
       
Synthesis and Reactivity of Anilidophosphine-Supported 

Lanthanide Complexes 

 –  

Access to Rare Phosphorus-Containing Ligands 

in Lanthanide Coordination Chemistry 

 

Dissertation 

 

zur Erlangung des akademischen Grades 

  Doktor der Naturwissenschaften (Dr. rer. nat.) 

 

vorgelegt von 

 

Fabian Allan Watt 

 

an der 

 

Fakultät für Naturwissenschaften 

der Universität Paderborn 

 

 

April 2021 



 



Promotionskomission 

Page | III 

Promotionskommission 

 

Die vorliegende Dissertation wurde von Dezember 2017 bis April 2021 im Institut für Anorganische 

und Analytische Chemie am Department Chemie der Universität Paderborn angefertigt. 

 

Prof. Dr.-Ing. Hans-Joachim Warnecke (Universität Paderborn)   Vorsitz 

Prof. Dr. Matthias Bauer (Universität Paderborn)    Erstgutachter 

Priv.-Doz. Dr. Hans Egold (Universität Paderborn)    Zweitgutachter 

Ass.-Prof. Dr. Stephan Hohloch (Universität Innsbruck)    Drittgutachter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Page | IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Selbstständigkeitserklärung 

Page | V 

Selbstständigkeitserklärung 

 

Hiermit versichere ich, dass die vorliegende Arbeit selbstständig angefertigt wurde. Ich habe dazu keine 

weiteren als die angegeben Hilfsmittel benutzt und die aus anderen Quellen entnommenen Stellen als 

solche gekennzeichnet. Die Arbeit ist nicht in gleicher oder ähnlicher Form zuvor zur Prüfung 

eingereicht worden. 

 

 

 

Osnabrück, 19.04.2021       ….………...…………………. 

                 Fabian Allan Watt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Page | VI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

Page | VII 

Abstract 

 

The scope and utility of a selected bidentate anilidophosphine (PN) ligand in lanthanide coordination 

chemistry is examined in this work. The obtained complexes were characterized by multinuclear NMR 

spectroscopy, IR spectroscopy and X-diffraction analysis. 

Chapter 1 gives an overview of accessible lanthanide(III) complexes bearing either one or two PN 

ligand(s). The halide complexes (PN)2LnX (Ln = La, Lu; X = Cl, I) were found to be suitable precursors 

for the series (PN)2Ln(EMes) (E = O, S, NH, PH). 

In Chapter 2 the insertion chemistry of the La–P bond in (PN)2La(PHMes) with phenyl iso(thio)cyanate 

is investigated. The resulting phosphaureate could act as a bridging ligand after deprotonation at the PH 

group and coordination of selected coinage-metal carbene fragments. 

Chapter 3 deals with the attempted synthesis of the first terminal lanthanum(III) phosphinidene 

complex by deprotonation of (PN)2La(PHMes). Strong evidence for the occurrence of a transient 

phosphinidene complex prior to the C–H-activation to the final product could be gathered by theoretical 

calculations and experimental means. 

Chapter 4 describes the first stable coordination of 2-phosphaethynthiolate. The side-on η3-

coordination mode in (PN)2La(SCP) could be rationalized by experimental as well as theoretical 

investigations. The selective reaction with cyclic alkyl amino carbenes (CAACs) led to unprecedented 

fulminate-type anions. 
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Kurzzusammenfassung 

 

Der Anwendungsbereich und Nutzen eines ausgewählten Anilidophosphan(PN)-Liganden in der 

Lanthanid-Koordinationschemie wird in dieser Arbeitet untersucht. Die erhaltenen Komplexe wurden 

mittels multinuklearer NMR-Spektroskopie, IR-Spektroskopie und Röntgendiffraktometrie 

charakterisiert. 

Kapitel 1 gibt einen Überblick über die zugänglichen Lanthanid(III)-Komplexe mit einem oder zwei 

PN-Liganden. Die Halogenidkomplexe (PN)2LnX (Ln = La, Lu; X = Cl, I) erwiesen sich als geeignete 

Vorstufen für die Serie (PN)2Ln(EMes) (E = O, S, NH, PH). 

In Kapitel 2 wird die Insertionschemie der La–P-Bindung in (PN)2La(PHMes) mit 

Phenyliso(thio)cyanat untersucht. Das resultierende Phosphaureat konnte nach Deprotonierung an der 

PH-Gruppe und Koordination von ausgewählten Münzmetall-Carben-Fragmenten als Brückenligand 

fungieren. 

Kapitel 3 beschäftigt sich mit der versuchten Synthese des ersten terminalen Lanthan(III)-

Phosphiniden-Komplexes durch Deprotonierung von (PN)2La(PHMes). Starke Indizien für das 

Auftreten eines transienten Phosphiniden-Komplexes vor der C–H-Aktivierung zum Endprodukt 

konnten mittels theoretischer Rechnungen und Experimente gesammelt werden. 

Kapitel 4 beschreibt die erste stabile Koordination von 2-Phosphaethinthiolat. Der η3-

Koordinationsmodus in (PN)2La(SCP) konnte durch experimentelle und theoretische Untersuchungen 

rationalisiert werden. Die selektive Reaktion mit zyklischen Alkylaminocarbenen führte zu noch nicht 

bekannten fulminat-artigen Anionen. 
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Preface & Aim 

The coordination chemistry of the f-block metals has advanced to a very important field of research in 

modern inorganic chemistry.1 Especially the lanthanides (Ln), which constitute the 4f row of the periodic 

table and comprise the fifteen elements from lanthanum (element 57) to lutetium (element 71), have 

gained increasing attention because of their prominent magnetic and luminescent properties.2,3 These 

elements already appear in many technological applications as magnetic components in modern 

electronic devices and large scale energy production4 as well as magnetic or luminescent probes for 

biomedical analyses.5,6 Because of the high Lewis acidity of the Ln3+ ions,7 their coordination complexes 

can also show a high performance as catalysts in various polymerization and hydrofunctionalization 

reactions.8–10 During the last two decades a lot of effort has been expended on the extraction and 

separation of the similarly sized lanthanide(III) ions – ionic radii between ≈1.16 Å (La3+) and ≈0.98 Å 

(Lu3+) – with the aim to increase the availability of lanthanide(III) precursors and improve the 

sustainability of their production.11–15 

Apart from the distinguished magnetic and photophysical properties of lanthanide ions, which have led 

to groundbreaking achievements in single molecule magnet research16–19 as well as a variety of 

photophysical applications,20–22 another impetus for the development of new lanthanide complexes is 

given by the large size and high Lewis acidity of lanthanide ions which can enable (catalytic) reactions 

complementing those of transition-metal- and organo-catalysis.23–25 

However, the development of novel coordination compounds of the lanthanides is also driven by the 

desire to broaden our fundamental understanding of such systems and their scope of chemical 

reactivity.26 Especially complexes featuring heavy main group elements bound to lanthanides are much 

sought-after target compounds for accessing rare structural motifs and evaluating their reactivity as well 

as the chemical bonding between lanthanide and heavy main group element.27–33 

In this context, the development of the chemistry of lanthanide complexes with supporting ligands other 

than the widely used (substituted) cyclopentadienide17 or oxygen- and nitrogen-based ligand systems34–

37 is crucial. Ideally, an alternative supporting ligand should be able to (i) tailor the accessibility of the 

lanthanide ions in order to obtain low coordination numbers (of four or five) for a higher reactivity of 

the complexes, (ii) thereby influence the reactivity of a bound heavy main group element fragment which 

is to be functionalized, and (iii) stabilize unusual structures or binding modes of rare or novel types of 

coordinated heavy main group element fragments. 

The combination of nitrogen and phosphorus donor atoms in the supporting ligands is still relatively 

rare in lanthanide coordination chemistry and thus leaves great room for exploration and discovery. This 

work therefore aims at the introduction and establishment of a selected monoanionic, bidentate 

anilidophosphine ligand, namely N-(2-diisopropylphosphanyl-4-methylphenyl)-2,4,6-trimethylanilide, 

in a series of lanthanide(III) complexes. Along the line of the three points listed above the investigation 
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of the utility of the new anilidophosphine-supported lanthanide(III) complexes – in particular those with 

lanthanum(III) – for the isolation of rare or hitherto unknown structural motifs containing the heavy 

main group elements phosphorus and sulfur presents another important objective of this work. 
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1.1 Introduction: Chelating Ligands with P and N Donor Atoms 

Modern coordination chemistry strongly relies on the well conducted design and choice of supporting 

ligand systems for the isolation of metal complexes with unique coordination motifs, the ability to 

participate in useful (catalytic) chemical transformations or the possibility of constructing sophisticated 

systems with other functional (e.g., physical) properties.1–6 

In this context the vast collection of nitrogen based ligand systems, especially those derived from aniline 

or N-heterocycles such as, e.g., pyridine, pyrrole or carbazole, is predestined to be utilized for the 

synthesis of phosphanyl-functionalized chelating ligands with P and N donor atoms in varying 

combinations, many of which have already been employed extensively in the fields of transition metal 

and main group element chemistry.2,3,5,7–20 

 

Figure 1.1. Selection of literature reported neutral3,21–23 (left), monoanionic4,7,24–34 (middle) and dianionic35,36 (right) ligand 

scaffolds with P and N donor atoms (R, R’ = alkyl, aryl). The potentially coordinating atoms of the bidentate ligands (upper 

left), the pincer-type tridentate ligands (upper right and lower left) as well as the macrocyclic tetradentate ligand (lower right) 

are indicated at the edges, respectively. Note that in some cases additional alkyl substituents on the aryl backbone have been 

omitted for clarity. 

A selection of different ligand scaffolds with P and N donor atoms is shown in Figure 1.1. The selected 

examples can be classified according to their charge as neutral3,21–23 (left), monoanionic4,7,24–34 (middle) 

and dianionic35,36 (right) ligand scaffolds. Furthermore, they can be subdivided by the number and spatial 

arrangement of potentially coordinating P and N atoms into ligand classes with bidentate “PN”7,21,24–27,34 

(upper left), tridentate pincer-type “NPN”29 (upper right) or “PNP”3,4,7,20,28,30–33 (lower left) and 

tetradentate “PNPN”35,36 (lower right) coordination mode. The straight-forward access to such a large 

library of these ligands is of great advantage to the organometallic chemist, since the number of anionic 

(in most cases N) donor atoms, the number and steric profile of the coordinating side arms (e.g., the 
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phosphanyl groups)21 as well as the overall geometry and rigidity of the ligand scaffold can be changed 

according to the size of the metal ion and the synthetic task at hand.2 Moreover, the phosphanyl groups 

may be exchanged for other phosphorus(III) containing donors such as more π-accepting phosphinine 

moieties, which are sterically and electronically quite distinct from the former.37 Another important 

factor for the continuing interest in this class of chelating ligands, particularly in the anionic form, is the 

combination of a “hard” anionic π-base (amido) with a “softer” neutral σ-donor (phosphanyl),38 for both 

of which the electronic properties can be tailored to obtain a stronger, weaker or, in the case of 

phosphanyl, labile binding to the metal ion.39 

 

1.1.1 Lanthanide Complexes Featuring Chelating Ligands with P and N Donor Atoms 

To date, a comparably small number of chelating ligands with P and N donor atoms have been employed 

in lanthanide chemistry, even though these ligands have already met with considerable success in the 

preparation of reactive (terminal or metal-capped) alkylidene, imido, nitride, phosphinidene or oxo 

complexes of the related rare earth metal scandium,31,32,40 the early transition metals titanium, zirconium, 

hafnium and niobium33,41–49 as well as the actinide uranium.50 

Fryzuk and co-workers were the first to study lanthanide complexes featuring chelating ligands with P 

and N donor atoms.51–55 In 1991, they introduced the PNP ligand framework [(Me2PCH2SiMe2)2N]‒ 

(with R = Me, iPr or Ph) in complexes of the general formula [{(Me2PCH2SiMe2)2N}2LnCl] (Ln = La 

or Lu, Scheme 1.1) via salt metatheses between the respective lanthanide(III) trichloride and alkali metal 

salts of the PNP ligand in THF (i).52  
Scheme 1.1. First reported syntheses of lanthanide(III) complexes featuring a chelating ligand with P and N donor atoms by 

Fryzuk and co-workers (only the selection with R = Me is shown).52 For the chloride and phenyl complexes only the respective 

mer,mer isomers are shown for simplicity. Conditions: (i) THF, rt, 7 d (for Ln = La) or 12 h (for Ln = Lu), – 2 KCl (for Ln = 

La) or – 2 LiCl (for Ln = Lu); (ii) PhLi (1 equiv), Et2O, rt, 20 min, – LiCl; (iii) toluene, reflux, – C6H6; (iv) LiCH2Si(CH3)3 

(1 equiv), n-hexane, rt, 2 h, – LiCl, – Si(CH3)4. 

Notably, in case of lanthanum(III) the use of the ligand’s potassium salt was required, whereas for 

lutetium(III) the lithium amide had to be used in order to obtain high yields, showing the subtle 
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differences in reactivity which can occur for early and late lanthanides. The remaining chloride ligand 

allowed a second metathesis step which resulted in the lutetium(III) phenyl complex 

[{(Me2PCH2SiMe2)2N}2Lu(Ph)] (ii). The authors inferred a high flexibility of the PNP ligands from the 

equilibrium between the fac,fac, the mer,mer and the fac,mer isomers of the 

[{(Me2PCH2SiMe2)2N}2LnX] (X = Cl, Ph) complexes in solution. As a result of this flexibility, the 

lutetium(III) phenyl complex was thermally unstable and found to undergo a C–H-activation at the 

methylene unit of the ligand backbone with concomitant elimination of benzene (iii). In case of the 

larger lanthanum(III) ion the same deprotonation of the ligand backbone took place already at room 

temperature and no intermediate phenyl complex could be isolated, presumably due to the larger ionic 

radius of lanthanum(III) and the resulting better ability of the supporting ligand framework to reach the 

anionic phenyl ligand. However, satisfying yields for the cyclometalated lanthanum(III) complex could 

only be obtained by switching from phenyl lithium to lithium trimethylsilylmethanide as base (iv). 

 

Scheme 1.2. Reactivity of PNPN supported lanthanide(III) chloride complexes by Fryzuk et al. towards polycyclic arenes 

under strongly reducing conditions (left) or aryllithiums (middle and right).53,55 Conditions: (i) naphthalene (1.5 equiv), KC8 

(2.2 equiv), toluene/diethyl ether (3:1), rt, 4 d, – 2 KCl, – 16 C (graphite), – excess 0.5 naphthalene, – excess 0.2 KC8; (ii) PhLi 

(4.4-4.5 equiv), toluene, –78 °C → rt, 18 h, – 2 LiCl. 

In the early 2000s, the group of Fryzuk made extensive use of the dianionic, tetradentate PNPN ligand 

framework [PhP(CH2SiMe2NSiMe2CH2)2PPh]2– in lanthanide coordination chemistry and reported that 

this macrocylic ligand is able to support interesting, strongly colored dinuclear complexes containing 

dianionic arene bridging ligands.53,55 The dinuclear systems were accessed either by reduction of suitable 

polycyclic arenes (e.g., naphthalene) with 2.2 equiv of potassium graphite (KC8) in the presence of 

halide precursor complexes such as [{(PNPN)2Lu}2(µ-Cl)2] (Scheme 1.2, left),55 or by a C–C coupling 

between two monoanionic arene ligands in the coordination spheres of two lanthanide(III) ions to give, 

e.g., biphenyldiide complexes of the type [{(PNPN)2Ho}2{µ-η6:η6’-(C6H5)2}] (Scheme 1.2, right).53 
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Significantly, this C–C bond formation process requires no change in the oxidation state of the metal 

ions. However, it seems to be quite sensitive to changes in the ionic radius of the lanthanide, since the 

reaction was observed for holmium(III) (1.04 Å), but not for ytterbium(III) (1.01 Å) or lutetium(III) 

(1.00 Å).56 Only the monomeric phenyl complex could be identified for ytterbium(III) (Scheme 1.2, 

middle) or assumed in the case of lutetium(III). Based on these results the authors proposed a mechanism 

involving a phenyl bridged dimer prior to C–C coupling which should not be favored for the smaller 

lanthanide(III) ions (see inset in Scheme 1.2, right). In this context it is noteworthy that the biphenyldiide 

complex of lutetium(III) could still be isolated by applying the reduction route with KC8.53 

During the late 1990s and 2000s also other types of chelating ligands with P and N donor atoms appeared 

in lanthanide coordination chemistry. For instance, Roesky and colleagues described the synthesis of a 

series of heteroleptic and homoleptic lanthanide complexes featuring between one and three of 

bis(diphenylphosphanyl)amido57–61 ligands or bearing four of sterically less encumbering 

(diphenylphosphanyl)phenylamido62 ligands (Figure 1.2). 

Figure 1.2. Series of lanthanide complexes bearing one,58 two,59,61 three,57 or four62 phosphanylamido ligands (from left to 

right), as reported by Roesky and colleagues. 

The preparation of the homoleptic ate complexes [Li(THF)4][Ln(PhNPPh2)4] (Ln = Yb, Lu) was 

accomplished by conventional salt metatheses between the lanthanide(III) trichlorides and lithium 

(diphenylphosphanyl)phenylamide in THF,62 whereas for the neutral homoleptic complexes 

[Ln{N(PPh2)2}3] either salt metathesis (Ln = Er) with lithium bis(diphenylphosphanyl)amide in THF or 

protonolysis of the respective [Ln{N(SiMe3)2}3] precursor (Ln = La, Nd) with 

bis(diphenylphosphanyl)amine in boiling toluene furnished the desired products (Figure 1.2, right).57 

Interestingly, lutetium(III) only yielded the THF solvated heteroleptic complex [{(Ph2P)2N}3Lu(THF)] 

after salt metathesis. In that particular case, the sevenfold coordination can be rationalized by the favored 

binding of the “hard” O donor atom of THF to lutetium(III), which is the strongest Lewis acid of the 

lanthanide(III) series. In contrast to the homoleptic complexes, for the heteroleptic lanthanide(III) 

complexes with two or one phosphanylamido ligand (Figure 1.2, left and middle) the potassium salt of 

the [(Ph2P)2N]– ligand had to be employed in the metathesis reactions with the lanthanide(III) 

trichlorides in THF.58,61 These reactions were found to be sensitive to the molar ratio of the reactands: 

While treatment of YbCl3 with 2 equiv of [K(THF)n][N(PPh2)2] led to a mixture of 

[{(Ph2P)2N}2YbCl(THF)2], [{(Ph2P)2N}3Yb] and [{(Ph2P)2N}YbCl2(THF)3] from which no pure 

product could be obtained, a slight excess (2.05 equiv) of the ligand’s potassium salt gave mainly 
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[{(Ph2P)2N}2YbCl(THF)2] which could be separated from small amounts of homoleptic complex by 

recrystallization from THF/n-pentane.61 In case of the mono-phosphanylamido complexes 

[{(Ph2P)2N}LnCl2(THF)3] (Ln = Sm, Er, Yb) a 1.1 fold excess of lanthanide(III) trichloride was found 

to be essential to have clean reactions.58 It is noteworthy at this point that the europium(II) complex 

[{(Ph2P)2N}2Eu(THF)3] (Figure 1.2, middle) could be accessed by salt metathesis between EuI2(THF)2 

and [K(THF)n][N(PPh2)2] in an exact 1:2 molar ratio.59 

 

Scheme 1.3. Rare types of heteroleptic lanthanum(III) complexes with amino-functionalized phosphido ligands, prepared by 

Izod and co-workers (R = iPr or tBu).34 Conditions: (i) KOiPr or KOtBu (1 equiv), Et2O, 18-24 h, – KI; (ii) BnK (1 equiv), 

Et2O, –196 °C → rt, 20 h, – KI, – C7H8. Coordinated THF originates from crude iodide starting complex. 

