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Abstract

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(Ill) complexes bearing either one or two PN
ligand(s). The halide complexes (PN),LnX (Ln = La, Lu; X = Cl, I) were found to be suitable precursors
for the series (PN),Ln(EMes) (E = O, S, NH, PH).

In Chapter 2 the insertion chemistry of the La—P bond in (PN).La(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),La(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 #*-
coordination mode in (PN);La(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

Kurzzusammenfassung

Der Anwendungsbereich und Nutzen eines ausgewihlten Anilidophosphan(PN)-Liganden in der
Lanthanid-Koordinationschemie wird in dieser Arbeitet untersucht. Die erhaltenen Komplexe wurden
mittels multinuklearer NMR-Spektroskopie, IR-Spektroskopie und Rontgendiffraktometrie

charakterisiert.

Kapitel 1 gibt einen Uberblick iiber die zuginglichen Lanthanid(III)-Komplexe mit einem oder zwei
PN-Liganden. Die Halogenidkomplexe (PN),LnX (Ln = La, Lu; X = CL, I) erwiesen sich als geeignete
Vorstufen fiir die Serie (PN),Ln(EMes) (E = O, S, NH, PH).

In Kapitel 2 wird die Insertionschemie der La—P-Bindung in (PN),La(PHMes) mit
Phenyliso(thio)cyanat untersucht. Das resultierende Phosphaureat konnte nach Deprotonierung an der
PH-Gruppe und Koordination von ausgewihlten Miinzmetall-Carben-Fragmenten als Briickenligand

fungieren.

Kapitel 3 beschiftigt sich mit der versuchten Synthese des ersten terminalen Lanthan(III)-
Phosphiniden-Komplexes durch Deprotonierung von (PN).La(PHMes). Starke Indizien fiir 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 #°-
Koordinationsmodus in (PN),La(SCP) konnte durch experimentelle und theoretische Untersuchungen
rationalisiert werden. Die selektive Reaktion mit zyklischen Alkylaminocarbenen fiihrte zu noch nicht

bekannten fulminat-artigen Anionen.
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We make our world significant by the courage of our questions and by the depths of our answers.

Carl Sagan

In loving memory of Trevor Allan Watt
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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.! 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.>* These
elements already appear in many technological applications as magnetic components in modern
electronic devices and large scale energy production* as well as magnetic or luminescent probes for
biomedical analyses.*® Because of the high Lewis acidity of the Ln** ions,’ their coordination complexes
can also show a high performance as catalysts in various polymerization and hydrofunctionalization
reactions.> ' 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 A (La*") and ~0.98 A
(Lu**) — with the aim to increase the availability of lanthanide(IIl) precursors and improve the

sustainability of their production.!'"15

Apart from the distinguished magnetic and photophysical properties of lanthanide ions, which have led
to groundbreaking achievements in single molecule magnet research'®'® as well as a variety of

2022

photophysical applications, 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.”* >

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.?® 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.’3

In this context, the development of the chemistry of lanthanide complexes with supporting ligands other
than the widely used (substituted) cyclopentadienide'” or oxygen- and nitrogen-based ligand systems**
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(IlI) 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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Chapter 1 — Introduction

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.! ™

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.3>7-20
N coordination mode NFN coordination mode
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Figure 1.1. Selection of literature reported neutral®2-2* (left), monoanionic*7?*3* (middle) and dianionic®>-¢ (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 neutral®*'~2* (Ieft), monoanionic*”-**** (middle)
and dianionic*-¢ (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>7-2124-27.34
(upper left), tridentate pincer-type “NPN”? (upper right) or “PNP»347.20283033 (Jower left) and
tetradentate “PNPN>3¢ (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)?®! 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.? Moreover, the phosphanyl groups
may be exchanged for other phosphorus(Ill) containing donors such as more m-accepting phosphinine
moieties, which are sterically and electronically quite distinct from the former.>” 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 -base (amido) with a “softer” neutral c-donor (phosphanyl),* 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.*

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,®'*>#? the early transition metals titanium, zirconium,

33,41-49

hafnium and niobium as well as the actinide uranium.>®

Fryzuk and co-workers were the first to study lanthanide complexes featuring chelating ligands with P
and N donor atoms.”'™ In 1991, they introduced the PNP ligand framework [(Me,PCH,SiMe;),N]
(with R = Me, 'Pr or Ph) in complexes of the general formula [{(Me,PCH,SiMe;),N},LnCl] (Ln = La
or Lu, Scheme 1.1) via salt metatheses between the respective lanthanide(IlI) trichloride and alkali metal

salts of the PNP ligand in THF (i).>

TERE )
, Si~N-Si ‘ for Ln = La l
( 1
RP—K—FR, . \e =l s =7\
E— Si.N- Y Sian- N Si.-Si
= ‘
- orLn=La R{/h” | R b R{ o | PRy () R( Yy
nCl; —(i) ) R, L’ —ClI for R, ’Lntph for R, "Ln:' R,
forLn=Lu 8 , R Ln=Lu Si , R Ln=Lu . , Rz
SN SNeg? SN
RoP—Li—FhR; e i S bTesi
2 si-N=si
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Scheme 1.1. First reported syntheses of lanthanide(IIT) complexes featuring a chelating ligand with P and N donor atoms by
Fryzuk and co-workers (only the selection with R = Me is shown).>? 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 KClI (for Ln =
La) or — 2 LiCl (for Ln = Lu); (ii) PhLi (1 equiv), Et2O, rt, 20 min, — LiCl; (iii) toluene, reflux, — CeHs; (iv) LiICH2Si(CH3)3
(1 equiv), n-hexane, rt, 2 h, — LiCl, — Si(CH3)a.

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

lutetium(IIl) the lithium amide had to be used in order to obtain high yields, showing the subtle

Page | 27



Chapter 1 — Introduction

differences in reactivity which can occur for early and late lanthanides. The remaining chloride ligand
allowed a second metathesis step which resulted in the Ilutetium(IIl) phenyl complex
[{ Me.PCH,SiMe,),N },Lu(Ph)] (ii). The authors inferred a high flexibility of the PNP ligands from the
equilibrium between the facfac, the mer,mer and the fac,mer isomers of the
[{(Me:PCH,SiMe»),N},L.nX] (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).

B B N:CS via
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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).>**> Conditions: (i) naphthalene (1.5 equiv), KCs
(2.2 equiv), toluene/diethyl ether (3:1), rt, 4 d, —2 KCl, — 16 C (graphite), — excess 0.5 naphthalene, —excess 0.2 KCs; (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(CH,SiMe,NSiMe,CH,),PPh]* in lanthanide coordination chemistry and reported that
this macrocylic ligand is able to support interesting, strongly colored dinuclear complexes containing
dianionic arene bridging ligands.>*- The dinuclear systems were accessed either by reduction of suitable
polycyclic arenes (e.g., naphthalene) with 2.2 equiv of potassium graphite (KCs) in the presence of
halide precursor complexes such as [{(PNPN),Lu}2(u-Cl)2] (Scheme 1.2, left), or by a C—C coupling
between two monoanionic arene ligands in the coordination spheres of two lanthanide(IIl) ions to give,

e.g., biphenyldiide complexes of the type [{(PNPN)Ho}>{u-5%#%-(CsHs)2}] (Scheme 1.2, right).5
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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 A), but not for ytterbium(IIT) (1.01 A) or lutetium(III)
(1.00 A).% Only the monomeric phenyl complex could be identified for ytterbium(IIl) (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 KCs.>

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

57-61

bis(diphenylphosphanyl)amido ligands or bearing four of sterically less encumbering

(diphenylphosphanyl)phenylamido® ligands (Figure 1.2).

[Li(THF),]
0 . ] ﬁphz Ph, \N\ Ph, \N\ . Ph‘N— o
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Figure 1.2. Series of lanthanide complexes bearing one,’® two,”*¢! three,’” or four®? phosphanylamido ligands (from left to

right), as reported by Roesky and colleagues.

The preparation of the homoleptic ate complexes [Li(THF)s][Ln(PhNPPh,)s] (Ln = Yb, Lu) was
accomplished by conventional salt metatheses between the lanthanide(IIl) trichlorides and lithium
(diphenylphosphanyl)phenylamide in THF,*> whereas for the neutral homoleptic complexes
[Ln{N(PPh,),}3] either salt metathesis (Ln = Er) with lithium bis(diphenylphosphanyl)amide in THF or
protonolysis of the respective [Ln{N(SiMes).}3] precursor (Ln = La, Nd) with
bis(diphenylphosphanyl)amine in boiling toluene furnished the desired products (Figure 1.2, right).”’
Interestingly, Iutetium(III) only yielded the THF solvated heteroleptic complex [{(Ph,P).N}:Lu(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(IIl) series. In contrast to the homoleptic complexes, for the heteroleptic lanthanide(I1I)
complexes with two or one phosphanylamido ligand (Figure 1.2, left and middle) the potassium salt of
the [(Ph2P),N]  ligand had to be employed in the metathesis reactions with the lanthanide(III)
trichlorides in THF.®%! These reactions were found to be sensitive to the molar ratio of the reactands:
While treatment of YbCl3 with 2equiv of [K(THF),][N(PPhy),] led to a mixture of
[{(PhoP),N},YDCI(THF),], [{(Ph,P),N}3Yb] and [{(Ph:P):N}YbCIx(THF)s] 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)>N},YbCI(THF),] which could be separated from small amounts of homoleptic complex by
recrystallization from THF/n-pentane.®® In case of the mono-phosphanylamido complexes
[{(Ph2P)2N}LnCl>(THF)3] (Ln = Sm, Er, Yb) a 1.1 fold excess of lanthanide(III) trichloride was found
to be essential to have clean reactions.®® It is noteworthy at this point that the europium(Il) complex
[{(Ph2P)N},Eu(THF);3] (Figure 1.2, middle) could be accessed by salt metathesis between Eul,(THF),
and [K(THF).][N(PPh»).] in an exact 1:2 molar ratio.”®
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Scheme 1.3. Rare types of heteroleptic lanthanum(IIl) complexes with amino-functionalized phosphido ligands, prepared by
Izod and co-workers (R = Pr or ‘Bu).3* Conditions: (i) KOPr or KO'Bu (1 equiv), Et20, 18-24 h, — KI; (ii) BnK (1 equiv),
Et20, —196 °C — 1t, 20 h, — KI, — C7Hs. Coordinated THF originates from crude iodide starting complex.

In 2004, Izod and co-workers prepared rare types of heteroleptic lanthanum(IIl) complexes with a
dimethylamino-functionalized phosphido ligand (Scheme 1.3).>* To coordinate such kind of a ligand
with a rather “soft” anionic P donor atom to lanthanum(IIl), the ligand’s potassium salt had to be used
in combination with lanthanum(IIl) 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(IIl) 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(I1I) and cerium(IIl) 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.** 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).%* The groups of Schelter and Ozerov first prepared the mono(PNP) ligated
complexes [(PNP)Ln{N(SiMes).}>] (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).}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(IIl) complex in the reaction with 2,6-
diisopropylphenylamine harsh conditions (CsDs, 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(Ill) anilide
complex, which underscores the ability of the sterically demanding PNP ligand framework to stabilize

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

by Schelter and co-workers in 2017.%% Conditions: (i) 2,6-diisopropylphenylamine (2.42 equiv), CéDs, 120 °C, 12 h, — excess
0.42 2,6-diisopropylphenylamine, — 2 HN(SiMe3)2; (ii) benzophenone (2 equiv), C¢Ds, 110 °C, 2 d for Ln =La or 4 d for Ln =
Ce, — HN(SiMe3)2; (iii) BnK, toluene, rt, — KI, — C7Hs, — C3He.

In addition to the transamination reaction with cerium(Ill), the authors looked more closely into the
reaction of [(PNP)Ln{N(SiMes),}>] 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.®>% 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).®* Based on the control
experiment with redox-neutral lanthanum(III), the authors concluded that in the case of cerium(IIl) 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(Ill) 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) '"H NMR spectroscopic
studies.®*® Notably, the attempt to access bis(PNP) complexes of cerium(III) by protonolysis of the
tris(alkyl) precursor complex [Ce{ CH(N(CHz3)2)CsHs}3] at 75 °C in toluene-ds generated a phosphido
moiety at one of the PNP ligands (Scheme 1.4, bottom right) through C—H activation and B-elimination™
of propene, which could be detected via "H 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(Ill) complexes for potentially accessible
coordination sites in non-coordinating (C¢Ds) and coordinating (THF-ds) solvents, using 3'P NMR
spectroscopy.536768 While the complexes [(PNP)Ce{N(SiMes),}2] and [(PNP),Cel] showed no or only
very little changes in their *'P NMR shifts, the 3'P resonance of [(PNP)Ce(NHDipp).] experienced a
pronounced upfield shift to J =327.3 ppm in THF-dg compared to J =436.0 ppm in CsDs, which
strongly suggests the coordination of THF-dg solvent molecules to cerium(III). Significant changes in
the 3'P NMR spectrum were also observed for the mono(PNP) benzophenone complex, in which case
two upfield shifted resonances at =311 ppm and 243 ppm (ratio 1:1) in THF-ds compared to one
resonance at 0 = 392 ppm in C¢Ds indicate ligand exchange of benzophenone with THF-ds and a lower
symmetry of the resulting complex. The intriguing phosphido complex showed upfield shifted *'P
resonances in THF-ds with differences in shifts of up to =52 ppm. Notably, the *'P NMR shifts of the
different cerium(Ill) complexes in CsDs could be correlated linearly to the crystallographically
determined Ce-P interatomic distances (R value of 0.965), which means that the *'P resonances

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

Cyclovoltammetric studies of the sterically encumbered complexes [(PNP)Ln{N(SiMes)}.] revealed
one quasi-reversible and one irreversible redox event in dichloromethane at anodic peak potentials of
E,. =—-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 Ep, =—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.%
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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,’ while the phosphanyl group
in 2-position of the rigid aromatic backbone'? 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,* 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.

o This work:
D\ anionic "hard"
donor atom \T 'R A
.\ v VI
N® N©® N®

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).”-!31425-
28.48.69.70 The (2-diisopropylphosphanyl-4-methylphenyl)-2.4,6-trimethylanilide ligand'? 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
characteristics** (Figure 1.3, left) by simply selecting other substituents R at phosphorus, R? at nitrogen
and R? at the aromatic backbone during different steps in the synthesis (vide infra). The substituents R
at phosphorus are typically phenyl (I -V, Figure 1.3, right)'4>2748.6.70 or jsopropyl (VI),'*?® whereas
for the substituent R? at nitrogen literature reported examples include alkyl or silyl substituents such as
methyl, trimethylsilyl or benzyl (I — II1)**?7%*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, IIT and IV have been used as part of lanthanide(Ill) based catalysts for the
polymerization of ethylene to poly(ethylene).® 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(IlI) 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).

RO n, | wP—Ph RO
N—Lu\ @( S AP N—Ln—
/ Ly “ph / i~
N ol%n PR Bl N =
Ph Ph Ph Ph

Ln=Er, Tm, Lu

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).®

Due to the favorable NMR spectroscopic features, the N-(2-diisopropylphosphanyl-4-methylphenyl)-
2,4,6-trimethylanilide system (VI)"* was chosen as supporting ligand for this dissertation. Besides the
very practical use of the *'P resonance for the analysis of PN ligands in general (i.e., monoisotopic
element and spin %2 of the *'P nucleus result in high sensitivity, less complicated coupling patterns and
convenient reaction monitoring),’* supporting ligand VI also has the advantage of showing distinct and
quite well separated 'H NMR spectroscopic signatures: (i) In contrast to phenyl groups, the 'H
resonances of the isopropyl substituents at phosphorus (R') do not overlap with resonances of the aryl
groups, thereby significantly reducing the complexity of the aromatic region in the 'H NMR spectrum;
(ii) the symmetrical 2,4,6-trimethylphenyl substituent at nitrogen (R?) typically shows only one singlet
in the aromatic region at § = 7.0 ppm; and (iii) because of the methyl substituent in 4-position (R?), the
aromatic backbone gives only three additional resonances between ¢ = 5.5 and 7.0 ppm, of which the
resonance of the proton ortho to nitrogen is most distinctive with a chemical shift between J =~ 5.5 and

6.0 ppm."?

@ ) ~
Br (i) \©\ (ii) \©: (iii) \©: \|/
+ NH, B — NH B — NH —_— NH
: HPN

Scheme 1.5. Literature reported, three-step synthesis protocol for the protonated ligand precursor HPN used in this work.!>7!
Conditions: (i) Pd(OAc)2 (0.1 equiv), 1,1’-bis(diphenylphosphino)ferrocene (DPPF, 0.2 equiv), sodium #-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 CIP("Pr)2 (1 equiv), =78 °C — rt, 48 h, then H20, 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)," a
regioselective mono-bromination with N-bromosuccinimide (NBS) gives the ortho-brominated
diarylamine (ii).”! 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)."* 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.'?
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Scheme 1.6. Reaction of a titanium(IIl) 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 2015.4> 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) KCs (1.04 equiv), Et2O, =35 °C — rt, 1 h, — excess 0.04 KCs, — 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, — Et20.
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.*>**° 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).%? Starting from a rare mononuclear, pentacoordinate titanium(III) azide complex of
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the composition [(PN),Ti(N3)], treatment with KCs in diethyl ether induced the loss of dinitrogen under
the formation of the diamagnetic, potassium bridged titanium(IV) nitride dimer [u2-
K(OEt)[o[N=Ti(PN)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 *'P singlet resonance in the typical range at 6 = 7.2 ppm.** 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),] 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.
IPr IPr Ipr lPr
I J/Pr I JPr I .JPr I JPr
Mes— I"’r,_ll__CH Mes— ,’I"r-ll--_o Mes— //I"'-I!'—NH Mes— II/I,,Zl —NH
Mes\N/,'_ 2 Mes\N/I'_ Mes\N/"_ Mes—\=" ’r—

\iPr \/iPr \/iPr \iPr
Pr Pr 'Pr Pr

Figure 1.5. Mindiola and co-workers’ terminal titanium(IV) methylene,** oxo and parent imido*> 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).** While the methylene complex could be obtained in up to
75% vyield, e.g., by hydrogen abstraction from and concomitant oxidation of the titanium(IIl) methyl
complex [(PN),;Ti(CH3)],* the terminal oxo and parent imido complexes (yields of >80%) were derived
from the previously described dimeric titanium(IV) nitride (Scheme 1.6, bottom).* Due to the very
reactive nature of [(PN),Ti(CH>)], gradual decomposition at room temperature to the methyl complex,
methane and other unidentified products could not be completely suppressed.* 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),].*
However, the isolated yield for the product was comparably low (42%), and reaction control NMR

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

[(PN).Zr]-fragments in the process.

via
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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.%° 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-CHs groups (new U—C bond highlighted in red, bottom right). Excess of KCs (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.*® Starting from an uranium(IV) diazide
complex, the reaction with KCs 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,* Athul Krishna,® Grigoriy Golovanov,* Holger Ott," Roland Schoch,® Christoph
Wolper,© Adam G. Neuba,* and Stephan Hohloch*¢
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This article was published as follows:

Watt, F. A.; Krishna, A.; Golovanov, G.; Ott, H.; Schoch, R.; Wolper, 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. Wolper and S. Hohloch. The manuscript
was written by S. Hohloch and F. A. Watt and proof read by all authors.

Christiane Gloger and Maria Busse are kindly acknowledged for conducting elemental analyses.
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ABSTRACT: We present the synthesis of a series of new lanthanide(III)
complexes supported by a monoanionic bidentate anilidophosphine ligand (N-

Me;Si
Pr A
Pref, /N_SkM!3

Synthesis @1"}“\\?{’5‘“1

(2-(diisopropylphosphanyl)-4-methylphenyl)-2,4,6-trimethylanilide, short %4 VS Yess!
PN~). The work comprises the characterization of a variety of heteroleptic o

o 3 q Structure Reactivity
complexes containing either one or two PN ligands as well as a study on further
functionalization possibilities. The new heteroleptic complexes cover selected ce e @
examples over the whole lanthanide(III) series including lanthanum, cerium, ==\ 3
neodymium, gadolinium, terbium, dysprosium, and lutetium. In case of the two :
diamagnetic metal cations lanthanum(ITI) and lutetium(IIT), we have Ny Electrochemistry eyt o
furthermore studied the influence of the lanthanide ion (early vs. late) on i Y ‘:{”j;lt
the reactivity of these complexes. Thereby we found that the radius of the NMR -

lanthanide ion has a major influence on the reactivity. Using sterically (DEE)MIEDENEICI D ) EIE) D@D W

demanding, multidentate ligand systems, e.g., cyclopentadienide (Cp~), we

found that the lanthanum complex La(PN),Cl (1-La) reacts well to the corresponding cyclopentadienide complex, while for
Lu(PN),Cl (1-Lu) no reaction was observed under any conditions tested. On the contrary, employing monodentate ligands such as
mesitolate, thiomesitolate, 2,4,6-trimethylanilide or 2,4,6-trimethylphenylphosphide, results in the clean formation of the desired
complexes for both lanthanum and lutetium. All complexes have been studied by various techniques, including multi nuclear NMR
spectroscopy and X-ray crystallography. *'P NMR spectroscopy was furthermore used to evaluate the presence of open coordination
sites on the complexes using coordinating and noncoordinating solvents, and as a probe for estimating the Ce—P distance in the
corresponding complexes. Additionally, we present cyclic voltammetry (CV) data for Ce(PN),Cl (1-Ce), La(PN),Cl (1-La),
Ce(PN)(HMDS), (8-Ce) and La(PN)(HMDS), (8-La) (with HMDS = hexamethyldisilazide, (Me,Si),N ") exploring the potential
of the anilidophosphane ligand framework to stabilize a potential Ce(IV) ion.

B INTRODUCTION PN(P) coordination mode.”* > While PN(P) ligands have

The chemistry of the f-elements is one of the fastest developing been extenswely}qeix%lored mn the coordmatlonﬁgc_fir_rystry of
7’7 and main group elements,”"" " for the

fields in modern inorganic chemistry.' ™ Their versatile tranmtlon.metalsD o ) ;
coordination chemistry, which is owed to their large ionic constrg;:yg;? of transition metal—rflctun group (multégﬁg
radii, render these elements the ideal candidates for finding bonds,™ transition meml_tragi‘g‘fﬂ Uineml bonds,
new structural, magnetic, biological, electronic, and spectro- and in small molecule activation,” ™
scopic properties,"™'* as well as new modes of reactivity and examples of f-block coordination compounds featuring this

the number of

catalysis.'*** Despite this astonishing variety of applications class of ligands is still limited. This is rather surprising, as
of f-element coordination compounds, the number of pincer type PNP ligands (Figure 1) such as A were used not
supporting ligands used in this field is still relatively limited. only for the preparation of the first bridging phosphinidene
In fact, the field is mostly dominated by the ubiquitous complex of the lanthanides,'”* but also for Ehe preparation of
cyclopentadienide ligands (CP’ = CSRS’)‘ which were among the first terminal scandium imido'’®'®" and scandium
the first ligands ever used in f-element chemistry.”*** Despite phosphinidene'®  complexes. Additionally, Schelter et al.
the fact, that the use of Cp ligands still reveal a variety of have recently published a study on the electronic structure of
interesting molecules,” especially in the field of molecular

magnetism,le%m it is crucial for other fields, e.g., catalysis, to Received: October 22, 2019

explore alternative ligand systems in order to design new Published: January 21, 2020

(catalytic) systems with tailor-made properties in the
future."**" = One archetypical class of ligands in this context
is the one of chelating amido- or anilidophosphine ligands with

® 2020 American Chemical Society https://dx.doi.org/10.1021/acs.inorgchem.9b03071
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Figure 1. Selection of archetypical monoanionic PNP ligands used in
rare earth metal chemistry so far.

cerium PNP complexes featuring ligand A, showing the PNP
framework to inherently stabilize the “low-valent” cerium(I1I)
oxidation state.'’” Aside from framework A, the PNP
framework B was employed for the activation of sp-, sp*
and sp’-C—H bonds and the transient formation of
methylidene complexes of scandium and yttrium by Tilley
and Andersen et al,,"'”''! while the PNP ligand framework C
was used recently for the synthesis of hi%hly potent catalysts
for the polymerization of e-caprolactame.''” Apart from that,
framework A has also been extensively studied in actinide
chemistry.''® In contrast to the few examples existing for the
use of pincer type PNP ligand frameworks, bidentate
anilidophosphine ligands have only been employed twice in
lanthanide and actinide chemistry yet (Figure 2); by Cui et al.
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Figure 2. Selected examples of lanthanide and actinide complexes
featuring bidentate monoanionic PN ligands.

in lanthanide chemistry for the synthesis of polymerization
catalysts'"*™""7 and by Schelter and Mindiola et al, who
isolated a terminal uranium(IV) imido complex, which most
likely formed via a transient uranium nitrido complex.''* Both
reports have not only established but also point to promising
future applications of bidentate PN ligands in f-element
chemistry and lanthanide catalysis as well as in the isolation of
unique coordination complexes featuring metal—ligand multi-
ple bonds. Inspired by these findings we were interested in the
coordination behavior of the bidentate monoanionic PN
ligand, (PN~ = N—(2-(diz’sa;)ropylphosphanyl)-4-methylphen-
y1)-2,4,6-trimethylanilide),'” which recently has been used by
Schelter and Mindiola et al. as stated above, and has also
proven its value by stabilizing unique group IV nitride'**~'*
and methylidene'*" complexes.

In the following, we will present the synthesis of a variety of
heteroleptic lanthanide(IIl) complexes (with Ln = La, Ce, Nd,
Gd, Tb, Dy, and Lu) featuring one or two PN ligands. Their
reactivity toward various multidentate as well as monodentate
ligands will be examined and the electrochemical properties of
the cerium(III) complexes will be compared to their
lanthanum(III) congeners to determine, if a potential cerium-
(IV) complex can be stabilized by the PN ligand used.

B RESULTS AND DISCUSSION

Lanthanide(lll) Complexes Featuring Two PN Li-
gands. Although the synthesis of the ligand precursor salt

2720

KPN from HPN has been reported earlier,''* we found a route
to isolate KPN in high yields and quantities without the need
of benzyl potassium, which is especially difficult to handle, in
case no glovebox is at hand. Instead of benzyl potassium we
used commercially available potassium hexamethyldisilazide
(KHMDS) in sub stoichiometric amounts (0.95 equiv) for the
deprotonation of HPN (Scheme 1). Performing the reaction in

Scheme 1. Synthesis of the Ligand Precursor Salts LiPN and
KPN
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n-pentane or n-hexane results in the formation of a thick yellow
precipitate, which can be easily filtered and dried under high
vacuum to give analytically pure KPN. Additionally, we have
been able to isolate X-ray quality crystals of KPN and LiPN. A
detailed comparison of their solid state structures and atomic
arrangements can be found in the Supporting Information (see
Figure $129).

Having the two ligand precursors in hand, we now turned
our interest toward the synthesis of new heteroleptic
lanthanide(III) complexes with two PN ligands. To our
surprise, starting from diamagnetic lanthanum(III) halides
LaCl;(THF), and Lal;(THF), and following the procedure
reported by Schelter et al,''® performing salt metathesis in
THEF at room temperature did only result in small conversions.
Instead, we have observed protonation of the LiPN or KPN
salt to form HPN. However, this issue can be overcome by
performing the reaction between LaCl;(THF), and LiPN in
refluxing toluene overnight (Scheme 2). Following this
procedure, the desired complex 1-La can be isolated in good
yields of 78% on scales of up to 12 g at once. Most indicative of
the successtul formation of the desired complex are two
features in its NMR spectra: (i) a slightly low-field shifted
resonance of the arene proton in ortho position of the
coordinated nitrogen atom to § 5.65 ppm compared to that of
5 5.59 ppm for LiPN in the '"H NMR spectrum, and (ii) a
pronounced low-field shift of the phosphorus resonance from &
—15.2 ppm for LiPN to & 9.2 ppm for 1-La in the *'P{'H}
NMR spectrum. In addition, we have observed a slight
broadening for the isopropyl methine and methyl proton
resonances in 1-La, most likely resulting from a rotation barrier
due to steric crowding around the lanthanum atom.

Unambiguous proof for the formation of the desired
complex 1-La was given by X-ray diffraction studies (Figure
3). High quality crystals suitable for X-ray structure analysis
could be grown by slow evaporation of a concentrated diethyl
ether solution in a »-hexane atmosphere at room temperature.
The complex crystallizes in the monoclinic space group P2,/c
with one molecule in the asymmetric unit. The lanthanum
atom in 1-La was found to be five-coordinate in a slightly
distorted trigonal bipyramidal fashion (z5 = 0.874, Figure 3).
Therein, the two coordinating phosphorus atoms P1 and P2
are both in axial position, while the chloride and the two amide
donors occupy the equatorial positions, The lanthanum—
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Scheme 2. Synthesis of the Heteroleptic Halide Complexes 1-Ln and 2-Ln Starting from either LiPN (Top) or KPN (Bottom)
or by Halide Exchange from Chloride to Iodide Using Iodotrimethylsilane (Middle)
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Figure 3. ORTEP plot of 1-La (left) and simplified representation of
the coardination polyhedron (right). Thermal ellipsoids are shown at
a probability level of 30%. Hydrogen atoms have been omitted for
clarity. The corresponding molecular structures of the complexes 1-
Ce, 1-Nd, 1-Gd, I-Tb, 1-Dy, and 1-Lu can be found in the
Supporting Information, as their geometric appearances are similar to
the one found in 1-La.

phosphorus distances were found to be 3.163(1) A and
3.197(1) A for Lal—P1 and Lal—P2, respectively, while the
lanthanum—nitrogen distances were found to be much shorter
with only 2.373(3) A for Lal—N1 and 2.364(3) A for Lal—
N2. The P1—Lal—P2 angle was found to be 178.2(1)°, while
the N1-Lal—N2 angle is only 125.8(1)°. Performing the
reaction under similar conditions as used for the preparation of
1-La, but using KPN and Lal,(THF),, works similarly well to
yield the corresponding iodide complex 2-La. However,
upscaling of this reaction was found to be more complicated
and we found that 2-La can be prepared more easily by
performing a halide exchange reaction between 1-La and
iodotrimethylsilane in toluene at room temperature overnight
(Scheme 2). Following this procedure allowed us to prepare
the iodide complex 2-La in scales of at least 1.5 g.
Unfortunately, we have not been able to isolate X-ray quality
crystals for 2-La and all methods tested have only yielded
strongly twinned crystals. It is also noteworthy at this point,
that it is recommendable to use the lithium salt LiPN when
lanthanide chlorides are used, while for the lanthanide iodides
the use of KPN as a ligand precursor was found to be more
effective (Scheme 2). Using KPN for the lanthanide chlorides
results in smaller conversions and a more tedious workup.
Likewise, this also counts for using LiPN in combination with
lanthanide iodides. Having found a scalable and well working
procedure for the synthesis of 1-La, we were interested in how
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this procedure would translate to the other lanthanide
elements and repeated the reaction under the same conditions
for cerium (1-Ce), neodymium (1-Nd), samarium, europium,
gadolinium (1-Gd), terbium (1-Tb), dysprosium (1-Dy),
ytterbium and lutetium (1-Lu). We found that for most of
the lanthanides, except samarium, europium, and ytterbium,
this method gives good conversions and the desired chloride
complexes can be obtained in reasonable to good yields of 58%
and higher. Unfortunately, for samarium, europium, and
ytterbium, we have not been able to isolate any useful
products yet. Since these lanthanides have accessible +II
oxidation states, we presently assume that the redox properties
of these elements interfere with the desired reaction pathway.
Except for 1-Ce (vide infra), we have not been able to record
useful NMR data for the paramagnetic complexes 1-Nd, 1-Gd,
1-Tb, and 1-Dy. However, p 4 has been determined for all
these complexes to be lying in the expected range for the
corresponding electron configurations of the lanthanide(I1I)
ions (see Table S6 in the Supporting Information and
references therein). Additionally, all the paramagnetic
complexes have been characterized by X-ray structure
determination (see Figure S130) and the expected elemental
composition of the isolated material could be confirmed by
elemental analysis in each case. For the diamagnetic lutetium
complex 1-Lu we have observed a substantial line broadening
of the resonances in the 'H NMR spectrum, probably due to
the shorter metal—ligand bonds resulting in much more steric
crowding around the metal atom (vide infra). We have tried to
overcome this issue by collecting variable temperature (VT)
'H NMR spectra from 298 to 323 K. However, even at 323 K
(50 °C) we have not been able to fully resolve the spectra (see
Figure $32). X-ray quality crystals for complexes 1-Ce, 1-Nd,
and 1-Dy could be grown by slow evaporation of a
concentrated diethyl ether solution of the corresponding
complexes at room temperature, while X-ray quality crystals of
1-Gd and 1-Tb were grown from a very concentrated toluene
solution (300 mg in 2 mL) during the reaction workup.
Crystals of the lutetium complex 1-Lu have been obtained by
slow evaporation of a concentrated n-pentane solution at room
temperature. Complexes crystallized by the same method have
all been found to crystallize isostructurally in the monoclinic
space groups P2,/n (for 1-Gd and 1-Tb), P2,/c (for 1-La, 1-
Ce, 1-Nd, 1-Dy) or in the triclinic space group P1 (for 1-Lu).
The general bonding parameters follow the expected trend
among the lanthanide series, with decreasing Ln—N as well as
Ln—P distances from 1-La to 1-Lu. This results in more steric
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Scheme 3. Reactivity of the Complexes 1-La and 1-Lu in Substitution Reactions with #-Aromatic (Left and Middle) and

Monodentate, Monoanionic Ligand Systems (Right)
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crowding around the metal atom and thus forcing the ligands
into a more distorted trigonal bipyramidal coordination
environment from 1-La (75 = 0.874) to 1-Lu (r5 = 0.765)
(vide supra). General trends and more information on the
crystallographic data for the halide complexes of the general
formula Ln(PN),Cl (Ln = La, Ce, Nd, Gd, Tb, Dy, and Lu)
can be found in the Supporting Information (Tables S1—85).
ORTEP plots of 1-Ce, 1-Nd, 1-Gd, 1-Tb, 1-Dy, and 1-Lu can
be found in Figure S130.

Salt Metathesis Reactivity of 1-La and 1-Lu. After
having established a reliable and general synthesis route for the
new halide complexes, we next turned our focus on their
reactivity and the possibility to replace the last remaining
chloride ligand in these complexes. Due to the NMR
spectroscopic advantages of the diamagnetic lanthanum(III)
and lutetium(TIT) complexes, this part will focus only on those
compounds. In a first attempt, we prepared a toluene solution
of both complexes 1-La and 1-Lu and added 1 equiv of KCp*.
To our surprise, we have not found any reaction taking place,
even when the reaction mixtures were refluxed at 110 °C for 2
days (Scheme 3, left). Switching to the sterically less
encumbering Cp ligand precursor NaCp we found similar
behavior for the lutetium complex 1-Lu, while for the
lanthanum complex 1-La a full conversion to the correspond-
ing cyclopentadienide complex 3-La was observed after heating
the reaction mixture for 24 h at 95 °C (Scheme 3, middle).
The clean formation of 3-La was evident by two features in its
NMR spectra: (i) a low-field shift of the phosphorus resonance
in the *'P{'"H} NMR spectrum from § 9.2 ppm for 1-La to &
11.0 ppm for 3-La and (ii) the appearance of a new singlet in
the '"H NMR spectrum at § 6.48 ppm corresponding to the
cyclopentadienide protons. We have been able to grow X-ray
quality crystals of 3-La from a concentrated toluene solution at
—40 °C overnight. The complex crystallizes in the monoclinic
space group P2,/c with one molecule of the desired complex in
the asymmetric unit (Figure 4). The lanthanum—cyclo-
pentadienide (centroid) distance was found to be 2.555(1)
A which is comparable to the La—Cp,.,, distance reported for
La(Cp);.'* However, coordination of the Cp ligand has a
major influence on the coordination environment around the
lanthanum atom. For instance, the twisting of the two PN
ligands is counteracted by the Cp ligand which results in a
decrease of the angle between the two PN tolyl planes from
44.4(1)° in 1-La to only 10.5(1)° in 3-La. Concurrent with the
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Figure 4. ORTEP plot of 3-La. Thermal ellipsoids are shown at a
probability level of 30%. Hydrogen atoms are omitted for clarity.

diminishing twisting angle between the two PN ligands the 7;
value decreases from 0.874 in 1-La to 0.355 in 3-La. Therefore,
the coordination polyhedron can now be seen as a distorted
square pyramid instead of a distorted trigonal bipyramid. Due
to the steric demand of the PN ligand, this change in
conformation also has a noticeable impact on the lanthanum—
heteroatom bond lengths: The average lanthanum—nitrogen
bond lengths increase from 2.369(3) A in 1-La to 2.460(3) A
in 3-La, and the lanthanum—phosphorus bond lengths Lal—
P1 and Lal—P2 differ more strongly in 3-La (3.098(1) A and
3.216(1) A) than in 1-La (3.163(1) A and 3.197(1) A,
respectively). We believe that this rather strong distortion of
the coordination environment is not possible in 1-Lu and to a
certain degree limited in 1-La if sterically more encumbering
Cp ligands are used, resulting in the observed inertness
described above. It is noteworthy at this point that switching to
the iodide precursors 2-La and 2-Lu does not have any impact
on this reaction behavior.

Since we found that the introduction of multidentate,
coordinating ligands is sterically unfavored, we investigated
other, monodentate ligands to access new heteroleptic
complexes (Scheme 3, right). As a first choice, we have settled
for the use of the potassium salt of mesitole (KOMes). To our
satisfaction, the reaction between 1-La as well as 1-Lu and
KOMes in toluene proceeded smoothly at room temperature,
resulting in the quantitative formation of the new mesitolate
complexes 4-La and 4-Lu, respectively. The formation of the
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Figure 5. ORTEP plots of the chalcogenide complexes 4-La/Lu and 5-La/Lu (from left to right). Thermal ellipsoids are shown at a probability
level of 30%. Hydrogen atoms and solvent molecules have been omitted for clarity.

new complexes was evident from several features in their NMR
spectra, being (i) the appearance of a new set of mesityl
resonances in the 'H and “C{'H} NMR spectra, (ii) the shift
of the characteristic aryl proton of the PN ligand from & 5.65
and 6 5.85 ppm for 1-La and 1-Lu to 8 5.76 and § 5.99 ppm
for 4-La and 4-Lu, and (iii) the high-field shift of the
phosphorus resonances in the *'P{'"H} NMR spectra from §
9.2 and & 5.0 ppm for 1-La and 1-Lu to & 8.6 and & 2.9 ppm
for 4-La and 4-Lu. Additionally, either due to the lower
symmetry of the complexes in solution or due to rotational
barriers resulting from a greater steric demand of the
mesitolate ligand, the methyl protons of the isopropyl groups
on the PN ligands now split into four broad singlets and
thereby also clearly indicating the successful formation of the
mesitolate complexes 4-La and 4-Lu. Unambiguous proof of
the formation of the new complexes was given by a X-ray
diffraction study on high quality crystals of 4-La and 4-Lu
which were obtained by slow evaporation of a concentrated
diethyl ether solution of the respective complex (Figure S,
left). While complex 4-La was found to crystallize in the
monoclinic space group P2,/c without any residual solvent
molecules in the crystal lattice, 4-Lu crystallized in the triclinic
space group P1 with one molecule of diethyl ether in the
lattice. Noteworthy, in contrast to the Cp complex 3-La, the
lanthanum—PN ligand distances remain largely unaffected by
the coordination of the mesitolate ligand. However, the
twisting angle between the two PN ligands is strongly affected
by the sterically more encumbering mesitolate ligand changing
from 44.4(1) and 37.4(1)° in 1-La and 1-Lu to 58.2(1) and
47.3(1)° in 4-La and 4-Lu, respectively. Simultaneously, the 7,
values change from 0.874 and 0.765 for 1-La and 1-Lu to
0.841 and 0.953 for 4-La and 4-Lu. The metal—oxygen bond
lengths were found to be 2.225(3) A for Lal—070 and
2.028(3) A for Lul—070 with nearly linear Ln1—-070-C70
angles being 173.8(3) and 171.7(3)° in 4-La and 4-Lu.

With this first success in introducing mesitolate as a third
ligand at lanthanum(III) and lutetium(IIT), the next logical
step for us was to continue our salt metathesis study with a
heavier chalcogenide analog such as potassium thiomesitolate
(KSMes). Gratifyingly, the reaction between 1-La and KSMes
proceeded as smoothly as previously observed for the
mesitolate ligand resulting in the formation of the desired
complex 5-La in quantitative yields. However, performing the
reaction with 1-Lu and equimolar amounts as well as 1.5 equiv
of KSMes at room temperature, we only have been able to
reisolate the starting materials. Heating the reaction mixture to
50 °C only resulted in small conversions and decomposition of
the starting materials. Therefore, we decided to switch to the
iodide complex 2-Lu as precursor complex, since the
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precipitation of potassium iodide is thermodynamically much
more favored compared to that of potassium chloride.
Additionally, we decided to use an excess (L5 equiv) of
KSMes to further push the equilibrium toward the desired
reaction products. With these adjustments the reaction was
found to proceed cleanly under full conversion to complex §-
Lu at room temperature overnight. The product could be
isolated after removal of toluene in vacuo and recrystallization
from n-hexane in a yield of 44%. Formation of the desired
complexes 5-La and 5-Lu was evident by several features in
their NMR spectra: (i) the appearance of a new set of mesityl
resonances in the 'H and PC{'H} NMR spectra, (ii) the shift
of the characteristic aryl proton of the PN ligand from & 5.65
and & 5.84 ppm for 1-La and 2-Lu to § 5.68 and § 5.90 ppm
for 5-La and 5-Lu, and (iii) the shift of the phosphorus
resonances in the *'P{'H} NMR spectra from § 9.2 and § 6.6
ppm for 1-La and 2-Lu to § 10.0 and § 4.8 ppm for 5-La and
5-Lu. Unambiguous proof of the formation of the desired
complexes was delivered by X-ray diffraction analysis (Figure 3,
right). Complex S-La forms X-ray quality crystals by slow
evaporation of a concentrated diethyl ether solution at room
temperature and crystallizes in the triclinic space group P1. X-
ray quality crystals of 5-Lu have been obtained by storing a n-
hexane solution with minimal amounts of toluene at room
temperature with the complex crystallizing in the monoclinic
space group P2,/c. It is noteworthy at this point, that 5-Lu is
the first structurally characterized lutetium thiolate complex
reported so far. Both complexes crystallize with one formula
unit in the asymmetric unit and without any additional solvent
molecules in the lattice. Similar to the complexes 4-La and 4-
Lu, the metal-PN ligand distances remain mostly unaffected
by the ligand exchange reaction from halide to thiomesitolate.
However, the twisting angle of the PN ligands changes again
significantly to 54.7(1) and 33.9(1)° in 5-La and 3-Lu,
respectively. This also results in a change of the 75 values to
0.918 and 0.708 which describe the coordination environments
as distorted trigonal bipyramidal comparable to previous
compounds (vide supra). The metal—sulfur distances were
found to be 2.718(2) A in 5-La and 2.544(2) A in §-Lu, which
in the case of lanthanum is comparable to previously reported
thiolate complexes.ué_ug The angles around the sulfur atoms
are more acute compared to the oxygen analogs 4-La and 4-
Lu, displaying a Lnl—-S70—C70 angle of 145.8(1) and
137.8(2)° for 5-La and 5-Lu, respectively.

