from linearity with an angle of 169.35(2) Å, but in dichloridobis(2-

pyridinethiolato)tin(IV), this S-Sn-S angle deviates more from the planarity [154.55(1) Å].12 

Although, bond lengths of 3.3m and 3.3t are similar, 3.3m and 3.3t show non-

identical and interesting packing behaviour associated with bond angle differences. In the 

monoclinic structure, only half of the complex is crystallographically unique; hence S-

stacking interactions in two perpendicular directions are identical with a centroid-centroid 

separtaion of 4.001 Å (Figure 3.2). On the other hand, in the triclinic structure, the whole 

complex is crystallographically unique, and therefore S-stacking interactions in the two 

perpendicular directions are different, with an infinite chain in one direction and a pair of 

complexes in the other (Figure 3.3). The corresponding centroid-centroid distances associated 

with these two non-identical face-to-face S-S interactions are 4.008 and 3.856 Å. 

 

Figure 3.2. S-stacking in the monoclinic structure 3.3m. 
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Figure 3.3. S-stacking in the triclinic structure 3.3t (two perpendicular views). 

The molecular structure of compound 3.2 and 3.4 are shown in Figures 3.4 and 3.5 

respectively. In the triclinic structure of compound 3.2, one asymmetric unit contains one 8-

sulfanylquinolinium ion and half of a [SnCl6]2� anion with SnIV on the edge of the unit cell. 

In the anionic entity of 3.2, the SnIV atom is six-fold coordinated by chloride ions, forming an 

octahedral arrangement. The SnIV atom sits on a crystallographically imposed center of 

inversion with three different Sn�Cl bond distances, Sn1�Cl1 2.4121(18) Å, Sn1�Cl2 

2.4371(18) Å and the one participating in intermolecular H-bonding with the quinolinium 

ion, Sn1�Cl3 is 2.4332(18) Å. All the equatorial Cl-Sn-Cl angles are close to right angle, 

ranging from 90.09(6)° to 90.57(6)°, while the axial angles are 180°. These bond distances 

and bond angles agree well with that of the reported compounds containing octahedral 

[SnCl6]2� anion.14a,b The quinolinium N-atom participates in the formation of intermolecular 

(N�H···Cl) hydrogen bond with the chloride ions of a hexachloridostannate anion with a H-

bonding distance of 2.391 Å. In the cationic entity, the C�S bond length is observed to be 

1.772(8) Å indicating its single bond nature.14c 
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Figure 3.4. ORTEP diagram of bis(8-sulfanylquinolinium) hexachloridostannate(IV), 3.2 

plotted with 50% probability displacement ellipsoids. 

The monoclinic structure of compound 3.4 consists of one 8,8´-dithioquinolinium cation and 

one hexachloridostannate anion. In the anionic entity, the Sn(IV) adopts a distorted 

octahedral geometry. In comparison to compound 3.2, the Sn�Cl bond lengths vary in a 

wider range between 2.4118(7) Å and 2.4640(7) Å. The equatorial Cl-Sn-Cl angle deviates 

somewhat from right angles, ranging from 86.74(2)° to 92.78(2)°, while the axial Cl-Sn-Cl 

angles lie in the range from 174.52(2)° to 178.13(2)°. In the cationic entity of compound 3.4, 

the S1�S2 distance is 2.0554(9) Å which is slightly longer than that observed in diquinolyl-

8,8'-disulfide [2.039 (2) Å].15 Again, in comparison to the Pauling single bond covalent radii 

[Σrcov(S, S) = 2.04 Å], the S1�S2 distance in 3.4 is slightly longer.13 Both the C-S bond 

distances of 1.776(2) Å and 1.778(2) Å, which are similar to the C�S bond in compound 3.2 

[1.772(8) Å] and somewhat shorter than that observed in diquinolyl-8,8'-disulfide [1.780(3) 

and 1.784(3) Å]. In the molecular structure of diquinolyl-8,8'-disulfide, both the sulfur atoms 

and one quinoline ring reside in one plane, the dihedral angle between the two ring planes is 

78.1(1) Å. However, in compound 3.4, the second sulfur atom deviates from the ring plane 

and sits at a distance of 0.968 Å above the plane. 
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Figure 3.5. ORTEP diagram of 8,8'-dithiodiquinolinium hexachloridostannate(IV), 3.4 

plotted with 50% probability thermal ellipsoids.  

Table 3.1. Selected bond lengths [Å] and bond angles (°) for compounds 3.2, 3.3m, 3.3t and 
3.4. 

3.2 

Sn1�Cl1 2.4121(18) Sn1�Cl2 2.4371(18) Sn1�Cl3 2.4332(18) S1�C1 1.772(8) 

Cl1-Sn1-Cl2 90.18(7)  Cl1-Sn1-Cl3 90.09(6)  Cl2-Sn1-Cl3 90.57(6) 

3.3m 

S1� Sn1 2.4168(4) Ν1� Sn1 2.2876(15) Ν1´� Sn1 2.2875(15) Cl1�Sn1 2.4358(5) 

S1�C1 1.7504(18) 

Ν1-Sn1-S1 80.38(3)  N1-Sn1-Cl1 88.31(4)  C1-S1-Sn1    100.25(5) 

Cl1-Sn1-Cl1´ 91.64(2) N1-Sn1-N1´ 93.78(8)  S1-Sn1-S1´    169.35(2) 

N1-Sn1-Cl1´ 169.12(3) 

3.3t 

S1� Sn1 2.4401(16) S2�Sn1 2.4435(16) Ν1� Sn1 2.293(4) Ν2� Sn1 2.283(4) 

Cl1�Sn1 2.4388(14) Cl2�Sn1 2.4287(13) S1�C1 1.755(5) S2�C18 1.765(6) 

Ν1-Sn1-S1 80.42(12)      N1-Sn1-Cl1 90.70(12) N1-Sn1-Cl2 169.39(12)  

N1-Sn1-N2 86.86(16)     Cl1-Sn1-Cl2 94.48(5)  S1-Sn1-S2   172.11(5)  

C1-S1-Sn1 99.81(17)     C18-S2-Sn1 98.92(17) Ν2-Sn1-S2   80.47(11)  
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N2-Sn1-Cl2 89.96(11)    N2-Sn1-Cl1 167.74(11) 

___________________________________________________________________________ 

3.4 

Sn1�Cl1 2.4319(7) Sn1�Cl2 2.4405(7) Sn1�Cl3 2.4640(7) Sn1�Cl4 2.4118(7) 

Sn1�Cl5 2.4271(8) Sn1�Cl6 2.4208(8) S1�S2     2.0554(9) S1�C1 1.778 (2) 

S2�C10 1.776(2)  

C1-S1-S2 104.85(7)  C10-S2-S1 103.20(7)  Cl1-Sn1-Cl2 89.842(18) 

Cl1-Sn1-Cl3 174.52(2) Cl1-Sn1-Cl4 91.285(17) Cl1-Sn1-Cl5 87.976(19) 

Cl1-Sn1-Cl6 92.78(2)  Cl2-Sn1-Cl3 88.842(18) Cl2-Sn1-Cl4 176.518(19) 

Cl2-Sn1-Cl5 91.41(4)  Cl2-Sn1-Cl6 86.88(4)  Cl3-Sn1-Cl4 90.338(17) 

Cl3-Sn1-Cl5 86.74(2)  Cl3-Sn1-Cl6 92.46 (2) Cl4-Sn1-Cl5 91.92(4)  

Cl4-Sn1-Cl6 89.77(4)  Cl5-Sn1-Cl6 178.13(2) 

 

 

3.4 DFT Optimised Geometry 

In order to have more insight into the bonding in the synthesised compounds a detailed 

computational study has been carried out. All the geometry optimization and subsequent 

single point calculations were carried out using Density Functional Theory (DFT) method in 

the Gaussian 09 program.16 Geometry optimization has been performed using hybrid B3LYP-

D3 functional with SDD basis set and SDD pseudopotential on Sn and Ahlrichs split valence 

polarization (SVP) basis set on rest of the atoms. The computed structural parameters in the 

optimized geometries show good agreement with the respective X-ray diffraction 

crystallographic data, which attests to the accuracy of the optimized structures. A special 

mention goes to the structure of compound 3.4 where the Sn1�Cl6 bond undergoes 

elongation after optimization [Sn1�Cl6crystal = 2.4208(8) Å; Sn1�Cl6calc = 2.781 Å]. This can 

be attributed to the appearance of a new weak hydrogen bonding interaction between 

Sn1�Cl6 with the proximal �N�H atoms of the quinolinium ion after optimisation.  

The natural charges (in a.u.) obtained from Natural Population Analysis (NPA) reveal that 

both the polymorphs 3.3m and 3.3t show identical natural charges (Figure 3.6a). In 

particular, in both the structures, a positive charge of 1.599 a.u. is centred on the Sn centres. 

The natural charges on respective first coordination sphere atoms are S (-0.207), Cl (-0.482) 
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and N (-0.571), with delocalization of charges decreasing in the order S� > Cl� > N. While 

comparing the natural charges in 3.2 and 3.4, it was observed that due to the unsymmetrical 

nature of compound 3.4, NPA charges on Cl atoms are less symmetrically distributed as 

compared to compound 3.2 [Figure 3.6(b-c)]. In particular, the two Cl atoms in 3.4 which are 

closer to the N-H protons, i.e., Cl2 and Cl6 experience more negative charge i.e., -0.526 and -

0.571 a.u. respectively compared to distal Cl atoms, i.e., Cl4 (-0.463 a.u.) and Cl5 (-0.476 

a.u.). Furthermore, in case of compound 3.4, the natural charges on the two quinolinium 

nitrogen atoms [N1 (0.519 a.u.) and N2 (0.510 a.u.)] are slightly more negative than that of 

quinolinium nitrogen atoms of compound 3.2 [N (0.495 a.u.)].  

 

Figure 3.6. NPA atomic charges of the atoms on the optimised structure of compound (a) 

3.3m/3.3t, (b) 3.2 and (c) 3.4. Colour code: Sn-golden yellow, S- yellowish green, Cl-bright 

green, N-deep blue, C- dark grey and H-light grey. 

3.5 Vibrational study: Raman spectroscopy 

Since the Raman vibrations are associated with the spatial relationship and interactions of the 

ligand(s) with the metal centre, the experimentally observed Raman vibrations of a 

compound in combination with DFT calculated values can give useful insight into the 
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molecular structure of the compound. The calculations of Raman vibrations for compound 

3.2-3.4 have been performed on the optimized geometry with the same level of theory and 

basis functions that was used for the optimisation of the compounds (vide supra). For an Oh 

symmetry, out of the six normal modes of vibration, three viz. ν1(A1g), ν2(Eg) and ν5(F2g) are 

Raman active.17 Along the series of synthesized compounds 3.2-3.4, a moderate to very good 

agreement between the experimental and theoretically obtained values is observed (Table 

3.2). In compound 3.2, the intense band at 308 cm�1 could be attributed to the frequency of 

the purely symmetric Sn�Cl stretching vibration (Q1), which has been aptly reproduced by the 

theoretically computed value (287 cm�1). Successive weak bands at 238 cm�1 and 242 cm�1 in 

the experimental and calculated Raman spectra respectively could be assigned to distinctive 

antisymmetric stretching (Q2) of Sn�Cl bond. The weak band observed at 173 cm�1 in the 

theoretically calculated Raman spectrum could be assigned to the mixed contributions from 

counter ions and Sn-Cl (Q5) vibration. The corresponding experimental band was not 

observed as it is below the low frequency limit (250 cm�1) of the instrument used. In case of 

compound 3.4, all the Sn�Cl bond vibrations in the experimental as well as theoretical 

spectrum have been shifted to higher energy band compared to compound 3.2. In particular, 

in the experimentally obtained spectrum of 3.4, the Q1 mode of vibration was observed at 313 

cm�1. The corresponding theoretically calculated value was shifted to 329 cm�1. Similarly, 

while the the experimental Q2 vibration was observed at 261 cm�1, the corresponding 

calculated value shifted to 266 cm�1. Again, the theoretically calculated value for the Q5 

vibration was observed at 176 cm�1. The slight disparity observed in the Raman vibrations of 

compound 3.2 and 3.4 might be attributed to the variable interactions of the [SnCl6]2� 

moieties with the corresponding cationic entity. The experimentally observed vibrations at 

475 cm-1 and 427 cm-1 for compound 3.4 could be assigned to the –S-S- vibrations. These 

values are in good agreement with the theoretically observed values of 471 cm-1 and 416 cm-

1, respectively. The polymorphs 3.3m and 3.3t exhibit identical Raman vibrations. In 

particular, the Raman band originating from Sn�Cl vibration appeared at 310 cm�1, while its 

theoretical value was observed at 323 cm�1. The experimental Raman band at 387 cm�1 could 

be assigned to the combination of Sn-S stretching vibrations and ligand vibrations. The band 

at 338 cm�1 in the theoretically computed spectrum corresponds to Sn�Cl and mixed Sn�S 

stretching vibrations.  
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Table 3.2. Comparison between experimental and computed Raman vibrations (in cm�1) of 
compounds 3.2-3.4.  

 

3.6 Natural Bond Orbital (NBO) Analysis 

To investigate the nature of bonding and orbital participation in 3.3 (3.3m and 3.3t), a 

detailed NBO analysis has been performed on the optimized geometry using Gaussian NBO 

3.1 package. Since both the complexes (3.3m and 3.3t) resulted in identical optimised 

structures, NBO analysis also afforded identical results. The contributions of the orbitals, 

electron occupancies and stabilization energies (ΔE) of the Sn-S/N/Cl interactions of donor 

and acceptor NBOs for 3.3m and 3.3t are given in Table 3.3. The NBO analysis indicates that 

in both the complexes strong coordinate covalent donor-acceptor (Lewis-non-Lewis) 

interactions take place between the Sn4+ and S- ions. The Sn-S interactions in each complex 

are attributed to two prominent interactions. In one case, the S atom donates its lone pair of 

orbital to the antibonding s-orbital of the Sn atom with second order perturbation energy of 

419.0 kcal/mol [Figure 3.7(a)]. In the second type of interaction, S atom donates its lone pair 

of orbital to the antibonding p-orbital of the Sn atom with stabilisation 139.5 kcal/mol [Figure 

3.7(b)]. Taken together, the second order perturbation energies of Sn-S interactions suggest 

that they are substantial contributors to stability of the complexes.  

3.2 3.3m 3.3t 3.4 Assignment of 
Raman 

vibrations Exp Calc Exp Calc Exp Calc Exp Calc 

308 287     313 329 Q(Sn-Cl) (Q1)  
238 242     261 266 Q(Sn-Cl) (Q2) 

− 173     − 176 
Q(Sn-Cl) (Q5) + 
counter ionic 

vibrations 

      475, 
427 

471, 
416 Q(S-S) 

  310 323 310 323   Q(Sn-Cl) 

  387 338 387 338   Q(Sn-S) + Q(Sn-
Cl) 



                                                                                                                                              Chapter 3 
 

Page | 84  
 

 

Figure 3.7. Natural Bond Orbital (NBO) plots of 3.3m/3.3t showing (a) lp(S)sp
5.23→lp*(Sn)s 

and (b) lp(S)sp
5.23→lp*(Sn)p interactions. 

Table 3.3. Donor-Acceptor (Lewis-non-Lewis) type interaction along with their stabilization 
energy, occupation number (in parenthesis red coloured) and hybridization of complex 
3.3m/3.3t 

Donor(Lewis) NBO and wave 
function decomposition 

Acceptor (Non-Lewis) NBO and 
wave function decomposition 

Stabilization Energy 
(kcal/mol) 

S1 (LP) – (1.534) – s-16.03% + p-
83.79% 

Sn1 (LP*) – (1.056)- s-99.71% 419.0 

S1 (LP) – (1.534) – s-16.03% + p-

83.79% Sn1 (LP*) – (0.496)- p-100.00% 139.5 

S2 (LP) – (1.534) – s-16.03% + p-

83.79% 
Sn1 (LP*) – (1.056)- s-99.71% 419.0 

S2 (LP) – (1.534) – s-16.03% + p-

83.79% Sn1 (LP*) – (0.496)- p-100.00% 139.5 

N1 (LP) – (1.790) – s-21.61% + p-

78.38% 
Sn1 (LP*) – (1.056)- s-99.71% 58.8 

N1 (LP) – (1.790) – s-21.61% + p-
78.38% 

Sn1 (LP*) – (0.415)- p-100.00% 19.3 

N1 (LP) – (1.790) – s-21.61% + p-
78.38% 

Sn1 (LP*) – (0.405)- p-99.85% 33.7 

N2 (LP) – (1.790) – s-21.61% + p-
78.38% Sn1 (LP*) – (1.056)- s-99.71% 58.8 

N2 (LP) – (1.790) – s-21.61% + p-
78.38% 

Sn1 (LP*) – (0.415)- p-100.00% 19.3 

N2 (LP) – (1.790) – s-21.61% + p-
78.38% Sn1 (LP*) – (0.405)- p-99.85% 33.7 

Cl1 (LP) – (1.603) – s-19.32%+ 
p-80.49% 

Sn1 (LP*) – (1.056)- s-99.71% 136.0 

Cl1 (LP) – (1.603) – s-19.32%+ 
p-80.49% 

Sn1 (LP*) – (0.415)- p-100.00% 88.6 
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Cl1 (LP) – (1.603) – s-19.32%+ 
p-80.49% Sn1 (LP*) – (0.405)- p-99.85% 43.6 

Cl2 (LP) – (1.603) – s-19.32%+ 
p-80.49% 

Sn1 (LP*) – (1.056)- s-99.71% 136.0 

Cl2 (LP) – (1.603) – s-19.32%+ 
p-80.49% 

Sn1 (LP*) – (0.415)- p-100.00% 88.6 

Cl2 (LP) – (1.603) – s-19.32%+ 
p-80.49% Sn1 (LP*) – (0.405)- p-99.85% 43.6 

 

The NBO analysis for Sn-S bond in 3.3m/3.3t was further corroborated by Atoms in 

Molecules (AIM) analysis, which indicates almost identical values for the Sn-S bonds in 

complexes 3.3m and 3.3t. The corresponding topological parameters for the Sn-S bond 

critical points (bcps) in 3.3m and 3.3t are given in Table 3.4 and their corresponding 

Laplacian of electron density [�2ρ(r)] plots are shown in Fig.3.8.  

Table 3.4. S-Sn Bond critical points for the 3m and 3t. 

Compounds ρ(r) �2ρ(r) V(r) G(r) H(r) 

3.3m 
0.06740 0.10041 -0.03068 -0.01371 -0.01697 

0.06740 0.10041 -0.03068 -0.01371 -0.01697 

3.3t 
0.06742 0.10045 -0.03690 -0.01371 -0.01698 

0.06742 0.10045 -0.03690 -0.01371 -0.01698 

 

 

 

 

 

 

 

Figure 3.8. Laplacian of electron density [�2ρ(r)] plots for (a) 3.3m and (b) 3.3t. 

Apart from the strong Sn�S interactions in both complexes 3.3m or 3.3t, the quinolinium N-

atoms and the Cl- anions make donor-acceptor (Lewis-non Lewis) interactions with the Sn4+ 
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ion (Figure 3.8). In both the cases, Sn acceptor orbitals (anti-bonding) are either pure s-

character or pure p-character in nature. Stronger interactions are observed when the acceptor 

orbital of Sn has s-character and the relatively weaker interactions are observed with the p-

orbital of Sn (Table 3.3). While both the N-atoms use their sp3.63 hybridized lone pair as a 

donor orbital [Figure 3.8(a-c)], the Cl-atoms in each complex use their more polarizable sp4.17 

hybridized orbitals for bonding [Figure 3.8(d-f)]. Among the N and Cl donor atoms, Cl- 

shows stronger stabilization energy with Sn, as it carries a negative charge and have more 

polarizable p-orbitals.  

 

Figure 3.8. Natural bond orbital (NBO) plots showing (a-c) Sn-N and (d-f) Sn-Cl 

interactions. 

The plots of frontier molecular orbitals reveal that the non-bonding chloride S-orbitals 

of [SnCl6]2� moieties make the major contribution to the HOMO in compounds 3.2 and 3.4, 

whereas in complex 3.3 it comes from the sulfur non-bonding S-orbitals (Figure 3.9). In all 

three compounds, the LUMO is localized mostly on the quinolinium ring. For compounds 3.2 

and 3.3, the HOMO-LUMO energy gap practically remains unchanged ('E = 78.37 kcal/mol 

and 78.50 kcal/mol respectively), whereas at compound 3.4, it decreases sharply to 55.47 
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kcal/mol. A sharp decrease in the HOMO-LUMO gap in compound 3.4 in comparison to 3.2 

can be attributed to the strong S-accepting nature of the two quinolinium N-H system.  

Figure 3.9. Frontier molecular orbitals of complexes 3.2-3.4 and their HOMO-LUMO energy 

gaps. 

3.7 Conclusions 

Bis(8-sulfanylquinolinium) hexachloridostannate(IV), 2 has been isolated and its 

characterisation has been accomplished by ESI-MS, Raman and IR spectroscopy and single 

crystal X-ray diffraction studies. The variable reaction behaviour of 2 in different solvent was 

explored. The nature of bonding between the sulfur and the tin in complexes 3m and 3t was 

examined by DFT calculations. It is observed that in both complexes 3m and 3t, a strong 

coordinate covalent donor-acceptor (Lewis-non Lewis) interaction takes place between Sn4+ 

ion and S� of 8-quinolinethiolate ligand. The overall electron contributions of tin atom and 

the 8-quinolinethiolate ligands towards HOMO and LUMO in all the complexes 2-4 were 

derived by DFT calculations.  
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3.8 Experimental section 

X-ray Crystallography Data 

All samples were coated in viscous oil and mounted in a cryostream on the respective 

diffractometers: a Bruker APEX II CCD diffractometer (for 3.3m), with integration and 

absorption corrections completed using Apex II program suite,18 a Rigaku Saturn724+ (for 

3.2) with refinement and data reduction done using CrysAlis(Pro) 1.171.38.43 (Rigaku OD, 

2015) and the MX1 (for 3.3t and 3.4) macromolecular beam-lines at the Australian 

Synchrotron, where the data collection and integration were completed using the Blu-ice19 

and XDS20 software programs, respectively. The structures were solved using direct methods, 

refined with the least-squares methods against F2 using SHELXL21 and expanded using 

Fourier techniques, all within the OLEX 222 software suite. Part of crystallographic work was 

conducted using the MX1 beamline at the Australian Synchrotron, which is part of ANSTO.23 

General  

IR spectra were collected as solid samples using an Agilent Cary 630 attenuated total 

reflectance (ATR-IR) spectrometer between 4000 and 600 cm�1. 1H and 13C spectra were 

recorded on either a Bruker DPX300 or a Bruker AV 500 MHz spectrometers at 25 °C 

spectrometer, and chemical shifts were referenced to the residual 1H and 13C resonances of 

the deuterated solvents. Melting points were determined in glass capillaries and are reported 

uncalibrated. Microanalyses were performed by the Elemental Analysis Service of London 

Metropolitan University (UK). Raman spectra were collected using a Renishaw Raman 

Microscope RM2000, using 782nm excitation.  

Synthesis 

8-quinolinesulfonyl chloride, 3.1  

Quinoline-8- sulfonic acid (2.00 g, 9.57 mmol) was thoroughly mixed with phosphorus 

pentachloride (2.50 g, 12.00 mmol) in a glove bag and heated under a N2 environment at 150° 

in a round bottom flask for 3 h. The liquid reaction mixture was poured on to crushed ice and 

neutralised with NaHCO3. The pale yellow precipitate was filtered off and dried to give 8-

quinolinesulfonyl chloride, 3.1 (1.87 g, 86%), m.p. 121-124°C. (lit. 118-122°C24) 

νmax(neat)/cm−1 3086 (vw), 3045 (vw), 2108 (vw), 1609 (vw), 1593 (m), 1558 (m), 1492 (m), 

1460 (w), 1368, 1311 (vw), 1291 (vw), 1246 (vw), 1208(m), 1169 , 1148 , 1069 (vw), 1054 
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(vw), 1032(m), 898 (vw), 838 , 789 , 767 , 682(m), 666(s); 1H NMR (400 MHz, CDCl3) δ 

9.25 (dd, J = 4.2, 1.5 Hz, 1H), 8.55 (dd, J = 7.5, 1.0 Hz, 1H), 8.33 (dd, J = 8.3, 1.4 Hz, 1H), 

8.24 (d, J = 8.2 Hz, 1H), 7.71 (t, J = 7.9 Hz, 1H), 7.65 (dd, J = 8.3, 4.3 Hz, 1H); 13C NMR 

(400 MHz, CDCl3) δ 152.48, 142.98, 139.48, 136.76, 136.42, 131.89, 129.44, 125.09, 

122.95; MS (ESI+), m/z [M+Na]+ Calcd for C9H6ClNNaO2S, 249.9700; found 249.9691. 

Bis(8-sulfanylquinolinium) hexachloridostannate(IV), 3.2 

8-Quinolinesulfonyl chloride (1.00 g, 4.40 mmol) was dissolved in 32% hydrochloric acid 

(12.00 ml) and slowly added to excess tin(II) dichloride dihydrate (5.00 g, 22.19 mmol) in 

32% hydrochloric acid (6 ml). On cooling in an ice bath, yellow crystals separated out, which 

were filtered off and washed with 50% v/v hydrochloric acid to give yellow coloured Bis(8-

sulfanylquinolinium) hexachloridostannate(IV), 3.2 (2.40 g, 83%), m.p. 176 °C.  

νmax(neat)/cm−1  3652(vw), 3171(vw), 3091(m), 3015(m), 2645(vw), 2461(m), 2374(vw), 

2323(vw), 2107(vw), 2048 (vw), 1701 (vw), 1621 (m), 1595 (m), 1542, 1499 (vw), 1406 (w), 

1374 (m), 1280(m), 1232 (w), 1201 (m), 1156 (w), 1116 (vw), 1063 (vw), 979 (w), 960 (vw), 

926 (vw), 874 (vw), 815 , 763 , 662 (w); Raman(780nm excitation), ῡ(cm−1) 1569(m), 

1499(vw)1420(w), 1366(s), 1224(w), 1081(w), 997(w), 857(w), 806(w), 683(vw), 553(s), 

533(m), 457(m), 403(m), 346(s), 308(m), 238(vw); MS (ESI+) m/z {[Cat-H]}+ Calcd for 

C9H6NS, 160.0215; found. 160.0228. 

Cis-Dichloridobis(8-quinolinethiolato)tin(IV), 3.3 

Compound 3.2 (1.00 g, 1.52 mmol) was dissolved in dichloromethane or chloroform (5.00 

ml) by slight heating. The yellow coloured solution was filtered, and the filtrate was kept at 

room temperature for slow evaporation. After 1 week, bright yellow coloured crystals of 

dichloridobis(quinoline-8-thiolato)tin(IV) was obtained. (3.3m, 0.56 g, 72% from 

dichloromethane; 3.3t, 0.46 g, 59% from chloroform), compound decomposed at 240 °C. 

Both the polymorphs show inconsiderable differences in characterisations, hence 

characterisations of 3.3t is included here.  

νmax(neat)/cm−1 3278(vw), 3249(vw), 3172(vw), 3082(vw), 3044(vw), 2993(m), 2362(vw), 

2343(vw), 2115(vw), 1933 (vw), 1624 (w), 1598 (m), 1544(m), 1437(vw), 1402 (m), 1368 

(m), 1286(m), 1263 (vw), 1212 (m), 1140 (w), 1012 (w), 976(m), 848 (vw), 798 (m), 788 

(m), 751 , 738 , 719 , 668 (m), 655 (m); 1H NMR (500 MHz, DMSO-d6) δ 9.02 (dd, J = 4.3, 

1.6 Hz, 2H), 8.44 (dd, J = 8.3, 1.3 Hz, 2H), 8.00 (dd, J = 7.2, 1.0 Hz, 2H), 7.94 (d, J = 8.0 Hz, 
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2H), 7.69 (dd, J = 8.2, 4.3 Hz, 2H), 7.43 (t, J = 7.6 Hz, 2H); 13C NMR (500 MHz, DMSO-d6) 

δ 150.86, 148.42, 137.30, 136.67, 128.75, 128.04, 127.84, 122.91, 114.89; 119Sn{1H} NMR 

(500 MHz, DMSO-d6) δ -392; Raman (780nm excitation), ῡ(cm−1) 1374(s), 1216(vw), 

838(w), 800(w), 722(w), 702(w), 662(m), 545(s), 508(w), 473(w), 387(m), 310(s), 250(w); 

HRMS (ESI+), m/z (98.36%) [M-Cl]+ Calcd for C18H12ClN2S2Sn, 474.9140; found, 

474.9143; m/z (65.80%) [(RS)3Sn, R = 8-quinolinyl]+ Calcd for C27H18N3S3Sn, 599.9680; 

found, 599.9664; Elemental analysis, Found C 42.26, H 2.44, N 5.32; Calcd. for 

C18H12C12N2S2Sn C 42.39, H 2.37, N 5.49. 

8,8'-Dithiodiquinolinium hexachloridostannate, 3.4  

Compound 3.2 (1.00 g, 1.52 mmol) was dissolved in methanol (5.00 ml) by slight heating. 

The yellow coloured solution was filtered, and the filtrate was kept at r.t. for slow 

evaporation. After 1 week bright yellow coloured crystals of 8,8'-dithiodiquinolinium 

hexachloridostannate, 3.4  were obtained (0.56 g, 57%). m.p. 173 °C.  

νmax(neat)/cm−1 3367(vw), 3271(vw), 3138(vw), 3065(vw), 2951(m), 2373 (vw), 2301(vw), 

2108(vw), 1989 (vw), 1918(vw), 1626 (w), 1597 (m), 1544(m), 1404(vw), 1366 (m), 

1287(m), 1212 (m), 1005 (vw), 978 (vw), 794 (m), 758 (m), 738(m) , 727(m) , 699 (m), 656 

(m), 597(m); 1H NMR (500 MHz, DMSO-d6) δ 9.03 (t, J = 7.0 Hz, 2H), 8.43 (d, J = 8.2 Hz, 

2H), 8.00 (d, J = 7.1 Hz, 2H), 7.93 (t, J = 7.7 Hz, 2H), 7.71 – 7.64 (m, 2H), 7.44 (dt, J = 15.3, 

7.6 Hz, 2H), 5.77 (s, 2H); 13C NMR (500 MHz, DMSO-d6) δ 150.84, 148.42, 137.29, 136.68, 

128.73, 128.03, 127.83, 122.89, 114.92, 55.39; MS (ESI+), m/z (100%) [Cat-H]+ Calcd. for 

C18H13N2S2, 321.0515; found 321.0507, m/z (97.20%) [Cat-2H+Na]+ Calcd. for 

C18H12N2NaS2, 343.0334; found 343.0351; Raman(780nm excitation), ῡ(cm−1) 1595(vw), 

1543(vw), 1440(w), 1367(m), 1228(w), 1140(vw), 1068(w), 980(vw), 928(vw), 832(w), 

804(w), 720(w), 661(m), 547(m), 525(w), 475(m), 427(w), 393(vw), 313(s), 261(vw), 

230(w). 