In 2004, Izod and co-workers prepared rare types of heteroleptic lanthanum(III) complexes with a 

dimethylamino-functionalized phosphido ligand (Scheme 1.3).34 To coordinate such kind of a ligand 

with a rather “soft” anionic P donor atom to lanthanum(III), the ligand’s potassium salt had to be used 

in combination with lanthanum(III) triiodide, which lacks the “harder”, more strongly bound chloride 

or triflate anions and therefore favors ligand exchange under formation of potassium iodide. Afterwards 

the pentacoordinate lanthanum(III) bis(aminophosphido) iodide complex could be reacted in diethyl 

ether to the respective alkoxide complexes (top) or C–H-activated to give a cyclometallated product 

(bottom), depending on the strength of the base. In the latter case the coordinated THF molecule 

originates from the iodide starting complex which was freshly prepared in THF and only used as crude 

material. 

A comprehensive study concerning lanthanum(III) and cerium(III) complexes of a monoanionic, pincer-

type bis(2-diisopropylphosphanyl-4-methylphenyl)amido ligand with PNP coordination mode was 

published in 2017 by Schelter, Ozerov and co-workers.63 The same ligand had been used by Kiplinger 

and co-workers to isolate the first phosphinidene bridged dinuclear complex of the lanthanide series (for 

details see Section 3.1.3).64 The groups of Schelter and Ozerov first prepared the mono(PNP) ligated 

complexes [(PNP)Ln{N(SiMe3)2}2] ((Ln = La or Ce, Scheme 1.4, left) under harsh conditions, i.e., 

prolonged heating of a mixture of protonated ligand and the [Ln{N(SiMe3)2}3] precursors in toluene for 

up to a week. Due to the high steric demand of the PNP and bis(trimethylsilyl)amido ligands, also for 
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the transamination of the resulting PNP ligated cerium(III) complex in the reaction with 2,6-

diisopropylphenylamine harsh conditions (C6D6, 120 °C) had to be applied (i). Significantly, the product 

[(PNP)Ce(NHDipp)2] (Scheme 1.4, top middle) represents the first example of a cerium(III) anilide 

complex, which underscores the ability of the sterically demanding PNP ligand framework to stabilize 

rare types of lanthanide coordination compounds.  
Scheme 1.4. Lanthanum(III) and cerium(III) complexes bearing one (left) or two PNP pincer-type ligands (right), as reported 

by Schelter and co-workers in 2017.63 Conditions: (i) 2,6-diisopropylphenylamine (2.42 equiv), C6D6, 120 °C, 12 h, – excess 

0.42 2,6-diisopropylphenylamine, – 2 HN(SiMe3)2; (ii) benzophenone (2 equiv), C6D6, 110 °C, 2 d for Ln = La or 4 d for Ln = 

Ce, – HN(SiMe3)2; (iii) BnK, toluene, rt, – KI, – C7H8, – C3H6. 

In addition to the transamination reaction with cerium(III), the authors looked more closely into the 

reaction of [(PNP)Ln{N(SiMe3)2}2] with the O donor ligand benzophenone (ii) for both lanthanum(III) 

and cerium (III), to see whether one of the phosphanyl groups could be forced to de-coordinate from the 

oxophilic metal ions as had already been reported for uranium.65,66 However, a reaction was again only 

observed after heating the reaction mixture to 110 °C for several days, respectively, and the PNP ligand 

was found to remain coordinated in a tridentate fashion in the isolated complex. Instead, elimination of 

bis(trimethylsilyl)amine under an unprecedented functionalization of the second 

bis(trimethylsilyl)amido ligand had occurred (Scheme 1.4, bottom middle).63 Based on the control 

experiment with redox-neutral lanthanum(III), the authors concluded that in the case of cerium(III) no 

change in redox state of the metal ion is operative. The most likely mechanism involves an initial 

coordination of one molecule of benzophenone under elimination of bis(trimethylsilyl)amine and de-

coordination of one phosphanyl group (see inset in Scheme 1.4, bottom left), followed by the insertion 

of another benzophenone molecule into the Ln–C bond and re-coordination of the phosphanyl side arm. 
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For the bis(PNP) ligated cerium(III) iodide complex (Scheme 1.4, top right), which was obtained by salt 

metathesis between cerium(III) iodide and the ligand’s potassium salt in toluene at room temperature, 

dynamic processes involving de- and re-coordination of the phosphanyl groups and/or conformational 

changes within the PNP ligands were inferred from variable temperature (VT) 1H NMR spectroscopic 

studies.63,65 Notably, the attempt to access bis(PNP) complexes of cerium(III) by protonolysis of the 

tris(alkyl) precursor complex [Ce{CH(N(CH3)2)C6H5}3] at 75 °C in toluene-d8 generated a phosphido 

moiety at one of the PNP ligands (Scheme 1.4, bottom right) through C–H activation and ꞵ-elimination32 

of propene, which could be detected via 1H NMR spectroscopy. The same first cerium(III) phosphido 

complex formed as crude product upon treating the iodide complex with benzyl potassium (iii). 

The authors further probed the paramagnetic cerium(III) complexes for potentially accessible 

coordination sites in non-coordinating (C6D6) and coordinating (THF-d8) solvents, using 31P NMR 

spectroscopy.63,67,68 While the complexes [(PNP)Ce{N(SiMe3)2}2] and [(PNP)2CeI] showed no or only 

very little changes in their 31P NMR shifts, the 31P resonance of [(PNP)Ce(NHDipp)2] experienced a 

pronounced upfield shift to δ = 327.3 ppm in THF-d8 compared to δ = 436.0 ppm in C6D6, which 

strongly suggests the coordination of THF-d8 solvent molecules to cerium(III). Significant changes in 

the 31P NMR spectrum were also observed for the mono(PNP) benzophenone complex, in which case 

two upfield shifted resonances at δ ≈ 311 ppm and 243 ppm (ratio 1:1) in THF-d8 compared to one 

resonance at δ ≈ 392 ppm in C6D6 indicate ligand exchange of benzophenone with THF-d8 and a lower 

symmetry of the resulting complex. The intriguing phosphido complex showed upfield shifted 31P 

resonances in THF-d8 with differences in shifts of up to ≈52 ppm. Notably, the 31P NMR shifts of the 

different cerium(III) complexes in C6D6 could be correlated linearly to the crystallographically 

determined Ce–P interatomic distances (R value of 0.965), which means that the 31P resonances 

experience a proportionally increasing downfield shift with decreasing Ce–P distance. 

Cyclovoltammetric studies of the sterically encumbered complexes [(PNP)Ln{N(SiMe3)2}2] revealed 

one quasi-reversible and one irreversible redox event in dichloromethane at anodic peak potentials of 

Epa = –0.48 V and –0.13 V for Ln = Ce (vs [Fc]/[Fc]+). Since the same electrochemical behavior was 

also observed for Ln = La, with only minor or no differences in the values of Epa = –0.54 V and –0.13 V, 

the redox processes can be attributed to the oxidation of the PNP ligand, respectively, which is in line 

with the HOMO of the complexes being mostly centered on the PNP ligand framework (≈83% for Ln = 

Ce). Thus, taking all the synthetic experiments, electrochemical data and theoretical calculations into 

account, the authors concluded that the PNP supporting ligand strongly favors the +III over the +IV 

oxidation state of cerium, which is of general interest to synthetic chemists working with this element.63 
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1.1.2 Ligand Scaffold Used in this Work 

The properties of monoanionic, bidentate PN ligands, especially anilidophosphines, should be very 

favorable for a rich lanthanide coordination chemistry. First of all, this type of ligand scaffold favors a 

strong binding to the lanthanide ion via the anionic “hard” amido group,52 while the phosphanyl group 

in 2-position of the rigid aromatic backbone13 assists in the coordination as a neutral “soft” donor, 

thereby further increasing the stability of the coordination without adding another negative charge 

(Figure 1.3, left). As a consequence, the “classical” trivalent lanthanide(III) ion can accommodate up to 

three supporting ligands of this kind,69 depending on their steric demand. Secondly, the bidentate PN 

ligands are in principle less sterically demanding and more weakly bound than the pincer-type PNP 

ligands and should therefore allow more flexibility in the first coordination sphere of the lanthanide(III) 

ion, which is beneficial for the introduction and reactivity of other (sterically demanding) ligands.  
Figure 1.3. Characteristic features of monoanionic, bidentate anilidophosphine (PN) ligands and possibilities for tailoring the 

electronic and steric properties of such ligands (left). Selection of literature reported PN ligands of this type (right).7,13,14,25–

28,48,69,70 The (2-diisopropylphosphanyl-4-methylphenyl)-2,4,6-trimethylanilide ligand13 used in this work is highlighted in the 

lower right corner. 

In addition to these primary coordination properties of anilidophosphines, the modular design of the 

anilido framework and the phosphanyl group facilitates further adjustments of electronic and steric 

characteristics32 (Figure 1.3, left) by simply selecting other substituents R1 at phosphorus, R2 at nitrogen 

and R3 at the aromatic backbone during different steps in the synthesis (vide infra). The substituents R1 

at phosphorus are typically phenyl (I – V, Figure 1.3, right)14,25–27,48,69,70 or isopropyl (VI),13,26 whereas 

for the substituent R2 at nitrogen literature reported examples include alkyl or silyl substituents such as 

methyl, trimethylsilyl or benzyl (I – III)26,27,69,70 and aryl substituents like 2,6-dimethylphenyl, 2,6-

diisopropylphenyl or 2,4,6-trimethylphenyl (IV – VI).13,14,25,48,69 

The ligand scaffolds I, III and IV have been used as part of lanthanide(III) based catalysts for the 

polymerization of ethylene to poly(ethylene).69 This work by Cui and co-workers from 2007 already 
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underlined the versatility of the modular design of the anilidophosphine framework and how crucial the 

steric tailoring at nitrogen is to obtain defined lanthanide(III) complexes: While the N-methylated or -

benzylated versions I and III only rendered the isolation of the respective bis(anilidophosphine) 

complexes possible (Figure 1.4, left), of which the latter one slowly reacted to the homoleptic complex 

(middle) under ligand scrambling, the more sterically demanding 2,6-dimethylphenyl substituent at 

nitrogen in ligand framework IV gave access to a series of mono(anilidophosphine) complexes (right). 

 

Figure 1.4. Cui and co-workers’ series of lanthanide(III) complexes supported by different bidentate anilidophosphine ligands 

(R = Me, Bn; R’ = 2,6-dimethylphenyl).69 

Due to the favorable NMR spectroscopic features, the N-(2-diisopropylphosphanyl-4-methylphenyl)-

2,4,6-trimethylanilide system (VI)13 was chosen as supporting ligand for this dissertation. Besides the 

very practical use of the 31P resonance for the analysis of PN ligands in general (i.e., monoisotopic 

element and spin ½ of the 31P nucleus result in high sensitivity, less complicated coupling patterns and 

convenient reaction monitoring),52 supporting ligand VI also has the advantage of showing distinct and 

quite well separated 1H NMR spectroscopic signatures: (i) In contrast to phenyl groups, the 1H 

resonances of the isopropyl substituents at phosphorus (R1) do not overlap with resonances of the aryl 

groups, thereby significantly reducing the complexity of the aromatic region in the 1H NMR spectrum; 

(ii) the symmetrical 2,4,6-trimethylphenyl substituent at nitrogen (R2) typically shows only one singlet 

in the aromatic region at δ ≈ 7.0 ppm; and (iii) because of the methyl substituent in 4-position (R3), the 

aromatic backbone gives only three additional resonances between δ ≈ 5.5 and 7.0 ppm, of which the 

resonance of the proton ortho to nitrogen is most distinctive with a chemical shift between δ ≈ 5.5 and 

6.0 ppm.13  
Scheme 1.5. Literature reported, three-step synthesis protocol for the protonated ligand precursor HPN used in this work.13,71 

Conditions: (i) Pd(OAc)2 (0.1 equiv), 1,1’-bis(diphenylphosphino)ferrocene (DPPF, 0.2 equiv), sodium t-pentoxide 

(1.7 equiv), toluene, reflux, 4 d, 72%; (ii) NBS (1 equiv), acetonitrile, 12 h, 0 → 30 °C, 94%; (iii) n-BuLi (2 equiv), Et2O, –

78 °C, 3 h, then ClP(iPr)2 (1 equiv), –78 °C → rt, 48 h, then H2O, 0 °C. Reaction equations not balanced for simplicity. 
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The protonated form of ligand VI (short HPN) can be synthesized conveniently in three steps 

(Scheme 1.5). After construction of the asymmetric diarylamine framework by a Buchwald-Hartwig C–

N cross coupling reaction between 4-bromotoluene and 2,4,6-trimethylaniline in the first step (i),13 a 

regioselective mono-bromination with N-bromosuccinimide (NBS) gives the ortho-brominated 

diarylamine (ii).71 This substrate is then lithiated at nitrogen and the ortho-position, reacted with 

chlorodiisopropylphosphine and carefully quenched with degassed water to yield crude product HPN 

(iii).13 Subsequent treatment with suitable strong bases such as alkali metal alkyls or amides in aliphatic 

solvents results in clean precipitation of the respective alkali metal salts of the ligand which can be used 

for salt metathesis reactions (see Section 1.2). The overall advantage of this synthesis protocol is the 

ability to change, e.g., the arylamine or the chlorophosphine in the cross coupling and the nucleophilic 

aromatic substitution step, respectively (vide supra), as well as to enable the decoration of both nitrogen 

and phosphorus with sterically demanding substituents.13 

 

Scheme 1.6. Reaction of a titanium(III) azide complex to a potassium bridged dimeric titanium(IV) nitride complex (middle) 

supported by anilidophosphine framework VI, as reported by Mindiola and co-workers in 2015.42 Subsequent treatment with 

the sequestration agents 18-crown-6 (left) or 2.2.2-cryptand (right) affords either a potassium capped (left) or an isolated (right) 

mononuclear terminal nitride complex. Conditions: (i) KC8 (1.04 equiv), Et2O, –35 °C → rt, 1 h, – excess 0.04 KC8, – N2; (ii) 

18-crown-6 (1 equiv), toluene, rt, 15 min, – Et2O; (iii) 2.2.2-cryptand (1 equiv), toluene, –35 °C → rt, 15 min, – Et2O. 

The anilidophosphine VI has already been proven to be a suitable supporting ligand for highly reactive 

group IV or uranium methylene, imido and nitride complexes.42–44,50 In 2015, the group of Mindiola 

disclosed a route to the first mononuclear terminal titanium(IV) nitride complex using supporting ligand 

VI (Scheme 1.6).42 Starting from a rare mononuclear, pentacoordinate titanium(III) azide complex of 
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the composition [(PN)2Ti(N3)], treatment with KC8 in diethyl ether induced the loss of dinitrogen under 

the formation of the diamagnetic, potassium bridged titanium(IV) nitride dimer [µ2-

K(OEt2)]2[N≡Ti(PN)2]2 (i). The stability of the PN ligand supported titanium(IV) nitride moiety in 

aromatic solvents allowed a full (heteronuclear) NMR spectroscopic characterization, including the 

observation of the PN ligand 31P singlet resonance in the typical range at δ = 7.2 ppm.42 Furthermore, 

the dimeric structure could be broken by addition of the sequestration agents 18-crown-6 (ii) or 2.2.2-

cryptand (iii). Remarkably, both the [K(18-crown-6)]+-capped or naked (in the case of [K(2.2.2-

cryptand)]+) titanium(IV) nitride functionalities did not cannibalize the PN supporting ligands, 

wherefore very high yields (>90%) were obtained. However, the complex [K(2.2.2-

cryptand)][N≡Ti(PN)2] is only soluble in coordinating solvents (THF, DME), in which it decomposes 

within minutes at room temperature to a mixture of products, including the supporting ligand’s 

potassium salt (KPN). In a broader context this means that under certain conditions de-coordination of 

the PN ligand may occur to form, e.g., the thermodynamically stable alkali metal salts or its protonated 

form. 

 

Figure 1.5. Mindiola and co-workers’ terminal titanium(IV) methylene,43 oxo and parent imido45 complexes as well as the first 

terminal zirconium(IV) parent imido (from left to right), all supported by the same anilidophosphine used in this work. 

Nonetheless, the titanium complexes with anilidophosphine VI by Mindiola and co-workers were 

generally stable to enable the synthesis of other rare and very reactive titanium compounds, including 

the first terminal titanium(IV) methylene as well as terminal titanium(IV) oxo and parent imido 

complexes (Figure 1.5, left and middle).43,45 While the methylene complex could be obtained in up to 

75% yield, e.g., by hydrogen abstraction from and concomitant oxidation of the titanium(III) methyl 

complex [(PN)2Ti(CH3)],43 the terminal oxo and parent imido complexes (yields of >80%) were derived 

from the previously described dimeric titanium(IV) nitride (Scheme 1.6, bottom).45 Due to the very 

reactive nature of [(PN)2Ti(CH2)], gradual decomposition at room temperature to the methyl complex, 

methane and other unidentified products could not be completely suppressed.43 The flexibility and 

robustness of the PN ligand was again demonstrated in 2018 with the isolation of the first terminal 

zirconium(IV) parent imido complex (Figure 1.5, right), which was synthesized in analogy to the 

titanium(IV) nitride dimer shown in Scheme 1.6 by reduction of the azide precursor [(PN)2Zr(N3)2].44 

However, the isolated yield for the product was comparably low (42%), and reaction control NMR 

spectroscopic data collected in THF-d8 indicate that the intermediately formed zirconium(IV) nitride 
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complex abstracts a hydrogen from another [(PN)2Zr]-fragment, consuming ≈50% of the available 

[(PN)2Zr]-fragments in the process.  
Scheme 1.7. Reaction of an uranium(IV) azide complex to a potassium capped uranium(IV) imido complex supported by 

anilidophosphine framework VI, as reported by Schelter and Mindiola and co-workers in 2018.50 The transient uranium(IV) 

nitride complex (top), which is most likely formed during this reaction, undergoes a C–H activation at one of the PN supporting 

ligands’ mesityl-CH3 groups (new U–C bond highlighted in red, bottom right). Excess of KC8 (4 equiv) is scaled down for 

simplifying the reaction equation. 

Finally, in 2018 Schelter and Mindiola and co-workers succeeded in isolating a rare uranium(IV) parent 

imido complex using anilidophosphine VI as supporting ligand.50 Starting from an uranium(IV) diazide 

complex, the reaction with KC8 in THF led to the imido functionality instead of the anticipated nitride 

group (Scheme 1.7, bottom). The formation of the imido group was accompanied by the C–H-activation 

at one of the mesityl-CH3 groups of a PN ligand and the formation of a new U–C bond. Based on 

theoretical calculations the most likely mechanism for this transformation involves the extrusion of 

dinitrogen to form a transient, highly nucleophilic uranium(IV) nitride (top), which in turn abstracts a 

proton in an intramolecular fashion from the CH3 group. This example illustrates that the PN ligand can 

indeed also stabilize reactive structural motifs of f-elements, and that even though there are some 

limitations, there are paths such as intramolecular C–H-activation to avoid complete disintegration of 

the complexes (see also the results presented in Chapter 3). 

Considering the examples described above, supporting framework VI was employed in this dissertation 

for the synthesis of two mono(anilidophosphine) and a series of bis(anilidophosphine) lanthanide(III) 

complexes. The following section describes in detail their syntheses, structural and spectroscopic 

characteristics as well as their salt metathesis reactivity and electrochemistry in the form of a published 

manuscript. The results will serve as the starting point for further functionalizations of selected 

complexes (Chapters 2 and 3) or for the introduction of other ligands (Chapter 4).
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1.2 Results and Discussion  
Publication: Monoanionic Anilidophosphine Ligand in Lanthanide Chemistry: Scope, 

Reactivity and Electrochemistry 

Fabian A. Watt,a Athul Krishna,a Grigoriy Golovanov,a Holger Ott,b Roland Schoch,a Christoph 

Wölper,c Adam G. Neuba,a and Stephan Hohloch*d 

* Corresponding author 

a Paderborn University, Warburger Straße 100, 33098 

Paderborn, Germany 

b Bruker AXS GmbH, Östliche Rheinbrückenstraße 

49, 76187 Karlsruhe, Germany 

c University of Essen-Duisburg, Universitätstraße 5-7, 

45117 Essen, Germany 

d University of Innsbruck, Innrain 80-82, 6020 Innsbruck, Austria 

This article was published as follows: 

Watt, F. A.; Krishna, A.; Golovanov, G.; Ott, H.; Schoch, R.; Wölper, C.; Neuba, A. G.; Hohloch, S. 