Switching from chalcogenide donors to pnictide donors, we
have performed the reaction between the chloride complexes
1-La as well as 1-Lu and the lithium salt of mesitylamine
LiNHMes in toluene, respectively. It is noteworthy at this
point that we found the use of the lithium salt to be superior
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Figure 6. ORTEP plots of the pnictide complexes 6-La/Lu and 7-La/Lu (from left to right). Thermal ellipsoids are shown at a probability level of
30%. Hydrogen atoms and solvent molecules have been omitted for clarity.

over the use of the potassium salt KNHMes, as the use of
KNHMes resulted in the formation of unexpected side
products which cannot be easily removed. Formation of the
desired complexes 6-La and 6-Lu was again evident by several
features in their NMR spectra: (i) the appearance of a new set
of mesityl resonances in the 'H and “C{'H} NMR spectra,
(ii) the appearance of a new singlet in the "H NMR spectrum
at 4 5.60 and & 5.32 ppm for 6-La and 6-Lu, corresponding to
the NH group of the mesitylamide ligand, (iii) the shift of the
characteristic aryl proton of the PN ligand from & 5.65 and &
5.85 ppm for 1-La and 1-Lu to & 5.81 and & 6.01 ppm for 6-La
and 6-Lu, and (iv) the shift of the phosphorus resonances in
their 3'P{'H} NMR spectra from § 9.2 and & 5.0 ppm for 1-La
and 1-Lu to 6 9.5 and & 1.8 ppm for 6-La and 6-Lu. The
identities of the singlets at § 5.60 and § 5.32 ppm in the 'H
NMR spectra were furthermore supported by the observation
of a cross peak in the "H=""N HMBC NMR spectra of these
complexes at 5.60/195.1 ppm for 6-La and 5.32/172.1 ppm for
6-Lu, respectively (compare Figure $76 and $82). These cross
peaks also showed a doublet structure resulting from the strong
coupling of the NH protons with the corresponding nitrogen
atoms ('Jgy = 56 Hz for 6-La and Jyy = 49 Hz for 6-Lu).
Additionally, the presence of the NH group was supported by
the presence of characteristic NH absorption bands in the IR
spectra of the complexes at v 3309 cm™' and v 3311 cm™ for
6-La and 6-Lu, respectively. Formation of the desired
complexes 6-La and 6-Lu was finally proven by X-ray
crystallography (Figure 6, left). Crystals suitable for X-ray
diffraction studies have been obtained by slow evaporation of a
concentrated solution of diethyl ether for 6-La and by gas
diffusion of n-hexane into a concentrated solution of 6-Lu in
diethyl ether, both at room temperature. Both complexes
crystallize isostructurally in the triclinic space group P1 with
two formula units and two molecules of diethyl ether in the
asymmetric unit. The diethyl ether molecules in 6-Lu were
found to be strongly disordered, therefore they have been
removed using the SQUEEZE operation."*” Similar to the
mesitolate and thiomesitolate complexes 4-La, 4-Lu, 5-La, and
5-Lu, the lanthanide—PN ligand distances remain mostly
unaffected by the exchange of the halide vs mesitylamide,
whereas the twisting of the PN ligands is strongly influenced
and changing to 46.8(1)° in 6-La and 45.9(1)° in 6-Lu. In
contrast, the lanthanide atoms are now coordinated in an
almost ideal trigonal bipyramidal fashion, with the complexes
displaying 7 values of 0.96 and 0.981 for 6-La and 6-Lu. The
lanthanide—nitrogen distances Lnl—N70 were found to be
2.338(5) and 2.166(4) A in 6-La and 6-Lu and the nitrogen
atoms where found to be strongly depyramidalized, displaying
a Ln1—-N70—C70 angle of 149.2(4) and 146.4(3)° in 6-La and
6-Lu, respectively.
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In the last consequence, completing our survey of
chalcogenide and pnictide ligands, we aimed for the synthesis
of the corresponding primary phosphido complexes 7-La and
7-Lu. While the reaction to 7-La was found to proceed in a
straightforward manner by mixing 1-La with KPHMes in
toluene and stirring overnight at room temperature, during the
preparation of 7-Lu we have observed similar issues when
starting from 1-Lu as already reported for the thiolate complex
5-Lu (vide supra). Gratifyingly, switching to the iodide
precursor 2-Lu the reaction with KPHMes in toluene at
room temperature proceeded under full and smooth
conversion to the desired phosphido complex 7-Lu. While
secondary phosphido complexes have been reported ear-
lier,'*™**! 7.La and 7-Lu are, to the best of our knowledge,
the first primary phosphido complexes of lanthanum and
lutetium so far, while the overall number of structurally
characterized lanthanide complexes with primary phosphido
ligands spans enly four complexes to date."**”">° Successful
formation of the complexes and the presence of a PH bond
was confirmed by several spectroscopic features: (i) the
appearance of a new doublet in the "H NMR spectra at § 3.42
ppm (‘o = 198.9 Hz) for 7-La and at § 3.43 ppm (Jpy
209.5 Hz) for 7-Lu, corresponding to the introduced PH
group, (ii) the presence of a doublet in the 3P NMR spectra at
5 —36.4 ppm ('Jpy = 198.9 Hz) for 7-La and at  —63.8 ppm
("Joi = 209.5 Hz) for 7-Lu, corresponding to the introduced
PH group, and (iii) the appearance of a distinctive new
absorption band in the IR spectra at v 2294 and v 2306 cm™'
for 7-La and 7-Lu, respectively.*°~"** Interestingly, in the case
of 7-Lu an additional coupling between the chemically
inequivalent groups of phosphorus atoms (PN ligands vs
phosphido ligand) was observed (*Jpp = 32.3 Hz) (see Figure
$93 and $94 and the Experimental Section in the Supporting
Information), further indicating the more compact arrange-
ment of the ligands around lutetium compared to lanthanum
(vide supra). Unambiguous proof for the formation of the new
phosphido complexes was given by X-ray diffraction analysis
(Figure 6, right). X-ray quality crystals were obtained by slow
evaporation of a n-hexane solution at room temperature for 7-
La and by storing an oversaturated toluene solution (obtained
during workup, see Experimental Section) at room temper-
ature for several days in the case of 7-Lu. While 7-La
crystallizes without any additional solvent molecules in the
lattice, 7-Lu was found to crystallize as its toluene solvate. The
complexes crystallize in the monoclinic space groups P2,/n
and P2,/c for 7-La and 7-Lu, respectively. In accordance with
our previous observations for the mesitolate, thiomesitolate
and mesitylamide complexes 4-Ln, 5-Ln and 6-Ln, the
influence of the phosphido ligand on the bond metrics of
the PN ligand remain small. However, the twisting of the PN
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Scheme 4. Synthetic Route to Mono Anilidophosphine Complexes 8-La/Ce Following a Protonolysis Reaction between HPN
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ligands is again strongly influenced with a twisting angle of
38.8(1)° in 7-La and 33.6(1)° in 7-Lu (compared to 44.4(1)°
in 1-La and 37.4(1)° in 1-Lu) which results in a distorted
trigonal bipyramidal coordination environment around the
lanthanide atoms, displaying 75 values of 0.821 and 0.7035 for 7-
La and 7-Lu. The lanthanide—phosphide bond lengths Lnl—
P70 were found to be 3.053(1) and 2.735(1) A for 7-La and 7-
Lu, respectively and are only about 0.08 A (7-La) and 0.15 A
(7-Lu) shorter than the distances to the tertiary phosphine
donors of the PN ligand. One striking feature in the structure
of 7-La, which is worth pointing out, is the relatively short
distance between the phosphide phosphorus atom P70 and
one of the ortho CH; carbon atoms of the mesityl group in the
PN ligand, with only 3.874(1) A in 7-La combined with the
pyramidalization at P70 (££ = 309°) and the orientation of
the P atom lone pair toward this carbon atom. A similar
constellation has been observed in the past for bis-NHC
thorium phosphido complexes which have been shown to be
active in hydrophosphination catalysis with a C—H bond
activation as a crucial step in the catalytic cycle."® Addition-
ally, the authors reported a relatively rare, but indicative,
Hp—BC through space coupling which we were not able to
observe for 7-La. In our case, substantial line broadening in our
BC{'H} NMR spectra due to rotational barriers prevented us
to observe a possible Mp-13C through space coupling. To
clarify the situation, we also measured a *'P—'H HMBC
spectrum for 7-La (see Figure S90). However, also in this
spectrum we have not been able to observe any hints toward
an interaction between the mesityl ortho CH; group and the
phosphido ligand. Nevertheless, such couplings are rare and
the structural relation between the literature known thorium
phosphido and our complexes might point to a potential
application of these complexes in hydrophosphination
catalysis.

Lanthanide(lll) Complexes Featuring One PN Ligand.
After having accomplished the synthesis and characterization
of various lanthanide(IIT) complexes featuring two PN ligands
and having positively demonstrated that these are valuable
precursors for further (salt metathesis) reactions, we were also
interested, if it would be possible to obtain complexes that bear
a single PN ligand. Complexes of the general formula
Ln(PN)X, (with X = halide or amide) would be interesting
precursor molecules giving rise to a plethora of possible new
reactions and catalytic applications of these species. In our first
attempt, we have sought out for a simple salt metathesis
protocol as this worked well for complexes of the general
formula Ln(PN),X (vide supra). However, using the same
conditions as for the syntheses of 1-Ln, i e. refluxing
LaCL,(THF), in toluene in the presence of 1 equiv of LiPN,
we have not been able to obtain any useful products (Scheme
4, left). Instead, an inseparable mixture of compounds was
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obtained, of which we were only able to identify 1-La as a
minor side product. A change to more coordinating solvents
such as THF or 1,2-dimethoxyethane (DME) did not lead to
an improved selectivity and we have not been able to isolate
analytically pure complexes by adapting this method. As an
alternative to salt metathesis reactions we envisaged that
protonolysis reactions might be more successful. Schelter and
co-workers have recently reported on the synthesis of
cerium(IIT) complexes featuring pincer type PNP ligands
using a protonolysis reaction between H(PNP) and Ce-
(HMDS); in toluene at 100 °C for 1 week.'” Using similar
conditions for the bidentate PN ligand system, we also found
that the desired complexes 8-La and 8-Ce can be obtained
after long reaction times of 1 week at 120 °C in toluene
(Scheme 4, right). It is noteworthy, that the prolonged heating
is absolutely necessary as the reaction proceeds very slowly and
takes a long time to be complete. The pure products can then
be obtained by recrystallization of the bulk material from a
concentrated n-pentane or n-hexane solution in the presence of
residual toluene from the reaction (0.3 mmol in 3 mL n-hexane
for 8-La; 0.3 mmol in 3 mL n-pentane for 8-Ce) at —40 °C,
respectively. Formation of the desired complexes 8-La and 8-
Ce is clear from several indicators: (i) the disappearance of the
characteristic *'P resonance of HPN at § —17.4 ppm with the
concomitant observation of a new resonance at 4 10.2 ppm for
8-La and at & 383.3 ppm for 8-Ce, (ii) the observation of a
singlet at & 0.29 and & —5.85 ppm in the "H NMR spectra of 8-
La and 8-Ce, corresponding to a total of 36 HMDS protons,
respectively, and (iii) a significant shift of the characteristic
proton resonance of the tolyl unit in the PN ligand from § 6.28
ppm in HPN to & 5.84 ppm for 8-La and to 6 18.7 ppm for 8-
Ce. The purification method described above also yielded X-
ray quality crystals of both complexes 8-La and 8-Ce (Figure
7). Both complexes crystallize isostructurally in the monoclinic
space group P2)/n with one complex molecule in the
asymmetric unit. The lanthanide atoms are four-coordinate
in a distorted tetrahedral fashion (7, = 0.688 and 0.67 for 8-La
and 8-Ce, respectively). The Ln—P distances were found to be
slightly longer than in the bis-PN ligated complexes 1-La and
1-Ce, displaying Ln1—P1 distances of 3.243(1) and 3.187(1)
A in 8-La and 8-Ce. Thereby, the Ce—P distances are slightly
longer than in previously reported Ce(III) phosphine
complexes,"**'** but are in the same range as the recently
reported complexes by Schelter et al.'"” A similar elongation is
also observed for the Ln1—N1 bonds from 2.373(3) Ain 1-La
to 2.436(3) A in 8-La and from 2.333(3) A in 1-Ce to
2.408(4) A in 8-Ce. The distances of the lanthanide atom to
the silylamide nitrogen atoms in 8-La and 8-Ce are in the
range of previously reported Ln(HMDS), com-
p]exes.mg’lﬁf169 For further crystallographic information see
the Supporting Information, Tables S1—S5.
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Figure 7. ORTEP plots of the complexes 8-La (top) and 8-Ce
(bottom). Thermal ellipsoids are shown at a probability level of 30%.
Hydrogen atoms have been omitted for clarity.

31p NMR Spectroscopic Investigations of 1-Ce and 8-
Ce. *'P NMR spectroscopy can often be used to obtain further
insights into the solution behavior of paramagnetic lanthanide
complexes, Therefore, we employed *'P NMR spectroscopy to
elucidate the electronic and steric properties of our new
cerium(III) complexes in solution. The paramagnetic nature of
the cerium atom in 1-Ce and 8-Ce caused an immense low-
field shift of the *'P NMR resonance to § 426.7 ppm in 1-Ce
and to § 383.3 ppm in 8-Ce compared to parent HPN (§ —
174 ppm) or the corresponding diamagnetic lanthanum
complexes 1-La (§ 9.2 ppm) or 8La (§ 10.2 ppm). All
these values were obtained in noncoordinating benzene
(CgDg) solutions. To further probe the solution behavior
and possibly accessible coordination sites in the complexes, we
have also measured *'P NMR spectra in coordinating solvents
such as THF-d;. While for the cerium complex holding two PN
ligands 1-Ce, the switch to a coordinating solvent had only a
minor impact on the chemical shift of the phosphorus
resonance (5 426.7 ppm in C¢Dy to § 423.2 ppm in THE-dy,
see also Figure $29 and $30), for the mono-PN system 8-Ce a
more pronounced dependency was observed. The *P NMR

spectrum of 8-Ce in THF-d; shows two resonances at § 386.1
and & 365.5 ppm compared to only one resonance in CDg at §
383.3 ppm (compare Figures $107 and $108). The second
resonance at & 365.5 ppm most likely results from coordination
of THF to the cerium atom; however the THF coordinated
complex seems to be in equilibrium with 8-Ce. The reduced
steric profile of complex 8-Ce in comparison to 1-Ce could
serve as a plausible explanation for the different behavior of the
two cerium complexes. A second explanation of the two 3p
NMR shifts for 8-Ce in THE-dg could also be that the initial
complex forms a mono- as well as a bis-THF adduct with the
general formulas Ce(PN)(HMDS),(THF), (n = 1, 2).
Unfortunately, we have not been able to study this behavior
in more detail, since we have observed that 8-Ce is unstable in
THF-dg with protonolysis of the complex occurring already
after 1 h at room temperature. The intolerance of some of our
PN complexes toward coordinating solvents has already been
mentioned in the paragraph concerning the synthesis of the
complexes featuring two PN ligands (vide supra). Further-
more, Schelter and co-workers have recently shown,'” that
there is a positive linear correlation between the *'P chemical
shift and the Ce—P distance in the molecular structures in their
cerium PNP complexes. Fitting our new data into this
correlation it becomes obvious that, although there is a
deterioration of the fit, a good approximation of the Ce—P
distance is also possible for other P('Pr), containing ligands
(see Supporting Information, Figure S131).
Electrochemical Investigations of 1-Ce and 8-Ce. It
has previously been reported that the PNP ligand framework
inherently stabilizes the cerium(1II) ion and no cerium (I11/IV)
redox couple could be observed.'” Inspired by this
observation, we became interested if a bidentate PN ligand
would offer the possibility of isolating a cerium(IV) complex or
also inherently stabilize the cerium(lll) oxidation state.
Therefore, we recorded the cyclic voltammograms (CVs) of
both complexes 1-Ce and 8-Ce and compared the results to
the CVs of the corresponding lanthanum complexes 1-La and
8-La, containing the redox innocent lanthanum(III) ions
(Figure 8). For the systems with one anilidophosphine ligand,
8-La and 8-Ce, we observed only one single irreversible
oxidation with a peak potential at +0.39 V vs Fc/[Fc]® in each
case. This clearly indicates that the oxidation is ligand
centered, as has also been observed in the examples by
Schelter et al. Moving on to the systems containing two
anilidophosphine ligands, 1-La and 1-Ce, both CVs were

—8-Ce
8la

1 0.5 0 0.5 -1 -1.5 -2 -2.5
Ein V vs Fc/[Fc]*

\,,,/}— —

—1-Ce
1-la

SuA

15 1 0.5 0 -0.5 -1 -1.5 -2 2.5
EinV vs Fe/[Fc]*

Figure 8, Cyclic voltammograms of 8-Ce/8-La (left) and 1-Ce/1-La (right) measured in 0.1 M [NBu,][PF,] in dichloromethane at room

temperature. Scan rate: 100 mV-s,
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found to be identical as well, showing an irreversible oxidation
at a peak potential of +0.39 V vs Fc/[Fc]* for 1-La and of
+0.46 V vs Fc/[Fc]* for 1-Ce as well as a quasi-reversible
oxidation wave centered at +0.91 V vs Fc/[Fc]" for both 1-La
and 1-Ce. The close proximity of the first oxidation process of
1-La and 1-Ce to the one observed for the mono-PN ligated
systems 8-La and 8-Ce further substantiates the notion of a
ligand centered oxidation. The fact that the second oxidation
occurs at the same potential for both 1-La and 1-Ce leads us to
the assumption that also the second oxidation is ligand
centered instead of metal centered. Since all CVs show
identical processes, but no unequivocally assignable Ce(Ill/
IV) redox couples, we believe that the chances of isolating a
cerium(TV) complex using anilidophosphine ligands are rather

small.
B CONCLUSION

In summary, we have presented the synthesis and reactivity of
a series of new lanthanide(IIT) complexes featuring either one
or two anilidophosphine (PN) ligands. This ligand class seems
to be applicable over the full range of the lanthanide series. In
our comprehensive study, we have been able to show that the
chloride and iodide complexes 1-Ln and 2-Ln (Ln = La, Lu)
with two PN ligands are valuable starting materials leading to
further functionalized metal complexes. We could further
demonstrate that the functionalization strongly depends on the
steric demand of the introduced ligands, indicating an
extensive steric shielding of the central ions by the two PN
ligands, which also gives a perspective for the isolation of
complexes with lanthanide—ligand double bonds in the future.
The steric shielding has furthermore been proven by the NMR
experiments carried out for 1-Ce in coordinating and
noncoordinating solvents, in which cases almost identical *'P
chemical shifts were observed. We have been able to isolate a
series of aryl chalcogenide and aryl pnictide functionalized
metal complexes including the isolation and structural
characterization of rare thiolato and primary phosphido
complexes of lanthanum and lutetium. Furthermore, we have
investigated the influence of the PN ligand on the cerium(III/
IV) redox couple in 1-Ce and 8-Ce and found that, in
agreement with a previous report by Schelter et al,, phosphorus
containing ligands lead to an inherent stabilization of the +III
oxidation state. In the future, we will focus on exploring new
reactivities with these systems including the reactivity toward
even heavier chalcogenide/pnictide ligands, the reactivity of
the lanthanide—phosphide bond, and the ability of stabilizing
lanthanide complexes featuring lanthanide—ligand multiple

bonds.
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Chapter 2 — Introduction

2.1 Introduction: Insertion Chemistry of M—P Bonds

From a synthetic chemist’s point of view the Ln*" ions have traditionally been mainly appreciated for
their high Lewis acidity.'”” However, since the seminal work by Marks and colleagues from the late
1980s and early 1990s®* 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, NR,, PR,, OR, SR or SeR). The propensity of the insertion products to undergo o-bond
metathesis results in a high efficiency of lanthanide(IlI)-mediated hydrofunctionalizations,'*!? i.e., the

catalytic addition of E-H groups to unsaturated organic substrates.'
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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).'*'® Simplified representations; no supporting ligands shown.

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

2022 in the first coordination sphere of group 3, 4 and

obtain rare types of phosphorus-containing ligands
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),'” isocyanides,
carbon dioxide/disulfide, iso(thio)cyanates or carbodiimides generally lead to x*-bonded ligands and
therefore an increase in the coordination number by one (cases B — E).!*1¢1319 The thermodynamic

driving force is provided by the formation of more stable M—O or M—N bonds compared to the M—P
bond.?® This applies similarly to labile M-S and M—Se bonds.**

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

cl
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Figure 2.1. Selection of insertion products of zirconium(IV) phosphido complexes by the groups of Hey-Hawkins and Stephan
(R* = CeHa-2,4,6-Bu). 202125

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-Hawkins?*?!-% and Stephan®?*>?’ in the 1990s. Their
comprehensive  spectroscopic and  structural ~studies covered, i.a., phosphaguanidinates,?!
phospha(thio)ureates®® and phosphaamidinates***” 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.?®*!>> 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 3'P resonances of the products, the reactions can be easily monitored
by *'P NMR spectroscopy: The 3'P resonances of the phospha(thio)ureate complexes [(#°-
CsEtMe4),ZrCI{EC(NPh)(PHCy)}] (E = O, S; Figure 2.1, third from left), for instance, lie at 6 = —
50.8 ppm (for E = O) and ¢ = —16.1 ppm (for E = S) compared to J = 71.7 ppm for starting complex
[(7°-CsEtMe4),ZrCI(PHCy)].%° Additionally, the respective 'Jpn coupling constant of around 225 Hz is
indicative of the retained PH group.?® 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 m-electrons along the [E=C=N]-fragments, as might be expected for the x*
(carboxylate-like) binding mode. In contrast, the mean carbon — phosphorus distance of ~1.86 A 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.*
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Figure 2.2. Structurally confirmed insertion products of lanthanide(IIT) and yttrium(III) phosphido complexes.'*'6
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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.!!1*162-3! 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,!® Zhou,'* and Schmidt'> from 2008 to 2013.

. ,/N—"Pr
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S ! =Ph
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Scheme 2.2. Catalytic cycle for the hydrophosphination of N,N’-diisopropylcarbodiimide with diphenylphosphine and [La(a-
DMBA)s]-precatalyst at room temperature, as proposed by Behrle and Schmidt.'’ The inserted fragments are highlighted in
pink.

An exemplary catalytic cycle for a room temperature lanthanide(IlI)-catalyzed hydrophosphination of
N,N’-diisopropylcarbodiimide with diphenylphosphine from 2013 is given in Scheme 2.2. Behrle and
Schmidt used 5mol-% of the precatalyst [La(a-DMBA);]*> (a-DMBA™ = a-deprotonated
dimethylbenzylamine) and initiated the catalytic process by protonolysis with diphenylphosphine in
THEF (left).'> The resulting active species [La(PPh,);(THF),] 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),] (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.'> 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(I'V) 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 (CO,) and organic substrates with polar double bonds.!”!833735 In

contrast to uranium, the strongly preferred oxidation state of thorium is +IV, so that any redox changes
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associated the Th** ion itself can be ruled out under the mild, non-reductive conditions of the insertion
reactions.**® 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(IIT) compounds, in which the highly Lewis acidic, oxophilic Ln*" ions do not engage in redox
chemistry as well (with the exception of the Ce***, Sm***, Eu**** and Yb*"** redox pairs).** Only the
number of anionic ligands, which can be accommodated by the metal ion, is higher for Th** than for
Ln* ions. As a consequence, stable (bis)phosphido complexes are more common for
thorium(IV)!733:34364041 than for the lanthanides.*>* Apart from this difference, the insertion reactivity

of thorium(IV) and lanthanide(IIl) phosphido complexes should be comparable to some extent.

2 'BuNC /Bu
methylcyclohexane C///
o R _23°C—rt Y
Jh - Th—N~
% R TR \ﬁ( N
C
\
=R

Scheme 2.3. Thorium(IV) phosphaazaallene complexes synthesized by Behrle and Walensky (R = 2,4,6-trimethylphenyl or
2,4.6-triisopropylphenyl).?

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*).Th(PHR),] (Cp* =CsMes; R = 2,4,6-
trimethylphenyl or 2.4,6-triisopropylphenyl) react with two equivalents of fert-butyl isocyanide,
respectively, to give rare n>-(N,C)-phosphaazaallene structural motifs (Scheme 2.3).*> Against the
chemical intuition that insertion of fert-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 Th* ion. This unusual transformation indicates that the proton bound to phosphorus

can be removed relatively easily after insertion.
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Scheme 2.4. Additional insertion reactions and follow-up chemistry reported for the complex [(Cp*).Th(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) fert-butyl nitrile (excess), toluene, —40 °C — 1t, 2 h, — remaining excess of
tert-butyl nitrile; (ii) KN(SiMes3)2 (1.09 equiv), 2.2.2-cryptand (1.15 equiv), toluene, —25 °C — rt, 1 h, — HN(SiMe3)2, — excess
0.09 KN(SiMes)2, — excess 0.15 2.2.2-cryptand; (iii) CO (1 atm), CéDe, —196 °C — rt, 10 min, — remaining excess of CO.
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A similar example, in which fert-butyl nitrile inserts into one of the Th—P bonds of [(Cp*),Th(PHMes)],
was reported by the group of Walensky in 2018 (Scheme 2.4).>* In contrast to the reaction with rert-
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 x*-(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, x'-(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.** Middle and late transition-metals have gained a lot of
attention in this development,®® since they are known to influence the magnetic and photophysical

behavior of lanthanide(IIT) complexes (Figure 2.3).°'>* While the effects of introducing 3d-metals into

) 55-72
2

lanthanide(I1I)-based systems were studied in the context of magnetic behavior (red boxes mainly

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

boxes).’*"3% Contrasting the large number of examples with iron,> % nickel,*”””° ruthenium,>3-76-

79,81,82 84-86,89 70-72,83,91 75,80,83,88

platinum, zinc and cadmium, which currently still dominate the field of

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

52,55,56,58

metals copper, silver® and gold®” ¥ have been employed.

Vil  VIII IX X XI XII

3 | Mn Fe Co Ni Cu Zn

4 | Tc Ru Rh Pd Ag Cd

5 |Re Os Ir Pt Au Hg

Figure 2.3. Middle and late transition-metals (groups VII — XII; rows 3 — 5), which have been used to influence the magnetic33-
72 (red) or photophysical373-%0 (yellow) properties of lanthanide(II) 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(IIT)—copper(I) heterobimetallic and -trimetallic complexes.>>>>%

In the case of copper, so far the d°-configurated Cu®** ion was combined with Ln** ions in
heterobimetallic or —trimetallic systems (Figure 2.4).5%3% Therefore, the analyses of the physical
properties of these complexes were focused on the magnetic interactions between the paramagnetic Cu®*
and Ln*" ions. Ligand scaffolds with O and N donor atoms based on di-2-pyridyl-ketoxime (top left)
or N,N’-linked bis(salicylideneimine)®>> (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 Ln*" ions. Intriguingly, no lanthanide(IlI)—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).8”° The Ln** 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
Ln;Au, or LnsAus (not shown) arrays, and — in the case of the 1,1'-bis(diphenylphosphino)ferrocene
(dppf) bridging unit — iron(Il) was integrated as well (top). Due to the rearrangements induced by the
coordination of the sterically demanding lanthanide(IIl) complex fragments, in most of the Ln>Au,
complexes, the former aurophilic interactions®* between the two Au* ions were not preserved (except
for Ln = Er, which led to the ErsAuy array).®” Although the distances between the Ln** and Au* ions in
these dyads lie in the range of approximately 8 to 9 A (e.g., 8.25 to 8.77 A for Er**),¥ the gold(I)
acetylide chromophores were shown to act as good energy donors for the sensitization of lanthanide(I1I)-
centered emissions in the visible and near-infrared (NIR) part of the spectrum.®”*° 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.

\ /) \ / ——Au— th z 20 550/
NN N \/ |
R ||||||-n|:r] o R e \Lnnlllll R
| oé \ X N N
73 0. A PhP—Au— 7 N\ 7\

Ln = Nd, Eu, Er, Yb R=C

R=C Ln = Eu, Gd, Yb

Figure 2.5. Selection of lanthanide(IIT)-gold(I) heterotetrametallic complexes (n = 2-5).87:%

A noteworthy example, in which gold(I) and also silver(I) — paired with either palladium(Il) or
platinum(Il) — act as room temperature photosensitizers for the prominent red luminescence of
europium(III), was reported only recently by Chorazy and co-workers.®’ The layered two-dimensional
coordination polymers have the formal composition {[Eu"(4,4’-bpdo)(H,0).][M"(CN)4]}
-[MY(CN).]-H,0 (with M" = Pd" or Pt"; M! = Ag' or Au'; 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.®

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

939 gsuch coinage-metal carbene units have not been

complexes in the fields of photochemistry,
combined with Ln** 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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Transmetallation

R
-'ps ), selection of coinage-metal
increasing
number
» bottable precursor salts of
variations

90000 NMmH

) selection of bridging ligand

selection of lanthanide

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,**** 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 Ln* 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.”’ %! 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,* Nicole Dickmann,* Roland Schoch, and Stephan Hohloch*®
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2 Paderborn University, Warburger Strafe 100,

33098 Paderborn, Germany . WA
\\»? 15’5( ° Mes P,/f ‘\N
el o Au—«N]
® University of Innsbruck, Innrain 80-82, 6020 - N\Ph ,Pﬁpr
N\ 'iﬂp" '
Innsbruck, Austria li\w U Pr

This article was published as follows:

Watt, F. A.; Dickmann, N.; Schoch, R.; Hohloch, S.
Inorg. Chem. 2020, 59, 13621-13631.
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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.
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ABSTRACT: A new route to heterobimetallic lanthanide—coinage-metal
complexes is disclosed. The selective insertion of organic substrates such as
phenyl iso(thio)cyanate into the La—P bond of the primary phosphido
complex (PN),La(PHMes) (1) (with PN~ = (N-(2-(diisopropylphosphan-
y1)-4-methylphenyl)-2,4,6-trimethylanilide) yields the phospha(thio)ureate
complexes (PN),La(OC(NPh)(PHMes)) (2) and (PN),La(SC(NPh)-
(PHMes)) (3) with retention of the PH protons. Subsequent deprotonation
of the phosphaureate complex 2 with potassium hexamethyldisilazide
(KHMDS, K[N(SiMe;),]) leads to the polymeric complex [K{(PN),La-
(OC(NPh)(PMes))}], (4). Complex 4 was found to be an excellent
precursor for salt metathesis reactions with copper(I) and gold(1) chlorides
supported by an N-heterocyclic carbene (NHC, 5 and 6) or a cyclic alkyl
amino carbene (CAAC, 7 and 8). This resulted in the unprecedented
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formation of heterobimetallic lanthanum—coinage-metal complexes, containing the first example of a p,k*(O,N):x'(P)-
phosphaureate bridging ligand. For an alternative route to complex 8 a direct protonolysis protocol between a new basic gold(I)
precursor, namely (M*CAAC)Au(HMDS), and 2 was also investigated. The complexes have been characterized by multinuclear

NMR spectroscopy, IR spectroscopy, and X-ray crystallography (except for 8).

B INTRODUCTION

The chemistry of the lanthanides (Ln) has advanced to be a
very important field of research in modern inorganic
chemistry."* As lanthanides are well-known for their magnetic
and luminescent properties, the applications of lanthanide-
containing molecules range from molecular magnetism®~'" and
(bio)analytical sensors'>™'* to optical communication'® and
modern catalysis.lé_‘M In recent years, new strategies to
systematically analyze and design lanthanide complexes with
the desired chemical, magnetic, or photophysical properties
have emergecl.‘l’ﬁ"‘u%'S In this context, transition metals such as
iron(0/11/111),°™* nickel(11),* ™" and zinc(11)**** have
been used to influence the magnetic behavior of lanthanide
compounds, whereas e.g. iridium(111),*° rhenium(1),"
platinum(11),*' ' palladium(11),** zinc(11),**** gold-
(1,557 and silver(I)** have been introduced for efficient
sensitizing of lanthanide luminescence™® ™ in heterobimetallic
or -trimetallic systems. Despite these significant advances,
straightforward and rational designs of heterobimetallic
lanthanide—coinage-metal complexes in particular have not
been much developed as yet.

Early-transition-metal and f-element phosphido complexes
are known to show a rich insertion chemistry which is very
useful for the construction of exotic and rare types of
phosphorus-containing ligands directly at the metal ion. A

® 2020 American Chemical Society

) 4 ACS Publications

considerable number of examples have been reported by the
groups of Hey-Hawkins and Stephan in the 1990s and include,
for instance, phc:osphaguanidinates,63 phospha(thio)ureates‘f’“L
and phosphaamidinates®® at zirconium(IV). In recent years,
more examples of analogous lanthanide and actinide (Ac)
complexes have accumulated.”*"*"**%~7* From a thermody-
namic point of view, the favorable exchange of rather weak M—
P bonds for more ionic M—N or M—O bonds provides the
main driving force in these processes.”” The insertion of
carbodiimides, iso(thio)cyanates, and nitriles as well as alkynes
and olefins into Ln—P (or Ac—P) bonds is also considered a
crucial elementary step in lanthanide (or actinide)-catalyzed
hydrophosphin(yl)ation reactions.”® 1™ The complexes
which are intermediately formed in these catalytic cycles can
often be isolated and characterized in separate stoichiometric
experiments (Figure 1).2%30162

To date, in the case of lanthanide complexes diphenylphos-
phanyl-substituted insertion products have been investigated
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Figure 1. Selection of isolated insertion products of lanthanide and actinide phosphido complexes.

almost exclusively, leaving no possibility for further function-
alization of the newly formed coordinated ligand. Still, there is
one example in the literature of functionalizing related
guanidinate ligands at the pnictogen (N) atom in the first
coordination sphere of lanthanide jons (Scheme 1).7° This

Scheme 1. Functionalization of a Guanidinate Ligand in the
First Coordination Sphere of Lanthanide Tons (R = Me,
J:Bu75)

c c
i Me,RSiCI, THF id
- ’Nj Fr -50°C—~rt NP
”L"‘N N : - LiCI{THF) "Ln‘N%N\ )
\ Li(THF), 3 T
Cy cy 4R

Ln=Yh, Er, Y, Dy

report by Zhou and co-workers from 2010 showed that
heterobimetallic lanthanide—lithivm complexes, obtained by
deprotonation of coordinated guanidinate with #-butyllithium,
can be selectively silylated. However, the authors did not
further investigate transmetalation reactions to obtain other,
more interesting heterobimetallic systems.

In 2018, Walensky and co-workers presented the addition of
tert-butylnitrile across one of the Th—P bonds of a thorium-
(TV) bis(mesitylphosphido) complex with concurrent proton
transfer from phosphorus to nitrogen (Scheme 2).°°
Intriguingly, the newly formed phosphaamidinate ligand
could be selectively deprotonated by a strong base such as
KHMDS in the presence of 2,2,2-cryptand, resulting in a rare
example of an end-on-coordinated dianionic aza- 1 -phosphaallyl
ligand.

Recently, our group has reported the synthesis of primary
phosphido complexes (PN),Ln(PHMes) (Ln = La, Lu)
supported by a bidentate, monoanionic anilidophosphine
ligand (N-(2-(diisopropylphosphanyl)-4-methylphenyl)-2,4,6-
trimethylanilide, abbrevnated PN~ )7(’ Intrigued by the
examples of Walencky and Zhou,” we were interested if
our complex (PN),La(PHMes) (1) is prone to undergo a
similar insertion chemistry with heterocumulenes. This type of
reactivity has already been reported for group IV and actinide
primary phosphido complexes®™ but is virtually nonexistent

for lanthanides. We envisioned that retention of the PH proton
after insertion might be a valuable tool to obtain further
reactivity: i.e., deprotonation and subsequent metalation with
late-transition-metal complexes. In the following, we will
describe the successful application of this strategy to obtain
new types of heterobimetallic lanthanum—copper(I) and
lanthanum—gold(I) complexes.

B RESULTS AND DISCUSSION

On consideration of the NMR spectroscopic advantages of
diamagnetic lanthanum(ITT) compounds and the straightfor-
ward multigram- scale synthesis of the respective chloride
precursor complex,”® the primary phosphido complex 1 was
chosen as the starting point for the evaluation of our targeted
synthesis route. The first step of the reaction sequence, namely
the insertion of either phenyl isocyanate or phenyl
isothiocyanate into the La—P phosphide bond in 1 (Scheme
3), was found to proceed quickly at room temperature. This
was indicated by an immediate color change from deep yellow
to pale yellow during the addition of 1 equiv of phenyl
iso{thio)cyanate.

The reactions could be easily monitored by P NMR
spectroscopy, showing that within minutes full and clean
conversion to a new complex had occurred in both cases.
Removal of toluene in vacuo followed by trituration and
washing with n-hexane or n-pentane gave an analytically pure
product as an off-white (2) or pale yellow (3) powder in good
isolated yields (>80%), respectively. Like the phosphido
complex 1, the P NMR spectra of the new complexes 2
and 3 in C4D4 show one singlet resonance for two chemically
equivalent PN ligands as well as a doublet resonance for the
PHMes moiety in a ratio of 2:1. A pronounced high-field shift
of the PHMes doublet resonance from § —36.4 ppm (1) to &
—90.1 and —56.4 ppm for 2 and 3, respectively, indicated the
successful insertion of phenyl iso(thio)cyanate. Similar 3'P
shifts upon insertion of various iso(thio)cyanates into Zr—
PHR (R = Cy, 2,4,6-'Pr;C¢H,) bonds have been reported
earlier.”* Additionally, the large doublet splittings of 242.8 and
2424 Hz magmtudes for 2 and 3, respectwely, lie in the typical
range of 'Jpy coupling constantsﬁ 6276=7% These couplings
disappear in the *'P{'H} NMR spectra to give singlet

Scheme 2. Insertion of tert-Butylnitrile into a Th—P Bond of a Thorium(IV) Bis(mesitylphosphido) Complex, Followed by

Deprotonation of the Phosphaamidinate Ligand68
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Scheme 3. Insertion of Phenyl Isocyanate or Phenyl Isothiocyanate into the La—P Phosphide Bond of 1, Yielding

Phospha(thio)ureate Complex 2 or 3
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Figure 2. Thermal ellipsoid plots of 2 (left) and 3 (right). Thermal ellipsoids are shown at a probability level of 30%. Hydrogen atoms (except for

H70) and solvent molecules have been omitted for clarity.

resonances, unambiguously confirming the retention of the PH
proton. Likewise, the PN ligand resonances of 2 and 3 are also
shifted to high fields (6 6.3 ppm (2) and 6.9 ppm (3)
compared to & 11.0 ppm for 1). This is in agreement with an
increase in the coordination number at lanthanum(IIT) by +1
and a diminished degree of donation from the ‘Pr,-phosphanyl
groups to the lanthanum atom after insertion. In the
corresponding 'H NMR spectra, the presence of a new set
of aromatic resonances due to the introduced phenyl
substituent as well as significant low-field shifts of the PH
resonance from § 3.42 ppm for 1 to § 5.11 and 5.32 ppm for 2
and 3, respectively, can be considered as additional indicators
of successful phospha(thio)ureate formation. Finally, the
expected connectivity was further confirmed by Be{'H}
NMR spectroscopy, with new resonances at low fields of &
186.5 ppm (2) and 208.0 ppm (3) for the PANCX quaternary
carbon atom of the inserted iso(thio)cyanate fragment (X = O,
S). The observed doublet splitting of 35 Hz magnitude in the
case of 2 results from 'Jop coupling to the adjacent PHMes
phosphorus atom and compares very well to reported literature
values.*

Unambiguous structural proof for the formation of insertion
products 2 and 3 was obtained by X-ray diffraction studies
(Figure 2). X-ray-quality crystals were obtained by either
storing a concentrated solution of 2 in a mixture of n-hexane
and a minimal amount of toluene obtained during workup or
gas diffusion of n-hexane into a C¢Dy solution of 3, at room
temperature, respectively. Complex 2 crystallizes in the
monoclinic space group P2,/n with half a molecule of n-
hexane in the asymmetric unit, while complex 3 was found to
crystallize in the triclinic space group PI without solvent
molecules in the lattice.

13623

In both cases, the lanthanum atom is six-coordinate in a
strongly distorted octahedral, almost trigonal prismatic
fashion®® by two PN ligands as well as the nitrogen and
chalcogenide atoms of the newly formed phospha(thio)ureate
ligand. Complex 2 exhibits a frans arrangement of the ‘Pry-
phosphanyl groups (P1—Lal—P2 angle of 170.40(4)°), with
the inserted PhNCO fragment being roughly perpendicular to
it (P1/2—Lal—080 and P1/2-Lal—N80 angles between
80.08(1) and 95.40(1)°, respectively). Interestingly, in the case
of 3 the phosphanyl groups are cis to each other (P1—La—P2
angle of 82.80(6)°), indicating a high flexibility of the PN
ligands for rearrangement around the lanthanum atom. While
the Lal—N80 distances to the phospha(thio)ureate ligand of
2.616(5) and 2.646(3) A in 2 and 3, respectively, are slightly
larger in comparison to the average Lal—N1/N2 distances of
around 2.41 and 2.45 A, both Lal—N80 and Lal—080/580
distances (2.448(4) and 2.972(2) A, respectively) are only
somewhat larger (0.05—0.2 A) than those in related lanthanide
phosphido insertion products.”**"*' We attribute these minor
differences to slightly different ionic radii as well as the high
steric demand of the two PN supporting ligands.” The N80—
Lal—080/580 angles of 522(1) and $5.57(6)° are only
slightly more acute than reported angles in related Zr(IV)
phospha(thio)ureate complexes.”” The new C80—P70 bond in
2/3 has a length of 1.856(6) A/1.865(3) A, and the XCNP
core (X = O, S) of the phospha(thio)ureate ligand is found to
be essentially planar with sums of angles around C80 of
~359.7 and ~359.1° respectively. In summary, all these
structural parameters lie in the expected range for phospha-
(thio)ureates in the coordination sphere of highly electro-
positive metal jons.®"** Additional information on the

https://dx.doi.org/10.1021/acs.inorgchem.0c01971
Inorg. Chem. 2020, 59, 1362113631
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Scheme 4. Deprotonation of Complexes 2 and 3 with KHMDS
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crystallographic data of 2 and 3 can be found in Tables S1 and
§2 in the Supporting Information.

After having accomplished the construction of phospha-
(thio)ureate ligands in the coordination sphere of PN-
supported lanthanum(III), we investigated the possibility of
deprotonating the PH group in 2 and 3. For this purpose,
complex 2 was treated with 1 equiv of KHMDS in toluene™ at
room temperature (Scheme 4, top). The initially yellow
solution turned into a thick yellow suspension overnight.
Clearly, this indicated the formation of a discrete salt or
coordination polymer, since all other lanthanum complexes up
to this point were readily soluble in toluene or benzene and the
related potassium salt of the PN ligand (KPN) is also known
to crystallize from concentrated aromatic solvents (i.e.,
CeD;).”® This notion was substantiated by the fact that the
isolated material of the new compound 4 could only be
dissolved in a coordinating solvent such as tetrahydrofuran
(THF). After filtering, washing with n-pentane, and drying of
the precipitate in vacuo, the obtained bright yellow solid (86%
isolated yield) was analyzed by means of *'P and "H NMR
spectroscopy in THE-dg. In the *'P NMR spectrum of 4, the
singlet resonance for the PN ligands can be found in the typical
range at 6 1.9 ppm. For the phosphaureate ligand, a singlet
instead of a doublet resonance is observed at § —38.9 ppm in
the 3'P NMR spectrum, proving successful deprotonation of
the PH group. In addition, successful deprotonation was
further indicated by the absence of the PH resonance in the 'H
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NMR spectrum of 4. Despite all our attempts, we have not
been able to obtain X-ray-quality crystals suitable for a full
structural elucidation. However, slow diffusion of n-hexane into
a concentrated THF-d; solution of 4 yielded crystals of
sufficient quality to unambiguously determine the connectivity
of compound 4 in the solid state. As anticipated, the potassium
salt 4 forms a one-dimensional polymeric chain in the solid
state. Therein, the potassium ions are coordinated by the
phosphorus atoms of the phosphaureate ligands as well as the
oxygen atoms of neighboring complex molecules. Additional
intra- and intermolecular interactions with arene substituents
complete the coordination spheres of the potassium ions (see
Figure 578 in the Supporting Information and the illustration
in Scheme 4). A similar one-dimensional polymeric chain
structure has been previously reported for the potassium salt
KPN.”

Similarly, the reaction of 3 with KHMDS resulted in the
deprotonation of the PH group (Scheme 4, bottom). However,
even though the "H NMR spectrum of the product indicated
that a quite defined material was obtained after workup, the *'P
NMR spectrum showed two surprisingly low field shifted
singlet resonances at § 60.8 and 10.2 ppm in addition to the
typical PN ligand resonance at & 3.3 ppm (see Figures $34 and
$36 in the Supporting Information). Conducting a variable-
temperature (VT) NMR spectroscopic investigation (Figures
S38 and $39), we observed splitting of the initial three 3p
resonances at 303 K into a set of eight resonances at 243 K
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(Figure $39). In addition, we noticed that the relative
intensities of the *'P resonances grouped at around & 60.8
and 10.2 ppm changed from 0.83:0.17 at 303 K to roughly
0.94:0.06 at 243 K, with the sum of the PN ligand rescnance
intensities set to a constant relative integral of 2 (Figures 536
and S37). When the elemental analysis data were taken into
account, which corroborated the formation of the desired
potassium salt of 3, the NMR spectroscopic results might
suggest an equilibrium between at least two different isomers
in solution. We therefore carefully hypothesize that the
phosphathioureate is not only &*(S,N)-bound to lanthanum-
(IIT), as would be expected, but can also rearrange to the
K*(P,N)-bound form (see Scheme 4 and Tigure $36 for
illustrations), since e.g. the electronegativities of the neighbor-
ing elements phosphorus and sulfur are very similar. The rather
complex dynamic processes involved prevented us from
isolating or crystallizing the isomers in question, and we are
currently further pursuing their identification and the proper
assignment of their spectroscopic features.

These findings caused us to concentrate our efforts on the
defined polymeric complex 4 and its salt metathesis reactions
to build heterobimetallic complexes (Scheme §5). For this we
chose 1,3-bis(2,6-diisopropyphenyl)imidazol-2-ylidene (IPr)-
or 1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-
ylidene (M*CAAC)-supported copper(I) and gold(I) chloride,
since we assumed that these coinage-metal ions would be a
good match for the rather “soft” phosphaureate P donor atom.