Diquinolyl-8,8'-disulfide, 3.5 

Compound 3.2 (1.00 g, 1.52 mmol) was dissolved in excess DMSO (8.00 ml) and heated for 

8h at 120 °C in presence of air. The reaction mixture was allowed to cool down to room 

temperature. Compound 3.5 was obtained as white crystalline solid (0.45 g, 92%). m.p. 204 

°C (lit. 206°C)10. 
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1H NMR (500 MHz, CDCl3) δ 8.98 (dd, J = 4.3, 1.6 Hz, 2H), 8.20 – 8.16 (m, 4H), 7.73 (t, J 

= 6.2 Hz, 2H), 7.50 (dd, J = 8.2, 4.3 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H); 13C NMR (500 MHz, 

CDCl3) δ 149.69, 148.92, 137.16, 136.33, 128.15, 127.73, 126.85, 121.68, 115.21; MS 

(ESI+), (m/z) [M+H]+ Calcd. for C18H13N2S2, 321.0515; found 321.0635. 
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3.10 Supplementary table 

Table 3.5. Refinement details for the X-ray structures of 3.2, 3.3m, 3.3t, 3.4 
Compound 3.2 3.3m 3.3t 3.4 
Crystal system Monoclinic Monoclinic Triclinic Monoclinic 
Space group P21/n C2/c P-1 P21/n 
Empirical formula  C18H16Cl6N2S2Sn C18H12Cl2N2S2Sn C18H12Cl2N2S2Sn C19H16Cl8N2S2Sn 
Formula weight 655.84 510.01 510.01 738.75 
T/K 150(2) 123(2) 123(2) 123(2) 
a [Å] 10.2402(11) 15.4999(8) 8.0780(16) 13.870(3) 
b [Å] 9.9690(9) 8.4072(4) 9.3260(19) 11.326(2) 
c [Å] 12.3557(12) 14.5149(7) 13.252(3) 17.080(3) 
α [°] 90 90 96.93(3) 90 
β [°] 109.198(12) 107.818(3) 91.63(3) 104.45(3) 
γ [°] 90 90 112.90(3) 90 
V [A3] 1191.2(2) 1800.72(16) 909.9(4) 2598.2(10) 
Z 2 4 2 4 
Ucalg/cm3 1.829 1.881 1.862 1.889 
P�mm-1 1.931 1.951 1.931 1.981 
GOF 1.056 1.049 1.039 1.034 
2θ range (deg) 5.374 - 49.992 5.896 - 60.518 3.106 - 52.744 4.358 - 63.632 
Refs collected 8626 9216 13104 33136 
Unique/observed 2091 2683 3693 7332 
Parameters 134 114 226 297 
Rint 0.1026 0.0286 0.0891 0.0368 
R1, wR2[I>2V�,�@� 0.0552, 0.1068 0.0215, 0.0484 0.0613, 0.1503 0.0312, 0.0789 
R1, wR2[I>2V�,�@ 0.0888, 0.1250 0.0254, 0.0503 0.0675, 0.1569 0.0342, 0.0807 

 

Table 3.6. Comparison of bond lengths (in Å) and bond angles (in °) between X-ray structures and 

optimized structures of 3.2-3.4 

Compound 3.2 

Selected Structural 
Parameters X-ray geometry Optimized geometry 

Sn1�Cl3 2.4332 2.529 
Sn1�Cl1 2.4121 2.471 
Sn1�Cl2 2.4371 2.492 
S1�C1 1.772 1.782 

Cl1-Sn1-Cl2 90.18 89.63 
Cl1-Sn1-Cl3 90.09 89.12 
Cl2-Sn1-Cl3 90.57 90.98 
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Complex 3.3m/3.3t 

Selected Structural 
Parameters 

X-ray geometry Optimized geometry 3.3m 3.3t 
S1� Sn1 2.4168 2.4401 2.513 
S2�Sn1 2.4168 2.4435 2.513 
Ν2� Sn1 2.2876 2.293 2.388 
Ν1� Sn1 2.2875 2.283 2.388 
Cl1�Sn1 2.4358 2.4388 2.409 
Cl2�Sn1 2.4358 2.4287 2.409 
S1�C1 1.7504 1.755 1.761 

S2�C18 1.7504 1.765 1.761 
Ν1-Sn1-S1 80.38 80.42 78.13 
N2-Sn1-S2 80.38 80.47 78.13 
N1-Sn1-Cl1 88.31 90.70 87.66 
N2-Sn1-Cl2 88.31 89.96 87.70 
N1-Sn1-Cl2 169.12 169.39 162.97 
N2-Sn1-Cl1 169.12 167.74 162.94 
C1-S1-Sn1 100.25 99.81 100.44 

C18-S2-Sn1 100.25 98.92 100.44 
Cl1-Sn1-Cl2 91.64 94.48 106.55 
N1-Sn1-N2 93.78 86.86 80.07 
S1-Sn1-S2 169.35 172.11 165.85 

 

Compound 3.4 

Selected Structural 
Parameters X-ray geometry Optimized geometry 

Cl1�Sn1 2.4319 2.487 
Cl2�Sn1 2.4405 2.602 
Cl3�Sn1 2.4640 2.481 
Cl4�Sn1 2.4118 2.399 
Cl5�Sn1 2.4271 2.397 
Cl6�Sn1 2.4208 2.781 
S1�S2 2.0554 2.130 
S1�C1 1.776 1.785 

S2�C10 1.778 1.786 
C1-S1-S2 104.85 102.25 

C10-S2-S1 103.20 105.15 
Cl1-Sn1-Cl2 89.842 86.38 
Cl1-Sn1-Cl3 174.52 171.82 
Cl1-Sn1-Cl4 91.285 91.45 
Cl1-Sn1-Cl5 87.976 93.32 
Cl1-Sn1-Cl6 92.78 87.94 
Cl2-Sn1-Cl3 88.842 88.58 
Cl2-Sn1-Cl4 176.518 164.87 
Cl2-Sn1-Cl5 91.41 91.74 
Cl2-Sn1-Cl6 86.88 78.56 
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Cl3-Sn1-Cl4 90.338 91.74 
Cl3-Sn1-Cl5 86.74 93.26 
Cl3-Sn1-Cl6 92.46 84.75 
Cl4-Sn1-Cl5 91.92 103.34 
Cl4-Sn1-Cl6 89.77 86.40 
Cl5-Sn1-Cl6 178.13 170.12 

 

3.11 Representative Spectra of 3.3t 

 

Figure 3.10. 1H NMR Spectrum of 3.3t. 
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Figure 3.11. 13C NMR Spectrum of 3.3t. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                              Chapter 3 
 

Page | 98  
 

 

Figure 3.12. 119Sn{1H} NMR Spectrum of 3.3t. 
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Figure 3.13. ESI-Mass Spectrum of 3.3t.  
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An Insight into the Redox Activity of Ru and Os Complexes of N,N´-Bis(2-

pyridyl)benzene-1,2-diamine Ligand: Structural, Electrochemical and DFT 

Analyses  
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4.1 Introduction 

Over the last few decades, N, N´-disubstituted 1,2-diaminobenzenes have gained 

profound interest owing to their expedient applications in various aspects of chemistry, for 

example, as a building block for supramolecular arrays,1,2 in synthesizing N-heterocyclic 

carbenes3,4 and their analogues such as N-heterocyclic phospheniums,5 germylenes, 

stannylenes,6,7 boroles8,9 and plumbylenes10,11 species to name a few. Apart from these notable 

applications, N, N´-disubstituted 1,2-diaminobenzene derivatives have been considered as one of 

the preferred choices of ligand frameworks for transition metal complexes.12 The most intriguing 

feature of N, N´-disubstituted 1,2-diaminobenzenes as a ligand is their ‘redox non-innocent’ 

behavior, a term given by Jørgensen13 to ligands that have variable, energetically accessible 

levels that can actively participate in redox processes, giving rise to an apparent ambiguity in 

oxidation states. Starting from mere academic curiosities, the redox non-innocence of a ligand is 

now considered to be a fascinating electronic phenomenon and has become a well-appreciated 

avenue in coordination chemistry.14 Another interesting development of redox non-innocent 

ligands is their ability to function as an ‘electron reservoir’ for assisting multi-electron 

transformations in metals that have otherwise limited redox activity.14b,h-j,15   As such, N, N´-

disubstituted 1,2-diaminobenzenes can undergo two successive one-electron oxidations, thereby 

offering variable oxidation states to the bonded metal atom. The dianionic ligand, L2� can 

undergo one electron oxidation to form the o-diiminosemiquinone radical (L∙─) and the latter can 

further endure one electron oxidation, thereby resulting into a fully oxidized o-diiminoquinone 

(L0) (Fig. 4.1). 

 

Fig. 4.1. Redox transformations of N, N´-disubstituted 1,2-diaminobenzenes. 

It is apparent that modification of the donor atoms or the substituent ‘R’ in N, N´-

disubstituted 1,2-diaminobenzenes can significantly alter the electronic structures of the resulting 
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metal complexes. For example, when 2-aminothiophenol, where one of the donor atom was 

replaced with sulfur, was reacted with CpRuIICl(PPh3)2, the sulfur atom was found to take part in 

the redox activity of the resulting complex [(PPh3)CpRuII(L)]Cl (where, L = 6-iminocyclohexa-

2,4-dienethione) (Chart 4.1, compound 4.1).16 Contrastingly, in case of complexes 4.2 and 4.3, 

where the flanking arms in o-phenylenediamine contain neutral sulfur donor atoms, the redox 

reactivity was solely localized on the o-phenylenediamine backbone and the sulfur being a 

neutral donor did not take part in the electron transfer processes.16-17 Interesting redox behavior 

was also manifested when o-phenylenediamine was flanked with phenolate groups. For example, 

when tetra-dentate ligand, N, N´-bis(3,5-di-tert-butyl-2-hydroxy-phenyl)-1,2-phenylenediamine, 

was reacted with [Cu(NCCH3)](ClO4) or Zn(BF4)2·2H2O, it was observed that the resulting 

complexes, 4.4 (M = Cu) and 4.5 (M = Zn) showed redox activity localized on both at the o-

phenylenediamine backbone as well as on the flanking phenolate groups.18 Similar results were 

also observed when the redox behavior of the Mo or Zr complexes of the same ligand were 

examined.19,20 However, in case of complex 4.6, where the the flanking arms in o-

phenylenediamine was changed to aniline groups the redox activity was only restricted to the 

flanking aniline groups rather than on the o-phenylenediamine backbone.21 In a recent 

development, Lahiri and co-workers have reported Ru complexes of N, N´-diphenyl-o-

benzoquinonediimine embedded with a series of different ancillary ligands. They found that S-

acceptor co-ligands such as 2,2'-bipyridine (bpy) in 4.7 and 2-(phenylazo)pyridine (pap) in 4.8 

can extend their role to redox activity of the complexes in addition to their typical spectator 

role.12i 
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Chart 4.1. Representative examples of metal complexes of N, N´-disubstituted 1,2-

diaminobenzene derivatives showing diverse redox behavior. 

In the present work, we have incorporated two pyridine rings as flanking arms to o-

phenylenediamine and have explored the redox innocent properties of the new ligand, namely N, 

N´-bis(2-pyridyl)benzene-1,2-diamine, H2L with Ru and Os precursors. We anticipated that 

incorporation of a S-acceptor group to the flanking arms would significantly modulate the redox 

properties of the resulting complexes. It was further envisaged to compare the electronic 

structural properties of the synthesized complexes with similar reported complexes wherein 

different substituents were present in the flanking arms of o-phenylenediamine. It is worth 

mentioning that, although the synthesis of H2L was reported earlier,22 however, its ligation 

properties, to our knowledge, have not been explored yet. Thus, the synthesized complexes, 4.9- 

[4.11]ClO4 are of considerable interest with respect to their general coordination chemistry as 

well as the non-innocent behavior of the ligand. 

4.2 Results and discussion 

Ligand H2L was prepared by following the reported procedure wherein o-

phenylenediamine was reacted with 2-bromopyridine at 195 °C for 1h.22 The metal precursors 

cis-[RuII(acac)2(CH3CN)2],23 [RuIII(Ph-trpy)(Cl3)]24 and cis-[OsII(bpy)2Cl2]25 (cis configuration 

with respect to chlorine, pyridine and nitrogen atoms) [acac = 2,4-pentanedionate, Ph-trpy = 4'-

phenyl-2,2':6',2''-terpyridine, bpy = 2,2´-bipyridine] were prepared as reported. The mononuclear 
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complexes [RuIII(acac)2(Py-bqdi)], (4.9), [RuII(Ph-trpy)(Py-bqdi)Cl], (4.10) and [OsII(bpy)2(Py-

bqdi)](ClO4), ([4.11]ClO4), where Py-bqdi = N, N´-dipyridyl-o-benzoquinonediimine were 

synthesized in a single step reaction between the ligand (H2L) and the respective metal 

precursors; cis-[RuII(acac)2(CH3CN)2], [RuIII(Ph-trpy)(Cl3)] and cis-[Os(bpy)2Cl2] respectively in 

the presence of Et3N in polar protic solvent medium (e.g. ethanol or methanol) at elevated 

temperature (Scheme 4.1). All the synthesized complexes were purified by alumina column 

chromatography by a gradient elusion with a dichloromethane/acetonitrile mixture. 

 
Scheme 4.1. Synthetic route for complexes 4.9-[4.11]ClO4. 

The identity of the complexes was validated using various analytical techniques like mass 

spectrometry (ESI-MS), conductivity, NMR and UV-Vis-NIR spectroscopy, which substantiate 

the structure of the complexes in their respective electronic states. The molar conductivities show 

4.9 and 4.10 are non-electrolytes and [4.11]ClO4 is a 1:1 electrolyte. In the 1H NMR spectrum 

complex 4.9 exhibits aromatic proton resonances corresponding to the ligand (H2L) in the region 

of 6-8 ppm. A single resonance at 5.08 ppm can be ascribed to the methine proton at the 

acetylacetonate backbone, while the methyl groups of the acetylacetonate display singlet 

resonances at 1.86 ppm and 1.85 ppm respectively. On the other hand, complex [4.11]ClO4 
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exhibits overlapping proton resonances corresponding to bipyridine and the ligand respectively 

in the range 6.5-8.3 ppm. The N-H resonance was not observed in the 1H NMR spectrum, 

however, ν(N-H) is evident in the IR spectrum.  

4.3 Structural elucidation 

The identity of complex 4.9 was further validated by single crystal X-ray diffraction study. The 

single crystals of 4.9 were obtained from the slow evaporation of a solution of 4.9 in a n-

hexane/chloroform mixture. An ORTEP view of complex 4.9 is shown in Fig. 4.2 and 

crystallographic data and structure refinement parameters are given in Table 4.4. The spatial 

arrangement of the Ru(III) ion is distorted octahedral and is defined by a N2O4 donor set.  Of 

particular interest are the C1�N1 and C2�N2 distances, which are of 1.335(6) Å and 1.342(5) Å 

respectively. These bond distances are in good agreement with those observed [1.336(3) Å and 

1.346(3) Å] in [RuIII(acac)2(Ph-bqdi)] where Ph-bqdi = N, N´-diphenyl-o-

benzoquinonediimine.12i While comparing the C�N and C�C intra-ring bond distances in 4.9 

with the literature values,12i-j, 26-27 it can be inferred that in complex 4.9, the ligand is in the 

semiquinone state (L•─). The Ru1�N1 [1.981(4) Å] and Ru1�N2 [1.991(4) Å] bond distances 

and N1�Ru1�N2 bite angle [79.19(18)°] in 4.9 are comparable to those observed in 

[RuIII(acac)2(Ph-bqdi)] [Ru1�N1=1.963(2) Å, Ru1�N2=1.982(19) Å and ∠

N1�Ru1�N2=80.10(9)°]12i. The Ru�O(acac) bond lengths and associated angles are in good 

agreement with the data observed in related complexes.28 

 

Fig. 4.2. Molecular structure of 4.9; thermal ellipsoids are set at the 50% probability level. 
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An ORTEP view of complex 4.10 is shown in Fig. 4.3. Single crystals of complex 4.10 were 

obtained by slow evaporation of a n-hexane/dichloromethane solution. The geometry around 

Ru(II) ion is distorted octahedral wherein its coordination environment is completed by a N5Cl 

donor set. The chloride ligand is trans to the N2 atom with a trans angle of 172.9(3)°. The 

C1�N1 bond distance is 1.37(1) Å, which is on the longer side of the C�N double bond values 

and resembles more that of a C�N distance observed in the fully reduced dianionic catecholate 

form.27 On the other hand, the C2�N2 distance of 1.368(1) Å corresponds to a typical C�N 

double bond. Again, the C1�N1 distance in 4.10 is considerably longer than the C N distances 

[1.317(9) Å and 1.316(9) Å] observed in [Ru(trpy)(Cl)(bqdi)]ClO4 [bqdi = o-

benzoquinonediimine; trpy = 2, 2´:6´,2´´-terpyridine].29a Again, the C1�C6 bond length of 1.42 

(1) Å is shorter than normal C�C single bonds. Hence, from these observations, it can be inferred 

that like in complex 4.9, the ligand in 4.10 is also in semiquinone state (L•─). The Ru1�N1 and 

Ru1�N2 bond distances are 2.007( 8) Å and 1.991 (7) Å respectively, which are in agreement 

with that of complex 4.9 [1.980(4) Å and 1.991(4) Å ]  and [Ru(trpy)(Cl)(bqdi)]ClO4 [1.985(6) Å 

and 1.991(7) Å].29a The N1�Ru1�N2 bite angle of 78.1(3)° is smaller than that observed in 4.9 

[79.19(18)°]. The Ru1�Cl1 distance [2.404 (2) Å] and Ru-N (Ph-trpy) distances [Ru1�N5 

{2.058 (6) Å}, Ru1�N6 {1.978 (7) Å}, Ru1�N7 {2.080 (6) Å}] of 4.10 are in good agreement 

with the data reported for related molecules.29 

 

Fig. 4.3. Molecular structure of 4.10; thermal ellipsoids are set at the 50% probability level. 
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The molecular structure of complex [4.11]ClO4 is shown in Fig. 4.4. Single crystals of complex 

[4.11]ClO4 were obtained by slow evaporation of its n-hexane/dichloromethane solution. The 

geometry of the Os(II) ion is distorted octahedral and is coordinated to one nitrogen atom (N1) of 

the o-phenylenediamine core, one nitrogen atom (N3) from the flanking pyridine group and two 

bipyridyl ancillary ligands. The remaining positive charge on the Os ion is balanced by a 

perchlorate counter anion. Interestingly, the second N-H hydrogen of the o-phenylenediamine 

did not undergo deprotonation during the reaction and eventually did not take part in 

coordination to the metal center. The N1 atom and the pyridyl nitrogen (N3) make a four-

membered chelating ring with the Os center with a N1�Os1�N3 bite angle of 62.0(1)°. It is 

worth noting that complex [4.11]ClO4 is the first example of an osmium complex of any 

benzoquinonedimine ligand, which contains a four-membered chelating ring. Being part of the 

four-membered chelating ring, this bite angle is significantly smaller than the N1�Os1�N3 angle 

observed in Os(H2)(HNC6H4NMe)(PiPr3)2 [76.2(2)°]26 and Os(H2)(HNC6H4NH)(PiPr3)2 

[76.35(15)°]30a, where the nitrogen atoms are part of five-membered chelating rings. The 

Os1�N1 and Os1�N3 bond distances are 2.146(3) and 2.090(3) Å respectively. The C1�N1 bond 

distance is 1.411(5) Å. While comparing with the related literature values,26-28 it can be inferred 

that this value clearly approaches that of a single bond, and hence the best description of 

[4.11]ClO4 is [OsII(bpy)2(LH�)Cl](ClO4), where the negative charge is localized on the N1 atom. 

The Os�N (bpy) bond lengths and associated angles are in good agreement with the data 

observed in related Os(II) complexes.30  
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Fig. 4.4. Molecular structure of [4.11]ClO4; thermal ellipsoids are set at the 50% probability 

level. 

4.4 Electrochemistry 

Electrochemical techniques like cyclic voltammetry and differential pulse voltammetry provide a 

better perception about accessible redox states within the molecule. Compounds 4.9, 4.10 and 

[4.11]� demonstrate one oxidation (O1) and one (R1) or two successive reductions (R2 and R3) 

waves in the potential range  0.12�1.21 V and �0.43 to �1.71 V versus SCE in CH3CN. The 

respective electrochemical parameters are represented in Fig. 4.5 and Table 4.1. Appreciable 

differences in the potentials between the first oxidation (O1) and reduction process (R2), ['E = 

1.29 V, 1.64 V and 1.56 V, respectively for 4.9, 4.10 and [4.11]�] translate to a high value of the 

comproportionation constant (Kc) [1021, 1027 and 1026], thereby indicating high stability of the 

native states. Depending on the nature of the donor/acceptor co-ligands, a considerable shift in 

potentials could be observed for the accessible charged states. In particular, the strong electron 

donating nature of the acac� co-ligands in 4.9 makes the first oxidation easier and the first 

reduction more difficult to access as compared to 4.10 owing to the S-accepting nature of the 

terpyridine co-ligand. Moreover, the oxidation potential in the pyridine containing 

benzoquinonediimine complex (4.9) shifts to a positive value as compared to the analogous 

phenyl containing benzoquinonediimine (Ph-bqdi) complex, [Ru(acac)2(Ph-bqdi)]12i, while the 
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reduction potentials shift to less negative values, an outcome which is attributed to the electron 

withdrawing nature of the pyridine ring.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. Cyclic (black) and differential pulse (red) voltammograms of (a) 4.9 (b) 4.10 and (c) 

[4.11]ClO4 in CH3CN/0.1 M Et4NClO4. 

 In complex 4.10, the irreversible wave corresponding to the RuII/RuIII oxidation indicates 

that the oxidized species (4.10/4.10�) is not stable on the cyclic voltammetric scale. This is quite 

similar to the oxidation profile of the previously reported complex [Ru(trpy)(bqdi)].29a The effect 

of the electron accepting nature of the pyridine ring of the pendant arm is evident from the 

change in electronic potentials as compared to corresponding tpm/trpy [tpm = 

tris(pyrazolyl)methane, trpy = 2,2′:6′,2″-terpyridine] containing derivatives of 

benzoquinonediimine.29a,31a The first reduction (R1; 4.10/4.10-) could be associated with the 

ligand backbone, while the successive reduction (R2; 4.10-/4.102-) takes place on trpy based 

orbitals. These assignments are validated by Mulliken spin density calculations (vide infra) and 

in agreement with that of the similar reported complexes.29a,31 The difference in S-donation 

1.6 0.8 0.0 -0.8 -1.6

E / V versus SCE

1.6 0.8 0.0 -0.8 -1.6

E / V versus SCE

0.8 0.4 0.0 -0.4 -0.8 -1.2
E / V versus SCE

1.0 0.5 0.0 -0.5 -1.0 -1.5
E / V versus SCE

0.5 0.0 -0.5 -1.0 -1.5 -2.0
E / V versus SCE

0.5 0.0 -0.5 -1.0 -1.5 -2.0
E / V versus SCE
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capability of osmium and bipyridine could be held accountable for the change in electronic 

potentials in complex [4.11]�. The presence of negative charge derived from the anionic nitrogen 

atom is primarily responsible for the very low oxidation potential of complex [4.11]��resulting in 

the formation of a ligand centered radical, while successive reduction processes could be 

attributed to the presence of low-lying S*-acceptor orbitals of bipyridine. More precise 

assignment of oxidation states is discussed with the help of EPR spectroscopy in combination 

with theoretically computed Mulliken spin density values (vide infra).  

Table 4.1. Electrochemical dataa for 4.9-[4.11]ClO4 and comparison with related complexes.    

Complex E°298[V](ΔEp[mV])b  Kc
c 

O2 O1 R1 R2 R3 Kc1
e Kc2

f 
4.9 - 0.48(90) -

0.81(100) 
- - 7.3 

x1021 
- 

4.10 - 1.21(90) -0.43(90) -0.92(80) -1.86d 6.2 
x1027 

2.0 
x108 

[4.11](ClO4) - 0.12(70) -1.44 (80) -1.71(70) - 2.7 
x1026 

3.7 
x104 

[Ru(acac)2(Ph-
bqdi)]g 

 0.36(60) -1.05(70) - - 7.9 
x1023 

- 

[Ru(acac)2(bqdi)]h - 0.53 -0.96 - - 1.7 
x1025 

- 

[Ru(trpy)(bqdi)]i 1.32(90) 0.94(70) -0.54(70) -0.70(60) -1.27 
(140) 

  

[Ru(tpm)(bqdi)]j - 0.82(80) -0.79(80) -1.39d -  - 
aFrom cyclic voltammetry in CH3CN/0.1 M Et4NClO4 at 100 mV s�1. bPotential in V versus 

SCE; peak potential differences ΔEp[mV](in parentheses).cComproportionation constant from 

RTlnKc = nF(ΔE). dIrreversible. eKc1 between O1 and R1. fKc2 between R1 and R2. g Ph-bqdi= N, 

N′-diphenyl-o-benzoquinonediimine. hbqdi= o-benzoquinonediimne. itrpy= 2,2′:6′,2″-terpyridine. 
jtpm= tris(pyrazolyl)methane 

4.5 EPR spectroscopy, spin density analysis and redox series 

EPR spectroscopy serves as an indispensable tool for assessing contributions of metal or ligand 

or mixed metal-ligand of the singly occupied molecular orbitals of paramagnetic states. Hence, 

precise assignments of oxidation state can be done unambiguously with the help of EPR 
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spectroscopy in combination with calculated spin densities. Quite expectedly, due to larger 

values of the spin-orbit coupling constant for the Ru/Os atom as compared to the C, H or N 

atoms, the g-values deviate significantly from the ideal value of 2.0023. The EPR spectra of 

electrochemically oxidized or reduced states have been recorded in a frozen solution of the 

samples in CH3CN at 77K. Representative EPR spectra of paramagnetic states are illustrated in 

Fig. 4.6 and the values of the respective parameters have been summarized in Table 4.2. The 

theoretically calculated spin density diagram and respective values are given in Fig. 4.7 and 

Table 4.3 respectively. 

 
Fig. 4.6. EPR spectra after in situ oxidation of (a) [4.9], (b) [4.11]ClO4 and native state of (c) 

[4.10] at 77 K in CH3CN /0.1 M Et4NClO4. 

 Compound 4.9, designated as RuIII/Pybq•–, failed to display any EPR spectrum which might 

be attributed to the antiferromagnetic coupling between the low-spin Ru(III) (S =½) and the 

ligand based radical (S = ½). This is clearly reflected in the DFT calculated [Fig. 4.12; Broken 

symmetry (BS) analysis] Mulliken spin density distributions of Ru: 0.216/0.939, Pybq(L): -

0.203/1.012 in singlet/triplet energy states respectively. A preferential stabilization of the singlet 

state [BS(1,1) S =0] over the triplet state (S =1) could be attributed to significant energy 

difference between the two states. This is further evident by diamagnetic nature of the 1H NMR 

spectrum of 4.9 (vide supra). Upon oxidation, it exhibits the characteristic metal-based rhombic 

EPR signal corresponding to the RuIII (d5) state as confirmed from the <g> value of 2.122 and a 

large anisotropic parameter of 0.542. Moreover, the 80% contribution (as indicated by Mulliken 
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spin density calculation) of metal spin in the oxidized state (4.9�) adds further validation to the 

ligand-based transformation of {Pybq•–→Pybq0} leaving metal center as the sole contributor 

towards the overall spin. 

Table 4.2. EPR Data for the complexesa 

Complex g g1 g2 g3 <g>b 'gc 

4.9� - 2.369 2.136 1.828 2.122 0.541 

4.10 2.003 - - - - - 

4.112� 2.005 - - - - - 

aIn CH3CN/0.1 M Et4NClO4.at 125 K,b<g> = {(1/3)(g1
2 + g2

2 + g3
2)}1/2 , c'g = g1–g3. 

Complex 4.10 exhibits a broad isotropic signal with a giso value of 2.003, which points towards 

the formation of a radical anion in the native state {RuII(Pybq•�)}. The irreversible nature of the 

oxidation process in the case of complex 4.10, precludes observation of any EPR spectrum upon 

oxidation. Upon reduction (R1), no signal was observed quite expectedly due to the doubly 

reduced dianionic ligand indicating a ligand-based first reduction {Pybq•�→ Pybq2�}. While, the 

successive reduction (R2; 4.10-/4.102-) takes place on trpy based orbitals, which is substantiated 

by Mulliken spin density calculations (Table 4.6) and are in agreement with that of the similar 

reported complexes.29a, 31 The native state of compound 4.11� is EPR silent due to the 

diamagnetic nature of the ground state. The oxidized species, 4.112+ displays an isotropic EPR 

signal with a g value of 2.005 along with 71% ligand contribution to overall spin density 

indicating a ligand-based oxidation process. No EPR signals were observed upon reduction 

which is expected to be composed of bipyridine (bpy•–) based spin. 
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Table 4.3. DFT calculated Mulliken spin densities for paramagnetic forms of 4.9n, 4.10n and 
4.11n (n= �1 to +2) 
 

complexes Ru/Os Q(L) bpy trpy acac 
4.9�(S=1/2) 0.807 0.120 -  0.073 

4.9−(S=1/2) 0.408 0.578 -  0.014 

4.10�(S=1/2) 0.126 0.715 - 0.159 - 

4.112�(S=1/2) 0.244 0.715 0.041  - 

4.11(S=1/2) 0.260 -0.150 0.890   

 

 

Fig. 4.7. DFT calculated Mulliken spin density plots of (a) 4.9+ (S= 1/2) (b) 4.9� (S= 1/2) (c) 4.10 
(S = 1/2), (d) 4.112��(S= 1/2) and (e) 4.11 (S= 1/2). 

Based on these observations obtained by the combined studies of electrochemistry, theoretically 

formulated Mulliken spin density and EPR spectroscopy, the best possible representations of the 

redox formulation across the series of complexes [4.9, 4.10 and 4.11+] are depicted in Scheme 2. 

The native forms are marked in pink. 



                                                                                                                                                                Chapter 4 
 

Page | 113  
 

 

 

 

 

 

 

 

 

 

 

Scheme 4.2. Assignments of oxidation states across the redox series of 4.9n, 4.10n and 4.11n 

(native forms are marked in pink, the free radicals are depicted on red). 

4.6 UV-Vis-NIR spectroscopy 

The electronically accessible paramagnetic states of the complexes 4.9, 4.10 and [4.11]+ could be 

analyzed by controlled potential coulometry in association with UV-vis-NIR spectroscopy (Fig. 

4.8). Multiple transitions observed in the region are summarized in Table 4.4, while the nature of 

the transitions could be assigned on the basis of the TD-DFT calculations (ESI). Compound 4.9, 

displays a moderately intense transition at 529 nm which can be described as ligand-to-metal 

charge transfer (LMCT) involving S-orbitals (L•�) of the partially reduced ligand to dS orbitals of 

metals. While one electron oxidized species 4.9+ exhibits Ru(dS)→L(S
) MLCT band at 556 nm 

which further validates a ligand based oxidation process as stated before (vide supra). Quite 

obviously presence of the pyridine ring results in a hypsochromic shift of the band position by 

~10 nm as compared to the phenyl substituted analogous compound [Ru(acac)2(Ph-bqdi)].12i  
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(a)                                               (b)                                             (c) 

Fig. 4.8. UV-vis-NIR spectra of complexes (a) 4.9 (black), 4.10 (red), and [4.11]ClO4 (blue) in 

acetonitrile. Spectroelectrochemical responses of (b) 4.9 and (c) 4.11 upon oxidation in CH3CN / 

0.1 M Bu4NClO4. 

On the other hand compounds 4.10 and [4.11]+ exhibit absorption bands with high intensity at 

521 nm and 528 nm respectively corresponding to the characteristic metal to ligand charge 

transfer transitions (MLCT), while the appearance of several higher energy peaks can be 

assigned to ligand-to-ligand charge transfer (LLCT) transitions.12 Complex [4.11]2+ displays a 

broad band corresponding to the Os(dS)→L(S
) MLCT transition arising out of the generation of 

a possible radical at the ligand center. 

Table 4.4. UV-visible spectral data of 4.9, 4.10, and [4.11]ClO4 in acetonitrile solutions. 

Complex λ[nm] (ε [M�1cm�1]) 

4.9 270(17050), 319(9060), 529(10790) 

4.9+ 257(17740), 455(6860), 556(9350) 

4.10 284(6920), 317(4770), 521(3760) 

[4.11]� 295(34940), 350(19330), 528(8290), 778(1900) 

[4.11]2� 394(8600), 481(4300),8 56(1730) 

 

 It is worth mentioning that a slight disparity in position of the spectral bands on moving 

from 4.9 to 4.10 to [4.11]ClO4 is mainly due to the variation in V-donating (acac) and S-acceptor 

(trpy and bpy) capabilities of ancillary ligands. 
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4.7 Conclusion 

A series of Ru and Os complexes has been synthesized by using the bidentate ligand N, N´-bis(2-

pyridyl)benzene-1,2-diamine. The experimental information in combination with theoretical 

investigations point out the intricate details about the electronic structure formulation of 

benzoquinonediimine in the presence of S-acceptor pyridyl groups attached to NH arms. 