Inorg. Chem. 2020, 59, 2719–2732. 

DOI: 10.1021/acs.inorgchem.9b03071 

https://dx.doi.org/10.1021/acs.inorgchem.9b03071 

Synopsis: Two series of lanthanide complexes featuring one or two anilidophosphine ligands have been 

synthesized and studied towards their electrochemical and structural properties. This contribution shows 

the potential of monoanionic anilidophosphine ligands as new supporting ligands in rare earth metal 

chemistry allowing the isolation of various unusual and reactive metal complexes. 

Author Contributions: The project was designed by S. Hohloch. Experimental work was carried out by 

F. A. Watt, A. Krishna, G. Golovanov and S. Hohloch. NMR and IR spectra were recorded by F. A. 

Watt, A. Krishna and S. Hohloch. CVs were measured by A. G. Neuba and plotted by S. Hohloch. X-

ray structure analyses were performed by R. Schoch, H. Ott, C. Wölper and S. Hohloch. The manuscript 

was written by S. Hohloch and F. A. Watt and proof read by all authors. 
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2.1 Introduction: Insertion Chemistry of M–P Bonds 

From a synthetic chemist’s point of view the Ln3+ ions have traditionally been mainly appreciated for 

their high Lewis acidity.1–7 However, since the seminal work by Marks and colleagues from the late 

1980s and early 1990s8,9 the lanthanides have also been recognized for the facile insertion of unsaturated 

organic substrates such as olefins, alkynes, carbodiimides, nitriles or iso(thio)cyanates into Ln–E bonds 

(E = H, NR2, PR2, OR, SR or SeR). The propensity of the insertion products to undergo σ-bond 

metathesis results in a high efficiency of lanthanide(III)-mediated hydrofunctionalizations,10–13 i.e., the 

catalytic addition of E–H groups to unsaturated organic substrates.10 

 

Scheme 2.1. Selection of structural motifs obtained by insertion of organic substrates with polar double bonds into M–P bonds 

(M = group 3, 4 or f-block metal ion; R, R’ = alkyl, aryl).14–19 Simplified representations; no supporting ligands shown. 

Besides their importance for catalysis, such insertion reactions present a versatile, atom efficient way to 

obtain rare types of phosphorus-containing ligands20–22 in the first coordination sphere of group 3, 4 and 

f-block metal ions, including those of the lanthanide(III) series (Scheme 2.1). While organic substrates 

with a polar double bond and one heteroatom (nitrogen or oxygen) such as, e.g., benzophenone insert 

into a M–P bond without increasing the coordination number at the metal ion (case A),17 isocyanides, 

carbon dioxide/disulfide, iso(thio)cyanates or carbodiimides generally lead to κ2-bonded ligands and 

therefore an increase in the coordination number by one (cases B – E).14–16,18,19 The thermodynamic 

driving force is provided by the formation of more stable M–O or M–N bonds compared to the M–P 

bond.23 This applies similarly to labile M–S and M–Se bonds.24 

The following sections describe examples of insertion reactions at early transition-metal and f-element 

phosphido complexes and how this reactivity may lead to new heterobimetallic lanthanide – coinage-

metal systems. Since the number of reported insertion reactions at lanthanide phosphido complexes 

alone is still relatively small, relevant known insertion products of both early transition-metal and 

actinide (Ac) phosphido complexes will be included in the selection of examples presented hereinafter. 
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2.1.1 Insertion Products of Early Transition-Metal and f-Element Phosphido Complexes  
Figure 2.1. Selection of insertion products of zirconium(IV) phosphido complexes by the groups of Hey-Hawkins and Stephan 

(R* = C6H2-2,4,6-tBu).20,21,25 
The usefulness of insertion reactions at labile (early transition) metal – phosphide bonds for the straight-

forward access to rare and otherwise synthetically challenging phosphorus-containing structural motifs 

was worked out for zirconium by the groups of Hey-Hawkins20,21,26 and Stephan22,25,27 in the 1990s. Their 

comprehensive spectroscopic and structural studies covered, i.a., phosphaguanidinates,21 

phospha(thio)ureates20 and phosphaamidinates22,27 bound to zirconium(IV) (Figure 2.1). The synthetic 

protocols are typically straight-forward: The insertions into the Zr–P bond take place almost 

instantaneously in solution or within minutes for suspensions at room temperature and generally give 

high yields (>70%) after crystallization from concentrated aliphatic or aromatic solvents, 

respectively.20,21,25 The reactions of primary phosphido ligands proceed as cleanly as the ones of 

secondary phosphides with retention of the proton at phosphorus (Figure 2.1, right). Due to the 

pronounced high-field shifts of the 31P resonances of the products, the reactions can be easily monitored 

by 31P NMR spectroscopy: The 31P resonances of the phospha(thio)ureate complexes [(η5-

C5EtMe4)2ZrCl{EC(NPh)(PHCy)}] (E = O, S; Figure 2.1, third from left), for instance, lie at δ = –

50.8 ppm (for E = O) and δ = –16.1 ppm (for E = S) compared to δ = 71.7 ppm for starting complex 

[(η5-C5EtMe4)2ZrCl(PHCy)].20 Additionally, the respective 1JPH coupling constant of around 225 Hz is 

indicative of the retained PH group.28 In the cases of the phospha(thio)ureate examples X-ray structure 

analyses revealed essentially trigonal-planar geometries at the central (thio)ureate quartenary carbon 

atoms and delocalization of π-electrons along the [E=C=N]-fragments, as might be expected for the κ2 

(carboxylate-like) binding mode. In contrast, the mean carbon – phosphorus distance of ≈1.86 Å as well 

as the pyramidalization at phosphorus indicate no substantial conjugation between the [E=C=N]-

fragments and the PHCy substituent, which therefore resembles a “classical” phosphanyl group.20  
Figure 2.2. Structurally confirmed insertion products of lanthanide(III) and yttrium(III) phosphido complexes.14–16 
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Until now insertion reactions of lanthanide(III) phosphido complexes have been mainly investigated in 

the context of catalytic hydrophosphin(yl)ation reactions.11,14–16,29–31 However, only a few structurally 

authenticated insertion products exist in the literature. These are namely phosphaguanidinates and 

phospha(thio)ureates of lanthanum, erbium and dysprosium as well as the rare earth metal yttrium 

(Figure 2.2), which were reported by the groups of Hou,16 Zhou,14 and Schmidt15 from 2008 to 2013.  
Scheme 2.2. Catalytic cycle for the hydrophosphination of N,N’-diisopropylcarbodiimide with diphenylphosphine and [La(α-

DMBA)3]-precatalyst at room temperature, as proposed by Behrle and Schmidt.15 The inserted fragments are highlighted in 

pink. 

An exemplary catalytic cycle for a room temperature lanthanide(III)-catalyzed hydrophosphination of 

N,N’-diisopropylcarbodiimide with diphenylphosphine from 2013 is given in Scheme 2.2. Behrle and 

Schmidt used 5 mol-% of the precatalyst [La(α-DMBA)3]32 (α-DMBA– = α-deprotonated 

dimethylbenzylamine) and initiated the catalytic process by protonolysis with diphenylphosphine in 

THF (left).15 The resulting active species [La(PPh2)3(THF)n] can insert three equivalents of carbodiimide 

(step I), which the authors confirmed by isolating and structurally characterizing the corresponding 

insertion product (Int, right). Protonolysis with three equivalents of diphenylphosphine expels the 

phosphaguanidine products and regenerates [La(PPh2)3(THF)n] (step II). Note that 5 mol-% of isolated 

tris(phosphaguanidinate) complex also showed a high catalytic activity, thereby strongly suggesting its 

occurrence in the catalytic cycle. Apart from carbodiimides, a wide range of alkyl and aryl 

iso(thio)cyanates could be hydrophosphinated employing the same precatalyst, presumably via the 

tris(phospha(thio)ureate) complexes.15 However, as becomes clear from the selection of lanthanide(III) 

insertion products shown in both Figure 2.2 and Scheme 2.2, the use of diphenylphosphine has 

dominated the field, which left no further possibility for functionalization after insertion (see also the 

following discussion of thorium(IV) phosphido complexes and Section 2.1.2 for further explanations). 

During the last few years compounds bearing Ac–P phosphide bonds (Ac = Th, U) have gained 

increasing attention because of their diverse insertion chemistry with small molecules such as carbon 

monoxide (CO) or carbon dioxide (CO2) and organic substrates with polar double bonds.17,18,33–35 In 

contrast to uranium, the strongly preferred oxidation state of thorium is +IV, so that any redox changes 
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associated the Th4+ ion itself can be ruled out under the mild, non-reductive conditions of the insertion 

reactions.36–38 Similar to zirconium(IV), the redox stability, high Lewis acidity and oxophilicity of 

thorium(IV) should make its phosphido complexes behave in many respects much like similar 

lanthanide(III) compounds, in which the highly Lewis acidic, oxophilic Ln3+ ions do not engage in redox 

chemistry as well (with the exception of the Ce3+/4+, Sm2+/3+, Eu2+/3+ and Yb2+/3+ redox pairs).39 Only the 

number of anionic ligands, which can be accommodated by the metal ion, is higher for Th4+ than for 

Ln3+ ions. As a consequence, stable (bis)phosphido complexes are more common for 

thorium(IV)17,33,34,36,40,41 than for the lanthanides.42,43 Apart from this difference, the insertion reactivity 

of thorium(IV) and lanthanide(III) phosphido complexes should be comparable to some extent.  
Scheme 2.3. Thorium(IV) phosphaazaallene complexes synthesized by Behrle and Walensky (R = 2,4,6-trimethylphenyl or 

2,4,6-triisopropylphenyl).33 

Important insights into the potential follow-up chemistry of f-element insertion products have been 

gained from thorium(IV) complexes featuring primary phosphido ligands with PH groups. For instance, 

Behrle and Walenksy found that the complexes [(Cp*)2Th(PHR)2] (Cp*– = C5Me5
–; R = 2,4,6-

trimethylphenyl or 2,4,6-triisopropylphenyl) react with two equivalents of tert-butyl isocyanide, 

respectively, to give rare η2-(N,C)-phosphaazaallene structural motifs (Scheme 2.3).33 Against the 

chemical intuition that insertion of tert-butyl isocyanide would take place at both phosphido ligands in 

a symmetrical fashion, insertion into one Th–P bound and deprotonation of the new P-functionalized 

ligand by the second phosphido ligand had occurred instead, with the second isocyanide ligand being 

coordinated to the Th4+ ion. This unusual transformation indicates that the proton bound to phosphorus 

can be removed relatively easily after insertion. 

 

Scheme 2.4. Additional insertion reactions and follow-up chemistry reported for the complex [(Cp*)2Th(PHMes)2] by 

Walensky and co-workers in 2018.34 The new positions of the protons which were transferred from the former phosphido 

ligands are highlighted by spheres. Conditions: (i) tert-butyl nitrile (excess), toluene, –40 °C → rt, 2 h, – remaining excess of 

tert-butyl nitrile; (ii) KN(SiMe3)2 (1.09 equiv), 2.2.2-cryptand (1.15 equiv), toluene, –25 °C → rt, 1 h, – HN(SiMe3)2, – excess 

0.09 KN(SiMe3)2, – excess 0.15 2.2.2-cryptand; (iii) CO (1 atm), C6D6, –196 °C → rt, 10 min, – remaining excess of CO. 
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A similar example, in which tert-butyl nitrile inserts into one of the Th–P bonds of [(Cp*)2Th(PHMes)2], 

was reported by the group of Walensky in 2018 (Scheme 2.4).34 In contrast to the reaction with tert-

butyl isocyanide, the second mesitylphosphido ligand remained bound to thorium(IV), even with an 

excess of nitrile. However, it was found again that the PH proton of the reacted phosphido ligand was 

removed from the phosphorus atom and in this particular case transferred to the nitrogen atom of the 

new κ2-(N,P)-bonded phosphaamidinate ligand (Scheme 2.4, middle). More significantly, deprotonation 

of the NH group with potassium hexamethyldisilazide and 2.2.2-cryptand led to a rare dianionic, κ1-(N)-

bonded aza-1-phosphaazaallyl moiety (Scheme 2.4, left). In the same contribution, the authors showed 

that the PH protons of both primary phosphido ligands can be transferred to the carbon atom of an 

inserted CO molecule (Scheme 2.4, right), further pointing out the high utility of PH groups in the 

follow-up chemistry of insertion products derived from f-element primary phosphido complexes. 

 

2.1.2 Heterometallic Lanthanide–Coinage-Metal Complexes 

During the last 20 years increasing efforts have been made to design and modify lanthanide-based 

systems, which exhibit intriguing physical properties for potential applications in chemical sensoring, 

medicine and information technologies.44–49 Middle and late transition-metals have gained a lot of 

attention in this development,50 since they are known to influence the magnetic and photophysical 

behavior of lanthanide(III) complexes (Figure 2.3).51–54 While the effects of introducing 3d-metals into 

lanthanide(III)-based systems were studied in the context of magnetic behavior (red boxes),55–72 mainly 

4d- and 5d-metals were used as antennae for photosensitization of lanthanide(III) ions (yellow 

boxes).53,73–90 Contrasting the large number of examples with iron,59–66 nickel,67–70 ruthenium,53,73,76–

79,81,82 platinum,84–86,89 zinc70–72,83,91 and cadmium,75,80,83,88 which currently still dominate the field of 

heterometallic lanthanide–transition-metal systems, there are only a few cases, in which the coinage-

metals copper,52,55,56,58 silver89 and gold87,89,90 have been employed.  
Figure 2.3. Middle and late transition-metals (groups VII – XII; rows 3 – 5), which have been used to influence the magnetic55–

72 (red) or photophysical53,73–90 (yellow) properties of lanthanide(III) complexes. The thickness of the boxes serves as a rough 

relative measure of the number of reported examples for each element, respectively. 
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Figure 2.4. Selection of lanthanide(III)–copper(II) heterobimetallic and -trimetallic complexes.52,55,56 

In the case of copper, so far the d9-configurated Cu2+ ion was combined with Ln3+ ions in 

heterobimetallic or –trimetallic systems (Figure 2.4).52,55,56 Therefore, the analyses of the physical 

properties of these complexes were focused on the magnetic interactions between the paramagnetic Cu2+ 

and Ln3+ ions. Ligand scaffolds with O and N donor atoms based on di-2-pyridyl-ketoxime56 (top left) 

or N,N’-linked bis(salicylideneimine)52,55 (top right and bottom) were selected for the bridging of the 

metal ions. Hexafluoroacetylacetonate (top left and bottom) and nitrate (top right) were used to complete 

the coordination spheres of the Ln3+ ions. Intriguingly, no lanthanide(III)–copper(I) systems have been 

reported to date. 

Similar to the Ln–Cu systems, examples of lanthanide(III)–gold(I) heterobimetallic complexes are rare 

in the literature. A series of gold(I) phosphine acetylide bridged lanthanide(III) compounds were 

reported in 2008 and 2010 (Figure 2.5).87,90 The Ln3+ ions were coordinated to 2,2’-bipyridine (top) or 

2,2’,2’’-terpyridine ligands (bottom) tethered to gold (I) acetylide or phenyl acetylide, respectively. Two 

of these dinuclear arrangements were further connected by bis(phosphines) to give heteropolynuclear 

Ln2Au2 or Ln4Au4 (not shown) arrays, and – in the case of the 1,1'-bis(diphenylphosphino)ferrocene 

(dppf) bridging unit – iron(II) was integrated as well (top). Due to the rearrangements induced by the 

coordination of the sterically demanding lanthanide(III) complex fragments, in most of the Ln2Au2 

complexes, the former aurophilic interactions92 between the two Au+ ions were not preserved (except 

for Ln = Er, which led to the Er4Au4 array).87 Although the distances between the Ln3+ and Au+ ions in 

these dyads lie in the range of approximately 8 to 9 Å (e.g., 8.25 to 8.77 Å for Er3+),87 the gold(I) 

acetylide chromophores were shown to act as good energy donors for the sensitization of lanthanide(III)-

centered emissions in the visible and near-infrared (NIR) part of the spectrum.87,90 However, a major 

drawback of this series of Ln–Au systems is that larger amounts of gold(I) acetylides represent 
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potentially explosive materials, which has to be considered as a safety issue in the development of such 

arrays, even though acetylides with larger organic substituents are probably less prone to undergo 

sudden decomposition.  
Figure 2.5. Selection of lanthanide(III)–gold(I) heterotetrametallic complexes (n = 2–5).87,90 

A noteworthy example, in which gold(I) and also silver(I) – paired with either palladium(II) or 

platinum(II) – act as room temperature photosensitizers for the prominent red luminescence of 

europium(III), was reported only recently by Chorazy and co-workers.89 The layered two-dimensional 

coordination polymers have the formal composition {[EuIII(4,4’-bpdo)(H2O)2][MII(CN)4]} 

·[MI(CN)2]·H2O (with MII = PdII or PtII; MI = AgI or AuI; and 4,4’-bpdo = 4,4’-bipyridine-N,N’-dioxide) 

and benefit from intermetallic d–f cyanide bridges. However, the authors stated that the variation of the 

metal–metal distances, which is of importance for the tailoring of the emission properties, remains a 

challenge with these kind of systems, considering the different possible outcomes for related self-

assembled supramolecular architectures.89 

Despite the recent groundbreaking achievements with two-coordinate copper(I) and gold(I) carbene 

complexes in the fields of photochemistry,93–96 such coinage-metal carbene units have not been 

combined with Ln3+ ions in heterobimetallic systems yet. This is not surprising, since the synthetic 

methodologies described above for the compounds drawn in Figures 2.4 and 2.5 do not give access to 

this particular type of lanthanide–coinage-metal complexes with carbene supporting ligand. However, 

in regard of the rich insertion chemistry of early transition-metal and f-element phosphido complexes 

(see Section 2.1.1), an innovative approach can be devised, which combines both oxygen and nitrogen 

with phosphorus in one bridging ligand obtained by insertion and takes advantage of the preferred 

binding of oxygen and nitrogen to lanthanides(III) as well as of phosphorus to copper(I) and gold(I). 
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Scheme 2.5. Strategy developed for the synthesis of a library of heterobimetallic lanthanide-coinage-metal systems utilizing 

Ln–P primary phosphide groups (structures from bottom left to top right; R, R’ = alkyl, aryl). Example with phosphaureate 

(bridging) ligand; simplified representations (no supporting ligands or charges at Ln and M shown). Selection of Ln3+ ions 

(from Chapter 1) and suitable coinage-metals in the +I oxidation state (M = Cu, Au) are listed in the turquoise and blue boxes 

in the top left corner, respectively. The grey arrow bars from bottom left to top right next to the structures illustrate the modular, 

bottom-up approach, which results in an increasing number of possible changes with each step (arrow in the bottom right 

corner). 