The use of different carbenes should also serve to
demonstrate the possibility of a modular design: e.g., for
fine-tuning of the electronic properties of the desired
heterobimetallic systems. In addition, with regard to possible
future photophysical applications, we considered the selected
carbene ligands to be perfectly suited for (i) efficient steric
shielding to minimize conformational flexibility as well as
intermolecular interactions and (ii) a future comparison of
photophysical properties with those of alreadY reported
luminescent coinage-metal carbene complexes.gnf‘

For the preparation of the heterobimetallic complexes 5 and
6 with an IPr supporting ligand at the coinage-metal ion a
suspension of compound 4 and 1 equiv of either (1Pr)CuCt™
or (IPr)AuCl”® were stirred in diethyl ether at room
temperature (Scheme 5). After 10—15 min the solution of
the suspension turned yellow, while the originally suspended
yellow solid (starting material 4) was replaced by a fine,
colorless precipitate, indicating the formation of potassium
chloride. Already at this point, reaction monitoring using 3p
NMR spectroscopy confirmed the full conversion to a new
compound in each case. Centrifugation, filtration, and removal
of the solvent in vacuo gave a solid which was washed with n-
hexane or n-pentane and dried in vacuo to yield the pure
product as light yellow powders in good isolated yields (80%
for § and 76% for 6). When the diethyl ether filtrate was
allowed to rest at room temperature, reasonable amounts of
crystalline material of both 5 and 6 could be obtained (vide
infra). For the corresponding " CAAC-supported systems 7
and 8, with (M*CAAC)CuCI"' or (M*CAAC)AuCI™ as the
starting materials (for the preparation, see the Supporting
Information), similar synthesis and workup protocols were
applicable. However, due to the higher solubility and the poor
crystallization behavior, substantially lower yields were
achieved in the case of the copper complex 7 (40%).
Additionally, for complex 8 the reaction does not proceed as
cleanly as for the previous examples and the impurities formed

have solubilities similar to that of the anticipated complex 8,
rendering its isolation elusive as yet. Alternatively, a one-pot
synthesis of heterobimetallic complexes by consecutive
addition of KHMDS and (IPr)MCI (M = Cu, Au) to
compound 2 in diethyl ether at room temperature was also
found to be feasible. *'P NMR spectroscopy confirmed the
formation of the desired complexes 5 and 6 (see Figures 547
and $55), showing that the potassium salt 4 does not
necessarily have to be isolated and at the same time
emphasizing the potential of this simple reaction protocol.
Since we found salt metathesis not to be an ideal route for
the isolation of complex 8, we opted for a different approach
for preparing 8: namely, a direct protonolysis of a basic gold(I)
precursor by complex 2 (Scheme 6). For this purpose, the new

Scheme 6. Alternative Route to Access Heterobimetallic
Complex 8 by Reaction of 2 with ("*CAAC)Au(HMDS)
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/'-,a\ »— Tol, 120 °C

NN
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gold(I) precursor complex (M CAAC)Au(HMDS) containing
the strongly basic bis(trimethylsilyl)amido ligand was synthe-
sized by substitution of trimethylphosphine with ™CAAC in
(Me;P)Au(HMDS)™ (for experimental, spectroscopic, and
crystallographic details see the Experimental Section, Figures
§1-S88, §70, and S§77, and Tables S1 and S2 in the Supporting
Information). Initially, no reaction between 2 and (M CAAC)-
Au(HMDS) in toluene was observed when the reaction
mixture was stirred at room temperature for 24 h and only
traces of 8 were formed at higher temperatures of 80 °C,
according to 'P{'H} NMR spectroscopy. However, the full
consumption of starting material 2 was finally achieved
through refluxing at 120 °C for 2 weeks, albeit with the
formation of significant amounts of the protonated ligand
HPN, presumably due to decomposition during the prolonged
heating (see Figure S68). We attribute the slow reaction rate to
the low reactivity of (M‘CAAC)Au(HMDS), since e.g.
electrophilic alkylation with benzyl bromide was not possible
under conditions reported for the related literature-known
complex (IPr)Au(N'Pr,)” (see Figure $69). Even though the
isolation of 8 was again hampered by similarly soluble
impurities, the experiment still shows that in principle such
heterobimetallic complexes can be also obtained by the
reaction of 2 with transition-metal amide precursors.

The new heterobimetallic complexes were analyzed by
means of multinuclear NMR spectroscopy in CgDg. Although
we were unable to obtain pure material of complex 8, the
respective distinctive NMR resonances can be confidently
assigned, especially in the “C{'H} and *'P NMR spectra (see
the Experimental Section and Figures S65—S67 in the
Supporting Information). Despite the complexity of the target
compounds 5—8, their 'H NMR spectra were found to contain
astonishingly sharp and well separated resonances, especially in
the aromatic region (see Figures 540, 548, S56, and S65 in the
Supporting Information), pointing to a high conformational
rigidity of the heterobimetallic systems in solution. In addition,
the fact that only one set of resonances of the complexes 5—8
is present in each 'H NMR spectrum suggests the selective
formation of one particular isomer, respectively. Apart from the
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Table 1. Selected >C{'H} and *'P NMR Data of Heterobimetallic Complexes 5—8 in C4D at 303 K, with Chemical Shifts § in

ppm
Bo{'H} NMR 3p NMR
complex Cearbene Conepirinzie PN Prhosphaueate
s 182.9 (d, *Jep = 44 Hz) 201.5 (br s) 37(s) —65.0 (s)
6 197.4 (d, ¥, = 66 Hz) 201.6 (br s) 4.0 (s) —42.0 (s)
7 251.4 (d, ¥ep = 42 Hz) 201.3 (d, YJcp = 46 Hz) 3.7 (s) —63.7 (s)
8 258.4 (d, ¥Jcp = 62 Hz) 202.2 (d, YJop = 48 Hz) 3.8 (s) —382 (s)

Figure 3. Thermal ellipsoid plots of 5—7 (from left to right). Thermal ellipsoids are shown at a probability level of 30%. Hydrogen atoms have been

omitted and 'Pr groups truncated for clarity.

appearance of a new set of carbene ligand resonances in the 'H
NMR spectra, the *C{'H} NMR data obtained for 5—8 most
clearly show the successful coordination of the different
coinage-metal carbene fragments to the phosphaureate ligand
(Table 1, left).

For the IPr systems 5 and 6 chemical shifts between & 180
and 200 ppm for the C_,,. resonance were recorded, while
for the M*CAAC analogs 7 and 8 these resonances lay at lower
fields of ¢ 250—260 ppm, as is typical of CAACs in comparison
to NHCs.”” Due to the higher electronegativity of gold(1),**
the Ciypene resonances of the gold(I) systems 6 and 8 are
shifted to lower fields compared to the respective copper(I)
analogues 5 and 7. More importantly, all C_ . . resonances
show a doublet splitting due to characteristic *J¢p coupling to
the Pihosphavreate atom, thereby confirming coordination of the
phosphaureate ligand via the P donor atom. The *J¢;, coupling
constants for the gold(I) complexes 6 and 8 of 60—70 Hz are
considerably larger than for the copper(I) compounds § and 7
(40—435 Hz), possibly indicating a stronger binding of the
gold(I) carbene fragment to phosphorus. Overall, the
determined *Jqp values are smaller than those for the reference
complexes [(IPr)Au(P‘Buy)][BF,]” (}Jep = 112 Hz) and
[(IPr)Cu(P'Bu;) )[BE,]'™ (}Jcp = 61 Hz), which is in line with
an inferior electron-donating ability of the bridging phosphaur-
eate ligand in 5—8 in comparison to tertiary phosphines.
Interestingly, the shift of the C_poqphaueste Tesonance (6 ~201—
202 ppm) is essentially unaffected by the choice of coinage-
metal ion or carbene supporting ligand, although it is
noteworthy that only for the MCAAC systems 7 and 8
doublet splittings of *Jcp = 46 and 48 Hz can be determined,
respectively.

A 3P NMR spectroscopic study of complexes 5—8 revealed
that binding of copper(I) or gold(I) carbene to the
phosphaureate ligand can also be easily followed by the shift
of the P haureate teSONANCE (Table 1, right). In comparison to
copper(I) complexes § and 7 (5 —63 to —65 ppm) resonances
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at lower fields of 5 —38 to —42 ppm were recorded in the case
of gold(I) complexes 6 and 8, as would be expected for more
electronegative gold(I). The type of carbene influences the *'P
shift of the phosphaureate bridging ligand in terms of slightly
low field shifted resonances for the M CAAC systems 7 and 8,
presumably due to the superior m-acceptor properties of
CAACs versus NHCs.*"*'"" The PN ligand resonances
behave nearly the same for the whole series 5—8 and are
shifted only slightly to higher fields by about 2 ppm in
comparison to complex 2.

For the three heterobimetallic complexes 5—7 structural
proof was finally obtained by X-ray crystallography (Figure 3).
Suitable single crystals for diffraction analysis of 5 and 6 were
obtained by storing concentrated diethyl ether solutions of the
corresponding complexes at room temperature (vide supra). In
the case of 7, slow evaporation of a concentrated toluene
solution at room temperature yielded single crystals of suitable
quality. Unfortunately, we have not been able to obtain X-ray-
quality crystals for complex 8 by any methods investigated as
yet.

All three compounds 5—7 crystallize in the monoclinic space
group P2,/¢ with one molecule in the asymmetric unit and no
solvent molecules in the lattice. In each case the
unprecedented p,k*(O,N):k'(P) binding mode of the phos-
phaureate bridging ligand, which was already inferred from the
NMR spectroscopic features, can be confirmed. Interestingly,
the coordination of the coinage-metal carbene fragments to the
phosphaureate ligand induced an isomerization in the
coordination sphere of Lal: ie., the relative arrangement of
the 'Pr,-phosphanyl groups of the PN supporting ligands
changed from trans in 2 (and 4) to cis in 5—7, exhibiting P1—
Lal—P2 angles between 84.79(4) and 83.09(2)°. Apart from
the Lal—N80 distances, which are about 0.1 A shorter, all
other bond metrics of the phosphaureate bridging ligand in 5—
7 are found to be essentially the same as in compound 2 (see
Table S2 in the Supporting Information). For the coinage-
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metal carbene fragments bound to P70 merely subtle structural
differences can be asserted, which most likely result from
packing effects. The P70—Cul bond lengths in § and 7 (both
2.2043(7) A) and the P70—Aul distance in 6 (2.314(2) A) fall
into the range of the reference complexes [(IPr)M(P'Bus)]-
[BE,] (M = Cu, Au).”>'® The same applies for the Cul/
Aul—C100 distances,””*"" whereas the P70—Cul/Aul—C100
angles between 164.57(7) and 169.57(8)° in 5—7 clearly
deviate from linearity, most likely due to steric repulsion
between the carbene ligand and the phosphaureate phenyl as
well as mesityl group. The C80—P70—Cul/Aul angle in 7
(114.16(9)°) is somewhat larger than in § (111.03(7)°) or 6
(110.1(2)°), which might reflect a better ability of the
unsymmetrical Cu(M*CAAC) fragment to bend in one
(sterically preferred) direction. For more details on the
crystallographic data of 5—7 see Tables S1 and S2 in the
Supporting Information.

In this context, one interesting stereochemical property of
this first set of examples of a phosphaureate bridging ligand is
worth mentioning. Since the phosphaureate ligand is locked in
position by its ¥(O,N) binding mode to lanthanum, the
coinage-metal carbene fragment bound to P70 can lie either in
the hemisphere above or beneath the O80—N80—P70 plane,
when one looks along the Lal—C80—P70 trajectory shown in
Figure 4. This is expressed by positive N§0—C80—P70—Cul

Au
Mes— Mes — o8
G=%7N-Ph G="=N-Ph
Cu
5 6=+70.39" 7 9=+6042° 6 0=-68.08°
+synclinal -synclinal

Figure 4. Views along the Lal—C80—P70 trajectory in 5 and 7 (left)
or 6 (right), respectively. The representations of 5—7 are simplified
for clarity (i.e, no La(PN), fragment or carbene ligand shown), and
NB80—C80—P70—Cul/Aul dihedral angles # are given.

dihedral angles & of +70.39 and +60.42° in S5 and 7,
respectively, in comparison to a negative N80—C80—P70—
Aul dihedral angle @ of —68.08° in the case of 6. Even though
already at this point it appears that there are different
preferences for copper(I) (+synclinal) and gold(I) (—syncli-
nal), a larger number of comparable examples is required to
delineate conclusive parameters on how the stereochemical
outcome in these heterobimetallic complexes is governed.

B CONCLUSION

In conclusion, we have presented an attractive, straightforward
route for the synthesis of a series of unprecedented
heterobimetallic lanthanum—copper(I) and lanthanum—gold-
(I) complexes. Capitalizing on the insertion reactivity of the
La—P primary phosphide bond in 1 toward phenyl iso(thio)-
cyanate, we were able to isolate 2 and 3 as rare examples of
phospha(thio)ureate complexes of lanthanum(III). The
retention of the PH proton was key to further functionaliza-
tion: i.e., deprotonation and subsequent salt metathesis in the
case of 2 to yield polymeric potassium salt 4 and furnish the
new heterobimetallic complexes 5—8, containing the first
example of a phosphaureate bridging ligand with an
unprecedented x*(0,N):x'(P) binding mode. Additionally,
compound 8 can be obtained by protonolysis of (M*CAAC)-
Au(HMDS) with complex 2. For 5 and 6, we found that the
two-step reaction sequence with intermediary isolation of 4

can be replaced by a one-pot reaction protocol, further
emphasizing the simplicity with which such heterobimetallic
systems can be constructed. All target compounds were
analyzed in detail by NMR spectroscopic techniques and by X-
ray diffraction analysis (except for complex 8). Despite the
high complexity of 5—8, NMR spectroscopic investigations
pointed to a high conformational rigidity of each compound in
solution. X-ray diffraction studies of 5—7 revealed two
stereochemically distinguishable coordination possibilities at
Pohosphaurcae for the coinage-metal ion. In the future, our
modular approach, as exemplified in this work by insertion of
different organic substrates into the La—P primary phosphide
bond as well as a variation of carbene supporting ligand and
coinage-metal ion, should give access to a wide range of
carefully designed heterobimetallic lanthanide(I1I)—coinage-
metal complexes with intriguing properties for photochemistry
and catalysis.
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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.! 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

3+/4+

accommodated by Ln"*** ions, their large ionic radii and the predominantly ionic character of the Ln=X

unit which drives the thermodynamically favored cluster formation with other Ln*”** ijons

(Scheme 3.1).27

®=@ 1.:>—( :) ®=®_R

ot 5

Scheme 3.1. Dimerization (middle) or cluster formation (left and right) of Ln=X groups (R = alkyl, aryl).>> 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 Ln** ion.® 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.”!! 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,'>!? the last decade

has seen an unprecedented emergence of lanthanide oxo and imido chemistry,'

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.!>° The goal to address such fundamental questions

in lanthanide chemistry?! 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(IIl) compounds, since the higher oxidation state of cerium(IV) results in a
higher degree of covalent bonding in the Ln=X unit** 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 Kldui tripodal ligand
[Co(Cp){P(O)(OEt2)}3]” (Lok:).'” 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 [(Log)2(H.0)Ce=0]-H.NC(O)CH3 (Figure 3.1).
The experimentally determined short Ce—O distance of only 1.857(3) A along with DFT calculations
support the notion of a Ce=0O double bond through c- and n-bonding interactions, although the NBO
analysis suggests a strong ionic character of the Ce=0 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 Brgnsted and Lewis acids.*

o2 . =

0Q: ¢ EtO Et
—Ce, 0 N \ Co,
(&:: \\O---H\ 000 — BtO—p—") " = Et
N EtO~ {;~OFt
H

Figure 3.1. First example of a terminal Ln=X double bond in the cerium(I'V) oxo complex [(Lok:)2(H20)Ce=0]- H2NC(O)CHj3
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{C,HiN(Si'BuMe:)}s]> (TREN?*")
supported cerium(IIl) by coordinated nitrate in the presence of 12-crown-4 (12-c-4) ligated lithium to
yield [Li(12-c-4)][(TREN)Ce=0] (Scheme 3.2).'°® The lithium capped cerium(IV) oxo complex, for
which a short Ce—O distance of 1.902(2) A was determined crystallographically, could be cleanly
silylated with chlorodimethyl-ters-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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[Li(12-c-4)]

9 [Li(12-c-4)]
[ I
o=N=0 :
./ _Si'BuMe, Et,0, rt . 0 /Si‘BuMez
Me,Bu S'\N—Ce Me,Bu S|\N_ >
-NO
{ | N_SltBuMez 2 ({ Nj-Si'BuMez

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.'6

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).'® Remarkably, due to the clustering this compound is

thermally stable as well as air and moisture tolerant.

Cc

C‘@\ __Rb(THF), _Rb

N 4 OCPh o
THF, rt2 0 ”

—4n THF
— 4 (F,C),H3C¢NCPh,

- —4

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,?**° the first lanthanide complex featuring a terminal imido ligand

was presented in 2015 by the group of Anwander.’

Through the use of the sterically demanding tridentate, monoanionic hydrotris(pyrazolyl)borato ligand
[HB(1-pyrazolyl-3-Bu-5-Me);]~ (Tp®"“M¢") the authors were able to first isolate neutral mono(methyl)
arylamido complexes of yttrium(IIl) and lutetium(Ill), 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 Brgnsted acidity and better accessibility of the NH group in the amido precursor

complex.
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N7 r-Bu DMAP N7 r-Bu r\q\
N=N, toluene/n-hexane -~ 7 \
Y2 Bu e rt Yb—‘Bu Ny

HB"‘N-N-Ln: HB=N=N~|p,
N—N/ NHAr - CH, \N / Ar

Ln=Y Ar=26-CgHs(CHs),
Ln=Lu Ar= 3,5'C6H3(C )2

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.> 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)."> 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-'BuNO)CsHsCH:}3N]*~ (TriNOx*")*!2 which, the authors reasoned, should not

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

c c
c c
_Q\ _ _Q\ MoV M =Li (solv), = Et,0/THF
NH MN(SiMes3), Nl : (solv),, = TMEDA
(o) S solv (o) S
{ comN—BY . I eemN-BU M=K (solv), = (DME),
Bu—N—

t —C
~ Bu—N \
‘BuL\N'o — HN(SiMe;), Bu !\ 0 M =Rb (solv), = (DME),
N N- M =Cs (solv), = (DME),
L© (solv), = 2.2.2-crypt

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.'>!8 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-C¢H3(CF3).] by deprotonation of the cerium(IV) arylamido precursor with various
alkali metal hexamethyldisilazide bases.'>!® 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—Nimigo bond lengths of
2.077(3)-2.129(3) A, depending on the counterion, were found to be significantly shorter than the Ce—
Namido bond length of 2.379(3) A 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.!” Theoretical calculations showed that the
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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 Nimiao 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).'>'¥ In addition,
insertion of heteroallenes like carbon dioxide or organic isocyanates into the Ce=N bond was observed.*?
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.?62%343
B JAr T
- N
Mo A R\NJ\O
Ol Me;SiCl o |L\\\ RNCO O\\/\\\\
"Ilfcégn - r‘i,Ceun . "‘/Cé"“
L N \30
K_ N‘ & N’ k- N'
N N i | ]
(Me;Si),0 co,
Ph,CO - N
X
SiMe; A
o’ W
(,)\ c ,o“; \ _ Io\\ /\\:‘ I\
L \ N/Ce
\>o 0 S
’ 4
b il L
N ,‘i/Ce"" N

Scheme 3.6. Reactivity of the cerium(IV) imido ate complex by Schelter et al. towards chlorotrimethylsilane,
hexamethyldisiloxane, benzophenone, carbon dioxide and organic isocyanates.'>!%33 Simplified representation of the TriNOx*-
ligand framework and reaction equations not balanced for reasons of clarity; Ar = 3,5-CcH3(CF3)2; R = Adamantyl or 3,5-

CeH3(CF3)a.
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3.1.3 Lanthanide Phosphinidene Complexes

ipr\’iPr ’Pr\I’Pr 'PI"/’Pr
SiMe, 2 H,PMes 3 ‘Bu
\ o toluene, 80 °C \ _FPu, /
5 N—Lu - 5 N—LuZ 4"Lu—N 3
/ \| _ 4 SiMe, / \ | By
—i SiMe —X Y |
ipr iPI' Pr iPr 'Pr 'Pr .

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

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 scandium® and the actinides (particularly
uranium and thorium)*’*! a small number of terminal phosphinidene complexes, which in the case of
uranium are known since 1996,*' could be uncovered during the last decade. Besides two phosphinidene
bridged metal clusters of dysprosium(IIT) and lutetium(III),**** 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 2008> and a series of neodymium(III) phosphinidene

complexes by Chen ef al., reported in 2008 and 2010.%43

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(I1I) functioning as internal bases during the reaction with mesitylphosphine (Scheme 3.7, left).>
Notably, the deprotonation required temperatures of 80 °C over 12 h for full conversion. The *'P{!H}
NMR spectrum of the diamagnetic, cherry red lutetium(IIl) product complex exhibits a strongly low-
field shifted resonance at J = 186.8 ppm as it is typical for f-element phosphinidene units.** However,
the diagnostic quintet splitting of this resonance together with a triplet splitting of the PNP ligand
resonance at = 18.1 ppm (*Jpp = 14.6 Hz) indicate a dimeric structure in solution. Indeed, X-ray
structure determination revealed a slightly asymmetric Lu,P» core unit with Lu—P bond lengths of
~2.60 A and ~2.65-2.67 A 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.® 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*PH,; Mes* = 2,4,6-tri(fert-butyl)phenyl) resulted in the C—H-activation of
one of the ortho-Bu 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.

o ﬂ J@%@ @0 ~ 3

\/ / ll, [ g / 1,
r\/ld< /Nd\o

N, un

- /Nd /Nd

Figure 3.2. A dinuclear neodymium(Ill) halide complex with bridging phosphinidene ligands by the group of Chen from 2008*
(left) and derived phosphinidene complexes obtained by subsequent salt metatheses, as published in 2010% (middle and right).

An alternative entry into (early) lanthanide phosphinidene chemistry was established by Chen and co-
workers. The reaction of NdI3(THF)s 5 with the potassium phosphide K[P(SiMes)(Dipp)] resulted in the
replacement of two iodide ligands and the formation of a dinuclear phosphinidene bridged
neodymium(IIl) complex after salt metathesis and silyl group exchange (Figure 3.2, left).** Although
the paramagnetic nature of neodymium(IIl) prevented a NMR spectroscopic study, similar to
Kiplinger’s report,” X-ray structure determination showed the Nd,P, core unit to be asymmetric with
Nd-P bond lengths of ~2.73 A and ~2.78 A. Interestingly, the [PAr] plane was found to be nearly
perpendicular to the Nd,»P» plane (angle of ~81.3°), whereas in Kiplinger’s case the [PAr] plane is close
to planar with the Lu,P> plane (angles of =5.8 and =7.1°).> The presence of another iodide ligand in
Chen’s complex allowed for the investigation of further salt metathesis reactions with KCp* (Cp*~ =
CsMes") and KTp™ (Tp™ = [HB(1-pyrazolyl-3-Ph);]"), the result of which was the isolation of two
additional phosphinidene bridged dinuclear complexes of neodymium(IIl) (Figure 3.2, middle and
right).¥ 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 A and =2.79 A)anda significant decrease of the angle between [PAr] and Nd»P» 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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Deprotonation of the terminal phosphido complex {PN);La(PHMes)
{1) results in the C~H-activation of one of the PN ligands, formally
retaining the PHMes group. The reaction mechanism and the
possible involvement of the transient phosphinidene complex 2
are investigated by theoretical and chemical means including a deu-
teration experiment employing (PN),La(PDMes) (1-d). Furthermore, the
thermal stability of product [K(2.2.2-cryptand)][(PN)(PN.ycio)La(PHMes)]
{3b) is examined, giving the diphosphido complex [K(2.2.2-cryptand]]
[(PN);La(P;Mes,)] (6).

Transition metal complexes with double-bonded ligands are known
to be valuable synthons and catalysts.' Due to their capability of
activating small molecules,”™ to perform C-H-activation® and
undergo group transfer reactions,™® a lot of effort has been
expended on developing such systems. However, the chemistry
of f-elements with double-bonded ligands is still a considerable
challenge for synthetic chemists.” Due to the strong charge
polarisation and low covalency, resulting from the energy
mismatch and low spatial overlap between the frontier orbitals
of lanthanide and ligand,® these species tend to be very reactive
and hard to handle.

Nevertheless, the last decade has seen the isolation of
Ce'Y=0 groups,™'? (alkali metal capped) Ce'Y=N(Aryl) bonds
(Fig. 1, A)®'! and nucleophilic Ce'V carbene complexes,** to
name only a few examples which underline the growing interest
in f-elements with double-bonded ligands. However, even
though a variety of double-bonded ligands has been explored
employing cerium(iv),"* the isolation of terminal phosphini-
dene complexes of the “classical” trivalent lanthanides remains
elusive as yet. Besides a small number of (multi-metallic) Sc™
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Fig. 1 Selection of f-element complexes with double-bonded ligands.

phosphinidene complexes®®'* and two Sc™ phosphinophosphi-
nidene complexes,’ to date, only four examples of phosphini-
dene bridged dinuclear lanthanide(m) complexes have been
reported by Kiplinger (Fig. 1, C)'® and Chen (Fig. 1, D)."”

Recently, our group started to study a series of lanthanide
complexes using the bidentate N-(2-(diisopropyl-phosphanyl)-4-
methylphenyl)-2,4,6- trimethylanilide ligand, short PN, which
included the isolation'® and insertion reactivity'” of the term-
inal phosphido complex (PN),La(PHMes) (1). Notably, the same
PN ligand was found to stabilise a rare example of a potassium
capped uranium(v) imido complex (Fig. 1, B) by the groups of
Schelter and Mindiola,® which most likely forms via 1,2-CH
addition across the U'V=N triple bond of a transient uranium(iv)
nitrido complex. Inspired by these results, we became interested,
if the bidentate PN ligand would also allow the isolation of the
first terminal lanthanum phosphinidene complex with a La"'=P
double bond (Scheme 1, target compound 2).

Deprotonation of the phosphido complex 1 with potas-
sium hexamethyldisilazide (KHMDS, KN(SiMe;),) or benzyl
potassium (KBn) in 1,2-dimethoxyethane (DME) at room tem-
perature in the presence of 18-crown-6 (18C6) or 2.2.2-cryptand

This journal is € The Royal Society of Chemistry 2020
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Scheme 1 Attempts tc isolate terminal phosphinidene complex 2, starting
from 1, leading to anionic alkyl complexes 3a,b {(a: L = 18C6, b: L = 2.2.2-
cryptand; base: KHMDS or KBn), the thermal decomposition of 3b leading to
6 and the deprotonation cof 4 to give 5a,b.

led to the formation of the orange-coloured complexes 3a and 3b
(Scheme 1, top), respectively. The new complexes can be
obtained in crude yields of ~53% (3a) and ~92% (3h), either
by crystallisation from DME/diethyl ether at —40 °“C to give
orange-coloured blocks (3a) or by trituration of a toluene extract
with #-hexane to give an orange-coloured powder (3b). Note that
we only give crude yields, since one inseparable side product is
being formed in the reactions (Fig. $3, ESIT). Nevertheless, both
complexes can be obtained in purities of at least 85% under
these conditions. Notably, complex 3a can be obtained in
purities of =94% by a switch to cyclohexene as solvent (vide
infra), Complex 3b was found to be much more difficult to
(re)erystallise in useful quantities and decomposes easily, where-
fore we have not been able to fully characterise this complex.
The *'P NMR spectra (THF-dg) of both 3a and 3b show no
signal above 100 ppm, which would be indicative of a phosphi-
nidene complex.’® Instead, a doublet of doublets which is
shifted to 6 = —87.4 ppm (‘Jpi; = 181.6 Hz, *Jpp = 22.6 Hz) for
3a and = —86.9 ppm (“Jpy = 180.8 Hz, *Jpp =21.6 Hz) for 3b

3.

H70 Hp10 R
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(compared to § = —36.4 ppm (d, oy = 198.9 Hz) for 1) is
observed,"® clearly showing the presence of a PH group in the
complexes 3a,b. The resonances of the PN ligands between
6 = 2.5 and 4.0 ppm are split into a complicated multiplet
structure. A more detailed analysis in the *'P/"H} NMR spec-
trum of 3a reveals that the phosphorous atoms of two chemi-
cally inequivalent PN ligands couple to each other across the
lanthanum(m) ion (*/pp = 36.8 Hz). One of the PN ligands
shows an additional coupling to the mesitylphosphido ligand
(*fer = 22.6 Hz). Furthermore, the "H NMR spectra of 3a,b
exhibit two distinct sets of PN ligand resonances, indicating
that the deprotonation must have happened at one of the PN
ligands. The presence of two new doublets of doublets at
é = 1.07 ppm and J = 2.78 ppm corresponding to one proton
each and a coupling constant of >/, = 4.8 Hz is consistent with
an anionic mesityl-CH, group showing geminal coupling.”" The
notion of diastereotopic methylene protons is also confirmed
by the 'H-'*C HSQC NMR spectrum of 3a, which contains two
cross peaks at ¢ = 1.07/65.4 and 2.78/65.4 ppm. Given the
spectroscopic signatures of the minor impurity (e.g., see
Fig. 515 in the ESI}), we assume it to be a hitherto unidentifi-
able C-H-activated product.

Orange-coloured, X-ray quality crystals of 3ab could be
obtained either during work-up as described above (3a) or by
gas diffusion of n-hexane into a solution of 3b in THF at room
temperature (Fig. 2). The La1-P70 distances are found to be
3.049(1) A and 3.025(1) A for 3a and 3b and are in the same range
as in complex 1,'® thereby unambiguously confirming the La—P
single bond character. The presence of the PH proton (found in
the Fourier Map) also proves that the PHMes group is retained.
However, as expected one of the PN ligands is deprotonated,
displaying a lanthanum - methylene distance Lal-C25 of
2.634(3) A (3a) and 2.617(2) A (3h).

Schelter and Mindiola and co-workers recently reported a
similar C-H-activated uranium complex (Fig. 1, B), using the
same PN ligand in the attempt to isolate a terminal uranium
nitrido complex.?® Theoretical investigations revealed that B
most likely formed via the 1,2-addition of the mesityl C-H bond
across a transient uranium(w) nitrido group. We assumed that
a similar process, via a transient phosphinidene, could also be
viable in our case. To evaluate the possibility of transient
terminal phosphinidene 2 during the deprotonation of 1, we
calculated the enthalpy profiles of two pathways which would

Fig. 2 Thermal ellipsoid plots of the complexes 3a, 3b, 5a and 6 (from left to right). Hydrogen atoms, sequestration agents (including K1 in the cases of
3b and 6) and solvent molecules have been cmitted for clarity. Thermal ellipsoids are shown at a probability level of 50%.
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Fig. 3 Enthalpy profiles of the potential C—H-activation pathways in the reaction of L with N(TMS),: direct deprotonation of the mesityl-CHs group of a
PN ligand (path A, left) or 1,2-CH addition via a transient phosphinidene (path B, right). Product HN({TMS). and one PN supporting ligand are omitted for
clarity. Theoretical calculations were performed with B3PWS1 functional and RECP for La (gas phase).

both lead to 3a,b: (I) a one-step reaction with direct deprotona-
tion of the mesityl-CH; group of the PN ligand by KHMDS
(Fig. 3, path A) or (II) a two-step reaction proceeding
via transient phosphinidene complex 2 followed by the 1,2-
addition of the C-H bond (Fig. 3, path B). The calculations
show that in both cases the deprotonation step itself is
exothermic by —31.9 keal mol ' (path A) and —30 keal mol '
(path B) with essentially no activation barrier. However, in the
case of path B the following 1,2-CH addition across the La—P
double bond of 2 has to overcome a barrier of 14.9 kcal mol
to form complex 3.

To differentiate between the two competing reaction path-
ways experimentally, we subjected the deuterated complex 1-d to
the same conditions used for the deprotonation of complex 1
leading to 3a (Fig. S64, ESIT). While we started from 86% deuterium
enrichment, we obtained 78% hydrogen on the phosphorous atom
after the reaction (Scheme 2). In addition, DN(SiMe;), was detected
in the *H NMR spectrum of the reaction (Fig. $65, ESIt). Notably,
when the reaction was carried out in cyclohexene, full conversion
of the PD group to the PH group was observed after 10 min and no
subsequent isotope scrambling could be detected even after 3 d
(Fig. $67 and S24, ESIt). These observations provide clear evidence
for the formation of a transient lanthanum phosphinidene
complex 2 as the dominant reaction pathway to 3a. Attempts to

B6% isotopic PD
enrichment

78% isotopic PH
enrichment

2
transient

‘ phosphinidene

Scheme 2 NMR scale reaction between deuterated complex 1-d and

KHMDS/18C6 in DME showing the isotopic enrichment (D/H) prior and

after the addition of base (counter ions and reaction by-products are

omitted).
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trap the reactive intermediate in cyclohexene led to ~94% pure 3a
(vide supra), pointing to a very fast intramolecular reaction of 2 to
form 3a. While these experiments do not fully exclude a transient
dimerisation of 2 or its association with [K(18C6)]" prior to the
formation of 3a, the occurrence of a transient terminal phosphi-
nidene complex prior to the formation of 3b can be considered to
be very likely, based on literature reports employing 2.2.2.-
cryptand®'® and the similarity of our deprotonations with 18C6
and 2.2.2.-cryptand.

Although the deuteration experiment demonstrated the
formation of 3a,b to proceed mainly via a phosphinidene
intermediate, we were interested if the direct deprotonation
pathway is also facile. Deprotonation of the mesitolate complex
4 (Scheme 1, top) resulted in the clean formation of yellow
complexes 5a (74%) and 5b (89%). X-ray quality crystals of
complex 5a unambiguously prove the depicted structure of 5a
as an anionic alkyl complex (Fig. 2 and Fig. §73, ESI{). The
facile direct deprotonation to give 5a,b underlines that the
intermediate phosphinidene formation in the cases of 3a,b
must be highly competitive, which could also be the cause for
the formation of the undesired side products.

Next, we examined the thermal stability of the complexes
3a,b. Acknowledging the approach of Kiplinger and co-workers
to obtain phosphinidene complex C,'® we envisioned that due
to the small energy gap of 1.9 kcal mol ' between 2 and the
obtained products 3a,b, heating the alkyl complexes 3a or 3b
might facilitate intramolecular deprotonation of the PH group
to give the desired phosphinidene complex 2 (Scheme 1,
bottom). While for 3a heating led to intractable mixtures, for
3b we observed a moderately clean NMR scale reaction in THF-
dgq at 50 °C (Fig. S68, ESIY), from which we obtained small
quantities of X-ray quality crystals of the diphosphido complex
6 with [P;Mes, > ligand. Strikingly, the *'P{"H} NMR spectrum
of the raw product contains only one singlet resonance for the
PN ligands at é = 9.3 ppm, suggestive of a symmetrical structure
of the main product complex. In addition, P-P bond formation
is evident by a new broad resonance at é = 30.5 ppm,
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corresponding to the diphosphido ligand. The P70-P80 bond
length in 6 is found to be 2.168(5) A (Fig. 2), which is in the
range of reported diphosphido ligands.”>** The protonation of
the mesityl-CH, group indicates that it is possible to reverse the
cyclometallation and generate complex 2 in sitw. This is in line
with literature reports, in which, e.g. Stephan™ and Walter™
and co-workers have shown that such P-P coupled species most
likely form via (transient) phosphinidene complexes.

In summary, our results provide strong evidence for a
transient (terminal) phosphinidene complex of a “classical”
trivalent lanthanide ion. Future work will be directed to isolate
such a species in a crystalline form, as well as to study the
reactivity of such transient and isolated species in more detail.
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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 1824!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 18" and early 19" centuries®* and
marks the discovery of (constitutional) isomerism.>® Wohler’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.® 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 1950s*!° by the famous electric discharge experiment of Miller and Urey and
which are pursued to this day using many different approaches.!'"!” Intriguingly, since 1979'® modern
astrophysical observations point to the occurrence of [OCN]™ in icy objects of our solar system and the

19-23

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

formed by abiotic processes.?*

2011-2018:
1828: Wohler - Gritzmacher & Goicoechea
o 1979: Foust; Soifer Synthesis of
[NH,][OCN] _A> JL X-Ray Structure of [TeCN]; Na/K(solv),ChCPn
H,N NH, Detection of [OCN]™ in Space (Ch=0,S, Se; Pn=P, As)
y | | | .
I I I
1824: Liebig & Gay-Lussac 1894: Shober & Spanutius 1992-1994: Becker
Quantitative Analysis First Synthesis Synthesis of Li(DME),0C
of AgONC & AgOCN of NaOCP (?) and Li(DME),;SC

Figure 4.1. Timeline with selected discoveries and achievements in the history of triatomic, cyanate-type anions [ChCPn]~ (Pn
=N, P, As; Ch =0, S, Se)."">71825-32 For simplicity only the principal investigators are listed. The dates refer to the year of

publication.

For the chemists of the 19" and 20™ 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(IIl) complex.* In coordination chemistry thiocyanate in particular
is considered as the archetypical example of an ambidentate ligand:**3 It can bind to a metal ion with
either sulfur or nitrogen and helped the descriptive (but not always correct)®” “Hard and Soft Acids and
Bases” (HSAB) concept®®3° of Pearson to become popular in university textbooks on inorganic
chemistry from the 1960s onwards.***! Selenocyanate ([SeCN]") was the first air-sensitive cyanate-type
anion.*? Due to its sensitivity and the strong odor of selenium compounds, complexes of [SeCN]~ were
not thoroughly investigated before the 1960s.4** The successful synthesis and linear structure of the
-y

even more reactive tellurocyanate ([TeCN])* were confirmed crystallographically only in 1979.%
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Although the related, air-sensitive 2-phosphaethynolate anion ([OCP]") was probably synthesized as
early as 1894,% the first heavier homologues containing phosphorus were structurally authenticated only
in the early 1990s,%?® when Becker and co-workers reported the syntheses of Li(DME),OCP and
Li(DME);SCP. Multi-gram scale preparations of more stable sodium and potassium salts of [OCP]~ by
the groups of Griitzmacher and Goicoechea between 2011 and 2014347 has recently led to a
remarkable resurgence of its chemistry, giving access to a wide range of exotic P-containing
molecules.”>*® This triggered a renewed interest in heavier analogues of cyanate and led to the
preparation of 2-arsaethynolate ([OCAs]") in 2016% and first reactivity studies of this anion.*->! 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*2 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=0,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).>>3

[@Ch—CEPn ~<—> Ch=C=Pn @] O-fo 0.:3
A B ! ©0-C=N ©0-C=
. ) A ) A

' _0.75-0.85 —0.65
[GO—CEN<—>O=C=N@] [@o—cs <~ 0=C= e] ;

0.06 074
61.22% 29.52% 51.45% 38.43% ;
[@S—CEN -~ - S=C=N@] [@s—cz ~— s=c= e] P OTeEN O =

77.70% 12.59% 57.88% 24.18% 047 -0.59  -0.28

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

[OCNT, [SCNJ, [OCP] and [SCP]" according to NRT analyses (bottom left). Annotated NBO atomic charges (right).3>-?

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).® 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)*®2° and
NRT analysis> still point to a C=P triple bond** 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=0or S and Pn =N or P
(Table 4.1, right).>

Table 4.1. Experimentally determined bond metric data3%323433 (left) and calculated WBI?? (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]"),> [Na(2.2.1-crypt)]* (for
[SCN1),>* [K(18-crown-6)]* (for [OCP])* and [Na(18-crown-6)(THF):]* (for [SCP]).

Anion Ch—Cin A C-PninA Ch—C—Pn in ° WBI (Ch—C) WBI (C—Pn)
[OCN] 1.211(2) 1.211(2) 180 1.5203 2.4250
[SCNI 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
[SCPI 1.613(4) 1.579(4) 179.3(3) 1.5210 2.3798

A closer look at the bond metrics®32+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 A and ~1.61 to 1.65 A are comparable within the selected set of anions and the C—P
bond length (1.579 A) is identical for [OCP]™ and [SCP]". Only thiocyanate shows a mentionable
difference in C-N bond length (=1.05 A) compared to cyanate (~1.21 A) 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.> 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(JOCN]’) 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]~.5? 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).** Each of the four
cyanate-type anions has a characteristic range of IR stretching frequencies as well as *C and *'P
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 frequencies®32> and NMR3*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]"),> K* (for [SCN]"),* [Na(DME)2]* (for [OCP]")?° and [Na(18-crown-6)]* (for [SCP]").3> Counter-cations and
solvents for NMR spectroscopic data: K+ and D20 (for [OCN]~ and [SCN]"),® [K(18-crown-6)]* and THF-ds (for [OCP]"),3°
[Na(18-crown-6)]* and pyridine-ds (for [SCP]").3

Anion vespn in cm™! o(*C) in ppm 0C'P) in ppm IJcpin Hz
[OCNT 2232 1297 5) - -
[SCN]~ 2048 134.0 (s) - -
[OCPT- 1780 170.3 (d) —396.8 (s) 62
[SCPT 1374 193.6 (d) —120.9 (s) 19.3

For instance, the vc=n stretching frequencies of cyanate and thiocyanate are easily identified at
~2200 cm ™' or #2000 cm™! and can give information about the binding mode of (thio)cyanate.** Due to
the heavier phosphorus atom, the homologues’ vc=p stretching frequencies are shifted noticeably to
smaller wavenumbers of =~1800 cm™ for [OCP]™ or =1400 cm™ 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™),%? 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 '>*C NMR signal of the central carbon atom: In the case of sodium cyanate and potassium
thiocyanate a singlet can be found at = 130 ppm, whereas for [M(18-crown-6)][ChCP] (M = Na, K;
Ch =0, S) doublets at § = 170 ppm and J = 190 ppm are recorded. The doublet splittings arise from 'J
coupling with the phosphorus atom and amount to =60 Hz for [OCP]~ and =20 Hz for [SCP]". The *C
resonances can experience shifts of up to =20 ppm upon coordination of the different ligands to a metal
ion.%® However, the 3'P singlet resonances of both [OCP]~ and [SCP]", which are found at § = ~370 ppm
and 0 = —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] 3967 or up to =70 ppm to higher fields in the case of [SCP]".*!

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
KA (N)-, u,,k*(Ch)- or u,x'(Ch):x'(N)-coordination mode (Figure 4.3, left; Ch = O, S).433-6468-74 The 2-
phosphaethynolate can bind in an analogous «'(0)-, x!'(P)-, u,kx*(O)- or u.x'(0):k'(P)-fashion
(Figure 4.3, middle)**-3063-67.7578 _ wyith 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.’!”” 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.??-3143:59.63-65.68-78 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 wu,x*(P)-binding has been reported yet, the #n*-coordination of carbon and
phosphorus in a mononuclear copper(I) complex® and the bridging u,x'(0):#*(C,P)-mode in a
heterobimetallic thorium(IV)-nickel(0) complex® 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 u,x'(C):x'(P)-, u,x'(C):x*(P)- or even
u, k'(0):x'(C):x'(P)-binding modes.” In contrast, the coordination behavior of 2-phosphaethynthiolate
is clearly under-investigated, with only bent, end-on x'(S)- and x'(P)-coordinated versions®! (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 Griitzmacher and Peruzzini.” They investigated the rhenium(I)
complexes [(triphos)(CO),Rh(PnCO)] (triphos = MeC(CH,PPh»)3; Pn = N, P), which were obtained by
salt metathesis between the corresponding rhenium(l) 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).

ol

R, N R, N /
C\“‘ \ (\'D C\\ ‘ \

oc e o oc
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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).”

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).®* Although x!(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 x'(0)-
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 x!(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).

Ch \ !
Me?,Si| IcI ISiMe3 ' Me3Si I(':I ’SiMe3 //Ni——_\
1] ' l
Ph N N—.PP  Ph Ph Y i
\Nf N/ D AN - coD VeS| ¢ piMles
Me;Si~ \AC U N=SiMe, | MegSi— Act N=giMe, * Ni(COD), — PhY ,,’(‘)/N\
: $ \ +COoD Me sl/ \?I'h"““ ~SiMe
. - _ 3 ] 3
Ph | Ph Housi \?N‘s
' 3 iMe
Ac=Th,U : Ac=Th,U Ph :
Ch=0,S !

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.% Unusal bridging u,x'(0):#*(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 (J(*'P) = —7.7 ppm
vs. —334 ppm for the starting complex), which points to #*(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) Ato 1.660(4) Ais induced, as was elucidated by X-
ray diffraction analysis. Significantly, the bridging u,x'(0):#*(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.

[Na(18-crown-6)(THF),]

: Dipp  Dipp
Dipp. A _Dipp | Dipp, . _Dipp
NN : ’N/\\ ’ B(CeF:)s Dipp.N/PN - T“\ _Dipp
Z //0 ' \3 benzene, rt \ l WPEC=0y, | &
,c,o—":“‘o\ ' CO—I:n—O—CE 0.5 Nd Nd
= $ \N Cs 5 N \N - (THF)B(CgF )3 Dipp— I\O—CE /| \N.D,pp
Dipp” ¥ “Dipp . Dipp” ¥ “Dipp =N /
! for Ln = Nd Dipp Dipp

Ln=Y, Nd Ln=Y, Nd

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.%% 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.®* Similar to the Arnold group’s report,* it was reasoned
that the oxophilic lanthanides should favor x'(0)-binding. This was demonstrated representatively with
neodymium(IIl) 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(Ill) mono(phosphaethynolato)
complex (middle) could be dimerized after removal of the ligated THF molecule by
tris(pentafluorophenyl)borane and subsequent bridging of two Nd** ions in a u,x'(0):x!(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 Griitzmacher in 2016.% L, = 1-(2,6-
diisopropylphenyl)-3,3-diethyl-5,5-dimethyl-pyrrolidin-2-ylidene (*CAAC); Lv = 1-(2,6-diisopropylphenyl)-3-menthyl-5,5-
dimethyl-pyrrolidin-2-ylidene (M**"CAAC). 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, Griitzmacher and co-workers in 2016 (Scheme 4.3).%° According to X-ray
diffraction studies of the systems with *CAAC 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(l) is bound to both the terminal phosphorus as well as the central carbon atom (left).