Although the exact valence structure formulation of the aforesaid benzoquinonedimine ligand 

has remained a point of debate in the literature, herein we have highlighted the possible redox 

states of the metals as well as the ligands in all three complexes. It is observed that due to the 

incorporation of the S-acceptor pyridyl group, a minor variation in the electronic properties of 

[Ru(acac)2(Py-bqdi)] has been observed in comparison to that of the similar reported 

complexes.12i-j,29a,31 However, due to the combined effect of a S-acceptor ‘ph-trpy’ co-ligand as 

well as pyridyl side arms, the effects were more pronounced in [Ru(Ph-trpy)(Py-bqdi)]. The 

osmium complex, [Os(bpy)2(Py-bqdi)](ClO4) also shows interesting electronic behaviour, 

wherein it makes use of the negative charge of the mono deprotonated ligand in the native form. 

Here, the electrochemically induced oxidations are found to be ligand based (71%), while the 

reductions are purely bpy based (89%). Complex [Os(bpy)2(Py-bqdi)](ClO4) is found to be 

interesting from the structural  point of view, as it involves the formation of a four-membered 

chelate ring of the ligand with Os metal. It is noteworthy that the formation of a four-membered 

chelation ring with Os metal centre is the first of its kind for any benzoquinonedimine ligand.  

4.8 Experimental section 

All the reactions were performed under nitrogen atmosphere by using standard Schlenk 

techniques and were occasionally monitored by using thin layer chromatography (TLC). The 

starting materials and solvents were purchased from commercial sources. Solvents were purified 

by standard techniques.1H (400 MHz and 500 MHz) NMR spectra were recorded on Bruker AV 

400 MHz and Bruker AV 500 MHz spectrometers at 25 °C. Chemical shifts are cited with 

respect to Me4Si as an internal standard for 1H NMR. Electron spray mass spectra (ESI-MS) 

were carried out using a Q-tof micro (YA-105) mass spectrometer. The electrical conductivities 

were measured by an autoranging conductivity meter (Toshcon Industries, India). The EPR 

spectra were recorded on a Bruker EMX Plus instrument. A PAR model 273A electrochemistry 

system was used to carry out the cyclic voltammetric and differential pulse voltammetric 

measurements of the complexes. Platinum wire working and auxiliary electrode and an aqueous 
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saturated calomel reference electrode (SCE) were used in a three-electrode configuration. 

Tetraethylammonium perchlorate (TEAP) was used as the supporting electrolyte (substrate 

concentration ≈10-3M; standard scan rate 100 mVs-1). The half-wave potential, E0
298, was set to 

equal 0.5(Epa+Epc), in which Epa and Epc are anodic and cathodic cyclic voltammetry peak 

potentials, respectively. A platinum wire-gauze working electrode was used for the constant 

potential coulometry experiments.  

Synthesis of [Ru(acac)2(Ph-bqdi)], 4.9 

A mixture comprising H2L22 (0.038 g, 0.144 mmol) and NEt3 (0.031 g, 0.306 mmol) in 25 mL 

EtOH was stirred at room temperature for 15 min under a nitrogen atmosphere. The metal 

precursor, cis-[Ru(acac)2(CH3CN)2]23 (0.055 g, 0.144 mmol) in 15 mL EtOH was added to the 

reaction mixture which was refluxed for 6 h. After completion of the reaction, solvents were 

removed under vacuum to get the crude product. The purification was done on a neutral alumina 

column and the pink colored compound corresponding to 4.9 was obtained by using a 

CH2Cl2:CH3CN (20:1) solvent mixture as eluent.  

Yield: 0.068 g (84%). m. p. 157-159 °C. MS (ESI+, CH3CN): m/z{[4.9+H]}��Calc: 561.10; 

Found: 561.12.1H NMR in CDCl3 [δ/ ppm(J/Hz)] =δ 8.46 (dd, J = 4.9, 1.2 Hz, 2H), 7.73 (td, J = 

7.8, 1.9 Hz, 2H), 7.69 – 7.57 (m, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.30 – 7.22 (m, 2H), 6.78 – 6.75 

(m, 2H), 5.08 (s, 2H), 1.87 (d, J = 3.9 Hz, 6H), 1.85 (s, 6H). Molar conductivity {ΛM (Ω�1 cm2 

M�1), CH3CN}: 8. Anal. Calc. for C26H26N4O4Ru: C, 55.81; H, 4.68; N, 10.01; Found C, 55.73; 

H, 4.89; N, 10.17. 

Synthesis of [Ru(Ph-trpy)(Ph-bqdi)(Cl)], 4.10 

A methanolic solution (15 ml) of H2L22 (0.056 g, 0.213 mmol) and Et3N (0.045 g, 0.448 mmol) 

was stirred at room temperature for 15 min. The precursor complex, [Ru(Ph-trpy)Cl3]24 (0.110 g, 

0.213 mmol) in 10 mL CH3OH was added followed by a heating at 55-60 °C for 4 h. The 

resulting purple colored solution was then evaporated under reduced pressure to obtain a dark 

colored solid which was then subjected to a neutral alumina column. The purple colored pure 

complex 4.10 was obtained by using a CH2Cl2:CH3CN (5:1) solvent mixture as eluent. 

Yield: 0.093 g (62%). m. p. 184 °C. MS (ESI+, CH3CN): m/z{[4.10]}��Calc: 706.12; Found: 

706.11. Molar conductivity {ΛM (Ω�1 cm2 M�1), CH3CN}: 27. Anal. Calc. for C37H27ClN7Ru: C, 

62.93; H, 3.85; N, 13.88; Found C, 63.07; H, 3.98; N, 14.17. 
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Synthesis of [Os(bpy)2(Ph-bqdi)](ClO4), [4.11]ClO4 

A mixture containing H2L22 (0.050 g, 0.190 mmol) in 10 mL EtOH and Et3N (0.040 g, 0.400 

mmol) was stirred for 15 min followed by a subsequent addition of metal precursor, 

[Os(bpy)2Cl2]25 (0.109 mg, 0.190 mmol). The resulting mixture was then refluxed overnight. The 

color of the solution gradually changes from reddish-brown to deep brown. After completion of the 

reaction, the solution was evaporated and the crude reaction mixture was subjected to a neutral 

alumina column. The desired brown color band was eluted by a CH2Cl2:CH3CN (4:1) solvent 

mixture and evaporated to obtain the pure complex [4.11]ClO4.  

Yield: 0.114 mg (69%). m. p. 197 °C. MS (ESI+, CH2Cl2): m/z{[4.11]�} Calc: 765.21; Found: 

765.22. 1H NMR in DMSO-d6 [δ/ ppm (J/Hz)] = δ 8.24 (s, 4H), 8.07 (dd, J = 5.0, 1.2 Hz, 4H), 

7.67 – 7.60 (m, 4H), 7.49 (ddd, J = 8.9, 7.2, 2.0 Hz, 4H), 7.07 – 6.99 (m, 4H), 6.76 – 6.63 (m, 

8H). FTIR (KBr): ν(N-H) 3390 cm−1, ν(ClO4�) 1089, 622 cm−1. Molar conductivity {ΛM (Ω�1 

cm2 M�1), CH3CN}: 114. Anal. Calc. for C36H29ClN8O4Os: C, 50.08; H, 3.39; N, 12.98; Found C, 

49.93; H, 3.18; N, 12.77. 

Caution: Perchlorate salt of metal complexes with organic ligands are potentially explosive. 

Adequate precaution should be taken while handing of such compounds.  
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4.10 Supplementary table 

Table 4.4. Refinement details for the X-ray structures of 4.9, 4.10 and [4.11]ClO4  

Compound 4.9 4.10 [4.11]ClO4 

Formula C26H26N4O4Ru C37H27ClN7Ru C45H38ClN8O4Os 

Crystal System Hexagonal Monoclinic Triclinic 

Space group P61 C2/c P-1 

T/K 293(2) 293(2) 293(2) 

a [Å] 10.6783(2) 11.4893(9) 11.8605(2) 

b [Å] 10.6783(2) 29.335(2) 13.5233(3) 

c [Å] 37.8191(7) 24.2604(17) 14.3278(3) 

α [°] 90 90 67.070(2) 

β [°] 90 97.376(7) 76.321(2) 

γ [°] 120 90 67.853(2) 

V [A3] 3734.62(16) 8109.1(11) 1949.49(8) 

Z 6 8 2 

Ucalg/cm3 1.493 1.157 1.670 

P�mm-1 0.669 0.483 
 
3.396 

 

GOF 1.071 1.052 1.040 

2θ range (deg) 4.404 - 49.992 3.252 – 49.998 3.45- 50 

Refs collected 70939 22929 15002 

Unique/observed 4377 6979 6844 

Parameters 414 416 532 

Rint 0.0902 0.1119 0.0581 

R1, wR2[I>2V�,�@� 0.0296, 0.0721 0.0919, 0.2408 0.0326, 0.0717 

R1, wR2[I>2V�,�@ 0.0305, 0.0727 0.1463, 0.2968 0.0381, 0.0744 
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Fig. 4.9. Broken-symmetry calculations for 4.9. 

 

Table 4.5. Energies of DFT optimized structures of 4.9n , 4.10n and 4.11n. 

 

aHE = Spin state in higher in energy; LE = Spin state in lower in energy. 

 

 
Complex 

E (Hartrees)  
∆E (HE-LE)

a 
S = 0 S = 1 

4.9 ������������� ������������� 0.008448 Hartrees 
1854.121674 cm−1 
22.18022569 kJ/mol 

4.10�� �������������� �������������� 0.017847  Hartrees 
3916.9637216  cm−1 
46.857302069  kJ/mol 

4.10�� �������������� �������������� 0.019609 Hartrees 
4303.67802 cm−1 
51.4834334 kJ/mol 

4.112� ������������� �������������� 0.001658 Hartrees 
363.8889365 cm−1 
4.353079332 kJ/mol 

BS(1,1) S = 0 

 

 

BS(1,1) S = 1 

 

 
Energy:           -1620.3734138 Hartrees                                 -1620.3618940 Hartrees 

 

 
'E: E(S=1) ��E(S=0) = 2528.3038 cm�1 
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Table 4.6. Selected DFT calculated MO compositions of 4.9n, 4.10n and 4.11n. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex    MO      fragments %contribution 
4.9     (S=0) HOMO 

LUMO 
Ph-bqdi/Ru/acac 
Ru/Ph-bqdi/acac 

61/32/07 
62/19/19 

4.9+    (S=1/2) E-LUMO Ph-bqdi/Ru/acac 69/19/12 

4.9�    (S=1/2) S202� Ph-bqdi/Ru/acac 74/21/05 

4.10   (S=1/2) SOMO 
E-LUMO 

Ph-bqdi/Ru/Ph-trpy/Cl 
Ph-trpy/Ru/Ph-bqdi/Cl 

69/21/08/01 
88/06/05/01 

4.10+  (S=0) LUMO Ph-bqdi/Ru/Ph-trpy/Cl 70/23/06/02 

4.10−  (S=0) +202�
LUMO�

Ph-bqdi/Ru/Ph-trpy/Cl 
Ph-trpy/Ru/Ph-bqdi/Cl 

75/13/11/00 
82/14/03/02 

4.102− (S=1/2) S202� Ph-trpy/Ru/Ph-bqdi/Cl 79/15/05/01 

4.11+   (S=0) +202�
LUMO 

Ph-bqdi/Os/bpy  
bpy/Os/ Ph-bqdi 

80/12/08 
92/06/02 

4.112+ (S=1/2) E-LUMO Ph-bqdi/Os/bpy 67/23/10 

4.11    (S=1/2) SOMO 
D-LUMO�

bpy/Os/ Ph-bqdi 
bpy/Os/ Ph-bqdi 

92/06/02 
82/15/03 

4.11�   (S=1) SOMO bpy/Os/ Ph-bqdi 80/16/04 
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4.9 (HOMO) 4.9 (LUMO) 4.9���E-LUMO�� 4.9���SOMO�� 

 
 

 
 

4.10 (SOMO) 4.10��E-LUMO ) 4.10+(LUMO) 4.10−(HOMO) 

    
4.10−(LUMO) 4.102−(SOMO) 4.11+(HOMO) 4.11+(LUMO) 

    
4.112+(�E-LUMO) 4.11 (SOMO) 4.11(�D-LUMO) 4.11�� SOMO�� 
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Table 4.7. Experimental and TD-DFT calculated electronic transitions for 4.9n, 4.10 and 4.11n. 

 

 

 

 

 

 

λ/nm  

expt. (DFT) 

H�/M�1cm�1 (f)  Key transition Character  

4.9 (S=0) 

529(582) 10790(0.14) HOMO-2oLUMO(0.64) Ru(dπ)/Py-bqdi(π)/acac(π)oPy-bqdi 
(π*)/Ru(dπ) 

319(327) 9060(0.05)           HOMO-1oLUMO+2(0.62) Ru(dπ)/acac(π)oPy-bqdi(π*) 

270(293)      17050(0.02)          HOMO-1oLUMO+4(0.61) Ru(dπ)/acac(π)oacac(π*) 
4.9� (S=1/2) 

556(539) 9350(0.02) HOMO-2(D)oLUMO(D)(0.78) Py-bqdi(π)/Ru(dπ)oPy-bqdi(π*) 
455(475) 6860(0.06) HOMO-3(D)oLUMO(D)(0.73) Ru(dπ)/Py-bqdi(π)oPy-bqdi(π*) 
257(303) 
 

17740(0.02) HOMO-1(E)oLUMO+3(E)(0.53) 
HOMO(E)oLUMO+2(E)(0.53) 

acac(π)/ Py-bqdi(π)oacac(π*) 
acac(π)/ Py-bqdi(π)oPy-bqdi(π*) 

4.10 (S=0) 
521(522) 3760(0.02) HOMO-1(E)oLUMO+2(E)(0.85) Ru(dπ)/Cl(π)oPy-bqdi(π*) 
317(342) 4770(0.01) HOMO-2(E)oLUMO+4(E)(0.60) Ru(dπ)/Py-bqdi(π)oPy-trpy(π*) 
284(310) 6920(0.06) HOMO-4(E)oLUMO+2(E)(0.53) Py-bqdi(π)/Cl(π)oPy-bqdi(π*) 

4.11� (S=0) 

778(711) 1900(0.01) HOMOoLUMO(0.98) Py-bqdi(π)obpy(π*) 
528(536) 8290(0.02) HOMO-2oLUMO(0.56) Os(dπ)obpy(π*) 
350(367) 19330(0.06) HOMO-1oLUMO+4(0.53) Py-bqdi(π)/ Os(dπ)obpy(π*) 
295(297) 34940(0.09) HOMO-6oLUMO(0.60) Py-bqdi(π)obpy(π*) 
 4.112� (S=1/2) 

856(781) 1730(0.08) HOMO-3(E)oLUMO(E)(0.97) Py-bqdi(π)/ Os(dπ)oPy-bqdi(π*) 
481(473) 4300(0.01)           HOMO-1(D)oLUMO(D)(0.51) Py-bqdi(π)/ Os(dπ)oPy-bqdi(π*) 
394(383) 8600(0.02)           HOMO(D)oLUMO+2(D) (0.64) Py-bqdi(π)/obpy(π*) 



                                                                                                                                                                Chapter 4 
 

Page | 127  
 

4.11 Representative Spectra  

 

Fig. 4.10. 1H NMR spectrum of complex 4.9. Inset showing expanded aromatic and aromatic 

region. 
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Fig. 4.11. 1H NMR spectrum of [4.11](ClO4). Inset showing expanded aromatic region. 
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(b) 

(c) 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12. ESI-mass spectra (positive mode) of (a) 4.9, (b) 4.10 and (c) [4.11]+ in CH3CN. 

(experimental spectra are depicted in black, simulated patterns are depicted in red) 
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Synthesis and Characterization of Pyrrole Based NNN-Pincer Ligands and 

their Complexes 
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5.1 Introduction 

 ‘Pincer ligands’ are a class of ligands consisting of donor atoms which are capable of 

coordinating in a tridentate manner to the central metal atom, thus, giving rise to the 

phenomenon of chelation. Pincer literally means the presence of blunt ends for gripping 

things, which is what the donor atoms in the ligand do, i.e., hold the central metal atom in a 

particular coordination mode (preferably meridionally). Chelation makes the structure 

versatile enough to modify them and provide the dual combination of stability as well as 

reactivity with metal complexes; both of which are crucial in coordination chemistry. 

Throughout the past few decades, the chemistry of pincer ligands has been unambiguously 

developed to be one of the most exciting and esteemed field of organometallic chemistry.1-5 

In fact, during the last few years, several landmark discoveries have been achieved from the 

chemistry of pincer ligands with different metals.6-18 The chemistry of pincer ligand was 

brought to light by Moulton et al., in 1976 whereby they synthesized a series of transition 

metal (Ni, Pd, Pt, Rh, Ir) complexes stabilised by PCP-tridentate pincer ligand.19 Succeeding 

report was by van Koten et al., in 1978 wherein they introduced the family of NCN-pincer 

ligand.20 

Of late, amidst various pincer ligands, NNN-pincer ligands based on pyrrole framework 

have drawn significant interest with respect to their interesting structural properties and 

applications. Some of the recent developments on pyrrole based NNN-pincer ligands and 

their complexes, especially with respect to their synthetic strategies and applications are 

outlined here. For example, in 2000, Huang et al., first reported the synthesis of 2,5-

bis[(dimethylamino)methyl]pyrrolate zirconium complex 5.1 by treating 

tetrakis(diethylamido)zirconium with 2,5-bis[(dimethylamino)methyl)]pyrrole (Scheme 

5.1).21 

 
Scheme 5.1. Synthesis of Zr complex 5.1. 

In the succeeding year, they extended the work to synthesise aluminium complex 5.2 of the 

same pincer ligand.22 They further isolated aluminium dimethyl complex 5.3 by alkylating 

5.2 with methyl iodide. (Scheme 5.2). 
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Scheme 5.2.  Synthesis  of  Al  complexes of  NNN-pincer  l igands  2,5-

bis[ (dimethylamino)methyl)]pyrrole.  

The coordination chemistry of 2,5-bis[(dimethylamino)methyl)]pyrrole with other group 13 

elements (Ga, In) was also reported by reacting the lithiated ligand with the respective metal 

halides (Scheme 5.3).23 Reactions of complexes, 5.4a-b with alkyl lithium afforded 

dialkylated complexes, 5.5a-b. It was further observed that 5.4b has the tendency to act as 

Lewis acid, as it can easily accept water molecules when exposed to open atmosphere, 

thereby affording water-bridged complex, 5.6. 

 

Scheme 5.3. Synthesis of five coordinated gallium and indium complexes 5.5a-b, 5.6a-b 

stabilized by NNN-pincer ligand. 

In 2005, Banerjee et al., have synthesized titanium pyrrolyl complex [C4H2N(2,5-

CH2NMe2)2]Ti(NEt2)3, 5.7 by treating 2,5-bis[(dimethylamino)methyl)]pyrrole with 

Ti(NMe2)4 (Scheme 5.4).24 From the solid state structure of complex 5.7, it was observed that 

only one side arm was coordinated to the metal centre, while the other arm remained free.  
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Scheme 5.4. Synthesis of titanium pyrrolyl complex [C4H2N(2,5-CH2NMe2)2]Ti(NEt2)3, 5.7. 

The titanium complex, 5.7 has been used as an effective catalyst for a new class of multi-

component coupling reaction involving alkyne, hydrazine and isonitrile named as 

iminohydrazination of alkynes (Scheme 5.5). The catalytic activity of [C4H2N(2,5-

CH2NMe2)2]Ti(NEt2)3 in iminohydrazination was examined with different substrates and it 

was observed that it holds wide scope for being used in internal and terminal alkynes, alkyl 

and aryl isonitriles and alkyl- and aryl-containing 1,1-disubstitutedhydrazines. 

 

Scheme 5.5. The general outline of “iminohydrazination of alkynes” catalyzed by 5.7. 

Recently, Lee and co-workers have reported a series of zirconium and hafnium complexes of 

2,5-bis[(dimethylamino)methyl)]pyrrole (Scheme 5.6). They have further reported the 

applicability of these complexes in ring opening polymerisation of ε-caprolectum.25 Reactions 

of 2,5-bis[(dimethylamino)methyl)]pyrrole with M(NEt2)4 (M = Zr/Hf) afforded complexes 

5.8a-b which on further treatment with 2,6-di-tert-butylphenol, tert-butanol resulted in the 

formation of complexes 5.9a-b and 5.10a-b respectively. It is worth noting that due to the 

presence of multiple reactivity centres, complexes 5.9a-b and 5.10a-b can act as initiators for 

ring opening polymerization of ε-caprolectum.  
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Scheme 5.6. Synthesis of zirconium and hafnium alkoxide and amide complexes of 2,5-

bis[(dimethylamino)methyl)]pyrrole. 

Stalke and co-workers have changed the side arms of the pyrrole ring from dimethyl amine to 

pyrrolidine and reported a new pyrrole based pincer ligand namely, 2,5-

bis[(pyrrolidino)methyl]pyrrole. They have utilised this ligand for synthesising complex, 

5.11a-c with group 14 elements (Ge, Sn, Pb) (Scheme 5.7) and performed theoretical studies 

to explore the bonding between metal and pyrrole nitrogen atom.26 The theoretical studies 

unveil that the pyrrole pincer ligand binds to the metal with covalent bond. In addition to that, 

there is substantial π-back donation from pyrrole to metal which causes decrease in the 

aromaticity of the pyrrole in the metal complexes as compared to the ligand. At the same 

time, there is coordination from the two donors of chelating arms, which further stabilizes the 

pyrrole metal bond. They further noticed that pyrrole-metal interaction decreases while 

descending the group 14. This indicates that the stability of the metal complex of pyrrole 

based pincer ligand depends upon the π-accepting nature of the metals. 

 

 

 

 

Scheme 5.7. Synthesis of complexes, 5.11a-c of 2,5-bis[(pyrrolidino)methyl]pyrrole with 

group 14 elements. 
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Iva Vránová et al., recently reported the synthesis of antimony and bismuth complexes 5.12a-

b stabilised by the same NNN-pincer ligand, 2,5-bis[(pyrrolidino)methyl]pyrrole (Scheme 

5.8) and performed theoretical studies.27 

 

 

 

 

Scheme 5.8. Synthesis of antimony and bismuth complex, 5.12a-b of 2,5-

bis[(pyrrolidino)methyl]pyrrole. 

From theoretical investigations they observed that like the previous cases, the Sb/Bi�N bond 

was a covalent 2e-2c bond. The strength of additional N→M (M = Sb or Bi) intramolecular 

interactions was comparable with the carbanionic NCN analogues,9,12,28-30 thereby proving to 

be a promising ligand for stabilization of antimony and bismuth compounds similar to 

classical pincer-type ligands. 

Based on the literature reports available for pyrrole based NNN-pincer ligands, it is 

apparent that this very class of pincer ligands is not well explored, especially with respect to 

their transition metal complexes and group 16 complexes. While still in its infancy, the 

chemistry of pyrrole based NNN-pincer ligands sincerely demands design and development 

of new ligand family in order to explore their bonding facets with metals and probable 

applications in contemporary coordination chemistry. In the present work, three pyrrole based 

NNN-pincer ligands with variable chelating arms, viz. 2,5-

bis[(dimethylamino)methyl]pyrrole, 2,5-bis[(pyrrolidino)methyl]pyrrole and 2,5-

bis[(piperidino)methyl]pyrrole are synthesised and it was envisaged to explore their 

chemistry with group 16 elements (Se and Te) especially with respect to the nature of N�E 

(E=Se, Te) bond. It is further envisaged to synthesise transition metal complexes of the 

aforementioned ligands and to explicitly study the structural aspects of the complexes. 

 

 

 



  Chapter 5 
 

Page | 135  
 

5.2 Results and discussion 

Ligand 2,5-bis[(dimethylamino)methyl] pyrrole, L1 was prepared by Mannich reaction 

following the reported procedure wherein pyrrole was treated with formaldehyde and 

dimethylamine solution in presence of acetic acid (Scheme 5.9).31 The Same protocol was 

applied for the synthesis of 2,5-bis[(pyrrolidino)methyl]pyrrole, L2 and 2,5-

bis[(piperidino)methyl] pyrrole, L3 by using pyrrolidine and piperidine as starting material 

respectively.  

 

 

 

 

 

 

 

 

Scheme 5.9. Synthetic routes for the pyrrole based NNN-pincer ligands, 2,5-

bis[(dimethylamino)methyl] pyrrole, L1, 2,5-bis[(pyrrolidino)methyl] pyrrole, L2 and 2,5-

bis[(piperidino)methyl]pyrrole, L3. 

Ligands L1 was viscous in nature, while L2 and L3 were white crystalline solids. All three 

compounds were characterised by m.p., NMR, IR and mass spectrometry. The proton NMR 

spectra of L1 and L2 exactly matched with literature values.26, 31 Like ligands L1 and L2, in 

the 1H spectra of L3, the pyrrolyl protons resonated at 5.87 ppm, while the 'N�H’ proton 

shows resonance around 8.6 ppm. IR spectra for all three ligands show a broad peak around 

3300 cm�1 signifying the presence of the N�H peak. 

To unveil the characteristics of N�Te/Se bond, a series of reaction have been carried out. In 

particular, first the lithiated ligand viz., Li[NC4H2(CH2NMe2)2-2,5] was synthesised by 

treating the ligand L1 with 1.1 equivalent of nBuLi at �78 °C in diethyl ether (Scheme 5.10). 

The lithiated product was then treated with Te/Se powder followed by aerial oxidation to 
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afford the dichalcogenides, 5.13-5.14. In another approach, the lithiated product was treated 

with Te/Se metal and then bromobenzene was added to synthesize unsymmetrical 

monotellurides, 5.15-5.16.  

 

 

 

 

 

 

 

 

Scheme 5.10. Synthetic route for the chalcogen complexes of NNN-pincer pyrrolyl ligand. 

Both dichalcogenides and monochalcogenides were purified by column chromatography 

using n-hexane as eluent. However, it was observed that the dichalcogenide compounds were 

not stable under ambient condition and in other organic solvents, as it immediately gave 

white colored intractable solid. These, in turn precluded their detailed characterisations 

through 1H NMR. However, the 77Se NMR could be obtained by recording the spectra 

directly from the reaction aliquots, which substantiated the formation of the compounds. In 

particular, the 77Se NMR for diselenide 5.13 was observed at 465 ppm. For ditelluride 5.14, 
125Te NMR resonance was observed at 225 ppm. The 1H NMR spectrum of compounds 5.15 

exhibited aromatic proton resonance corresponding to the phenyl protons in the range 7-8 

ppm, while the resonance at ~6 ppm corresponded to the pyrrolyl protons. The “methane” 

and “methyl” protons showed resonances at ~3.4 and ~2.2 ppm respectively. Quite similar 

resonances were also observed for compound 5.16. Compound 5.15 depicted signal at 229 

ppm in the 77Se NMR spectrum. The corresponding 125Te NMR resonance for compound 

5.16 was observed at 109 ppm. In the mass spectra (positive ion mode) of 5.15, the molecular 

ion peak at m/z = 338.1133 was assigned to [M+H]+ ion. Similarly, [M+H]+ ion of compound 

5.16 exhibited molecular ion peak at m/z = 388.1021. 
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To synthesize transition metal complex, in particular, Pd complex of L1, the lithiated ligand 

Li[NC4H2(CH2NMe2)2-2,5] was treated with Pd(COD)Cl2 (Scheme 5.11). The reaction 

afforded compound 5.17 in 68% yield. In 1H NMR spectrum of the complex, the 

characteristic signal for pyrrole NH proton at 8.66 ppm disappeared which indicated that 

metalation took place at the pyrrole nitrogen atom. In the mass spectra (positive ion mode) of 

5.17, the two intense peaks at m/z 286.0783 and 327.1143 were assigned to 

[PdNC4H2(CH2NMe2)2]+ and {[PdNC4H2(CH2NMe2)2]�(CH3CN)}� respectively. 

Interestingly, the solid state structure of the complex revealed an additional coordination of 

dimethyl amine to the Pd centre (vide infra). 

 

Scheme 5.11. Synthetic route for complex 5.17 via lithiation route. 

In another approach, to obtain the metal complex, the �NH proton of the ligand L2 was first 

removed by addition of trimethylamine at room temperature. Successive addition of 

Pd(COD)Cl2 led to the displacement of COD, and resulted in the formation of complex 5.18 

(Scheme 5.12). However, in the case of Pt(COD)Cl2, the chloride ions behaved as leaving 

groups, resulting in the formation of the complexes, 5.19-5.20.  

 

Scheme 5.12. Synthetic route for Pd and Pt complexes of NNN-pincer pyrrolyl ligands. 
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Interestingly, in both complexes 5.19-5.20, the cyclooctadiene moiety experienced a Pt-

induced deprotonation in the position D�to one of the double bonds followed by formation of 

a new double bond via 1,2-shift. This afforded 2,5-cyclooctadienyl ligand. It is worth 

mentioning that during the isomerisation process, one of the former S-bonded carbon atoms 

changed its coordination mode to C�Pt V-bond. The possible pathway for the formation of 

2,5-cyclooctadienyl ligand from COD deprotonation via Pt induced C�H activation is 

depicted in Figure 5.1. A similar kind of C�H activation of the COD ligand has been reported 

by Neumüller et al. by reaction of hexaphenylcarbodiphosphorane36 (Ph3P=C=PPh3) with 

Pt(COD)Cl2. 

 

Figure 5.1. Possible pathway for the Pt induced C-H activation of COD to give 2,5-

cyclooctadienyl ligand. 

In the mass spectra (positive ion mode) of 5.19, the molecular ion peak at m/z 585.2529 

corresponded to {M+Na}� ion. Similarly, in the mass spectra of complex 5.20, the molecular 

ion peak at m/z 534.2317 corresponded to {M+H }� ion. In the 1H NMR spectrum of complex 

5.19, the disappearance of –NH resonance at 8.6 ppm indicated the coordination of the metal 

to the pyrrole nitrogen atom. A slight change in the chemical shift for the pyrrole proton and 

methine were observed as compared to the corresponding chemical shift in the ligand. The 

multiplet observed between 4.9-5.1 ppm corresponds to olefinic protons from 2,5-

cyclooctadiene. However, due to the fluxional nature of the piperidine rings and possible 

overlap with aliphatic protons of the co-ligand, a cluster of peaks was observed in the 

aliphatic region 1.5-3.1 ppm, which precluded the adequate integration of the peaks in NMR 

spectra. Similar observation was also made in the 1H NMR spectrum of complex 5.20, where 

a cluster of peak was observed corresponding to the overlap of pyrrolidine proton with the 

aliphatic protons of the co-ligand. Similar complicacy in the NMR study has also been 

reported by Neumüller et al. for their complex [C8H11)Pt(C6H4PPh2CPPh3)].36  
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5.3 Structural Studies 

5.3.1 X-ray crystallographic studies 

5.3.1.1 Molecular structure of 2,5-bis[(piperidino)methyl]pyrrole, L3 

The single crystals of ligand L3 were obtained by slow evaporation of the compound from 

CHCl3/n-hexane mixture. It crystallises in triclinic crystal system with space group P-1. In 

the molecular structure (Figure 5.2), the pyrrolidine rings and the methylene linkers reside in 

same plane. The bond lengths and the associated bond angles in compound L3 [C1−C2 

137.2(18), C2−C3 141.96(17), C3−C4 137.91(12), C1−C11−N3 113.02(10), C4−C5− N2 

114.94(17)] are in good agreement with the value observed in the molecular structure of free 

pyrrole and L2.26,32 

 

Figure 5.2. Molecular structure of L3. All the hydrogen atoms are omitted for clarity.  