The synthetic strategy is summarized in Scheme 2.5 and consists of consecutive insertion, deprotonation 

and transmetallation steps. As was already discussed in the context of insertion products derived from 

thorium(IV) primary phosphido complexes,33,34 the PH group offers the possibility for further reactivity 

after insertion of an organic substrate (in this case an isocyanate) into the Ln–P bond: The PH proton in 

the new (phosphaureate) ligand should be acidic enough to be removed by conventional, strong bases 

such as potassium hexamethyldisilazide and consequently give a (phosphaureate) bridging unit. A great 

overall advantage of this synthetic strategy is that each step allows the selection of different Ln3+ ions, 

organic substrates for insertion or coinage-metal ions (M+). The modularity of this bottom-up approach 

should therefore offer a lot of flexibility, if, e.g., deprotonation and transmetallation of a particular 

insertion product to a defined heterobimetallic system turns out to be synthetically unfeasible. The 

intermediate isolation of the deprotonated insertion products is optional, but should ideally yield bottable 

precursor salts, which could in turn also be tested in transmetallation reactions with other late transition-

metal ions favoring anionic P donors.97–101 The desired carbene supporting ligands at the coinage-metals 

should be easily introduced with suitable coinage-metal precursor complexes as well. 

A proof-of-principle for this route to new heterobimetallic lanthanide–coinage metal complexes is 

demonstrated in the following published manuscript. 
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2.2 Results and Discussion  
Publication: Isocyanate Insertion into a La–P Phosphide Bond: A Versatile Route to 

Phosphaureate-Bridged Heterobimetallic Lanthanide–Coinage-Metal Complexes 

Fabian A. Watt,a Nicole Dickmann,a Roland Schoch,a and Stephan Hohloch*b 

* Corresponding author 

a Paderborn University, Warburger Straße 100, 

33098 Paderborn, Germany 

b University of Innsbruck, Innrain 80-82, 6020 

Innsbruck, Austria 

This article was published as follows: 

Watt, F. A.; Dickmann, N.; Schoch, R.; Hohloch, S. 

Inorg. Chem. 2020, 59, 13621–13631. 

DOI: 10.1021/acs.inorgchem.0c01971 

https://doi.org/10.1021/acs.inorgchem.0c01971 

Synopsis: A new route to heterobimetallic lanthanide–coinage-metal complexes is disclosed by 

capitalizing on the insertion of phenylisocyanate into a La–P primary phosphide bond and subsequent 

deprotonation and salt metathesis with a selection of coinage-metal carbene precursors. 

Author Contributions: The project was designed by S. Hohloch and F. A. Watt. Experimental work was 

carried out by F. A. Watt and N. Dickmann. NMR and IR spectra were recorded by F. A. Watt and N. 

Dickmann. X-ray structure analyses were performed by R. Schoch and S. Hohloch. The manuscript was 

written by F. A. Watt and S. Hohloch and proof read by all authors. 
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3.1 Introduction: Lanthanide Complexes with Double-Bonded Ligands 

The isolation and characterization of complexes featuring double bonds between lanthanide ion and 

main group element (e.g., C, Si, N, P, O or S) based ligands of the general form Ln=X (X = alkylidene, 

silylene, imido, phosphinidene, oxo or sulfido) remains a considerable challenge for synthetic chemists 

to date.1 The difficulties in synthesizing such systems, especially those with a terminal Ln=X group, 

arise mainly from the limited number of additional anionic supporting ligands which can be 

accommodated by Ln3+/4+ ions, their large ionic radii and the predominantly ionic character of the Ln=X 

unit which drives the thermodynamically favored cluster formation with other Ln3+/4+ ions 

(Scheme 3.1).2–5  
Scheme 3.1. Dimerization (middle) or cluster formation (left and right) of Ln=X groups (R = alkyl, aryl).2–5 Exemplary and 

simplified representations; no supporting ligands at Ln shown. 

The strong ionic character of the Ln=X unit can be rationalized in terms of a mismatch of the relative 

energies between HOMO and LUMO of ligand and Ln3+/4+ ion.6 Thus, compounds with a terminal Ln=X 

group are expected to exhibit a very high reactivity, which is crucial for synthetically useful (catalytic) 

transformations of organic substrates such as metathesis and group transfer reactions as well as 

metallacycle formations and C–H bond activation chemistry.7–11 However, in order to access the desired 

Ln=X motif and prevent di- or oligomerization, adduct formation or intramolecular reactions causing 

the loss of double bond character, strategies such as steric protection by the (supporting) ligands or 

electronic stabilization by, e.g., electron-withdrawing substituents on the ligand X have to be applied. 

After the first reports of lanthanide complexes with bridging imido ligands in 2002,12,13 the last decade 

has seen an unprecedented emergence of lanthanide oxo and imido chemistry,14 with a particular 

emphasis on gaining a deeper understanding of the electronic structure of the (terminal) Ln=X double 

bond and its behavior in chemical transformations.15–20 The goal to address such fundamental questions 

in lanthanide chemistry21 has indeed led to a number of remarkable compounds. 
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In this context, cerium(IV) oxo and imido complexes have proven to be more accessible than the 

corresponding lanthanide(III) compounds, since the higher oxidation state of cerium(IV) results in a 

higher degree of covalent bonding in the Ln=X unit22 and allows a higher number of anionic supporting 

ligands for stabilization. The introduction of (terminal) oxo and imido groups was more successful than 

that of phosphinidenes. In the following these findings are described in more detail. 

 

3.1.1 Lanthanide Oxo Complexes 

The isolation of a terminal Ln=X group was first achieved in 2014 by Leung and co-workers who 

targeted a cerium(IV) oxo complex stabilized by the bulky Kläui tripodal ligand 

[Co(Cp){P(O)(OEt2)}3]– (LOEt
–).17 Interestingly, the authors found that, beside one molecule of water, 

an additional hydrogen bonded acetamide ligand in the second coordination sphere contributed 

significantly to the stability of the obtained complex [(LOEt)2(H2O)Ce=O]·H2NC(O)CH3 (Figure 3.1). 

The experimentally determined short Ce–O distance of only 1.857(3) Å along with DFT calculations 

support the notion of a Ce=O double bond through σ- and π-bonding interactions, although the NBO 

analysis suggests a strong ionic character of the Ce=O fragment. The resulting high nucleophilicity of 

the oxygen atom was demonstrated in its reactivity towards small molecules such as carbon monoxide 

and carbon dioxide as well as Brønsted and Lewis acids.20 

 

Figure 3.1. First example of a terminal Ln=X double bond in the cerium(IV) oxo complex [(LOEt)2(H2O)Ce=O]·H2NC(O)CH3 
reported by Leung et al. in 2014.17 

An elegant route to alkali metal capped cerium(IV) oxo complexes was identified in 2016 by Hayton 

and colleagues who observed an inner sphere oxidation of [N{C2H4N(SitBuMe2)}3]3– (TREN3–) 

supported cerium(III) by coordinated nitrate in the presence of 12-crown-4 (12-c-4) ligated lithium to 

yield [Li(12-c-4)][(TREN)Ce=O] (Scheme 3.2).16 The lithium capped cerium(IV) oxo complex, for 

which a short Ce–O distance of 1.902(2) Å was determined crystallographically, could be cleanly 

silylated with chlorodimethyl-tert-butylsilane at the oxygen atom. The authors noted, that this can also 

take place without external silylating reagent by cannibalization of the TREN ligand framework, 

pointing out the importance of supporting ligand design. 
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Scheme 3.2. Formation of a lithium capped cerium(IV) oxo complex after an inner sphere redox reaction between cerium(III) 

and nitrate, as reported by Hayton et al. in 2016.16 

In 2017, the group of Schelter described an aza-Wittig reaction between a rubidium capped cerium(IV) 

imido complex (vide infra) and benzophenone leading to a cluster of four cerium(IV) oxo complexes 

capped by rubidium counterions (Scheme 3.3).18 Remarkably, due to the clustering this compound is 

thermally stable as well as air and moisture tolerant. 

 

Scheme 3.3. Aza-Wittig reaction between a rubidium capped cerium(IV) imido complex and benzophenone leading to a cluster 

of cerium(IV) oxo complexes, as described by Schelter et al. in 2017.18 

 

3.1.2 Lanthanide Imido Complexes 

After reports of terminal imido groups at the related rare earth metal scandium(III) and reactivity studies 

on such compounds in the early 2010s,23–30 the first lanthanide complex featuring a terminal imido ligand 

was presented in 2015 by the group of Anwander.3  

Through the use of the sterically demanding tridentate, monoanionic hydrotris(pyrazolyl)borato ligand 

[HB(1-pyrazolyl-3-tBu-5-Me)3]– (TptBu,Me–) the authors were able to first isolate neutral mono(methyl) 

arylamido complexes of yttrium(III) and lutetium(III), which upon addition of Lewis base 4-

dimethylaminopyridine (DMAP) eliminated methane with concurrent formation of an end-on bound 

arylimido ligand, respectively (Scheme 3.4). Notably, in the case of the slightly smaller lutetium(III) ion 

only the 3,5-bis(trifluoromethyl)phenyl substituent furnished the targeted terminal Lu=N moiety, most 

likely due to the higher Brønsted acidity and better accessibility of the NH group in the amido precursor 

complex. 
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Scheme 3.4. Formation of the first terminal lanthanide(III) imido complex (Ln = Lu) by Lewis base induced methane 

elimination, as reported by the group of Anwander in 2015.3 For reasons of simplicity yttrium is also abbreviated as 

“lanthanide” (Ln = Y). 

Expanding the types of supporting ligands for lanthanide imido complexes, Schelter and co-workers 

reported on the synthesis of a (terminal) cerium(IV) imido complex in 2016 (Scheme 3.5).15 The 

synthetic strategy combined the selection of tetravalent cerium(IV) as a better electrostatic match for 

the dianionic imido ligand with the use of the sterically demanding tripodal, trianionic hydroxylaminato 

ligand framework [{(2-tBuNO)C6H4CH2}3N]3– (TriNOx3–)31,32 which, the authors reasoned, should not 

only favor a 1:1 cerium(IV) imido complex, but also stabilize it electronically. 

 

Scheme 3.5. Preparation of the first cerium(IV) imido complex capped by different solvated alkali metal counterions, as 

published by Schelter and co-workers in 2016.15,18 In the case of [Cs(2.2.2-crypt)]+ counterion the Ce=N group can be classified 

as terminal. 

The desired cerium(IV) imido group could be obtained in the form of the anionic (ate) complex 

[(TriNOx)Ce=N(3,5-C6H3(CF3)2]– by deprotonation of the cerium(IV) arylamido precursor with various 

alkali metal hexamethyldisilazide bases.15,18 In each case the imido group of the ate complex was found 

to be capped by the solvated alkali metal counter ion, with the exception of [Cs(2.2.2-crypt)]+ which 

resulted in a rare example of an uncapped terminal Ce=N double bond. The Ce–Nimido bond lengths of 

2.077(3)–2.129(3) Å, depending on the counterion, were found to be significantly shorter than the Ce–

Namido bond length of 2.379(3) Å in the starting complex, clearly indicating a double bond character in 

the ate complex. The analogous thorium(IV) complex was also synthesized by the group of Schelter to 

discern general trends concerning the covalency in the 4f- and 5f-element imido groups and the degree 

of contribution of the metal ion to the bonding interactions.19 Theoretical calculations showed that the 



Chapter 3 – Introduction 

Page | 90 

covalency is higher in the respective cerium(IV) complex and that a higher degree of contribution of the 

metal ion to the M=N bonding interactions is present in this complex. 

Reactivity studies on the cerium(IV) imido complex (Scheme 3.6) revealed a range of possible 

functionalizations, i.e., silylation at the Nimido atom with chlorotrimethylsilane, activation of 

hexamethyldisiloxane with concomitant ligand exchange or imido group transfer to benzophenone in an 

aza-Wittig reaction, resulting in the formation of a cerium(IV) oxo complex (vide supra).15,18 In addition, 

insertion of heteroallenes like carbon dioxide or organic isocyanates into the Ce=N bond was observed.33 

Notably, the formation of a stable carbamate complex after carbon dioxide insertion is in contrast to 

other d- and f-element imido complexes which generally undergo isocyanate extrusion to form 

thermodynamically favored oxo complexes or yield dicarbamates by insertion of a second molecule of 

carbon dioxide.26,29,34,35 

 

Scheme 3.6. Reactivity of the cerium(IV) imido ate complex by Schelter et al. towards chlorotrimethylsilane, 

hexamethyldisiloxane, benzophenone, carbon dioxide and organic isocyanates.15,18,33 Simplified representation of the TriNOx3- 

ligand framework and reaction equations not balanced for reasons of clarity; Ar = 3,5-C6H3(CF3)2; R = Adamantyl or 3,5-

C6H3(CF3)2. 
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3.1.3 Lanthanide Phosphinidene Complexes 

 

Scheme 3.7. Synthesis of a PNP ligand supported dinuclear lutetium(III) complex with two bridging phosphinidene ligands by 

Kiplinger and co-workers in 2008 (left) and identified C–H-activation product when employing supermesitylphosphine 

(Mes*PH2; Mes* = 2,4,6-tri(tert-butyl)phenyl) instead of mesitylphosphine under the same reaction conditions (right).5 

In comparison to imido and oxo complexes, no reports of terminal phosphinidene complexes of the 

lanthanide series exist to date. For the related rare earth metal scandium36 and the actinides (particularly 

uranium and thorium)37–41 a small number of terminal phosphinidene complexes, which in the case of 

uranium are known since 1996,41 could be uncovered during the last decade. Besides two phosphinidene 

bridged metal clusters of dysprosium(III) and lutetium(III),42,43 only four cases of dinuclear lanthanide 

compounds with bridging phosphinidene ligands are known so far, namely a lutetium(III) phosphinidene 

complex by Kiplinger and co-workers from 20085 and a series of neodymium(III) phosphinidene 

complexes by Chen et al., reported in 2008 and 2010.44,45 

In the approach of Kiplinger and co-workers a rigid, symmetrical bis-(2-diisopropylphosphanyl-4- 

methylphenyl)amido (PNP) supporting ligand was employed together with two alkyl ligands at 

lutetium(III) functioning as internal bases during the reaction with mesitylphosphine (Scheme 3.7, left).5 

Notably, the deprotonation required temperatures of 80 °C over 12 h for full conversion. The 31P{1H} 

NMR spectrum of the diamagnetic, cherry red lutetium(III) product complex exhibits a strongly low-

field shifted resonance at δ = 186.8 ppm as it is typical for f-element phosphinidene units.39 However, 

the diagnostic quintet splitting of this resonance together with a triplet splitting of the PNP ligand 

resonance at δ = 18.1 ppm (2JPP = 14.6 Hz) indicate a dimeric structure in solution. Indeed, X-ray 

structure determination revealed a slightly asymmetric Lu2P2 core unit with Lu–P bond lengths of 

≈2.60 Å and ≈2.65–2.67 Å which is consistent with the formulation as a dimer of a terminal 

phosphinidene complex [(PNP)Lu=PMes]. Additionally, the authors could show that this compound 

readily engages in phospha-Wittig reactions. Such kind of reactivity is considered a typical feature of 

nucleophilic phosphinidene complexes.8 Attempts to stabilize a terminal phosphinidene complex by 

addition of Lewis bases such as DMAP failed, and the use of more sterically demanding 

supermesitylphosphine (Mes*PH2; Mes* = 2,4,6-tri(tert-butyl)phenyl) resulted in the C–H-activation of 

one of the ortho-tBu groups to give a phosphaindole under the same reaction conditions (Scheme 3.7, 

right). The authors concluded that a higher steric demand of supporting ligand as well as the substituent 
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on the phosphinidene unit would be necessary to prevent dimerization or C–H-activation and achieve 

the isolation of a terminal lanthanide phosphinidene complex. 

 

Figure 3.2. A dinuclear neodymium(III) halide complex with bridging phosphinidene ligands by the group of Chen from 200844 

(left) and derived phosphinidene complexes obtained by subsequent salt metatheses, as published in 201045 (middle and right). 

An alternative entry into (early) lanthanide phosphinidene chemistry was established by Chen and co-

workers. The reaction of NdI3(THF)3.5 with the potassium phosphide K[P(SiMe3)(Dipp)] resulted in the 

replacement of two iodide ligands and the formation of a dinuclear phosphinidene bridged 

neodymium(III) complex after salt metathesis and silyl group exchange (Figure 3.2, left).44 Although 

the paramagnetic nature of neodymium(III) prevented a NMR spectroscopic study, similar to 

Kiplinger’s report,5 X-ray structure determination showed the Nd2P2 core unit to be asymmetric with 

Nd–P bond lengths of ≈2.73 Å and ≈2.78 Å. Interestingly, the [PAr] plane was found to be nearly 

perpendicular to the Nd2P2 plane (angle of ≈81.3°), whereas in Kiplinger’s case the [PAr] plane is close 

to planar with the Lu2P2 plane (angles of ≈5.8 and ≈7.1°).5 The presence of another iodide ligand in 

Chen’s complex allowed for the investigation of further salt metathesis reactions with KCp* (Cp*– = 

C5Me5
–) and KTpPh (TpPh– = [HB(1-pyrazolyl-3-Ph)3]–), the result of which was the isolation of two 

additional phosphinidene bridged dinuclear complexes of neodymium(III) (Figure 3.2, middle and 

right).45 The high steric demand of the hydrotris(pyrazolyl)borato supporting ligand caused notable 

structural changes in the respective product, i.e., a convergence of the different Nd–P bond lengths 

(≈2.78 Å and ≈2.79 Å) and a significant decrease of the angle between [PAr] and Nd2P2 plane (≈50.2°). 

However, the supporting ligand could not enforce a terminal Nd=P group, but underwent a formal 1,2-

borotropic shift of one of the pyrazolyl substituents instead, resulting in a 5-phenylpyrazole unit. 

The results of Kiplinger and Chen underline the challenges in finding a well-tailored supporting ligand 

system suitable for the isolation of the first lanthanide complex with a terminal Ln=P functional group. 

In the following section a discussion of the potential use of the PN ligand system (see Chapter 1) for 

this purpose is presented, the relevant findings of which have been summarized in a published 

manuscript. 
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3.2 Results and Discussion  
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4.1 Introduction: Historical Background of Cyanate-Type Anions 

The cyanate anion ([OCN]–) and its heavier homologues have played a significant role in the 

development of modern chemistry (Figure 4.1). Liebig and Gay-Lussac’s result from 18241,2 that silver 

fulminate (AgCNO) has the same elemental composition as silver cyanate (AgOCN) is still seen as a 

great feat of the first precise analytical methods developed in the late 18th and early 19th centuries3,4 and 

marks the discovery of (constitutional) isomerism.5,6 Wöhler’s subsequent conversion of ammonium 

cyanate into urea in 18287 extended the isomerism concept and overthrew the dogma that chemicals 

produced by plants and animals could not be obtained by synthetic means.8 His insight might even be 

seen as the original inspiration for studies on possible prebiotic chemistry scenarios on earth, which 

were initiated in the early 1950s9,10 by the famous electric discharge experiment of Miller and Urey and 

which are pursued to this day using many different approaches.11–17 Intriguingly, since 197918 modern 

astrophysical observations point to the occurrence of [OCN]– in icy objects of our solar system and the 

interstellar medium,19–23 giving it a potential role as a precursor of more complex organic molecules 

formed by abiotic processes.24 

Figure 4.1. Timeline with selected discoveries and achievements in the history of triatomic, cyanate-type anions [ChCPn]– (Pn 

= N, P, As; Ch = O, S, Se).1,2,7,18,25–32 For simplicity only the principal investigators are listed. The dates refer to the year of 

publication. 