Page | 110



Chapter 4 — Introduction

Moreover, NBO analysis of the *CAAC systems indicate that the side-on 7*(C,P)-coordinated [OCP]
ligand is less strongly bound to copper(I) than the end-on #'-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 M""CAAC instead of ®CAAC (Scheme 4.3, right). The authors could also benefit from the more
weakly #*-bound [OCP]" ligand in the copper(I) complex by demonstrating its smooth displacement

with a second equivalent of ®*CAAC, giving an interaction-free 2-phosphaethynolate (left).

[K(18-Krone-6)] [K(18-Krone-6)]
W(CO)5(MeCN)
1,2-DFB, 0 °C—>rt cz ,c//s
K(18-crown-6)SC > s’ + 4
— MeCN OC/,, | \\\CO OC/,, | ‘\\CO
oc” | Yco oc” | Yco
co co

Scheme 4.4. Mixture of S- and P-coordinated 2-phosphaethynthiolate at tungsten(0), as described by the group of Goicoechea

in 2016.3! 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 20163! 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)s(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 3'P 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 (6(*'P) = 120 ppm (s)). The characteristic shifts of the products’ 3'P singlet resonances at J = —
92.9 ppm and § = —192.6 ppm as well as the tungsten satellites in the latter case ('Jwp = 46.0 Hz) allows
the assignment as S- and P-bound isomers of ate-complex [W(CO)s(SCP)], respectively. The rather
small 'Jwp 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)s(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,? 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
disfavored®*®* and has not been observed experimentally yet. In contrast, the reversed isomerization of
coordinated fulminate to cyanate’’® and that of organic nitrile oxides (ONCR) to the respective
isocyanates (OCNR)®» have been reported. However, since 2016 the analogous OCP to OPC

rearrangement has appeared a few times in the literature. 38
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Scheme 4.5. Reactions of selected phosphanyl phosphaketenes (left, R’ = H or Me) with different NHCs to give rearranged
heterocumulene m-systems, as published by the groups of Bertrand, Su and Griitzmacher in 2016.% Conditions: (i) IPr (R =
Dipp; 1.0 equiv) or IMes (R = Mes; 1.0 equiv), THF, rt; (i) SIPr (1.0 equiv), THF, rt; (iii) toluene, 80 °C.

The groups of Bertrand, Su and Griitzmacher 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).% The phosphanyl phosphaketenes feature a long P-P bond
(=2.44 10%) and are therefore best described as very close ion pairs of [OCP]~ and the respective 1,2,3-
diazaphospholenium cations.?’ 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™ 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—Cnmuc
bond lengths in the heavy fulminate-type products (of, e.g., 1.581(3) A and 1.360(4) A for R’ = H and
R = Mes) indicate a double bond character in both cases and therefore a heteroallene structure, the P—
C—Cnuc 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.
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Scheme 4.6. Reactions of different heavy tetrel-substituted phosphaketenes with NHCs by Griitzmacher and co-workers from
2016.87 Conditions: (i) IPr (R = Dipp; 1.0 equiv) or IMes (R = Mes; 1.0 equiv), toluene, 1t; (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 Griitzmacher
and co-workers to heavy tetrel-functionalized compounds.®” Similar to the 1,2,3-diazaphosphole-
substituted systems (see Scheme 4.5, left), the phosphaketenes Phz:E(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 5(*'P) = 170.3 ppm and a doublet resonance at 5('*C) = 194.8 ppm ('Jcp = 3.0 Hz).

Dipp B(Ce":)s Dipp Dipp
N, toluene, rt N, N, /CG
[ B0 [ B—0, —_— [ B—0-P=C_
N N N ¢=""Ce N B(Cels)2
Dipp Dipp B(C4Fs), Dipp

Scheme 4.7. Reaction of a boryl-phosphaethynolate with tris(pentafluorophenyl)borane to a rearranged OPC moiety by the

Goicoechea group from 2020.%8

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.

Page | 114



Chapter 4 — Results and Discussion

4.2 Results and Discussion
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Synopsis: The first stable coordination of the 2-phosphaethynthiolate ([SCP]") anion at a Lewis-acidic
lanthanum(III) ion and its subsequent rearrangement to form a substituted heavy “fulminate-like” anion,

induced by CAAC:s, is reported.
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Anion at Lanthanum (III)**

Fabian A. Watt, Lukas Burkhardt, Roland Schoch, Stefan Mitzinger, Matthias Bauer,
Florian Weigend,* Jose M. Goicoechea,* Frank Tambornino,* and Stephan Hohloch*

In memory of Gerd Becker

Abstract: We present the i’-coordination of the 2-phospha-
ethynthiolate anion in the complex (PN),La(SCP) (2) [PN =
N-(2-(diisopropylphosphanyl)-4-methylphenyl)-2,4,6-

trimethylanilide)]. Structural comparison with dinuclear thio-
cyanate-bridged (PN),La(u-1,3-SCN),La(PN), (3) and azide-
bridged (PN);La(u-1,3-N;),La(PN); (4) complexes indicates
that the [SCP]  coordination mode is mainly governed by
electronic, rather than steric factors. Quantum mechanical
investigations reveal large contributions of the antibonding m*-
orbital of the [SCP]™ ligand to the LUMO of complex 2,
rendering it the ideal precursor for the first functionalization of
the [SCP]™ anion. Complex 2 was therefore reacted with
CAACs which induced a selective rearrangement of the [SCP[~
ligand to form the first CAAC stabilized group 15-group 16
fulminate-type complexes (PN),La{SPC("CAAC)} (5a,b, R =
Ad, Me). A detailed reaction mechanism for the SCP-to-SPC
isomerization is proposed based on DFT calculations.

Introduction

The (coordination) chemistry of the 2-phosphaethynolate
([OCP]") anion continues to be a vibrant, highly topical
research field in the chemical sciences!" and has already led to
the isolation of a plethora of novel or rare phosphorus-
containing heterocycles,” the first stable singlet phosphini-
dene,” as well as many (functional) coordination compounds
covering the whole periodic table'*—from main group
elements™*! and transition metals!”! to the lanthanides™ and
actinides.”) In contrast, the chemistry of the heavier ana-

logues, for example, the 2-phosphaethynthiolate ([SCP]™)
anion, has been much less developed so far, although both the
[OCP] ™" and the [SCP]~ anion!""! were first reported in the
1990s by Becker and co-workers as their lithium salts. This can
partly be attributed to the notorious instability of
Li(DME);SCP (similar to Li(DME),OCP).I"! However, even
after establishing high-yielding routes to long-term stable
(room temperature and moderately air tolerant) sodium or
potassium salts of both [SCP]|~ and [OCP]~ "l the chemistry
of the former remains largely dormant. To date, apart from
electrochemical and spectroscopic investigations,"*! only one
[SCP]" coordination compound in the form of [K(18-crown-
6)][W(CO)5(SCP)] has been reported.'?! This first example
demonstrated the potential difficulties to be encountered in
[SCP]" coordination chemistry: Due to the unusually high
negative charge density on the central carbon atom of the
[SCP] " anion (natural bond orbital (NBO) atomic charges
correspond to —0.28 for S, —0.74 for C and 0.03 for P),"* only
a mixture of S- and P-bound isomers could be obtained, which
decomposed at room temperature within four days.

We have recently begun to investigate the chemistry of
anilidophosphine-supported lanthanum(11I) complexes of the
general formula (PN),LaX with X=Cl (1-ClI) and T (1-I),/*”]
and have shown them to be versatile precursors for the
synthesis of pentacoordinate lanthanum(IIl) primary phos-
phido and sulfido complexes (PN),La(EMes) (E=PH, S).
Due to the insertion reactivity of the La—P phosphide bond,
the former allowed us to construct phosphaureate and
phosphathioureate ligands, which can be used to build
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heterobimetallic systems.!"”! Furthermore, the same phosphi-
do complex led us to study a transient (terminal) phosphini-
dene complex.'” Acknowledging that the use of a neutral
metal atom such as tungsten(0) did not favor a defined
coordination of the [SCP]™ anion and considering the high
utility of our anilidophosphine-supported lanthanum(III)
framework to obtain relatively stable, yet still potentially
reactive La—P and La—S bonds, we envisioned that the use of
a Lewis-acidic metal ion such as lanthanum(III) might alter
the charge distribution of the [SCP]~ anion sufficiently to give
access to a defined S- or P-bound version and to study its
chemistry in more detail.

Results and Discussion

Starting from either 1-Cl or 1-I, salt metathesis with an
excess of Na(diox),;SCP (1.4 equiv) in toluene was found to
take place at room temperature and to result in the formation
of a single new product 2 overnight (Scheme 1). This was

2 / P
Na(diox), 35CP NG| s
N e
._..‘La—ﬁ
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P
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» KN | ~N=N=N
1 x=I : 05 :La‘\ /Lla/
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\_,P P/
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Scheme 1. Syntheses of complexes 2-4, starting from 1-X.

evident by the darkening of the initially pale yellow suspen-
sion and the *'P{'"H} NMR spectrum, showing a new singlet at
0 =—44.9 ppm which was assigned to the [SCP]" phosphorus
atom. After filtration, removal of toluene in vacuo and
trituration with n-pentane, 2 was obtained as an amber solid
in 98% isolated yield. In the *C{'"H} NMR spectrum (C,Dy)
of the isolated material a doublet at 6=191.8 ppm (Jp=
20.6 Hz), corresponding to the [SCP]™ carbon atom,'
suggested a defined coordination. Additionally, sharp signals
indicated little to no rearrangement on the NMR timescale.
Notably, 2 is well soluble and stable for weeks in aromatic
(benzene, toluene) and for days in etheric (diethyl ether,
tetrahydrofuran) solvents at room temperature, in stark
contrast to the previously reported [K(18-crown-6)][W(CO)s-
(SCP)].1"! It is also slightly soluble and very stable in aliphatic
solvents (n-pentane, n-hexane), and decomposes only very
slowly (over days of refluxing at 45°C) in dichloromethane to
reform the halide complex 1-Cl (Figure S10) and intractable,
insoluble precipitates. Having uncovered a clean reaction for
the [SCP] ™ anion, we sought to assess the influence of the
charge distribution of the (hetero-)cumulene anion on its

Angew. Chem. Int. Ed. 2021, 60, 95349539
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binding mode at lanthanum(IIl). Due to the different
distribution of negative charge density in the thiocyanate
anion ([SCN]~; NBO atomic charges correspond to —0.47 for
S, 0.06 for C and —0.59 for N),["*l complex 3 was selected as
a reference compound. To also study a trinuclear anion with
a more evenly distributed charge density, we synthesized the
azide complex 4. Complexes 3 and 4 were both obtained by
salt metathesis from 1-1 and KSCN (1.2 equiv) or KNj
(1.5equiv) in THF at room temperature overnight and
isolated in 62% yield (for 3) and 82% crude yield (for 4).'*
Besides a minor shift of the PN ligand singlet resonance in the
S'P{'H} NMR spectrum (C,Dg) from ¢ = 9.9 ppm for 1-I to 6 =
10.1 ppm for 3 and a new broad singlet resonance at 0=
142.6 ppm in the “C{'H} NMR spectrum, a dominant absorp-
tion band in the IR spectrum at v=2008 cm ™' indicated the
coordination of thiocyanate.""! Similarly, the coordination of
the azide anion in complex 4 was inferred from a shift of the
PN ligand resonance in the *'P{'"H} NMR spectrum (C,D;) to
0=51ppm and a strong IR absorption band at v=
2113 cm ™.

X-ray quality crystals of complex 2 could be grown by
slow evaporation of a concentrated toluene solution at room
temperature (Figure 1). To our great surprise, we found that
the [SCP] ™ anion is neither solely S- nor P-coordinated, but
instead is bound in a side-on n’-fashion. Although this was
unexpected, considering the fact that most of the negative
charge density is located on the central carbon atom of
a linear [S-C=P]™ unit,"”! the participation of all three atoms
in the coordination to a strongly Lewis-acidic metal ion such
as lanthanum(IlI) can be reasonably rationalized. In fact,
significant coordination of the central carbon atom to
lanthanum(III) is evident by comparing the Lal-S1, Lal-
C1, and Lal-P5 distances which lie at 3.036(2), 2.837(7), and
3.343(2) A, respectively. These values also show that the
[SCP]™ anion is slightly tilted with respect to the lanthanum-
(IIT) ion in the solid state. The bond lengths within the [SCP]
anion are 1.607(7) and 1.568(7) A for S1-C1 and C1-P5,
respectively, resembling the values which are reported for the

Figure 1. Thermal ellipsoid plot of complex 2. Thermal ellipsoids are
shown at a probability level of 50%. Hydrogen atoms have been
omitted and 'Pr groups truncated for clarity.”"!
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free [SCP]™ anion (S—C 1.613(4) A and C—P 1.579(4) A).l'>"I
The S1—C1-P5 angle of 175.4(5)° in complex 2 is slightly more
acute compared to 179.3(3)° in the free anion. X-ray quality
crystals of reference compounds 3 and 4 were obtained either
by gas diffusion of n-hexane into a C,D, solution of 3 at room
temperature overnight or by storing a concentrated toluene
extract of 4 at room temperature for 24 h. In contrast to the
[SCP]~ anion, in both reference complexes, the thiocyanate
and the azide anions do not engage in side-on coordination,
but instead show a 1,3-bridging coordination mode in the
solid state (see Figure S49). In this context, the dinuclear
structures of 3 and 4 strongly suggest that the unique binding
mode of the [SCP]™ anion in 2 is not enforced by potentially
unfavorable steric interactions, but rather results from the
distinctive electronic structure of 2-phosphaethynthiolate."!

To gain further insights into the reasons for the stability of
the unexpected side-on 1’-coordination mode of the [SCP]~
ligand, we investigated complex 2 by means of density
functional theory®! with functionals PBE® and PBE0
together with def2-SV(P) bases;*!! for details concerning
the calculations see the Supporting Information (Section 5).
The total interaction energy between [SCP] ™ and the cationic
moiety amounts to 523 kImol ™', calculated as energy differ-
ence without structure relaxation for the fragments. The
interaction is mainly ionic, as is evident from the indicators
for covalent bonds being very small. For the sum of the
contacts S—La, C—La and P—La, the Mulliken overlap
population™! is 0.01, and the shared electron number? is
0.12. An increase of the La—E—C angles (E =P or S) from the
optimum structure results in a rise of energy (by approx.
20 kJmol™!' for 15-20°) to a maximum at 65 kJmol ' and
75 kImol™' for a linearly S-bound and P-bound isomer of
complex 2, respectively (Figure 2, Tables S3 and S4). The
overall distance of the [SCP] ™ anion to the cation is larger for
these configurations, and thus the favorable ionic interaction
is smaller. For clarity we note that for none of the structures
shown in Figure 2 significant covalent interactions between
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[SCP]~ anion and the cation are observed. More strikingly
however, for the n’-coordination mode of [SCP]~ ligand the
LUMO of 2 corresponds to the antibonding [SCP]~ w*-orbital
(Figure 3, top) with a significant admixture of the matching

Figure 3. Frontier orbitals (HOMO, bottom; and LUMO, top) of
complex 2. Note that the LUMO of complex 2 reflects the bonding
interaction of a st*-orbital of the [SCP]™ ligand with the matching d-
orbital of the lanthanum(I11) center.
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Figure 2. Relative energies of differently bound [SCP]~ coordination isomers (P- vs. S-bound) compared to the side-on n’-coordinated [SCP]~
anion, depending on the La—E—C (E=P or S) bond angles. The PN supporting ligands have been truncated for clarity.
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La(d) orbital (Mulliken contribution ca. 35%). This should
render complex 2 an ideal candidate to study the reactivity of
the [SCP|™ anion towards nucleophiles.

Since cyclic alkyl amino carbenes (CAACs) are generally
known for their ability to stabilize highly reactive, exotic
structural motifs of main group elements,”” we decided to
focus our efforts on this class of carbenes to achieve
a potential functionalization of the [SCP]~ ligand. Indeed,
when the sterically encumbering 1-(2,6-diisopropylphenyl)-3-
adamantyl-5,5-dimethyl-pyrrolidin-2-ylidene (*‘CAAC) was
employed, a highly selective reaction with 2 in aromatic
(benzene, toluene) and aliphatic (n-pentane, n-hexane)
solvents was observed at room temperature (Scheme 2).

/ P 'Pr i
Pr
AdcAAC NG 3 9
N,_..J-Ia P
n-hexane
~ rt, 10 min \’P
P
NG |§ 5a (80%)
"_.‘La:g —]
NN
P
2 Mo, P ’P'Q’Pr
'CAAC N |1 _s
ELa \::chJL
CeDg
rt, 10 min k’P
NMR scale 5b

Scheme 2. Reactivity of complex 2 towards CAACs, yielding the “fulmi-
nate-type” complexes 5a and 5b.

Independent of the chosen solvent, the initially yellow
reaction mixture immediately turned dark red upon addition
of the CAAC (1 equiv), but returned to pale yellow within
seconds. The *'P{'H} NMR spectrum showed that the singlet
of the former [SCP]" ligand shifted from 0 = —44.9 ppm for 2
to 0=139.4 ppm for Sa, indicating a major change of the
electronic situation around the phosphorus atom. Product 5a
could be isolated in 80 % yield by crystallization (see below).
Its *C{'"H} NMR spectrum (C,D;) showed a resonance at 6 =
237.3 ppm (vs. 6 =191.8 ppm for 2). A doublet splitting of this
resonance with a larger coupling constant ('J¢p=34.9 Hz for
5a vs. Jp=20.6 Hz for 2) suggested that the phosphorus
atom of the newly formed ligand in Sa remained bound to the
carbon atom, apparently with a stronger electronic interac-
tion than in 2. Importantly, no typical C,.,. resonance above
0=200ppm could be detected for S5a. Instead, 'H-
3C HMBC NMR spectroscopic studies of the new compound
revealed the former C,.q. Of the CAAC moiety to resonate
at 6=1522ppm (*Jop=06.1 Hz), indicating a nucleophilic
attack of the CAAC at the central carbon atom of the [SCP]"
ligand. This reactivity does not seem to depend on the steric
profile of the CAAC, since the less sterically encumbering
CAAC 1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethyl-pyrroli-
din-2-ylidene (M*CAAC, Scheme 2, complex 5b) gave com-
parable results (for details see Figures S34-S44 in the
Supporting Information).

Due to the high solubility of b even in non-polar solvents
such as hexamethyldisiloxane (HMDSO), this product could
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not be crystallized under any conditions tested (see exper-
imental section in the Supporting Information). On the
contrary, X-ray quality crystals of 5a could be grown from
a concentrated n-hexane solution (see above) over three days
at room temperature (Figure 4). Strikingly, the connectivity as

Figure 4. Thermal ellipsoid plot of complex 5a. Thermal ellipsoids are
shown at a probability level of 50%. Hydrogen atoms have been
omitted and "Pr groups truncated for clarity.*®

found in the former [SCP]™ ligand has changed to a formally
CAAC-stabilized “fulminate-like” [CPS]" anion, with the
sulfur atom binding x' to lanthanum(III). A closer examina-
tion of the bond metrics within the [**CAAC—CPS]" ligand of
5a suggests a Ceapc=C=P—S~ heteroallene structure (C100—
C11.36(2) A; C1-P51.63(2) A). While the Cep ,=C=P unit is
almost linear (C100—C1-P5 173.8(1)°), the angle around the
phosphorus atom is strongly bent (C1-P5-S1 111.1(5)°). The
Lal-S1 distance was found to be 2.950(2) A and is slightly
longer compared to the reported lanthanum-sulfur single
bond in (PN),La(SMes) (2.718(1) A).l"") indicating a reduced
negative charge on the sulfur atom and a potential partial
conjugation of the Cepo—=C=P unit with the P—S bond. This
would be in line with the P5—S1 bond length of 2.081(3) A,
which lies in between the values for a S=P double (ca.
1.95 A)® and S—P single bond (ca. 2.12 A).*) A phosphaal-
kene thioether has recently been reported by Jones and
Kollmann,* showing a S—P bond length (2.095(1) A) com-
parable to the one determined in 5a. Additionally, the solid
state structure of 5a reveals a close contact between the CPS
phosphorus atom and one of the Dipp-CH; substituents of the
formal */CAAC unit (P--C distance of approx. 3.682 A). The
retention of this close contact in solution can be inferred from
a strong cross correlation peak between the corresponding
Dipp-CHj; protons and the CPS phosphorus atom at 6 = 1.36/
139.3 ppm in the '"H-"'"P HMBC NMR spectrum of 5a (Fig-
ure S33). Furthermore, in the “C{'H} NMR spectrum a dou-
blet splitting of the corresponding methyl resonance at 6 =
27.0ppm  ("Jp=9.8Hz) gives further evidence for
a through-space interaction. Similar interactions have been
previously shown to be harbingers of intriguing reactivity.®'
Finally, in contrast to the IR spectrum of 2, complex 5a shows
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a distinct strong absorption band at v=1674 cm™', which
serves as another useful indicator for the C=C=P—S" struc-
tural motif.

For a better understanding of the SCP to CPS rearrange-
ment, the reaction pathway from 2 and **CAAC to 5a was
calculated and optimized as specified in detail in the
Supporting Information. The results are shown in Figure 5,
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Figure 5. Optimized reaction pathway for the formation of 5a out of 2
and *CAAC. Stationary points (black circles) are fully optimized;
imaginary frequencies: TS1: 166i cm ™', TS2: 244i cm . The pathways
between the stationary points are optimized by a nudged-elastic-band-
type procedure. The PN ligands and the “/CAAC fragment have been
truncated for clarity.

with the stationary points (black circles) being fully opti-
mized. Structures [I-IV are local minima (no imaginary
frequencies); for the two transition structures, which are ca.
50 kI mol™" higher in energy than the initial structure I, the
imaginary frequencies amount to 166i cm ' and 244i cm ™.
Finally, the pathways between the stationary points were
optimized by a nudged-elastic-band-type procedure proposed
by Plessow.*? The initial step is the nucleophilic attack of the
CAAC at the central carbon atom of the [SCP] unit, leading
to structure II, a thio-carboxphosphide (a heavy analogue of
a carboxamide). A barrier of ca. 70 kImol™' needs to be
overcome to reach this intermediate structure, which is lower
in energy by ca. 100 kJmol™" compared to structure L
Proceeding along the reaction coordinate, the next step is
the dissociation of the phosphorus atom from the lanthanum-
(IIT) center, leading to structure I11, which is higher in energy
by ca. 20kImol™" than structure II and can be reached
without a significant barrier. For the ultimate “flip” of the CP
unit to the CPS arrangement in the fulminate anion (structure
1V) another transition state must be passed, which is as high in
energy as the first one. We note in passing that for this
transition structure the covalent interactions between S and P
or C are very weak, with shared electron numbers™ of ca. 0.1
between S and the other two atoms: the two units are held
together rather by ionic interactions between the negatively
charged S and the positively charged P atom, as worked out in
detail in the Supporting Information (Figure S52). The
formation of a thermodynamically favored P—S bond might
be one of the driving forces of this unusual rearrangement
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reaction with an overall energy gain of ca. 200 kImol™'. The
experimental observation that upon addition of the CAAC
the reaction mixture initially turns dark red, before bright-
ening up to a yellow color within the first 30 seconds of the
reaction, is in line with the calculated electronic excitation
spectra (Figure 851). The lowest-energy excitations for the
product (structure I'V) are at 2.8 eV, for the starting material
(structure I) at 2.6eV, but at only 2.2eV for the “thio-
carboxphosphide-type™ intermediate structure II. Moreover,
the character of the excitation for structure II is of a very
different form compared to that of the other structures, see
Figure S51. Similar carbene-induced rearrangements of the
[OCP]" anion to “fulminate-like” structural motifs have been
described by Griitzmacher™* and Goicoechea!” and co-
workers for systems based on phosphorus,™! silicon,* and
boron.l! With the synthesis of complexes 5a and 5b we could
extend this type of isomerization chemistry to a f-block metal-
based system, yielding the first heavier group 15-group 16
analogue of a substituted “fulminate-like™ anion.

Conclusion

We have presented the first stable coordination of the
[SCP]™ anion to a lanthanum(I11) ion. Strikingly, the [SCP]~
anion in complex 2 neither adopts a S- nor a P-bound end-on
coordination mode as is typically encountered for other
(hetero-)cumulene ligands such as, for example, thiocyanate
or azide (complexes 3 and 4). Instead, n’-coordination was
found, which had been an unknown coordination behavior for
such (heavy) [ChCPr]~ (Ch=Chalcogen, Pn=Pnictogen)
anions up to this point and which is likely governed by the
electronic structure of the [SCP|™ anion. Despite the inter-
actions between the lanthanum(III) complex fragment and
the [SCP]™ ligand being mostly ionic, theoretical studies
revealed the LUMO of complex 2 to correspond mainly to
a linear combination of the antibonding m*-orbital of the
[SCP]™ ligand and the geometrically compatible lanthanum-
(IIT) d-orbital. Complex 2 therefore showed a high reactivity
towards strongly nucleophilic CAACs, which resulted in the
rearrangement and concomitant functionalization of the
[SCP]™ unit to give formally CAAC-stabilized heavy fulmi-
nate-type anions in the products 5a,b. Future work will be
dedicated to expanding our studies towards other heavy
[ChCPn]~ anions, to investigating different modes of reac-
tivity of the side-on coordinate [SCP]| ™ anion and to exploring
the synthetic utility of the new fulminate-type anions (in, for
example, cycloadditions) for disclosing new avenues of f- and
heavy main group element chemistry.
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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(IIl) bis(anilidophosphine)
chloride or iodide complexes, covering the early (La**, Ce**, Nd**), middle (Gd**, Tb**, Dy**) and late
(Lu**) lanthanides. The halide complexes were shown to be valuable precursors for the synthesis of a
series of pentacoordinate lanthanide(Ill) mesitylchalcogenide as well as —pnictide complexes, which

contained rare examples of a thiolato and a primary phosphido ligand at lanthanum(III) or lutetium(IILI).
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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(IIl) phosphinidene complex (bottom right; see

Chapter 3), and unique #°-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(IlI) phosphinidene complex by
deprotonation of the lanthanum(IIl) 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 7*-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(IIl) 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(IIl) complexes can

be regarded as worthwile.
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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).La(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., PMes), 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 Ln** ions (Ce**, Nd**, Gd**, Tb** or Dy**), 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 Ln** 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 La**, 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).La(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., PMes 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 Ni** or Ni*, which are
also good matches for the “soft” phosphaureate P-donor atoms and known to coordinate to phenylene

units,' could be feasible as well (structures D and E).
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Scheme 5.2. Proposed homolytic C—P bond cleavage to account for the experimentally observed light-induced formation of
1,2-dimesityldiphosphine from (PN):La{OCR2(PHMes)} (top; conditions: CeDe, rt, visible light or UV lamp (254 nm, 4 W);
rate constants ki for R =R and k> for R = R?). Potential alternative follow-up chemistry through deprotonation of the PH group
and negative hyperconjugation of a phosphorus lone pair with the o*co orbital (bottom; simplified equations, base and

conditions not specified). R = Ph or 4-CsHs-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),L.a(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,” 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(IIl) 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 6*c_o orbital, which could be taken
advantage of for the synthesis of the first (terminal or alkali metal-capped) lanthanide(IIl) 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=0O] moiety (stabilized by interactions with [M(L)]*) as thermodynamically favorable
products. If successful, this reaction would not only yield a lanthanide(IIl) oxo complex, but would also

mimic the reactivity of a phosphinidene complex.
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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-C¢H2('Bu)s or 2,4,6-
CeH2(CeHs)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-CsHx('Bu)s) 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]",® which are comparable to those found in [SCP]-, these three
heterocumulene anions should all favor the same side-on #°-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.
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Scheme 5.3. Questions arising with regard to the coordination chemistry of other [ChCPn]~ anions at the [(PN):La]* framework
(top left) and possible scenarios for other types of follow-up chemistry of (PN):La(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

3 or very electron rich, neutral imidazolin-2-ylidenamino-

instance, reactions with aluminyl anions*
substituted phosphines (IAPs)®’ in corporation with the Goicoechea & Aldridge groups or the Dielmann
group will almost certainly lead to some intriguing follow-up chemistry of (PN),La(SCP) (top right). A
reduction of a mixture of (PN),La(SCP) and (PN),LaX (X = Cl, I) with potassium graphite could
potentially yield a dinuclear complex with a reduced, bridging [SCP]*" unit (bottom left), in analogy to
Liddle and co-workers’ [OCP]*>" and [OCAs]* bridged, dinuclear complexes of uranium.®® In addition,
the reaction with easily prepared nucleophilic gold(I) carbene complex (IPr)Au(N'Pr,)'? 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),La(SCP) and an electrophilic part for trapping and stabilizing the product of the
nucleophilic addition. Furthermore, the cycloaddition chemistry of the #’-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),La(SCP) complex.

Page | 132



Summary & Outlook — References

References

(1) Koch, F.; Schubert, H.; Sirsch, P.; Berkefeld, A. Binuclear complexes of Ni(I) from 4-
terphenyldithiophenol. Dalton Trans. 2015, 44, 13315-13324.

(2) Garner, M. E.; Arnold, J. Reductive Elimination of Diphosphine from a Thorium—-NHC-
Bis(phosphido) Complex. Organometallics 2017, 36, 4511-4514.

(3) Tambornino, F.; Hinz, A.; Koppe, R.; Goicoechea, J. M. A General Synthesis of Phosphorus- and
Arsenic-Containing Analogues of the Thio- and Seleno-cyanate Anions. Angew. Chem. Int. Ed. 2018,
57, 8230-8234.

(4) Hicks, J.; Vasko, P.; Goicoechea, J. M.; Aldridge, S. Synthesis, structure and reaction chemistry of
a nucleophilic aluminyl anion. Nature 2018, 557, 92-95.

(5) Hicks, J.; Vasko, P.; Goicoechea, J. M.; Aldridge, S. The Aluminyl Anion: A New Generation of
Aluminium Nucleophile. Angew. Chem. Int. Ed. 2021, 60, 1702—-1713.

(6) Wiinsche, M. A.; Mehlmann, P.; Witteler, T.; Bu}, F.; Rathmann, P.; Dielmann, F. Imidazolin-2-
ylidenaminophosphines as Highly Electron-Rich Ligands for Transition-Metal Catalysts. Angew. Chem.
Int. Ed. 2015, 54, 11857-11860.

(7) BuB, F.; Mehlmann, P.; Miick-Lichtenfeld, C.; Bergander, K.; Dielmann, F. Reversible Carbon
Dioxide Binding by Simple Lewis Base Adducts with Electron-Rich Phosphines. J. Am. Chem. Soc.
2016, 138, 1840-1843.

(8) Magnall, R.; Balazs, G.; Lu, E.; Kern, M.; van Slageren, J.; Tuna, F.; Wooles, A. J.; Scheer, M.;
Liddle, S. T. Photolytic and Reductive Activations of 2-Arsaethynolate in a Uranium-Triamidoamine
Complex: Decarbonylative Arsenic-Group Transfer Reactions and Trapping of a Highly Bent and
Reduced Form. Chem. Eur. J. 2019, 25, 14246-14252.

(9) Magnall, R.; Baldzs, G.; Lu, E.; Tuna, F.; Wooles, A. J.; Scheer, M.; Liddle, S. T. Trapping of a
Highly Bent and Reduced Form of 2-Phosphaethynolate in a Mixed-Valence Diuranium-Triamidoamine
Complex. Angew. Chem. Int. Ed. 2019, 58, 10215-10219.

(10) Johnson, M. W.; Shevick, S. L.; Toste, F. D.; Bergman, R. G. Preparation and reactivity of terminal
gold(I) amides and phosphides. Chem. Sci. 2013, 4, 1023—-1027.

Page | 133



Page | 134



Supporting Information — Chapter 1

Supporting Information
for
Chapter 1

.a
"
—m
)
-

(1)

Mes Mes

Ln=La, Lu
E=0,NH, S,

Page | 135



Supporting Information — Chapter 1

Supporting Information

A Monoanionic Anilidophosphine Ligand in Lanthanide Chemistry: Scope,
Reactivity and Electrochemistry

Fabian A, Watt,? Athul Krishna,? Grigoriy Golovanov,? Holger Ott,® Roland Schoch,? Christoph Wélper,®
Adam G. Neuba,? and Stephan Hohloch>“*

? Paderborn University, Faculty of Science, Department of Chemistry, Warburger Strae 100, 33098
Paderborn, Germany.

® Bruker AXS GmbH, Training Center, Ostliche RheinbriickenstraRe 49, 76187 Karlsruhe, Germany.

“ University of Essen-Duisburg, Faculty of Chemistry, Universitatsstrale 5-7, 45141 Essen, Germany.

¢ Leopold-Franzens-University Innsbruck, Faculty of Chemistry and Pharmacy, Institute of General,
Inorganic and Theoretical Chemistry, Innrain 80-82, 6020 Innsbruck.

Table of contents

1. EXPEMIMENTA] SECLIOM ciiiiiiii ittt ettt e re et e e e e b sebbe s ebae e e se e e s rtee s st bee e srebesnbenesnnesnae 2
B \ 1 2 o T o o T 10
T 1 Y o T Tt i - SN 119
4. Molecular structures of LiPN, KPN, 1-Ce, 1-Nd, 1-Gd, 1-Dy, 1-Tb, 1-LU .cccoevvviieriie e 138
5. Crystallographic details .....oooo i et e e snrne e 140
6. Paramagnetic susceptibility measurements of 1-Ln (with Ln = Ce, Nd, Gd, Th, Dy) and 8-Ce ....144
7. P NMR correlations of 1-Ce ant 8-CE ..coevurriiire st ere et st s e s 144
T I =T | PN 145

s1

Page | 136



Supporting Information — Chapter 1

1. Experimental section

General Remarks. If not otherwise mentioned, all transformations were carried out under inert
conditions using the Schlenk technique or an argon filled glovebox. Solvents were dried by a MBraun
SPS system and stored over activated molecular sieves (3 A) for at least 24 h. The deuterated solvents
CsD5 and THF-ds were dried by storage over activated molecular sieves {3 A) for at least 24 h. IR spectra
were recorded at room temperature under inert conditions using a Bruker Vertex 70 with ATR
equipment. If not otherwise stated, the NMR spectra were collected at 298 K on a Bruker AV-500 or
an Ascent 700 spectrometer using a J-Young NMR tube. All chemical shifts (&) are reported in ppm. H
and 3C chemical shifts were calibrated to residual solvent peaks. **N chemical shifts were calibrated
to liquid ammonia (NHs). 2Si chemical shifts were calibrated to tetramethylsilane (Si(CHs)s, TMS). 3'P
chemical shifts were calibrated to phosphoric acid (HsPOa,, 85% in water). Elemental analyses were
performed using an Elementar vario microcube instrument at the University of Paderborn. Cyclic and
square-wave voltammograms at room temperature were performed with the PAR101 potentiostat
from Metrohm in DCM/0.1 M [NBu4]PF¢ (analyte conc. = 0.001 mol I'Y) with the following three
electrode arrangement: Pt working electrode (1 mm diameter), Ag wire reference electrode and Pt
wire counter electrode. Ferrocene was added as internal standard after the measurements and all
potentials are referenced relative to the Fc/[Fc]* couple. All measurements were carried out under
argon atmosphere, with absolute and degassed solvents. Magnetic moments have been obtained
using the Evans method at room temperature. For details and literature please see section 6 in the Sl
below. Lanthanide chlorides were activated by refluxing in THF at 80 °C for 2 d. After concentrating the
suspensions under reduced pressure, respectively, n-pentane was added, the solid LnCls(THF) isolated
by filtration and left for drying in the glovebox atmosphere. The amount x of THF present in the
samples was determined by elemental analysis. HPN,” LiPN,™ LiNHMes,”! KPHMes,* KOMes,"’
KSMes, ! KCp*,") NaCp!® and Ce(HMDS):"*% were synthesized following literature known procedures.
KHMDS, MesSil and La(HMDS); were used as received.

Synthetic Procedures.

Preparation of KPN. A solution of HPN (1 eq., 16.46 mmol, 5.62 g,) in n-hexane (200 mL) was added to
solid KHMDS (0.95 eq., 15.64 mmol, 3.12 g) at room temperature. The resulting yellow suspension was
stirred at room temperature for 14 h. All volatile components were removed in vacuo. The yellow
powder was resuspended in 100 mL n-hexane and the suspension filtered. The pale yellow solid was
further washed with 2 x 100 mL n-hexane as well as 100 mL n-pentane and then dried in vacuo. Single
crystals suitable for X-ray structure determination were obtained by storing a CsDs solution of KPN
(40 mg in 0.6 mL) at room temperature for 2 h. Yield: 5.47 g {14.4 mmol, 88%); *H NMR (CeD¢, 298 K,
700 MHz, in ppm): 6 = 6.98 (s, CHar, 2 H), 6.87 (m, CHyy, 1 H), 6.69 (dd, *fuy = 8.3 Hz, Y = 1.8 Hz, CHa.,
1 H}, 5.86 (m, CHar, 1 H}, 2.35 (5, CHsar, 3 H), 2.23 (s, CHaar, 3 H), 2.13 (s, CHsar, 6 H), 2.04 (dsept,
2.’Hp =3.2 HZ, SJHH =6.9 HZ, CH,’pr, 2 H), 1.13 (d, 3I‘JHH =6.9 HZ, CHg,'pr, 3 H), 1.11 (d, SJHH =6.9 HZ, Cngpr, 3 H),
1.06 (d, 3JHH =6.9 HZ, CHa,pr, 3 H), 1.05 (d, ajHH =69 HZ, CHE,P“ 3 H), 31P{1H} NMR (Cst, 298 K 283 MHZ,
inppm): §=—6.1(s, PN, 1 P).

General procedire for the preparation of Ln{PN),Cl (1-Ln) complexes. A solution of LIPN (2 eq.) in
toluene was added to solid LnCl3(THF)x (1 eq.) at room temperature. The resulting pale yellow
suspension was stirred at 110 °C for 17 h. The reaction mixture was then allowed to cool down to room
temperature and filtered through a medium porosity frit. The filtrate was evaporated to dryness in
vacuo and the remaining solid resuspended in n-hexane. The solid was filtered off, washed with n-
hexane and dried in vacuo to yield the analytically pure product.

52
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Preparation of LafPN);Cl (1-La). Following the general procedure, LiPN (2 eq., 37.12 mmol, 12.89 g)
and LaCl3(THF).z (1 eq., 18.56 mmol, 6.16 g) were refluxed in toluene (180 mL). For the resuspension
100 mL of n-hexane were applied and the solid was washed with 2 x 30 mL of n-hexane after filtration.
Single crystals suitable for X-ray structure determination were obtained by slow evaporation of a
concentrated solution of 1-La in diethyl ether in an atmosphere of n-hexane at room temperature.
Yield: 12.45 g (14.48 mmol, 78%); "H NMR (CsDs, 298 K, 700 MHz, in ppm): 8 = 6.89 (m, CHa,, 2 H), 6.86
(br. s, CHar, 4 H), 6.82 (dd, 3/un = 8.4 Hz, “un = 1.9 Hz, CHar, 2 H), 5.65 (m, CHar, 2 H), 2.28 (br. s, CHaar,
12 H), 2.16 (s, CHzar, 6 H), 2.12 (s, CH3ar, 6 H), 1.87 (br. s, CHier, 4 H), 1.21 (br. s, CHser, 12 H), 0.93 (br. s,
CHapr, 12 H); 3C{*H} NMR (CsDs, 298 K, 176 MHz, in ppm): & = 160.3 (pseudo-t, Jcp = 11.4 Hz, Caar), 138.3
(br. s, Caar), 137.5 (S, Canr), 135.4 (S, Canr), 133.9 (s, CHar), 133.4 (s, CHar), 131.8 {s, CHar), 123.3 (s, Coar),
114.3 (d, Jop = 6.7 Hz, Coar), 114.2 (d, Jep = 6.7 Hz, Cqar), 112.7 (pseudo-t, Jcp = 3.8 Hz, CHa), 22.8 (br. s,
CHipr), 21.0 (s, CHsar), 20.6 (s, CH3ar), 19.6 (pseudo-t, Jep = 5.3 Hz, CHajpy), 19.2 (s, CHag/), 17.6 (br. s, CHapr);
31P{TH} NMR (CsDs, 298 K, 283 MHz, in ppm): &= 9.2 (s, PN°, 2 P); elemental analysis (in %):
Cq4Hg2N2P>ClLa: caled.: C61.79, H 7.31, N 3.28; found: C61.43, H 6.96, N 3.31.

Preparation of CefPN):Cl (1-Ce). Following the general procedure, LiPN (2 eq., 0.8 mmol, 278 mg) and
CeCl3(THF) (1 eq., 0.4 mmol, 127 mg) were refluxed in toluene (10 mL). After work-up, a yellow powder
was obtained. Single crystals suitable for X-ray determination were obtained by slow evaporation of a
diethyl ether solution of 1-Ce at room temperature. Yield: 208 mg (0.243 mmol, 61%); *H NMR (CsDs,
298 K, 700 MHz, in ppm): 6 = 24.3 (s, 3 H), 22.6 (s, 2 H), 18.4 (s, 3 H), 10.3 (s, 9 H), 3.7 (5, 9 H), =5.0 (s,
4 H),-9.9 (s, 12 H), —10.9 (s, 12 H) (Due to the paramagnetic nature of the Ce(lll) ion we have not been
able to observe all protons in the H NMR spectrum of the complex.); *'P{*H} NMR (CsDs, 298 K,
283 MHz, in ppm): & = 426.7 {br. s, PN", 2 P); 3'P{*H} NMR (THF-ds, 298 K, 283 MHz, in ppm): 6 = 423.2
{br. s, PN7, 2 P); Evans Method: Uerr = 2.23 ps (CsDs); elemental analysis (in %): CasHezN2P2CICe * C7Hs:
caled.: C64.57, H 7.44, N 2.95; found: C 64.32, H 7.33, N 3.40.

Preparation of Nd{PN).Ci (1-Nd). Following the general procedure, LiPN (2 eq., 1 mmel, 347 mg) and
NdCI3(THF) (1 eq., 0.5 mmol, 161 mg) were refluxed in toluene (10 mL). After work-up, the complex
directly crystallizes out of the concentrated toluene solution as green crystals. Single crystals suitable
for X-ray determination were obtained by slow evaporation of a diethyl ether solution of 1-Nd at room
temperature. Yield: 250 mg (0.29 mmol, 58%); Evans Method: t = 3.38 pg; elemental analysis (in %):
CasHeoN,P>CINd: caled.: €61.41, H 7.26, N 3.26; found: € 60.61, H 7.02, N 3.13.

Preparation of Gd{PN)2Cl (1-Gd). Following the general procedure, LiPN (2 eq., 1 mmol, 347 mg) and
GdCI3(THF); (1 eq., 0.5 mmol, 204 mg) were refluxed in toluene (10 mL). After work-up, the complex
directly crystallizes out of the concentrated toluene solution as yellow crystals which are suitable for
X-ray structure determination. Yield: 277 mg (0.317 mmol, 63%); Evans Method: per= 8.24 Ws;
elemental analysis (in %): CasHg2N2P.CIGd: calcd.: C60.49, H7.15, N 3.21; found: C59.97, H 6.84,
N 3.15.

Preparation of Th(PN):CI (1-Th). Following the general procedure, LiPN (2 eq., 1 mmol, 347 mg) and
TbCls(THF)s (1 eq., 0.5 mmol, 241 mg) were refluxed in toluene (10 mL). After work-up, the complex
directly crystallizes out of the concentrated toluene solution as yellow crystals which are suitable for
X-ray structure determination. Yield: 255 mg (0.291 mmol, 58%); Evans Method: pe= 9.37 ps;
elemental analysis (in %): CaaHg2N2P>CITh: calcd.: €60.38, H7.14, N 3.20; found: C60.69, H 7.15,
N 3.13.

Preparation of Dy(PN):Cl (1-Dy). Following the general procedure, LiPN (2 eq., 1 mmol, 347 mg) and
DyCl3(THF); (1 eq., 0.5 mmol, 241 mg) were refluxed in toluene (10 mL). After work-up, a yellow
powder was obtained. Single crystals suitable for X-ray determination were obtained by slow
evaporation of a diethyl ether solution of 1-Dy at room temperature. Yield: 273 mg (0.31 mmol, 62%);

S3
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Evans Method: pes = 10.02 g; elemental analysis (in %): CasHsaN2P2CIDy: caled.: € 60.13,H 7.11, N 3.19;
found: C60.48, H 6.80, N 3.32.