5.3.1.2 Molecular structure of compound 5.17 

The molecular structure of complex 5.17 is shown in Figure 5.3. It crystalizes in monoclinic 

system with space group P121/c1. The geometry around Pd ion is distorted square planar and 

it is in �2 oxidation state. The tetra-coordinated Pd ion is coordinated to the nitrogen atom of 

the central pyrrole ring, one nitrogen atom (N2) from the flanking dimethylamine group and 

one chloride ligand. Interestingly the fourth coordination site is occupied by one HNMe2 

group, which might have come from the decomposed product. The central ring is positioned 

trans to the chloride ligand. The Pd1�N1(pyrrole) distance in complex 5.17 is found to be 

2.019(3) Å. This bond distance is consistent with the Pd�N(pyridyl) distance of 1.996(8) Å 

observed in [Pd(N-N´-N´´)Cl]Cl, where N-N´-N´´ = 2,6-

bis[(dimethylamino)methyl]pyridine.33 However, the Pd1�N1(pyrrole) distance in 5.17 is 

considerably longer than the Pd�N(pyridyl) distance of 1.956(2) Å observed in 

Pd(pipNNN)Cl]Cl {pip = (2,6-bis(piperidylmethyl)pyridine)} and Pd�N(phenyl) distance of 
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[1.927(3) Å and 1.922(3) Å] observed in Pd(pipNCN)Br.34 In complex 5.17, the N2 atom 

from side arm makes a five membered chelating ring with the metal centre with a bite angle 

of 81.63(12)o. This bite angle is comparable with that observed in [Pd(pipNNN)Cl]Cl 

[82.31(8)°, 81.44(8)°], [Pd(N-N´-N´´)Cl]Cl [80.9(3)°, 80.8(3)°] and Pd(pipNCN)Br 

[81.56(11)°, 81.63(11)°]. The corresponding Pd1-N2 distance is found to be 2.091(3) Å. This 

distance is again in good agreement with that observed in [Pd(pipNNN)Cl]Cl [2.109(2) Å, 

2.133(2) Å], [Pd(N-N´-N´´)Cl]Cl [2.094(7) Å, 2.099(7) Å] and Pd(pipNCN)Br [2.128(2), 

2.126(3)Å]. The Pd1�N4 distance is 2.046(3) Å. The –NH hydrogen of HNMe2 group is 

found to be engaged in intramolecular hydrogen bonding with N3 atom with a distance of 

1.804 Å. The Pd1�Cl1 distance for 5.17 [2.3285(9) Å] is in good agreement with literature 

values.33,34 

 

 

 

 

 

 

Figure 5.3. Molecular structure of compound 5.17. All the hydrogen atoms are omitted for 

clarity.  

5.3.1.3 Molecular structure of complex 5.18 

The molecular structure of complex 5.18 is depicted in Figure 5.4. Single crystals of complex 

5.18 were obtained by slow evaporation from a chloroform/tetrahydrofuran mixture. It 

crystallises in a monoclinic crystal system with space group C2/c. Like complex 5.17, the 

geometry around Pd(II) centre in 5.18 is distorted square planar and the four coordination 

sites around the metal centre are occupied by central pyrrole nitrogen atom, one pyrrolidine 

nitrogen atom from one of the side arms, one chloride ligand and one THF molecule. Like the 

previous structure, the pyrrole nitrogen is trans to the chloride ligand. Of particular interest is 

the Pd1�N1(pyrrole) distance of 1.974(12) Å which is slightly shorter than the value 

observed in 5.15 [2.019(3) Å]. Again, this value is comparable with Pd�N(pyridyl) distance 
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of 1.956(2) Å and 1.996(8) Å observed in [Pd(pipNNN)Cl]Cl {pip = (2,6-

bis(piperidylmethyl)pyridine)} and [Pd(N-N´-N´´)Cl]Cl {N-N´-N´´ = 2,6-

bis[(dimethylamino)methyl]pyridine} respectively.33-34 In complex 5.18, ∠N2-Pd1-N1 bite 

angle is 84.3(5)°, which is slightly larger than the corresponding bite angle of 81.63 (12)° 

observed in 5.17. The corresponding Pd1�N2 distance is found to be 2.103(11) Å which is 

consistent with value observed in 5.17 [2.091(3) Å]. The Pd1�N3 distance of 3.395 Å is too 

long to be coordinated to the metal centre. The Pd1�O(thf) distance is found to be 2.048(9) 

Å. The Pd1�Cl1 distance for 5.18 [2.328(3) Å] is almost identical to that of 5.17 [2.3285(9) 

Å].  

 

Figure 5.4. Molecular structure of Complex 5.18. All the hydrogen atoms are omitted for 

clarity.  

5.3.1.4 Molecular structure of complex 5.19 

The molecular structure of complex 5.19 is depicted in Figure 5.5. Single crystals of complex 

5.19 were obtained by slow evaporation from a chloroform/n-hexane mixture. It crystallises 

in a trigonal crystal system with space group R-3. The formal oxidation state of the Pt atom is 

�2. The arrangement of ligand around the metal centre is composed of three carbon atoms 

from the cyclooctadienyl moiety, the central nitrogen atom and one piperidino nitrogen atom 

from the side arm. The Pt1�N1 distance is 2.006(16) Å, which is in good agreement with the 

Pt�N(pyridyl) distance observed in [Py(tpy)Cl]Cl [2.019(5) Å] where tpy = 2,2´:6´,2´´-

terpyridine.35 The Pt1�N3 coordination bond distance of 2.256(17) Å is significantly longer 
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than that of Pt1-N1 distance. The N3 atom of piperidino side arm makes a five membered 

chelating ring with ∠ N1-Pt1-N3 bite angle of 81.075(7)°. During the reaction, a 

deprotonation took place at C20 carbon of 1,4-cyclyoctadiene, followed by 1,2-shift which 

resulted in a new double bond between C20�C21 with a bond distance of 1.318(3) Å. The 

new 2,5-cyclooctadienyl ligand is coordinated to the Pt atom via a S-bond and a V-bond. The 

C17 and C18 atoms coordinate to the metal centre in a K2- fashion with C17�Pt1 and 

C18�Pt1 bond distances of 2.185(3) Å and 2.177(3) Å respectively. On the other hand C22 

atom coordinates to the Pt centre in a K1- fashion with bond distance of 2.042(2) Å. All these 

bond distances from the co-ligand to the Pt centre were in good agreement with value 

observed in [C8H11)Pt(C6H4PPh2CPPh3)] where similar C�H activated cyclooctadienyl 

moiety was coordinated to the Pt centre.36  

 

Figure 5.5. Molecular structure of Complex 5.19. All the hydrogen atoms are omitted for 

clarity.  

5.3.1.5 Molecular structure of complex 5.20 

The molecular structure of complex 5.20 is depicted in Figure 5.6. Single crystals of complex 

5.20 were obtained by slow evaporation from a chloroform/n-hexane mixture. It crystallises 

in a monoclinic crystal system with space group P2/c. Complex 5.20 is observed to be 

isostructural with complex 5.19, where Pt(II) centre is coordinated to one 2,5-

cyclooctadienyl ligand, pyrrole nitrogen atom and one nitrogen atom of side arm. The 

Pt1�N1 distance is found to be 2.029(2) Å, which is slightly longer than that observed in 
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complex 5.19 [2.006(16) Å]. On the other hand, the Pt1-N3 distance of 2.215(2) Å is slightly 

shorter than corresponding bond distance of 5.19 2.256(17) Å. Like the previous case, The 

N3 atom from the pyrrolidine side arm makes a five membered chelating ring with the metal 

centre with a ∠N1-Pt1-N3 bite angle of 80.20(10) Å. The other side arm did not take part in 

coordination to the metal centre. In complex 5.20, The Pt1�C19 V-bond distance is 2.061(3) 

Å, which is slightly longer than that observed in previous complex. Again, the S-bond 

distances between C15�Pt1 and C22�Pt1 are found to be 2.113(3) Å and 2.146(3) Å 

respectively.  

 

Figure 5.6. Molecular structure of Complex 5.20. All the hydrogen atoms are omitted for 

clarity.  

5.4 Computational studies 

Since solid state structures were not obtained for compounds 5.13-5.16, to get a better 

understanding about the nature of the bond between pyrrole nitrogen atom and chalcogen 

elements, electronic structure calculations have been carried out using Gaussian0937 package 

by employing DFT method. Geometry optimizations were carried out using MPW1PW91 

method; 6-311g(d) basis set for C, H, N, Cl and Se, 3-21g basis set for Te and Lanl2dz basis 

set for Pd have been undertaken. The optimized structures of compounds 5.13, 5.14, 5.15, 

5.16, 5.17 and 5.17a are given in Figure 5.7. The value obtained for minimum energy of 

compounds 5.13, 5.14, 5.15, 5.16, 5.17 and 5.17a are given in Table 5.1. 
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Table 5.1. Optimized ground state energies of 5.13, 5.14, 5.15, 5.16, 5.17 and 5.17a. 

Compound Energy (a.u.) 

5.13 �5915.60036135 

5.14 �14278.6760044 

5.15 �3189.36921041 

5.16 �7373.30201003 

5.17 �833.086998019 

5.17a �697.895216424 

 

From the optimized structures, it can be observed that in compound 5.13 and 5.14 none 

of the amine groups coordinate with Se/Te, though, in compound 5.14 each tellurium has 

weak interactions with one of the amine groups. In compounds 5.15 and 5.16, one of the 

amine groups coordinates with Se/Te and the other amine group remains free. In compound 

5.17 and 5.17a, one of the amine groups from the pyrrole ligand coordinates with Pt and the 

other amine group remains free. It is worth noting that the ground state energy of Compound 

5.17 is significantly lower than that of 5.17a. This indicates that the Pd centre takes up its 

four coordination from a HNMe2 to attain lower energy of the overall molecule, which might 

have come from the decomposition of the ligand.  
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(a)                                                            (b) 

 

 

 

 

 

(c)                                                            (d)  

 

 

 

 

 

(e)                                                            (f) 

Figure 5.7. Optimized structures of compound (a) 5.13, (b) 5.14, (c) 5.15, (d) 5.16, (e) 5.17, 

and (f) 5.17a. 
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5.5 NBO analysis 

From NBO analysis,38 it can be concluded that in compound 5.15, selenium has three 

bonds around it, one bond with phenyl group (Se32�C33), second bond with amine group 

from the side chain (N30�Se32) and the last bond is with pyrrole (N1�Se32) where N1 gives 

its lone pair to σ* of Se32�C33 bond (Figure 5.8). Same is the case for compound 5.16 where 

Te has three bonds around it i.e. first bond with phenyl group (Te32�C33), second bond with 

amine group of side chain (N30�Te32) where N30 donates its lone pair to LP* of Te and the 

third bond with pyrrole (N1�Te32) in which again N1 donates its lone pair to LP* of Te. In 

compound 5.17 palladium is bound with two nitrogen (N2 and N42) by proper coordination 

bond and N40 donates it lone pair to the σ* of Pd�N42. The NBO involved in these bindings 

and the energies of these interactions are given in Table 5.2. 

 

 

 

 

 

 

 

 

 

           (c) 

Figure 5.8. Optimized structure of compound (a) 5.15, (b) 5.16 and (c) 5.17 on which NBO 

analysis has been performed. 
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Table 5.2.Bond properties of (a) 5.15, (b) 5.16 and (c) 5.17. 

Compound Bond Occupancy Energy 

(Kcal/mol) 

5.15 BD ( 1) N  30 -Se  32 0.97404 -0.54214 

5.15 BD ( 1)Se  32 - C  33 0.97665 -0.53380 

5.16 BD ( 1)Te  32 - C  33 0.97750 -0.44401 

5.16 BD ( 1)Pd   1 - N   2 0.96113 -0.47932 

5.16 BD ( 1)Pd   1 - N  42 0.95762 -0.46896 

 Donor NBO Accepter NBO  

5.15 83. LP ( 1) N   1 /441. BD*( 1)Se  32 - C  33 13.67 

5.16 93. LP ( 1) N  1 / 97. LP*( 3)Te  32 66.90 

5.16 93. LP ( 1) N  30 / 97. LP*( 3)Te  32 31.46 

5.17 77. LP ( 1) N  40 /369. BD*(1)Pd   1 - N  42 21.51 

5.17 70. LP ( 1) N  39 /411. BD*(1) N  41 -Pt  43 34.10  

 

5.6 Conclusion 

In this report a series of pyrrole based NNN pincer ligands with variable side arms 

have been synthesised, viz. 2,5-bis[(dimethylamino)methyl] pyrrole, L1, 2,5-

bis[(pyrrolidino)methyl] pyrrole, L2 and 2,5-bis[(piperidino)methyl] pyrrole, L3 and their 

reactions with group 16 elements (Se and Te) and d8 transition metals (Pd, Pt) are explored. 

Due to the instability of the dichalcogenide compounds, their detailed characterisations could 

not be achieved. However, the 77Se/125Te NMR data substantiate the formation of the 

compounds. While attempting to synthesise d8 metal complexes, when the lithiated ligand 

Li[NC4H2(CH2NMe2)2-2,5] was treatment with Pd(COD)Cl2 it afforded complex of the form 

[C4H2N(2,5-CH2NMe2)2]PdCl(HNMe2)3, where an additional coordination of dimethylamine 

to Pd centre was observed. This might have resulted from decomposition of the starting 

material. In another approach, when ligand L2 was treated with Pd(COD)Cl2 in the presence 
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of trimethylamine, the displacement of COD resulted in the formation of L2Pd(II)Cl complex. 

On the other hand, when Pt(COD)Cl2 was used the metal precursor, the chloride ions behaved 

as leaving groups. Interestingly, a Pt induced C�H activation took place on the 

cyclooctadiene moiety, thereby resulting two different modes of coordination (K2 and K1) to 

the metal centre. It is worth noting that, in both experimentally and theoretically optimised 

structures of the complexes, while one side arms of the ligand coordinates to the metal and 

the other arm does not participate in the coordination. This bidentate behaviour of the pyrrole 

based NNN-pincer ligands is also observed in literature.  

5.7 Experimental Section 

All the manipulations were carried out under nitrogen or argon atmosphere using standard 

Schlenk techniques unless otherwise noted. Solvents were purified and dried by standard 

procedures and were distilled prior to use. 1H (400 MHz and 500 MHz), 13C (100.56 MHz 

and 125 MHz), 77Se (76.3 MHz) and 125Te (157.97 MHz) nuclear magnetic resonance spectra 

were recorded on Bruker AV 400 and Bruker AV 500 spectrometers at 25 oC. Chemical shifts 

are cited with respect to Me3Si as internal standard (1H and 13C) and Me2Se (77Se) and Me2Te 

(125Te) as external standards. The ESI mass spectra are recorded on a Q-Tof micro (YA-105) 

mass spectrometer. 

Synthesis of 2,5-bis[(dimethylamino)methyl]pyrrole, L1 

A round bottomed flask was charged with 30% dimethylamine solution (85 mL). To it glacial 

acetic acid (45 g) was added dropwise at 0°C. After addition of aqueous formaldehyde 

solution (65 mL) drop-wise to the reaction mixture, freshly distilled pyrrole (25 g) was added 

to it at 0°C. The reaction mixture was stirred at same temperature for 2h. The reaction was 

quenched by addition of 30% conc. KOH solution maintaining the temperature at 0°C this 

resulted in a dense layer of the required compound which was subsequently separated out and 

was stored at lower temperature away from light over KOH pallet.  

Yield: 69.00 g (30%).  
1H NMR (400 MHz, CDCl3): G (ppm) 9.32 (s, 1H), 5.89 (s, 2H), 3.35 (s, 4H), 2.17 (s, 12H). 
13C NMR (100 MHz, CDCl3): G (ppm) 128.92, 107.43, 56.69, 44.95. 

Synthesis of 2,5-bis[(pyrrolidino)methyl]pyrrole, L2 

In a round bottomed flask, glacial acetic acid (45 g) was added drop-wise to pyrrolidine 

solution (74 mL) at 0°C. After the addition of aqueous formaldehyde solution (65 mL) drop-

wise to the reaction mixture, a freshly distilled pyrrole (25 g) was added to it at 0°C. The 

reaction mixture was stirred at 0°C for 2h. The reaction was quenched by addition of 30% 
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conc. KOH solution maintaining the temperature at 0°C, this resulted in a dense layer of the 

required compound which was subsequently separated out and finally it was extracted from 

acetone which gives the title compound as a white solid. The compound was preferably 

stored at lower temperature keeping away from light. 

Yield: 85 %, m.p. 53°C  
1H NMR (400 MHz, CDCl3): G (ppm) 8.66 (s, 1H), 5.87 (s, 2H), 3.39 (s, 4H), 2.33 (broad, 

8H), 1.55 (quin, J = 5.60 Hz, 8H), 1.42 (s, 4H). 
13C NMR (100 MHz, CDCl3): G (ppm) 128.57, 107.06, 56.34, 54.40, 26.05, 24.50. 

Synthesis of 2,5-bis[(piperidino)methyl]pyrrole, L3 

In a round bottomed flask, glacial acetic acid (45 g) was added drop-wise to piperidine 

solution (63.63 mL) at 0°C. After the addition of aqueous formaldehyde solution (65 mL) 

drop-wise to the reaction mixture, a freshly distilled pyrrole (25 g) was added to it at 0°C. 

The reaction mixture was stirred at 0°C for 2h. The reaction was quenched by addition of 

30% conc. KOH solution maintaining the temperature at 0°C which resulted in a dense layer 

of the desired compound this was subsequently separated out and finally it was extracted 

from acetone which gives the title compound as a white solid. The compound was stored at 

lower temperature keeping away from light. 

Yield: 88 % 

M.P. 56 °C 
1H NMR (400 MHz, CDCl3): G (ppm) 8.66 (s, 1H), 5.87 (s, 2H), 3.39 (s, 4H), 2.33 

(broad,8H), 1.55 (quin,8H), 1.42 (s, 4H). 
13C NMR (100 MHz, CDCl3): G (ppm) 128.57, 107.06, 56.34, 54.40, 26.05, 24.50. 

Synthesis of compounds 5.13, 5.14 

In a round bottomed flask, ligand L1 (0.5 g, 2.7 mmol) was charged with 20 mL of diethyl 

ether. To it 1.6 mol dm�3 solution of nbutyllithium in n-hexane (1.9 cm3, 3.1 mmol) was 

added dropwise by a syringe at �78 °C. The reaction mixture was stirred at the same 

temperature for one hour to give a light yellow coloured lithiated compound 

Li[C4H2N(CH2NMe2)-2,5]. Elemental chalcogen (selenium and tellurium) (0.22 g Se/0.35 g 

Te, 2.7 mmol) was added and the stirring was continued for an additional 1 h at 0 °C and 2 h 

at room temperature. The oxygen was bubbled through the solution for 10 min and the 

resulting mixture was poured into a beaker containing cold aqueous NaHCO3 solution. Then 

oxygen was bubbled for an additional 15 min. The yellow oily product was extracted with 
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ether and then washed with water. The organic phase was separated, dried over Na2SO4, and 

filtered. The filtrate was concentrated to give a yellow coloured dense liquid. 

5.13:  77Se NMR (76 MHz, CDCl3): G (ppm) 465 

5.14: 125Te NMR(126 MHz, CDCl3): G (ppm) 225  
1H NMR: the 1H spectra for both the compounds were found to be complex and could not be 

integrated 

Synthesis of compound 5.15 

In a round bottomed flask, ligand L1 (0.5 g, 2.7 mmol) was dissolved in 20 mL of diethyl 

ether. To it 1.6 mol dm�3 solution of n-BuLi in hexane (1.9 cm3, 3.1 mmol) was added 

dropwise by a syringe at �78 °C. The reaction mixture was stirred at the same temperature for 

one hour to give a light yellow coloured lithiated compound Li[C4H2N(CH2NMe2)-2,5]. 

Selenium powder was (0.22 g , 2.7 mmol) was added and the stirring was continued for an 

additional 1 h at 0 °C and 2 h at room temperature. PhBr (0.43 g, 2.7 mmol) was added to the 

reaction mixture and was further stirred for 12 hours at room temperature. The reaction 

mixture was quenched with water and the compound was extracted in dichloromethane 

solution. The organic layer was extracted, dried over Na2SO4 and the solvent was removed to 

give the compound 5.15. 

Yield: 0.42 g (96%).  
1H NMR (400 MHz, CDCl3): G (ppm) 7.58 (m, 2H), 7.22 (m, 3H), 5.88 (s, 2H), 3.39 (s, 4H), 

2.20 (s, 4H). 
13C NMR (100 MHz, CDCl3): G (ppm) 128.51, 127.40, 124.00, 120.17, 131.52, 109.63, 

56.86, 40.78, 25.57 
77Se NMR (76 MHz, CDCl3): (ppm) 229 

 ESI-MS (positive mode): [C16H24N3Se]� m/z = 338.1133 (observed), 338.1130 (calculated). 

Synthesis of compound 5.16 

A similar procedure as described above was followed for the synthesis of 5.16. To the 

lithiated ligand Li[C4H2N(CH2NMe2)-2,5], tellurium powder was (0.35 g , 2.7 mmol) was 

added and the stirring was continued for an additional 1 h at 0 °C and 5 h at room 

temperature. PhBr (0.43 g, 2.7 mmol) was added to the reaction mixture and was further 

stirred for 12 hours at room temperature. A similar workup afforded compound 5.16. 

Yield: 0.42 g (96%).  
1H NMR (400 MHz, CDCl3): G (ppm) 7.83-7.82 (m, 2H), 7.25-7.17 (m, 3H), 5.99 (s, 2H), 

3.39 (s, 4H), 2.24 (s, 4H). 
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13C NMR (100 MHz, CDCl3): G (ppm) 128.51, 127.40, 124.00, 120.17, 131.52, 109.63, 

56.86, 40.78, 25.57. 
125Te NMR (126 MHz, CDCl3): G (ppm) 109 

 ESI-MS (positive mode): [C16H24N3Te]+ m/z = 388.1021 (observed), 388.1028 (calculated). 

Synthesis of [{C4H2N(CH2NMe2)2-2,5}PdCl], 5.17 

In a round bottomed flask, ligand L1 (0.5g. 2.7 mmol) was charged with 20 mL of diethyl 

ether. To it 1.6 mol dm�3 solution of n-butyllithium in hexane (1.9 cm3, 3.1 mmol) was added 

dropwise by a syringe at �78 °C. The reaction mixture was stirred at the same temperature for 

one hour to give a light yellow coloured lithiated compound Li[C4H2N(CH2NMe2)-2,5]. The 

metal precursor, Pd (COD)Cl2 (0.79 g, 27 mmol) was added to the reaction mixture at �78 °C 

and was stirred overnight at room temperature. After completion of the reaction, the solvent 

was removed in vacuo. The resulting solid was dissolved in dichloromethane solution and 

filtered through celite. The filtrate was concentrated to dryness and the resultant solid was 

recrystallized from diethyl ether to afford light reddish coloured crystalline title compound. 
1H NMR (400 MHz, CDCl3): G (ppm) 9.32 (s, 1H), 5.89 (s, 2H), 3.35 (s, 4H), 2.17 (s, 12H). 

ESI-MS (positive mode): [M+CH3CN]+ m/z = 327.1143 (observed), 327.0801 (calculated). 

Synthesis of complex 5.18 

In a round bottomed flask, ligand L2 (0.5 g, 2.1 mmol) was disolved 20 mL of freshly dried 

chloroform. To it Et3N (0.44mL, 3.21 mmol) solution was added and the reaction mixture 

was stirred for half an hour. The metal precursor, Pd(COD)Cl2 ( 0.61 g, 2.1mmol) was added 

to the reaction mixture and stirred for 24h. The dark yellow colored solution was filtered 

through celite and dried under vacuum. The resulting solid was washed thoroughly with 

hexane to remove any unreacted ligand present. The desired compound was obtained as a 

yellow powder. 

Yield: 69% 

M.P. 178 °C 

I.R.2920 m, 2833 w, 1619 w, 1499 s, 1456 m, 1359 w, 1275 s, 1232 w, 1128 s, 1091 m, 1039 

m, 941 m 

ESI-MS (positive mode): [(M+Na -Cl)]+ m/z = 361.0713 (observed), 361.0746 (calculated) 

Synthesis of complex 5.19 

In a round bottomed flask, ligand L3 (0.2g, 0.76 mmol) was charged with 20 mL of freshly 

dried chloroform. To it Et3N (0.16mL, 1.14 mmol) solution was added and the reaction 

mixture was stirred for half an hour. Precursor Pt(COD)Cl2 ( 0.28 g, 0.76 mmol) was added 



  Chapter 5 
 

Page | 152  
 

to the reaction mixture and stirred for 24h. The dark yellow colored solution was filtered 

through celite and dried under vacuum. The resulting solid was washed thoroughly with 

hexane to remove any unreacted ligand present. The desired compound was obtained as a 

light yellow powder. 

Yield: 47 % 

M.P. 184°C 

ESI-MS (positive mode): [(M+Na)]��. m/z = 585.2529 (observed), 585.2533 (calculated). 

I.R.2924.5 s, 2854.9 s, 2781.1 w, 2723.5 w, 2283.1 w, 1578.6 m, 1457.1 m, 1374.3 w, 1260.7 

m, 1094.0 m, 1021.2 m, 841.3 w, 799.1 m, 746.2 w 

Synthesis of complex 5.20 

A similar procedure as described before was followed for the synthesis of 5.20. In a round 

bottomed flask, ligand L2 (0.2 g, 0.85 mmol) was charged with 20 mL of freshly dried 

chloroform. To it Et3N (0.18 mL, 1.28 mmol) solution was added and the reaction mixture 

was stirred for half an hour. Pt(COD)Cl2 ( 0.32 g, 0.85 mmol) was added to the reaction 

mixture and stirred for 24h. The dark yellow colored solution was filtered through celite and 

dried under vacuum. The resulting solid was washed thoroughly with hexane to remove any 

unreacted ligand present. The desired compound was obtained as light yellow powder. 

Yield: 34% 

M.P. 179 °C 

ESI-MS (positive mode): m/z = 534.2317(observed), 534.2395[calculated for (M+H)�]. 

I.R. 2924.6s, 2285.5w, 1941.5w, 1588.9m, 1456.3s, 1375.8s, 1290.7m, 1208.0s, 1097.0s, 

1042.3s, 966.9m, 862.8w, 619.2s 
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5.9 Representative Spectra of Some Compounds 

 

 
 

 

Figure 5.9. 1H NMR spectrum of L3 

 
Figure 5.10. 13C NMR spectrum of L3 
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Figure 5.10. 77Se NMR spectrum of 5.13 

 

 

 

 
 

Figure 5.11. 125Te NMR spectrum of 5.14 
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Figure 5.12. 1H NMR spectrum of 5.15 

 

 
 

Figure 5.13. 77Se NMR spectrum of 5.15 
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Figure 5.14. HRMS of 5.15 
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Isolation of the Novel Example of a Monomeric Organotellurinic Acid 
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6.1 Introduction 

The hydrolysis reactions of heavy main group metal and metalloid halides of period 5, 

REXn (E = In, Sn, Sb, Te; X = Cl; n = 2-4) have been extensively studied. Based on the 

nature of organic groups or the reaction conditions used, the hydrolysis affords a large 

number of structurally diverse, multinuclear organo-oxo compounds ranging from dimers, 

cubes, drums, cages to clusters, which have found numerous expedient applications in 

contemporary chemistry.1 In recent years, considerable efforts have been directed to isolate 

the basic monomeric units of the hydrolyzed products, i.e., RE(OH)n/RE(O)(OH)n (E = In, 

Sn, Sb, Te; n = 2-4). It is worth noting that, due to the highly Lewis acidic nature of the E (E 

= In, Sn, Sb, Te) center in a polar E=O bond, these compounds have an inherent tendency to 

undergo a high degree of aggregation. In fact, despite the use of sterically encumbered aryl 

substituents, the reactions afforded self-condensed/aggregated products and consequently the 

isolation/characterization of the basic building blocks of these hydrolyzed products is still a 

challenge.2 

In group 16, the chemistry of organosulfinic(IV)3 and organoseleninic(IV)4 acids are 

well-established in the literature with respect to their well-defined structures, interesting 

reactivity profiles and promising applications in modern chemistry and biology. Although the 

first report on an organotellurium(IV) acid, known as an organotellurinic acid dates back to 

1915,5a the studies on organotellurinic acids have not achieved significant success due to their 

ill-defined amorphous nature, high melting point and poor solubility in common organic 

solvents, in comparison to their lighter analogues (S, Se) and other telluroxane derivatives 

(telluroxides, tellurones, telluronic acids).5,6 Among various tellurium compounds, tellurite 

glasses, a class of telluroxane derivatives containing a ‘TeO2’ unit as a building block have 

gained significant attention for their promising optoelectronic properties.7 However, the lack 

of precise structural information on these compounds has impeded their development as well 

as applications in modern technologies. The general protocol for the synthesis of tellurinic 

acids involves the alkaline hydrolysis of the corresponding aryltellurium trichlorides. 

Alternatively, tellurinic acid can be prepared by the oxidation of diorganoditellurides.5f Both 

these protocols often result in aggregated products in solution as well as in the solid state.5a-c,8 

Beckmann et al., have used sterically demanding substituents for the synthesis of the first 

(and the only) example of a well-defined organotellurinic acid 6.1, [2,6-

Mes2C6H3Te(O)(OH)]2, Mes = 2,4,6-Me3C6H2 (Chart 6.1).9 In the solid state, tellurinic acid 

6.1 exists as a P2-oxo-bridged dimer featuring a four-membered Te2O2 ring.  
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Chart 6.1 Dimeric organotellurinic acid 6.1, heptanuclear telluroxane cluster 6.2 and co-

crystal of monomeric tellurinic acid 6.3a and its Na-salt 6.3b.  

In another approach, Srivastava et al. have attempted to utilize an Intramolecular 

Chalcogen Bonding (IChB) interaction for the isolation of discrete telluroxane moieties. In 

particular, the room temperature hydrolysis of the IChB stabilized aryltellurium trichloride, 

namely [2-(phenylazo)phenyl-C, N´]tellurium(IV) trichloride, followed by acidic work-up 

afforded a heptanuclear, covalent telluroxane cluster 6.2.10a Interestingly, when the reaction 

was carried out under reflux condition in the absence of acid, co-crystals of monomeric 

tellurinic acid, 6.3a and its sodium salt 6.3b were obtained in a 1:3 ratio.10b Both the moieties 

6.3 and 6.3a are held together by multiple hydrogen bonding interactions through a ladder-

type Na+ and water structure. It is worth mentioning that IChB has recently gained significant 

attention for stabilizing various otherwise unstable organo-main group compounds and can be 

best explained invoking the concept of V-hole participation.11 In group 14-16 compounds, 

along the extension of a covalent bond, a highly directional and localized region of depleted 

electron density (positive electrostatic potential) is observed, due to the anisotropic 

distribution of electron density and is known as a V-hole. We envisaged that by using 

stronger IChB interactions in comparison to that in [2-(phenylazo)phenyl-C, N´]tellurium(IV) 

trichloride, the V-hole could be fine-tuned to reduce the electrophilicity around the Te atom 

to isolate discrete, monomeric organotellurinic acid. In reported structures, there are a few 

aryltellurium trichlorides such as; [2-(4-ethyl-2-oxazolinyl)phenyl]tellurium(IV) trichloride, 

{2-[1-(3,5-dimethylphenyl)-2-naphthyl]-4,5-dihydro-4,4-dimethyloxazole}tellurium(IV) 

trichloride, which were stabilized by a much stronger IChB with N···Te bond distances lying 

in the range 2.2414 (18)-2.251 (3) Å, in comparison to that of [2-(phenylazo)phenyl-C, 

N´]tellurium(IV) trichloride [2.416 (5) Å].12-14a For our current study, we preferred [2-(2-

pyridyl)phenyl-C,N´]tellurium(IV) trichloride, 6.4, (ppy)TeCl3 [ppy = 2-(2'-pyridyl)phenyl] 

as the starting material, as it is a robust system which could withstand highly alkaline reaction 
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conditions and where the N···Te distance was significantly short [2.277(3) Å] (vide infra). 

Herein, we report the quantitative, room temperature synthesis and comprehensive 

characterization of the first example of a stable, monomeric organotellurinic acid by alkaline 

hydrolysis of 4. 