For the chemists of the 19th and 20th centuries the heavier thiocyanate ([SCN]–) was another important 

representative of the family of cyanate-type ions with the general formula [ChCPn]– (Ch = chalcogenide; 

Pn = pnictide). It was already described in 1799 by Buchholz and named “rhodanide” in 1820 by 

Berzelius, because of its deep red iron(III) complex.33 In coordination chemistry thiocyanate in particular 

is considered as the archetypical example of an ambidentate ligand:34–36 It can bind to a metal ion with 

either sulfur or nitrogen and helped the descriptive (but not always correct)37 “Hard and Soft Acids and 

Bases” (HSAB) concept38,39 of Pearson to become popular in university textbooks on inorganic 

chemistry from the 1960s onwards.40,41 Selenocyanate ([SeCN]–) was the first air-sensitive cyanate-type 

anion.42 Due to its sensitivity and the strong odor of selenium compounds, complexes of [SeCN]– were 

not thoroughly investigated before the 1960s.43–45 The successful synthesis and linear structure of the 

even more reactive tellurocyanate ([TeCN]–)46 were confirmed crystallographically only in 1979.26 
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Although the related, air-sensitive 2-phosphaethynolate anion ([OCP]–) was probably synthesized as 

early as 1894,25 the first heavier homologues containing phosphorus were structurally authenticated only 

in the early 1990s,27,28 when Becker and co-workers reported the syntheses of Li(DME)2OCP and 

Li(DME)3SCP. Multi-gram scale preparations of more stable sodium and potassium salts of [OCP]– by 

the groups of Grützmacher and Goicoechea between 2011 and 201429,30,47 has recently led to a 

remarkable resurgence of its chemistry, giving access to a wide range of exotic P-containing 

molecules.25,48 This triggered a renewed interest in heavier analogues of cyanate and led to the 

preparation of 2-arsaethynolate ([OCAs]–) in 201649 and first reactivity studies of this anion.49–51 A 

general synthetic protocol for the sodium or potassium salts of [SCP]– and [SeCP]– as well as [SCAs]– 

and [SeCAs]– was developed between 2016 and 2018.31,32 However, the chemistry of these four anions 

remains to be explored. 

In the following sections the electronic structure and coordination behavior of the cyanate-type 

[ChCPn]– anions (with focus on Ch = O, S and Pn = N, P) are discussed. In addition, selected complexes 

of [OCP]– and [SCP]– as well as relevant rearrangement reactions of the [OCP]– anion are highlighted 

to give a background for the own results obtained with the [SCP]– anion (see Section 4.2). 

 

4.1.1 Electronic Structure and Coordination Behavior of Selected [ChCPn]– Ligands 

(Ch = O, S; Pn = N, P) 

Although commonly called “heterocumulene anions”, there are in fact two predominant resonance 

structures for the family of linear [ChCPn]– ligands (Figure 4.2, top left; A and B). According to natural 

resonance theory (NRT) analysis, the relative contributions of these resonance structures vary depending 

on the nature of the chalcogen (Ch) and pnictogen (Pn) atoms (Figure 4.2, bottom left).52,53 

 

Figure 4.2. The two predominant resonance structures for the family of [ChCPn]– anions (top left) and calculated weights for 

[OCN]–, [SCN]–, [OCP]– and [SCP]– according to NRT analyses (bottom left). Annotated NBO atomic charges (right).32,52 

For instance, in case of the “classical” anions cyanate and thiocyanate resonance structure A has a 

pronounced weight in the electronic description (61.22% and 77.70%, respectively).53 Exchange of 

nitrogen by the heavier homologue phosphorus results in an increased weight of heterocumulene-type 
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resonance structure B in [OCP]– and [SCP]–, although X-ray diffraction data (Table 4.1, left)28,30 and 

NRT analysis52 still point to a C≡P triple bond32 and therefore a dominance of resonance structure A 

(51.45% and 57.88%, respectively). This is in line with the calculated Wiberg bond indices (WBI) of 

the C–Pn unit being larger than 2 for all of the four [ChCPn]– anions with Ch = O or S and Pn = N or P 

(Table 4.1, right).32 

Table 4.1. Experimentally determined bond metric data30,32,54,55 (left) and calculated WBI32 (right) for a selection of [ChCPn]– 

anions (Ch = O or S and Pn = N or P). Counter-cations for the bond metric data: Na+ (for [OCN]‒),55 [Na(2.2.1-crypt)]+ (for 

[SCN]‒),54 [K(18-crown-6)]+ (for [OCP]‒)30 and [Na(18-crown-6)(THF)2]+ (for [SCP]‒).32 

Anion Ch–C in Å C–Pn in Å Ch–C–Pn in ° WBI (Ch–C) WBI (C–Pn) 

[OCN]– 1.211(2) 1.211(2) 180 1.5203 2.4250 

[SCN]– 1.655(5) 1.053(6) 176.2(4) 1.3839 2.6267 

[OCP]– 1.212(4) 1.579(3) 178.9(3) 1.6673 2.2031 

[SCP]– 1.613(4) 1.579(4) 179.3(3) 1.5210 2.3798 

A closer look at the bond metrics30,32,54,55 summarized in Table 4.1 shows that differences in the electronic 

structure cannot be accurately described or inferred by only using these data: The O‒C and S‒C bond 

lengths of ≈1.21 Å and ≈1.61 to 1.65 Å are comparable within the selected set of anions and the C‒P 

bond length (1.579 Å) is identical for [OCP]‒ and [SCP]‒. Only thiocyanate shows a mentionable 

difference in C‒N bond length (≈1.05 Å) compared to cyanate (≈1.21 Å) and a slightly larger deviation 

of ≈3.8° from the 180° angle compared to the other three anions. 

Further information on the electronic structure of [OCP]‒ and [SCP]‒ could be gained indirectly by a 

combination of negative ion photoelectron spectroscopy (NIPES), photoelectron imaging spectroscopy 

and theoretical calculations.52 Electron photodetachment of the respective anions revealed the electron 

affinities (EA) of the radicals [OCP]· and [SCP]·: It was found that EA([OCP]·) is smaller than 

EA([SCP]·), which is at first glance counterintuitive when considering general electronegativity (EN) 

trends (EN(O) > EN(S)) and the results obtained for the lighter homologues, that EA([OCN]·) is greater 

than EA([SCN]·). However, the higher EA of [SCP]· is consistent with a larger contribution of the more 

electronegative chalcogen atom to the HOMO of [SCP]– than to the HOMO of [OCP]–.52 Apart from the 

different contributions to the HOMO, the 2-phosphaethynthiolate anion also exhibits a drastically 

different distribution of its negative charge density along the [S–C≡P]– unit compared to (thio)cyanate 

and 2-phosphaethynolate (Figure 4.2, right): According to the calculated natural bond orbital (NBO) 

atomic charges the highest negative charge density in (thio)cyanate and [OCP]– is located either on the 

terminal pnictogen ([OCN]– and [SCN]–) or chalcogen atom ([OCP]–), whereas in the case of [SCP]– the 

negative charge density resides mostly at the central carbon atom (highlighted box).32 Each of the four 

cyanate-type anions has a characteristic range of IR stretching frequencies as well as 13C and 31P 

chemical shifts (selected examples of precursor salts are listed in Table 4.2), which is very useful for 

NMR spectroscopic reaction monitoring and the characterization of isolated complexes of these 

anions.30,32,56–62 
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Table 4.2. Characteristic (experimental) IR stretching frequencies29,32,55 and NMR30,32 spectroscopic data for a selection of 

[ChCPn]– anions (Ch = O or S and Pn = N or P). Counter-cations for IR stretching frequencies (measured in the solid state): 

Na+ (for [OCN]‒),55 K+ (for [SCN]‒),46 [Na(DME)2]+ (for [OCP]‒)29 and [Na(18-crown-6)]+ (for [SCP]‒).32 Counter-cations and 

solvents for NMR spectroscopic data: K+ and D2O (for [OCN]‒ and [SCN]‒),60 [K(18-crown-6)]+ and THF-d8 (for [OCP]‒),30 

[Na(18-crown-6)]+ and pyridine-d5 (for [SCP]‒).32 

Anion νC≡Pn in cm‒1 δ(13C) in ppm δ(31P) in ppm 1JCP in Hz 

[OCN]– 2232 129.7 (s) - - 

[SCN]– 2048 134.0 (s) - - 

[OCP]– 1780 170.3 (d) ‒396.8 (s) 62 

[SCP]– 1374 193.6 (d) ‒120.9 (s) 19.3 

For instance, the νC≡N stretching frequencies of cyanate and thiocyanate are easily identified at 

≈2200 cm‒1 or ≈2000 cm‒1 and can give information about the binding mode of (thio)cyanate.43 Due to 

the heavier phosphorus atom, the homologues’ νC≡P stretching frequencies are shifted noticeably to 

smaller wavenumbers of ≈1800 cm‒1 for [OCP]‒ or ≈1400 cm‒1 for [SCP]‒. While in the case of 2-

phosphaethynolate this is still well separated from the fingerprint region of most organic ligands (500‒

1500 cm‒1),62 it should be more difficult to unequivocally assign the 2-phosphaethynthiolate ligand’s 

C≡P absorption band. Another helpful indicator of the [ChCPn]‒ ligands’ successful coordination to a 

metal ion is the 13C NMR signal of the central carbon atom: In the case of sodium cyanate and potassium 

thiocyanate a singlet can be found at δ ≈ 130 ppm, whereas for [M(18-crown-6)][ChCP] (M = Na, K; 

Ch = O, S) doublets at δ ≈ 170 ppm and δ ≈ 190 ppm are recorded. The doublet splittings arise from 1J 

coupling with the phosphorus atom and amount to ≈60 Hz for [OCP]‒ and ≈20 Hz for [SCP]‒. The 13C 

resonances can experience shifts of up to ≈20 ppm upon coordination of the different ligands to a metal 

ion.60 However, the 31P singlet resonances of both [OCP]‒ and [SCP]‒, which are found at δ ≈ ‒370 ppm 

and δ ≈ ‒120 ppm for the precursor salts, are even more sensitive to electronic changes. Depending on 

the metal ion and binding mode, these resonances can experience shifts of up to several 100 ppm to 

lower fields in the case of [OCP]‒31,63–67 or up to ≈70 ppm to higher fields in the case of [SCP]‒.31 

The selected cyanate-type anions exhibit a variety of coordination modes in metal complexes, depending 

on such factors as the nature of the chalcogen and pnictogen atoms, the nature and oxidation state of the 

metal and the steric demand of the supporting ligands. Besides the typical end-on linear or bent 

coordination to one metal atom via the chalcogen or nitrogen atom, (thio)cyanate can show a bridging 

µ ,κ2(N)-, µ ,κ2(Ch)- or µ ,κ1(Ch):κ1(N)-coordination mode (Figure 4.3, left; Ch = O, S).43,59,64,68–74 The 2-

phosphaethynolate can bind in an analogous κ1(O)-, κ1(P)-, µ ,κ2(O)- or µ ,κ1(O):κ1(P)-fashion 

(Figure 4.3, middle)29,30,63–67,75–78 ‒ with the difference that the M‒P‒C angle in complexes with P-bound 

[OCP]‒ is around 90° and thus much more strongly bent than the typical M‒N‒C angle (between ≈143° 

and ≈180°) found in cyanate complexes.31,73,75 This is attributed to the predominant heteroallene 

character of the P-coordinated [O=C=P]‒ unit and the coordination through one of the p-orbitals at the 

phosphorus atom. 
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Figure 4.3. Selection of structurally authenticated coordination modes of [ChCPn]‒ anions with Ch = O, S and Pn = N, P in 

metal (M, M’) complexes.29–31,43,59,63–65,68–78 Simplified representations; no exact M/M’‒Ch/Pn‒C angles, formal charges or 

supporting ligands at M and M’ shown. The coordinating atoms are highlighted as spheres. Coordination modes of 

constitutional isomers of [ChCPn]‒ have been excluded for clarity. 
The [OCP]‒ ligand can also exhibit a more diverse coordination behavior (see also Section 4.1.2): 

Although no end-on µ ,κ2(P)-binding has been reported yet, the η2-coordination of carbon and 

phosphorus in a mononuclear copper(I) complex65 and the bridging µ ,κ1(O):η2(C,P)-mode in a 

heterobimetallic thorium(IV)‒nickel(0) complex64 represent novel and exotic binding motifs of cyanate-

type anions. Especially the participation of the central carbon atom of a cyanate-type anion in a side-on 

binding to a metal ion has been so far unique to the [OCP]‒ ligand. In addition to the examples shown 

in Figure 4.3, a phosphaethynolato-borane gave access to bridging µ ,κ1(C):κ1(P)-, µ ,κ1(C):κ2(P)- or even 

µ , κ1(O):κ1(C):κ1(P)-binding modes.79 In contrast, the coordination behavior of 2-phosphaethynthiolate 

is clearly under-investigated, with only bent, end-on κ1(S)- and κ1(P)-coordinated versions31 (Figure 4.3, 

right) being known prior to the results presented in this work (see Section 4.2). 

 

4.1.2 Selected Metal Complexes of 2-Phosphaethynolate and 2-Phosphaethynthiolate 

The first structural comparison between a cyanate and its corresponding 2-phosphaethynolate complex 

was published in 2012 by the groups of Grützmacher and Peruzzini.73 They investigated the rhenium(I) 

complexes [(triphos)(CO)2Rh(PnCO)] (triphos = MeC(CH2PPh2)3; Pn = N, P), which were obtained by 

salt metathesis between the corresponding rhenium(I) triflate complex and KOCN or NaOCP. X-ray 

diffraction studies showed that the most striking difference between the pnictogen-bound anions lies in 

the approximately linear (Rh–N–C angle of 166.2°) vs. strongly bent (Rh–P–C angle of 92.6°) end-on 

coordination of [OCN]‒ vs. [OCP]‒ (Figure 4.4). Therefore, the authors argued that the cyanate ligand 

can be better described by resonance structure A, and that 2-phosphaethynolate has a more pronounced 

heteroallene-type character of resonance structure B (see Figure 4.2). This is in line with the NBO 
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analysis and the calculated IR spectrum of the [OCP]‒ complex, which indicate a weakening of the C≡P 

bond upon coordination to rhenium(I).  
Figure 4.4. Structural comparison between the rhenium(I) complexes [(triphos)(CO)2Re(NCO)] and [(triphos)(CO)2Re(PCO)] 

with pnictogen-bound cyanate or 2-phosphaethynolate ligand (R= Ph).73 
A series of thorium(IV) and uranium(IV) complexes featuring a cyanate, thiocyanate or 2-

phosphaethynolate ligand were synthesized and structurally compared by the Arnold group in 2015 

(Scheme 4.1, left and middle).64 Although κ1(P)-binding of [OCP]‒ to Lewis acids had been far more 

often encountered prior to this report, it was reasoned that the oxophilic actinides should favor κ1(O)-

binding. X-ray structure analyses revealed that the [OCP]‒ ligand indeed favors a linear, end-on 

coordination to both actinides via the oxygen atom, contrasting the coordination behavior of [OCN]‒ 

and [SCN]‒, which bind end-on via the nitrogen atom. The κ1(O)-coordination mode of [OCP]‒ is 

retained in solution as judged by the NMR and IR spectroscopic data, which support a description of the 

[OCP]‒ ligand by the phosphaalkyne-limiting resonance structure (Figure 4.2, A). 

Scheme 4.1. Series of actinide(IV) complexes with different cyanate-type anions (left: [OCN]‒ and [SCN]‒; middle: [OCP]‒) 

presented by the Arnold group in 2015.64 Unusal bridging µ,κ1(O):η2(C,P)-mode of the [OCP]‒ ligand in a heterobimetallic 

thorium‒nickel complex (right). COD = cycloocta-1,5-diene. 

The authors also investigated the reactivity of the diamagnetic thorium(IV) phosphaethynolato complex 

and found that “soft” metal atoms such as nickel(0) can bind in a reversible fashion to the CP unit of the 

[OCP]‒ ligand (Scheme 4.1, right). Binding of the Ni(COD) fragment can be inferred from a strong 

darkening of the reaction solution and a drastic deshielding of the phosphorus atom (δ(31P) = –7.7 ppm 

vs. –334 ppm for the starting complex), which points to η2(C,P)-coordination. In addition, a pronounced 

tilt at the [OCP]‒ carbon atom (P–C–O angle of 148.1(3)° vs. 179.7(4)° in the starting complex) and an 

elongation of the C–P bond length from 1.561(4) Å to 1.660(4) Å is induced, as was elucidated by X-

ray diffraction analysis. Significantly, the bridging µ ,κ1(O):η2(C,P)-binding mode in this 
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heterobimetallic system represented the first example featuring a participation of a [ChCPn]‒ ligand’s 

central carbon atom in the binding to a metal atom. 

 

Scheme 4.2. Selected examples of the first series of lanthanide complexes (only Ln = Y, Dy shown) featuring a heavier cyanate-

analogue ([OCP]‒), as reported by Goicoechea and co-workers in 2018.63 Note that Y is also denoted as Ln for simplicity. 

The first lanthanide complexes of a heavier cyanate-analogue were again obtained with [OCP]‒ and 

presented in 2018 by the group of Goicoechea.63 Similar to the Arnold group’s report,64 it was reasoned 

that the oxophilic lanthanides should favor κ1(O)-binding. This was demonstrated representatively with 

neodymium(III) and samarium(II) as well as the related rare earth yttrium(III), supported by amidinate 

ligands (Scheme 4.2). The series of complexes had either terminally bound (left and middle) or bridging 

(right) [OCP]‒ ligands. Notably, ate complexes with two [OCP]‒ ligands (both binding via the oxygen 

atom) could be isolated as well (left). Moreover, the neodymium(III) mono(phosphaethynolato) 

complex (middle) could be dimerized after removal of the ligated THF molecule by 

tris(pentafluorophenyl)borane and subsequent bridging of two Nd3+ ions in a µ,κ1(O):κ1(P)-fashion 

(right).  
Scheme 4.3. Coordination modes of [OCP]‒ at CAAC-supported coinage-metal ions (left: Cu+; middle and right: Au+) and 

resulting reactivities (left and right), as reported by the groups of Bertrand and Grützmacher in 2016.65 La = 1-(2,6-

diisopropylphenyl)-3,3-diethyl-5,5-dimethyl-pyrrolidin-2-ylidene (EtCAAC); Lb = 1-(2,6-diisopropylphenyl)-3-menthyl-5,5-

dimethyl-pyrrolidin-2-ylidene (MenthCAAC). Reaction equation on the right not balanced for better clarity. 

An intriguing series of CAAC-supported copper(I) and gold(I) complexes of 2-phosphaethynolate was 

presented by Bertrand, Grützmacher and co-workers in 2016 (Scheme 4.3).65 According to X-ray 

diffraction studies of the systems with EtCAAC ligand, the [OCP]‒ anion was found to bind in a strongly 

bent fashion to the coinage-metal ion in both cases, with M–P–C angles of 79.15(5)° (for M = Cu) and 

86.2(1)° (for M = Au). However, while gold(I) is only coordinated by the terminal phosphorus atom 

(middle), copper(I) is bound to both the terminal phosphorus as well as the central carbon atom (left). 
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Moreover, NBO analysis of the EtCAAC systems indicate that the side-on η2(C,P)-coordinated [OCP]‒ 

ligand is less strongly bound to copper(I) than the end-on η1-coordinated version in the gold(I) complex. 

This results in a difference in reactivity: The copper(I) complex slowly decomposes in solution to a 

mixture of unidentifiable products, whereas the gold(I) system takes a cleaner decarbonylation route to 

form a trinuclear gold(I) parent phosphide complex as the main product, which could be crystallized 

using MenthCAAC instead of EtCAAC (Scheme 4.3, right). The authors could also benefit from the more 

weakly η2-bound [OCP]‒ ligand in the copper(I) complex by demonstrating its smooth displacement 

with a second equivalent of EtCAAC, giving an interaction-free 2-phosphaethynolate (left).  
Scheme 4.4. Mixture of S- and P-coordinated 2-phosphaethynthiolate at tungsten(0), as described by the group of Goicoechea 

in 2016.31 Reaction equation not balanced for simplicity. 1,2-DFB = 1,2-difluorobenzene. 