Preparation of Lu(PN):Cl {1-Lu). Following the general procedure, LiPN (2 eq., 1.52 mmol, 530 mg) and
LuCls(THF)..7s (1 eq., 0.760 mmol, 360 mg) were refluxed in toluene (50 mL). The product was found to
be analytically pure after evaporation of the solvent, wherefore no further washing with n-hexane was
necessary. (Note: The product is slightly soluble in n-hexane and excessive washing can result in
diminishing the vields.) The product was obtained as a beige powder. Single crystals suitable for X-ray
structure determination were obtained by slow evaporation of solvent from a concentrated n-pentane
solution of 1-Lu at room temperature. Yield: 482 mg (0.54 mmol, 71%); *H NMR (CsDs, 282 K, 700 MHz,
in ppm): & = 6.85 (br. s, CHa,, 4 H), 6.83 (dd, *Jux = 8.7 Hz, “Jun = 1.7 Hz, CHar, 2 H), 6.80 (m, CHa,, 2 H),
5.85 (m, CHar, 2 H), 2.64 (br. s, CHaar, 6 H), 2.28 (br. s, CHaar, 6 H), 2.20 (br. s, CHiper, 2 H), 2.16 (s, CHaar,
6 H), 2.14 (s, CHzar, 6 H), 1.46 (br. s, CHzwr, 6 H), 1.18 (br. s, CHzipr, 6 H), 0.82 (br. s, CHa»r, 6 H), 0.76 (br.
s, CHajpr, 6 H), 0.51 (br. s, CHsr, 2 H); ¥*C{*H} NMR (CsDs, 282 K, 176 MHz, in ppm): & = 161.2 (pseudo-t,
Jop = 9.8 Hz, Caar), 142.9 (s, Caar), 138.5 (br. s, Caar), 137.3 (br. s, Caar), 134.1 (s, Caar), 133.8 (s, CHar), 133.1
(s, CHar), 130.6 (br. s, CHa), 123.7 (s, Cqar), 113.5 (pseudo-t, Jep = 3.2 Hz, CHa/), 111.5 (d, Jop = 9.7 Hz,
Coar)s 111.4 (d, Jep = 10.3 Hz, Cyar), 21.7 {br. s, CHpr), 21.6 (br. s, CHpr), 21.5 (s, CHapr), 20.9 (s, CHsar), 20.6
(br. S, CHaAr), 20.5 (S, CH?,Ar), 19.9 (br S, CHgAr), 18.8 (br S, CH3fpr), 18.0 (br S, CH3;’pr), 15.3 (bl" S, CHa,‘pr),'
p{IH}NMR (CeDs, 282K, 283 MHz, in ppm): §= 5.0 (s, PN, 2P); elemental analysis (in %):
CasHs2N2P2ClLu: caled.: €59.29, H 7.01, N 3.14; found: C 58.96, H 6.71, N 3.35.

Preparation of LafPN).l (2-La). To a solution of 1-La (1 eg., 1 mmol, 855 mg) in toluene (25 mL) was
added MesSil (5 eq., 5 mmol, 1.g) at room temperature. The resulting reaction mixture was stirred at
room temperature for 18 h. The slightly turbid solution was filtered and all volatile components of the
filtrate removed in vacuo to yield analytically pure product as an off-white solid. Yield: 858 mg
(0.91 mmol, 91%); *H NMR (CeDs, 298 K, 700 MHz, in ppm): & = 6.86 (m, CHa,, 2 H), 6.84 (s, CHa,, 4 H),
6.81(dd, 3Jun = 8.5 Hz, Y = 1.8 Hz, CHa,, 2 H), 5.60 (m, CHa,, 2 H), 2.31 (br. s, CHsar, 12 H), 2.16 (5, CHaa,,
6 H), 2.10 (s, CHsar, 6 H), 1.85 (br. s, CHpr, 4 H), 1.22 (br. s, CHapr, 12 H), 0.93 (br. s, CHapr, 12 H);
BC{*H} NMR (CsD¢, 298 K, 176 MHz, in ppm): & = 160.1 (pseudo-t, Jep = 11.6 Hz, Caar), 138.6 (br. s, Caar),
136.9 (s, Caar), 135.7 (s, Caar), 133.9 (s, CHar), 133.3 (s, CHa), 131.9 (s, CHa), 123.8 (5, Cyar), 114.4
{pseudo-t, Jep = 7.3 Hz, Cyar), 112.8 (pseudo-t, Jcp = 3.7 Hz, CHa,), 22.6 (br. s, CHp:), 20.9 (s, CHsa/), 20.6
(s, CHsar), 19.9 (s, CHaar), 19.8 (br. s, CHapr), 17.8 (br. 5, CHaier); 3'P{*H} NMR (CsDs, 298 K, 283 MHz, in
ppm): §=9.9 (s, PN", 2 P); elemental analysis (in %): CaHs;N2P;ILa: calcd.: C55.82, H 6.60, N 2.96;
found: C56.28, H 6.52, N 3.13.

Preparation of Lu{PN}2l (2-Lu). To a solution of 1-Lu (1 eq., 0.5 mmol, 446 mg) in toluene (20 mL) was
added MesSil (7 eq., 3.5 mmol, 700 mg) at room temperature. The resulting reaction mixture was
stirred at 60 °C for 3 d. The slightly turbid solution was cooled down to room temperature and filtered.
Removal of all volatile components in vacuo yielded analytically pure product as an off-white solid.
Yield: 492 mg (0.5 mmal, quant.); *H NMR (CsDs, 283 K, 700 MHz, in ppm): & = 6.84 (m, CHay, 2 H), 6.83
(s, CHar, 4 H), 6.78 {m, CHa, 2 H), 5.84 (m, CHar, 2 H), 2.76 {br. s, CHsar, 6 H), 2.28 (br. s, CHper, 2 H), 2.24
(br. s, CHsar, 6 H), 2.15 (s, CHsar, 6 H), 2.14 (s, CHaar, 6 H), 1.56 (br. s, CHspr, 6 H), 1.25 (br. s, CHapr, 6 H),
0.83 (br. s, CHair, 6 H), 0.71 (br. s, CHaer, 6 H), 0.40 (br. 5, CHier, 2 H); BC{*H} NMR (C5Dg, 283 K, 176 MHz,
in ppm): 6 =160.9 (pseudo-t, Jcp = 9.7 Hz, Coar), 142.8 (s, Cqar), 138.5 (br. s, Coar), 137.8 (br. s, Coar), 134.3
(s, Caar), 133.8 (s, CHar), 133.4 (s, CHar), 130.7 (br. s, CHa/), 124.2 (s, CHa/), 113.8 (pseudo-t, Jcp = 4.0 Hz,
CHgr), 111.6 (d, Jep = 9.4 Hz, CHa), 111.5 (d, Jep = 9.7 Hz, CHar), 22.0 (br. s, CHapr), 21.9 (br. s, CHa), 21.6
(bl’. S, CH,’pr), 20.8 (S, CHgAr), 20.5 (S, CHgAr)_, 20.2 (br S, CHgAr), 19.6 (bl‘ S, CHngr), 17.8 (br S, CHg,'pr), 15.3
(br. s, CHaw:); 3'P{*H} NMR (CsDs, 300 K, 283 MHz, in ppm): & = 6.6 (s, PN, 2 P); elemental analysis {in
%): CaaHezN2P2lLu: calcd.: €53.77, H 6.36, N 2.85; found: C54.32, H 6.68, N 3.11.
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Preparation of La{PN)z(Cp) (3-La). A solution of 1-La (1 eq., 0.2 mmol, 170 mg} in toluene (10 mL) was
added to a suspension of NaCp (1.3 eq., 0.26 mmol, 23 mg) in toluene (5 mL) and the reaction mixture
was heated at 95 °C overnight. The reaction mixture was then cooled to room temperature and
filtered. The toluene solution was concentrated to about 1 mL and placed in the freezer (—40 °C)
overnight, which caused the formation of large yellow crystals. The crystals were isolated and washed
with small amounts of n-pentane to give 3-La as yellow blocks which could also be used for X-ray
structure determination. Yield: 80 mg (0.093 mmol, 47%); "H NMR (CsDs, 298 K, 700 MHz, in ppm): & =
6.95 (m, CHar, 2 H), 6.85 (s, CHar, 4 H), 6.82 {m, CHar, 2 H), 6.48 (s, CpH, 5 H), 5.80 (m, CHa,,2 H), 2.21
(m, CHsar, 24 H), 1.26 (hept, 3w = 7.2 Hz, CHier, 4 H), 1.13 (s, broad, CHaer, 24 H); BC{'H} NMR (CqDs,
298 K, 176 MHz, in ppm): 160.0 (pseudo-t, Jep = 10.3 Hz, Coar, 152.9 (Canr), 142.5 (Cqar), 137.5 (Conr),
133.2 (Caar), 132.9 (CHar), 132.7 {CHac), 130.9 (CHar), 122.4 (Cqar), 114.3 (CHep), 113.7 (CHar), 113.5 (Cyar),
21.0 (CHsar), 20.7 (CHsar), 20.3 {Can), 18.5 (Can); **P{*H} NMR (C;Ds, 298 K, 283 MHz, in ppm): § = 11.0
(s, PN", 2 P) elemental analysis (in %): CssHe7N2P2La: caled.: € 65.51, H7.63, N 3.17; found: C65.21,
H 7.51, N 3.40.

Preparation of LafPN):{OMes} (4-La). A solution of 1-La (1 eq., 0.2 mmol, 170 mg) in toluene (10 mL)
was added to solid KOMes (1.2 eq., 0.24 mmol, 42 mg) at room temperature. The resulting suspension
was stirred at room temperature for 2 d and then centrifuged and filtered. All volatile components of
the filtrate were removed in vacuo and the remaining oil triturated with n-pentane (3 x 2 mL). After
removal of all volatiles in vacuo, the desired compound was obtained as an off-white solid. Single
crystals suitable for X-ray structure determination were obtained by evaporation of a saturated diethyl
ether solution of 4-La at room temperature overnight. Yield: 190 mg {0.199 mmol, 99%); *H NMR (CsDs,
298 K, 700 MHz, in ppm): & = 6.94 (br. s, CHa,, 2 H), 6.89 (br. s, CHar, 2 H), 6.87 (br. s, CHa,, 2 H), 6.84
{br. s, CHa, 2 H), 6.80 (br. d, 3Juu = 8.6 Hz, CHa,, 2 H), 5.76 (M, CHar, 2 H), 2.59 (br. s, CHsa,, 6 H), 2.27
(br. s, CHaar, 6 H), 2.21 (bl’ s, CHaar, 3 H), 2.18 (bl’ s, CHiar, 6 H), 2.13 (bl’ s, CHzar, 6 H), 2.07 (br s, CHipr,
2 H), 2.01 (br. s, CH3ar, 6 H}, 1.80 {br. s, CHir, 2 H), 1.06 (br. s, CHaier, 6 H), 0.98 (br. s, CHz»r, 6 H), 0.88
(br.'s, CHspr, 6 H), 0.53 {br. s, CHzpr, 6 H); 3C{*H} NMR (CsDs, 298 K, 176 MHz, in ppm}): & = 162.1 (s,
Caar), 160.7 (pseudo-t, Jep = 11.5 Hz, Cqar), 140.1 (br. s, Caar), 139.8 (s, Caar), 134.6 (s, Canr), 134.3 (br. s,
Caar), 133.8 (s, CHar), 133.5 (s, CHar), 132.0 (s, CHar), 130.6 (s, CHar), 129.2 (s, CHa/), 125.5 (s, Cqar), 125.4
(s, Coar), 122.7 (s, Cqar), 113.4 (pseudo-t, Jep = 5.2 Hz, Cqar), 112.8 (s, CHar), 25.9 (br. s, CHi), 22.1 (br. s,
CHapr), 21.1 (s, CHzar), 20.9 (s, CHzar), 20.6 (s, CHaa/), 20.3 (br. s, CHza), 20.1 (br. s, CHzar), 19.9 (s, CHsal),
19.8 (br. s, CHawr), 19.3 (br. 5, CHap:), 18.4 (br. 5, CHapr), 16.4 (br. s, CHawe); **P{*H} NMR {CcDs, 298 K,
283 Mhz, in ppm): & =8.6 (s, PN, 2 P}; elemental analysis (in %): Cs3H73N,OP;La: calcd.: C 66.66, H 7.70,
N 2.93; found: C66.77, H7.73, N 3.19.

Preparation of Lu(PN):{OMes) (4-Lu). A solution of 1-Lu (1 eq., 0.1 mmol, 89 mg) in toluene (4 mL) was
added to solid KOMes (1.2 eq., 0.12 mmol, 21 mg) at room temperature and the resulting suspension
stirred at 100 °C for 14 h. The reaction mixture was cooled down to room temperature and filtered. All
volatile components of the filtrate were removed in vacuo to give a slightly yellow oil. After trituration
with n-hexane (1 mL) and further drying in vacuo, the analytically pure product was obtained as a
slightly yellow solid. Single crystals suitable for X-ray structure determination were obtained by
evaporation of a saturated diethyl ether solution of 4-Lu at room temperature overnight. Yield: 99 mg
(0.1 mmol, quant.); *H NMR (CsD¢, 298 K, 700 MHz, in ppm): & = 6.94 (s, CHar, 2 H), 6.89 (s, CHar, 2 H),
6.83 (M, CHa,, 3 H), 6.81 (M, CHar, 3 H), 5.99 (M, CHar, 2 H), 2.65 (s, CHsar, 6 H), 2.28 (s, CHaar, 6 H), 2.24
(s, CHaar, 6 H), 2.21 (s, CHzar, 6 H), 2.17 (s, CHaar, 3 H), 2.15 {m, CHer, 2 H), 2.11 (s, CH3a,, 6 H), 1.27 (m,
CH,‘p.—, 2 H), 1.03 (m, CH3fPr, 6 H), 0.98 (m, CHafpr, 6 H), 0.79 (m, CHgfpr, 6 H), 0.61 (m, Cngpr, 6 H),'
13C{IH} NMR (CeDs, 298 K 176 MHz, in ppm): 8 = 161.5 (pseudo-t, Jop = 9.4 Hz, Caar), 160.2 (s, Coar), 144.9
(s, Caar), 138.0 (s, Caar), 136.4 (s, Caar), 133.8 (s, CHar), 133.7 (s, Coar), 133.4 (s, CHar), 131.3 (s, CHar), 130.1
(s, CHar), 129.4 (s, CHar), 126.4 (s, Caar), 126.2 (S, Caar), 123.3 (s, Caar), 114.0 (pseudo-t, Jop = 3.3 Hz, CHal),
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110.2 (d, Jer = 8.1 Hz, Cyar), 110.1{d, Jep = 8.1 Hz, Cyar), 24.9 (pseudo-t, Jep = 4.2 Hz, CHipy), 22.5 (s, CHapy),
22.3 (pseudo-t, Jor = 7.0 Hz, CHipr), 20.9 (s, CHzar), 20.8 (s, CHsar), 20.8 (s, CHzal), 20.6 (s, CHzal), 20.5
(pseudo-t, Jep=3.1Hz, CHap), 19.6 (s, CHsa), 18.7 (pseudo-t, Jer = 5.8 Hz, CHwe), 18.4 (pseudo-t,
Jep = 3.8 Hz, CHaper), 15.9 (pseudo-t, Jep = 3.1 Hz, CHsjr); 32P{*H} NMR (CsDs, 298 K, 283 MHz, in ppm): & =
2.9 (s, PN7, 2 P); elemental analysis (in %) CssHz3sN:OP;Lu: caled.: €64.23, H7.42, N 2.83; found:
C64.03,H7.39, N 2.95.

Preparation of La{PN):(SMes) (5-La). A solution of 1-La (1 eq., 0.2 mmol, 171 mg) in toluene (6 mL) was
added to solid KSMes (1.2 eq., 0.24 mmol, 46 mg) at room temperature. The resulting pale yellow
suspension was stirred at room temperature for 3.5 d and then centrifuged and filtered. All volatile
components of the filtrate were removed in vacuo and the remaining oil triturated with n-pentane
(3 x 2 mL}. After removal of all volatiles in vacuo, the desired compound was obtained as a pale yellow
solid. Single crystals suitable for X-ray structure determination were obtained by evaporation of a
saturated diethyl ether solution of 5-La at room temperature overnight. Yield: 193 mg (0.199 mmol,
99%); "H NMR (C¢De, 298 K, 700 MHz, in ppm): & = 6.90 (br. s, CHar, 2 H), 6.89 (br. s, CHar, 4 H), 6.86 {m,
CHar, 2 H), 6.81 (dd, J= 8.5 Hz, / = 1.5 Hz, CHar, 2 H), 5.68 (m, CHa,, 2 H), 2.58 (s, CHsar, 6 H), 2.35 (br. s,
CHsar, 12 H), 2.21 (s, CHaar, 3 H), 2.15 (s, CHsar, 6 H), 2.14 (s, CHsar, 6 H), 1.90 (br. s, CHper, 4 H), 1.0 (br. s,
CHsipr, 12 H), 0.9 (br. s, CHsipr, 12 H); 3C{*"H} NMR (CsDs, 298 K, 176 MHz, in ppm): & = 160.3 (pseudo-t,
Jep = 11.4 Hz, Cyar), 145.0 (s, Caar), 138.4 (s, Caar), 138.3 (s, Caar), 135.2 (s, Caar), 133.9 (s, CHar), 133.3 (s,
CHar), 131.7 (br. s, CHac), 131.6 (s, Caar), 123.4 (5, Caar), 114.2 (d, Jop = 6.5 Hz, Conr), 114.1 {d, Jep = 6.5 Hz,
Canr), 112.9 (pseudo-t, Jep = 3.8 Hz, CHa.), 24.9 (s, CHsar), 23.2 (br. s, CHipt), 21.0 (s, CHsar), 21.0 (s, CHsar),
20.6 (s, CHsa), 20.0 (br. s, CHspr), 19.7 (br. s, CHaier), 18.2 (br. s, CHsier), 17.5 (br. s, CHa1); *'P{*H} NMR
(CsDs, 298 K, 283 MHz, in ppm): & = 10.0 (s, PN7); elemental analysis (in %): CssH73N2P,SLa: calcd.:
€ 65.55, H7.58, N 2.88, S 3.30; found: C66.22, H 7.23, N 3.02, S 3.02.

Preparation of Lu{PN)z(5Mes) (5-Lu). A solution of 2-Lu (1 eq., 0.2 mmol, 197 mg) in toluene (4 mL) was
added to solid KSMes (1.5 eq., 0.3 mmol, 57 mg) and the resulting reaction mixture stirred for 15 h at
room temperature. The yellow suspension was centrifuged, the solution filtered and concentrated
under reduced pressure to give a yellow oil. Subsequently, n-hexane (1 mL) was added and the
resulting turbid solution stored for 3d at room temperature for crystallization. The solution was
removed from the crystalline material, the solid washed with minimal amounts of —40 °C cold n-hexane
and dried in vacuo to give the first batch of the analytically pure product (62 mg) as an off-white solid.
Concentrating the n-hexane washing solution resulted in the precipitation of a second batch of product
(27 mg after drying in vacuo) of the same purity. Single crystals of 5-Lu suitable for X-ray structure
determination were obtained during work-up as described above. Yield: 89 mg (0.88 mmol, 44%);
'H NMR (CgDs, 298 K, 700 MHz, in ppm): & = 6.90 (br. s, CHa,, 4 H), 6.83 (s, CHar, 2 H), 6.82 (m, CHa.,
2 H}, 6.80 (m, CHar, 2 H), 5.90 (M, CHar, 2 H), 2.85 (br. 5, CHzar, 6 H), 2.56 (s, CHaar, 6 H), 2.25 (br. 5, CHaa.,
6 H), 2.19 (s, CHaar, 6 H), 2.17 (s, CH3ar, 3 H), 2.11 (s, CHaas, 6 H), 1.24 (br. s, CHpr, 2 H), 1.18 (br. s, CHapr,
12 H), 0.80 (bl‘ S, CH3fPr, 6 H), 0.76 (br S, CH;,‘P“ 6 H), 0.67 (bl’ S, CH,‘pr, 2 H), BC{lH} NMR (CEDB, 298 K,
176 MHz, in ppm): & = 161.2 (pseudo-t, Jcp = 9.5 Hz, Cyar), 144.2 (s, Caar), 141.8 (s, Coar), 139.4 (s, Coar),
138.4 (br. s, Coar), 137.5 (br. s, Cyar), 134.0 (s, Caar), 133.8 (s, CHay), 133.4 (s, CHar), 132.4 (s, Cyar), 130.9
(br. s, CHas), 130.4 (br. s, CHa:), 128.5 (s, CHar), 123.7 (s, Conr), 114.0 (pseudo-t, Jcp = 3.6 Hz, CHa), 111.1
(d, Jep = 8.9 Hz, Canr), 111.0{d, Jep = 9.5 Hz, Caar), 25.2 (S, CHaar), 23.0 (br. s, CHipr), 22.4 {br. s, CHsar), 21.9
(bl’. S, Cngpr), 20.9 (S, CH3A|»), 20.8 (S, CHaAr), 20.5 (S, CHgAr), 20.5 (bl’ S, CH,‘pr), 18.8 (br S, CH;,‘pr), 18.2 (bl’
s, CHaipe), 15.9 {br. s, CHap.); 3'P{*H} NMR (CsDs, 298 K, 283 MHz, in ppm): § =4.8 (s, PN, 2 P); elemental
analysis (in %): CssH73N2P,SLu: caled.: €63.21, H 7.31, N 2.78, §3.18; found: C63.29, H 7.24, N 3.05,
$2.87.

Preparation of La{PN);{NHMes) (6-La). A solution of 1-La (1 eq., 0.3 mmol, 257 mg) in toluene (10 mL)
was added to solid LiNHMes (1 eq., 0.3 mmol, 42 mg) at room temperature. The resulting pale yellow
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suspension was stirred at 100 °C for 18 h. The suspension was then allowed to cool down to room
temperature, centrifuged and the pale yellow solution decanted and filtered. All volatile components
of the filtrate were removed in vacuo upon which a crystalline material covered by a brown oil was
obtained. This raw product was washed with n-hexane (3 x 3 mL) and dried in vacuo to yield the desired
compound as a pale yellow solid (70 mg). The n-hexane solution was concentrated to a volume of 1-
2 mLunder reduced pressure and a second batch of crystalline material isolated and washed with 1 mL
cold (—40 °C) n-pentane (209 mg after drying in vacuo). Single crystals suitable for X-ray structure
determination were obtained by evaporation of a diethyl ether sclution of 6-La at room temperature
overnight. Yield: 279 mg (0.292 mmol, 97%); *H NMR {CsDs, 298 K, 700 MHz, in ppm): & = 6.92 (br. s,
CHar, 2 H), 6.89 (br. s, CHar, 2 H), 6.86 (M, CHar, 2 H), 6.84-6.81 (M, CHar, 2 H), 6.83 (s, CHa,, 2 H), 5.81
{m, CHar, 2 H), 5.60 (br. s, NH, 1 H), 2.52 (br. s, CHsar, 6 H), 2.26 (br. s, CHsa,, 3 H), 2.25 (br. s, CHaar, 6 H),
2.18 (br. s, CHsar, 6 H), 2.14 (br. s, CHsar, 6 H), 2.09 {br. s, CHpr, 2 H), 2.01 (br. s, CHar, 6 H), 1.76 {m,
CHier, 2 H), 1.04 (m, CHapr, 6H), 0.93 (m, CHajpr, 6 H), 0.84 (m, CHawr, 6 H), 0.57 {m, CHap, 6H);
13C{IH} NMR (C¢Ds, 298 K, 176 MHz, in ppm): & = 160.9 (pseudo-t, Jcp = 11.6 Hz, Cqar), 154.3 (s, Coar),
139.9 (s, Caar), 139.7 (s, Caar), 135.8 (s, Cyar), 134.5 (s, Coar), 134.0 (s, CHar), 133.4 (s, CHar), 131.8 (s, CHar),
130.7 (s, CHar), 129.1 (s, CHar), 122.9 (s, Cqnr), 122.8 (br. 5, Caar), 121.6 (s, Caar), 113.5 (br. s, Coar), 113.2
(s, CHar), 26.5 (br. s, CHpr), 22.4 (br. s, CHier), 22.3 (5, CHsar), 21.0 (s, CHsar), 20.9 (s, CHsar), 20.6 (s, CHzar),
20.5 (m, CHax,), 20.1 (br. s, CHaier), 19.7 {br. s, CHsa’), 19.2 (m, CHsp,), 18.7 (br. s, CHajpr), 16.8 {br. s,
CHswpe); 3*P{*H} NMR (CsDs, 298 K, 283 MHz, in ppm): § = 9.5 (s, PN, 2 P); elemental analysis {in %):
Cs3H7aN3P-La: caled.: C 66.72, H 7.82, N 4.40; found: C 65.57, H 7.54, N 4.39.

Preparation of Lu{PN).(NHMes) (6-Lu). A solution of 1-Lu {1 eq., 0.2 mmol, 178 mg) in toluene (5 mL)
was added to solid LiNHMes (1.2 eq., 0.24 mmol, 34 mg) at room temperature and the resulting
suspension stirred at 100 °C for 2 d. The reaction mixture was cooled down to room temperature and
centrifuged. The solution was decanted, filtered and the solvent removed in vacuo. The slightly yellow
solid was washed with n-hexane (3 x 3 mL) and dried in vacuo. Recrystallization by gas diffusion of n-
hexane into a concentrated diethyl ether solution (1 mL) at room temperature afforded analytically
pure product. Single crystals of 6-Lu suitable for X-ray structure determination were also obtained in
this way. Yield: 64 mg (0.73 mmol, 36%); *H NMR (CeDe, 298 K, 700 MHz, in ppm): 6 =6.93 (s, CHar, 2 H),
6.89 (s, CHar, 2 H), 6.85-6.80 (m, CHar, 6 H), 6.01 (m, CHa, 2 H), 5.32 (s, NH, 1 H), 2.61 (s, CHaar, 6 H),
2.27 (s, CHzar, 6 H), 2.24 (s, CHzar, 3 H), 2.21 (s, CH3a,, 6 H}, 2.21 (s, CHzar, 6 H), 2.18 (m, CHar, 2 H), 2.11
(s, CH3ar, 6 H), 1.48 (m, CHper, 2 H), 1.06 (M, CHaper, 6 H), 0.89 (m, CHzier, 6 H), 0.80 (M, CHaper, 6 H), 0.53
(M, CHaipr, 6 H); BC{*H} NMR (CsDs, 298 K, 176 MHz, in ppm): & = 161.5 (pseudo-t, Jep = 10.1 Hz, Canr),
153.1 (s, Caar), 144.8 (s, Caar), 137.9 (s, Cuar), 136.7 (s, Coar), 133.8 (s, CHar), 133.7 (s, CHar), 131.3 (s, CHa),
130.2 (s, CHar), 129.2 (s, CHa), 123.5 (s, Cqar), 123.4 (s, Coar), 122.5 (s, Coar), 114.4 (pseudo-t, Jep = 3.6 Hz,
CHar), 110.5 (d, Jep = 7.6 Hz, Cyar), 110.4 (d, Jep = 7.6 Hz, Cyar), 25.6 (pseudo-t, Jep = 3.9 Hz, CHpr), 22.7
(pseudo-t, Jer = 6.8 Hz, CHip(), 21.8 (S, CHaar), 21.7 (s, CHaa), 21.2 (s, CH3ad), 20.9 (s, CHzae), 20.8 (s, CHsal),
20.6 (s, CHzar), 20.2 (pseudo-t, Jcp = 3.2 Hz, CHap), 18.8 (pseudo-t, Jep = 5.5 Hz, CHapr), 18.2 (s, CHaer),
16.4 (s, CHaier); 3'P{*H} NMR (CsDs, 298 K, 283 MHz, in ppm): 6 = 1.8 (s, PN-, 2 P); elemental analysis {in
%): Cs3H7aNsP,Lu: calcd.: € 64.29, H 7.53, N 4.24; found: € 63.49, H 7.44, N 4.20.

Preparation of La(PN)>(PHMes) (7-La). A solution of 1-La (1 eq., 1 mmol, 855 mg) in toluene {10 mL)
was added to solid KPHMes (1.2 eq., 1.2 mmol, 228 mg) at room temperature. The resulting deep
yellow suspension was stirred at room temperature for 4 h and then filtered. All volatile components
of the deep orange filtrate were removed in vacuo to yield the desired compound as a yellow solid.
(Note: If necessary, the product can be washed with minimal amounts of —40 °C cold n-hexane or n-
pentane to remove traces of HPN, although this results in diminishing the yield to about 80%.) Single
crystals suitable for X-ray structure determination were obtained by evaporation of a concentrated n-
hexane solution of 7-La at room temperature overnight. Yield: 931 mg (0.959 mmol, 96%); *H NMR
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(CsDg, 298 K, 700 MHz, in ppm}: & = 6.89 (br. s, CHar, 4 H), 6.86 (br. s, CHar, 2 H), 6.84 (br. s, CHa;, 2 H),
6.82 (d, 3Jun = 8.7 Hz, CHa,, 2 H), 5.69 (m, CHa,, 2 H), 3.42 (d, Ysn = 198.9 Hz, PHMes, 1 H), 2.45 (br. s,
CHaar, 6 H), 2.36 (br. s, CHaar, 12 H), 2.26 (s, CHaar, 3 H), 2.14 (br. s, CH3ar, 12 H), 1.81 (br. s, CHier, 4 H),
1.05 (br. s, CHspr, 12 H), 0.91 (br. s, CHar, 12 H); 3C{*H} NMR (CsDs, 298 K, 176 MHz, in ppm): & = 160.2
(pseudo-t, Jcp = 11.4 Hz, Canr), 144.3 (d, Jep = 22.3 Hz, Caar), 138.5 (s, Conr), 136.2 (d, Jep = 8.6 Hz, Caar),
135.2 (s, Caar), 133.9 (s, CHar), 133.4 (s, CHa,), 131.7 (br. s, CHa/), 130.7 (s, Coar), 123.5 (s, Cyar), 113.9 (d,
Jep = 6.5 Hz, Cyar), 113.8 (d, Jep = 6.3 Hz, Cyar), 112.8 (pseudo-t, Jep = 3.8 Hz, CHay), 25.3 (d, Jep = 11.7 Hz,
CHsa,), 22.8 (br. s, CHin), 21.1 (s, CHsas), 21.0 (s, CHaal), 20.6 (s, CHsal), 20.1 (br. s, CHsas), 19.9 {(br. s,
CHapr), 17.6 (br. s, CHajpr); **P{*H} NMR (CeDs, 298 K, 283 MHz, in ppm): § = 11.0 (s, PN", 2 P}, —36.4 (s,
PHMes, 1 P); *P{} NMR (CsDs, 298 K, 283 MHz, in ppm): § = 11.0 (br. s, PN, 2 P), =36.4 (d, Yeu =
198.9 Hz, PHMes, 1 P); elemental analysis (in %): CssHzaLaN,P;: calcd.: C 65.56, H 7.68, N 2.89; found:
C64.79,H7.61, N 3.36.

Preparation of LufPN):(PHMes) (7-Lu). A solution of 2-Lu (1 eq., 0.1 mmol, 98 mg) in toluene (2 mL)
was added to a suspension of KPHMes (1.2 eq., 0.12 mmol, 23 mg) in toluene (2 mL} at room
temperature. Within seconds the resulting reaction mixture took on a deep yellow color. After stirring
for 36 h at room temperature, the suspension was centrifuged and the solution was filtered. All volatile
components of the filtrate were removed under reduced pressure, the oily residue triturated with n-
hexane (2 x 1 mL) and further dried in vacuo. The yellow solid was washed with —40 °C cold n-hexane
(2 x 1 mL} and then thoroughly dried in vacuo to give analytically pure product. Single crystals of 7-Lu
suitable for X-ray structure determination were obtained by storing the above mentioned oily residue
at room temperature for 3 d before further work-up. Yield: 52 mg (0.052 mmol, 52%); *H NMR (CsDs,
298 K, 700 MHz, in ppm): & = 6.89 (br. s, CHa,, 4 H), 6.83 (dd, ¥4y = 8.7 Hz, “un = 2.0 Hz, CHa,, 2 H), 6.80
{m, CHa:, 2 H), 6.79 (s, CHar, 2 H), 5.89 (m, CHar, 2 H), 3.43 (d, Yen = 209.5 Hz, PHMes, 1 H), 2.85 (br. s,
CHsar, 6 H), 2.43 (S, CHsar, 6 H), 2.26-2.14 (bl‘ s, CHsar, 6 H), 2.23 (S, CHsar, 3 H), 2.18 (S, CHsar, 6 H), 2.11
(s, CHsar, 6 H), 1.19 (br. s, CHaier, 12 H), 0.83 (br. s, CHawr, 6 H), 0.76 (br. 5, CHaer & CHir, 8 H), 0.54 (br.,
s, CHpr, 2 H); BC{*H) NMR (CeDs, 298 K, 176 MHz, in ppm): & = 161.0 (pseudo-t, Jep = 9.5 Hz, Coar), 144.3
(s, Canr), 141.8 (d, Jop = 20.7 Hz, Cqnr), 138.0 (br. s, Caar), 137.2 (d, Jep = 9.3 Hz, Canr), 134.0 (s, Canr), 133.9
(s, CHa), 133.5 (s, CHar), 131.3 (s, Cqar), 130.9 (br. s, Coar), 130.5 (br. s, Caar), 123.9 (s, Cqar), 114.0 {pseudo-
t, Jep = 4.0 Hz, CHgr), 111.4(d, Jp = 9.3 Hz, Cyar), 111.3 (d, Jep = 8.5 Hz, Cyar), 25.6 (s, CHaar), 25.5 (s, CHaar),
22.6 (br.s, CHier}, 22.3 (br. s, CHipr), 22.0 (br. s, CHz#(), 20.9 (s, CHsar), 20.8 (s, CHsa/), 20.5 (s, CH3a), 18.9
(s, CHsiee), 18.0 (s, CHaer), 15.8 (5, CHsier) (Due to extensive line broadening caused by rotational barriers,
we have not been able to observe all ortho methyl groups of the mesityl substituents at around
2 ppm.); *P{'"H} NMR (CsDs, 298 K, 283 MHz, in ppm): 6= 5.1 (d, 2Jee =32.3 Hz, PN", 2 P), —63.8 {t,
2fpp = 32.3 Hz, PHMes, 1 P); 3'P{} NMR (C¢Ds, 298 K, 283 MHz, in ppm): 6§ = 5.1 (br. s, PN, 2 P), -63.8
(dt, Ypy = 209.5 Hz, %pp = 32.3 Hz, PHMes, 1 P); elemental analysis (in %): CssH7aLuN2Ps: caled.: C 63.21,
H7.41, N 2.78; found: C62.33, H 7.42, N 3.04.

Preparation of La{PN}{HMDS); (8-La). La(HMDS); (1 eq., 0.3 mmol, 186 mg) and HPN (1 eq., 0.3 mmol,
102 mg) were dissolved in toluene (7 mL) and the resulting reaction mixture stirred at 120 °C for 8 d.
The reaction mixture was then cooled to room temperature and filtered. After removal of the volatiles
in vacuo, the obtained raw product was washed with —40 °C cold n-hexane (2 x 2 mL) and dried in vacuo
to give analytically pure product as an off-white solid. Single crystals of 8-La suitable for X-ray structure
determination were obtained by concentrating a n-hexane solution to about 3 mL and storing it at —
40 °C overnight. Yield: 121 mg (0.151 mmol, 50%); *H NMR (CsDs, 298 K, 700 MHz, in ppm): 6 = 6.98 (s,
CHpr, 2 H), 6.86(dd, *Jup = 5.9 Hz, “Jyn = 1.8 Hz, CHar, 1 H), 6.84 (dd, 34y = 8.3 Hz, Yyn = 1.8 Hz, CHar, 1 H),
5.84 (dd, */un = 8.3 Hz, “Jup = 5.3 Hz, CHa,, 1 H), 2.34 (s, CHaa,, 6 H), 2.21 (sept. (overlap with two s),
Juw = 7.0 Hz, CHeer, 2 H), 2.21 (s, CHaar, 3 H), 2.20 (s, CHsar, 3 H), 1.24 (d, *Juu = 7.0 Hz, CHaer, 3 H), 1.22
(d, SJHH =7.0 HZ, CHg,'Fr, 3 H), 1.13 (d, SJHH =71 HZ, CHsp‘pr, 3 H), 1.11 (d, 3.J'HH =7.1 HZ, CHgfpr, 3 H), 0.29 (S,

S8

Page | 143



Supporting Information — Chapter 1

Si{CHs)3, 36 H); *C{*H} NMR (CsDs, 298 K, 176 MHz, in ppm): & = 160.6 (d, Jep = 22.8 Hz, Cqar), 138.8 (d,
Jer = 2.0 Hz, Con), 138.7 (S, Canr), 135.2 (s, Coar), 133.5 (s, CHa), 133.4 (d, Jep = 2.8 Hz, CHa), 131.5 (s,
CHar), 122.7 (d, Jep = 2.7 Hz, Coar), 114.1 (d, Jep = 7.3 Hz, CHar), 113.9 (s, Caar), 24.5 (d, 2Jee = 5.2 Hz, CHier),
21.0(s, CHsar), 20.7 (s, CHsar), 20.5 (S, CHsar), 20.1 (s, CHapr), 20.1 (s, CHaper), 19.6 (S, CHaier), 19.5 (s, CHaper),
4.9 (s, Si(CHa)s); 2°Si{'H} NMR (CsDs, 298 K, 139 MHz, in ppm): & = —13.5 (s, Si(CHa)s, 2 Si); *'P{'H} NMR
(CsDg, 298 K, 283 MHz, in ppm): 6 = 10.2 (s, PN-, 1 P); elemental analysis (in %): CssHg7LaNzPSis: calcd.:
C51.04, H 8.44, N 5.25; found: C51.20, H 8.33, N 5.25.

Preparation of Ce(PN){HMDS), (8-Ce). Ce(HMDS); (1 eqg., 0.29 mmol, 181 mg) and HPN (1 eq.,
0.29 mmol, 99 mg) were dissolved in toluene (15 mL) and the resulting reaction mixture stirred at
120 °C for 8 d. The reaction mixture was then cooled to room temperature and filtered. After removal
of the volatiles in vacuo, the obtained raw product was washed with —40 °C cold n-pentane (2 x 2 mL)
and dried in vacuo to give analytically pure product as an off-white solid. Single crystals of 8-Ce suitable
for X-ray structure determination were obtained by concentrating a n-pentane solution to about 3 mL
and storing it at —40 °C overnight. Yield: 151 mg {0.188 mmol, 54%); *H NMR (CsDs, 298 K, 700 MHz, in
ppm): & = 18.70 (s, 1 H), 14.14 (s, 1 H), 14.08 (s, 1 H), 6.42 (s, 3 H), 3.56 (br. s, 2 H), 2.16 (br. 5, 6 H),
0.61 (s, 2 H), —0.20 (br. s, 6 H), —1.85 (s, 3 H), —3.04 (br.s , 3 H), —5.85 (br. s, 36 H) (Due to the
paramagnetic nature of the Ce(lll} ion, we have not been able to observe all protons in the 'H NMR
spectrum of the complex.); 3*P{*H} NMR (CsDs, 298 K, 283 MHz, in ppm): 6 = 383.3 (br. 5, PN, 1 P);
31pfI1H} NMR {THF-ds, 298 K, 283 MHz, in ppm): 386.1 (br. s, PN, 1 P), 365.5 (br. s, PN, 1 P); Evans
Method: Les = 2.59 g (CsDs); elemental analysis (in %): CssHs7CeN3PSia: calcd.: € 50.96, H 8.43, N 5.24;
found: € 51.28, H 7.99, N 5.10.

X-ray crystallography. Single crsystals for X-ray diffraction experiments were measured at the
analytical facility of the University of Paderborn, the University of Duisburg-Essen, and the Bruker
Training Center in Karlsruhe. All crystals were kept at 130(2) or 100(2) K throughout data collection.
Data was collected using either the Smart or the APEXIIl software package. Data refinement and
reduction were performed with Bruker Saint (V8.34A). All structures were solved with SHELXT and
refined using the OLEX 2 software package.!**'? Strongly disordered solvent molecules were removed
using the SQUEEZE operation.*¥ All non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were included at the geometrically calculated positions and refined using a riding model. All
structures have been submitted to the CCDC and can be obtained under the numbers presented in the
Sl Tables S1, S2 and S3. For further crystallographic details regarding crystal measurements, please
check Tables S1 to S5 in the Supporting Information.
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Figure $17: 1H-1H COSY NMR spectrum of 1-La in C¢Dg (298 K).
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Figure 518: IH-13C HSQC NMR spectrum of 1-La in CsDs (298 K).
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Figure 524: 1H-1H COSY NMR spectrum of 2-La in CsDg (298 K).
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Figure S25: IH-13C HSQC NMR spectrum of 2-La in CsDs (298 K).
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Figure S27: IH-15N HMBC NMR spectrum of 2-La in CsDs (298 K).
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Figure S35: iH-1H COSY NMR spectrum of I-Lu in CsDs (282 K). Small impurities of HPN are visible in the aliphatic region.
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Figure S38: 31pfiIH} NMR spectrum of 2-Lu in CsDs (300 K).

S47

Page | 182




Supporting Information — Chapter 1

81S

:6€5 24nbi

‘() €82) 2G% Ul nT-Z fo winu23ds YAIN {H}Der

wdd
0T 0€ (014 0s 09 (074 08 06 00T 01T ozt 0cT ovT 0ST 091 0s1 08T 061 00
I T ’ L ) | a
kil T
I

0T

=

.'

.

T

23.72
?23.66

21.95
2166
20.83
12053

X20.19
N19.64
1 19.18
| 19.13
L 17.81
L15.35

ki

Ad,
g,

P RN

T

e

n1—a?

d

/

'
-

id,

Page | 183



Supporting Information — Chapter 1

—
—

b
_—

Figure 540:

]
o0
0
9 1
Am.ma,m.umﬂﬂ e Lo
o
r3
F4
r5
Ammwwmﬁs
y © L
[ [+]

m.mm.m.mﬁw ﬁ.E.m.mﬁ,

&W A -7
&
r8
r9
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm
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Figure 562: IH-13C HSQC NMR spectrum of 5-La in CsDs (298 K).
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Figure S80: IH-1H COSY NMR spectrum of 6-Lu in CsDs (298 K).
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Figure S81: IH-13C HSQC NMR spectrum of 6-Lu in CsDs (298 K).
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Figure S85: 3P{IH] NMR spectrum of 7-La in CsDs (298 K).
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Figure S90: IH-31p HMBC NMR spectrum of 7-La in CsDs (298 K). The cross peak at § =17 ppm belongs to a small impurity of HPN.
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Figure S93: 3P{IH} NMR spectrum of 7-Lu in CsDg (298 K). The inserts show the resonance multiplicities which indicate a 2Jpp coupling between the PN ligands and the phosphido ligand.
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4. Molecular structures of LiPN, KPN, 1-Ce, 1-Nd, 1-Gd, 1-Dy, 1-Th, 1-Lu

Figure 5129: ORTEP plots of [LiPN]; (left) and [KPN], (right). Thermal ellipsoids are shown at a probability level of 30%.
Hydrogen atoms and solvent molecules are omitted for clarity.

X-ray quality crystals of KPN were obtained by leaving a moderately concentrated NMR sample of KPN
in CsDs (40 mg in 0.6 mL) at room temperature for 2 h (Figure 5129, right). The potassium salt of the
ligand crystallizes in the monoclinic space group P21/c as an indefinite one-dimensional polymer chain
with half a molecule of benzene per KPN unit. Thereby, each potassium cation is coordinated by the
phosphorus and nitrogen atoms of the PN ligand as well as by the tolyl ring of the neighboring PN unit
in an n® fashion. The bond distances of the potassium atom K1 to the hetero atoms P1 and N1 are
3.281(1) A and 2.654(2) A, while the distance to the centroid of the tolyl ring of the next ligand is only
2.788(1) A, indicating a strong interaction between the arene ring and the potassium ion. In addition
to this potassium arene interaction, we have also found close contacts between the potassium ion and
the methyl and the methine hydrogen atoms of one of the isopropyl substituents (2.845(2) A and
2.869(2) A, respectively), indicating potential agostic interactions in the solid state. The potassium ions
are slightly shifted out of the PN arene plane resulting in a zig-zag arrangement of the potassium ions
in the polymer chain. In contrast, the isolation of X-ray quality crystals for LiPN was found to be much
harder and crystals could only be obtained by storing a very concentrated solution of LiPN in toluene
{300 mg in 1 mL) at —40 °C for two weeks (Figure 5129, left). The lithium salt of the ligand crystallizes
in the monoclinic space group P2:/n as a dimer ([LiPN];) with one LiPN unit forming the asymmetric
unit. Each lithium atom is coordinated by the nitrogen and the phosphorus atom of one PN ligand, as
well as by the mesityl substituent of the second PN ligand in an n® fashien. The bond distances of the
lithium atom Lil to the hetero atoms P1 and N1 are 2.513(2) A and 1.940(3) A, while the distance to
the centroid of the mesityl ligand was found to be 2.113(1) A.
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Figure $130: ORTEP plots of 1-Ce, 1-Nd, 1-Gd (top, left to right) and 1-Th, 1-Dy, 1-Lu (bottom, left to right). Thermal ellipsoids are shown at a
probability level of 30%. Hydrogen atoms and solvent molecules have been omitted for clarity.
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5. Crystallographic details

Table $1: Crystallographic details of LIPN, KPN and the chioride complexes 1-Ln.