6.2 Results and discussion 

Precursor 6.4 was synthesized by the reaction of (ppy)HgCl and TeCl4 as reported by 

McWhinnie and co-workers.15 The hydrolysis of 6.4 with one equivalent of NaOH in 

methanol/water mixture at room temperature resulted in the formation of a stable, white 

crystalline solid of the partially hydrolyzed P-oxo-bridged dinuclear telluroxane 6.5, 

[(ppyTeCl2)2(P-O)] in 89% yield (Scheme 6.1). When compound 6.4 was treated with three 

equivalents of NaOH under identical reaction condition, complete hydrolysis of 6.4 took 

place and afforded a highly crystalline white solid of the monomeric organotellurinic acid 

6.6, (ppy)Te(O)OH in 93% yield. The 1H and 13C NMR spectra of 6.5 and 6.6 identified pure 

products with characteristic signals and consistent integration values for the 2-(2´-

pyridyl)phenyl moiety. Compound 6.6 is thermally stable, and no aggregation or 

condensation was observed even at elevated temperature. In the ESI-MS spectrum of 5, the 

molecular ion peak at m/z 317.9832 could be assigned to [ppyTeCl]+ (Calc. 317.2406) 

moiety. Noteworthingly, the observation of a molecular ion peak at m/z 317.9772 (Calc. 

317.9769 [M+H]+) for 6.6 by using High Resolution Electrospray Ionization Mass 

Spectrometry (HRMS) further validates the significant stability of tellurinic acid 6.6. The 
125Te NMR spectrum of 6.5 exhibits single resonance at G = 1406 ppm. This value is in good 

agreement with the similar partially hydrolyzed telluroxane, namely, [(8-

Me2NC10H6TeCl2)2(P-O)] (G = 1468 ppm)8 and is considerably downfield shifted as 

compared with starting material 6.4 (G = 1207 ppm). Similarly, the 125Te NMR spectrum of 

6.6 showed a single resonance signal at G = 1468 ppm, which is comparable to that of the 

dimeric organotellurinic acid 6.1 (G = 1403 ppm).9 The FT-IR spectrum (KBr Pellet) of 6.6 

exhibits sharp, intense bands at 3458 cm-1 and 659 cm-1, which are assigned to OH and Te = 

O stretching vibrations respectively. 
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Scheme 6.1 Synthesis of 6.5 and 6.6 by controlled hydrolysis of 6.4. 

Though compound 6.4 has been known since 1992,15 its structure has not been 

reported. It was crystallized either from hot methanol or methanol/ethanol (1:1) mixture to 

give two polymorph 6.4a and 6.4b. Crystallization from hot methanol afforded monomeric 

(ppy)TeCl3 (6.4a, monoclinic) and crystallization from hot methanol/ethanol (1:1) mixture 

afforded dimeric (ppy)TeCl3 (6.4b, orthorhombic). The metric parameters for the both 

systems are quite similar and the major difference being, (i) 6.4b is linked by intermolecular 

Te···Cl contacts [3.457 (2) Å] resulting in a centrosymmetric dimer, (ii) polymorph 6.4b 

crystallizes in chiral space group (P212121) with Flack parameter -0.02(3) indicating optical 

purity of the crystal. The molecular structure of 6.4a is described here (Fig. 6.1a; for the 

molecular structure of 6.4b see Fig. 6.5). The geometry around the tellurium is distorted 

trigonal bipyramidal with two chlorine atoms in axial positions and nitrogen, tellurium, and a 

chlorine atom in equatorial positions. The N···Te distance is 2.277 (3) Å, which is 

considerably shorter than that observed in [2-(phenylazo)phenyl-C, N´]tellurium(IV) 

trichloride [2.416 (5) Å] and in good agreement with similar reported aryltellurium(IV) 

trichlorides containing sp2 hybridized nitrogen atoms, namely [2-(4-ethyl-2-

oxazolinyl)phenyl]tellurium(IV) trichloride [2.2414 (18) Å], [2-[1-(3,5-dimethylphenyl)-2-

naphthyl]-4,5-dihydro-4,4-dimethyloxazole]tellurium(IV) trichloride [2.251 (3) Å], ([N,N´-

dicyclohexyl-1-butane-2,3-diimine]tellurium(IV) trichloride [2.309(4) Å].12-14 Again, the 

Te�Cl bond lengths and associated angles are in good agreement with the data observed in 

the aforementioned compounds.12-14  
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Fig. 6.1 Molecular structures of (a) 6.4a and (b) 6.5; thermal ellipsoids are set at the 50% 

probability level. Selected bond distances and bond angles [Å, °]: For 6.4a, C1-Te 2.133 (5), 

N1-Te 2.277 (3), Cl1-Te 2.465 (1), Cl2-Te 2.482 (1), Cl3-Te 2.506 (1), N1-Te-C1 75.7 (2), 

N1-Te-Cl1 167.64 (9), N1-Te-Cl2 85.47 (9), N1-Te-Cl3 88.58 (9). For 6.5, N1-Te1 2.413 (4), 

N2-Te2 2.425 (4), Te1-Cl1 2.542 (1), Te1-Cl2 2.515 (1), Te2-Cl3 2.164 (3), Te2-Cl4 2.741 

(1), Te2-Cl3A 3.00 (1), Te1-O1 1.969 (3), Te2-O1 1.963 (3) (1), Te1-O1-Te2 124.90 (2), 

Cl1-Te1-Cl2 173.38 (5), Cl3-Te2-Cl4 171.88 (8).  

 In the molecular structure of 6.5 [Fig. 6.1b], the spatial arrangement of each Te atom 

is distorted trigonal bipyramidal and is defined by a NCOCl2 donor set. The N···Te IChB 

distances of 2.413 (4) Å and 2.425 (4) Å are significantly longer than that of precursor 6.4 

{2.277 (3) [6.4a] /2.286 (6) [6.4b], Fig. 6.5}, but shorter than that of [(8-

Me2NC10H6TeCl2)2(P-O)] [2.55 (1) Å].8 The Te1-O1-Te2 angle of 124.90 (2)° resembles to 

that of [(8-Me2NC10H6TeCl2)2(P-O)] [126.0 (5) Å]. The Te1-Cl1 and Te1-Cl2 bond lengths 

of 2.542 (1) Å and 2.515 (1) Å are in good agreement with that of [(8-Me2NC10H6TeCl2)2(P-

O)] [2.470 (5)-2.551 (5) Å]. Interestingly, one of the chlorine atom bonded to Te2 center 

undergoes ionization resulting in a shorter Te2-Cl3 bond [1.164 (3) Å], a longer Te2-Cl4 

bond [2.741 (1) Å] and a weak Te···Cl3A interaction [3.00 (1) Å].  

The molecular structure of 6.6 (crystallized as 6.6.2H2O), reveals that the geometry 

around the Te(IV) center is distorted trigonal bipyramidal, taking the N·· ·Te IChB into 

account (Fig. 6.2a). The donor set CNO2 makes spirocyclic arrangement around the Te 

center. The 2-phenylpyridine ring together with the Te atom and the OH group reside in a 

single plane, and the double bonded oxygen atom (O1) occupies the axial position. The donor 
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C and N atoms make C1-Te-O1 and N1-Te-O1 angles of 103.0(1)° and 87.00(9)° 

respectively with the double bonded oxygen. While the O1-Te-O2 angle is close to a right 

angle [96.0(1)°], the N1-Te-O2 angle is transoid with a value of 166.12(9)°. The C-N1-Te 

bond angle is 114.0 (2)°. The Te=O bond distance of 1.834(2) Å is significantly shorter in 

comparison to that of the dimeric tellurinic acid 6.1 [1.897 (5) Å], as in the latter the O atom 

is involved in bridging with two Te atoms.9 The Te-OH bond distance in 6.6 is 1.966(2) Å, 

which compares well with the ideal Te-O single bond distance (2.04 Å)16 and is significantly 

shorter than that observed in 6.1 [2.232(4) Å].9 Particularly noteworthy in the molecular 

structure of 6.6, is the N···Te IChB, which makes a planar five-membered ring with the Te 

atom. The N···Te bond distance of 2.411(2) Å in 6.6 is longer than typical Te-N single bonds 

[Σ rcov (Te, N) = 2.09 Å], and much shorter than the sum of the van der Waals radii for these 

atoms [Σ rvdw (Te, N) = 3.58 Å].16-17 This N···Te distance in 6.6 is significantly shorter than 

that observed in 6.3 [2.694(3)/2.708(3) Å].10b Both the O-atoms of 6.6 are involved in 

hydrogen bonding with two water molecules with O1···H and O2···H distances of 1.94 (5) Å 

and 2.08 (4) Å respectively. In the packing diagram of 6.6, unlike in tellurinic acid 6.1, two 

adjacent molecules are oriented in a head-to-tail manner, and the Te and O atoms of the 

adjacent molecules are considerably separated [7.653(3) Å], thereby minimizing the 

probability for dimerization or intramolecular Te···O interactions. In addition, a S-arene 

interaction of two neighboring ppy moieties is observed as indicated by the centroid-centroid 

distance of 3.706 Å between them (Fig. 6.6). 

To probe the role of the N-atom of the 2-phenylpyridine ring in assisting the mono-nuclearity 

of the synthesized aryltellurinic acid 6.6 and to understand the hitherto unknown bonding 

properties in monomeric aryltellurinic acid, DFT calculations were carried out using 

Gaussian 0.9 (Rev A.02) program18 (functional: B3PW91;19 mixed basis set: Te: SDB-cc-

pVTZ;20 C/H/N/O: 6-311+G**21). After a geometry optimization starting from the crystal 

coordinates, natural bond orbital (NBO) calculations were performed for compound 6.6.22 

The NBO analysis inferred that the lone pair (lp) on the N-atom donates its electron density 

to the antibonding p-orbital (p*) of the Te center, thereby resulting in the N→Te donor-

acceptor interaction (Fig. 6.2b). The stabilization energy of 37.43 kcal/mol of the N→Te 

interaction indicates that it plays a significant role in the overall stability of the compound. 

Rani et al., have recently observed a similar lp(N)→p(Te) interaction in a series of IChB 

stabilized aryltellurenium(II) cations where N···Te bond distances lie in the range of 2.210 

(7) Å-2.287(2) Å.23 Similar IChB interactions, where the lone pair of the donor atom interacts 
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with the vacant p-orbital are observed in other organo-main group compounds, 24 however, it 

is not prevalent in the case of organotellurium compounds and the electrons mostly populate 

the V* orbital of the covalent bond trans to the donor atom. In a comparative study, when 

NBO analysis of the N→Te bond in compound 6.3 was performed where the N atom is more 

loosely bonded to the Te atom than in compound 6.6, it was observed that the acceptor NBO 

is a V* orbital of the Te-O single bond. 

 

Fig. 6.2 (a) Molecular structure of 6.6; thermal ellipsoids are set at the 50% probability level. 

Selected bond distances and angles [Å, °]: C1-Te 2.128 (3), N1···Te 2.411 (2), O1-Te 1.834 

(2), O2-Te 1.966 (2), C1-Te·· ·N 73.28 (9), N···Te-O1 87.00 (9), N···Te-O2 166.12(9), O1-

Te-O2 96.00 (1), C-Te-O2 92.80 (1). (b) Natural bond orbital (NBO) plot showing the 

lp(N)→p*(Te) interaction, stabilization energy, 'E = 37.43 kcal/mol. 

The electrostatic surface potential (ESP) map provides an important insight into the 

correlation of the V-hole and IChB in 6.6. To locate the position of the V-hole, the structure 

of 6.6 was re-optimized by imposing a symmetry constraint around the pyridyl ring (i.e., 

rotating the pyridyl ring with respect to the phenyl ring) so that there is no N···Te interaction 

present. The ESP of the modified structure showed a broad V-hole region antipodal to the Te-

O double bond (Fig. 6.3a). The disappearance of the original�V-hole in compound 6.6 (Fig. 

6.3b) clearly indicates the direct involvement of the V-hole in chalcogen bonding with the 

lone pair of the nitrogen atom, thereby resulting in considerable exhaustion of electrophilicity 

at the Te center to afford a stable monomeric unit. To quantitatively analyze the nature of 

bonding in 6.6, the quantum theory of atoms in molecule (QTAIM) analysis was performed. 

The topological parameters of the N···Te bond critical point (bcp) suggest a predominantly 
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ionic character of the N···Te interaction with a significant mixing of covalent character. The 

AIM bond topology of 6.6 and the relevant topological parameters are included in Fig 6.7, 

Table 6.2).25-26 

 

Fig. 6.3 (a) Electrostatic surface potential (ESP) map, U(r) = 0.001 a.u., showing the location 

of V-hole antipodal to the Te=O bond in the absence of an N···Te IChB interaction. (b) ESP 

of 6.6 showing the disappearance of the V-hole due to the presence of the N···Te IChB 

interaction. ESP s have been drawn on the Hirshfeld surfaces with potential in the range -0.02 

a.u. (red)-0.02 a.u. (blue).  

The attempted synthesis of an organotelluronic(VI) acid by the reaction of compound 6.6 

with strong oxidizing agents such as H2O2 and NaIO4 resulted in immediate precipitation of a 

white solid, which was insoluble in common organic solvents. In an alternative approach, 

when 6.7, (ppyTe)2
27 was treated with H2O2 in methanol at room temperature, the reaction 

resulted in the formation of P-oxo bridged dimethyl ester [(ppy)Te(O)(OH)(OMe)]2(O), 6.8 

(Scheme 6.2). This is similar to the observation by Beckmann et al., wherein the reaction of 

bis[8-(dimethylamino)-1-naphthyl] ditelluride, (8-Me2NC10H6Te)2 with H2O2 followed by 

crystallization from methanol afforded the dimethyl ester derivative of the 

diorganoditelluronic acid, [8-Me2NC10H6Te(O)(OH)(OMe)]2(O).6e  

 

Scheme 6.2 Synthesis of 6.8 by H2O2 hydrolysis of 6.7.  
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The 125Te NMR chemical shift (G 833 ppm) is in good agreement with [8-

Me2NC10H6Te(O)(OH)(OMe)]2(O) (125Te NMR:�G 885 ppm).6e The molecular structure of 

6.8 is isostructural (Fig. 6.4a) with [8-Me2NC10H6Te(O)(OH)(OMe)]2(O), except the fact that 

in the place of 8-(dimethylamino) napthyl ring, 2-phenypyridine ring unit is bonded to each 

tellurium atom. The Te-O double bond distances [1.818 (4) Å, 1.820 (3) Å] and Te-O single 

bond distances [1.894 (3) Å – 2.000 (3) Å] are well comparable to that of [8-

Me2NC10H6Te(O)(OH)(OMe)]2(O). Of particular interest is the N·· ·Te IChB distances of 

2.269 (5) Å and 2.277 (4) Å, which are significantly shorter than that observed in [8-

Me2NC10H6Te(O)(OH)(OMe)]2(O) [2.406 (8) Å and 2.384 (7) Å]. The structure of 6.8 was 

further examined by NBO analysis, which describes the N···Te interaction as a lp(N)→ 

V*(Te-OH) donor-acceptor interaction with stabilization energy of 29.26 kcal/mol (Fig. 

6.4b). There are two other contributions for N→Te interactions; namely lp(N)→V*(Te-C) 

(21.59 kcal/mol) and lp(N)→V*(Te=O) (20.39 kcal/mol) which also play considerable role in 

the overall stability of the compound [Fig. 6.8]. 
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Fig. 6.4 (a) Molecular structure of 6.8; thermal ellipsoids are set at the 50% probability level. 

Selected bond distances and angles [Å, °]: Te1-O1 2.000 (3), Te1-O2 1.820 (3), Te1-O3 

1.894 (3), Te1-O1M 1.945 (3), N1···Te1 2.269 (5), Te2-O4 1.818 (4), Te2-O5 1.897 (3), 

Te2-O1 1.971 (3), Te2-O2M 1.949 (4), N2···Te2 2.277 (4), Te1-O1-Te2 122.8 (2). (b) 

Natural bond orbital (NBO) plot showing lp(N) → V*(Te-OH) interaction (isosurface value = 

0.03), stabilization energy, 'E = 29.26 kcal/mol. 

6.3 Conclusions 

We report the V-hole assisted synthesis of the novel example of a monomeric 

organotellurinic acid. Compound 6.6 is the first of its kind for any monomeric organo-acid of 

period 5 main group metals and metalloids (In, Sn, Sb and Te). The formation of the 

monomeric organotellurinic acid 6.6 is made possible by utilizing a rigid and planar 

pyridylphenyl ring where the N-atom makes a strong IChB by donating its lone pair of 

electrons to the antibonding p-orbital of the Te atom, and attenuates the electrophilicity 

around the Te center. We believe that like its lighter congeners, the availability of a 

monomeric organotellurinic acid species will stimulate interesting activity in the area of 

organometallics, materials and biochemistry. Efforts are underway to exploit the strong IChB 

capability of the 2-(2'-pyridyl)phenyl group to stabilize hitherto unknown 

diorganotelluronium dications and to explore the coordination behavior of the resultant 

cationic species towards transition metals. 
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6.4 Experimental Section 

All manipulations were performed under a N2 atmosphere using standard Schlenk techniques. 

Solvents were dried by following standard methods. The starting materials and solvents were 

purchased from commercial sources. (ppy)TeCl3 was synthesized following reported 

procedure using (ppy)HgCl and TeCl4.15 (Caution: organomercury compounds are highly 

toxic. Adequate precaution should be taken while handing of such compounds). (ppyTe)2 was 

synthesized by the treatment of ppyTeBr with an excess of hydrazine hydrate.27 1H (400 and 

500 MHz), 13C (100 and 125 MHz) and 125Te (126 MHz, 158 MHz) NMR spectra were 

recorded on Bruker AV 400 MHz and Bruker AV 500 MHz spectrometers at 25 °C. 

Chemical shifts cited were referenced to TMS (1H, 13C) as internal and Me2Te (125Te) as 

external standard. Electron spray mass spectra (ESI-MS) were performed on a Q-Tof micro 

(YA-105) mass spectrometer. Melting points were recorded in capillary tubes on a Veego 

VMP-1 instrument and are uncorrected. Elemental analyses were performed on a Carlo Erba 

Model 1106 elemental analyzer. Infrared spectra were recorded on a Perkin Elmer Spectrum 

One FT-IR spectrometer using KBr pellets. 

Synthesis of compounds 6.5 and 6.6 

To a solution of 6.415 (0.200 g, 0.514 mmol) in methanol (15 mL), was added NaOH (0.200 

g, 0.514 mmol for 6.5, 0.061 g, 1.542 mmol for 6.6) in water (2 mL). The reaction mixture 

was stirred at room temperature for 20 h, which resulted in a white precipitate. The 

precipitate was collected by filtration and dried under vacuum to get the pure product. 

Colorless crystals of 6.5 and 6.6 suitable for single-crystal diffraction analysis were obtained 

by slow evaporation from a methanol solution of 6.5 and 6.6 at room temperature 

respectively. 

6.5: Yield 0.332 g (89%); m.p. 211-214 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.58 (ddd, J = 

4.8, 1.7, 0.9 Hz, 2H), 8.19 – 8.11 (m, 4H), 7.98 (td, J = 7.8, 1.8 Hz, 2H), 7.66 (dd, J = 7.1, 1.4 

Hz, 2H), 7.51 (ddd, J = 7.4, 4.8, 0.9 Hz, 2H), 7.44 (dtd, J = 17.9, 7.3, 1.5 Hz, 4H); 13C NMR 

(125 MHz, DMSO-d6) δ 156.5, 150.3, 148.5, 141.9, 139.0, 138.4, 129.8, 128.7, 127.7, 124.0, 

121.6; 125Te (126 MHz, DMSO-d6) δ 1406; MS (ESI+, CH3OH): m/z 317.9832 (Observed) 

(Calc. 317.2406, [C11H8ClNTe]�); Anal. Calc. for C22H16Cl4N2OTe2: C, 36.63; H, 2.24; N, 

3.88; Found C, 36.58; H, 2.10; N, 3.27. 
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6.6: Yield 0.152 g (93%); m. p. 188 °C; 1H NMR (500 MHz, D2O) δ 8.61 (d, J = 4.5 Hz, 1H), 

8.22 – 8.14 (m, 3H), 8.08 (t, J = 7.4 Hz, 1H), 7.70 (p, J = 7.6 Hz, 2H), 7.53 (t, J = 6.3 Hz, 

1H); 13C NMR (125 MHz, D2O) δ 151.8, 144.4, 141.4, 136.8, 132.6, 131.8, 130.4, 126.6, 

125.1, 120.5; 125Te (126 MHz, D2O) δ 1468; MS (ESI+, CH3OH): m/z 317.9772 (Observed) 

(Calc. 317.9769 {[6+H]�}); FT-IR (KBr): ν(O-H) 3458 cm−1, ν(Te=O) 659 cm−1; Anal. Calc. 

for C11H9NO2Te: C, 41.97; H, 2.88; N, 4.45; Found C, 41.78; H, 2.42; N, 4.65. 

Synthesis of compound 6.8 

To a solution of 6.7, (ppyTe)2
27 (0.250 g, 0.440 mmol) in methanol (10 mL) was added H2O2 

(35%, 3 mL), and the reaction mixture was refluxed for 18 h. The mixture was cooled down 

to room temperature. A white solid precipitated that was collected by filtration, dried under 

vacuum to get the pure compound 6.8. Colorless crystals of 6.8 suitable for single-crystal 

diffraction analysis were obtained by slow evaporation from a chloroform solution of 6.8 at 

room temperature. 

Yield 0.261 g (83%); m.p. 221-223 °C; 1H NMR (400 MHz, CDCl3) δ 8.79 – 8.75 (m, 2H), 

8.29 (dd, J = 7.9, 1.1 Hz, 2H), 7.91 – 7.76 (m, 6H), 7.37 – 7.27 (m, 4H), 7.11 (td, J = 8.0, 1.4 

Hz, 2H), 3.48 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 156.5, 146.1, 140.2, 139.1, 137.1, 

129.7, 127.0, 122.4, 120.6, 111.5, 50.8; 125Te NMR (400 MHz, CD3OD) δ 833; MS (ESI+, 

CH3OH): m/z 333.9787 (Observed) (Calc. 333.9718, [C11H10NO3Te]�); FT-IR (KBr): ν(O-H) 

3441 cm−1, ν(Te=O) 734 cm−1. Anal. Calc. for C24H24N2O7Te2: C, 40.73; H, 3.42; N, 3.96; 

Found C, 40.43; H, 3.35; N, 3.85. 
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6.6 Supplementary Data 

Table 6.1 Refinement details for the X-ray structures of 6.4-6.6, 6.8 

Compound 6.4a 6.4b 6.5 6.6 6.8 

Formula C11H8Cl3NTe C11H8Cl3NTe C23H20Cl4N2O2Te2 C11H13NO4Te C24H24N2O7Te2 

Crystal System Monoclinic Orthorhombic Monoclinic Triclinic  Monoclinic 

Space group P21/n P212121 I2/a P-1 P2/c 

T/K 100(2) 100(2) 100(2) 100(2) 100(2) 

a [Å] 6.8410(3) 6.8250(2) 17.756(4) 7.4274(5) 11.5515(4) 

b [Å] 12.7707(6) 8.4104(3) 8.602(3) 8.7073(4) 10.5679(3) 

c [Å] 14.5049(7) 22.4903(8) 35.078(5) 9.5745(6) 21.3676(6) 

α [°] 90 90 90 89.309(4) 90 

β [°] 97.292(4) 90 99.697(19) 74.711(5) 104.168(3) 

γ [°] 90 90 90 83.026(4) 90 

V [A3] 1256.98(10) 1290.98(9) 5281(2) 592.74(6) 2529.11(14) 

Z 4 4 8 2 4 

Ucalg/cm3 2.051 1.997 1.895 1.966 1.858 

P�mm-1 2.974 2.896 2.638 2.512 2.353 

GOF 1.063 1.027 1.168 1.060 1.023 

2θ range (deg) 5.662- 49.996 5.172-49.988 4.712- 49.998 4.412-62.238 3.932-62.15 

Refs collected 11664 8593 56157 3377 20319 

Unique/observed 2200 2259 4644 3377 7298 

Parameters 145 145 311 189 318 

Rint 0.0535 0.0645 0.0608 0.0510 0.0600 

R1, 

wR2[I>2V�,�@�
0.0329, 
0.0592 

0.0354, 0.0653 0.0345, 0.0712 0.0311, 
0.0707 

0.0490, 0.1139 

R1, 

wR2[I>2V�,�@ 
0.0438, 
0.0652 

0.0403, 0.0683 0.0362, 0.0723 0.0380, 
0.0732 

0.0699, 0.1265 
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Fig. 6.5 Molecular structures of (a) 6.4b, thermal ellipsoids are set at the 50% probability 

level. Selected bond distances and bond angles [Å, °]: C1-Te 2.105 (7), N1-Te 2.286 (6), Cl1-

Te 2.455 (2), Cl2-Te 2.504 (2), Cl3-Te 2.515 (2), N1-Te-C1 76.0 (3), N1-Te-Cl1 169.1 (2), 

N1-Te-Cl2 89.1 (2), N1-Te-Cl3 85.7 (2); (b) Superimposition of the crystallization 

arrangement of 6.4a and 6.4b. 

 

 

 

 

 

 

 

 

Fig 6.6 Packing diagram of 6.6. 
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Fig 6.7 Atoms in molecule (AIM) bond topology of 6.6.  

 

Table 6.2 Topological parameters for N-Te bcp of compound 6.6. 

ρ(r) �2ρ(r) V(r) G(r) H(r) H/U(r) |V(r)/G(r)| 

0.0460 0.0897 -0.0302 0.0227 -0.0075 -0.1630 1.3303 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                              Appendix 1 
 

Page | 179  
 

 

 

Fig 6.8 Natural bond orbital (NBO) plot of 6.8 showing (a) lp(N) → V*(Te-C), stabilization 
energy, 'E = 21.59 kcal/mol; (b) lp(N) → V*(Te=O), stabilization energy, 'E = 20.39 
kcal/mol. 
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6.7 Representative Spectra 

 

 

Fig 6.9 1H NMR Spectrum of 6.6. Inset showing expanded aromatic region. 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                              Appendix 1 
 

Page | 181  
 

 

 

 

Fig 6.10 13C NMR Spectrum of 6.6. 
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Fig 6.11 125Te NMR Spectrum of 6.6. 
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Fig 6.12 High Resolution ESI-mass spectra (positive mode) of 6.6. (experimental spectra is 

depicted in black, simulated pattern is depicted in blue) 
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Fig 6.13 FT-IR spectrum (KBr pellet) of 6.6. 
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Isolation of Homoleptic Dicationic Tellurium and Monocationic Bismuth 
Analogues of Non-N-Heterocyclic Carbene (Non-NHC) Derivatives 
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7.1 Introduction 

Inspired by the extraordinary success of N-heterocyclic carbenes (NHCs), 7.1a in metal-based 

chemistry, significant research has been carried out in last few decades to isolate and explore the 

reactivity of isovalent analogues of NHCs within p-block elements, collectively known as main-

group NHC analogues (Chart 7.1).1 The interesting molecular structures, versatile electronic 

properties and reactivity associated with the main-group NHC analogues have offered abundant 

opportunities in main-group and coordination chemistry.1 Compared to the group 14 and15 NHC 

analogues of period 5, i.e., 7.1b-7.1d, the isolation of group 16 NHC analogues is  very 

challenging, as the corresponding Te4+ cations are expected to be ambivalent in nature, i.e., being 

highly electrophilic and possessing a lone pair of electron at the same time.2a In a 

groundbreaking report, Ragogna and co-workers have utilized the strong V-donating ability of 

the N-atoms of the diazabutadiene D-diimine ligand motifs for the isolation of the Te analogues 

of NHC derivatives 7.1e.2b 

 

Chart 7.1 NHC (7.1a) and other main-group NHC analogues of period 5 (7.1b-7.1e). 

In the case of NHCs, while the steric properties can be easily fine-tuned by changing the 

substituents on the N-atoms or by changing the size of the ring, the choices of modifying the 

electronic properties are limited.4 In this context, significant research has been undertaken lately 

to understand and explore the chemistry of “non-NHC” derivatives comprising backbone other 

than imidazol-2-ylidenes. From the seminal work by Bertrand and co-workers, it is perceived 

that the non-NHC frameworks can exhibit promising electronic features and wide structural 

varieties which extend their applications in various fields of contemporary chemistry.4 Among 

the main group non-NHC analogues of group 14-16, reports on the heavier main-group 
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analogues of group 15 and 16 non-NHC derivative are still scarce even though the chemistry of 

group 14 analogues is well studied.5 Very recently, Beckmann and co-workers have reported the 

first examples of heavier group 15 analogues (Bi, Sb) of non-NHC derivatives namely, the 

bismuthenium ion [(2,6-Mes2C6H3)2Bi][BAr4] and the stibenium ion [(2,6-

Mes2C6H3)2Sb][B(C6F5)] [where Mes = 2,4,6-Me3C6H2, Ar = 3,5-(CF3)2C6H3] stabilized by 

bulky meta-terphenyl substituents and weakly coordinating anions.2a The corresponding group 

16 congeners have not been reported. It is worth-mentioning that in recent times, various cationic 

organotellurium and organobismuth compounds have received enormous attention because of 

their fascinating photoluminescence properties and promising applications in photocatalysis.5 

 Srivastava et al.,6a and Beckmann and co-workers6b have independently utilized 

Intramolecular Chalcogen Bonding (IChB) approach for the isolation of 

diorganoiodotelluronium(IV) cations. We envisaged that the metathesis reaction of these 

diorganoiodotelluronium(IV) cations with silver salts with non-coordinating anions might lead to 

the isolation of hitherto unknown Te analogues of non-NHC derivatives. Accordingly, iodobis[2-

(phenylazo)phenyl-C,N´]tellureniumtriiodide6a was treated with silver perchlorate in 

acetonitrile/methanol. However, the reaction did not afford the desired diorganotellurenium(IV) 

dication. We thought that by utilizing stronger IChB interactions, the isolation of desired 

diorganotellurenium(IV) dication could be achieved. In this context, we planned to use 

[(ppy)2TeI].I3, [7.3].I3 [where ppy = 2-(2´-pyridyl)phenyl] as the precursor. It is worth 

mentioning that by using a tellurium trichloride derivative of the same substrate, i.e., ppyTeCl3, 

we have recently succeeded in the isolation of the first example of monomeric organotellurinic 

acid, wherein the lone pair of N-atom of the pyridylphenyl ring strongly participated with the Te 

center.7  Herein, by metathesis reaction of [7.3].I3 with silver salts (AgClO4 and AgOTf, Tf = 

O2SCF3), we report the first examples of stable, homoleptic dicationic tellurium analogues of 

‘non-NHC’ derivatives namely [(ppy)2Te].2ClO4, [7.4].2ClO4 and [(ppy)2Te].2OTf, [7.5].2OTf.  

7.2 Results and Discussion 

Precursor [7.3].I3 was synthesized by the oxidative addition of iodine with 

diorganotelluride (ppy)2Te, 7.2.8 When [7.3].I3 was treated with an excess (ca. 5 equiv.) of 

AgClO4/AgOTf in acetonitrile solution at ambient temperature, the reaction resulting in the 

precipitation of silver iodide as an off-white solid. The precipitate was filtered off and the 
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resultant filtrate, on slow evaporation at ambient temperature afforded stable, white crystalline 

solids of [7.4].2ClO4/[7.5].2OTf in ca. 90% yield (Scheme 7.1). The 1H and 13C NMR spectra of 

[7.4].2ClO4 and [7.5].2OTf confirmed the purity of the compounds with characteristic signals 

and consistent integration values for the 2-(2´-pyridyl)phenyl moiety. Minute but perceptible 

changes in chemical shifts were observed for [7.4].2ClO4 and [7.5].2OTf in comparison to the 

precursor [7.3].I3. In the 125Te NMR spectra, [7.4].2ClO4 and [7.5].2OTf showed single 

resonances at G = 1107 ppm and 1114 ppm, respectively. While these chemical shift values are 

close to that of precursor [7.3].I3 (G = 1100 ppm), but are significantly upfield shifted in 

comparison to TeIV NHC analogue, 7.1e reported by Ragogna and co-workers (G = 1736 ppm), 

as in the latter Te center was directly bonded to two N-atoms.2b 

 

Scheme 7.1 Synthesis of dicationic tellurium analogues of non-NHC derivatives, [7.4].2ClO4 
and [7.5].2OTf.  