In contrast to the increasing number of metal complexes of [OCP]‒, defined coordination compounds of 

the 2-phosphaethynthiolate have remained elusive so far. Prior to the results presented in this 

dissertation, only one publication by the Goicoechea group from 201631 reported the coordination of 

[SCP]‒ to a metal atom (or ion) other than lithium, sodium or potassium. The authors described the 

displacement of the acetonitrile ligand in [W(CO)5(MeCN)] by [SCP]‒, employing the quite polar, but 

still relatively non-coordinating arene solvent 1,2-difluorobenzene (Scheme 4.4). However, the reaction 

was found to proceed only sluggishly and 31P NMR spectroscopy after several days indicates the 

presence of two products in a 1:1 ratio, apart from significant amounts of starting material K(18-crown-

6)SCP (δ(31P) ≈ 120 ppm (s)). The characteristic shifts of the products’ 31P singlet resonances at δ = –

92.9 ppm and δ = –192.6 ppm as well as the tungsten satellites in the latter case (1JWP = 46.0 Hz) allows 

the assignment as S- and P-bound isomers of ate-complex [W(CO)5(SCP)]–, respectively. The rather 

small 1JWP coupling constant points to a binding of [SCP]– through the p-orbital of the phosphorus atom 

and therefore an approximate 90° W–P–C angle in solution. Even though X-ray diffraction studies 

showed an end-on, bent coordination mode of the [SCP]– ligand, the data allowed no definite assignment 

as S- or P-bound version. Apart from the fact that the conversion to [W(CO)5(SCP)]– is rather slow and 

no defined compound can be obtained from the reaction mixture, it is noteworthy that these complexes 

are prone to decompose in solution within four days. This further impedes any selective follow-up 

reactions or even the isolation of a material with a defined composition. The results of the Goicoechea 

group therefore strongly suggest that neutral metal atoms such as tungsten(0) are not the best match for 

the 2-phosphaethynthiolate anion and that the strikingly different distribution of electronegative charge 

density along the [S–C≡P]– unit compared to (thio)cyanate and [OCP]– (see Section 4.1.1) very likely 

precludes a straight-forward and stable binding via the sulfur or the phosphorus atom. 
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4.1.3 OCP to OPC Rearrangement of 2-Phosphaethynolate 

In the last decade the 2-phosphaethynolate anion has not only given access to a wide range of novel and 

rare P-containing molecules,25 but also caused a renewed interest in the fundamental constitutional 

isomerization of ChCPn to ChPnC units. For cyanate ([OCN]–) or cyanic acid (HOCN) the 

rearrangement to fulminate ([ONC]–) or fulminic acid (ONCH) is thermodynamically strongly 

disfavored80–83 and has not been observed experimentally yet. In contrast, the reversed isomerization of 

coordinated fulminate to cyanate57,84 and that of organic nitrile oxides (ONCR) to the respective 

isocyanates (OCNR)85 have been reported. However, since 2016 the analogous OCP to OPC 

rearrangement has appeared a few times in the literature.86–88 

Scheme 4.5. Reactions of selected phosphanyl phosphaketenes (left, R’ = H or Me) with different NHCs to give rearranged 

heterocumulene π-systems, as published by the groups of Bertrand, Su and Grützmacher in 2016.86 Conditions: (i) IPr (R = 

Dipp; 1.0 equiv) or IMes (R = Mes; 1.0 equiv), THF, rt; (ii) SIPr (1.0 equiv), THF, rt; (iii) toluene, 80 °C. 
The groups of Bertrand, Su and Grützmacher investigated the NHC-induced rearrangements of 

phosphanyl phosphaketenes, which were derived from sodium 2-phosphaethynolate and P-chloro-1,2,3-

diazaphospholes (Scheme 4.5, left).86 The phosphanyl phosphaketenes feature a long P–P bond 

(≈2.44 Å) and are therefore best described as very close ion pairs of [OCP]– and the respective 1,2,3-

diazaphospholenium cations.89 The authors found that NHCs with an unsaturated backbone (IPr or IMes) 

first add to the central carbon atom of the OCP unit (step (i), top middle), which X-ray diffraction studies 

showed to cause a bending of the O–C–P angle (from roughly 179° to 130° for R = Dipp and R’ = H). 

Although the P–P bond in the zwitter-ionic products is at first retained, the new compounds further 

rearrange in solution: C–O bond cleavage and insertion of the oxygen atom into the P–P bond give a 

heavy fulminate-type OPC arrangement flanked by the 1,2,3-diazaphosphole unit on the side of the 

oxygen atom and the formal NHC unit on the side of the carbon atom, respectively (top right). When 

SIPr with a saturated backbone was used, different zwitter-ionic products could be obtained, in which 

the oxygen atom was transferred to the phosphorus atom of the 1,2,3-diazaphosphole substituent, 

respectively (step (ii), bottom middle). These new compounds were found to be much more stable 

towards insertion of the oxygen atom into the P–P bond and required heating at 80 °C in toluene for this 

“phosphorotropic tautomerism”90 to occur (step (iii), bottom right). In fact, theoretical calculations 
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confirmed that the transfer of the oxygen atom from the bent OCP fragment to the phosphole proceeds 

the insertion into the P–P bond in the overall OCP to OPC rearrangement. While the P–C and C–CNHC 

bond lengths in the heavy fulminate-type products (of, e.g., 1.581(3) Å and 1.360(4) Å for R’ = H and 

R = Mes) indicate a double bond character in both cases and therefore a heteroallene structure, the P–

C–CNHC angles from 169° to 148° deviate from linearity, depending on the nature of the NHC. The O–

P–C angle is strongly bent and averages around 112° for this set of examples.  
Scheme 4.6. Reactions of different heavy tetrel-substituted phosphaketenes with NHCs by Grützmacher and co-workers from 

2016.87 Conditions: (i) IPr (R = Dipp; 1.0 equiv) or IMes (R = Mes; 1.0 equiv), toluene, rt; (ii) toluene, 90 °C, – CO; (iii) 

chlorotriphenylsilane (1.0 equiv), IPr (1.0 equiv), toluene/THF (3:1), rt, – NaCl. 

The family of formally NHC-substituted phospha-fulminate derivatives were extended by Grützmacher 

and co-workers to heavy tetrel-functionalized compounds.87 Similar to the 1,2,3-diazaphosphole-

substituted systems (see Scheme 4.5, left), the phosphaketenes Ph3E(PCO) (with E = Sn, Ge) react with 

either IPr or IMes to give zwitterionic adducts with bent PCO units (Scheme 4.6, step (i), top left). 

Notably, heating toluene solutions of the phosphaketene-NHC adducts to 90 °C for prolonged times 

leads to the loss of carbon monoxide, resulting in zwitter-ionic imidazolium-phosphanide adducts (step 

(ii), top right). In contrast, when the triphenylsilyl group is employed a rearrangement of the OCP to the 

OPC unit under mild conditions takes place, with the silicon atom finally being bound to the oxygen 

atom (step (iii), bottom). The heavy fulminate-type product shows a characteristic low-field shifted 

singlet resonance at δ(31P) = 170.3 ppm and a doublet resonance at δ(13C) = 194.8 ppm (1JCP = 3.0 Hz).  
Scheme 4.7. Reaction of a boryl-phosphaethynolate with tris(pentafluorophenyl)borane to a rearranged OPC moiety by the 

Goicoechea group from 2020.88 

Recently, Goicoechea and co-workers also isolated a rearranged product with an OPC unit from 

carboboration of an O-borylated phosphaethynolate (Scheme 4.7), thereby identifying other reagents 

than NHCs, which can be employed to induce such an isomerization. 
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Overall, the examples of the last two sections clearly show that on the one hand heavy cyanate-type 

anions such as [OCP]– can indeed participate in unusual coordination chemistry and undergo very 

interesting rearrangements, but that on the other hand a defined coordination of the [SCP]– ligand and 

an analogous SCP to SPC rearrangement still had to be achieved prior to the own results presented in 

this dissertation. The following published manuscript describes the strategy and the unexpected findings 

concerning the first stable coordination and selective functionalization of the 2-phosphaethynthiolate 

anion. 
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Summary & Outlook 

In summary, the results obtained during the doctoral research study and presented in this dissertation 

emphasize the potential of anilidophosphines in lanthanide coordination chemistry (Figure 5.1). 

Chapter 1 introduced the straight-forward synthetic routes to lanthanide(III) bis(anilidophosphine) 

chloride or iodide complexes, covering the early (La3+, Ce3+, Nd3+), middle (Gd3+, Tb3+, Dy3+) and late 

(Lu3+) lanthanides. The halide complexes were shown to be valuable precursors for the synthesis of a 

series of pentacoordinate lanthanide(III) mesitylchalcogenide as well as –pnictide complexes, which 

contained rare examples of a thiolato and a primary phosphido ligand at lanthanum(III) or lutetium(III). 

 

Figure 5.1. Overview of the main achievements of the doctoral research study by using an anilidophosphine ligand (middle) 

in lanthanide coordination chemistry: Synthesis of (rare) pentacoordinate lanthanide(III) mesitylchalcogenide and –pnictide 

complexes (top left; see Chapter 1), construction of phospha(thio)ureate bridging ligands by insertion chemistry (top right; see 

Chapter 2), experimental evidence for a transient (terminal) lanthanum(III) phosphinidene complex (bottom right; see 

Chapter 3), and unique η3-coordination and functionalization of the [SCP]– anion at lanthanum(III) (bottom left; see Chapter 4). 

The insertion reactivity of the La–P bond in the mesitylphosphido complex was further investigated in 

Chapter 2 and led to the isolation of rare lanthanum(III)-bound phospha(thio)ureate ligands with a PH 

group. Using this functional group, a versatile route for the construction of novel types of phosphaureate-

bridged heterobimetallic lanthanide–coinage-metal systems was devised and successfully demonstrated. 

In Chapter 3 the attempted synthesis of the first terminal lanthanide(III) phosphinidene complex by 

deprotonation of the lanthanum(III) mesitylphosphido complex was described. Although the observed 

C–H-activation to the final product prevented the isolation of a phosphinidene, a detailed mechanistic 

study including theoretical calculations and a deuteration experiment gave strong evidence for the 

occurrence of a terminal La=P double bond during the reaction. 
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Finally, in Chapter 4 the first stable coordination of the 2-phosphaethynthiolate anion was achieved 

with the bis(anilidophosphine) lanthanum(III) framework. A combined experimental and theoretical 

study enabled a rationalization of the unexpected and unique η3-coordination mode. In addition, the first 

selective functionalization of this heterocumulene anion with CAACs gave access to previously 

unknown, heavy fulminate-type anions with a –[S–P=C=CCAAC] structural motif. 

To conclude, the anilidophosphine-supported lanthanide(III) complexes of this work have been proven 

to be versatile precursors for the isolation of rare and exotic structural motifs featuring the heavy main 

group elements phosphorus and sulfur. Given the results obtained in this work, the following directions 

for expanding the fundamental research on anilidophosphine-supported lanthanide(III) complexes can 

be regarded as worthwile. 

 
Scheme 5.1. Conceived bimetallic lanthanum(III) complex (highlighted structure in the middle) from the double insertion of 

1,4-phenylene diisocyanate into the La–P bonds of two equivalents of (PN)2La(PHMes) and its potential for accessing new 

types of heterotrimetallic or –tetrametallic lanthanum–transition-metal systems (structures A – E). No reagents or conditions 

shown for clarity; L = phosphine ligand (e.g., PMe3), L’ = carbene ligand (e.g., IPr, IMes). 

Capitalizing on the disclosed route to heterobimetallic phosphaureate-bridged lanthanide–coinage-metal 

complexes in Chapter 2, analogous systems with other Ln3+ ions (Ce3+, Nd3+, Gd3+, Tb3+ or Dy3+), which 

exhibit more favorable photophysical properties for luminescence in the visible or near infrared part of 
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the electromagnetic spectrum, should be accessible in a straight-forward manner. A subsequent 

comprehensive photophysical study with these Ln3+ ions would be the first for lanthanide–coinage metal 

carbene systems. In the light of the current interest in luminescent coinage-metal carbene complexes 

with high quantum yields and the preliminary results for the reference complexes with La3+, which 

suggest strong fluorescence in the UV region (see Appendix, Figure A50), such a study seems very 

promising. Furthermore, variation of the bridging ligand will be an obvious follow-up project to pursue. 

For instance, the reaction of 1,4-phenylene diisocyanate with two equivalents of (PN)2La(PHMes) will 

very likely yield the double insertion product highlighted in Scheme 5.1. Deprotonation followed by 

transmetallation with suitable transition-metal halides should allow the synthesis of intriguing 

heterotrimetallic or –tetrametallic systems. In case of the coinage-metal systems, the steric profile of the 

supporting ligand (e.g., PMe3 vs. IPr) will likely affect the arrangement of the coinage-metal ions 

(structures A and C vs. B). The introduction of other transition-metal ions such as Ni2+ or Ni+, which are 

also good matches for the “soft” phosphaureate P-donor atoms and known to coordinate to phenylene 

units,1 could be feasible as well (structures D and E).  
Scheme 5.2. Proposed homolytic C–P bond cleavage to account for the experimentally observed light-induced formation of 

1,2-dimesityldiphosphine from (PN)2La{OCR2(PHMes)} (top; conditions: C6D6, rt, visible light or UV lamp (254 nm, 4 W); 

rate constants k1 for R = R1 and k2 for R = R2). Potential alternative follow-up chemistry through deprotonation of the PH group 

and negative hyperconjugation of a phosphorus lone pair with the σ*C–O orbital (bottom; simplified equations, base and 

conditions not specified). R = Ph or 4-C6H4-NMe2; M = alkali metal; L = crown ether or cryptand. 

Following up on the insertion chemistry presented in Chapter 2, preliminary experiments concerning 

the insertion of benzophenone derivatives into the La–P bond of (PN)2La(PHMes) point to an intriguing 

photochemically induced redox chemistry of the phosphahemiketal-like products (see Appendix, 

Figure A36). While the phenyl-substituted system is sensitive to visible or UV light and gives a strongly 

violet-colored solution under slow release of 1,2-dimesityldiphosphine, the corresponding 4-

dimethylamino-phenyl version does not react in significant rates under the same conditions. The P–P 

bond coupling under retention of the PH groups as well as the dark violet color reminiscent of the ketyl 

radical suggest a homolytic C–P bond cleavage process under concomitant formation of a lanthanum(III) 

ketyl complex (Scheme 5.2, top). Although ligand-centered redox reactions have been reported by the 
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Arnold group for thorium(IV) phosphido and bipyridine complexes,2 using light as an external stimulus 

for a P–C bond cleavage would be a new reactivity pattern for f-element complexes of this kind. Judging 

from the rather slow reaction rates obtained so far, more complete conversions to the final products by 

the use of an UV reactor and a crystallographic as well as an EPR spectroscopic characterization of the 

lanthanum(III) product complex can be seen as the next logical steps. Theoretical calculations will be 

key to understand the mechanism and the influence of the aryl-substituent on the C–P bond dissociation 

enthalpy. Furthermore, it seems worth inquiring whether the benzophenone insertion products show 

negative hyperconjugation of the phosphorus lone pair with the σ*C–O orbital, which could be taken 

advantage of for the synthesis of the first (terminal or alkali metal-capped) lanthanide(III) oxo complex 

(Scheme 5.2, bottom). In this case deprotonation of the PH group might cause a P=C double bond 

formation and at the same time the cleavage of the C–O single bond, which would yield a phosphaalkene 

and the [La=O]– moiety (stabilized by interactions with [M(L)]+) as thermodynamically favorable 

products. If successful, this reaction would not only yield a lanthanide(III) oxo complex, but would also 

mimic the reactivity of a phosphinidene complex.  
Figure 5.2. Optimization of the anilidophosphine supporting ligand for the isolation of a terminal lanthanum(III) phosphinidene 

complex (left), possible outcomes of the deprotonation of (PN-ArF)2La(PHMes) with the new supporting ligand (middle) and 

further adjustments of the substituents at the phosphido/phosphinidene ligand (right; R = 2,4,6-C6H2(tBu)3 or 2,4,6-

C6H2(C6H5)3). The red double arrows with the perpendicular bar in the middle indicate blocked activation pathways (middle 

left; right). 

Concerning the isolation of a [La=P] unit, the results of Chapter 3 clearly suggest an exchange of the 

methyl substituents ortho to the nitrogen atom of the anilidophosphine supporting ligand. In this context, 

trifluoromethyl groups are good candidates (Figure 5.2, left), since they are far less prone to be activated 

by nucleophiles (such as phosphinidenes) and similar in size to methyl groups (middle left). The latter 

factor is particularly important to avoid too much additional steric strain in the system and thus guarantee 

the integrity of the bis(anilidophosphine) lanthanum(III) framework. Still, further adjustments of the 

phosphido ligand may have to be made, in case a C–H activation at the methyl groups in ortho position 

to the phosphorus atom becomes more favorable (middle right). In this case a change from mesityl to 

supermesityl (2,4,6-C6H2(tBu)3) or 2,4,6-triphenylphenyl might still be sterically tolerated by the system 

and sufficient to block potential C–H activation pathways (right). The synthesis of a primary phosphido 

complex would also solve the problem of an undesired C–H activation at the phosphido ligand upon 

deprotonation and will probably lead to intriguing results. 
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The first stable coordination of 2-phosphaethynthiolate from Chapter 4 opens up new possibilities for 

heavy main group element lanthanide chemistry with [ChCPn]– ions. Based on the NBO atomic charges 

in [SeCP]–, [SCAs]– and [SeCAs]–,3 which are comparable to those found in [SCP]–, these three 

heterocumulene anions should all favor the same side-on η3-coordination to a Lewis-acidic 

lanthanum(III) ion (Scheme 5.3, top left). It will be of great fundamental interest to see whether carbene-

induced rearrangement reactions can occur for these anions as well and if the heavy fulminate-type 

reaction products are stable enough to be isolated and further investigated. 

 

Scheme 5.3. Questions arising with regard to the coordination chemistry of other [ChCPn]– anions at the [(PN)2La]+ framework 

(top left) and possible scenarios for other types of follow-up chemistry of (PN)2La(SCP) (top right and bottom). [K(2.2.2-

crypt)]+ counter-ion of the aluminyl anion (top right) is not shown for clarity. The reaction equation at the bottom left corner is 

not balanced for simplicity and only the chloride starting complex is shown. At the bottom right corner only one possible 

product with the [Au(IPr)]+ fragment being bound to the phosphorus atom is shown. 

Besides these comparative studies, alternative modes of reactivity can be explored for the already 

available [SCP]– complex, especially with other strong nucleophiles or under reducing conditions: For 

instance, reactions with aluminyl anions4,5 or very electron rich, neutral imidazolin-2-ylidenamino-

substituted phosphines (IAPs)6,7 in corporation with the Goicoechea & Aldridge groups or the Dielmann 

group will almost certainly lead to some intriguing follow-up chemistry of (PN)2La(SCP) (top right). A 

reduction of a mixture of (PN)2La(SCP) and (PN)2LaX (X = Cl, I) with potassium graphite could 

potentially yield a dinuclear complex with a reduced, bridging [SCP]2– unit (bottom left), in analogy to 

Liddle and co-workers’ [OCP]2– and [OCAs]2– bridged, dinuclear complexes of uranium.8,9 In addition, 

the reaction with easily prepared nucleophilic gold(I) carbene complex (IPr)Au(NiPr2)10 is a promising 

candidate to study: The gold(I) carbene fragment is well suited to bind to either phosphorus or sulfur 

and can assist in stabilizing the product after nucleophilic attack of the amide ligand at the central carbon 

atom of the [SCP]– anion (bottom right). It would also lead to another novel class of intriguing 
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heterobimetallic lanthanide–coinage-metal complexes. In case the functionalization works well for this 

test system, the accessibility of the coordinated [SCP]– ligand for frustrated Lewis pairs (FLPs) will 

deserve an investigation, since they also combine a nucleophilic part necessary for the interaction with 

the LUMO of (PN)2La(SCP) and an electrophilic part for trapping and stabilizing the product of the 

nucleophilic addition. Furthermore, the cycloaddition chemistry of the η3-bound [SCP]– with 

unsaturated functional groups presents an attractive area of research, especially because of the potential 

incorporation of this exotic ligand into organic substrates. Under a judicious choice of reagents and 

conditions, even catalytic reactions involving the 2-phosphaethynthiolate ligand may be devised in the 

future. Finally, photochemical studies should not be neglected in order to uncover the full scope of the 

(PN)2La(SCP) complex. 
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A.1 Experimental Section 

This appendix contains additional data and a few other compounds of the doctoral research study, which 

have not been published prior to the submission of this dissertation. 