LiPN KPN 1-La 1-Ce 1-Nd 1-Gd 1-Tb 1-Dy 1-Lu*

Chemical formula Ca:HaNPiLiy CnHuNIPIK, CasHeN:2P2CliLay CasHaN2P2CLCey CasHezN2P2CLINdy CaaHeaN:2P2C CasHeaN:2P2C CaaHg2N2P2CLiDy, CaaHgN2P2C
0.5 (CsHs) 2 (C7Hg) 2 (C7Hg)

M, 347.39 418.60 855.25 856.46 860.58 1057.86 1059.53 878.84 891.31
Crystal system Moenoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoelinic Monoclinic Monoclinic Triclinic
Space group P2in P2ile P/e Pile P2iie P2iin F2iin Pile P-1
a(A) 9.281(1) 8.7122(3) 13.819(1) 13.775(1) 13.7741(6) 12.894(1) 12.893(1) 13.654(2) 12.885(1)
b (A) 13.091(2) 11.6493(4) 19.113(2) 19.148(2) 19.1967(8) 31.564(2) 31.524(2) 19.491(3) 15.788(1)
c(A) 17.095(3) 23.6105(9) 17.797(2) 17.703(2) 17.6643(8) 14.574(1) 14.563(1) 17.553(3) 25.622(2)
a(?) 90 90 90 90 90 90 90 90 99.574(2)
B () 98.126(8) 96.647(1) 109.605(2) 109.603(2) 109.738(2) 113.207(1) 113.389(1) 109.906(3) 103.096(2)
v (%) 90 90 90 90 90 90 90 90 90.902(2)
V(A% 2056.1(3) 2380.2(2) 4428.0(7) 4398.5(7) 4396.3(3) 5451.8(7) 5433.0(7) 4392(1) 4998.3(7)
Zz 4 4 4 4 4 4 4 4 4
Densitiy (g cm™) 1.122 1.168 1.283 1.293 1.300 1.289 1.295 329 1.184
F(000) 752 900 1776 1780 1788 2204 2208 1812 1832
Radiation Type MoKa MoKa MoKt MoKat MoKat MoKao. MoKa MoKa MoKa
w(mm™) 0.137 0.301 1.128 1.199 1.345 1.361 1.447 1.865 2.119
Crystal size 0.28x0.15x0.11 0.18x0.15x0.10 0.25x0.21x0.20 0.25x0.24x0.21 0.25x0.18x0.08 0.42x0.37x0.36 0.35x0.31x0.29 0.35x0.32x0.03 0.32x0.30x0.28
Meas. Refl. 70989 27085 37118 39545 82566 41840 60985 35795 40486
Indep. Refl. 6265 4365 8192 83454 8978 12629 10070 8344 17612
Obsvd. [/>26(h] 4795 3685 6165 6416 7787 9876 8494 6307 13594
Rint 0.0479 0.0614 0.0737 0.0782 0.0244 0.0539 0.0582 0.0765 0.0495
R [F? = 20(I?)] 0.0455 0.0355 0.0403 0.0371 0.0236 0.0380 0.0321 0.0356 0.0435
wR(F?) 0.1378 0.0822 0.0972 0.0846 0.0546 0.0828 0.0749 0.0800 0.1111
S 1.058 1.040 1.013 1.028 1.070 1.017 1.069 1.008 1.026
Apmax 0.472 0.302 1.093 0.092 0.603 1.000 0.728 0.858 3.010
Apmin -0.290 -0.240 -0.796 -0.386 -0.406 -0.398 -0.341 -0.616 -0.638
CCDC 1942375 1942377 1942368 1942378 1954491 1950170 1950171 1942581 1942379

*The SQUEEZE operation has been applied due to a partially occupied, strongly disordered n-pentane molecule.
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Table 52: Crystallographic details of the functionalized complexes 3-Ln—7-Ln.

3-La 4-La 4-Lu 5-La 5-Lu 6-La 6-Lu* 7-La 7-Lu

Chemical formula  CaHsyN2PaLay CsiHuN2OWP2Lay Cs3HuN201P2Luy CssHnaN2PaSiLay CssH7N2P2SiLw Cs;HuaN;P2Lay CssHuNsP2Lu CsiHuN2P;Lay CsiHuNz2PiLw
CaHion CaH O CsHs

M 884.89 054.98 1065.16 971.04 1007.10 1028.12 990.06 970.96 109915
Crystal system Moenoclinic Monoclinic Triclinic Triclinic Monoclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P2i/e P2i/c P-1 Pl P2iic Pl P-1 P2iin P2\
a(A) 16.881(1) 15.148(3) 11.632(2) 13.433(3) 14.933(3) 11.808(2) 11.581(1) 15.009(3) 14.624(1)
b (A) 22.018(2) 18.943(4) 19.291(3) 13.708(4) 13.053(3) 19.584(3) 19.741(1) 11.980(3) 19.238(1)
e (A) 13.038(1) 18.997(4) 25412(4) 15.265(4) 25.433(5) 24.210(4) 24.651(2) 28.729(6) 21.223(1)
a(®) 90 90 85.328(3) 89.241(5) 90 86.292(2) 87.354(1) 90 90
B (%) 108.186(1) 113.439(4) 80.975(3) 67.705(4) 95.842(5) 3.534(2) 82.377(1) 96.361(4) 106.804(1)
v (%) 90 90 89.009%(3) 82.502(5) 90 88.592(2) 88.118(1) 920 90
V(A% 4603.6(6) 5001.1(2) 5613(1) 2576.6(1) 4932(2) 5550.3(2) 5577.8(6) 5134(2) 5717.0(5)
zZ 4 4 4 2 4 4 4 4 4
Densitiy (g em™) 1.277 1.268 1.260 1.252 1.356 1.230 1.179 1.256 1277
F(000) 1848 2000 2224 1016 2088 2168 2056 2032 2288
Radiation Type MoKa MoKa MoKa MoKa MoKa MoK MoK MoKa MoKa
w(mm") 1031 0.956 1.855 0.966 2,145 0.866 1.860 0.960 1.848
Crystal size 0.35x0.34x0.29  0.25 x0.24x0.09 0.38x0.35x0.31 0.35x0.30x0.28 0.12x0.12x0.11 0.35x0.33x0.31 0.44x0.42x0.37  0.15x0.12x0.04  0.55x0.48x0.45
Meas. Refl. 33292 24425 65881 29323 23176 60217 65143 47168 63680
Indep. Refl. 8107 9239 22070 9531 8916 20507 21351 9537 10530
Obsvd. [/ 26(f)] 5797 6548 17295 7409 6430 13337 16188 6619 8587
Rine 0.1194 0.0758 0.0503 0.0708 0.0696 0.0877 0.0504 0.0979 0.0656
R [F? > 26(F%)) 0.0404 0.0470 0.0349 0.0407 0.0447 0.0603 0.0360 0.0492 0.0288
wR(F?) 0.0968 0.0797 0.0905 0.0610 0.0984 0.1836 0.0978 0.1178 0.0671
S 1.014 1.008 1.033 0.989 0.988 1.014 1.034 1.015 1.050
Apmax 0.965 0.577 1.058 0.836 1.879 2.138 1.190 0.798 0.941
Apmin 0.655 1.165 0.457 0.913 0.671 0.971 0.393 2.404 0.633
CCDC 1942376 1942370 1942371 1942369 1942374 1942373 1943224 1957704 1957703

*The SQUEEZE operation has been applied due to partially occupied, strongly disordered diethyl ether molecules.
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Table 53: Crystallographic details of the functionalized complexes 8-Ln.

8-La 8-Ce

Chemical formula C14Hg7N; P2 CaaHerN3P2Sis
SisLa; Cer
M 800.14 801.35
Crystal system Monoclinic  Monoclinic
Space group P2in P2iin
a(A) 15.306(2) 15.270(2)
b (A) 17.624(2) 17.722(2)
c(A) 15.654(2) 15.595(2)
a(®) 90 S0
B ) 99.013(2) 98.822(3)
¥ 90 90
V(A% 4170.5(9) 4169(1)
Z 4 4
Densitiy (g em™) 1.274 1.277
F(000) 1680 1684
Radiation Type MoKa MoKa
w(mm™) 1.203 1.270
Crystal size 0.15x0.15x0  0.25x0.24x0.19
15

Meas. Refl. 18550 23265
Indep. Refl, 7568 7936
Obsvd. [/> 2a())] 5608 5782
Rine 0.0589 0.0873
R [F? > 26(F2)] 0.0431 0.0501
WR(F?) 0.0941 0.1256
8 0.985 0.998
Apmus 1.164 2.136
Apmin 0.636 1.435
CCDC 1942372 1946545
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Table 54: Selected bond lengths and angles.

LiPN KPN 1-La 1-Ce 1-Gd 1-Th 1-Dy 1-Lu 3-La 4-La
M1 — N1 1.940(3) 2.654(2) 2.373(3) 233303 2. 2.296(2) 2.274(3) 2.249(3) 2213(4) 2.499(4) 2.399(4)
MI1—N2 o E 2.364(3) 2.348(3) 2. 2.297(2) 2.282(3) 2.251(3) 2.237(4) 2.420(4) 2.422(4)
M1 —P1 2513(2) 3.281(1) 3.163(1) 3157(1) 3. 2.965(1) 2.946(1) 2.990(1) 2.866(1) 3.098(1) 3.158(2) 2.901(1)
ML -P2 < b 3.197(1) 3.133(1) 3.007(1) 2.967(1) 2.950(1) 2.973(1) 2.862(1) 3.216(1) 3.165(1) 2.903(1)
M1 —X70/CLHLNTO0MN200/Cpeent - - 2.691(1) 2.668(1) 2.631(1) 2.361(8) 2.545(1) 2.524(1) 2467(1) 2.555(D 2.225(3) 2.028(3)
M1 — Mes/Tolem 2.113(1) 2.788(1) : 2 E . 2 s = ¥ P -
C10-N1 1.370(1) 1.355(2) 1.390(3) 1.391(4) 1.5388(5) 1.401(4) 1.398(4) 1.381(5) 1.405(7) 1.587(6) 1.381(5) 1.399(5)
Cl1-P1 1811(1) 1.831(2) 1.809(4) L818(4) 1.823(2) 1.810(3) 1.813(3) 1.818(4) 1.802(6) 1.816(5) 1.821(5) 1.817(4)
Clo-CI1 1.429(2) 1.441(2) 1.415(6) 1.410(5) 1.416(3) 1.407(4) 1.405(4) 1.418(5) 1.404(8) 1.419(6) 1.421(6) 1.416(5)
M1 -X70-C70 - - - - - - - - - - 173.8(3) 171.7(3)
NI - MI-N2 - - 125.8(1) 128.3(1) 128.1(1) 127.8(1) 129.8(1) 131.5(1) 126.0(2) 132.5(1) 114.0¢1) 118.3(1)
P2 - M1 -P2 - - 178.2(1) 177.7(1) 177.7(1) 171.6(1) 172.9(2) 178.6(1) 172.5(1) 153.8(1) 177.2(1) 178.5(3)
NI Ml - Pl £3.52(9) 56.76(3) 62.0(1) 63.0(1) 64.4(1) 67.1(1) 67.4(1) 67.6(1) 70.5(1) 64.6(1) 62.9(1) 70.3(1)
N2 - M1 — P2 - - 62.3(1) 62.3(1) 63.5(1) 68.5(1) 68.7(1) 67.1(1) T1.4(1) 61.0(1) 62.9(1) 71.6(1)
(PN) vs. (PN) g E 44.4(1) 43.9(1) 42.9(1) 37.3(1) 37.1(1) 38.3(1) 37.4(1) 10.5(1) 58.2(1) 47.3(1)
75 - = 0.874 0.823 0.826 0.730 0.718 0.785 0,765 0355 0.841 0.953
Table $5: Selected bond lengths and angles.
5-La 5-Lu 6-La 6-Lu 7-La 7-Lu 8-Ce
M1 - NI 2.388(3) 2.245(4) 2.427(5) 2.217(3) 2.397(4) 2.229(2) 2.436(3) 2.408(4)
MI1—N2 2.372(3) 2.236(4) 2.396(5) 2.254(3) 2.388(4) 2.216(3) 2 &
M1 —P1 3.151(1) 2.878(2) 3.154(2) 2.912(1) 3.133(1) 2.884(1) 3.243(1) 3.187(1)
Ml - P2 3.149(1) 2.864(2) 3.139(2) 2.905(1) 3.137(1) 2.895(1) - -
M1 — XT70/CITNT00/MN200/Cpeent 2.718(1) 2.544(2) 2.338(5) 2.166(4) 3.053(1) 2.735(1) 2.376(3)/2.388(3) 2.356(4)/2.355(4)
Oleent = = & - - - = -
1.389(4) 1.411(6) 1.399(7) 1.389(5) 1.382(5) 1.399(4) 1.386(5) 1.378(6)
1.805(4) 1.811(6) 1.821(6) 1.821(4) 1.805(5) 1.810(3) 1.812(4) 1.815(5)
Clo-CI11 L415(5) 1L418(7) 1.418(8) 1.419(6) 1.423(6) 1.419(4) 1.421(6) 1.426(6)
M1 - X70 - C70 145 8(1) 137.8(2) 149.2(4) 146.4(3) 116.8(1) 130.7(1) % E
NI -MI N2 120.2(1) 126.7(2) 120.8(2) 119.3(1) 9.7(1) 125.4(1) s =
Pl M1 P2 175.3(1) 169.2(4) 178.4(1) 178.2(1) 169.0(1) 167.7(1) - -
NI -MI-P1 63.2(1) 71.5(1) 63.9(1) TLI(1) 62.8(1) 71.2(1) 62.71(8) 63.96(9)
N2 -Ml-P2 62.9(1) 70.8(1) 63.9(1) 71.2(1) 63.5(1) 70.3(1) s =
(PN) vs. (PN) 54.7(1) 33.9(1) 45.9(1) 38.8(1) 33.6(1) 5 %
LSRETE 0918 0.708 0.960 0.981 0.821 0.705 0.688 0.670
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6. Paramagnetic susceptibility measurements of 1-Ln (with Ln = Ce, Nd, Gd, Th, Dy) and 8-Ce

Table S6: Paramagnetic susceptibility data obtained by the Evans method4! in CsDs (298 K).

1-Ce 1-Nd 1-Gd 1-Tb 1-Dy 8-Ce
experimental yerr ~ 2.23 3.38 8.24 9.37 10.02 2.59
in pug
literature gerin pp 1.79-2.46 (exp.)V'> "6, 2.98-3.95 (exp )'> 7 7.70-8.86 (exp 'S 19, 8.90-10.70 (exp)'* ¥, 9.90-11.81 (exp)';  1.79-2.46 (exp.)l'> '4l;
2.54 (theor.)!'8] 3.62 (theor )] 7.94 (theor.)!'®] 9.72 (theor.)['"] 10.63 (theor.)!'*! 2.54 (theor.)!'9]

7. 3P NMR correlations of 1-Ce and 8-Ce
600 -

mmmo E
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-Le
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Figure S131: Linear correlation between the 1P NMR shifts measured at 25 °C in CsDs and Ce—P distances for the new complexes 1-Ce and 8-Ce (red dots) in comparison with previously
reported PNP Ce complexes by Schelter et al.?% (blue dots).
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1. Experimental Section

General Remarks. If not otherwise mentioned, all transformations were carried out under inert
conditions using the Schlenk technique or an argon filled glovebox. Solvents were dried by a MBraun
SPS system, degassed and stored over activated molecular sieves (3 A) for at least 24 h prior to use.
The deuterated solvents C¢Ds, CDCls and THF-ds were dried by storage over activated molecular sieves
(3 A) for at least 24 h. IR spectra were recorded at room temperature under inert conditions using a
Bruker Vertex 70 with ATR equipment. 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
(8) are reported in ppm and coupling constants are given in Hz. 'H and 3C chemical shifts were
calibrated to residual solvent peaks. **N chemical shifts (obtained by *H-*N HMBC NMR spectroscopy)
were calibrated externally to liquid ammonia (NHs). *Si chemical shifts were calibrated externally to
tetramethylsilane (Si(CHs)s, TMS). 3P chemical shifts were calibrated externally to phosphoric acid
(HsPO4, 85% in water). Elemental analyses were performed using an Elementar vario microcube
instrument at the Paderborn University. Starting materials 1, (tht)AuCl,? (MesP)Au(HMDS),? (IPr)AuCl,*
MeCAACS and (MCAAC)CuCl® were synthesized following literature known procedures.
Phenylisocyanate, phenylisothiocyanate and benzyl bromide were stored over activated molecular
sieves (3 A) for 24 h prior to use. KHMDS and (IPr)CuCl were used as received.

Synthetic Procedures
Preparation of (V*CAACJAu(HMDS).

(Me3sP)Au(HMDS) (87 mg, 200 umol, 1 eq.} and M*CAAC (57 mg, 200 pmol, 1eq.) were dissolved
separately in toluene (2 mL each) and the solutions cooled to —40 °C. The solution of M*CAAC was slowly
added dropwise to the solution of (MesP)Au{(HMDS) under stirring at —40 °C. The resulting clear,
colorless reaction mixture was stirred for 30 min while warming up to ambient temperature. Most of
the volatile components were removed in vacuo, giving a colorless, oily residue. Addition of 40 °C cold
n-hexane (1 mL} caused the formation of a colorless, microcrystalline solid which was separated,
washed again with —40 °C cold n-hexane (1 mL) and dried in vacuo to give the desired product. Single
crystals of (MeCAAC)Au(HMDS) suitable for X-ray structure determination were obtained by storing the
concentrated n-hexane extract (with residual toluene, obtained during work-up) at —40°C overnight.
Yield: 74 mg (115 umol, 58%); *H NMR (CsDs, 303 K, 700 MHz, in ppm): &= 7.17 (t, *Juu=7.7 Hz,
CHAr‘Dipp, 1 H), 7.02 (d, BJHH =7.7 HZ, CHAr,Dipp, 2 H), 2.66 (sept, 3."HHZG.S HZ, CH,'pr,Dipp, 2 H), 1.54 (d,
3Jun = 6.8 Hz, CHsiprpipp, 6 H), 1.42 (s, CHacaac, 2 H), 1.32 (s, CHacaac, 6 H), 1.09 (d, *Jxn = 6.8 Hz, CHsipr.oipp,
6 H), 0.81 (s, CHacaac, 6 H), 0.34 (s, Si(CHas)s, 18 H); 3 C{*H} NMR (CsDs, 303 K, 176 MHz, in ppm}: & =
242.2 (s, Cearbene), 145.3 (s, Coarpipp), 135.2 (S, Conrpipp)s 129.8 (S, CHarpips), 125.3 (s, CHar,oipp), 79.0 (s,
Cq(;AAc), 54.3 (S, CqCAAC), 50.0 (S, CHZCAAc), 29.3 (S, CHipr‘Dfpp), 29.2 (S, CH3CAAc), 28.6 (S, CH3CAA(;)_, 27.1 (S,
Cngpr,Dipp), 23.2 (S, CHg(pr,[)ipp), 6.6 (S, SI(CH3)3)_, ZQSi{lH} NMR (Cst_, 303 K, 139 MHz, in ppm) 6=-5.6 (S,
Si(CHs)s, 2 Si); elemental analysis (in %): CasHasAuN,Siz: caled.: C 48.58, H 7.68, N 4.36; found: C 49.24,
H 7.45, N 4.59. (We were not able to obtain better elemental analysis results for carbon.).

Preparation of (V*CAAC)AuCI.

A procedure similar to the one reported by Romanov et al. for (*CAAC)AuCl was adapted.® Toa —78 °C
cold suspension of (tht)AuCl (122 mg, 381 umol, 1 eq.) in THF (10 mL) was added dropwise solution of
MeCAAC (109 mg, 381 umol, 1 eq.) in THF (5 mL) under stirring. The resulting reaction mixture was
stirred for 16 h, while warming up to room temperature. This yielded a grey-brown suspension. All
volatile components were removed in vacuo and the remaining solid washed with n-hexane (2 x 3 mL).
The grey solid was then extracted into dichloromethane (4 mL) and filtered through a glass fibre filter,
leaving a black solid on the filter and a brown-red solution. The solvent was removed from the filtrate,
leaving a rose-colored solid which *H and 3C{*H} NMR spectroscopy showed to be a mixture of
(MeCAAC)AUCI (5(C) = 235.9 ppm (s, Cearbene)), [(MECAAC)2AU]CI (6(13C) = 250.9 ppm (5, Cearbene)) and
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[HMeCAAC]CI. [{M*CAAC):AU]CI could be removed by extraction of {(M*CAAC)AuC| into THF (2 x 3 mL).
After filtration and removal of solvent in vacuo from the THF filtrate, crude (M*CAAC)AuUCI was obtained
with [HMCAAC]CI as the only impurity (see Figures S9 and $10). Yield: 165 mg (84%, crude); *H NMR
(CDCls, 303 K, 700 MHz, in ppm): 8 = 7.41 (t, *Jun = 7.8 Hz, CHar,pipp, 1 H), 7.24 (d, *Jun = 7.8 Hz, CHarpipp,
2 H), 2.74 (sept, 3J'HH:6.7 HZ, CH,'prJDipp, 2 H), 2.13 (S, CHZCAAC; 2 H), 1.51 (S, CH3CAA(;, 6 H), 1.40 (d,
34y = 6.7 Hz, CHsiprpipp, 6 H), 1.35 (s, CHscaac, 6 H), 1.30 (d, 3Jun = 6.7 Hz, CHsipprpipp, © H); BC{'H} NMR
(CDCls, 303 K, 176 MHz, in ppm): & = 235.9 (s, Cearbene), 145.1 (s, Caaroipp), 133.7 (s, Cyarnipp), 130.1 (s,
CHAr,Dipp), 125.1 (S, CHA.—JDipp), 80.9 (S_, CqCAAC), 54.1 (S, CqCAAC).- 49.6 (S, CHchAc), 29.3 (S, CH3CAA(:), 29.2 (S,
CHscaac), 27.3 (s, CHaprpip), 22.9 (s, CHsierpipp) {The resonance of CHirpipp could not be assigned
confidently, since it its either obscured by the resonances at § 29.3-29.2 ppm or not intense enough
to be distinguished from the resonances of impurity [HM®CAAC]CL.).

Preparation of 2.

A solution of phenylisocyanate (60 mg, 500 umol, 1 eq.) in toluene (2 mL) was added dropwise to a
solution of 1 (485 mg, 500 umol, 1 eq.) in toluene (8 mL) at room temperature. Upon addition, the
color of the solution turned from dark to pale yellow and the resulting reaction mixture was stirred for
1 h. The solvent was removed in vacuo and n-hexane (4 mL) added to the residue. The resulting
suspension was centrifuged, the off-white solid separated from the yellow solution, washed with n-
hexane (2 x 4 mL) and n-pentane (1 mL). Drying in vacuo gave the product as an off-white solid. Single
crystals of 2 suitable for X-ray structure determination were obtained by storing the concentrated (ca.
1mL) n-hexane extract (with residual toluene, obtained during work-up) at room temperature
overnight. Yield: 451 mg (414 umol, 83%); *H NMR (CsDs, 303 K, 700 MHz, in ppm): & = 7.06-7.08 (m,
CHar, 2 H), 7.05-7.02 (m, CHa,, 2 H), 6.94 (m, CHa,, 2 H), 6.89 (tt, */uu = 7.3 Hz, “un = 1.2 Hz, CHa,, 1 H),
6.86 (br. s, CHa,, 2 H), 6.84 (br. s, CHa, 2 H), 6.77 (dd, *Jun = 8.5 Hz, “Jun = 2.0 Hz, CHa,, 2 H), 6.72 (br. s,
CHar, 2 H), 5.68 {m, CHar, 2 H), 5.11 (d, Ypy = 242.8 Hz, PHMes, 1 H), 2.38 (br. s, CHapr, 6 H), 2.19 (s, CHaar,
6 H), 2.18 (br. m, CHpr, 2 H), 2.16 (s, CHaar, 6 H), 2.13-2.09 (2 br. s, CHsa,, 9 H), 2.06 (br. s, CHaar, 6 H,
2.05-2.01 (br. m, CHer, 2 H), 1.14-1.10 (br. m, CHsier, 6 H), 1.08-1.01 (2 br. m, CHzper, 12 H), 0.96-0.89
(br. m, CHapr, 6H); “C{*"H} NMR (CsDs, 303K, 176 MHz, in ppm): 6= 186.5 (d, “fep =34.5Hz,
OC(NPh){PHMes)), 161.2 {m, Cyar), 149.0 (s, Cyar), 143.4 (br. s, C4ar), 140.5 (s, Cyar), 138.8 (br. s, Cqar),
138.3 (s, Caar), 137.0 (br. s, Coar), 134.2 (s, Coar), 133.5 (s, CHar,), 133.4 (s, CHar), 131.3 (s, CHar), 131.0 (s,
CHa), 129.0 (d, Jcp = 3.5 Hz, CHar), 128.8 (s, CHa), 126.4 (d, Jcr = 8.0 Hz, Cgar), 125.3 (s, CHar), 124.4 (s,
CHgr), 122.3 (s, Coar), 113.6 (M, Cyar), 113.3 (pseudo-t, Jep = 3.8 Hz, CHay), 24.2 (br. s, CHer), 24.1 (s, CHsar),
241 (S, CH3Ay), 229 (bl’ S, CH;’pr), 211 (S_, CHgAr), 20.7 (S, CHgAr), 20.0 (pSEUdO-t, Jep = 5.0 HZ, Cngpr), 19.8
(S, CHgAr), 19.3 (br S, CHgAr), 19.2 (br S, CH3,‘p,—), 18.6 (br S, Cngpr), 17.5 (br. S, Cngpr); 31P{1H} NMR (CEDE,
303 K, 283 MHz, in ppm): 6 = 6.3 (s, PN7, 2 P), =90.1 (s, PHMes, 1 P); 3P NMR (CsDs, 303 K, 283 MHz, in
ppm): 6= 6.3 (s, PN, 2P), -90.1 (d, Yeu=242.8 Hz, PHMes, 1P}); elemental analysis (in %):
CeoHzsLaN3OPs: caled.: €66.11, H 7.30, N 3.85; found: C 65.78, H 7.28, N 3.87.

Preparation of 3.

A solution of phenylthioisocyanate (27 mg, 200 umol, 1 eq.) in toluene (2 mL) was added dropwise to
a solution of 1 (194 mg, 200 umol, 1 eq.) in toluene (2 mL) at room temperature. The resulting yellow
solution was stirred for 1 h. The solvent was removed in vacuo and the residue triturated with n-
hexane (2 x 1 mL). After washing with —40 °C cold n-pentane (2 x 3 mL) and drying in vacuo the product
was obtained as a bright yellow solid. Single crystals of 3 suitable for X-ray structure determination
were obtained by gas diffusion of n-hexane into a solution of 3 in CsD¢ at room temperature for 5 d.
Yield: 182 mg {165 umol, 82%); *H NMR (CsDs, 303 K, 700 MHz, in ppm): & = 6.97-6.93 (m, CHa,, 4 H),
6.90 (d, *fun = 7.6 Hz, CHar, 2 H), 6.83 (tt, *Jun = 7.3 Hz, “uu = 1.1 Hz, CHa,, 1 H), 6.82 (br. s, CHa,, 2 H),
6.79-6.75 (M, CHar, 6 H), 5.63 (M, CHar, 2 H), 5.32 (d, Ypy = 242.4 Hz, PHMes, 1 H), 2.54 (br. s, CHas, 6 H),
2.30 (br. s, CHpr, 2 H), 2.25 (br. s, CHpr, 2 H), 2.21 (s, CHsar, 6 H), 2.18 (s, CHaar, 6 H), 2.07 (s, CHsar, 3 H),
1.96 (br. s, CHsar, 6 H), 1.78 (br. s, CHsar, 6 H), 1.39-1.24 (br. s, CHspr, 12 H), 1.22-1.13 (br. s, CHapr,
12 H); C{"H} NMR (CeDs, 303 K, 176 MHz, in ppm): § = 208.0 (br. s, SC(NPh){PHMes)), 160.8 (d,
Jep =24.0 Hz, Caar), 151.7 {d, Jep = 6.2 Hz, Coar), 144.3 (br. s, Coar), 141.1 (br. s, Cqar), 139.5 (s, Caar), 137.9
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(br.s, Cqar), 134.1 (s, Coar), 133.7 (s, CHa/), 133.4 (s, CHp), 131.5 (br. s, CHar), 131.2 (br. s, CHaf), 129.3
(d, Jep=4.2 HZ, CHAr), 129.0 (S, CHAr), 127.8 (d, Jp=4.4 HZ, Cqm-), 125.3 (S, CHAr), 123.4 (S, CHAr), 122.7
(s, Caar), 113.7 (M, Caar), 113.5 (m, CHa), 24.4 (s, CH3ar), 24.3 (s, CHaar), 24.1 (br. s, CHp:), 21.2 (s, CHsar),
21.1 (S, CH3Ar), 20.7 (S, CHgAr), 20.3 (br S, CHg,’pr), 19.7 (br S, CHgAr), 19.3 (br S, CHgAr), 18.7 (br S, CH,’pr);
31p{IH} NMR (CeDs, 303 K, 283 MHz, in ppm): §= 6.9 (s, PN, 2 P}, —56.4 (br. s, PHMes, 1 P); 3P NMR
(CsDs, 303 K, 283 MHz, in ppm): 6 =6.9 (s, PN, 2 P}, =56.4 (br. d, Yy = 242.4 Hz, PHMes, 1 P); elemental
analysis (in %): CeoH7sLaN3PsS: calcd.: € 65.15, H7.20, N 3.80, S 2.90; found: C 65.47, H 7.23, N 3.88,
$2.96.

Preparation of 4.

A solution of KHMDS (240 mg, 1.21 mmol, 1 eq.) in toluene (10 mL) was added in small portions to a
solution of 2 (1.32 g, 1.21 mmol, 1eq.) in toluene (40 mL) at room temperature, upon which the
originally colorless solution turned bright yellow. The reaction mixture was stirred for 15 h, during
which a thick yellow suspension formed. The suspension was centrifuged, the solid separated and
washed with n-pentane (3 x 5 mL). After drying in vacuo the product was isolated as a light yellow solid.
Crystals of 4 which were used for X-ray structure determination were obtained by gas diffusion of n-
hexane into THF-ds at room temperature overnight. Although this allowed the determination of the
connectivity (see Figure 578), no accurate structural parameters could be determined, due to the poor
quality of the crystals. All other crystallization methods tested did not yield crystals of higher quality.
Yield: 1.17 g (1.04 mmol, 86%); *H NMR (THF-dg, 303 K, 700 MHz, in ppm): § = 7.14—7.10 (m, CHa,, 2 H),
6.99 (t, *Juy = 7.5 Hz, CHAr, 2 H), 6.76 (br. s, CHar, 2 H), 6.74 (br. s, CHar, 4 H), 6.71 (t, 3 = 7.5 Hz, CHas,
1 H), 6.58 (br. s, CHar, 2 H), 6.46 {dd, 3/ = 8.5 Hz, %/ = 1.8 Hz, CHar, 2 H), 5.16 (M, CHar, 2 H), 2.42 (s, CHaas,
6 H), 2.25 (s, CHsar, 6 H), 2.12 (s, CHsar, 3 H), 2.09 (br. s, CHier, 4 H), 2.05 (s, CHaar, 6 H), 1.79 (br. s, CHaar,
12 H}), 1.06 (br. s, CHapr, 12 H), 0.98 (br. s, CHaip,, 12 H); *C{*H} NMR (THF-ds, 303 K, 176 MHz, in ppm):
6 =208.4 {br. s, OC(NPh){PKMes)), 162.5 (m, Cqar), 155.9 (s, Cqar), 143.7 (s, Coar), 141.9 (s, Caar), 141.7 (s,
Cyar), 137.9 (br. s, Cyar), 133.8 (5, CHar), 132.4 (s, CHay), 132.2 (s, Coar), 130.9 (5, CHy), 127.8 (br. s, CHayl,
127.5 (s, CHar), 127.0 (s, CHa), 120.1 (br. s, CHar), 119.8 (s, Coar), 113.8 (br. s, Caar), 112.7 (s, CHar), 25.5
(m, CHaAr)_, 23.9 (bl’ S, Cngpr), 21.1 (S, CHaAr), 21.0 (S, CH3Ar), 20.4 (S, CHgAr), 20.0 (br S, Cszpr), 19.5 (bl’
s, CHsa), 17.8 (br. s, CHpp,); 3P NMR (THF-dg, 303 K, 283 MHz, in ppm): § = 1.9 (s, PN, 2 P), —38.9 (s,
PKMes, 1 P); elemental analysis (in %): CeoH7sKLaN3OPs3: caled.: C 63.88, H 6.97, N 3.72; found: C 63.37,
H 6.93, N 3.97 (Due to the high sensitivity of 4 towards moisture, a slight deviation in the value for
carbon of 0.51% is recorded. We were not able to obtain better elemental analysis results for this
compound.).

Deprotonation of 3.

A solution of KHMDS (26 mg, 130 umol, 1 eq.) in toluene (2 mL) was added dropwise to a solution of 3
(144 mg, 130 umol, 1 eq.) in toluene (4 mL) at room temperature, upon which the originally light
yellow solution turned deep yellow. The reaction mixture was stirred for 17 h, after which all volatile
components of the still clear solution were removed in vacuo. The residue was triturated and washed
with n-hexane (3 x 2 mL) and dried in vacuo to give a deep yellow solid (133 mg, 89% of the theoretical
yield of potassium salt of 3} which subsequently was analyzed by (VT) NMR spectroscopy (see Figures
$34 — S39). The results of this investigation indicated the presence of at least two isomers in solution
(e.g. isomers A and B as shown in Figure 536), which interconvert into each other. This made a definite
assignment of the crowded *H and 3C resonances difficult (Figures S34 and 535). Therefore, only the
better separated *'P resonances were tentatively assigned (Figure S36). Repeated crystallization
attempts under different conditions failed to produce suitable crystals for X-ray structure
determination of either isomer in guestion. Elemental analyses of different batches were carried out
repeatedly, and each time the elemental composition was found to fit well to the calculated
composition of the potassium salt of 3, with only minor deviation {< 0.5%) in the value for carbon.
31p NMR (THF-ds, 303 K, 283 MHz, in ppm): 6 = 60.8 (s, PMes, isomer B), 10.2 (s, PMes, isomer A), 3.3
(s, PN, 2 P); elemental analysis (in %): CsoH7sKLaNsPsS: caled.: C 62.98, H 6.87, N 3.67, S 2.80; found:
C62.56, H6.97, N 3.64,$2.99.
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Preparation of 5.

To a mixture of 4 (113 mg, 100 umol, 1 eq.) and (IPr)CuCl (49 mg, 100 pmol, 1 eq.) was added diethyl
ether (4 mL) and the resulting suspension stirred for 1 h at room temperature. After removal of the
colorless precipitate by centrifugation and filtration a light yellow solution was obtained. The solvent
was removed in vacuo and the obtained solid recrystallized from n-pentane (1.5 mL) at —40 °C. After
drying the microcrystalline material in vacuo the product was obtained as a light yellow solid. Single
crystals of 5 suitable for X-ray structure determination were obtained by storing a concentrated
solution of 5 in diethyl ether at room temperature. Yield: 123 mg (80 umol, 80%); *H NMR (CsDs, 303 K,
700 MHz, in ppm): & = 7.21 (t, 3y = 7.8 Hz, CHarpipp, 2 H), 7.04 (m, CHar, 2 H), 6.98 (M, CHay, 2 H), 6.94
(d, ®Jun = 7.8 Hz, CHar,pipp, 4 H), 6.87 (s, CHar, 4 H), 6.76 (s, CHar, 2 H), 6.74 (dd, 3Juu = 8.5 Hz, “Jun = 1.8 Hz,
CHar, 2 H), 6.46 (m, CHa,, 3 H), 6.13 (s, C(N{Dipp)CH)2, 2 H), 5.73 (m, CHar, 2 H), 2.46 (sept, *Jus = 6.9 Hz,
CHiprpipp, 4 H), 2.43-2.35 (br. s at 2.39 & s at 2.37, CHza, 9 H), 2.27 (br. s, CHaa, 6 H), 2.23-2.15 (br. s,
CHpr, 4 H), 2.14 (s, CHany, 6 H), 2.05 (br. s, CHza, 12 H), 1.25-1.06 (2 br. s, CHzp, 24 H), 1.10 (d,
S—IHH =6.9 HZ, CHgipr,D\'pp, 12 H), 0.96 (d, 3_I'HH =6.9 HZ, CH;,‘prJDipp, 12 H),' 13C{1H} NMR (Cst, 303 K, 176 MHZ,
in ppm): § =201.5 (br. s, OC(NPh)(PMes)), 182.9 (d, 2Jep = 43.7 Hz, C(N(Dipp)CH).), 162.0 (m, Cyar), 151.2
(d, Jep = 5.4 Hz, Cyar), 145.2 (s, Coar), 144.9 (br. s, Coar), 142.4 (s, Coar), 137.9 (br. s, Cyar), 135.4 (s, Canr),
135.3 (d, Jer = 12.1 Hz, Cgar), 134.1 (s, Coar}, 133.6 (s, CHar), 133.2 (s, CHas), 132.9 (s, Cyar), 131.0 (br. s,
CHay), 130.6 (s, CHa), 127.7 (br. s, CHar), 127.5 (s, CHar), 125.0 (d, Jep = 4.4 Hz, CHay), 124.6 (s, CHay),
123.0 (s, C(N(Dipp)CH)), 122.3 (s, CHar), 121.0 (s, Coar), 113.5 (pseudo-t, Jcr = 6.3 Hz, Coar), 113.1 (m,
CHAr), 28.9 (S, CHFPr,Dipp)_, 26.4 (S, CHaAr), 26.3 (S, CH3Ar), 24.4 (S, CHa,‘anipp), 24.1 (S, CHa,‘pr,Dipp), 23.6 (br S,
Cngpr), 215 (S, CHgAr)_, 21.2 (S, CHgAr), 20.7 (S, CHgAr), 19.9 (br S, CH3fPr), 19.5 (br S, CHaAr), 18.0 (bl" S,
CHi); 3P NMR (CsDs, 303 K, 283 MHz, in ppm): 8= 3.7 (s, PN, 2 P), —65.0 (s, P(Cu{IPr))Mes, 1 P);
elemental analysis (in %): Ce7sH114CuLaNsOP3: caled.: C 67.80, H 7.46, N 4.54; found: C 67.85, H 7.41,
N 4.62.

Preparation of 6.

To a mixture of 4 (89 mg, 79 umol, 1 eq.) and {(IPr)Aucl {49 mg, 79 umol, 1 eq.) was added diethyl ether
(4 mL) and the resulting suspension stirred for 1 h at room temperature. After removal of the colorless
precipitate by centrifugation and filtration a light yellow solution was obtained. The solvent was
removed in vacuo and the obtained solid washed with =40 °C cold n-pentane (2 x 4 mL). After drying
in vacuo the product was obtained as a light yellow to peach-colored solid. Single crystals of 6 suitable
for X-ray structure determination were obtained by storing a concentrated solution of 6 in diethyl ether
at room temperature, Yield: 100 mg (60 umol, 76%); *H NMR (CsDs, 303 K, 700 MHz, in ppm): § =7.21
(t, 3w =7.7 Hz, CHarpip, 2 H), 7.07 (br. d, 3um=7.0 Hz, CHa,, 2 H), 6.98 (m, CHa, 2 H), 6.93 (d,
3un = 7.7 Hz, CHarpipp, 4 H), 6.87 (br. s, CHa,, 4 H), 6.76 (br. s, CHa, 2 H), 6.73 (dd, *Jun=8.5 Hz,
*jun = 1.7 Hz, CHar, 2 H), 6.50-6.43 (m, CHa,, 3 H), 6.16 (s, C(N(Dipp)CH)2, 2 H), 5.72 (m, CHa,, 2 H), 2.50—
2.40 (br s & m, CHgAr & CH,‘pr, 10 H), 2.37 (S, CHgAr, 3 H), 2.28 {br S, CHsAr, 6 H), 2.24-2.15 (bl’ S, CH,'pr,
4 H), 212 (s, CHaar, 6H), 2.11-1.90 (br. s, CHsar, 12 H), 1.29-1.07 {2 br. s, CHspr, 24 H), 1.16 (d,
3j = 6.9 Hz, CHsjer,bipn, 12 H), 0.98 (d, 3 = 6.9 Hz, CHaior.pipp, 12 H}; 2C{*H} NMR (CsDs, 303 K, 176 MHz, in
ppm): & = 201.6 (br. s, OC(NPh)(PMes)), 197.4 (d, %Jcr = 65.9 Hz, C(N(Dipp)CH),), 161.9 {m, Cqar), 150.0
(d, Jop=5.6 Hz, CqAr), 145.3 (S, CqAr), 144.9 (br S, Cq,qr), 142.2 (S, CqAr), 137.9 (br S, CqAr), 135.8 (d,
Jep = 12.9 Hz, Cyar), 135.0 (s, Caar), 134.5 (s, Caar), 133.6 (s, CHar), 133.2 (s, CHa,), 133.0 (s, Cqar), 131.1 (br.
s, CHar), 130.6 (s, CHa/), 128.1 (signal underneath C¢Ds peak, CHar), 127.3 (s, CHar), 125.8 (s, CHa), 124.4
(s, CHar), 122.9 (s, C(N(Dipp)CH)2), 122.8 (s, CHar), 121.1 (s, Cgar), 113.4 (M, Cyar), 113.1 (m, CHx/), 28.9
(S, CHEPr,Dipp); 26.1 (S, CHsAr), 26.0 (S, CHgAr), 24.3 (S, CHgipr,D\’pp), 24.1 (S, CHaipr,[)ipp), 23.6 (bl" S, CHg,‘pr), 21.5
(S, CHaAr), 21.2 (S, CHgAr), 20.7 (S, CHsAr), 20.0 (br S, Cngpr), 19.5 (br S, CH}AF), 18.1 (bl’ S, CH,Pr),' 3':lP NMR
(CeDs, 303 K, 283 MHz, in ppm): § =4.0 (br. s, PN7, 2 P}, —42.0 (s, P(Au(IPr})Mes, 1 P}; elemental analysis
(in %): Ca7H114AULaNsOP3; calcd.: C62.40, H 6.86, N 4.18; found: C 62.77, H 6.78, N 4.28,
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Alternative One Pot Syntheses of 5 and 6.

To a mixture of 2 (113 mg, 100 umol, 1 eq.) in diethyl ether {4 mL) was added solid KHMDS (20 mg,
100 pumol, 1 eq.), upon which the solution turned yellow. The reaction mixture was stirred for 30 min
at room temperature, after which either (IPr)CuCl (49 mg, 100 umol, 1 eq.) or (IPr)AuCl (62 mg,
100 pmol, 1 eq.) was added as a solid, respectively. After stirring for 1 h at room temperature, a sample
of the respective reaction solution (0.6 mL) was transferred to a J Young NMR tube equipped with a
sealed CsDs capillary (for a lock signal) and a *'P NMR spectrum was measured. In each case, full and
smooth conversion to either complex 5 or 6 could be ascertained (see Figures S47and $55). Work-up
procedures were applicable as described above.

Preparation of 7.