 The molecular structure of [7.3].I3 is represented in Figure 7.1. Defined by a C2N2I donor 

set, the geometry around the Te(IV) center is distorted trigonal bipyramidal, wherein the iodine 

and N1 atoms occupy the axial positions and the C11, C12 and N2 atoms occupy the equatorial 

positions. Compound [7.3].I3 exhibits significantly stronger N···Te IChB interactions, as evident 

from the corresponding N···Te distances of 2.295(5) and 2.636(5) Å, which are considerably 

shorter in comparison to that observed in similar iodotellurium(IV) cations, namely, 

[(C6H5NNC6H4)2TeI].I3 [2.481(11) and 2.756(13) Å; 2.476(13) and 2.796(28) Å] and [(8-

Me2NC10H6)2TeI].I3 [ 2.743(7) and 3.20(1) Å].6 The Te-I bond distance [2.9158(5) Å] and ∡C-
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Te-C [95.2(1)°] in [7.3].I3 are in good agreement with that in [(C6H5NNC6H4)2TeI].I3 [2.782 

(12)/2.778(15); 97.4(5)/95.5(6)°] and [(8-Me2NC10H6)2TeI].I3 [2.780(2) Å; 96.7(3)°].6 

 

 

 

 

 

 

Figure 7.1 Molecular structure of [7.3].I3; thermal ellipsoids are set at the 50% probability level. 

Selected bond distances and angles [Å, °]: C1-Te 2.134(5), C12-Te 2.141(5), N1···Te 2.295(5), 

N2···Te 2.636(5), I1-Te 2.9158(5), I2-I3 2.9736(7), I3-I4 2.8779(7), C1-Te-C12 97.2(2), 

N1···Te·· ·N2 85.1(2), N1···Te-I1 167.7(1), N2·· ·Te-I1 102.3(1), C1-Te-I1 95.2(1), C12-Te-I1 

87.3(1), I2-I3-I4 177.06(2). 

The molecular structures of [7.4].2ClO4 and [7.5].2OTf are significantly similar, hence 

the structure of only [7.4].2ClO4 is described here {Figure 7.2a; for the molecular structure of 

[7.5].2OTf see Fig. 7.8}. The spatial arrangement of the Te(IV) center is distorted square 

pyramidal considering the lone pair of Te and N·· ·Te IChB interactions into account. The donor 

set C2N2 makes a spirocyclic arrangement around the Te center with a C1-Te-C12 bond angle of 

92.68(9)°, while both N atoms make a transoid angle of 162.83(7)°. In the TeIV NHC analogue 

7.1e, the corresponding N-Te-N angle is significantly larger with an angle of 172.8(2)°.2b The 

interesting feature in the structure of [7.4].2ClO4 is the N···Te IChB interactions, which make 

five membered TeNC3 rings with N···Te distances of 2.224(2) Å and 2.229(2) Å. These 

distances are significantly shorter than those observed in the precursor [7.3].I3 [2.295(5) and 

2.636(5) Å, vide supra]. The C-N-Te bond angles are of 114.8(1)° and 115.1(1)°. Both the 

perchlorate anions are involved in weak interactions with the Te center with distances lying in 

the range 3.021(2)-3.115(2) Å and these distances are well within the sum of the van der Waals 

radii of Te and O atom [Σ rvdw (O, Te) = 3.49 Å].9 
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To shed light on the electronic structure of a TeIV cation, and to understand the role of the 

N-atoms of the 2-(2´-pyridyl)phenyl on the stability of the synthesized compounds, DFT 

calculations were carried out using Gaussian 0.9 (Rev A.02) program10 (functional: B3PW91;11 

mixed basis set: Te: SDB-cc-pVTZ;12 C/H/N/O: 6-31G**13; Bi:cc-pVTZ-PP14). After a geometry 

optimization starting from the crystal coordinates, natural bond orbital (NBO) calculations were 

performed for cation [7.4]+.15 The NBO analysis treats each N-Te interaction in [7.4]+ as an 

lp(N)→p(Te) donor-acceptor interaction [Figure 7.2b]. A stabilization energy of ~122 kcal/mole 

of each N→Te interaction inferred that they contributed significantly to the overall stability of 

the compound. The strong N→Te IChB in [7.4]+ was further validated by electron localization 

function (ELF) calculation, wherein a continuum of elevated ELF values was observed along the 

N→Te vectors [Figure 7.2c].16 

 

Figure 7.2 (a) Molecular structure of [7.4].2ClO4; thermal ellipsoids are drawn at 50% 

probability level. Selected bond distances and angles [Å, °]: C1-Te 2.116(2), C12-Te 2.117(2), 

N1···Te 2.224(2), N2···Te 2.229(2), C1-Te-C12 92.68(9), C1-Te···N 77.04(8), C12-Te···N 

77.37(8), N1···Te·· ·N2 162.83(7). (b) Natural bond orbital (NBO) plot showing the 

lp(N)→p(Te) interaction, stabilization energy, 'E = 122.5, 122.5 kcal/mol. (c) Electron 

localization function (ELF) for [7.4]+ drawing in the plane containing N, Te and C atoms. 

To probe the effect of N→Te IChB interactions on the Te(IV) center in [7.4]+, electrostatic 

surface potential (ESP)17 was calculated for [7.4]+ and for a model compound wherein the 

pyridyl rings were rotated away from the Te center in such a way that no IChB was observed 

between the N and Te atoms. The ESP of the model compound showed a broad region of 
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depleted electron density, known as V-hole region, antipodal to the C-Te bond [Figure 7.3a]. It is 

worth mentioning that in case of group 14-16 compounds, along the extension of a covalent 

bond, a highly directional and localized region of depleted electron density (positive electrostatic 

potential) is observed, due to the anisotropic distribution of electron density and is known as a V-

hole.18 These V-holes are responsible for various non-covalent interactions, such as chalcogen 

bonding (ChB), pnictogen bonding (PnB) and tetrel bonding (TrB) to name a few. The 

significant diminution of the original�V-hole in compound [7.4]+ after N→Te IChB [Figure 7.3b] 

unambiguously established the direct involvement of the V-hole in chalcogen bonding with the 

lone pair of the nitrogen atom. To understand the nature of interaction between the N and Te 

atom, atoms in molecules (AIM) calculation has been carried out [Figure 7.3c].19 The analysis of 

the topological properties of the N···Te bond critical point (bcp) such as, a low electron density, 

U(r) value of 0.129 eÅ-3, Laplacian of electron density, 2
U(r) value of -0.018 eÅ-3, a positive 

kinetic energy density over electron density ratio [G(r)/U(r)] of 0.22 a.u. and a total energy 

density over electron density ratio [H(r)/U(r)] of -0.66 a.u. infers a dominant electrostatic 

interaction between the two atoms. The ‘-G(r)/V(r)’ value of 0.864 further suggests a 

predominantly ionic character of the N·· ·Te interaction with a significant mixing of covalent 

character.20 This is further corroborated by the Natural Population Analysis (NPA) charge of -

0.589 for each N atom and 1.785 for the Te atom. 

 

Figure 7.3 (a) Electrostatic surface potential (ESP) map, U = 0.001 a.u., showing an enhanced V-

hole region antipodal to C-Te bond in the absence of N→Te IChB interactions. (b) ESP of [7.4]+ 

showing diminution of V-hole region due to the presence of N→Te IChB interactions. ESPs have 
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been drawn on the Hirshfeld surface with potential in the range 0.175 a.u. (red)-0.210 a.u. (blue). 

(c) Atoms in molecule (AIM) bond topology of [7.4]+.  

In an attempt to synthesize the tricationic species (ppyTe3+), ppyTeCl3,21 7.6 was treated 

with an excess of AgClO4. However, the desired compound [7.7].3ClO4 was not stable and the 

adventitious hydrolysis resulted in the formation of ditelluroxonium bis(perchlorate) [ppyTe(P-

O)]2.2ClO4, [7.8].2ClO4 (Scheme 7.2). The ditelluroxonium cation [7.8].2ClO4 shows 125Te 

NMR resonance at 1413 ppm.  

 

Scheme 7.2 Isolation of [7.8].2ClO4 by the attempted synthesis of [7.7].3ClO4. 

The molecular structure of [7.8].2ClO4 is presented in Figure 7.4, which reveals a dimeric 

structure with crystallographically imposed center of inversion. Each Te(IV) center is 

coordinated to one ppy ligand in trans orientation with respect to the other and forms a Te2O2 

core with P2-bridging oxygen atoms. The N···Te distance of 2.279(9) Å is significantly longer 

than in [7.4].2ClO4 [2.224(2) Å], but shorter that in [7.3].I3 [2.295(5) Å]. The Te-O distances of 

1.917(8) and 2.068(8) Å are in agreement with similar reported dimeric compounds, namely 

[Te(2,6-(Me2NCH2)(P-O)]2.2ClO4 [1.987(4) and 1.996(4) Å] and [Te(6-Ph2P(O)-Ace-5-) (P-

O)]2.2OTf [1.920(3)-2.070(3) Å, Ace = acenaphthyl].22 The non-bonding distance between the 

two Te centers is 3.080(1) Å is significantly shorter than the sum of the van der Waal radii [Σ 

rvdw (Te, Te) = 3.98 Å].9  
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Figure 7.4 Molecular structure of [7.8].2ClO4; thermal ellipsoids are set at the 50% probability 

level. Selected bond distances and angles [Å, °] C-Te 2.11(1), N···Te 2.279(9), O1-Te 1.917(8), 

O2-Te 2.068(8), O11·· ·Te 2.784(9), C-Te···N 76.0(4), O1-Te-O2 78.8(3), Te-O-Te 101.2(3). 

To compare the structural parameters of the diorganodications [7.4].2ClO4 and 

[7.5].2OTf with the corresponding monocation, (ppy)3Te+ and to explore the coordination ability 

of the Te center, ppyBr, 7.923 was treated with nBuLi followed by TeCl4 to afford [(ppy)3Te].Br, 

[7.10].Br (Scheme 7.3). Compound [7.10].Br showed 125Te NMR resonance at 867 ppm, which 

is consistent with the value observed for similar reported triorganotelluronium(IV) cation 

namely, triphenyltelluronium chloride (773 ppm) and tris(8-quinolinyl)telluronium chloride (669 

ppm).24 Interestingly, when [7.10].Br was treated with K2PdCl4, a reverse transmetallation was 

observed resulting in the formation of the PdII complex of chlorotelluronium cation, namely 

[(ppy)2TeCl].[(ppy)PdCl2], 7.11. In the absence of any other possible explanation, the stronger 

N·· ·Te IChB in [7.10].Br could be held responsible for the reverse transmetallation in contrast to 

the Gabbaï and co-workers’ report, wherein tris(8-quinolinyl) telluronium chloride on reaction 

with a Pd(II) precursor resulted in the formation 1:1 palladated complex with the telluronium ion 

acting as a V-acceptor ligand.24b In the 125Te NMR spectrum, 7.11 showed single resonance at 

1309 ppm. 
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Scheme 7.3 Synthesis of Pd(II) complex of chlorotelluronium cation, 7.11. 

In the molecular structure of [7.10].Br [Figure 7.5a], the distortion from regular 

octahedron is less [∡N-Te-C(trans)  163.4(3)-165.7(3)°] in comparison to that of the related 

compound, tris(8-quinolinyl)telluronium chloride [∡N-Te-C(trans) 146.7(2)-147.8(2)°].24b Again, 

The N·· ·Te IChB distances are significantly shorter [2.680(8)-2.689(7) Å] in comparison to 

tris(8-quinolinyl)telluronium chloride [2.950(5)-2.988(6) Å]. In the molecular structure of 7.11 

[Figure 7.5b], the cationic entity, the halide site is mixed Cl/Br with occupancies of 

0.908(8):0.092(8). Hence, the structure is described with respect to the Cl- ligand. The spatial 

arrangement around the TeIV center is similar to that of iodotelluronium cation, [7.3].I3. In 

particular, The C-Te distances [2.15(1), 2.14(1) Å] and N···Te distances [2.291(9), 2.67(1) Å] in 

7.11 are in good agreement with that observed in [7.3].I3. The ∡C-Te-C [94.7(4)°] in 7.11 is 

slightly smaller than in [7.3].I3 [97.2(2)°]. In the anionic entity, the geometry around the PdII 

center is essentially square planar. The bond lengths and associated bond angles of the ppy and 

Cl ligands with the PdII center are in good agreement with the value observed in similar related 

dichlorido Pd(II) complexes.25 Interestingly, an unsupported cation-anion interaction exhibited 

between the TeIV and PdII centers with a distance of 3.738(1) Å which is shorter than the sum of 

van der Waals distances of the two atoms [Σ rvdw (Te, Pd) = 4.14 Å].9 
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Figure 7.5 Molecular structure of (a) [7.10].Br and (b) 7.11; thermal ellipsoids are set at the 50% 

probability level. Selected bond distances and angles [Å, °]: For [7.10].Br, C1-Te 2.152(9), C12-

Te 2.13(1), C23-Te 2.152(7), N1···Te 2.688(7), N2·· ·Te 2.680(8), N3···Te 2.647(8), C1-

Te···N1 70.1(3), C12-Te···N2 70.4(3), C23-Te···N3 70.7(3), C1-Te···N2 164.3(3), C12-

Te···N3 165.7(3), C23-Te···N1 163.4(3); For 7.11, C11A-Pd 2.02(1), C11B-Te 2.14(1), C22B-

Te 2.15(1), N1A-Pd 2.03(1), N1B···Te 2.291(9), N2B···Te 2.67(1), Pd-Cl1 2.37(1), Pd-Cl2 

2.49(2), Te-Cl1B 2.57(1), Pd···Te 3.738(1), N1A-Pd-C11A 81.5(4), N1A-Pd-C12 96.1(5), N1A-

Pd-Cl1 173.2(5), C11A-Pd-Cl2 176.7(5), N1B-Te-C11B 76.6(4), N2B-Te-C22B 70.5(4), N1B-

Te-Cl1B 167.3(4), N2B-Te-Cl1B 104.1(3). In the cationic entity, the halide site is mixed Cl/Br 

with occupancies of 0.908(8) (for Cl1B):0.092(8) (for Br1B). In the anionic entity, the halide 

sites are mixed Cl/Br with occupancies 0.874(9) (for Cl1):0.126(9) (for Br1) and 0.781(9) (for 

Cl2):0.219(9) (for Br2). 

To see the generality of the ‘ppy’ group on stabilizing other main group non-NHC 

analogues and to further explore the unique intramolecular interaction ability of the N-atom of 

the ppy group, we went on to synthesize (ppy)2BiCl, which was planned to be used for the 

metathesis reaction in a subsequent step to generate a cationic species. Interestingly, when 7.9 

was treated with nBuLi followed by addition of BiCl3, a facile auto-ionization took place, 

resulting in the formation of diorganobismuthenium chloride, [(ppy)2BiIII].Cl, [7.12].Cl (Scheme 

7.4). [7.12]+ is only the second example of bismuthenium ion reported so far after the Beckmann 

and co-workers’ donor free bismuthenium ion, [(2,6-Mes2C6H3)2Bi][BAr4] [where Mes = 2,4,6-

Me3C6H2, Ar = 3,5-(CF3)2C6H3] stabilized by bulky aryl substituents.2a  
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Scheme 7.4 Synthesis of the diorganobismuthenium chloride [7.12].Cl. 

An examination of the crystal structure of [7.12].Cl indicates that, similar to [7.4].2ClO4 and 

[7.5].2OTf, the coordination geometry of the Bi(III) center is distorted square pyramidal taking 

the lone pair of Bi and N···Bi intramolecular interactions into account [Figure 7.6a]. The Bi(III) 

ion sits on a crystallographically imposed center of inversion, containing two ppy groups in trans 

arrangement. The N···Bi distance of 2.467(5) Å is well within the sum of the van der Waals radii 

of the two elements [Σ rvdw (N, Bi) = 4.24 Å],9 indicating the presence of strong N···Bi 

intramolecular interactions. ∡C-Bi-C angle of 92.1(3)° is significantly smaller than that observed 

in [(2,6-Mes2C6H3)2Bi][BAr4] [116.69(9)°] [where Mes = 2,4,6-Me3C6H2, Ar = 3,5-

(CF3)2C6H3].2 The NBO analysis indicates strong lp(N)→p(Bi) donor-acceptor interaction in 

[7.12]+, wherein each interaction contributes to the stability of the compound by 'E = 60.12 

kcal/mol [Figure 7.6b]. The ELF study on [7.12]+ lends further support to the N→Bi interaction, 

which shows a considerable degree of electron sharing between the N and Bi atoms [Figure 

6(c)]. Noteworthingly, while comparing with the ELF of [7.4].2ClO4 [Figure 7.2c], the sharing 

of electron between N and the element center in [7.12].Cl is less, which might be attributed to the 

differences in the size of TeIV and BiIII cations. This is further corroborated by the corresponding 

N→Te distance in [7.4].2ClO4 [2.224(2), 2.229(2) Å] and N→Bi distance in [7.12].Cl [2.467(5) 

Å] (vide supra). 
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Figure 7.6 (a) Molecular structure of [7.12].Cl; thermal ellipsoids are drawn at 50% probability 

level. Selected bond distances and angles [Å, °]: C1-Bi 2.292(6), N1·· ·Bi 2.467(5), C1-Bi-C1´ 

92.1(3), N1···Bi·· ·N1´ 149.5(2), N1···Bi-C1 71.65(19). (b) Natural bond orbital (NBO) plot of 

[7.12]+ showing the lp(N)→p(Bi) interaction, stabilization energy, 'E = 60.12 kcal/mol for each 

N→Bi interaction. (c) ELF for [7.12]+ drawing in the plane containing N, Bi and C atoms. 

The ESP studies indicate a significant reduction in the V-hole region due to the presence of 

N→Bi interaction [Figure 7.7b] in comparison to the model compound, wherein in absence of 

N→Bi interaction a large V-hole region antipodal to the C-Bi bond is observed [Figure 7.7a]. 

The analysis of the topological properties of the N→Bi bcp indicates a predominant electrostatic 

interaction between the two atoms, as suggested by a low electron density, U(r) value of 0.059 

eÅ-3, a slightly positive Laplacian of electron density, 2
U(r) value of 0.159 eÅ-3, a positive kinetic 

energy density over electron density ratio [G(r)/U(r)] of 0.800 a.u. and a total energy density over 

electron density ratio [H(r)/U(r)] of -0.125 a.u., a value close to 0 [Figure 7.7c]. The predominant 

electrostatic nature of the N→Bi interaction is further corroborated by ‘-G(r)/V(r)’ value of 0.07.  
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Figure 7.7 (a) ESP map, U = 0.001 a.u., showing enhanced V-hole antipodal to C-Bi bond in 

absence of N→Bi intramolecular interactions. (b) ESP of [7.12]+ showing diminution of V-hole 

region due to the presence of N→Bi intramolecular interactions. ESPs have been drawn on the 

Hirshfeld surface with potential in the range 0.08 a.u. (red)-0.115 a.u. (blue). (c) AIM bond 

topology of [7.12]+.  

7.3 Conclusions 

In conclusion, we have succeeded in isolating the first examples of robust, IChB stabilized Te 

analogues of non-NHC derivatives by metathesis reaction of diorganohalotelluronium(IV) 

cations with AgClO4/AgOTf. This novel series of compounds fill the missing link in the period 5 

main-group analogues of non-NHC derivatives. The stability of the dicationic TeIV non-NHC 

derivatives was achieved by exposing the V-hole around the Te center to the N-lone pair of a 

rigid and planar pyridylphenyl ring. The active participation of the V-hole with the lone pair of 

N-atom through electrostatic interaction serves the purpose of attenuating the excessive 

electrophilicity around the TeIV center, which is generally achieved by the strong V-donating 

ability of the two N atoms in NHC derivatives. The generality of the phenylpyridyl ring on the 

stabilization of other main group non-NHC analogues was further established by synthesizing 

intramolecular interactions stabilized bismuthenium cation. This is only the second example of 

this compound class and first one to contain an intramolecularly coordinated substituent. Given 

the tremendous interest in NHCs and their analogues over the last few decades, this new family 

of compounds would be of significant interest with respect to their synthetic utility and 

reactivity. 
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7.4 Experimental Section 

All manipulations were performed under a N2 atmosphere using standard Schlenk 

techniques. Solvents were dried by following standard methods. The starting materials and 

solvents were purchased from commercial sources. (ppy)2Te was synthesized by the reaction of 

(ppy)HgCl with ppyTeCl3 followed by the treatment with an excess of hydrazine hydrate.8 

(ppy)TeCl3 was synthesized following the reported procedure using (ppy)HgCl and TeCl4.21 

(Caution: Organomercury compounds are highly toxic. Perchlorate salt with organic ligands are 

potentially explosive. Adequate precaution should be taken while handing of such compounds). 

(ppy)Br was synthesized by the treatment of 2-phenylpyridine with Pd(OAc)2 and NBS.23 1H 

(400 and 500 MHz), 13C (100 and 125 MHz) and 125Te (126 MHz, 158 MHz) NMR spectra were 

recorded on Bruker AV 400 MHz and Bruker AV 500 MHz spectrometers at 25 °C. Chemical 

shifts cited were referenced to TMS (1H, 13C) as internal and Me2Te (125Te) as external standard. 

Electron spray mass spectra (ESI-MS) were performed on a Q-Tof micro (YA-105) mass 

spectrometer. Elemental analyses were performed on a Carlo Erba Model 1106 elemental 

analyzer. Infrared spectra were recorded on a Perkin Elmer spectrometer. 

Synthesis of compound [7.3].I3 

A solution of 7.28 (0.100 g, 0.228 mmol) in dry dichloromethane (15 mL) was cooled to 0 °C. A 

solution of iodine (0.115 g, 0.456 mmol) in carbon tetrachloride (15 mL) was added dropwise to 

it. After stirring at 0 °C for 1h, the reaction mixture was filtered off and the solvent was removed 

under vacuum to get a dark red solid of [7.3].I3. Red colored crystals of [7.3].I3 suitable for 

single-crystal diffraction analysis were obtained by slow evaporation of a chloroform solution of 

[7.3].I3 at room temperature.  

Yield 0.176 g (82 %); m.p. 192-194 °C; 1H NMR (500 MHz, DMSO-d6) δ 9.26 (d, J = 5.6 Hz, 

2H), 8.70 (d, J = 8.3 Hz, 2H), 8.57 (d, J = 7.9 Hz, 2H), 8.40 (d, J = 7.8 Hz, 2H), 8.26 (t, J = 7.8 

Hz, 2H), 7.69 – 7.55 (m, 6H); 13C NMR (500 MHz, DMSO-d6) δ 153.66, 143.61, 139.66, 

134.21, 132.06, 130.99, 130.95, 127.30, 127.01, 123.67, 122.09; 125Te NMR (126 MHz, DMSO-

d6) δ 1100; FT-IR (neat, cm-1) 3051 (w), 1589 (m), 1481 (m), 1459 (w), 1437 (m), 1418 (m), 

1301 (m), 1283 (m), 1259 (w), 1156 (m), 1103 (w), 1063 (vw), 1015 (m), 793 (w), 752 (s), 658 

(vw), 642 (m), 627 (m); MS(ESI+), m/z Calcd for {7.3-I}+ (C22H16N2Te): 438.05, Found: 438.07; 

Anal. Calc. for C22H16I4N2Te: C, 28.00, H, 1.71, N, 2.97; Found C, 28.13, H, 1.67, N, 3.09. 
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Synthesis of [7.4].2ClO4 and [7.5].2OTf 

To a solution of [7.3].I3 (0.040 g, 0.042 mmol) in acetonitrile (15 mL) was added silver salt 

[AgClO4 (0.044 g, 0.211 mmol) for [7.4].2ClO4; AgOTf (0.054 g, 0.211 mmol) for [7.5].2OTf]. 

The reaction mixture was stirred at room temperature for 2 h. This resulted in an off-white 

precipitate. The precipitate was filtered off. The resulting filtrate on slow evaporation afforded 

colorless crystalline solids of [7.4].2ClO4 and [7.5].2OTf. 

[7.4].2ClO4 : Yield 0.023 g (88%); m.p. >300 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.58 – 8.54 

(m, 2H), 8.13 (dd, J = 11.8, 7.8 Hz, 4H), 7.97 (t, J = 7.0 Hz, 2H), 7.65 – 7.61 (m, 2H), 7.49 (dd, 

J = 10.8, 5.8 Hz, 2H), 7.42 (ddd, J = 15.0, 10.3, 4.3 Hz, 4H).; 13C NMR (125 MHz, DMSO-d6) δ 

156.57, 150.35, 148.53, 141.95, 139.05, 138.48, 129.94, 128.79, 127.81, 124.10, 121.66; 125Te 

NMR (126 MHz, DMSO-d6) δ 1107; FT-IR (neat, cm-1) 3064 (vw), 2922 (vw), 1606 (m), 1486 

(w), 1463 (w), 1443 (w), 1309 (w), 1293 (vw), 1139 (s), 1112 (s), 1089 (s), 761 (m), 739 (w), 

634 (m), 626 (m); MS(ESI+), m/z Calcd for {[7.4]ClO4+H}+ (C22H17ClN2O4Te): 537.97; Found: 

537.98; Anal. Calc. for C22H16Cl2N2O8Te: C, 41.62; H, 2.54; N, 4.41; Found C, 41.87; H, 2.22; 

N, 4.56. 

[7.5].2OTf : Yield 0.028 g (90%); m.p. >300 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.59 – 8.55 

(m, 2H), 8.15 – 8.08 (m, 4H), 7.98 – 7.93 (m, 2H), 7.64 (dd, J = 7.1, 1.2 Hz, 2H), 7.51 – 7.47 (m, 

2H), 7.46 – 7.38 (m, 4H); 13C NMR (125 MHz, DMSO-d6) δ 156.56, 150.35, 148.54, 141.95, 

139.03, 138.49, 129.93, 128.79, 127.80, 124.09, 121.64; 125Te NMR (126 MHz, DMSO-d6) δ 

1114; FT-IR (neat, cm-1) 3054 (m), 3027 (m), 1600 (s), 1590 (s), 1483 (m), 1463 (m), 1438 (m), 

1424 (m), 1306 (m), 1288 (m), 1261 (vw), 1171 (w), 1158 (w), 1105 (w), 1017 (m), 887 (w), 797 

(w), 759 (s), 736 (m), 628 (m), 465 (m); MS(ESI+), m/z Calcd for {[7.5]OTf+H}+ 

(C23H17F3N2O3STe): 587.99; Found: 587.96; Anal. Calc. for C24H16F6N2O6S2Te: C, 39.27; H, 

2.20; N, 3.82; Found C, 39.41; H, 2.17; N, 4.16. 

Synthesis of compound [7.8].2ClO4 

To a solution of 7.621 (0.200 g, 0.514 mmol) in acetonitrile (15 mL) was added AgClO4 (0.319 g, 

1.542 mmol). The reaction mixture was stirred at room temperature for 2 h. This resulted in an 

off-white precipitate. The precipitate was filtered off. The resulting filtrate on slow evaporation 

at room temperature afforded a colorless crystalline solid of [7.8].2ClO4. 
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Yield: 0.304 g (74 %); m.p. >300 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.57 (d, J = 4.1 Hz, 2H), 

8.12 (dd, J = 11.0, 8.0 Hz, 4H), 7.96 (td, J = 7.8, 1.6 Hz, 2H), 7.64 (d, J = 6.9 Hz, 2H), 7.49 (dd, 

J = 6.8, 5.1 Hz, 2H), 7.46 – 7.38 (m, 4H); 13C NMR (125 MHz, DMSO-d6) 156.02, 149.80, 

147.99, 141.40, 138.48, 137.94, 129.39, 128.24, 127.25, 123.54, 121.09; 125Te NMR (157 MHz, 

DMSO-d6) δ 1413; FT-IR (neat, cm-1) 3077 (vw), 2918 (vw), 1603 (w), 1444 (s), 1308 (vw), 

1141 (s), 1089 (s), 1053 (s), 914 (vw), 876 (m), 764 (m), 736 (w), 654 (w), 632 (m), 622 (m), 

539 (vw), 498 (w); MS(ESI+), m/z Calcd for {[7.8]ClO4}+ (C22H16ClN2O6Te2): 696.86, Found: 

696.89; Anal. Calc. for C22H16Cl2N2O10Te2: C, 33.26, H, 2.03, N, 3.53; Found C, 33.07, H, 1.93, 

N, 3.71. 

Synthesis of compound [7.10].Br 

A stirred solution of 7.923 (0.150 g, 0.643 mmol) in dry Et2O (25 mL) was treated dropwise with 

1.6 M solution of n-BuLi in hexane (0.482 mL, 0.772 mmol) at -78 °C for 30 min. An Et2O (20 

mL) solution of TeCl4 ( 0.043 g, 0.160 mmol) was added to the reaction mixture at -78 °C. The 

reaction mixture was stirred for 14 h at room temperature. After completion of the reaction, the 

solvent was removed under vacuum to get a light yellow solid, which is the mixture of [7.10].Br 

and (ppy)2Te. Dichloromethane (20 mL) was added to the solid and the resulting reaction 

mixture was filtered through celite. The filtrate was concentrated under vacuum, washed with 

Et2O (3 × 15 mL) which removed (ppy)2Te and afforded the analytically pure solid of [7.10].Br. 

Light yellow crystals of [7.10].Br.2CHCl3 suitable for single-crystal diffraction analysis were 

obtained by slow diffusion of hexane in to CHCl3 solution of [7.10].Br. 

Yield: 0.284 g (66 %); m.p. 156 °C; 1H NMR (500 MHz, C6D6) δ 8.80 (dd, J = 7.9, 1.0 Hz, 3H), 

8.41 (ddd, J = 4.9, 1.6, 0.9 Hz, 3H), 7.46 (dd, J = 7.8, 1.3 Hz, 3H), 7.27 (d, J = 8.2 Hz, 3H), 7.05 

– 6.98 (m, 6H), 6.84 (td, J = 8.0, 1.4 Hz, 3H), 6.54 (ddd, J = 7.4, 4.9, 0.9 Hz, 3H); 13C NMR 

(125 MHz, C6D6) δ 156.81, 146.48, 141.35, 139.59, 137.07, 130.35, 127.53, 127.38, 122.52, 

120.72, 112.75; 125Te NMR (157 MHz, CDCl3) δ 867; FT-IR (neat, cm-1) 3051 (m), 1589 (s), 

1476 (m), 1464 (m), 1434 (s), 1300 (m), 1157 (m), 1098 (m), 1071 (w), 1015 (w), 999 (m), 895 

(w), 797 (m), 757 (s), 627 (m), 590 (w); MS(ESI+), m/z Calcd for [7.10]+ (C33H24N3Te): 592.11, 

Found: 592.10; Anal. Calc. for C33H24BrN3Te: C, 59.15, H, 3.61, N, 6.27; Found C, 58.97, H, 

3.54, N, 6.39.  
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Synthesis of compound 7.11 

To a THF solution of [7.10].Br (0.075 g, 0.118 mmol), was added a THF solution of K2PdCl4 

(0.036 g, 0.112 mmol) at room temperature. The reaction mixture was stirred for 12 h. The 

solvent was removed under vacuum to get a yellow solid. The solid was washed with CHCl3 (3 × 
15 mL) and Et2O (3 × 15 mL) to afford the analytically pure solid of 7.11. Yellow crystals of 

7.11 suitable for single-crystal diffraction analysis were obtained by slow diffusion of benzene 

into a DMSO solution of 7.11 at room temperature.  

Yield: 0.073 g (82 %), m.p. 191 °C; 1H NMR (400 MHz, DMSO-d6) δ 9.27 (d, J = 5.6 Hz, 1H), 

8.70 (d, J = 8.3 Hz, 1H), 8.60 – 8.54 (m, 2H), 8.40 (d, J = 8.0 Hz, 1H), 8.30 – 8.22 (m, 1H), 8.14 

(dd, J = 12.7, 4.9 Hz, 2H), 8.00 – 7.94 (m, 1H), 7.69 – 7.56 (m, 4H), 7.50 (ddd, J = 7.4, 4.8, 1.0 

Hz, 1H), 7.43 (dtd, J = 16.6, 7.3, 1.5 Hz, 2H); 13C NMR (400 MHz, DMSO-d6) 156.49, 154.16, 

148.38, 144.11, 141.95, 140.17, 139.03, 138.35, 134.71, 132.55, 131.45, 129.93, 128.72, 127.80, 

127.74, 127.51, 124.17, 124.09, 122.60, 121.55; 125Te NMR (400 MHz, DMSO-d6) 1309; FT-IR 

(neat, cm-1) 3061 (w), 2922 (s), 2852 (s), 1600 (m), 1578 (m), 1485 (w), 1466 (vw), 1439 (w), 

1422 (w), 1304 (w), 1288 (w), 1273 (w), 1156 (w), 1017 (w), 790 (w), 757 (s), 739 (m), 661 

(vw), 630 (w); MS(ESI+), m/z Calcd for [7.11-{(ppy)PdCl2}]+ (C22H16ClN2Te): 473.01, Found: 

473.03. 