 

A.1.1 General Remarks 

If not otherwise mentioned, all transformations were carried out under inert conditions using the Schlenk 

technique or an argon filled glovebox. All glassware (including glass-fibre filters) was stored in an oven 

at 150 °C for at least 12 h prior to use. Solvents were dried by a MBraun SPS system, degassed and 

stored over activated molecular sieves (3 Å) for at least 24 h prior to use. The deuterated solvents C6D6, 

and toluene-d8 were dried by storage over activated molecular sieves (3 Å) for at least 24 h. IR spectra 

were recorded at room temperature under inert conditions using a Bruker Vertex 70 with ATR 

equipment. UV-Vis and fluorescence data were recorded in THF at room temperature under inert 

conditions using a Cary 50 scan instrument or a Jasco FP-8300 spectrometer, respectively. If not 

otherwise stated, the NMR spectra were collected at 303 K on a Bruker AV-500 or an Ascent 700 

spectrometer using a J-Young NMR tube. All chemical shifts (δ) are reported in ppm and coupling 

constants are given in Hz. 1H and 13C chemical shifts were calibrated to residual solvent peaks. 15N 

chemical shifts (obtained by 1H–15N HMBC NMR spectroscopy) were calibrated externally to liquid 

ammonia (NH3). 19F chemical shifts were calibrated externally to trichlorofluoromethane (CCl3F). 31P 

chemical shifts were calibrated externally to phosphoric acid (H3PO4, 85% in water). Elemental analyses 

were performed using an Elementar vario microcube instrument at the Paderborn University. Starting 

materials (PN)2LaX (X = Cl, I),1 KPHPh2 and KBn3 were synthesized following literature known 

procedures. KNH(C6H3-3,5-(CF3)2) was prepared in analogy to other primary aryl amide potassium 

salts.4 Benzophenone and Michler’s ketone were used as received. 

 

A.1.2 Synthetic Procedures 

Preparation of (PN)2La{NH(C6H3-3,5-(CF3)2)}. Solid (PN)2LaI (383 mg, 400 ȝmol, 1 eq.) and 

KNH(C6H3-3,5-(CF3)2) (124 mg, 470 ȝmol, 1.15 eq.) were combined and toluene (12 mL) was added 

to this mixture. The resulting suspension was stirred for 14 h at room temperature. After centrifugation 

the supernatant was filtered through a glass-fibre filter and all volatiles were removed in vacuo. The 

residue was redissolved in n-hexane (2 mL) and stored at room temperature for 4 h, during which pale 

yellow crystals formed. The crystalline material was separated from the mother liquor, washed with n-

hexane (2 x 1 mL) and dried in vacuo to give a first batch of pure material (141 mg). The mother liquor 

was combined with the n-hexane washing solution. Further concentrating of the combined solutions in 
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vacuo and storing at –40 °C overnight yielded additional crystals, which were washed with –40 °C cold 

n-hexane (2 x 1 mL) and dried in vacuo to give a second batch of crystalline material (147 mg). Single 

crystals of (PN)2La{NH(C6H3-3,5-(CF3)2)} suitable for X-ray structure determination were also 

obtained in this way (prior to washing and drying). Yield: 288 mg (275 ȝmol, 69%); 1H NMR (C6D6, 

303 K, 700 MHz, in ppm): δ = 7.10 (s, CHAr, 1 H), 6.95 (s, CHAr, 2 H), 6.88–6.83 (several overlapping 

m, CHAr, 8 H), 5.75–5.70 (m, CHAr, 2 H), 5.40 (s, NH, 1 H), 2.21 (br. s, CH3Ar, 12 H), 2.17 (s, CH3Ar, 

6 H), 2.13 (s, CH3Ar, 6 H), 1.76 (br. s, CHiPr, 4 H), 0.99–0.93 (br. m, CH3iPr, 12 H), 0.82–0.74 (br. m, 

CH3iPr, 12 H); 13C{1H} NMR (C6D6, 303 K, 176 MHz, in ppm): δ = 159.9 (pseudo-t, JCP = 11.4 Hz, 

CqAr), 157.8 (s, CqAr), 138.5 (s, CqAr), 137.5 (br. s, CqAr), 135.1 (s, CqAr), 133.8 (s, CHAr), 133.7 (s, CHAr), 

132.2 (q, 1JCF = 31.9 Hz, CF3), 131.8 (s, CHAr), 125.6 (s, CqAr), 124.0 (s, CqAr), 123.4 (s, CqAr), 116.5 (m, 

CHAr), 112.7 (pseudo-t, JCP = 4.0 Hz), 112.6 (d, JCP = 6.1 Hz, CqAr), 112.55 (d, JCP = 6.1 Hz, CqAr), 107.1 

(sept, 4JCF = 3.6 Hz, CHAr), 23.0 (br. s, CHiPr), 20.9 (s, CH3Ar), 20.6 (s, CH3Ar), 19.9 (pseudo-t, 
2JCP = 5.6 Hz, CH3iPr), 19.5 (s, CH3Ar), 17.6 (br. s, CH3iPr); 19F{1H} NMR (C6D6, 303 K, 659 MHz, in 

ppm): δ = –63.0 (s, CF3, 6 F); 31P{1H} NMR (C6D6, 303 K, 283 MHz, in ppm): δ = 10.5 (s, PN–, 2 P); 

elemental analysis (in %): C52H66F6LaN3P2: calcd.: C 59.60, H 6.35, N 4.01; found: C 59.51, H 6.32, 

N 3.97. 

 

Preparation of (PN)2La(PHPh). Solid (PN)2LaCl (342 mg, 400 ȝmol, 1 eq.) and KPHPh (71 mg, 

480 ȝmol, 1.2 eq.) were combined and toluene (6 mL) was added to this mixture. The resulting yellow 

suspension was stirred for 12 h at room temperature. After centrifugation the supernatant was filtered 

through a glass-fibre filter and all volatiles were removed in vacuo to yield the crude product. This solid 

was resuspended in n-pentane (4 mL) and stirred for 3 h at room temperature. The suspension was then 

centrifuged and the supernatant was separated from the solid with a pipette. The yellow solid was 

washed with additional n-pentane (3 x 2 mL) and dried in vacuo. (Caution: The product complex and 

the phosphanide starting material are very malodorous as well as potentially pyrophoric and should 

therefore be quenched carefully and only in small quantities with sodium hypochlorite solution before 

disposal.) Single crystals suitable for X-ray structure determination were obtained as thin, pale yellow 

plates by storing a concentrated n-hexane solution of (PN)2La(PHPh) at –40 °C for five weeks. No 

satisfying elemental analyses could be obtained for this compound. Yield: 224 mg (240 ȝmol, 60%); 
1H NMR (C6D6, 303 K, 700 MHz, in ppm): δ = 7.44–7.39 (m, CHAr, 2 H), 7.00–6.96 (m, CHAr, 2 H), 

6.89–6.86 (m, CHAr, 2 H), 6.85–6.79 (s at 6.85 & m, CHAr, 7 H), 5.69–5.64 (m, CHAr, 2 H), 4.06 (d, 
1JPH = 194.8 Hz, PHPh, 1 H), 2.27–2.22 (br. s, CH3Ar, 12 H), 2.16 (s, CH3Ar, 6 H), 2.11 (s, CH3Ar, 6 H), 

1.80–1.67 (br. s, CHiPr, 4 H), 1.21–1.15 (br. m, CH3iPr, 12 H), 0.94–0.85 (br. m, CH3iPr, 12 H); 
13C{1H} NMR (C6D6, 303 K, 176 MHz, in ppm): δ = 160.3 (pseudo-t, JCP = 11.7 Hz, CqAr), 148.6 (s, 

JCP = 26.8 Hz, CqAr), 138.3 (br. s, CqAr), 138.0 (s, CqAr), 135.3 (s, CqAr), 133.8 (s, CHAr), 133.5 (s, CHAr), 

131.8 (s, CHAr), 130.54 (s, CqAr), 130.47 (s, CHAr), 127.9 (resonance obscured by C6D6 peak, only 
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identifiable by 1H–13C HSQC NMR spectroscopy, s, CHAr), 123.5 (s, CqAr), 121.9 (s, CHAr), 113.9 (d, 

JCP = 6.8 Hz, CqAr), 113.8 (d, JCP = 6.4 Hz, CqAr), 112.7 (pseudo-t, JCP = 3.8 Hz, CHAr), 22.4 (s, CHiPr), 

20.9 (s, CH3Ar), 20.6 (s, CH3Ar), 19.9 (pseudo-t, JCP = 5.4 Hz, CH3iPr), 19.7 (d, JCP = 3.6 Hz, CH3Ar), 17.7 

(br. s, CH3iPr); 31P{1H} NMR (C6D6, 303 K, 283 MHz, in ppm): δ = 10.3 (s, PN–, 2 P), –10.2 (s, PHPh, 

1 P); 31P NMR (C6D6, 303 K, 283 MHz, in ppm): δ = 10.3 (s, PN–, 2 P), –10.2 (d, 1JPH = 194.8 Hz, 

PHPh, 1 P). 
 

Preparation of [K(18-crown-6)][(PN)(PNcyclo)LaCl]. Solid (PN)2LaCl (257 mg, 300 ȝmol, 1 eq.) and 

18-crown-6 (79 mg, 300 ȝmol, 1 eq.) were combined and 1,2-dimethoxyethane (7 mL) was added to 

this mixture. A solution of KBn (39 mg, 330 µmol, 1.1 eq.) in 1,2-dimethoxyethane (2 mL) was then 

added dropwise at room temperature. After 10 min the reaction mixture was filtered through a glass-

fibre filter and the filtrate concentrated in vacuo to about 1 mL. The concentrated filtrate was stored at 

–40 °C overnight, which caused the formation of yellow, crystalline blocks. The crystals were separated 

from the mother liquor, washed with –40 °C cold diethyl ether (2 x 1 mL) and dried in vacuo to give 

[K(18-crown-6)][(PN)(PNcyclo)LaCl] as a yellow microcrystalline solid. Single crystals suitable for X-

ray structure determination were also obtained in this way (prior to washing and drying). Yield: 311 mg 

(269 ȝmol, 90%); 1H NMR (C6D6, 303 K, 700 MHz, in ppm): δ = 7.13 (dd, J = 5.3 Hz, J = 2.0 Hz, CHAr, 

1 H), 7.03–7.00 (m, CHAr, 2 H), 6.89 (dd, J = 5.0 Hz, J = 2.1 Hz, CHAr, 1 H), 6.83 (dd, J = 8.5 Hz, 

J = 2.1 Hz, CHAr, 1 H), 6.81–6.80 (m, CHAr, 1 H), 6.75 (dd, J = 8.5 Hz, J = 2.0 Hz, CHAr, 1 H), 6.63–

6.60 (m, CHAr, 1 H), 3.10 (s, CH2(18-crown-6), 24 H), 2.71 (s, CH3Ar, 3 H), 2.69 (dd, 2JHH = 3.9 Hz, 

J = 1.6 Hz, CH2Mes(PNcyclo), 1 H), 2.60–2.54 (m, CHiPr, 1 H), 2.43 (s, CH3Ar, 3 H), 2.40–2.35 (s & m, CH3Ar 

& CHiPr, 4 H), 2.27 (s, CH3Ar, 3 H), 2.26 (s, CH3Ar, 3 H), 2.25 (s, CH3Ar, 3 H), 2.22 (s, CH3Ar, 3 H), 2.21–

2.18 (m, CHiPr, 1 H), 1.63–1.59 (m, CH3iPr, 6 H), 1.58–1.54 (m, CHiPr, 1 H), 1.46–1.41 (m, CH3iPr, 6 H), 

1.25 (t, J = 7.2 Hz, CH3iPr, 3 H), 1.15–1.13 (m, CH2Mes(PNcyclo), 1 H), 1.09–1.05 (m, CH3iPr, 6 H), 0.83 (dd, 

J = 16.8 Hz, J = 7.1 Hz, CH3iPr, 3 H); 13C{1H} NMR (C6D6, 303 K, 176 MHz, in ppm): δ = 162.9 (d, 

JCP = 24.6 Hz, CqAr), 161.4 (d, JCP = 21.8 Hz, CqAr), 144.5 (d, JCP = 2.8 Hz, CqAr), 144.1 (s, CqAr), 139.8 

(s, CqAr), 138.7 (s, CqAr), 136.9 (s, CqAr), 133.5 (s, CqAr), 133.4 (d, JCP = 2.9 Hz, CHAr), 132.9 (d, 

JCP = 3,5 Hz, CHAr), 132.9 (s, CHAr), 132.4 (s, CqAr), 132.0 (s, CHAr), 131.9 (d, JCP = 3.0 Hz, CqAr), 131.2 

(s, CHAr), 130.5 (s, CHAr), 128.4 (s, CHAr), 124.0 (s, CHAr), 120.8 (s, CHAr), 119.0 (d, JCP = 2.7 Hz, 

CqAr), 118.0 (d, JCP = 2.7 Hz, CqAr), 115.0 (d, JCP = 10.3 Hz, CqAr), 113.8 (d, JCP = 10.5 Hz, CqAr), 112.1 

(d, JCP = 6.6 Hz, CHAr), 112.0 (d, JCP = 7.5 Hz, CHAr), 70.0 (s, CH2(18-crown-6)), 60.7 (s, CH2Mes(PNcyclo)), 

25.5 (d, JCP = 2.7 Hz, CHiPr), 23.7 (d, JCP = 3.7 Hz, CHiPr), 22.4 (d, JCP = 3.6 Hz, CHiPr), 22.0 (s, CH3Ar), 

21.2–21.1 (d, JCP = 8.2 Hz, CH3iPr, & s, CH3Ar), 21.0 (s, CH3Ar), 20.9 (s, CH3Ar), 20.7 (d, JCP = 10.3 Hz, 

CHiPr), 20.6 (s, CH3iPr), 20.1 (d, JCP = 1.4 Hz, CH3Ar), 20.0 (s, CH3Ar), 19.9 (d, JCP = 20.9 Hz, CH3iPr, & 

d, JCP = 1.6 Hz, CH3Ar), 19.8 (d, JCP = 14.3 Hz, CH3iPr), 19.3 (s, CH3Ar), 19.0 (d, JCP = 17.0 Hz, CH3iPr), 

16.3 (d, JCP = 6.0 Hz, CH3iPr), 15.9 (d, JCP = 6.7 Hz, CH3iPr); 31P NMR (C6D6, 303 K, 283 MHz, in ppm): 
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δ = 4.6 (d, 2JPP = 40.7 Hz, P(iPr)2, 1 P), 3.1 (d, 2JPP = 40.7 Hz, P(iPr)2, 1 P); elemental analysis (in %): 

C56H85ClKLaN2O6P2: calcd.: C 58.10, H 7.40, N 2.42; found: C 57.42, H 7.34, N 2.49. 

 

Preparation of (PN)2La{OCPh2(PHMes)}. (Note: The product is light-sensitive and partially 

decomposed solids or solutions thereof may appear slightly rose-colored or wine red.) To a –40 °C cold 

solution of (PN)2La(PHMes) (291 mg, 300 µmol, 1 eq.) in toluene (4 mL) was added dropwise a 

solution of benzophenone (57 mg, 312 µmol, 1.04 eq.) in toluene (2 mL) under the exclusion of light. 

The resulting reaction mixture was allowed to warm up to room temperature under stirring in the dark 

overnight. The slightly wine red solution was evaporated to dryness. The residue was washed with n-

pentane (2 x 1 mL) and dried in vacuo to give a slightly beige-colored solid which was stored in the dark 

at –40 °C. Single crystals suitable for X-ray structure determination were obtained by diffusion of n-

pentane into a toluene solution of (PN)2La{OCPh2(PHMes)} in the dark at –40 °C for two days. (Note: 

Preliminary tests point to a greater solubility and stability of the isolated material in toluene than in 

benzene. In one particular case a batch of isolated material showed only partial solubility and 

immediate coloration (i.e., beginning of decomposition) in C6D6, whereas the same batch of material 

gave a clear solution in toluene-d8 and stayed colorless for days, as long as the sample was shielded 

from light. The 1H and 31P resonances are broad in a lot of cases, which makes the integration and 

assignment more difficult and might point to different isomers in solution. The 13C resonances did not 

have sufficient intensities for a proper comprehensive assignment. However, a very characteristic 

resonance for the phosphahemiketal carbon atom could be identified unambiguously.) Yield: 328 mg 

(282 ȝmol, 94%); 1H NMR (toluene-d8, 303 K, 700 MHz, in ppm): δ = 7.89 (br. s, CHAr, 2 H), 7.66 (d, 

J = 7.6 Hz, CHAr, 1 H), 7.19–7.12 (br. m, CHAr, 2 H), 1.06–1.03 (br. m, CHAr, 2 H), 6.93–6.79 (several 

overlapping m, CHAr, 9 H), 6.79–6.67 (br. m, CHAr, 2 H), 6.59 (br. s, CHAr, 2 H), 5.83–5.77 (m, CHAr, 

2 H), 4.79 (d, 1JPH = 224.4 Hz, PHMes, 1 H), 2.35 (br. s, CH3Ar, 6 H), 2.26–2.16 (several broad 

overlapping s & m, CH3Ar & CHiPr, 16 H), 2.04 (s, CH3Ar, 3 H), 1.88 (br. s, CH3Ar, 6 H), 1.22–1.11 (br. 

m, CH3iPr, 6 H), 1.10–1.04 (br. m, CH3iPr, 6 H), 0.96-0.83 (br. m, CH3iPr, 12 H); 13C{1H} NMR (toluene-

d8, 303 K, 176 MHz, in ppm, only one characteristic resonance listed): δ = 91.9 (d, 1JCP = 8.7 Hz, 

OCPh2(PHMes)); 31P{1H} NMR (toluene-d8, 303 K, 283 MHz, in ppm): δ = 9.2 (br. s, PN–, 2 P), –17.1 

to –21.6 (br. s at –18.4, with br. should at –20.0, PHMes, 1 P); 31P NMR (toluene-d8, 303 K, 283 MHz, 

in ppm): δ = 9.2 (br. s, PN–, 2 P), –17.1 to –21.6 (br. d at –18.4, 1JPH = 232.6 Hz, with br. shoulder at –

20.0 , PHMes, 1 P); elemental analysis (in %): C66H84LaN2OP3: calcd.: C 68.74, H 7.34, N 2.43; found: 

C 68.35, H 7.49, N 2.82. 
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Preparation of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)}. (Note: This reaction was carried out only 

once and the following procedure does therefore not contain optimized reaction conditions. Exclusion 

of light (like in the preparation of (PN)2La{OCPh2(PHMes)}) is strongly recommended, since the 

product seems to be also light-sensitive to some extent.) To a mixture of solid (PN)2La(PHMes) 

(194 mg, 200 µmol, 1 eq.) and Michler’s ketone (4,4’-bis(dimethylamino)benzophenone, 54 mg, 

200 µmol, 1 eq.) was added toluene (5 mL) at room temperature. The resulting yellow-brown reaction 

mixture was stirred for 5 h at room temperature. The mixture was then filtered, and the filtrate 

evaporated to dryness. To the residue was added n-hexane (3 mL) and the resulting suspension was 

centrifuged. The dark n-hexane extract was separated from the solid and the washing / centrifugation / 

separation steps were repeated two more times. A batch of beige-colored solid (64 mg) was isolated and 

dried in vacuo. However, NMR spectroscopy did not point to a defined material. Crystals were therefore 

grown from the n-hexane extract at room temperature over a period of two days. After isolation and 

drying in vacuo a yellow, microcrystalline product was obtained. Single crystals suitable for X-ray 

structure determination of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} were also obtained in this way 