To a mixture of 4 (480 mg, 430 umol, 1 eq.) and (M*CAAC)CuCl (160 mg, 430 umol, 1 eq.) was added
diethyl ether (1 mL) and the resulting suspension stirred for 1 h at room temperature. The orange
suspension was centrifuged and filtered. After all volatile components of the solution were removed
in vacuo the light orange solid was dissolved in toluene (1mL) and filtered. The filtrate was
concentrated in vacuo to dryness and the remaining solid washed with n-hexane (2 x 1 mL). After
drying in vacuo the product was obtained as a light peach-colored solid. Single crystals of 7 suitable for
X-ray structure determination were obtained by slow evaporation of solvent from a concentrated
toluene solution of 7 at room temperature. Yield: 240 mg (172 pmol, 40%); *H NMR (CsDs, 303 K,
700 MHz, in ppm): & = 7.30 (d, 3Ju = 7.7 Hz, CHay, 2 H), 7.06 {t, *Jur = 7.8 Hz, CHar, 1 H), 7.01 (m, CHar,
2 H), 6.97 (t, *Jun = 7.7 Hz, CHar, 2 H), 6.91 (br.s, CHar, 4 H), 6.84-6.82 (m, CHar, 4 H), 6.79-6.74 (m, CHar,
3 H), 5.74 (m, CHar, 2 H), 2.53 {br. s, CHaxr, 6 H), 2.40 (sept, 3 = 6.8 Hz, CHipr.oipp, 2 H), 2.30 (br. s, CHaar,
9 H), 2.26-2.20 (br S, CHfPr, a4 H), 2.16 (S, CHgAr, 6 H), 2.14-2.07 (bl" S, CHgAr, 12 H), 1.28 (S, CHZCAA(;, 2 H),
1.27-1.15 (2 br. s, CHapr, 24 H), 1.10 (s, CHzcanc, 6 H), 0.96 (d, 3/ = 6.8 Hz, CHsiprpigp, 6 H), 0.78 (d,
3Jun = 6.8 Hz, CHaipr,pipp, 6 H), 0.73 (s, CHacaac, 6 H); 2 C{*H} NMR (CeD¢, 303 K, 176 MHz, in ppm): & =
251.4 (d, %cp = 41.5 Hz, Cearbene), 201.3 (d, Yep = 46.3 Hz, OC(NPh)(PMes)), 162.1 (m, Csa, 151.9 (d,
Jer = 5.2 Hz, Caar), 145.2 (5, Caar), 144.5 (br. s, Cqar), 142.5 (s, Caar), 137.7 (br. s, Caar), 136.6 (s, Caar), 135.6
(d, Jep = 9.6 Hz, Caar), 134.6 (5, Conr), 134.4 (s, Caar), 133.7 (s, CHar), 133.2 (s, CHar), 132.9 (s, Coar), 131.1
(br.s, CHar), 129.6 (s, CHar), 128.2 (signal underneath CsDg peak, CHa), 127.7 (d, Jop = 4.0 Hz, CH,/), 125.8
(d, Jer = 3.5 Hz, CHa/), 124.8 (s, CHar), 122.4 (s, CHa), 121.0 (s, Caar), 113.6 {m, Cyar), 113.1 (m, CHa), 80.8
(S, CqCAAC), 54.4 (S, CqCAAC), 49.6 (S, CHZCAAC), 29.1 (S, CHfPr,Dipp), 28.8 (S, CHSCAAC). 285 (S, CHSCAAC), 26.9 (br
S, CHgfprJDipp), 26.3 (S, CHaAr), 26.2 (S, CHsAr), 23.8 (bl‘ S, CHaipr}, 22.7 (S, CH3;’pr,Dipp), 21.5 (S, CHsAr), 21.3 (S,
CHsar), 20.7 (s, CHaar), 20.1 (br. s, CHaiee), 19.6 (br. s, CHaa), 18.0 (br. s, CHp/); 3'P NMR (CsDs, 303 K,
283 MHz, in ppm): 6= 3.7 (s, PN", 2 P}, -63.7 (s, P(Cu{CAAC))Mes, 1 P); elemental analysis (in %):
CaoH10sCuLaN4OPs3: caled.: C66.81, H 7.64, N 3.90; found: C 66.70, H 7.50, N 3.68.

Preparation of 8.

Route A: To a mixture of 4 (72 mg, 64 umol, 1 eq.} and (M*CAAC)AuCl (33 mg, 64 umol, 1 eq.) was
added diethyl ether (1 mL) and the resulting suspension stirred for 1 h at room temperature. The
orange suspension was centrifuged and filtered. After all volatile components of the solution were
removed in vacuo the light orange solid was dissolved in toluene (0.5 mL) and filtered. The filtrate was
dried in vacuo and the remaining solid washed with n-hexane (2 x 1 mL). After drying in vacuo a light
peach-colored solid was obtained. Repeated recrystallization and washing attempts to purify this raw
product failed and no yield could be determined. However, NMR spectroscopy clearly showed that 8
is the main product of the reaction, since the *H NMR data are comparable to those of 7 (compare
Figures S56 and S65) and the distinctive *C and *'P resonances can be confidently assigned to the PN,
phosphaureate and carbene ligands, in analogy to complexes 5 — 7 (see Figures 566 and S67).

Route B: To a mixture of 2 (54 mg, 49 umol, 1 eq.) and {M*CAAC)Au(HMDS) (32 mg, 49 pmol, 1 eq.) was
added toluene (5 mL) and the resulting light yellow solution heated to 120 °C for 13 d. The progress of
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the reaction was checked regularly (every few days, see Figure 68) by 3'P{*H} NMR spectroscopy of the
reaction mixture to which a CsDs capillary was added (for a lock signal). Although the desired complex
8 was found to be the main product, presumably due to decomposition during the prolonged heating,
protonated ligand HPN had also formed in significant amounts. After cooling to room temperature,
filtration and concentration of the filtrate to about 0.5 mL volume, only non-reacted
(M*CAAC)AU(HMDS) could be crystallized from the mixture. Several attempts to remove HPN by
washing with =40 °C cold n-hexane or hexamethyldisiloxane (HMDSQ) failed, since complex 8 also
readily dissolved in these solvents. Attempts to crystallize the desired product 8 from concentrated
toluene, n-hexane or HMDSO solutions at room temperature or —40 °C also failed.

H NMR (CeDe, 303 K, 700 MHz, in ppm): 6 = 7.33 (d, 3/ = 7.8 Hz, CHar, 2 H), 7.06 (t, Juy = 7.8 Hz, CHa,
2 H), 7.04 (t, ¥y = 7.8 Hz, CHa,, 1H), 7.02=7.00 (m, CHar, 2 H), 6.94-6.91 (m, CHa,, 4 H), 6.84—6.81 (m,
CHar, 2 H), 6.80-6.78 (M, CHar, 2 H), 6.77-6.74 (m, CHar, 2 H), 5.75-5.72 (m, CHar, 2 H), 2.56 (br. s, CHaar,
6 H), 2.38 (sept, Y = 6.8 Hz, CHiproipp, 2 H), 2.32 (s, CHaar, 6 H), 2.30 (s, CHar, 3 H), 2.26 (br. s, CHipr,
4 H), 2.15 (S, CHgAr, 6 H), 2.12-2.05 (br S, CHsAr, 12 H), 1.33 (S, CH1CAAc, 2 H), 1.25-1.18 (bl’ S, cHgfpr,
24 H), 1.19 (s, CHscaac, 6 H), 0.96 {d, *}y = 6.8 Hz, CHsiprpipp, 6 H), 0.90 (br. d, 3Jun = 6.8 Hz, CHappr,bipp,
6 H), 0.73 (s, CHscaac, 6 H); *C{*H} NMR (CsDs, 303 K, 176 MHz, in ppm, only distinctive resonances
listed): &= 258.4 (d, Yep = 62 Hz, Cearbene), 202.2 (d, Yer = 48 Hz); 3P NMR (CsDs, 303 K, 283 MHz, in
ppm): 6 =3.8 (s, PN, 2 P), —38.2 (s, P(Au(CAAC))Mes, 1 P).

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 SHELXT? and refined using the OLEX 2 software
package.® All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included at
the geometrically calculated positions and refined using a riding model. All structures have been
submitted to the CCDC and can be obtained under the numbers presented in Table S1. For further
crystallographic details regarding crystal measurements, please check Tables S1 and S2. The quality of
the data obtained for 4 was very poor. Problems during the integration led to high Rt values and an
incomplete dataset. Many atomic displacement parameters refine to negative values and R1 will not
improve to less than about 25%. The model as such cannot be considered reliable. However, it matches
well with other analytical means suggesting that at least the connectivity and overall conformation of
the molecule are correctly described.
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Figure S2: BC{H} NMR spectrum of (MeCAAC)Au{HMDS) in CsDs (303 K).
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Figure S5: IH—H COSY NMR spectrum of (MeCAAC)Au(HMDS) in CsDs (303 K).
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Figure S8: IH-15N HMBC NMR spectrum of (MeCAAC)Au(HMDS) in CsDs (303 K).
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Figure 513: 31p{iH} NMR spectrum of 2 in CsDs (303 K). The resonances at § —17.8 and —155.9 ppm can be assigned to traces of HPN and mesitylphosphine, respectively.
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Figure 516: IH-13C HSQC NMR spectrum of 2 in CsDs (303 K).
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Figure 521: 31p{iH} NMR spectrum of 3 in CsDs (303 K). The peak at § —17.8 ppm can be assigned to traces of HPN.

528

Page | 311



Supporting Information — Chapter 2

180 160

Figure 522:

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
140 120 100 30 60 40 20 0 20 -40 -60 80 -100 120  -140  -160  -180
ppm

31p NMR spectrum of 3 in CsDs (303 K). The peak at 6 —=17.8 ppm can be assigned to traces of HPN.

6.91
- -55.90
"\ -56.76
4
(7]
‘2
o
1]

529

Page | 312



Supporting Information — Chapter 2

=

Ll

Figure 523:

E.mm.m.ﬁ.ﬁn_.r\a.d.m.No_

{6.77,2.54}
{6.952.18} 4

mm.wﬂm.mwﬁ

{6.94,6.83
#*

. {6.96,6.83}

7.5 7.0 6.5 6.0

55 50 45 40 35 30 25 20 15 10
ppm

IH—H COSY NMR spectrum of 3 in CsDs (303 K).

0.0

F0.5

F1.0

1.5

2.0

F2.5

F3.0

3.5

F4.0

5.0

F5.5

6.0

F6.5

7.0

7.5

ppm

530

Page | 313



Supporting Information — Chapter 2

Y I

m ﬁ.maha.mwﬁ» ] wﬁm.oﬁw.wmv
{2.21,21.01}
G.mwbuw.#uﬁ
nm.mm,umm.mﬁ
—_— E.@mhmm.mmwf_ {6.76,133.39}
— 3 {6.77,131.50
T T T T T T T T T T T
11 10 8 7 6 5 4 3 2 1 -1
ppm

Figure 524 IH-13C HSQC NMR spectrum of 3 in CsDs (303 K).
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Figure 527: IH NMR spectrum of 4 in THF-ds (303 K). The resonances at § 7.18, 7.08 and 2.31 ppm can be assigned to residual toluene, the ones at § 1.29 and 0.29 ppm to residual n-pentane.

The resonances at & 3.39 and 1.12 ppm result from a small contamination with diethy! ether.
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BC{IH} NMR spectrum of 4 in THF-ds (303 K). The resonances at § 138.2, 129.5, 128.7, 125.8 and 21.3 ppm can be assigned to residual toluene, the ones at § 34.9, 23.0 ppm and
14.2 ppm to residual n-pentane. The resonances at 8§ 66.1 and 15.6 ppm resulit from o small contamination with diethyl ether.
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31p NMR spectrum of 4 in THF-dg (303 K). The resonance at 8 —6.7 ppm belongs to traces of KPN.
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Figure 531: IH-13C HSQC NMR spectrum of 4 in THF-ds (303 K).
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IH NMR spectrum of the deprotonation product of 3 (using KHMDS) in THF-ds (303 K). Note the absence of a doublet resonance for the PH group, indicating successful
deprotonation. Due to the crowding and overiapping of resonances from at least two isomers, no definite assignments and integration values are given.
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13C{1H} NMR spectrum of the deprotonation product of 3 {using KHMDS) in THF-ds (303 K). Due to the presence of at least two isomers, no definite assignments are given.
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31p NMR spectrum of the deprotonation product of 3 (using KHMDS) in THF-ds (303 K). Note the absence of a doublet resonance for the PH group, indicating successful

deprotonation. The peak at § —17.5 ppm can be assigned to traces of HPN. The resonances at 6 60.8 ppm and 6 10.2 ppm are tentatively assigned to two different isomers of the
structure A and B, respectively.
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Figure S37: 31p NMR spectrum of the deprotonation product of 3 (using KHMDS) in THF-ds (243 K). The peak at & —17.5 ppm can be assigned to traces of HPN.
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Figure S38: Stacked 'H VT NMR spectra of the deprotonation product of 3 (using KHMDS)} in THF-dg from 243 K to 303 K.
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Stacked 3P VT NMR spectra of the deprotonation product of 3 (using KHMDS) in THF-dg from 243 K to 303 K. The peak at 6 —17.5 ppm can be assigned to traces of HPN. Note the
splitting of the three resonances observed at 303 K into a total of eight resonances at 243 K, most likely due to less dynamics. Also note the change in relative intensities of the
two groups of resonances at around & 60.8 ppm and & 10.2 ppm (with the grouped resonances at 6 3.3 ppm set to a constant integral value of 2, see also Figures S36 and S37),
possibly indicating an equilibrium between at least two isomers (see Figure S36 for illustration).
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Figure 542: 31p NMR spectrum of 5 in CsDg (303 K).
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Figure 543: IH—H COSY NMR spectrum of 5 in CeDg (303 K).
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Figure 544 IH-13C HSQC NMR spectrum of 5 in CsDs (303 K).
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Figure 546: TH-5N HMBC NMR spectrum of 5 in CsDs (303 K).
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Figure S47: Reaction control 3P NMR spectrum after consecutive addition of KHMDS and (IPr)JCuCl to 2 in diethyl ether (with CsDs capillary, 303 K).
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Figure S51: IH—IH COSY NMR spectrum of 6 in CsDg (303 K).
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Figure 554: TH-3N HMBC NMR spectrum of 6 in CsDg (303 K).
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Reaction control 31P NMR spectrum after consecutive addition of KHMDS and (IPrJAucCl to 2 in diethyl ether (with CsDs capillary, 303 K). The peak at § —17.8 ppm can be assigned
to traces of HPN.
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BC{IH} NMR spectrum of 7 in CeDs (303 K). The pecks at & 137.9, 129.3, 128.6, 125.7 and 21.4 ppm can be assigned to residual toluene. The resonances at & 32.0, 23.1 and
14.4 ppm beiong to traces of n-hexane. The two details show the characteristic doublet splitting of the Cearvene Gnd Conosphaureate resonances caused by 2 or 1J coupling to Pphosphaureate,
respectively.
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Figure 558: BC{1H} DEPT135 NMR spectrum of 7 in CsDs (303 K). The peaks at § 137.9, 129.3, 128.6, 125.7 and 21.4 ppm can be assigned to residual toluene. The resonances at § 32.0, 23.1

and 14.4 ppm belong to traces of n-hexane.

565

Page | 348



Supporting Information — Chapter 2

o
@ ~
m
o © I
N 0 Mes .
A s “ N
-_lm. v \OC g
NS Dipp
N
\_ Pn
7
A
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
190 170 150 130 110 390 70 50 30 10 -10 -30 -50 -70 -90 -110 -130 -150 -170 -19
ppm
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Figure S60: IH-TH COSY NMR spectrum of 7 in CsDs (303 K).
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Figure 562: TH-13C HMBC NMR spectrum of 7 in CsDs (303 K).
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Figure S66: 3C{1H} NMR spectrum of crude 8 (obtained by route A) in CsDs (303 K). The two details show the characteristic doublet splitting of Cearpene aNd Coposphaureate caused by 2 and 4
coupling to Pohosphaureate, Fespectively. Due to significant amounts of unidentified impurities in the sample, the other resonances are left unassigned.
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31p NMR spectrum of crude 8 (obtained by route A) in CsDs (303 K). The resonance at § —17.7 ppm can be assigned to HPN.
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Stacked reaction control 31P{1H} NMR spectra of 2 and (MeCAAC)Au{HMDS) in toluene (route B, with CsDscapillary, 303 K). The resonances of unreacted starting material 2, main
product 8 as well as decomposition product HPN are labeled in the bottom and top spectrum, respectively. The reaction temperature and times are specified on the right.
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Stacked 'H NMR spectra of (VeCAACJAu(HMDS) (top) and material obtained from the test reaction of (MeCAAC)Au(HMDS) and benzy! bromide in THF at room temperature®
fbottom) (both CgDg, 303 K). Note the essentially identical resonances for (MeCAAC)Au{HMDS}, indicating that no reaction had occurred after 1 h. The resonances at 6 7.03—6.92
and 3.96 ppm belong to unreacted benzyl bromide.
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4. Crystallographic Details

Table 51: Crystallographic details on complexes (MeCAAC)Au(HMDS) and 2 - 7.

(*CAAC)Au(HMDS) 2 3 4* 5 6 T

Chemical formula CaHagAuN-Si- CepH7oN;0PsLa CeoHNzPSLa CepHgNsOPsLaK Cg7H,1sNsOP;Cula Cs7H, 1sNsOPsAuLa CypH109N:OP5sCula
- 0.5 (CeHua)

M, 642.82 1133.16 1106.14 1128.23 1541.19 1674.61 1438.07
Crystal system Triclinic Monoclinic Triclinic Tetragonal Monoclinic Monoclinic Monoclinic
Space group P-1 P2\/n P-1 1d/a P2/e Plile P2ifc
a(A) 9.8104(6) 12.079(5) 11.52(1) 36.1(1) 16.2817(5) 16.422(3) 19.2167(6)
b (A) 12.0080(7) 25.64(1) 12.41(1) 36.1(1) 25.6054(8) 25.613(5) 19.9347(6)
c(A) 13.3907(8) 20.369(9) 22.10(2) 25.0(1) 23.3037(8) 3.264(5) 22.4058(7)
a () 99.119(2) 90 87.48(2) 90 90 90 90
B (%) 91.326(2) 101.774(7) §3.32(2) 90 106.287(1) 106.600(4) 97.055(1)
v (%) 108.076(2) 90 67.80(2) 90 90 90 90
V(A 1476.26(15) 6175(5) 2907(5) 32447(208) 9325.4(5) 9377(3) 8518.2(5)
Z 2 4 2 16 4 4 4
Densitiy (g cm ) 1.446 1.219 1.264 0.918 1.098 1.186 1.121
F(000) 652 2380 1156 9206 3240 3440 3024
Radiation Type MoKa MoKa MoKa MoKa MoKa MoKa MoKa
p(mm™) 5.079 0.810 0.892 0.666 0.773 2.104 0.841
Crystal size 0.24x0.22x0.16 0.08x0.07x0.05 0.25x0.24x0.18 0.08x0.06x0.02 0.15x0.13x0.11 0.20x0.15x0.03 0.09x0.08x0.01
Meas, Refl, 127820 45118 30652 18270 295761 63725 223608
Indep. Refl. 5425 11350 10743 6453 21397 17219 14990
Obsvd. [{ = 26(D)] 5342 6992 9157 1918 17653 11534 12708
Rin 0.0260 0.1531 0.0460 - 0.0743 0.1003 0.0939
R [F? > 26(F%)] 0.0376 0.0642 0.0343 - 0.0348 0.0491 0.0309
wR(F?) 0.0547 0.1202 0.0446 0.0889 0.0863 0.0777

1.026 0.997 1.030 1078 1.001 1.023

0.760 0.876 0.811 - 0.884 1.496 0.548

0.906 1.245 0.523 0.640 0.887 0.298
2012282 2012280 2012278 - 2012283 2012279 2012281

* The model as such cannot be considered reliable. However, it matches well with other analytical means suggesting that at least the connectivity and overall
conformation of the molecule are correctly described. The cell parameters are given for orientation.
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Table 52: Selected bond lengths in A and angles in ° of complexes (MeCAAC)Au({HMDS), 2, 3 and 5 - 7.

2 3 5 6 7
Lal - NI = 2.416(5) 2.419(3) 2.465(2) 2.409(4) 2477(2)
Lal - N2 . 397(5) 2.474(3) 2.42002) 2.477(5) 2.423(2)
Lal - P1 - 3.145(2) 3.236(2) 3.1515(6) 3 3.1564(7)
Lal - P2 . 3.171(2) 3.149(2) 3.2165(6) 3 3.2077(7)
Lal - N8O - 2616(5) 2.646(3) 2.5102) % 2.538(2)
Lal - 080 /880 3 2.448(4) 2.972(2) 2.418(2) 2 2.419(2)
80— N8O - 1.309(8) 1.311(4) 1.336(3) 1 1.335(3)
C80 - 080/ S80 5 1.303(7) 1.73003) 1.297(3) 1 1.300(3)
C80 - P70 - 1.856(6) 1.865(3) 1.830(2) 1 1.822(3)
P70 - Cul / Aul : = = 2.2043(7) 2314(2) 22043(7)
Cul / Aul — €100 1.9703) - . 1.916(2) 2.043(6) 1.911(3)
Aul - N1 2.027(2) S - = S =

NI Lal -~ N2 3 117.8(2) 116.84(8) 117.49(6) 17.9(2) 116.23(7)
Pl -Lal -P2 - 170.4(4) 82.80(6) 84.96(2) 84.79(4) 88.00(2)
N8O —Lal — 80/ S80 - 52.2(1) 55.57(6) 53.75(6) 53.4(1) 53.36(6)
N8O - C80 - 080 /880 - 117.5(5) 119.4(2) 115.7(2) 116.2(5) 115.6(2)
N80 — C80 — P70 - 126.5(5) 120.6(2) 120.7(2) 121.3(4) 123.5(2)
OO/ §80 — C80 — P70 . 115.7(5) 119.1(2) 123.5(2) 122,14 120.72)
C80 - P70 K1 /Cul / Aul - - - 111.03(7) 110.1(2) 114.16(9)
P70 —Cul / Aul - C100 - - £ 164.57(7) 167.8(2) 168.57(8)
NI - Aul - C100 179.23(7) - . - - z

N100 - C100 - C101 109.3(2) . = E = .
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Thermal ellipsoid plot of (MeCAAC)Au{HMDS). Thermal ellipsoids are shown at a probability level of 30%. Hydrogen atoms have been omitted for clarity.
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Figure S78: Section of the polymeric structure of 4 as obtained by X-ray diffraction analysis, showing the intra- and intermolecular interactions of the potassium ion with the P and O atoms
as well as the phenyl and mesityl substituents of the phosphaureate ligands. Due the poor quality of the crystals, only the connectivity but no accurate structural parameters could

be determined.
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1. Experimental Section

General Remarks. If not otherwise mentioned, all transformations were carried out under inert
conditions using 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 A) for at least 24 h prior to use. Cyclohexene and THF-ds
were degassed by three freeze-pump-thaw cycles and then dried by storage over activated molecular
sieves (3 A) for at least 24 h. D,0 was degassed by sonication and sparging with argon prior to use. IR
spectra were recorded at room temperature under inert conditions using a Bruker Vertex 70 with ATR
equipment. 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 (&) are reported in ppm and
coupling constants are given in Hz. *H and **C chemical shifts were calibrated to residual solvent peaks.
15N chemical shifts {(obtained by *H-*N HMBC NMR spectroscopy) were calibrated externally to liquid
ammonia (NHs). 3P chemical shifts were calibrated externally to phosphoric acid (H3PQa, 85% in
water). Elemental analyses were performed using an Elementar vario microcube instrument at the
Paderborn University. Starting materials KPHMes,**® (PN),LaCl,*® 1, 4'¢ and KBn? were synthesised
following literature known procedures. 18-crown-6 (18C6) was recrystallised twice from hot
acetonitrile, washed with diethyl ether and dried in vacuo prior to use. KHMDS and 2.2.2-cryptand
were used as received.

Synthetic Procedures
Preparation of KPDMes.

A suspension of KPHMes (632 mg, 3.32 mmol, 1 eq.) in toluene (10 mL) was cooled to 0 °C and D0
(0.1 mL, 5.54 mmol, 1.67 eq.) was added dropwise. After stirring for 15 min toluene and residual D;0
were carefully removed in vacuo at room temperature, The oily residue was extracted with n-hexane
(2 x 3 mL), filtered and the solvent removed in vacuo. The mixture of H.PMes (=12%), HDPMes (=47%)
and D:PMes (=41%) was then reacted again with KHMDS (1 eq.) in toluene. The whole cycle was
repeated two more times and KPDMes of >95% isotopic purity was finally isolated by filtration, washing
with n-hexane (2 x 2 mL) and drying in vacuo. Yield; 200 mg (1.05 mmol, 32%).

Preparation of (PN).La{PDMes) (1-d).

Toluene (6 mL) was added to (PN);LaCl (171 mg, 200 umol, 1 eq.) and KPDMes (46 mg, 240 umol,
1.2 eq.) and the resulting yellow reaction mixture stirred for 3d at room temperature. After
centrifugation the solution was filtered and another portion of KPDMes (10 mg, 52 pmol, 0.26 eq.) was
added. After stirring for another 24 h at room temperature the reaction mixture was again centrifuged,
the solution filtered and all volatiles were removed in vacuo. The remaining solid was washed with —
40 °C cold n-pentane (1 mL) and dried in vacuo to give the mono-deuterated complex 1-d in =97%
purity and =86—88% isotopic purity. Yield: 164 mg (169 umol, 85%). *H NMR (CsDs, 303 K, 500 MHz, in
ppm): & = 0.85-0.98 (br. s, CHapr, 12 H), 1.01-1.09 (br. s, CHspr, 12 H), 1.72-1.91 (br. s, CHpr, 4 H), 2.14
(s, CHsar, 6 H), 2.15 (s, CHaar, 6 H), 2.25 (s, CHaar, 3 H), 2.29-2.42 (br. s, CHaa, 12 H), 2.44 (s, CHsar, 6 H),
5.66-5.70 (m, CHar, 2 H), 6.81 (dd, /= 8.4 Hz, J=1.9 Hz, CHa,, 2 H), 6.83 (s, CHa, 2 H), 6.84-6.87 (m,
CHar, 2 H), 6.89 (s, CHar, 4 H); 3'P{*H} NMR (CsDs, 303 K, 202 MHz, in ppm): 6 = —38.2 (t, Upp = 28.6 Hz,
PDMes, 1 P), 11.2 (s, P('Pr)z, 2 P).

Preparation of [K(18C6)]{(PN){PN,..)La{PHMes}] (3a).

Route A: A solution of either KHMDS (20 mg, 100 umol, 1 eq.) or KBn (13 mg, 100 umol, 1 eq.) in DME
(1 mL) was added dropwise to a mixture of 1 (97 mg, 100 umol, 1 eq.) and 18-crown-6 (26 mg,
100 pmol, 1 eq.) in DME (3 mL) at room temperature, giving an orange-coloured solution. After 10 min
the reaction mixture was filtered through a glass-fibre filter and most of the volatiles were removed in
vacuo until an oily residue was obtained. Diethyl ether {3 mL) was added, which caused the dissolution
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of the oil followed by the formation of orange-coloured crystalline blocks at —40 °C within 1 h. The
crystals were isolated from the mother liquor, washed with diethyl ether (3 x 2 mL) and left to dry in
the glovebox atmosphere, since prolonged drying in vacuo caused significant decomposition. Over a
period of several hours to days, slow decomposition was also observed when storing a NMR sample of
3ain, e.g., THF-ds at room temperature. NMR spectroscopic analysis of the obtained material in THF-
ds revealed the presence of significant amounts {ca. 15%) of a second, as yet unidentified C-H-
activated product, which could not be removed by repeated recrystallisation or washing. Attempts to
optimise the reaction with THF, diethyl ether or toluene as alternative solvents, different rate of
addition of base, stoichiometry of base or larger scaled batches as well as low temperature
experiments at —40 °C did not yield better results and reaction monitoring of the DME reaction solution
(with CeDs capillary) by means of 3P{*H} NMR spectroscopy indicated that the formation of the
unknown side product occurs already before work-up (see Fig.S3). Even though the NMR
spectroscopic features of 3a could still be assigned, due to the impurity no useful IR data or elemental
analysis could be obtained. Single crystals of 3a suitable for X-ray structure determination were
obtained during work-up as described above. Yield: 67 mg (53 umol, 53%, crude); 'H NMR (THF-ds,
303 K, 700 MHz, in ppm): 6 = 0.26 (dd, J=15.7Hz, J=6.9 Hz, CHzp, 3 H), 0.64 (dd, J=14.3 Hz,
J=6.9Hz, CHzp, 3H), 0.76-0.81 (m, CHsp, 6H), 0.88-0.90 (m, CHzp,, 3 H), 1.02 (dd, /=13.3 Hz,
J=7.0Hz, CHspr, 3 H), 1.07 (dd, 2Juu=4.8 Hz, J=3.1Hz, CHamesipheyelo, 3 H), 1.15 (dd, J=15.8 Hz,
J=6.9 Hz, CHsper, 3 H), 1.25 {dd, J = 15.3 Hz, J = 6.8 Hz, CHapr, 3 H), 1.41-1.44 (br. m, CHer, 1 H), 1.73 (s,
CHsar, 3 H), 1.79-1.83 (m, CHpr, 1 H), 1.86 (S, CHaar, 3 H), 1.99 (5, CHsa,, 3 H), 2.01 (s, CHsar, 3 H), 2.08 (s,
CHaar, 3 H), 2.09 (s, CHsar, 3 H), 2.10-2.17 {br. m, CHpr, 2 H), 2.19 (s, CH3zar, 6 H), 2.22 (s, CH3ar, 3 H), 2.48
(s, CHzar, 3 H), 2.58 (d, Ypn = 181.6 Hz, PHMes, 1 H), 2.78 (dd, “Juy = 4.8 Hz, J = 0.8 Hz, CHawmesipneyela), 1 H),
3.54 (s, CHausce), 24 H), 5.09 (dd, J=8.6 Hz, J = 4.9 Hz, CHar, 1 H), 5.52 (dd, /= 8.5 Hz, /= 5.0 Hz, CHa,
1 H), 6.07-6.09 (m, CHa, 1 H), 6.36 (dd, /= 8.6 Hz, J = 1.9 Hz, CHar, 1 H), 6.37-6.38 (m, CHar, 1 H), 6.41—
6.44 (m, CHar, 3 H), 6.53 {dd, J = 5.0 Hz, J = 1.8 Hz, CHa,, 1 H), 6.63 (dd, J = 4.9 Hz, J = 1.9 Hz, CHar, 1 H),
6.79-6.80 (M, CHa;, 1 H), 6.90-6.92 (m, CHar, 1 H); *C{*"H} NMR (THF-ds, 303 K, 176 MHz, in ppm): & =
16.5 (d, .’cp =54 HZ, CHgfpr), 16.6 (d, Jcp =3.8 HZ, CHgfpr), 19.2 (m, Cngpr), 19.3 (m, CHgfpr}, 19.4 (m, CHgfpr),
19.5 (S, CHgAr), 19.9 (FI"I, CH3jpr), 20.4 (m, CH3,‘pr), 20.5 (S, CH3Ar), 20.7 (S, CH3AF), 20.9 (S, CH;Ar), 21.11 (S,
CHaar), 21.15 (s, CHaal), 21.27 (s, CHaar), 21.28 (m, CHapc), 21.8 (s, CHise), 22.1 (s, CHaa.), 22.6 (d,
Jep =2.9 Hz, CH[Pr), 24.4 (d, Jep = 2.5 Hz, CHfPr), 25.9 (S, CHiPr)p 65.4 (S, CHzMes(PNcyc\o)), 71.3 (S, CHz(lsCG)),
111.9 (d, Jop = 7.1 Hz, CHa), 112.7 (d, Jer = 6.3 Hz, CHal), 114.7 (d, Jor =8.7 Hz, Coar), 115.6 (d,
Jep =10.7 Hz, Caar), 118.5 (s, Car), 120.1 (s, CHar), 125.0 (s, CHar), 126.5 (s, Coar), 127.2 (s, CHar), 130.5 (s,
CHar), 131.3 (s, CHar), 131.7 (s, CHar), 132.2 (s, CHar), 132.3 (s, Cgar), 133.2 (s, CHar), 133.3 (s, Cqar), 134.0
(s, CHar), 136.7 (d, Jep = 9.0 Hz, Conr)s 137.3 (5, Coards 138.8 (s, Cuar), 139.1 (s, Canr), 143.8 (s, Conr), 146.4
(s, Cqar), 150.8 (d, Jop = 42.9 Hz, Cyar), 162.0 (d, Jop = 21.8 Hz, Cyar), 163.4 (d, Jep = 24.1 Hz, Cqar); 31p NMR
(THF-dg, 303 K, 283 MHz, in ppm): § = —87.4 (dd, Ypy = 181.6 Hz, %Jpp = 22.6 Hz, PHMes, 1 P), 2.6-3.8
(br. m, P(Pr);, 2 P); 31P{*H} NMR (THF-ds, 303 K, 283 MHz, in ppm): & = —87.4 (d, 2Jpp = 22.6 Hz, PHMes,
1P), 3.0 (dd, Yep = 36.8 Hz, Upp = 22.6 Hz, P('Pr)z, 1 P), 3.4 (d, Upp = 36.8 Hz, P(Pr)s, 1 P).

Route B: A solution of KHMDS {10 mg, 50 umol, 1. eq.) in cyclohexene (1 mL) was added dropwise to
a mixture of 1-d (49 mg, 50 umol, 1 eq.) and 18-crown-6 (13 mg, 50 umol, 1 eq.) in cyclohexene (2 mL)
at room temperature, giving an orange-coloured solution. The reaction solution was allowed to rest at
room temperature for 3 d, during which orange-coloured crystals formed. The crystalline material was
separated from the mother liquor, washed with n-pentane (4 x 2 mL) and left to dry in the glovebox
atmosphere for 2 h, yielding 3a of =94% purity (see Fig. $18-524). The obtained material gave satisfying
elemental analysis results and therefore was also used to collect an IR spectrum. Yield: 32 mg (25 umol,
50%); elemental analysis (in %): CesHs7KLaN;OgPs: calcd.: C61.31, H7.68, N 2.20; found: C61.56,
H7.41,N2.11.
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Preparation of [K(2.2.2-cryptand)][(PN)(PN.,.c.)La(PHMes)] (3b).

A solution of either KHMDS {20 mg, 100 umol, 1 eq.) or KBn (13 mg, 100 umol, 1 eq.) in DME (1 mL})
was added dropwise to a mixture of 1 (97 mg, 100 umol, 1 eq.) and 2.2.2-cryptand (38 mg, 100 umol,
leq.) in DME (3 mL) at room temperature, giving an orange-coloured solution. After 10 min the
reaction mixture was filtered through a glass-fibre filter and most of the volatiles were removed in
vacuo until an oily residue was obtained. Since crystallisation from DME/diethyl ether was not feasible
due to the formation of a layer of oil, the residue was extracted with toluene (2 mL). The extract was
concentrated in vacuo and triturated with n-hexane (3 x 2 mL) to give a light orange-coloured solid
which was washed with n-pentane (2x2mlL) and left to dry in the glovebox atmosphere.
Recrystallisation of this raw product in useful quantities was not possible due to the poor crystallisation
behaviour of 3b, i.e., the formation of mainly oily precipitates from different solvent comhbinations of
DME, THF or toluene with diethyl ether, n-hexane or n-pentane. Since 3b was found to be very difficult
to isolate as pure material and prone to decomposition, a full characterisation was not feasible. The 'H
NMR resonances are assigned as well as possible by comparison with the spectrum of 3a. Single crystals
of 3b suitable for X-ray structure determination were obtained by gas phase diffusion of n-hexane into
a THF solution of 3b {ca. 15 mg in 300 uL) at room temperature overnight. Yield: 128 mg (92 umol,
92%, crude); *H NMR (THF-ds, 303 K, 500 MHz, in ppm): & = 0.28 (dd, J = 15.2 Hz, J = 7.0 Hz, CH3pr, 3 H),
0.65 (dd, J = 13.8 Hz, J = 6.9 Hz, CHsjpr, 3 H), 0.75-0.85 {m, CHapr, 6 H), 0.95-1.06 (m, CHajpr, 6 H), 1.11—
1.16(dd, J = 15.2 Hz, J = 6.8 Hz, CH3pr, 3 H), 1.23-1.28 (dd, J = 13.8 Hz, / = 6.9 Hz, CHappr, 3 H), 1.41-1.46
(br. m, CHir, 1 H), 1.74 (s, CHzar, 3 H), 1.79-1.84 (br. m, CHier, 1 H), 1.86 (s, CHsar, 3 H), 2.00 (s, CHzar,
3 H), 2.01 (s, CHsar, 3 H), 2.08 (s, CHaar, 3 H), 2.09 (s, CH3ar, 3 H), 2.10-2.15 (br. m, CHppr, 2 H), 2.20 (s,
CHaar, 6 H), 2.22 (s, CHaar, 3 H), 2.48-2.49 (m, CHa2.2 2-cryptandyy, 12 H; 8, CHaar), 2.59 (d, Ypp = 180.8 Hz,
PHMes, 1 H), 2.78 (dd, 2/uy = 4.9 Hz, 1= 0.7 Hz, CHamesipreyelo), 1 H), 3.46—3.48 (m, CHa22 2-cryptand), 12 H),
3.52 (s, CH22.2.2-cryptan), 12 H), 5.09 (dd, /= 8.5 Hz, J = 4.9 Hz, CHar, 1 H), 5.53 (dd, /= 8.5 Hz, /= 4.8 Hz,
CHar, 1 H), 6.07-6.09 (m, CHa, 1 H), 6.35-6.39 (m, CHa;, 2 H), 6.42-6.45 {m, CHa, 3 H), 6.54 (dd,
J=5.1Hz, J=2.0Hz, CHa, 1H), 6.64 (dd, J=4.9 Hz, J=2.1Hz, CHa,, 1 H), 6.79-6.81 (m, CHa, 1 H),
6.90-6.92 (m, CHa, 1H) (One of the CHawesipneyco) resonances is obscured by the CHspr multiplet
resonances and therefore cannot be assigned.); 3'P NMR (THF-dg, 303 K, 283 MHz, in ppm): 6§ =—86.9
(dd, Ypy = 180.8 Hz, 2pp = 21.6 Hz, PHMes, 1 P), 2.7-4.0 {br. m, P(Pr)z, 2 P); **P{*H} NMR (THF-ds, 303 K,
283 MHz, in ppm): 6 =—86.9 (d, 2Jps = 21.6 Hz, PHMes, 1 P), 3.2 (dd, 2fpe = 36.7 Hz, Ypp = 22.7 Hz, P(Pr),,
1P), 3.6 (d, Ypr = 36.7 Hz, P(Pr)z, 1 P).

Preparation of [K{18C6)][(PN)PN y..)La(OMes)] (5a).

A solution of either KHMDS {25 mg, 126 umol, 1.05 eq.) or KBn (17 mg, 126 pmol, 1.05 eq.) in DME
(1 mL) was added dropwise to a mixture of 4 (115 mg, 120 umol, 1 eq.) and 18-crown-6 (32 mg,
120 umol, 1 eq.) in DME (3 mL) at room temperature, causing the dissolution of 4 and formation of a
deep-yellow solution. After 10 min the reaction mixture was filtered through a glass-fibre filter and
most of the volatiles were removed in vacuo until an oily residue was obtained. Diethyl ether (3 mL)
was added, which caused the dissolution of the oil followed by the formation of yellow crystals in the
form of radially growing aggregates of needles within 1 h. The crystalline material was isolated from
the mother liguor, washed with diethyl ether (3 x 1 mL) and dried in vacuo to give analytically pure 5a
as a yellow microcrystalline powder. Single crystals of 5a suitable for X-ray structure determination
were obtained by gas phase diffusion of n-hexane into a concentrated benzene solution of 5a (ca.
15 mg in 300 plL) at room temperature over a period of two days. Yield: 111 mg (88 pmol, 74%);
'H NMR (THF-ds, 303 K, 700 MHz, in ppm): 6 = 0.43 (dd, J = 14.8 Hz, /= 6.9 Hz, CH3»., 3 H), 0.68 (dd,
J=15.3Hz, J=6.9 Hz, CHapr, 3 H), 0.72-0.79 (m, CHaier, 6 H), 0.82 (pseudo-t, J=7.3 Hz, CH3pr, 3 H),
0.93-0.99 (m, CHspr, 6 H), 1.15 (dd, J = 15.1 Hz, J = 6.9 Hz, CHsjer, 3 H), 1.34 (dd, 2y = 5.0 Hz, J = 3.1 Hz,
CHamestpreyelo)y 1 H), 1.63 (s, CHaar, 3 H), 1.65-1.70 {m, CHepr, 1 H), 1.74 (s, CHaar, 3 H), 1.97 (5, CHsar, 3 H),
1.99 (s, CHsar, 3 H), 2.01-2.06 (br. m, CHjer, 2 H), 2.03 (s, CHaar, 3 H), 2.05 (s, CHzar, 3 H), 2.06 (s, CH3ar,
6 H), 2.09-2.12 (br. m, CHpr, 1 H), 2.13 (dd, % =5.0 Hz, J = 1.6 Hz, CHamesprcyelo), 1 H), 2.20 (s, CHaa,
3 H), 2.36 (s, CHaar, 3 H), 3.57 (s, CHajisce), 24 H), 5.11 (dd, J= 8.6 Hz, J = 5.2 Hz, CHa,, 1 H), 5.53 (dd,
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J=8.3Hz, J=5.2Hz, CHa, 1H), 5.94-5.96 (m, CHa, 1 H), 6.33 (dd, J=8.6 Hz, J=1.9 Hz, CHar, 1 H),
6.35-6.38 (m, CHa,, 2H), 6.46 (s, CHa,, 2 H), 6.52 (dd, J=5.2 Hz, J=1.9 Hz, CHa, 1H), 6.66 (dd,
J=5.2Hz, J=2.1Hz, CHa, 1 H), 6.75-6.77 (m, CHa, 1 H), 6.82—6.85 (m, CHa,, 1 H); *°C{"H} NMR (THF-
ds, 303K, 176 MHz, in ppm): & = 16.5 (d, Jep = 4.5 Hz, CHspr), 17.2 (d, Jep = 2.1 Hz, CHspr), 18.7 (d,
Jcp =11.7 HZ, CHg,pr), 19.0 (d, Jcp =10.9 HZ, CHg,‘pr), 19.2 (d, Jcp =16.7 HZ, CH3,EP[), 19.7 (d, .jcp =16.2 HZ,
CHajpr), 19.72 (s, CHzac), 20.3 (s, CHaar), 20.34 (s, CHaar; d, Jep = 9.3 Hz, CHaipe), 20.8 (s, CHzar), 21.0 (s,
CHsar), 21.02 (d, Jep = 11.1 Hz, CHaipr), 21.1 (d, Jep = 3.8 Hz, CHaar), 21.2 (s, CHaar), 21.5 (s, CH3ar), 22.3 (s,
CHgAr), 231 (S, CH,‘pr), 25.9 (S, CH,‘pr)_, 26.2 (d, Jop=4.3 Hz, CH,’pr), 61.2 (S, CHZMes(FNcyclo)); 71.3 (S, CHz(lgcs)),
111.7 (d, Jep=7.3 Hz, CHa), 112.0 (d, Jop = 6.3 Hz, CHya), 114.9 {d, Jop = 10.8 Hz, Cgar), 115.2 (d,
Jep = 7.9 Hz, Caar), 116.2 (d, Jop = 2.7 Hz, Coar), 117.6 (d, Jep = 2.5 Hz, Cqar), 118.7 (s, CHae), 121.0 (s, Caar),
123.8 (s, CHar), 126.3 (s, Cqar), 128.7 (s, CHa/), 130.2 (s, CHar), 130.9 (s, CHar),131.8 (s, Cyar), 131.82 (s,
CHa), 131.9 (s, Cqar), 132.2 (s, CHaf), 133.3 (d, Jop = 3.3 Hz, CHa), 133.6 (d, Jep = 2.8 Hz, CHaf), 136.1 (d,
Jep = 3.1 Hz, Caar), 136.5 (s, Caar), 137.3 (s, Caar), 139.1 (s, Cqar), 146.7 (d, Jep = 2.9 Hz, Cqar), 147.0 (s, Caar),
162.6 (d, Jop = 21.4 Hz, Coar), 163.9 (d, Jep = 24.8 Hz, Coar),164.2 (s, Coar); 3*P{*H} NMR (THF-ds, 303 K,
283 MHz, in ppm): 6 = -1.4 (d, e = 33.7 Hz, P(Pr), 1 P), 1.1 (d, e = 33.7 Hz, P('Pr);, 1 P); elemental
analysis (in %): CssHesKLaN2O7P2: caled.: € 62.09, H 7.70, N 2.23; found: C 61.67, H 7.66, N 2.38.

Preparation of [K(2.2.2-cryptand)][(PN)(PN,..)La(OMes)] (5b).