Synthesis of [7.12].Cl 

A stirred solution of 7.923 (0.100 g, 0.429 mmol) in dry Et2O (20 mL) was treated dropwise with 

1.6 M solution of n-BuLi in hexane (0.322 mL, 0.515 mmol) at -78 °C for 30 min. BiCl3 (0.067 

g, 0.212 mmol) was added to the reaction mixture and was stirred for 8 h. After completion of 

the reaction, the solvent was removed under vacuum to get a white solid. Dichloromethane (20 

mL) was added to the solid and the resulting reaction mixture was filtered through celite. The 

filtrate was concentrated under vacuum to afford the analytically pure solid of [7.12].Cl. 

Colorless crystals of [7.12].Cl suitable for single-crystal diffraction analysis were obtained by 

slow evaporation of a methanol solution of [7.12].Cl at room temperature. 

Yield 0.169 g (71%); m.p. >300 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.99 (d, J = 4.7 Hz, 2H), 

8.43 (d, J = 7.6 Hz, 2H), 8.38 (d, J = 8.2 Hz, 2H), 8.25 (t, J = 7.3 Hz, 2H), 7.90 (d, J = 7.2 Hz, 

2H), 7.73 – 7.69 (m, 2H), 7.52 (dt, J = 22.9, 7.0 Hz, 4H); 13C NMR (125 MHz, DMSO-d6) δ 
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186.96, 161.65, 149.07, 145.28, 141.13, 138.19, 133.70, 130.15, 128.64, 124.67, 122.94; FT-IR 

(neat, cm-1) 3051 (m), 3013 (m), 1625 (vw), 1594 (m), 1479 (m), 1420 (m), 1277 (vw), 1246 

(vw), 1153 (w), 1102 (w), 1014 (m), 1000 (w), 902 (vw), 846 (vw), 805 (w), 761 (s), 737 (m), 

729 (m), 635 (w), 553 (w); MS(ESI+), m/z Calcd for [7.12]+ (C22H16BiN2): 517.11; Found: 

517.13; Anal. Calc. for C22H16BiClN2: C, 47.80; H, 2.92; N, 5.07; Found C, 47.56; H, 2.87; N, 

5.26. 
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Fig. 7.8 Molecular structure of [7.5].2OTf; thermal ellipsoids are set at the 50% probability 
level. Selected bond distances and angles [Å, °] C1-Te 2.110(2), C12-Te 2.122(2), N1···Te 
2.231(2), N2···Te 2.252(2), C1-Te-C12 97.1(1), C1-Te···N 76.83(9), C12-Te·· ·N 77.39(9), 
N1···Te·· ·N2 160.62(7). 
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Fig. 7.9 1H NMR spectrum of [7.4].2ClO4 

 

 

 

 

 

Fig. 7.10 13C NMR spectrum of [7.4].2ClO4  
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Fig. 7.11 125Te NMR spectrum of [7.4].2ClO4  
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Fig. 7.12 FT-IR spectrum of [7.4].2ClO4  
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Fig. 7.13 1H NMR spectrum of [7.5].2OTf 

 

 

Fig. 7.14 13C NMR spectrum of [7.5].2OTf. 
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Fig. 7.15 125Te NMR spectrum of [7.5].2OTf. 
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Fig. 7.16 FT-IR spectrum of [7.5].2OTf. 
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Fig. 7.17 1H NMR spectrum of [7.12].Cl. 

 

 

 

 

Fig. 7.18 13C NMR spectrum of [7.12].Cl. 
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Fig. 7.19 FT-IR spectrum of [7.12].Cl. 

 

 

 

Fig. 7.20 Experimental and simulated ESI (+) mass spectra of (a) {[7.4]ClO4+H}+, (b) 

{[7.5]OTf+H}+, (c) [7.12]+ (black line, experimental and red line, simulated). 
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Exploring the Role of Strong Intramolecular Coordination Ability of 2-
(2´-pyridyl)phenyl Group on Main Group Halides: Insights from 

Synthesis, Structural, and Bonding Analysis
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8.1 Introduction 

The isolation of monoorgano heavy main group halides (REXn, E = heavy group 13-16 elements, 

X = halide, n = 1-3) has always been a topic of significant interest with respect to their synthetic 

aspects, structural diversities, and potential applications.[1-3] These compounds are synthetically 

challenging as the further substitution of the halide(s) can lead to the higher conglomerates such 

as di/tri-organo main group halides (RmEXn, m = 1-3, n = 3-1).[1-3] In this context, ligands with one 

intramolecular coordinating group have gained significant attention for the stabilization of 

different monomeric, monoorgano main group halides. Ligands with one coordinating group can 

be (i) aryl groups with ortho-substituted pendent arms such as 8.1-8.5, and (ii) peri-substituted 

pendent arms such as 8.6-8.7 (Chart 8.1).[1-4] These aryl groups make covalent bond to the element 

center via the C-atom, at the same time the donor atom of the pendant arm makes intramolecular 

interaction D→E (D = donor atom) with the element center (E), the distance between the two 

atoms (D and E) being significantly shorter than the sum of their van der Waal radii. This 

interaction results in the considerable attenuation of the Lewis acidity around the metal center and 

stabilizes the molecule as monomeric, monoorgano halide species.  

 
Chart 8.1. Examples of ligands (8.1-8.7) with one coordinating pendant arm.  

Our group has been actively working on the synthesis of various organotellurium 

compounds stabilized by a built-in nitrogen coordinating group, such as dioorganotelluride, 

diorganoditelluride, organotelluroxanes, metal tellurolate complexes, to name a few.[5] Apart from 

being synthetically important, these intramolecular interaction stabilized organotellurium 

compounds have gained significant interest with respect to their structural varieties, diverse 

reactivity, and widespread applications in contemporary chemistry.[5] Recently, using the strong 

intramolecular coordination ability of the N atom of the 2-(2´-pyridyl)phenyl group (ppy), 8.5, we 

have succeeded in the isolation of the novel example of monomeric organotellurinic(IV) acid and 

Te and Bi analogues of non-N-Heterocyclic Carbene (non-NHC) derivatives.[6,7] The molecular 

structures of both these classes of compounds reveal that the pyridyl N-atom of the ppy group 
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makes very strong electrostatic interaction with the element (Te/Bi) center. This observation was 

further corroborated by Density Functional Theory (DFT) calculations, which suggest that the 

stability of both monomeric organotellurinic(IV) acid and non-NHC carbenoid derivatives relies 

on the V-hole participation of the Te atom with the strong intramolecular coordination ability of 

the pyridyl N-atom of the ppy group. The extraordinary intramolecular stabilization effect offered 

by the N atom of the ppy group prompted us to probe its reactivity towards the main group halides. 

Accordingly, in the current study, we envisaged to make use of the strong coordinating ability of 

the ppy group to isolate novel main group compounds and explored the transmetallation reaction 

of ppyHgCl with group 14 and15 halides.  

The heavier group 16 monoorgano trihalides of the ppy group, namely ppyTeCl3 and 

ppyTeBr3 were reported by Mcwhinnie and co-workers by the transmetallation of ppyHgCl with 

TeCl4 and TeBr4 respectively.[4b,4d] While the report on the molecular structure of ppyTeBr3 dates 

back to 1988, the structural characterization of ppyTeCl3 remained obscure, until recently, we have 

reported two polymorphs of ppyTeCl3 [monomeric (monoclinic)/dimeric (orthorhombic)] 

obtained by the crystallization from methanol and methanol+ethanol mixture separately.[4b,6] 

Mcwhinnie and co-workers have reported the synthesis of the corresponding monohalide 

congeners, i.e., ppyTeCl, and ppyTeBr by the reduction of ppyTeCl3 and ppyTeBr3 with 

H2NNH2.H2O.[4b] Although the molecular structures of both ppyTeCl and ppyTeBr were reported 

earlier, however, they are associated with considerable degree of disorders.[8] Furthermore, the 

solution state characterizations of both these species are not known in the literature to our 

knowledge. As such, this article features a comparatively straight forward synthetic approach for 

ppyTeCl and ppyTeBr and their detailed solution state characterizations. In addition, we have also 

included the molecular structures of two new polymorphs of ppyTeCl and ppyTeBr with better 

quality for comparison with that of the reported structures and other main group congeners.  

8.2 Results and Discussion 

The starting material ppyHgCl, 8.8 was synthesized by the treatment of 2-phenyl pyridine 

with Hg(OAc)2 (Ac=OCCH3) and LiCl, as reported in the literature.[4b] When 8.8 was treated with 

ECln (E=Sn, n=4; E=Sb, n=3), it underwent transmetallation to afford novel monoorgano main 

group halides, namely ppySnCl3, 8.9 and ppySbCl2, 8.10 respectively (Scheme 8.1). The reaction 

of 8.8 with InCl3 was unsuccessful under the identical condition and no transmetallated product 

was obtained. Interestingly, when 8.8 was treated with BiCl3, the reaction took a different course 
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and afforded 8.11, a bismuthenium ion [(ppy)2Bi]+ stabilized by monoorgano bismuth trichloride 

anion [ppyBiCl3]-. Notably, this is the third example bismuthenium ion, a class of Bi analogue of 

a non-NHC derivative. Starting from 2-(2-bromophenyl)pyridine (ppyBr), using nBuLi followed 

by the addition of BiCl3, we have recently succeeded in isolating the second example of 

bismuthenium cation, [(ppy)2Bi]+.Cl- stabilized by the same aryl group (ppy).[7] The formation of 

[(ppy)2Bi]+ in both these cases might proceed through the intermediacy of ppyBiCl2, which then 

underwent significant elongation of Bi-Cl bond due to the strong N→Bi interaction to afford the 

auto-ionized product. The corresponding first example of bismuthenium ion, namely [(2,6-

Mes2C6H3)2Bi]+.[BAr4]- [where Mes = 2,4,6-Me3C6H2, Ar = 3,5-(CF3)2C6H3] was reported by 

Beckmann and co-workers using sterically bulky meta-terphenyl substituents.[9] 

 
Scheme 8.1. Transmetallation of 8.8 with SnCl4, SbCl3, and BiCl3. 

Synthesized compounds 8.9-8.11 are characterized by multinuclear NMR spectroscopy, 

FTIR spectroscopy, HRMS, and CHN analysis. The 1H and 13C NMR spectra of 8.9-8.11 are 

consistent with the proposed structures, each showing characteristic signals with consistent 

integration values for 2-(2´-pyridyl)phenyl moiety. It should be mentioned that the 1H and 13C 

NMR spectra of 2 which showed resonances at 3.57 and 66.97 ppm respectively, corresponding to 

dioxane molecule, but this was lost on drying for the microanalysis determination. The 119Sn{1H} 

NMR spectrum of 8.9 shows a single resonance at δ -440.3 ppm. This value is in good agreement 

with the value expected for a six-coordinate SnIV complex.[10] 

When ppy2Te[4b] was treated with SO2Cl2 at 0°C, the reaction afforded in the formation of 

ppyTeCl, 8.12 (Scheme 8.2). It is worth mentioning that the formation of aryltellurium halide, 

RTeCl (R = alkyl/aryl) from the chlorination of diorganotelluride, R2Te is prevalent in literature 



                       Appendix 3   
 

Page | 218 
 

and is believed to take place via the reductive elimination of the in situ generated 

diorganodichloride, R2TeCl2.[5g, 11] In a recent study, we have also made a similar observation, 

wherein the DFT calculation revealed that RTeCl [R = 2,6-(Me2NCH2)2C6H3] is considerably 

stable than the corresponding R2TeCl2.[11b] The destabilization of R2TeCl2 in comparison to RTeCl 

might be attributed to the formation of Te(IV) species with increased Lewis acidity at the Te(IV) 

center. In another instance, when (ppyTe)2
[12] was treated with Br2 at 0°C, it resulted in the 

formation of ppyTeBr, 8.13. Synthetically, both these reactions are advantageous, as the reported 

synthesis for 8.12 and 8.13 involve multistep processes, and yields of the reactions were poor than 

the current procedures.  

 
Scheme 8.2. Synthesis of 8.12 and 8.13. 

Similar to 8.9-8.11, the 1H and 13C NMR spectra of 8.12 and 8.13 exhibit resonances in the 

aromatic regions with consistent integration values corresponding to the ppy moiety. In the 125Te 

NMR spectra, compounds 8.12 and 8.13 show single resonance at G=1318.5 and G=1274.3 ppm, 

respectively. Both these chemical shift values are in agreement with the similar reported 

monohalide with sp2 N coordinating group, namely 2-(tBuNCH)C6H4TeCl (G=1258.6 ppm), 

[C6H4(C5H8NO)TeCl] (G=1202.8 ppm) and [C6H4(C4H6NO)TeCl] (G=1226 ppm).[13-15] 

The identity of the compounds 8.9-8.13 could be further established by Electrospray 

Ionization Mass Spectrometry. In the mass spectra, taken in the positive ion mode, the 

molecular/prominent ion peaks at m/z 421.90 (Calc. 421.89 [(M-Cl-OH2)+DMSO]+) (8.9), 309.94 

(Calc. 309.93 [M-Cl]+) (8.10), 517.09 {517.11 Calc. [M-(ppyBiCl3)]+)} (8.11), 283.98 (Calc. 

283.97 [M-Cl]+) (8.12), 283.98 (Calc. 283.97 [M-Br]+) (8.13) substantiated the formation of the 

respective compounds. It is worth mentioning that the observed patterns in the mass spectra for 

the compounds were in agreement with the simulated isotopic patterns. 
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8.3 X-ray crystallographic studies 

The identity of the synthesized compounds is unequivocally validated by single-crystal X-ray 

diffraction study. A comparison of the related bond lengths (Å) and bond angles (°) in 8.9-8.13 are 

given in Table 8.1, while the crystallographic data and structure refinement parameters are given 

in Table 8.3. The molecular structure of 8.9 {crystallized as [8.9.2(0.5diox)] (diox=1,4-dioxane)} 

reveals that the geometry around the SnIV center is distorted octahedral, and its coordination 

environment is completed by a CNCl3O donor set [Figure 8.1a]. Of particular interest in the 

molecular structure of 8.9 is the N→Sn distance of 2.274(2) Å, which is in good agreement with 

the values observed in related monoorgano tin(IV) trichloride, with sp2 N-donor arms, such as 

Sn[2-C6H4C(Ph)=NMe]Cl3 [2.284(4) Å][1a] and Sn(2-C6H4N=NPh)Cl3 [2.451(3) Å][1f]. Again, the 

N→Sn bond distance in 8.9  is  significantly shorter than that with sp3 N-donor arms, such as Sn[2-

(Me2NCH2)C6H4]Cl3 [2.380(2) Å, 2.391(3) Å][1c-d], Sn[2-(Me2NCH2)C6H4]Cl3·DMSO [2.393(2) 

Å][1c]. Sn-Cl1 [2.4243(7) Å] and Sn-Cl3 [2.4217(7) Å], trans to N and C respectively are 

essentially the same indicating a similar trans influence for neutral N and anionic C emphasizing 

the important role of N. The trans elongation in 2 is more pronounced in comparison to the similar 

reported monoorganotin(IV) trichlorides.[1a, c-d, f]. Both the H-atoms of the water molecule are 

involved in hydrogen bonding with the two dioxane molecules with O2⋯H and O3⋯H distances 

of 1.90(3) Å and 1.97(4) Å respectively. There is no intermolecular contact of significance in the 

packing diagram of 2, as two adjacent molecules are oriented in a head-to-tail manner, thereby 

minimizing the probability for dimerization/aggregation. 
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Figure 8.1. Molecular structures of (a) 8.9 and (b) 8.10 plotted with 50% probability displacement 

ellipsoids. 

In the molecular structure of 8.10, the spatial arrangement of each Sb atom is distorted trigonal 

bipyramidal taking the lone pair of Sb in to account [Figure 8.1b]. Similar to complex 8.9, the 

pyridyl N-atom in compound 8.10 makes strong interaction with N→Sb bond distance of 2.310(4) 

Å, which is significantly shorter than intramolecularly coordinated similar monoorgano 

antimony(II) dichloride with sp2 N-donor arms, such as Sb[o-C6H4(CH=NNC6H3
iPr-2,6]Cl2 

[2.416(2) Å],[2c] Sb[C6H3-2,6-(CH=N-tBu)2]Cl2 [2.415(2) Å],[2d] Sb[C6H3-2,6-(CH=N-2´,6´-

Me2C6H3)2]Cl2 [2.401(2) Å][2d] and with sp3 N-donor arms Sb[8-(Me2N)C10H6]Cl2 [2.460(4) Å][2a] 

and Sb[2-(Me2NCH2)C6H4]Cl2 [2.407(5) Å],[2b]. The Sb1-Cl1 bond distance [2.634(1) Å] is 

significantly longer than the Sb1-Cl2 bond distance [2.427(1) Å], which is attributed to the trans 

influence of the pyridyl N atom. 

The molecular structure of 8.11 consists of a bismuthenium ion, [(ppy)2Bi(III)]+ as the cationic 

entity and a monoorgano bismuth(III) trichloride, [ppyBiCl3]- as the anionic entity [Figure 8.2]. In 

the cationic entity of 8.11, the geometry around the BiIII center is distorted square pyramidal taking 

the lone pair of Bi into account. The N→Bi distances are 2.416(14) and 2.413(15) Å, which are in 

good agreement with that observed in [(ppy)2Bi]+·Cl- [2.467(5) Å].[7] The anionic entity in 8.11, 

i.e., [ppyBiCl3]�, represents a rare example of monoorganobismuth(III)  trichloride anion. The 

geometry around the BiIII center is distorted square pyramidal, where C33 atom occupies the apical 

position and the pyridyl N-atom and the three Cl-atoms occupy the basal positions The N3→Bi2 

distance of 2.45(1) Å is well within the sum of the van der Waals radii of the two elements [Σrvdw 
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(N, Bi) = 4.24 Å].[16] This distance is considerably shorter in comparison to related monoorgano 

bismuth(II) chloride with N containing pendant arm(s), such as, Bi[C6H3-2,6-(CH=N-tBu)2]Cl2 

[2.470(7) Å, 2.499(6) Å],[2d] Bi[C6H3-2,6-(CH=N-2´,6´-Me2C6H3)2]Cl2 [2.500(4) Å, 2.522(4) 

Å],[2d] Bi[2,6-(Me2NCH2)2C6H3]Cl2 [2.561(3) Å, 2.570(4) Å],[3a] Bi[2,6-

{MeN(CH2CH2)2NCH2}2C6H3]Cl2 [2.583(5) Å][3b].  

 

Figure 8.2. Molecular structures of 8.11 plotted with 50% probability displacement ellipsoids. 

During the crystallization of 8.12 and 8.13, we succeeded in isolating two new polymorphs with 

better quality in comparison to the literature reported structure [Figure 8.3a-8.3b)]. In the reported 

structures for both 8.12 and 8.13, a single unit cell consists of six independent molecules with 

significant disorders. Consequently, the bond lengths and the associated bond angles vary over a 

wide range.[8] Nevertheless, all the bond parameters for the polymorphs of 8.12 and 8.13 in the 

present work are in good agreement with their corresponding reported structures. In particular, the 

N→Te distance [2.228(2) Å] of 8.12 in the present study is considerably longer in comparison to 

the average N→Te bond distance observed in the earlier reported polymorph [2.205(11) Å] [Figure 

8.3a].[8a] However, the N→Te distance in 8.12 is significantly shorter in comparison to that of the 

corresponding tellurium(IV) trichloride, i.e., ppyTeCl3 [2.277(3)/2.286(6) Å]. The molecular 

structure of 8.13 is isostructural to that of 8.12, with the chloride ligand in the latter is being 

changed with the bromide ligand [Figure 8.3b]. The corresponding N→Te bond distance 

[2.235(11) Å] of 8.13 in the present study is close to that of the average value observed for the 

reported polymorphs [2.236(11) Å].[8b] 
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Figure 8.3. Molecular structures of (a) 8.12 and (b) 8.13 plotted with 50% probability 

displacement ellipsoids. 

Table 8.1. A comparison of the relevant bond parameters of the monoorgano element halides. 

Bond length 

(Å)/angle (°) 
ppySnCl3a ppySbCl2a [ppyBiCl3]�a ppyTeCla ppyTeClb ppyTeBra ppyTeBrb 

C- E 2.147(2) 2.156(4) 2.26(2) 2.104(2) 2.606(11)avg 2.109(5) 2.111(6)avg 

N→E 2.274(2) 2.310(4) 2.45(1) 2.228(2) 2.205(11)avg 2.235(3) 2.236(11)avg 

E-X1 2.4243(7) 2.634(1) 2.715(5) 2.5748(6) 2.077(7)avg 2.7221(5) 2.707(11)avg 

E-X2 2.3767(7) 2.427(1) 2.696(4) ̶ ̶ ̶ ̶ 

E-X3 2.4217(7) ̶ 2.744(4) ̶ ̶ ̶ ̶ 

N-E-C 77.44(8) 75.1(1) 71.5(6) 76.30(7) 75.7(5)avg 76.6(1) 75.9(5)avg 

N-E-Xtrans 169.17(6) 165.76(9) 162.0(4) 167.69(4) 168.2(5)avg 168.40(9) 169.2(2)avg 

C-E-Xtrans 165.64(6) ̶ ̶ ̶ ̶ ̶ ̶ 

N-E-Xcis 94.87(6) 86.71(9) 
90.0(4) 

84.3(4) 
̶ ̶ ̶ ̶ 

C-E-Xcis 
98.59(6) 

96.69(6) 

91.0(1) 

91.5(1) 

90.5(5) 

91.7(5) 

89.7(5) 

91.44(6) 92.9(4)avg 91.9(1) 93.6(5)avg 

Cl-E-Cltrans ̶ ̶ 173.4(1) ̶ ̶ ̶ ̶ 
aEntries in these columns refer to the crystal structures determined in the present work. 
bEntries in these columns refer to the crystal structures from the literature (polymorphs).[9] 

E = Sn (8.9), Sb (8.10), Bi (8.11), Te (8.12, 8.13); X = Cl (8.9-8.12), Br (8.13) 
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8.4 Computation Studies 

To understand the nature of bonding in the synthesized compounds 8.9-8.13, in particular, to probe 

the role of N→E bond on the stabilization of the compounds, detailed DFT calculations were 

carried out by using Gaussian 0.9 (Rev A.02) program[17] (functional: B3PW91;[18] mixed basis 

sets: Sn/Sb/Te: ECP28MDF_VTZ[19a-b], (Pseudopotential ECP28MDF)[19b-c]; Bi: ECP60MDF_VTZ[19a] 

(Pseudopotential ECP60MDF)[19c]; C/H/N/O/Br/Cl: 6-31G**[19d]). Starting from single-crystal 

coordinates, compounds 8.9-8.13 were optimized and subsequently subjected to NBO analysis.[20] 

Examination of the NBO plots reveals that while in all the compounds 8.9-8.13, the pyridyl 

nitrogen atom uses its lone pair (lp) as donor orbitals, significant disparities were observed among 

the acceptor orbitals across the series of the compounds [8.9-8.13] [Figure 8.4]. In particular, in 

compound 8.9, the N→Sn interaction is attributed to two prominent donor-acceptor interactions, 

namely lp(N)→V*(Sn-C15) [Figure 8.4a] and N(lp)→V*(Sn-Cl2) [Figure 8.4b]. The second-order 

stabilization energies of 20.83 kcal/mol and 20.87 kcal/mol respectively for both these interactions 

indicate the significant contribution of N→Sn bond in the overall stability of the molecule. In 

compound 8.10, the NBO analysis treats the N→Sb interaction as an lp(N)→p*(Sb) donor-

acceptor interaction [Figure 8.4c] with stabilization energy of 44.43 kcal/mol. A similar interaction 

i.e., lp(N)→p*(Bi) was observed in the anionic entity of 8.11 i.e., [ppyBiCl3]- with stabilization 

energy of 41.29 kcal/mol [Figure 8.4d]. It is worth mentioning that the N→Bi interaction in the 

cationic entity of 8.11, i.e., [(ppy)2Bi]+ also displays similar lp(N)→p*(Bi) interaction, which is in 

good agreement with that of the [(ppy)2Bi]+.Cl- reported earlier.[7] Interestingly, in case of 

tellurium halides, i.e., in 8.12 and 8.13, the NBO analysis indicates each N→Te interaction as 

lp(N)→V
(Te-X) donor-acceptor interaction with stabilization energy of 47.06 kcal/mol (for 8.12) 

[Figure 8.4e] and 47.72 kcal/mol (for 8.13) [Figure 8.4f], respectively.  
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Figure 8.4. The prominent Natural Bond Orbital (NBO) plots of (a-b) 8.9, (c) 8.10, (d) 8.11, (e) 

8.12 and (f) 8.13 showing strong N→E (E=Sn, Sb, Bi and Te) interactions.  

The presence of N→E interactions in 8.9-8.13 was further validated by electron 

localization function (ELF) calculation, which is commonly used to map the electron-pair 

localization in a molecule.[21] A continuum of elevated ELF values along the N→E vectors 

throughout the series of 8.9-8.13 clearly indicates the strong N→E interactions involved in the 

respective molecule [Figure 8.5a-8.5e].  
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Figure 8.5. Electron localization function (ELF) for (a) 8.9, (b) 8.10, (c) 8.11, (d) 8.12 and (e) 8.13 

drawing in the plane containing N, C and E (E=Sn, Sb, Bi and Te) atoms. 

To probe the effect of N→E interactions on the stabilization of the synthesized compounds 

8.9-8.13, electrostatic surface potential (ESP) was calculated, which provides insight into the local 

electron density distribution over the entire molecular surface as a function of electrostatic 

potential.[22] For comparative purposes, analogous calculations were carried out for the model 

compounds (denoted by ‘´’ with the parent compounds, i.e., 8.9´-8.13´) wherein the pyridyl rings 

were twisted away from the element center in such a way that no N→E was observed. The ESPs 

of the model compounds, lacking the intramolecular N→E interactions, showed relatively positive 

ESPs, i.e., regions of depleted electron density (indicated by relative blue coloration), known as 

V-hole region around the E center [Figure 8.6a´ (for 8.9´), 8.6b´ (for 8.10´), 8.6c´ (for 8.11´), 8.6d´ 

(for 8.12´) and 8.6e´ (8.13´)]. The significant diminution of the V-hole region in the original 

compounds [Figure 8.6a (for 8.9), 8.6b (for 8.10), 8.6c (for 8.11), 8.6d (for 8.12) and 8.6e (13)] 

after N→E interactions unambiguously established the direct involvement of the σ-hole bonding 

to stabilize the N→E donor-acceptor interactions. 
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Figure 8.6. Relative Electrostatic Surface Potentials (ESPs) mapped on the 0.001 a.u. electron 

density surface of the model compounds [a´ (for 8.9´), b´ (for 8.10´), c´ (for 8.11´), d´ (for 8.12´) 

and e´ (8.13´) lacking the intramolecular coordination from the N-donor group and origin 

compounds [a (for 8.9), b (for 8.10), c (for 8.11), d (for 8.12) and e (for 8.13) with N→E 

interactions. Blue colour indicates the positive region with less electron density, while the red 

colour indicates the negative region with high electron density. 

 To throw light on the nature of N→E interactions in 8.9-8.13, Atoms in Molecules (AIM) 

calculations have been carried out.[23] The N→E bond critical points (bcp) for the synthesized 

monoorgano element halides are mentioned in Table 8.2, and the corresponding electron density 

plots are shown in Figure 8.7. A close inspection of the topological parameters of the N→E bcps 

of the synthesized compounds indicates that all these compounds show small electron densities 

[ρ(r)] lying in the range of 0.0446-0.0652 e Å−3, and positive Laplacians values, �2ρ(r) lying in 

the range 0.104-0.166 e Å−3. The low ρ(r) values and negative values of total energy density (H) 

over ρ(r) ratios indicate predominantly ionic or almost negligible covalency of the N→E 

interactions. While the ionic character of N→E bond is more pronounced in the case of [ppyBiCl3]- 

in comparison to that of ppySnCl3 and ppySnCl3, the mixing of covalency was more pronounced 

in cases of ppyTeCl and ppyTeBr. These ionic/covalent nature of the N→E interactions across the 

series of synthesized compounds were further corroborated by |V(r)/G(r)| values, which is almost 



                       Appendix 3   
 

Page | 227 
 

equal to 1 in case of [ppyBiCl3]-, ~1.2 in case of ppySnCl3 and ppySbCl2, ~1.3 in case of ppyTeCl 

and ppyTeBr.  

 

Figure 8.7. Laplacian of electron density [�2ρ(r)] plots for (a) 8.9, (b) 8.10, (c) 8.11, (d) 8.12 

and (e) 8.13.  

Table 8.2. N→E Bond critical points for the monoorgano element halides. 

 ρ(r) �2ρ(r) ε V(r) G(r) H(r) H/U(r) |V(r)/G(r)| 
ppySnCl3 0.0602 0.166 0.0123 -0.0595 0.0505 -0.009 -0.149 1.178 
ppySbCl2 0.0498 0.104 0.0655 -0.0405 0.0333 -0.007 -0.140 1.216 

[ppyBiCl3] ̶ 0.0446 0.120 0.0453 -0.0360 0.0330 -0.003 -0.067 1.091 
ppyTeCl 0.0663 0.136 0.250 -0.0629 0.0485 -0.014 -0.211 1.297 
ppyTeBr 0.0652 0.133 0.243 -0.0607 0.0469 -0.014 -0.214 1.294 
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8.5 Conclusions 

Monoorgano tin trichloride [ppySnCl3, 8.9] and antimony dichloride [ppySbCl2, 8.10] have been 

synthesized by the transmetallation of ppyHgCl with SnCl3 and SbCl2 respectively. The reaction 

of ppyHgCl with BiCl3 under identical reaction condition results in the formation of diorgano 

bismuthenium ion stabilized by a monoorgano bismuthenium cation, i.e., {[(ppy)2Bi]+.[ppyBiCl3]-

, 8.11}. The heavier group 16 monohalide, namely ppyTeCl (8.12) and ppyTeBr (8.13), are 

synthesized by direct reaction of (ppy)2Te and (ppyTe)2 with SO2Cl2 and Br2 respectively, and 

their hitherto unknown solution state characterizations are accomplished. The molecular structures 

of the compounds 8.9-8.13 reveal strong intramolecular interactions between the pyridyl N atoms 

with the element centers as indicated by the N-E bond distances of 2.274(2) Å [in 8.9], 2.310(4) 

Å [in 8.10], 2.45(1) Å [in 8.11], 2.228(2) Å [in 8.12] and 2.235(3) Å [in 8.13]. The trans influences 

of the N atoms in 8.9-8.10, 8.12-8.13, result in the elongation of Te-Cl bonds trans to the pyridyl 

N atoms. The pronounced effects of N→E interactions in the stabilization of 8.9-8.13 are further 

manifested by DFT calculations, which indicate V-hole supported N→E donor-acceptor 

interactions in 8.9-8.13. 