(prior to isolation and drying). (Note: A first test suggests that the product shows a better solubility and 

higher stability in C6D6 than (PN)2La{OCPh2(PHMes)}. However, the 1H and 31P resonances are also 

broad in a lot of cases, which makes the integration and assignment more difficult and might again point 

to different isomers in solution.) Yield: 81 mg (65 ȝmol, 33%); 1H NMR (C6D6, 303 K, 700 MHz, in 

ppm): δ = 7.95–7.73 (br. s, CHAr, 2 H), 7.29–7.12 (br. s, CHAr, 2 H), 6.96–6.93 (br. m, CHAr, 2 H), 6.90 

(br. s, CHAr, 2 H), 6.89–6.87 (br. m, CHAr, 2 H), 6.86–6.80 (br. m, CHAr, 2 H), 6.70 (br. s, CHAr, 2 H), 

6.56–6.39 (br. m, CHAr, 2 H), 6.28–6.10 (br. m, CHAr, 2 H), 5.96–5.90 (m, CHAr, 2 H), 2.59–2.49 

(several br. s, with two prominent br. s at 2.56 & 2.54, CH3NMe2 & CH3Ar, 15 H), 2.31–2.19 (br. s at 2.24 

& s at 2.21, CH3Ar, 12 H), 2.19–2.00 (two br. s at 2.16 & 2.08, s at 2.07, CH3Ar & CHiPr, 16 H), 1.38–

1.26 (br. m, CH3iPr, 6 H), 1.14–1.08 (br. m, CH3iPr, 6 H), 1.06–0.90 (br. m, CH3iPr, 12 H); 13C{1H} NMR 

(C6D6, 303 K, 176 MHz, in ppm): δ = 161.7 (br. s, CqAr), 149.4 (s, CqAr), 148.9 (s, CqAr), 143.8 (br. s, 

CqAr), 142.5 (br. s, CqAr), 139.5 (br. s, CqAr), 137.7 (br. s, CqAr), 136.5 (br. s, CqAr), 135.2 (br. s, CqAr), 

134.1 (s, CHAr), 133.3 (s, CqAr), 133.1 (s, CHAr), 131.7 (br. s, CHAr), 131.2 (s, CHAr), 130.6 (br. s, CHAr), 

129.2 (s, CHAr), 128.8 (br. s, CHAr), 121.7 (s, CqAr), 113.5 (br. s, CHAr), 113.1 (pseudo-t, JCP = 5.9 Hz, 

CqAr), 111.7 (s, CHAr), 111.3 (br. s, CHAr), 91.8 (d, 1JCP = 6.0 Hz, OC(C6H4-4-NMe2)2(PHMes)), 40.6 (s, 

CH3NMe2), 40.5 (s, CH3NMe2), 24.0 (br. s, CHiPr), 22.0 (br. s, CH3iPr), 21.4 (br. s, CH3iPr), 21.2 (s, CH3Ar), 

20.9 (s, CH3Ar), 20.7 (s, CH3Ar), 19.4 (br. s, CH3iPr), 16.0 (br. s, CH3iPr); 31P{1H} NMR (C6D6, 303 K, 

283 MHz, in ppm): δ = 9.1 (br. s, with br. shoulder at 8.2, PN–, 2 P), –18.8 and –20.2 (two br. s, PHMes, 

1 P); 31P NMR (C6D6, 303 K, 283 MHz, in ppm): δ = 9.1 (br. s, with br. shoulder at 8.2, PN–, 2 P), –

18.8 and –20.2 (two br. d, 1JPH = 224.8 Hz for both, PHMes, 1 P); elemental analysis (in %): 

C70H94LaN4OP3: calcd.: C 67.84, H 7.65, N 4.52; found: C 67.87, H 8.07, N 4.45. 
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UV-Vis and Fluorescence Spectroscopy. UV-Vis and fluorescence data of analytically pure 

heterobimetallic complexes 5, 6 and 7 (see Results and Discussion of Chapter 2) were recorded in THF 

at room temperature under inert conditions using a Cary 50 scan instrument or a Jasco FP-8300 

spectrometer, respectively. The stock solutions were prepared in the glovebox: Ca. 4.9 mg (5 and 6) or 

ca. 4.6 mg (7) of the respective heterobimetallic complex were dissolved in 20 mL THF and diluted by 

a factor of four (using volumetric flasks), giving final concentrations of c ≈ 40 µmol·L–1 (5 and 7) or 

37 µmol·L–1 (6). The solutions were freshly prepared before the measurements and the same THF 

solvent batch was used in blank measurements for background subtraction. 

 

X-ray Crystallography. Single crystals for X-ray diffraction experiments were measured at the 

analytical facility of the Paderborn University using a Bruker Smart AXS or a Bruker D8 Venture 

instrument. All crystals were kept at 130(2) K or 120(2) K throughout data collection. Data collection 

was performed using either the APEXIII or the Smart software package. Data refinement and reduction 

were performed with Bruker Saint (V8.34A). All structures were solved with SHELXT5 and refined 

using the OLEX 2 software package.6 All non-hydrogen atoms were refined anisotropically, and 

hydrogen atoms were included at the geometrically calculated positions and refined using a riding 

model. For further crystallographic details regarding crystal measurements, please check Table A1 and 

Figures A51–A55. 
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A.2 NMR Spectra 

 

Figure A1. 1H NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). Traces of n-hexane from work-up are 

marked by *, traces of diethyl ether from the glovebox atmosphere by °. 

 

Figure A2. 13C{1H} NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). The peak listing is given in the three 

enlargements of the relevant aromatic and aliphatic regions of the spectrum. Traces of n-hexane from work-up are marked by 

*, traces of diethyl ether from the glovebox atmosphere by °. 
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Figure A3. 13C{1H} DEPT135 NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). The enlargement shows 

the resonances in the aliphatic region. 

 

Figure A4. 19F{1H} NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). 
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Figure A5. 31P{1H} NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). 

 

Figure A6. 1H–1H COSY NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). 
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Figure A7. 1H–13C HSQC NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). 

 

Figure A8. 1H–13C HMBC NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). 
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Figure A9. 1H–15N HMBC NMR spectrum of (PN)2La{NH(C6H3-3,5-(CF3)2)} in C6D6 (303 K). 

 

Figure A10. 1H NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). The enlargement shows the crowded resonances in the 

aromatic region. Traces of toluene from work-up are marked by *. 



Appendix – NMR Spectra 

Page | 607 

 

Figure A11. 13C{1H} NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). The peak listing is given in the three enlargements 

of the relevant aromatic and aliphatic regions of the spectrum. Traces of toluene from work-up are marked by *. 

 

Figure A12. 13C{1H} DEPT135 NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). The two enlargements show the 

resonances in the aromatic and aliphatic region. 
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Figure A13. 31P{1H} NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). Traces of protonated supporting ligand are marked 

by *, traces of phenylphosphine by °. 

 

Figure A14. 31P NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). The enlargement shows the doublet splitting of the PHPh 

resonance. Traces of protonated supporting ligand are marked by *, traces of phenylphosphine by °. 
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Figure A15. 1H–1H COSY NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). 

 

Figure A16. 1H–13C HSQC NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). 
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Figure A17. 1H–13C HMBC NMR spectrum of (PN)2La(PHPh) in C6D6 (303 K). 

 

Figure A18. 1H NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). For peak listing and integrals see 

Figures A19–21. 
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Figure A19. Section of the 1H NMR spectrum (δ = 1.73 – 0.73 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 

(303 K). Residual diethyl ether from work-up is marked by #. 

 

Figure A20. Section of the 1H NMR spectrum (δ = 4.43 – 2.03 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 

(303 K). Residual diethyl ether from work-up is marked by #, residual 1,2-dimethoxyethane by °. 
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Figure A21. Section of the 1H NMR spectrum (δ = 7.23 – 5.73 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 

(303 K). 

 

Figure A22. 13C{1H} NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). For peak listing see 

Figures A23–A26. 
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Figure A23. Section of the 13C{1H} NMR spectrum (δ = 26.3 – 15.3 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 

(303 K). 

 

Figure A24. Section of the 13C{1H} NMR spectrum (δ = 73.3 – 57.3 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 

(303 K). Residual diethyl ether from work-up is marked by #, residual 1,2-dimethoxyethane by °. 
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Figure A25. Section of the 13C{1H} NMR spectrum (δ = 124.8 – 110.6 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in 

C6D6 (303 K). 

 

Figure A26. Section of the 13C{1H} NMR spectrum (δ = 164.6 – 129.6 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in 

C6D6 (303 K). 
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Figure A27. 13C{1H} DEPT135 NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). The three 

enlargements show the resonances in the aromatic (left) and aliphatic region (right). 

 

Figure A28. 31P{1H} NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). The enlargement shows the 

doublet splittings of the PN– & PNcyclo– resonances. 
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Figure A29. 1H–1H COSY NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). 

 

Figure A30. 1H–13C HSQC NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). The enlargements 

show the two cross peaks for the CH2Mes(PNcyclo) methylene protons. 
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Figure A31. 1H–13C HMBC NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in C6D6 (303 K). 

 

Figure A32. 1H NMR spectrum of (PN)2La{OCPh2(PHMes)} in toluene-d8 (303 K). The enlargement shows the crowded and 

broad resonances in the aromatic region. 
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Figure A33. 31P{1H} NMR spectrum of (PN)2La{OCPh2(PHMes)} in toluene-d8 (303 K). The enlargement reveals the broad 

shoulder on the right of the resonance at δ = –18.4 ppm. Traces of 1,2-dimesityldiphosphine are masked by °, traces of unknown 

impurities by *. 

 

Figure A34. 31P NMR spectrum of (PN)2La{OCPh2(PHMes)} in toluene-d8 (303 K). Same enlargement as in Figure A33. 
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Figure A35. 13C{1H} NMR spectrum of (PN)2La{OCPh2(PHMes)} in toluene-d8 (303 K). Note that, due to the low intensities, 

the spectrum cannot be used for an unambiguous, full assignment. However, the characteristic –OCPh2(PHMes) resonance can 

be identified (see enlargement). 

 

Figure A36. Stacked details of the 31P{1H} NMR spectra of (PN)2La{OCPh2(PHMes)} in C6D6 (303 K) before (top) and after 

irradiation with light (bottom). Irradiation at Ȝ = 254 nm for 4 h and 4 W (standard bench UV lamp). The resonances of 1,2-

dimesityldiphosphine are marked by °. The dark red arrow points to the starting material’s resonance at δ = –18.4 ppm, which 

has decreased in intensity. 
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Figure A37. 1H NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). The enlargement shows the 

crowded and broad resonances in the aromatic region. 

 

Figure A38. 13C{1H} NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). The enlargement shows 

the characteristic –OCR2(PHMes) resonance. Residual n-hexane from work-up is marked by *. For a full peak listing see 

Figures A39–A41. 
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Figure A39. Section of the 13C{1H} NMR spectrum (δ = 43.4 – 11.4 ppm) of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 

(303 K). Residual n-hexane from work-up is marked by *. 

 

Figure A40. Section of the 13C{1H} NMR spectrum (δ = 125.6 – 89.2 ppm) of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in 

C6D6 (303 K). 
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Figure A41. Section of the 13C{1H} NMR spectrum (δ = 164.6 – 128.4 ppm) of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in 

C6D6 (303 K). 

 

Figure A42. 31P{1H} NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). The enlargement reveals 

the broads shoulder on the right of the resonance at δ = 9.0 ppm. Traces of 1,2-dimesityldiphosphine are masked by °, traces 

of unknown impurities by *. 
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Figure A43. 31P NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). Same enlargement as in 

Figure A42. Traces of 1,2-dimesityldiphosphine are masked by °, traces of unknown impurities by *. 

 

Figure A44. 1H–1H COSY NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). 
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Figure A45. 1H–13C HSQC NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). 

 

Figure A46. 1H–13C HMBC NMR spectrum of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)} in C6D6 (303 K). 
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A.3 IR Spectra 

 

Figure A47. IR spectrum (ATR) of (PN)2La{NH(C6H3-3,5-(CF3)2)}. 

 

Figure A48. IR spectrum (ATR) of [K(18-crown-6)][(PN)(PNcyclo)LaCl]. 
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A.4 UV-Vis and Fluorescence Spectra 

 

Figure A49. Stacked UV-Vis spectra of 5 (orange), 6 (grey) and 7 (blue) in THF at room temperature. See Results and 

Discussion of Chapter 2 for the structures of the assigned compounds. 

 
Figure A50. Stacked fluorescence spectra of 5 (orange, Ȝex = 318 nm), 6 (grey, Ȝex = 326 nm) and 7 (blue, Ȝex = 327 nm) in 

THF at room temperature. See Results and Discussion of Chapter 2 for the structures of the assigned compounds. 
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A.5 Crystallographic Details 

Table A1. Crystallographic details on additional complexes obtained during this doctoral research study. 

 

 

 

 

 

 (PN)2La{NH(C6H3

-3,5-(CF3)2)} 

(PN)2La(PHPh) [K(18-crown-6)] 

[(PN)(PNcyclo)LaCl] 

(PN)2La{OCPh2 

(PHMes)} 

(PN)2La{OC(C6H4-

4-NMe2)2(PHMes)}  

Chemical Formula C52H66F6LaN3P2 
C50H68LaN2P3·  

C6H14 
(C56H85ClKLaN2O6

P2)2·C7H8 
C66H84LaN2OP3·  

C7H8·C5H12 
C70H94LaN4OP3·  

C6H14 

Mr 1047.92 1015.05 2407.44 1317.45 1325.48 

Crystal System 

Space Group 

Triclinic 

P–1 

Monoclinic 

P21/c 

Triclinic 

P–1 

Monoclinic 

P21/c 

Triclinic 

P–1 

a (Å) 

b (Å) 

c (Å) 

α (°) 

ꞵ (°) 

γ (°) 

11.619(2) 

14.058(3) 

16.233(4) 

84.75(1) 

79.28(1) 

79.877(9) 

17.744(2) 

11.872(1) 

25.871(3) 

90 

100.603(2) 

90 

12.2789(8) 

22.537(2) 

23.301(2) 

85.693(2) 

82.784(2) 

74.761(2) 

15.94(1) 

13.42(1) 

34.24(3) 

90 

98.81(1) 

90 

13.184(1) 

13.751(1) 

21.523(2) 

100.872(2) 

105.488(2) 

102.163(2) 

V (Å3) 2560.0(9) 5356.9(9) 6166.2(7) 7240(10) 3549.3(5) 

Z 2 4 2 4 2 

Density (g cm–3) 1.359 1.259 1.297 1.209 1.240 

F(000) 1080 2136 2524 2784 1404 

Radiation Type MoKα MoKα MoKα MoKα MoKα 

ȝ (mm–1) 0.955 0.923 0.903 0.700 0.715 

Crystal Size 0.42x0.38x0.35 0.45x0.38x0.01 0.10x0.09x0.08 0.10x0.09x0.02 0.26x0.24x0.21 

Meas. Refl. 192700 51208 285148 44792 41202 

Indep. Refl. 11697 11410 22657 13087 13544 

Obsvd. [I > 2σ(I)] 10562 8701 18688 7428 11072 

Rint 0.744 0.0701 0.0718 0.1799 0.0571 

R1 [F2 > 2σ(F2)] 

wR2(F2) 

S 

0.0287 

0.0779 

1.210 

0.0414 

0.1327 

0.887 

0.0558 

0.1359 

1.028 

0.0844 

0.2044 

1.018 

0.0384 

0.0941 

1.023 

Δρmax 

Δρmin 

0.495 

–0.494 

1.891 

–0.835 

2.877 

–1.674 

0.810 

–1.793 

1.013 

–0.531 
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Figure A51. Thermal ellipsoid plot of (PN)2La{NH(C6H3-3,5-(CF3)2)}. Thermal ellipsoids are shown at a probability of 50%. 

Hydrogen atoms (except for H70) have been omitted and iPr groups truncated for clarity. Selected bond lengths (Å) and angles 

(°): La1–P1/P2 3.2158(8)/3.1797(8), La1–N1/N2 2.385(2)/2.402(2), La1–N70 2.391(2), N70–H70 0.84(3), N70–C70 1.347(3); 

P1–La1–P2 178.85(1), N1–La1–N2 127.31(6), N1/N2–La1–N70 114.32(7)/118.34(7), P1/P2–La1–N70 87.86(5)/92.02(5), 

La1–N70–C70 144.2(2). 

 

 

 

 

Figure A52. Thermal ellipsoid plot of (PN)2La(PHPh). Thermal ellipsoids are shown at a probability of 50%. Hydrogen atoms 

(except for H10) have been omitted and iPr groups truncated for clarity. Selected bond lengths (Å) and angles (°): La1–P1/P2 

3.126(1)/3.1400(9), La1–N1/N2 2.414(3)/2.392(3), La1–P10 3.009(1), P10–H10 1.32(2), P10–C70 1.763(5); P1–La1–P2 

157.86(3), N1–La1–N2 124.2(1), N1/N2–La1–P10 112.23(8)/121.67(7), P1/P2–La1–P10 85.14(3)/117.01(3), La1–P10–C70 

101.3(1). 
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Figure A53. Thermal ellipsoid plot of [K(18-crown-6)][(PN)(PNcyclo)LaCl]. Only one of the crystallographically independent 

molecules in the unit cell is shown. Thermal ellipsoids are shown at a probability of 50%. Hydrogen atoms have been omitted 

and iPr groups truncated for clarity. Selected bond lengths (Å) and angles (°): La1A–P1A/P2A 3.207(1)/3.166(1), La1A–

N1A/N2A 2.404(4)/2.469(4), La1A–C25A 2.644(6), La1A–Cl1A 2.816(1), Cl1A–K1A 3.246(2); P1A–La1A–P2A 172.16(3), 

N1A–La1A–N2A 117.66(1), N1A/N2A–La1A–C25A 67.9(1)/139.6(1), P1A/P2A–La1A–C25A 104.6(1)/82.3(1), N1A/N2A–

La1A–Cl1A 134.1(1)/102.5(1), P1A/P2A–La1A–Cl1A 85.08(3)/90.39(3), C25A–La1–Cl1A 96.0(1), La1A–Cl1A–K1A 

133.58(4). 

 

 

 

 

Figure A54. Thermal ellipsoid plot of (PN)2La{OCPh2(PHMes)}. Thermal ellipsoids are shown at a probability of 50%. 

Hydrogen atoms (except for H10) have been omitted and iPr groups truncated for clarity. Selected bond lengths (Å) and angles 

(°): La1–P1/P2 3.133(3)/3.206(2), La1–N10/N11 2.463(6)/2.419(6), La1–O1 2.187(5), O1–C80 1.419(8), C80–P10 1.966(8), 

P10–H10 1.21(8); P1–La1–P2 161.63(5), N10–La1–N11 124.1(2), N10/N11–La1–O1 110.5(2)/125.3(2), P1/P2–La1–O1 

94.4(1)/103.4(1), La1–O1–C80 174.7(5), O1–C80–P10 98.7(4). 
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Figure A55. Thermal ellipsoid plot of (PN)2La{OC(C6H4-4-NMe2)2(PHMes)}. Thermal ellipsoids are shown at a probability 

of 50%. Hydrogen atoms (except for H70) have been omitted and iPr groups truncated for clarity. Selected bond lengths (Å) 

and angles (°): La1–P1/P2 3.1413(8)/3.1509(8), La1–N1/N2 2.447(2)/2.452(2), La1–O1 2.171(2), O1–C80 1.410(3), C80–P70 

1.931(3), P70–H70 1.25(3); P1–La1–P2 160.50(2), N1–La1–N2 125.78(8), N1/N2–La1–O1 121.90(8)/112.19(8), P1/P2–La1–

O1 101.08(6)/98.29(6), La1–O1–C80 166.9(2), O1–C80–P70 101.0(2).
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