8.6 Experimental Sections: 

All reactions were performed with standard Schlenk (nitrogen) techniques. Solvents were dried by 

following standard methods. The starting materials and solvents were purchased from commercial 

sources. (ppy)HgCl was synthesized by the reaction of 2-phenylpyridine with Hg(OAC)2 and 

LiCl.[4] (ppy)2Te was synthesized by the reaction of ppyHgCl with ppyTeCl3 followed by the 

treatment with an excess of hydrazine hydrate.[4] (ppyTe)2 was synthesized by the treatment of 

ppyTeBr with an excess of hydrazine hydrate.[10] (Caution: organomercury compounds are highly 

toxic. Adequate precaution should be taken while handling of such compounds). 1H (400 and 500 

MHz), 13C (100 and 125 MHz), 119Sn (186 MHz), and 125Te (126 MHz, 158 MHz) NMR spectra 

were recorded on Bruker AV 400 MHz and Bruker AV 500 MHz spectrometers at 25 °C. Chemical 

shifts cited were referenced to TMS (1H, 13C) as internal, Me2Te (125Te), and Me4Sn (119Sn) as 

external standard. Electron spray mass spectra (ESI-MS) were performed on a Q-Tof micro (YA-

105) mass spectrometer. Elemental analyses were performed on a Carlo Erba Model 1106 

elemental analyzer. Infrared spectra were recorded on a Perkin Elmer spectrometer. 
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General procedure for synthesis of 8.9-8.11 

To a 1,4-dioxane (25 mL) solution of ppyHgCl (0.200 g, 0.513 mmol), element halide (0.134 g, 

0.514 mmol of SnCl4 for 8.9; 0.117 g, 0.513 mmol of SbCl3 for 8.10; 0.162 g, 0.514 mmol of BiCl3 

for 8.11) was added. The reaction mixture was refluxed for 18h. After cooling at room temperature, 

the reaction resulted in the precipitaion of white solid. The white solid thus obtained was filterred 

off, washed with hexane (3 × 15 mL), Et2O (3 × 15 mL) to afford the analytically pure colourless, 

crystalline solids of 8.9-8.11.  

8.9.2(0.5diox): Yield 0.158 g (77%); 1H NMR (400 MHz, DMSO-d6) δ 9.15 (s, 1H), 8.62 (d, J = 

8.1 Hz, 1H), 8.38 (d, J = 7.7 Hz, 1H), 8.33 (t, J = 7.8 Hz, 1H), 7.89 (d, J = 6.7 Hz, 1H), 7.83 – 

7.79 (m, 1H), 7.64 (t, J = 7.1 Hz, 1H), 7.58 (t, J = 7.5 Hz, 1H), 3.57 (s, 8H, diox). No signal in 1H 

from H2O is detected; 13C NMR (100 MHz, DMSO- d6) δ 156.69, 150.44, 148.64, 142.06, 139.14, 

138.57, 130.02, 128.88, 127.90, 124.18, 121.75, 66.97 (diox); FT-IR (neat, cm-1) 3098(m), 

2966(w), 2918(vw), 2898(vw), 2861(m), 1945(vw), 1605(m), 1574(m), 1564(m), 1474(m), 

1452(m), 1435(m), 1369(w), 1290(s), 1281(s), 1256(s), 1151(w), 1110(s), 1080(m), 892(s), 

870(s), 856(s), 761(s), 737(s), 646(w), 629(w), 617(m); 119Sn{1H} NMR (186 MHz, DMSO-d6) δ 

-440.30; ESI-MS (positive mode) m/z = 421.90 (observed) {Calc. 421.89 for [(M-Cl-

OH2)+DMSO]+ (C13H14Cl2NOSSn)}; Anal. Calc. for C11H10Cl3NOSn: C, 33.26; H, 2.54; N, 3.53; 

Found C, 33.08; H, 2.27; N, 3.79 (compound lost the two dioxane molecules of solvation upon 

drying under vacuum) 

8.10: Yield 0.154 g (87%); 1H NMR (400 MHz, DMSO-d6) δ 8.93 (d, J = 4.8 Hz, 1H), 8.63 (d, J 

= 7.3 Hz, 1H), 8.49 (d, J = 8.2 Hz, 1H), 8.35 (d, J = 7.0 Hz, 1H), 8.27 (td, J = 8.0, 1.5 Hz, 1H), 

7.71 – 7.65 (m, 2H), 7.61 (td, J = 7.5, 1.4 Hz, 1H); 13C NMR (100 MHz, DMSO- d6) δ 157.06, 

156.28, 146.06, 142.42, 139.11, 134.02, 131.63, 130.26, 126.52, 125.24, 121.27; FT-IR (neat, cm-

1) 3077(w), 3057 (m), 3027(m), 2003(vw), 1971(vw), 1939(vw), 1862(vw), 1832(vw), 1600(s), 

1569(vw), 1556(vw), 1483(s), 1439(s), 1427(s), 1302(m), 1283(m), 1266(w), 1168(w), 1159(w), 

1108(vw), 1051(w), 1019(m), 1009(m), 895(vw), 798(w), 763(s), 739(s), 661(vw), 639(m); ESI-

MS (positive mode) m/z = 309.94 {Calc. 309.93 for [M-Cl]+ (C11H8ClNSb)}; Anal. Calc. for 

C11H8Cl2NSb: C, 38.09; H, 2.32; N, 4.04; Found C, 37.87; H, 2.07; N, 4.15. 
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8.11: Yield 0.371 g (73%); 1H NMR (400 MHz, DMSO-d6) δ 8.93 (d, J = 4.7 Hz, 1H), 8.63 (d, J 

= 7.0 Hz, 1H), 8.57 (dd, J = 4.7, 0.7 Hz, 1H), 8.48 (d, J = 8.2 Hz, 1H), 8.35 (d, J = 7.2 Hz, 1H), 

8.27 (td, J = 8.0, 1.5 Hz, 1H), 8.12 (dd, J = 14.5, 4.9 Hz, 1H), 7.97 (td, J = 7.9, 1.8 Hz, 1H), 7.70 

– 7.59 (m, 3H), 7.52 – 7.48 (m, 1H), 7.47 – 7.38 (m, 1H); 13C NMR (100 MHz, DMSO- d6) δ 

157.04, 156.55, 156.29, 150.32, 148.48, 146.06, 142.40, 141.91, 139.13, 139.02, 138.44, 134.03, 

131.63, 130.26, 129.89, 128.75, 127.76, 126.51, 125.23, 124.05, 121.62, 121.26; FT-IR (neat, cm-

1) 3071(w), 3057(w), 3027(w), 2010(vw), 1974(vw), 1942(vw), 1903(vw), 1864(vw), 1828(vw), 

1598(m), 1569(m), 1478(m), 1435(m), 1422(m), 1296(m), 1280(m), 1263(w), 1246(w), 1173(w), 

1163(w), 1107(w), 1051(vw), 1025(w), 1015(w), 1007(w), 892(vw), 875(vw), 802(w), 760(s), 

734(s), 656(vw), 638(w), 626(vw), 549(vw); ESI-MS (positive mode) m/z = 517.09 {Calc. 517.11 

for [M-(ppyBiCl3)]+ (C22H16BiN2)}; Anal. Calc. for C33H24Bi2Cl3N3: C, 40.16; H, 2.45; N, 4.26; 

Found C, 40.28; H, 2.29; N, 4.56. 

General procedure for synthesis of 8.12-8.13 

To a CH2Cl2 solution of (ppy)2Te[4b] [0.250 g, 0.573 mmol for 8.12] or (ppyTe)2
[10] [0.250 g, 0.444 

mmol for 8.13] was added SO2Cl2 [0.079 g, 47.305 PL, 0.585 mmol for 8.12] or Br2 [0.070 g, 

22.403 PL, 0.444 mmol for 8.13] at 0 °C for 8h. The reaction resulted in the immediate 

precipitation of yellow solids. The solid was then filterred off, washed with hexane (3 × 15 mL), 

to afford the analytically pure colourless, crystalline solids of 8.12-8.13. 

8.12: Yield 0.131 g (72%); 1H NMR (400 MHz, CDCl3) δ 8.77 (ddd, J = 5.6, 1.4, 1.0 Hz, 1H), 

8.59 (dd, J = 8.1, 0.8 Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H), 8.17 (dd, J = 7.9, 1.3 Hz, 1H), 8.03 – 7.98 

(m, 1H), 7.58 (ddd, J = 8.2, 7.2, 1.3 Hz, 1H), 7.49 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 7.36 (ddd, J = 

7.1, 5.7, 1.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 154.62, 142.31, 138.42, 133.70, 133.30, 

131.67, 131.16, 126.83, 126.20, 122.59, 121.22; 125Te NMR (126 MHz, CDCl3) δ 1318.5; FT-IR 

(neat, cm-1) 3105(vw), 3057(w), 3027(vw), 1972(vw), 1932(vw), 1866(vw), 1839(vw), 1810(vw), 

1603(m), 1584(m), 1568(w), 1479(m), 1461(w), 1439(m), 1427(m), 1319(vw), 1302(vw), 

1278(w), 1247(vw), 1169(vw), 1161(vw), 1059(vw), 1049(vw), 1019(w), 998(vw), 956(vw), 

883(vw), 788(vw), 753(s), 729(s), 643(vw), 558(vw); ESI-MS (positive mode) m/z = 283.98 

{Calc. 283.97 for [M-Cl]+ (C11H8NTe)}; Anal. Calc. for C11H8ClNTe: C, 41.65; H, 2.54; N, 4.42; 

Found C, 41.18; H, 2.47; N, 4.53. 
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8.13: Yield 0.141 g (88%); 1H NMR (500 MHz, CDCl3) δ 8.80 – 8.73 (m, 1H), 8.61 (dt, J = 10.7, 

5.3 Hz, 1H), 8.25 – 8.20 (m, 1H), 8.14 (dd, J = 16.1, 11.2 Hz, 1H), 8.05 – 7.98 (m, 1H), 7.56 (ddd, 

J = 17.7, 9.6, 8.2 Hz, 1H), 7.53 – 7.47 (m, 1H), 7.38 (ddd, J = 15.2, 7.8, 2.8 Hz, 1H); 13C NMR 

(125 MHz, CDCl3) δ 154.04, 142.34, 138.50, 134.97, 133.79, 131.26, 128.48, 127.08, 126.13, 

122.78, 121.14; 125Te NMR (126 MHz, CDCl3) δ 1274.3; FT-IR (neat, cm-1) 3098(vw), 3054(w), 

3027(vw), 1603(m), 1584(m), 1568(w), 1547(vw), 1478(m), 1461(w), 1437(m), 1420(m), 

1303(w), 1278(m), 1244(vw), 1159(w), 1100(vw), 1058(vw), 1017(w), 954(vw), 866(vw), 744(s), 

724(m), 660(vw), 639(w), 549(vw); ESI-MS (positive mode) m/z = 283.98 {Calc. 283.97 [M-Br]+ 

(C11H8NTe)}; Anal. Calc. for C11H8BrNTe: C, 36.53; H, 2.23; N, 3.87; Found C, 36.39; H, 2.31; 

N, 3.91. 

X-ray Crystallography Data 

The diffraction measurements for compounds 8.9-8.13 were performed on a Rigaku Saturn 724 

diffractometer using graphite monochromated Mo Kα radiation (λ = 0.7107 Å). The data collection 

was carried out by standard ω-scan technique and were evaluated and reduced by using 

CrystalClear-SM Expert software. The structures were refined by full-matrix least-square with the 

anisotropic non-hydrogen atoms and hydrogen atoms with fixed isotropic thermal parameter of 

0.07 Å2 using the SHELXL program.[24]  

Computational Methodology 

DFT calculations were carried out using Gaussian 0.9 (Rev A.02) program[17] (functional: 

B3PW91;[18] mixed basis sets: Sn/Sb/Te: ECP28MDF_VTZ[19a-b], (Pseudopotential ECP28MDF)[19b-c]; 

Bi: ECP60MDF_VTZ[19a] (Pseudopotential ECP60MDF)[19c]; C/H/N/O/Br/Cl: 6-31G**[19d]). 

Frequency calculations were calculated, and all the structures were detected with minima such that 

no negative frequencies were observed. The topological analyses were carried out using Multiwfn 

software.[25] 
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Figure 8.8 1H NMR spectrum of 8.9. 

 

 

Figure 8.9 13C NMR spectrum of 8.9. 
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Figure 8.10 125Te NMR spectrum of 8.9. 

 

Figure 8.12 1H NMR spectrum of 8.10. 
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Figure 8.13 13C NMR spectrum of 8.10. 

 

Figure 8.15 1H NMR spectrum of 8.11. 
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Figure 8.16 13C NMR spectrum of 8.11. 

 

Figure 8.18 1H NMR spectrum of 8.12. 
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Figure 8.19 13C NMR spectrum of 8.12. 

 

Figure 8.20 125Te NMR spectrum of 8.12. 
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Figure 8.22 1H NMR spectrum of 8.13. 

 

Figure 8.23 13C NMR spectrum of 8.13. 
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Figure 8.24 125Te NMR spectrum of 8.13. 
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The lanthanoid metals [La (Z=57)-Lu (Z=71)] are regarded as hard metal centers and 

subsequently their chemistry has been dominated by hard donor ligands like ethers, amines, 

amides, etc. However, there have been considerable concerns, in recent years, for the preparation 

of complexes containing soft donor ligands, in particular with those of group 16. This is driven in 

part not only due to their promising technological interests (such as in magnetism,1a optics and 

electronics1b-c etc.), but also from inquisitiveness to improve the understanding of such 

unconventional hard-soft interactions. Most of the studies on lanthanoid chalcogenolates have 

been focused either on clusters of lanthanoid compounds or on oligomers or polymers of the 

same,1d-l which is attributed to their affinity for high and variable coordination number. 

Consequently, synthesis of monomeric lanthanoid chalcogenolates is considered to be very 

challenging. 

‘Pincer ligands’ are a class of ligands consisting of donor atoms which are capable of coordinating 

in a tridentate manner (preferably meridionally) to the central metal atom, thus, giving rise to the 

phenomenon of chelation. Chelation makes their structures versatile enough to modify them and 

provide the dual combination of stability as well as reactivity with metal complexes; both of which 

are crucial in coordination chemistry. It is precisely the convenience in fine-tuning the ligand 

backbone as well as the flanking arms, that triggers the development of various palindromic 

pincers ( such as PCP, PNP, CCC, CNC, NNN, NCN, OCO,  SPS, SeCSe etc.) as well as non-

palindromic pincers (such as NNP, PCN etc.), which eventually makes them universal ancillary 

ligands in metal based chemistry.2 In fact, after the first revolutionary report on organometallic 

complexes of tridentate PCP ligand by Moulton et al.,2c the coordination chemistry of pincer 

ligands has become a privileged avenue which is explored in almost all modern aspects of 

organometallic chemistry, such as homogenous catalysis,2d-e sensing,2f molecular recognition,2g 

optoelectronics,2h and supramolecular chemistry2i to name a few.  

Chapter 1: 

The introductory chapter gives a general overview of the basic properties and chemistry of rare-

earth and chalcogen elements. A brief summary on the synthetic procedures and current 

perspectives of organolanthanoid chalcogenolate complexes are included. In addition, general 

aspects of ‘redox active multidentate ligands’ and ‘pincer ligands’ are also reviewed in Chapter 1.  
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Chapter 2: 

Chapter 2 describes the facile synthesis of monomeric lanthanoid chalcogenolates by using hybrid, 

Intramolecular Chalcogen Bonding (IChB)3 stabilised organochalcogen compounds. In particular, 

when ditellurides S1 and S2 were treated with Ln(0) metals (Yb, Eu), the metals underwent 

oxidative addition to afford the lanthanoid chalcogenolates, S3-S8 (Scheme S1). Here, the donor 

atoms from the auxiliary arms, which were initially involved in secondary bonding interactions 

with chalcogen atoms (D·· ·E; D = N, E = Te), acted as chelating arms in the resulting metal 

complexes. In fact, the Ln···N interactions, together with the steric bulk of the ligands, prevented 

the formation of higher order aggregates and confined the molecules to monomers.  

 

Scheme S1. Synthesis of bis[2-(dimethylamino)methyl)phenyl]ditelluride, S1 and 8,8'-diquinolyl 

ditelluride, S2 and their lanthanoid complexes S3-S8. 

All the complexes S3-S8 were authenticated by single crystal X-ray diffraction studies. In 

complexes S3-S6, the six-coordinated lanthanoid metal atom was located on a crystallographically 

imposed centre of inversion, containing two 2-(dimethylamino)methyl)phenyltellurolate ligands 

in trans arrangement [Figure S1 (a)]. Each 2-(dimethylamino)methyl)phenyltellurolate ligand 

filled two coordination sites, one from the tellurium and the other from the nitrogen atom; both 

these atoms were involved in the formation of six membered chelating ring to the metal. The rest 

of the two coordination sites around the divalent metal centre were occupied by two solvent 

molecules. All the complexes were isostructural where the geometry around the Ln metal centres 

were octahedral, with the angle Te-Ln-Te1=180°, N-Ln-N1=180° and D-Ln-D1=180° (where D= 

donor atom of the solvent molecule). Of particular interest are the Ln-Te distances in all 



  Summary 
 

Page | S3  
 

complexes, which were found to be significantly shorter in comparison to the similar reported 

lanthanoid tellurolate complexes.4  

Interestingly, in the case of quinoline tellurolate ligand, significant changes in the 

coordination numbers were observed in the resulting complexes. For instance, in THF, the ligand 

afforded seven coordinated complex, [Eu(TeNC9H6)2(THF)3] S7 [Figure S1 (b)], whereas in DME 

it afforded eight coordinated complex [Eu(TeNC9H6)2(DME)2] S8. Although, the spatial 

arrangements of the quinoline tellurolate ligands around the Eu(II) centre were different in S7 and 

S8, nevertheless, the Eu-Te distances in both complexes were in good agreement with those of S3-

S6.  

 

 

 

 

 

Figure S1. Molecular structures of monomeric lanthanoid chalcogenolates, (a) S5 and (b) S7. 

Chapter 3: 

In an attempt to synthesize lanthanoid thiolate complexes, it was envisaged to synthesize quinoline 

thiolate ligand by reacting 8-quinolinesulfonyl chloride with tin dichloride in the presence of 

hydrochloric acid. The reaction afforded bis(8-sulfanylquinolinium) hexachloridostannate(IV). 

From literature survey it was perceived that after Edinger’s report5 on the presence of bis(8-

sulfanylquinolinium) hexachloridostannate(IV) as an intermediate for the conversion of 8-

quinolinesulfonic acid to 8-quinolinethiol, bis(8-sulfanylquinolinium) hexachloridostannate(IV) 

has been commonly used as a reactive intermediate in various organotin reactions.6 However, there 

is no structural characterization of bis(8-sulfanylquinolinium) hexachloridostannate(IV) available 

in literature. In Chapter 3, the isolation and characterization of bis(8-sulfanylquinolinium) 

hexachloridostannate(IV) is reported. In addition, some new interesting reaction behaviors of 

bis(8-sulfanylquinolinium) hexachloridostannate(IV) in different solvents are also included.  

(a) (b) 



  Summary 
 

Page | S4  
 

The synthesis of bis(8-sulfanylquinolinium) hexachloridostannate(IV), S10 was 

accomplished by following the reported procedure wherein 8-quinolinesulfonyl chloride, S9 

(synthesized by reacting quinoline-8-sulfonic acid with phosphorus pentachloride) was treated 

with tin dichloride in the presence of hydrochloric acid (Scheme S2).5 Interestingly, when bis(8-

sulfanylquinolinium) hexachloridostannate(IV)  salt was recrystallized from chloroform or 

dichloromethane, it yielded cis-dichloridobis(8-quinolinethiolato) tin(IV), S11. When it was 

recrystallized from methanol, it afforded crystals of 8,8'-dithiodiquinolinium 

hexachloridostannate(IV), S12. The behavior of S10 in DMSO was also investigated and it was 

observed that it provided a convenient approach for the synthesis of 8,8'-diquinolyl disulfide, S13. 

 

Scheme S2. Synthetic routes to cis-dichloridobis(8-quinolinethiolato)tin(IV), S11 and 8,8'-

dithiodiquinolinium hexachloridostannate(IV) derivative, S12 and 8,8'-diquinolyl disulfide, S13. 

In the molecular structure of S10, two 8-sulfanylquinolinium ions were H-bonded to two trans- Cl 

atoms from SnCl6
2- [Figure S2 (a)]. The asymmetric unit contained one 8-sulfanylquinolinium ion 

and half of a [SnCl6
2-] ion with Sn(IV)  atom sitting on the edge of the cell. The geometry around 
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Sn(IV) was distorted octahedral with three different Sn1-Cl bond distances; Sn1-Cl1 2.4115(18) 

Å, Sn1-Cl2 2.4378(18) Å and the one participating in intermolecular H-bonding with quinolinium 

ion, Sn1-Cl3 was 2.4330(17) Å. Both the intermolecular H-bonding distances were 2.393 Å. The 

C-S bond length was observed to be 1.770(8) Å indicating its single bond nature. 

During the crystallization of cis-dichloridobis(8-quinolinethiolato)tin(IV) S11, two 

polymorphs namely S11m and S11t were obtained. Complex S11m was obtained by evaporation 

of a saturated dichloromethane solution and it crystallized in monoclinic space group C2/c. 

Whereas complex S11t was obtained by evaporation of a chloroform solution and crystallized in 

triclinic space group P-1. The single-crystal X-ray diffraction analyses revealed that the 

hexacoordinated metal center, Sn(Ⅳ) ions in both S11m and S11t were chelated by two 8-

qunolinthiolate anions and coordinated by two chloride ions. The co-ordination environment of 

Sn(Ⅳ) was distorted octahedral with the N-donor atoms as well as the chloride ligands were in cis 

alignment; while the sulfur atoms of the 8-quinolinethiolate anions were trans to each other. In 

both the polymorphs S11m and S11t, the bond lengths around the metal atom (Sn-N, Sn-Cl) were 

in the same range and the angular distortions from octahedral geometry at the metal center were 

similar in both complexes. All the important bond distances, for instance in S11m [Figure S2 (b)], 

namely, Sn-S [Sn1-S1=2.4168(4)Å, Sn1-S1´= 2.4169(4) Å], Sn···N [Sn1···N1= 2.2876(15) Å and 

Sn1···N1´= 2.2875(15) Å] and Sn-Cl [2.4358(5) Å] were in good agreement with similar reported 

complexes, such as cis-dichloridobis(8-quinolinolato)tin(IV)7 and dibenzylchlorido(8-

quinolinethiolato)tin(IV)8.  

 

Figure S2. Molecular structures of (a) bis(8-sulfanylquinolinium) hexachloridostannate(IV), S10 

and (b) cis-dichloridobis(8-quinolinethiolato)tin(IV), S11m. 

Chapter 4: 

(a) (b) 
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Chapter 4 describes the electronic structural properties of Ru and Os complexes of N,N´-bis(2-

pyridyl)benzene-1,2-diamine ligand with the help of structural, electrochemical and DFT analyses. 

It is worth mentioning that in recent times, N,N´-disubstituted 1,2-diaminobenzenes have gained 

profound interest from the researchers owing to their expedient applications in various aspects, for 

example, as a building block for supramolecular arrays,9a in synthesizing N-heterocyclic carbene9b 

and its various analogues9c-e. Apart from these remarkable applications, N,N´-disubstituted 1,2-

diaminobenzenes derivatives are accepted to be one of the preferred choices of ligand for transition 

metal complexes10 especially due to its inherent ‘redox non-innocence’ behavior, a term given by 

Jørgensen11 to ligands that consist of variable energetically accessible levels that can actively 

participate in redox processes giving rise to an apparent ambiguity in oxidation states. The fact 

that, N,N´-disubstituted 1,2-diaminobenzenes can undergo two successive one-electron oxidation 

to form o-diiminosemiquinone radical (L∙─) and o-diiminoquinone (L0) respectively as shown in 

Figure S3, thus offers variable oxidation states to the bonded metal atom.  

 

Figure S3. Redox transformations of N,N´-disubstituted 1,2-diaminobenzenes. 

From the literature survey it was found that the substituent ‘R’ in N,N´-disubstituted 1,2-

diaminobenzenes has played pivotal role in the redox non-innocence of the ligand, consequently 

the modification of ‘R’ could significantly alter the electronic structures of the resulting metal 

complexes.12 In this context, Chapter 4 features the syntheses and molecular structures of 

ruthenium and osmium complex of a relatively less-explored ligand namely, N,N´-bis(2-

pyridyl)benzene-1,2-diamine, specially providing a critical insight in to their electronic properties. 

The electronic structural behavior of the complexes was examined by means of a wide array of 

analytical techniques (magnetic resonance, UV-Vis-NIR spectroscopy and electrochemistry); 

comprehensive computational studies were also carried out to provide additional support to the 

experimental work. 
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Ligand N,N´-bis(2-pyridyl)benzene-1,2-diamine, H2L was prepared by following the 

reported procedure wherein o-phenylenediamnine was treated with 2-bromopyridine at 195 °C 

[Scheme S3].13 The mononuclear complexes [RuIII(acac)2(L)], (S14), [RuII(Ph-tpy)(L)], (S15), and 

[OsII(bpy)2(L)](ClO4), ([S16]ClO4) were synthesized in a single step reactions between H2L and 

the metal precursors cis-RuII(acac)2(CH3CN)2, RuIII(Ph-tpy)(Cl3) and cis-OsII(bpy)2Cl2 

respectively in the presence of Et3N in polar protic solvent medium (e.g. ethanol or methanol).  

 

Scheme S3. Synthesis of N,N´-bis(2-pyridyl)benzene-1,2-diamine, H2L and Ru and Os 

complexes, S14-S16. 

Cyclic voltammetry and differential pulse voltammetric studies in combination with EPR 

spectroscopy and theoretically calculated Muliken spin density can be used for the unambiguous 

assignment of the accessible redox states within a molecule. Compounds S14-S16 demonstrated 

successive oxidation and reduction waves within a potential window of ±2.0 V versus SCE in 

CH3CN [Figure S4 (a)-(c)]. In particular, the reversible oxidation waves for S14 at 0.48 V could 

be ascribed to {MII-Q•�}l{MII-Q•} transformation. However, the corresponding anodic shift in 
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potential for S15 was not attained in the experimental cyclic voltammetry scale, which might be 

attributed to the S-acceptor nature of the co-ligand. A reversible, ligand based (71%) oxidation 

wave [{MII-Q�}l{MII-Q•}] was obtained at 0.12 V for [S16](ClO4). Complexes [S14] and [S15] 

exhibited mixed metal-ligand (~50%-50%) and solely ligand based (~72%) reduction at -0.81 V 

and -0.43V respectively. A terpyridine based reduction was also observed in [S15] at -0.92 V. 

Complex [S16](ClO4) displayed bipyridine based reduction (~90%)  at �1.21 V. The difference in 

S-donation capability of Ru and Os along with terpyridine and bipyridine could be held responsible 

for changes in redox behavior of respective complexes bearing non-innocent o-quinonediimine 

ligand. 

 

 

 

 

 

 

 

Figure S4. Cyclic and differential pulse voltammograms of (a) S14 (b) S15 and (c) [S16](ClO4) 

in CH3CN/0.1 M Et4NClO4; (d) UV-Vis spectra of complexes S14 (black), S15(red), and 

[S16](ClO4) (blue) in CH2Cl2. 

 From the UV-Visible study, it was observed that compounds S14-S16 displayed 

moderately intense transitions at 535 nm, 521 nm and 547 nm respectively [Figure S4 (d)], which 

could be assigned as ligand-to-metal charge transfer (LMCT) involving S-orbitals (L•�) of partially 

reduced ligand to dS of metals. While the higher energy bands were assigned to ligand-to-ligand 

charge transfer (LLCT) transitions. However, slight disparity in position of the spectral bands on 

moving from S14 to S15 to [S16](ClO4) was mainly attributed to the variation in V-donating (acac) 

and S-acceptance (terpy and bpy) capabilities of the ancillary ligands. 

(d) 
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 All three complexes S14-S16 were authenticated by single crystal X-ray diffraction studies. 

In both S14 [Figure S5 (a)] and S15 [Figure S5 (b)], the geometry around Ru was distorted 

octahedral. From the bond distances of the ligand backbone to the metal center and their 

comparison with the similar reported complexes,14 it could be inferred that in S14 the ligand was 

in semiquinone state, i.e., L•─ and the free radical was delocalized through C1-N1, C1-C2 and C2-

N2 bonds. In complex S15, C1-N1 distance resembles to that of a double bond, while C2-N2 

corresponds to a single bond. From comparison with the literature,14c-e it can be inferred that ligand 

is in monoionic state, where the negative charge is located on N2 atom. In the molecular structure 

of [S16]ClO4, the divalent Os ion was coordinated to one nitrogen atom of o-phenylenediamnine, 

one nitrogen atom from the flanking pyridine group and two bipyridyl ancillary ligands. 

Interestingly, second ‘N2H’ proton from o-phenylenediamnine core did not undergo deprotonation 

during the reaction and eventually did not participate in coordination with Os metal. The C1-N1 

bond distance of 1.43(2) Å indicated the single bond character of the same and hence the best 

description of [3.8] was [OsII(bpy)2(L-)Cl](ClO4), where the negative charge was localized on N1 

atom. 

 

Figure S5. Molecular structures of (a) S14 and (b) S15 and (c) S16. 

Chapter 5: 

Chapter 5 deals with the chemistry of pyrrole based NNN pincer ligands and their complexes. It is 

worth mentioning that amidst various pincer scaffolds, NNN- pincer ligands based on pyrrole 

framework have recently drawn significant interest with respect to their interesting structural 

properties and applications.15 However, reports on transition metal complexes and group 16 

(a) (b) (c) 
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complexes of pyrrole based NNN ligands are rather scarce in literature. In this chapter, syntheses 

of Se/Te as well as Pd/Pt complexes of NNN-pincer ligands has been included focusing on their 

bonding properties. 

The ligands of present interest, L1-L3 were synthesised by Mannich reaction following the reported 

procedure16 wherein pyrrole was treated with formaldehyde and secondary amine 

(dimethylamine/pyrrolidine/piperidine) (Scheme S4). In order to unveil the characteristic of N-

Se/Te bond, lithiated ligand Li[NC4H2(CH2NMe2)2-2,5] was treated with Te/Se powder followed 

by aerial oxidation to afford dichalcogenides, S17-S18. In another approach, 

Li[NC4H2(CH2NMe2)2-2,5] was treated with Te/Se and then bromobenzene was added to 

synthesise unsymmetrical monotellurides, S19-S20. It is worth mentioning that all these 

synthesized chalcogenides were not stable under ambient conditions and in common organic 

solvents, which in turn precluded their detailed characterizations through 1H NMR spectroscopy. 

However, the 77Se NMR and ESI-MS of the compounds could be obtained by recording the spectra 

directly from the reaction aliquots. These substantiated the formation of the compounds.  

 

Scheme S4. Synthetic routes for pyrrole based NNN-pincer ligands, L1-L3 and chalcogen 

compounds S17-S20. 

When L2 was treated with Pd(COD)Cl2 in the presence of trimethylamine, the displacement 

of COD resulted in the formation of complex S21 (Scheme S5). However, in the case of 

Pt(COD)Cl2, the chloride ions behaved as leaving groups, giving rise to complexes, S22-S23. 

Interestingly, in both the Pt complexes, the cyclooctadiene moiety experienced a Pt-induced 
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deprotonation in the position D�to one of the double bonds followed by formation of a new double 

bond via 1,2-shift. This afforded 2,5-cyclooctadienyl ligand. It is worth mentioning that during the 

isomerisation process, one of the former S-bonded carbon atoms changed its coordination mode 

to C-Pt V-bond. In another instance, the lithiated ligand Li[NC4H2(CH2NMe2)2-2,5] on treatment 

with Pd(COD)Cl2 afforded complex S24 where an additional coordination of dimethylamine to Pd 

centre was observed. This might have resulted from decomposition of the starting material. 

 

Scheme S5. Synthetic routes for Pd and Pt complexes S21-S24. 

Complexes S21-S24 were authenticated by single crystal X-ray diffraction studies [Figure 

S6 (a)-(b)]. To understand the nature of N-Se/Te bond, DFT calculation was carried out for 

compounds S17-S20. From Natural Bond Order (NBO) analysis performed on the optimised 

structures [Figure S6 (c)-(d)], it was observed that in both the compounds S19 and S20, the 

chalcogen centre contained three bonds, one with phenyl group (Se32-C33), second one with 

amine group from the side chain (N30-E32) and the third bond was with pyrrole (N1-E32) where 

N1 gave its lone pair to σ* of E32-C33 bond. 
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Figure S6. Molecular structures of (a) S22 and (b) S24; optimized structures of (c) S19 and (d) 

S20 on which NBO analysis have been performed. 
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