A solution of either KHMDS (28 mg, 142 umol, 1.15 eq.) or KBn {19 mg, 142 pmol, 1.15 eq.) in DME
(1 mL) was added dropwise to a mixture of 4 (118 mg, 124 umol, 1 eq.) and 2.2.2-cryptand (47 mg,
124 pmol, 1 eq.) in DME (3 mL} at room temperature, causing the dissclution of 4 and formation of a
deep-yellow solution. After 20 min the reaction mixture was filtered through a glass-fibre filter and
most of the volatiles were removed in vacuo until an oily residue was obtained. Diethyl ether (2 mL)
was added, which caused the dissolution of the oil followed by the formation of yellow crystals in the
form of radially growing aggregates of very thin needles after 2 d. The crystalline material was isolated
from the mother liquor, washed with diethyl ether (2 x 2 mL) and dried in vacuo tc give analytically
pure 5b as a yellow microcrystalline powder. Yield: 152 mg (111 umol, 89%); *H NMR (THF-ds, 303 K,
700 MHz, in ppm): & = 0.44 (dd, J = 14.8 Hz, J = 7.0 Hz, CHapr, 3 H), 0.68 (dd, J = 15.4 Hz, J= 7.0 Hz,
CHaipr, 3 H), 0.72—0.80 (m, CH3ppr, 6 H), 0.82 (pseudo-t, J = 7.3 Hz, CHzpr, 3 H), 0.95-0.99 (m, CH3jpr, 6 H),
1.16 {dd, J = 15.1 Hz, J = 6.9 Hz, CH3,, 3 H), 1.35 (dd, %un = 5.0 Hz, J = 3.1 Hz, CHames(preydlo), 1 H), 1.63
(s, CHzar, 3 H), 1.65-1.71 (m, CHipr, 1 H), 1.75 (s, CHaar, 3 H), 1.98 (s, CHzar, 3 H), 1.99 (s, CHaar, 3 H), 2.01-
2.07 {br. m, CHspr, 2 H), 2.04 (s, CH3ar, 3 H), 2.06 (s, CHsar, 3 H), 2.08 (s, CHaar, 6 H), 2.11-2.13 (br. m,
CHpr, 1 H), 2.14 (dd, 2Juy = 5.0 Hz, J = 1.6 Hz, CHamesipieyclop, 1 H), 2.20 (s, CHsar, 3 H), 2.36 (s, CHsar, 3 H),
2.51-2.54 (m, CH2(2.2l2_crvptand), 12 H), 3.49-3.52 (m, CH2(2.2.2-crvptand); 12 H), 3.55 (S, CHZ(z.Z.z-cryptand); 12 H),
5.11 (dd, f= 8.6 Hz, J=5.2 Hz, CHa, 1 H), 5.55 (dd, J = 8.5 Hz, J = 5.2 Hz, CHa,, 1 H), 5.94-5.96 (m, CHa,,
1H), 6.34 (dd, /= 8.6 Hz, J=1.8 Hz, CHa, 1 H), 6.36-6.40 (m, CHa, 2 H), 6.46 (s, CHar, 2 H), 6.52 (dd,
J=5.2Hz, J=1.8Hz, CHa, 1H), 6.66 (dd, J=5.2 Hz, J= 2.1 Hz, CHa, 1 H), 6.75-6.78 (m, CHa, 1 H),
6.83-6.85 (m, CHar, 1 H); BC{*H} NMR (THF-ds, 303 K, 176 MHz, in ppm): & = 16.5 (d, Jep = 4.4 Hz, CHspy),
17.2 (d, Jcp= 1.9 HZ, CHa,‘pr), 18.7 (d, fcp= 11.6 HZ, CH3fpr), 19.0 (d, Jcp= 11.0 HZ, CHgiPr), 19.2 (d,
Jop =16.7 Hz, CHawer), 19.7 (d, Jop = 16.2 Hz, CHaier), 19.8 (s, CHaar), 20.3 (s, CHsa), 20.4 (s, CHaar d,
Jer = 9.1 Hz, CHaipr), 20.8 (s, CHzar), 21.0 (s, CHzar), 21.03 (s, CHzar), 21.04 (d, Jep = 11.1 Hz, CHajpr), 21.1 (d,
Jcp =3.7 HZ, CHgAr), 21.2 (S, CHaAr), 21.5 (S, CH3Ar), 22.2 (S, CHgAr), 23.1 (S, CH;pr), 25.9 (S, CH;pr), 26.2 (d,
Jep =4.2 Hz, CHpy), 54.9 (s, CH2(2.2.2—crvptand}); 61.3 (s, CHZMes(PNcyc\o))J 68.7 (s, CHZ(Z.Z.Z—cryptand))p 71.5 (s,
CHa(2.2.2-cryptand)), 111.7 (d, Jep = 7.1 Hz, CHa,), 112.0 (d, Jer = 6.3 Hz, CHa,), 114.9 (d, Jor = 11.0 Hz, Cgar),
115.2 (d, Jep = 7.9 Hz, Cgar), 116.2 (d, Jop = 2.6 Hz, Coar), 117.6 (d, Jep = 2.3 Hz, Cyar), 118.7 (s, CHar), 121.0
(s, Cqar), 123.8 (s, CHar), 126.3 (s, Cqa), 128.7 (s, CHa), 130.2 (s, CHas), 130.9 (s, CHar), 131.8 (s, Cqar),
131.9 (s, CHas), 132.2 (s, CHa), 133.3 (d, Jep = 3.4 Hz, CHa)), 133.6 (d, Jep = 2.7 Hz, CHa), 136.2 (d,
Jep = 3.4 Hz, Cyar), 136.5 (s, Coar), 137.3 (s, Cyar), 139.1 (s, Caar), 146.7 (d, Jep = 2.6 Hz, Cyar), 147.0 (s, Cqar),
162.6 (d, Jer = 21.4 Hz, Coar), 163.9 (d, Jer = 24.7 Hz, Caar), 164.2 (s, Coar); 3P{*H} NMR (THF-ds, 303 K,
283 MHz, in ppm): 6 ==1.4 (d, Zer = 33.3 Hz, P{Pr)s, 1 P), 1.0 (d, 2pp = 33.3 Hz, P(Pr)z, 1 P); elemental
analysis (in %): C71H10sKLaN4O7P;: caled.: € 62.26, H 7.95, N 4.09; found: C 61.83, H 7.53, N 4.10.
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Isotope labelling experiment: Reaction of 1-d with KHMDS in the presence of 18-crown-6.

A solution of KHMDS (5 mg, 25 umol, 1. eq.) in DME (0.5 mL) was added dropwise to a mixture of 1-d
(24 mg, 25 pmol, 1 eq.) and 18-crown-6 (6.6 mg, 25 umol, 1 eq.) in DME (0.5 mL) at room temperature,
giving an orange-coloured solution. After 10 min an aliquot of =0.6 mL was transferred to a J-Young
NMR tube equipped with a sealed C¢Ds capillary and **P{*H}, 3'P and 2H NMR spectra were measured
to determine the deuteration level of the product and to check for DN(SiMe3), (Fig. S60-S65). Prior to
the experiment the respective NMR data of the starting material 1-d in DME with a sealed CsDs capillary
were collected as a reference.

Trapping experiment: Reaction of 1-d with KHMDS in the presence of 18-crown-6 in cyclohexene.

A solution of KHMDS (10 mg, 50 pmol, 1. eq.) in cyclohexene (1 mL) was added dropwise to a mixture
of 1-d (49 mg, 50 umol, 1 eq.) and 18-crown-6 (13 mg, 50 umol, 1 eq.) in cyclohexene (2 mL) at room
temperature, giving an orange-coloured solution. After 10 min an aliquot of =0.6 mL was transferred
to a J-Young NMR tube equipped with a sealed CsDs capillary. *'P{'H} as well as P NMR spectra were
measured (Fig. S66 and S67) which indicated quite clean formation of 3a (see also: Preparation of 3a,
Route B), but no trapping of transient phosphinidene complex 2 with cyclohexene in significant
amounts. (Notably, >99% conversion of the PD group in 1-d to the PH group in 3a had occurred. After
3 d, no D/H scrambling between 3a and DHMDS was observed and only 3a containing >99% PH was
crystallised from the reaction mixture (see Fig. S24}.}

NMR scale conversion of 3b into [K(2.2.2-cryptand)][(PN):La{PzMes:)] (6).

A solution of 3b (25 mg, 18 umol) in THF-dg (0.6 mL)} was transferred to a J-Young NMR tube and heated
at 50 °C for 3d. The progress of the reaction was regularly controlled by means of 3P{H} NMR
spectroscopy (Fig. $68). After full consumption of starting material 3b, gas diffusion of n-hexane into
the reaction solution at room temperature overnight yielded only a layer of orange-coloured oil.
Therefore, all volatiles were removed in vacue, the residue extracted with diethyl ether (1 mL) and
filtered through a glass-fibre filter. Concentrating the filtrate to ca. 0.2 mL and storing it at room
temperature for 2 d vielded orange-coloured crystals of 6 suitable for X-ray structure determination.
Despite the low X-ray quality of the crystals, the connectivity of 6 could be unambiguously determined.
No yield could be determined. *'P{*H} NMR (THF-dg, 303 K, 202 MHz, in ppm): § =9.3 (s, PN, 2 P), 30.5
(br.s, P;Mesz*, 2 P).

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 APEXIIl or the Smart software package. Data refinement and reduction were performed with
Bruker Saint (V8.34A). All structures were solved with SHELXT®* and refined using the OLEX 2 software
package.® All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included at
the geometrically calculated positions and refined using a riding model. All structures have been
submitted to the CCDC and can be obtained under the numbers presented in Table S1. For further
crystallographic details regarding crystal measurements, please check Tables S1 and S2.
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Fig. S1: IH NMR spectrum of 1-d (=86-88% isotopic purity) in CsDs (303 K). The integral values of the doublet at & = 3.40 ppm (YJpy = 198.5 Hz) of 0.06 each correspond to in total =12%
remaining PH groups.
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Fig. 52
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31p{1H} NMR spectrum of 1-d (~86-88% isotopic purity) in CsDs (303 K). The enlargement shows the resonances of the "PDMes ligand as well as residual ~PHMes ligand (see caption

of Fig. S1). Traces of starting complex (PN),LaCl are marked by an asterisk (*). Traces of protonated ligand HPN are marked by #.
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Fig. S3:  3!P{*H} NMR spectrum of the reaction mixture (after 10 min reaction time) of 1, 18-crown-6 and benzyl! potassium in DME (Route A) with a sealed CsDs capillary (303 K). Besides the main
product 3a, significant amounts of an unknown C—H activated side product (6 = 1.6 ppm; ~12%) form along with the appearance of a new resonance at 6 = 131.4 ppm (see the two enlargements).
The impurities seem to form in a defined ratio of =1:1 as indicated by the integral values given at the bottom.
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[K(18C6)]

3a

Fig. 54:

T T T T T T T T
7 6 S5 4 3 2 1 0
ppm

1H NMR spectrum of 3a (=85% purity, obtained by Route A) in THF-dg (303 K).
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Section of the *H NMR spectrum (6 = 0.1 — 1.55 ppm) of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The resonances of an as yet unidentified C—H activated side
product are marked by asterisks (*). Residual diethyl ether from work-up is marked by #.
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Fig. $6:

Section of the *H NMR spectrum (6 = 1.55—4.05 ppm) of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The resonances of an as yet unidentified C—H activated side

product are marked by asterisks (*). Residual diethyl ether from work-up is marked by #.
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Fig. S7: Section of the *H NMR spectrum (6 = 4.05— 8.05 ppm) of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The resonances of an as yet unidentified C—H activated side
product are marked by asterisks (*).
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Fig. S8: BC{1H} NMR spectrum of 3a (~85% purity, obtained by Route A) in THF-dg (303 K).
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Fig. S9: Section of the *3C{*H} NMR spectrum (6 = 15.5 — 26.5 ppm) of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The resonances of an as yet unidentified C-H activated side
product are marked by asterisks (*). Residual diethyl ether from work-up is marked by #.
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Fig. S10: Section of the *C{*H} NMR spectrum (5 = 60.5 — 72.5 ppm) of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The resonance of an as yet unidentified C—H activated side

product is marked by an asterisk (*). Residual diethyl ether from work-up is marked by #.
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Fig. S11: Section of the 3C{*H} NMR spectrum (6 = 108.5 — 166.5 ppm) of 3a (~85% purity, obtained by Route A) in THF-dg (303 K). The resonances of an as yet unidentified C—H activated

side product are marked by asterisks (*). Residual diethyl ether from work-up is marked by #.
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31p{1H} NMR spectrum of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The two enlargements show the main product’s multiplet at 6 = 2.7 3.7 ppm (left) and doublet
at 6 =—87.4 ppm (right). In the left enlargement one resonance of the as yet unidentified C—H activated side product is marked by an asterisk (*), the other one is obscured by the
resonances of 3a at § = 2.7 =3.7 ppm. Other unknown impurities are also marked by asterisks (*).
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31p NMR spectrum of 3a (=85% purity, obtained by Route A) in THF-dg (303 K). The two enlargements show the main product’s broad multiplet at & = 2.7 -3.7 ppm (left) and the
doublet of doublets at &6 =—=87.4 ppm (right). In the left enlargement one resonance of the as yet unidentified C—H activated side product is marked by an asterisk (*), the other
one is obscured by the resonances of 3a at § = 2.7 -3.7 ppm. Other unknown impurities are also marked by asterisks (*).
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Fig. S16: 1H-13C HMBC NMR spectrum of 3a (=~85% purity, obtained by Route A) in THF-dg (303 K).
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IH-1P HMBC NMR spectrum of 3a (=85% purity, obtained by Route A) in THF-dg (303 K).
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1H NMR spectrum of 3a (=94% purity, obtained by Route B) in THF-dg (303 K).
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Fig. S19: Section of the 'H NMR spectrum (6 = 0.1 — 1.55 ppm) of 3a (=94% purity, obtained by Route B) in THF-dg (303 K). The peak at & = 0.89 ppm overlaps with a peak of n-pentane.
Residual n-pentane from work-up is marked by #. Traces of diethyl ether are marked by °. Traces of unknown impurities are marked by asterisks (*).
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Fig. S20: Section of the *H NMR spectrum (6 = 1.55 — 4.05 ppm) of 3a (=94% purity, obtained by Route B) in THF-ds (303 K). Traces of diethy! ether are marked by °. Traces of unknown

impurities are marked by asterisks (*).
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A (Fig. $9-511).
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31p{1H} NMR spectrum of 3a (=94% purity, obtained by Route B) in THF-dg (303 K). The two enlargements show the main product’s multiplet at & = 2.7 —3.7 ppm (left) and doublet
at 6 =-87.4 ppm (right). In the left enlargement one resonance of the as yet unidentified C=H activated side product is marked by an asterisk (*), the other one is obscured by the
resonances of 3a at 6 = 2.7 -3.7 ppm. Other traces of unknown impurities are also marked by asterisks {*).
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3p NMR spectrum of 3a (=94% purity, obtained by Route B) in THF-dg (303 K). The two enlargements show the main product’s broad multiplet at 6 = 2.7 =3.7 ppm (left) and the
doublet of doublets at & =-87.4 ppm (right). In the left enlargement one resonance of the as yet unidentified C—H activated side product is marked by an asterisk (*), the other
one is obscured by the resonances of 3a at & = 2.7 —=3.7 ppm. Other traces of unknown impurities are also marked by asterisks (*).
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1H NMR spectrum of 3b (crude) in THF-dg (303 K).
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Fig. S26: Section of the 'H NMR spectrum (6 = 0.1 — 1.55 ppm) of 3b (crude) in THF-dg (303 K). The integration values are only estimates, due to the presence of obscured resonances of
unknown impurities underneath the main product’s peaks. Well separated resonances of unknown impurities are marked by asterisks (*). Residual n-pentane from work-up is
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Fig. $29: 3pfiHl NMR spectrum of 3b (crude) in THF-ds (303 K). The two enlargements show the main product’s multiplet at § = 2.9 —3.9 ppm (left) and the doublet at & = -86.9 ppm (right).
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Fig. 531: 1H NMR spectrum of 5a in THF-dg (303 K).
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Fig. $33: Section of the *H NMR spectrum (6 = 1.55 — 4.05 ppm) of 5a in THF-dg (303 K). Residual diethyl ether from work-up is marked by #.
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Fig. S37: Section of the *C{*H} NMR spectrum (6 = 60.5 — 72.5 ppm) of 5a in THF-dg (303 K). Residual diethyl ether from work-up is marked by #.

543

Page | 416



Supporting Information — Chapter 3

S

:8¢€s b4

Q) wini322ds YN {H}Der 242 JO U0123S

‘(¥ £0€) 8p-4H1 U1 bS Jo (wdd 699 — 5'80T

wdd

091

0SsT

orT

0€T

oct

011

164.19
llsam
16387

TL-152,64
16252

147.01
S

.(145, 71
146.69

139.11
/137,32
LIBS.AS
136.11
136.09
133.63
133.61
fnaze
133.24
13219
-131.89
&131,82
131.78
klao.eo
\130‘22
128.72

—126.27

[(9081)x]

eg

Page | 417



Supporting Information — Chapter 3

1 ;._.Z_g_:

T T

BTRARRGRKNLET R 8F KR =

MERRARREERN s SZddo 3

o e ot iy b S L

N ——t— | e

1 ! |
1
T O

T T T T T T T » T ol T T i T £ T T ¥ T A

135 130 125 120 115 110 61.8 61.6 61.4 612 61.0 60.8 60.6 60.4
ppm ppm
T T T T T T T T
160 140 120 100 80 60 40 20

ppm

Fig. $39:

[K(18C6)]

5a

BC{H} DEPT135 NMR spectrum of 5a in THF-ds (303 K). The two enlargements show the 3C chemical shifts of the CH groups in the aromatic region (left) and a close-up of the

peak for the CHames(pneyciop methylene group at & = 61.2 ppm (right) of 5a.

545

Page | 418



Supporting Information — Chapter 3

Fig. 540:

[K(18C6)]
@ = N Pr
27 43 Pr.y,
N §/ % HH”M
1
2 1 0 1 2 3
pem
AU
ST
[y ]
&3
oS-
100 50 0 -50 -100 -150

ppm

31p{1H} NMR spectrum of 5a in THF-dg (303 K). The enlargement shows the doublet splitting of the resonances at & =-1.4 and 1.1 ppm.
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Fig. 545: 1H NMR spectrum of 5b in THF-dg (303 K).
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Fig. S46: Section of the *H NMR spectrum (6 = 0.15 — 1.55 ppm) of 5b in THF-dg (303 K). Residual diethyl! ether from work-up is marked by #.
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BC{H} DEPT135 NMR spectrum of 5b in THF-ds (303 K). The two enlargements show the 3C chemical shifts of the CH groups in the aromatic region (left) and a close-up of the
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1H-31p HMBC NMR spectrum of 5b in THF-dg (303 K).
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Fig. S60: Reference for the isotope labelling experiment: 31P{*H} NMR spectrum of 1-d (=86% isotopic purity) in DME with a sealed CsD¢ capillary (303 K). The enlargement shows the singlet

resonance at § =—40.8 ppm for the "PHMes ligand and the triplet resonance at & =—43.0 ppm for the "PDMes ligand. Traces of precursor complex (PN),LaCl are marked by an
asterisk (*). Traces of protonated ligand HPN are denoted as #.

S66

Page | 439



Supporting Information — Chapter 3

-11.38

“PHMes “PDMes
§ = K9
o - o mom
I ¥ ¥ ¥
ﬁ _ Nid

|
ey —
3 &
o o
-40 -41 -42 -43 -44 -45
ppm

= 3

;LF Y

20

Fig. S61:

T T T T T
0 -20 -40 -60 -80
ppm

-100

-120

Reference for the isotope labelling experiment: 1P NMR spectrum of 1-d (=86% isotopic purity) in DME with a sealed CsDs capillary (303 K). The enlargement shows the doublet
resonance at & = —40.8 ppm for the "PHMes ligand and the triplet resonance at & = —43.0 ppm for the "PDMes ligand. Traces of precursor complex (PN);LaCl are marked by an

asterisk (*). Traces of protonated ligand HPN are denoted as #.
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Fig. S62: Isotope labelling experiment: 31P{1H} NMR spectrum of the reaction between 1-d (=86% isotopic purity) and KHMDS in the presence of 18-crown-6 in DME with a sealed CsDs

capillary (303 K). The enlargement shows the doublet resonance at 6 =-87.2 ppm (%Jpp = 22.6 Hz) for the "PHMes ligand and the multiplet resonance at 6 = -89.6 ppm for the ~
PDMes ligand. Traces of unknown impurities are marked by asterisks (*).
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Isotope labelling experiment: 1P NMR spectrum of the reaction between 1-d (~86% isotopic purity) and KHMDS in the presence of 18-crown-6 in DME with a sealed CsDs capillary
(303 K). The enlargement shows the doublet of doublets at § =—-87.2 ppm for the "PHMes ligand and the multiplet resonance at § = —-89.6 ppm for the "PDMes ligand. Note the
drastic changes in the integral values for the PH and PD groups compared to the ones found for starting material 1-d (see reference spectrum in Fig. 61). Traces of unknown

impurities are marked by asterisks (*).
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Isotope labelling experiment: Stacked *'P NMR spectra of 1-d (=86% isotopic purity, top) and the reaction between 1-d (<86% isotopic purity) and KHMDS in the presence of 18-
crown-6 (bottom) in DME with a sealed CsDg capillary (303 K). The direct comparison clearly shows the inversion of the D/H isotopic ratio at phasphorous (for integral vaiues see
Fig. S61 and S63). Traces of precursor complex (PN);LaCl are marked by ° and traces of protonated ligand HPN are labelled by # (top). Traces of unknown impurities are marked

by asterisks (*).
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Isotope labelling experiment: Stacked details of the 2H NMR spectra of 1-d (=86% isotopic purity, top} and the reaction between 1-d (<86% isotopic purity) and KHMDS in the
presence of 18-crown-6 (bottom) in DME with a sealed CsDs capillary (303 K). The new intense singlet resonance at & = 1.48 ppm can be assigned to DN(SiMes);. Unknown
deuterated compounds are marked by asterisks (*).

571

Page | 444



Supporting Information — Chapter 3

_~4.69
~4.63
-93.25

5.5

5.0 45 4.0 3.5 -92 -93 -94
ppm ppm

Fig. 566:

100 50 0 -50 -100 -150
ppm

Trapping experiment: 3'P{1H} NMR spectrum of the reaction between 1-d and KHMDS in the presence of 18-crown-6 in cyclohexene with a sealed CsDs capillary (303 K). The
enlargements show the resonances of the main product 3a. Traces of unknown impurities are marked by asterisks (*).

572

Page | 445



Supporting Information — Chapter 3

4.67

~-92.79
~--92.86
93,67
~™~-93.74

T T T T T T T T T T T

5.5 5.0 4.5 4.0 3.5 920 925 -93.0 935 94.0 945
ppm Ppm

100 50 0 -50 -100 -150
ppm

Fig. S67: Trapping experiment: 3P NMR spectrum of the reaction between 1-d and KHMDS in the presence of 18-crown-6 in cyclohexene with a sealed CsDgs capillary (303 K). The

enlargements show the resonances of the main product 3a. Note also the >99% conversion of the PD groups into PH groups as is obvious by the doublet splitting in the right
enlargement. Traces of unknown impurities are marked by asterisks (*).
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Fig. S68: Stacked reaction control ' P{H} NMR spectra of the conversion of 3b to 6 (THF-ds, 303 K). The resonances of freshly prepared starting material 3b (reference) and main product 6

are labelled in the bottom and top spectrum, respectively. Unknown impurities in the starting material and after full conversion of 3b are marked with asterisks (*). The temperature
and reaction times are specified on the left.
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4. Crystallographic Details

Table $1: Crystallographic details on complexes 3a, 3b, 5a and 6.

3a 3b Sa 6%

Chemical formula 2 (CpsHosN-OgP;KLa) C5 HypoN4OgP:KLa 2 (CgsHgeN,O7P-KLa) CyoH 20N,06P4KLa

i AOLEEOV
M, 2620.84 2514.76 1535.08
Crystal system Triclinic Triclinic Triclinic
Space group Pr-1 P-1 P-1
a(A) 14.05006(8) 12.7500(8) 13.3178(9) 14.168(15)
b (A) 14.3744(8) 15.9812(8) 25.286(2) 18.79(2)
c(A) 18.1614(10) 21.2031(14) 25.521(2) 19.86(2)
a(®) 99.417(2) 105.285(2) H6.117(2) 105.16(3)
B () 90.617(2) 94.133(3) 98.326(2) 97.23(3)
¥ (%) 91.294(2) 109.532(3) 99.911(2) 104.28(3)
V(A% 3617.3(4) 3860.2(4) 7361.7(9) 4841(9)
Z 1 2 2 2
Densitiy (g cm™) 1.203 1.190 1.134 1.053
F(000) 1382 1464 2648 1624
Radiation Type MoKa MoKa MoKa MoK
p(mm™) 0.71073 0.71073 0.71073 0.593
Crystal size 0.22x0.18x0.17 0.35x0.32x0.28 0.26x0.22x0.04 0.02x0.01x0.005
Meas. Refl. 337081 266834 672658 53580
Indep. Refl. 14757 17757 32352 16395
Obsvd. [1> 2a6(D)] 13249 15847 24047 6842
R 0.0530 0.0709 0.0938 0.3354
R |F? > 2a(F?)] 0.0326 0.0303 0.0518 0.0981
wR(F?) 0.0979 0.0861 0.1437 0.2883
S 1.124 1.097 1.088 0.959
APmus 1.842 0.545 4.627 1.839
APuin -0.553 -0.704 -1.625 -2.263
CCDC 2020114 2020113 2021044 2020112

“Due to strong disorder of three diethyl ether molecules, the SQUEEZE technique had to be applied for this crystal.

*Despite numerous attempts, only low quality crystals could be obtained, which did not diffract very well. This results in the high Riy: as well as the moderately

good R1 and wR2 values. Nevertheless, the model as such can be considered as reliable in combination with the other analytical data obtained.
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Table 52: Selected bond lengths in A and angles in ° of complexes 3a, 3b, 5a and 6.

3a 3b Sa 6
Tal -P1 3.285(1) 3.169(1) 3.240(1) 3.237(4)
Lal -P2 31911 3.175(1) 3.160(1) 3.241(4)
Lal - P70/ 070 3.049(1) 3.023(1) 2.283(3) 2.921(4)
Lal — P80 E = - 2.914(4)
Lal - N1 2.395(2) 2.433(2) 2.440(3) 2454(9)
Lal - N2 2.473(2) 2.514(2) 2.498(3) 2.511(10)
Lal - C25 2.634(3) 2.617(2) 2.653(4) -
P70 - P80 5 S N 2.168(5)
NI -Lal - N2 113.80(7) 122.31(6) 109.9(1y 124.3(3)
Pl-Lal-P2 172.25(2) 172.39(1) 171.46(3) 172.5(1)
NI -Lal —P1 59.81(5) 601.87(4) 59.29(8) 62.6(2)
C70-P70/Q70 - Lal 129.20(1) 128.10(8) 166.3(3) 126.6(4)
C80-P80—Lal - - - 128.8(4)
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Fig. S72: Molecular view of the polymeric chain structure of complex 3a. Hydrogen atoms and solvent molecules have been omitted for clarity. Thermal ellipsoids are shown at a
probability level of 50%.
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Fig. S73: Molecular view of the polymeric chain structure of complex 5a. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are shown at a probability level of 50%.
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5. Computational Details

All DFT calculations were performed with Gaussian 09.° Geometries were fully optimized in gas phase without
symmelry constraints, employing the B3APW91 functional.” Si and La atoms were treated with a Stuttgart effective
core potential® augmented with a polarization function (L = 0.284 for Si and & = 1.000 for La).? For P, N, C and H
atoms, Pople's double-( basis set 6-31G(d,p) was used.'® Calculations of vibrational frequencies were systematically
done in order to characterize the nature of stationary points. Analytical frequency calculations at 298.15 K and 1 atm
were systematically done in order o characterize the nature of stationary points. IRC calculations were carried out
in order to confirm the connectivity between reactant(s), transition state and product(s).

I H abstraction by HMDS on the adjacent methyl group - Adduct !

P

La

N

@]

@]

3.796169

0.607123

1.688266

0.675214

-0.412710

-0.512394

-1.208223

-3.124719

-4.705274

-4.826495

-4,192380

-5.466898

-6.044627

-2.319858

-2.957581

0.351518

0.105721

0.145621

-0.092259

-0.374688

-0.401455

-0.170670

-0.854550

-0.517065

1.108460

2.086104

1.820170

0.535984

0.684438

2.175856

1.525845

-0.381864

-0.938359

1.758238

2.274620

2.751371

4.448895

-2.464602

-3.822311

-4.615400

-5.986590

-6.634229

-5.847416

-4.473083

-0.338321

-0.757602

0.588847

0.814228

1.680357

2.468355

3.302971

4.530615

4.466468

4.798034

4.098919

2.704360

5.658009

5.929650

6.622004

0.552811

0.643919

-0.530981

-0.463700

0.740507

1.895601

1.878147
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-2.458709
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-1.886108
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2.755915

5.089389

1.905180
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0.413088

0.180181
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0.785683

3.156260

-3.145508

-3.886391
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-4.181233
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-1.911531

1.128899

1.378490

2.483473
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-2.185612

-2.402004

-0.519078

2.431718

3.234149

2.280853

-2.389505

-4.001176

-3.298671

-1.657831

0.224229

-0.296274

-3.212156

-4.670139

-3.422119

-0.428109

3.722396

4.687854

2.971671

-1.956865

-2.618384

-0.870505

-0.586063

-2.324092

-2.662155

-1.023578

-0.069248

-2.468934

-5.098345

2.853634

-4.248568

-3.182838

-4.911724

-5.442495

-1.180858

-1.367061

-2.708221

2.268152

1.727534

1.135748

-1.424000

2.857078

1.875904

-2.129503

-2.650502

-1.752884

1.785115

-0.063607

-1.126257

-1.463152

1.142190

0.895108

0.938647

-6.982349
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-5.539064 -1.448854 -5.584329

-4.526122 -2.296584 -6.756246

4.111731 2.693478 4.138605

-0.816181 2.477177 -4.283515

0.351194 3.790972 -4.045735

-0.081251 2.713448 -2.707522

0.739204 -3.188566 3.376133

-0.453473 -4.324593 4.008042

-0.980306 -2.891250 3.123229

-0.333467 -8.556020 1.733602

-0.167022 -8.646200 -0.025018

-1.742076 -8.320258 0.699258

2133753 2.698635 2.7091%4

4.221334 2.840027 -6.818790

5.091238 1.310603 -6.620491

5241081 2.582743 -5.404496

6.700020 0.398753 -0.238720

7.164967 0.212958 -1.932124

6.872389 -1.220073 -0.944531

3.734699 -3.725695 -1.298172

5.227183 -4.363150 -0.606615

5297125 -3.038111 -1.775274

-1.927177 6.085308 1.648164

-2.934539 4.847564 2.434975

-3.082595 5.149892 0.698538

7.076035 0.359882 3.644506

6.076928 0.873509 5.008162

6.859122 2.079550 3.988652

-2.376498 4.772439 7.495015

-2.882043 5.226299 5.853538

-4.009537 4.377356 6.918817
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I'H abstraction by HMDS on the adjacent methyl group - Transition State !

La

Si

-1.765320
-3.354436
-1.884455

0.051763

0.062553
-0.317865
-5.855524
-4.481300
-6.436621
-5.607748
-4.792451
-7.021931
-5.766425

-6.153491

14.680505
11.461936
12.709899
11.708365
10.414176
10.126912
9.592755
9.071860
7.356957
6.648260
6.919753
6.420678
6.667940

10.244881

2.028032

1.404817

0.617830

3.495388

2.116163

3.733863

-0.749185

-0.615016

1.254727

2.821389

1.348641

1.802017

2.127666

3.351775

5.437210

5.915087

7.615249

8.612813

8.275123

7.010570

7.266993

7.470363

7.505122

6.066309

5.097062

7.342017

9.122577

7.779746

8.317859
7.833568
7.244410
6.447029
5.331290
4.725626
4.694796
5.811408
2.610882
2.481368
1.944597
5.498002
6.707744

5.490867

18.843804
18.250703
19.407263
19.430243
19.926732
20.644661
21.887698
23.117480
23.360351
24.439259
24.007801
21.685315
24.165945

24.364620
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10.753735

11.098811

11.067202

11.401379

11.385369

11.042062

10.717596

10.722027

9.391707

9.608161

10.895586

11.936607

11.775875

10.991942

10.370275

11.129985

12.264724

13.323360

14.405285

14.490942

13.435927

12.328336

8.459384

7.210730

5.813808

16.045614

15.809773

14.842486

13.795466

13.936932

15.034861

9.635795

3.911137

2.535733

1.817247

0.424279

-0.322528

0.390617

1.782514

9.243648

10.506313

10.821755

9.800421

2.602421

-1.827922

2.491703

6.237667

6.814118

6.019672

6.628120

8.009156

8.783239

8.217031

5.602120

7.044081

6.783403

5.905308

7.344182

6.731761

7.694131

8.695185

8.734229

24.506034

19.509620

19.528749

18.351149

18.341913

19.470985

20.629731

20.687954

19.813568

19.281700

18.819747

18.870412

17.134414

19.435500

21.967071

15.748043

15.107080

14.605367

13.959951

13.793116

14.279390

14.914263

17.179022

17.258976

16.738432

17.593511

17.134408

20.151140

20.240404

21.237146

22.080502
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C 16.063253 7.784540 22.003341
C 15.931425 6.795340 21.028207
C 15.372842 3.887349 19.683262
C 14.532047 3.526862 20.908475
C 13.288024 4.518954 14.707159
C 15.681044 8.645828 13.124550
C 11.182613 95.094842 15.330998
C 8500011 11.524627 19.206240
C 13.288028 10.259979 18.317770
C 17.238870 7.819460 22.944230
C 17.486682 5.718347 18.064842
C 9.700917 7.274092 26.149398
C 11.856622 6.789926 24.037597
C 10.104719 5.867964 14.896538
C 10.255083 5.869169 13.479597
C 9.256627 5.438841 12.622183
C 8.02233S 4.975806 13.094653
C 7.840132 5.011734 14.476421
C 8.818925 5.458339 15.374165
C 6.955544 4.465719 12.162199
C 7.369150 4.101266 17.563996
C 8.068981 2.784725 17.235603
C 6.938588 4.146411 19.031028
C 7.820818 8.290342 16.661639
C 15.441970 2.721995 18.653908
H 10.848504 4.261644 20.432943
H 8.416224 8.956827 20.223471
H 11.194106 6.210584 13.056899
H 6.885969 4.671581 14.873820
H 8.403681 2.749993 16.194849

H 7.377436 1947884 17.394896
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8.931882

16.391705

9.447548

5.849664

5.190840

5.302819

7.132941

11.648689

14.804891

16.524806

15.942351

11.086587

15.861890

13.461232

10.450813

12.273076

13.660280

13.923245

15.199997

8.789503

7.160239

7.952952

14.558686

14.911984

13.487789

6.477603

11.016300

9.311547

10.944337

12.084999

12.615504

2.617892

4.126940

5.456791

6.579704

7.675554

5.951790

7.212606

-0.092361

7.483436

7.612233

8.041584

11.808032

5.237467

9.863484

-0.160847

4.132676

4.173213

4.065114

5.994387

8.538295

9.152689

8.149038

4.319950

2.606120

3.358351

4.188071

6.413810

6.409634

3.224377

1.960849

3.277335

17.885913

20.012547

11.549399

15.663258

16.881242

17.232084

18.381010

17.418698

16.728022

16.347595

17.967643

18.398257

16.741036

14.142396

21.531666

14.590956

15.678189

13.939777

13.566756

17.100956

16.812167

15.583939

21.660419

21.368176

20.627881

16.931040

20.872603

20.220456

16.770668

16.304018

17.356442
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16.706542

14.055718

13.264015

13.614687

7.811156

6.298343

6.377830

6.756262

6.011769

7.237797

15.085664

10.249417

11.362348

11.024907

11.196650

10.122786

9.507259

11.309768

11.644275

9.978894

13.143975

15.390085

16.186395

16.421351

17.705341

18.178946

17.714703

14.439278

15.935828

16.001922

8.799689

6.034209

10.274108

11.246222

9.526974

4.098164

3.287118

5.052673

5.171505

4.300473

3.512142

9.517162

8.761519

10.133001

9.081958

3.114668

1.777116

3.160159

-2.265041

-2.231134

-2.203781

9.428784

9.523614

7.943837

8.982240

6.361845

6.000149

4.684839

2.396367

1.860933

2.969924

12.475344

20.964501
19.099955
17.844256

17.572968

19.690882
19.264930
19.278846
11.346355
12.691922
11.696212

22.835895

14.867129
15.036396

16.413682

22.335300

22.757202

21.847588
20.389043
18.653153

19.234103

21.347992

12.537813

12.453501

13.861728

18.922828

17.260647

18.343521

18.400469

19.160967

17.785527

19.662674
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I H abstraction

La

7.602891 11.174616

8.222423 11.741243

17.963679 7.035581

16.931553 7.669461

17.767763 8.780179

11.549293 9.778769

11.110526 10.006770

9.895305 10.249202

10.504101 7.499366

8.803581 7.809620

9.491349 6.200798

12.588365 6.968431

11.639871 5.716858

12.321017 7.072197

5.554035 6.124277

7.039983 6.097563

5.352026 7.182177

6.524693 8.241657

6.799277 6.489780

5.574576 9.089143

7.069118 9.271092

6.947118 9.994866

3.483382 -0.856315

0.252794 -0.340448

1.570457 1.389089

0.583291 2.402950

-0.724954 2.019862

-0.967022 0.638415

19.724620

18.166778

22.,701531

23.987172

22.903015

25.247148

23.539925

24.800302

26.861240

26.476422

26.201208

24.833701

24.006776

23.088759

24.492521

25.460629

21.866446

21.070292

21.113174

24.240120

25.174501

23.565838

0.002756

-0.649901

0.528621

0.587765

1.026990

1.435953

by HMDS on the adjacent methyl group - Product !
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H

Si

N

C

C

c

C

C

C

P

-2.156951

-2.474184

-4,231250

-4.752860

-4.389639

-5.003646

-4.934875

-1.208660

-0.915434

-0.103356

-0.085967

0.295049

0.327051

-0.009563

-0.380249

-0.426488

-1.743044

-1.509029

-0.214153

0.828008

0.669446

-0.002986

-0.825491

-0.153678

0.986419

2.025191

3.125987

3.248872

2.214876

1.091517

-2.746958

1.148348
1.401245
1.368317
0.153600
-0.853523
0.782945
3.096999
2.143056
3.979414
-2.478176
-3.846819
-4.613769
-6.003885
-6.710018
-5.953863
-4.561123
2.998279
4.302460
4.654050
3.722463
-3.885665
-8.216317
-3.804838
0.104759
0.680549
-0.116431
0.493075
1.878108
2.655823
2.089463

-0.581624

4.048702

4.982074

5.192167

6.576320

6.350132

3.547882

5.628344

5.984679

5.535175

0.424163

0.505893

-0.631712

-0.567936

0.591007

1.706165

1.692885

0.965992

0.537759

0.139053

0.145875

-1.885106

0.625724

2.930391

-3.172903

-3.795828

-4.333674

-4.945068

-5.043360

-4.518869

-3.912964

-1.711014
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O

(@]

-3.994698

-5.411648

4.846530

4.565393

3.634599

2.606480

2.729466

3.787032

4.798054

4.683923

4.197480

3.337508

1.947392

4.458090

-0.023820

-2.628180

2.195362

5.939855

6.285203

-1.738727

0.410767

-1.189431

-1.075657

-2.095348

-3.316947

-3.465797

-2.464757

-4.402500

-3.820628

-3.104627

-4.196320

0.851608
0.604511
-0.340936
1.088788
0.405343
1.396391
2.348549
2.323934
1.355078
0.409945
-2.419599
-2.842355
-1.618276
2.515064
2.975507
5.311479
4.117261
1.328877
-0.474415
2.044541
1.169410
-0.219921
-0.146488
-0.539769
-1.029839
-1.058933
-0.655488
-1.505070
-2.094903
-3.389678

-2.085717

-1.497206

-2.012974

-1.230774

-1.693839

1.345050

1.417531

2.469492

3.363225

3.291251

2.269834

0.801656

1.993540

-4.292917

-5.677126

-3.434215

0.483034

-0.340234

4.273291

-0.735797

7.822125

5.746637

-4.019258

-5.439450

-6.289668

-5.809788

-4.422849

-3.531325

-6.738665

-1.332847

-1.710854

0.150793
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-3.414751

4.307474

-0.429661

-2.740666

-0.149042

-4.410725

-2.826369

-3.759382

-2.201009

5.205511

-1.933117

-5.413397

-6.034522

-5.900303

-4.029161

0.625867

3.559333

5.278106

4.667613

-0.013188

4.698143

2.272025

-0.642578

0.928273

2.268694

2.602414

3.806565

-2.437957

-4.080891

-3.308940

3.321769

2.121665

-3.548184

-2.094300

2.723998

0.222447

-1.417212

-3.401868

-4.250190

-3.527712

-2.177607

-0.468813

0.437277

1.487684

-0.248362

0.985925

-6.555711

1.196421

1.381223

1.790133

5.668431

-1.014816

3.740924

-6.469748

-1.972729

-2.009958

-2.060952

-0.140950

2.367673

2.972865

2.009507

-2.071637

-2.116107

-0.225839

1.311864

1.307039

-5.867221

-4.017605

-2.768697

-1.523272

-1.110835

1.161459

-7.365325

-3.094994

-1.818804

-1.532561

-0.407972

-1.459938

-2.107102

-2.474419

-0.859469

-0.203241

-2.085560

-4.598068

2.630695

-4.464068

-3.321269

-5.050249

-5.364854

-1.694489

-1.927085

-3.200230

2.769050
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H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

3.732481 -3.765221 2.436833
2.306731 -3.034719 1.680046
-4,735231 -2.011824 -1.933249
-0.238585 0.262846 2.165879
-1.994543 0.432469 1.746590
-0.159876 -3.275471 -2.267873
0.974600 -4.570938 -2.682148
1.504299 -3.197034 -1.697466
5.445180 -0.365498 2.207039
2928359 4.133508 0.475632
2.175504 5.110299 -0.800298
2.566666 3.397766 -1.077121
-3.294344 -2.121264 0.770575
-4.808057 -2.963054 0.395545
-4.765003 -1.194081 0.434618
-4.587441 -0.789873 -7.549957
-5.348213 -1.646253 -6.203976
-4.153125 -2.464679 -7.212102
3.823848 3.076611 4.150711
-0.975860 2.682753 -3.886889
0.174035 4.020877 -3.689844
-0.153937 2.920853 -2.348661
-0.035338 -3.119723 3.267666
-1.043033 -4.488805 3.756315
-1.722132 -3.190201 2.768218
0.135721 -8.592196 1.645679
0.803288 -8.630902 0.009281
-0.943020 -8.645448 0.251036
1.954748 3.103393 2.570591
4.188951 3.413382 -6.243418

4962028 1.824340 -6.360997
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5.193544

6.4583856

6.982011

6.549202

3.317297

4.798521

4.889161

-2.278621

-3.441170

-3.058789

6.618086

5.590615

6.536433

-0.085707

-0.674502

-1.809918

-0.975706

-2.685641

-1.846817

1.206939

0.267510

0.753353

-5.844377

-4.343507

-6.092562

-4.774467

-4.618652

-6.022861

-4.509210

-4.705567

2.820046

0.166658

-0.155330

-1.501245

-3.872851

-4.420549

-3.260564

6.314347

5.044121

5.380780

0.494291

1.216833

2.250281

4.398901

4.074365

4.578782

2.513761

2.560733

1.002484

1.579382

0.117647

1.216633

0.115140

0.449878

0.709028

1.481208

-0.201603

3.052087

3.482498

3.812443

-4.921381

0.134552

-1.522296

-0.463703

-0.559687

0.223343

-1.108264

0.752942

1.165993

-0.524700

4.066956

5.308238

4.238177

6.115001

4.472050

5.732287

8.452479

8.008306

8.137149

6.377238

6.012381

4,708614

6.664708

7.546534

3.637601

2.737464

3.265581

5.749854

6.560195

4.832782
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I Direct N - H abstraction by the HMDS anion - Adduct !

O

(@]

La

-1.259297

-0.052381

0.174243

-0.789116

-1.988657

-2.199522

0.884297

1.944255

3.020744

4.049359

4122153

3.094764

2.049893

3.014242

4.466066

5.861072

5.235973

1.463490

-3.022290

-1.496530

-0.049926

-0.512897

-0.782035

-0.695365

-0.973201

-1.343734

-1.423474

-1.160785

-0.283476

3.107817

3.039862

4.001688

4.977983

5.046491

4.100196

2.015938

2.310754

1.385871

1.685284

2.881487

3.807165

3.540720

-0.183737

0.022217

0.153974

3.159399

3.986280

6.096608

2.159344

-0.226830

-1.769754

-2.801234

-4.170642

-5.212547

-4.997151

-3.667206

-2.590689

-4.473435

1.564421

0.827914

-0.183780

-0.448434

0.265382

1.268306

1.077445

1.888763

2.086390

2.987499

3.702413

3.471645

2.604142

1.109760

-0.108922

0.497586

4.677490

-0.962717

-0.049635

2.708587

0.151494

1.490548

2.334145

1.910648

2.792291

4.123021

4.546892

3.702717

0.500804
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-1.673770
-1.271547
-0.435529
-1.529730
-1.432643
-2.530890
-3.815930
-3.932887
-2.850519
-5.001337
-3.075451
-4.362481
-4.712094
0.787505
1.055974
2.295176
3.301568
3.027199
1.799888
-0.000019
1.534898
4.638570
-4.044646
-3.176020
-5.436369
3.643980
3.788046
2.687320
4.156752
-3.828924

-3.115216

-6.141100

-1.188298

-0.555055

-0.968579

-1.496397

-1.980357

-1.982763

-1.444355

-0.926013

-2.549230

-0.169445

-1.272470

-0.689876

-0.442282

0.663889

0.768860

-0.186626

-1.272989

-1.418021

1.706244

-2.642754

-0.035201

1.439325

2.364453

1.287225

-1.487813

-2.832315

-1.598552

1.199824

-2.698572

4.144912

5.046166

4.222574

-2.405192

-3.116448

-4.437990

-5.126981

-4.566480

-3.284536

-2.562841

-5.302951

-0.891558

-0.051556

1.319433

-3.095768

-3.945204

-4.577945

-4.411880

-3.582014

-2.926785

-4.181487

-2.093130

-5.082830

-1.225685

-2.080258

-1.838602

2.327751

1.612125

3.515138

-1.032508

0.078900

1.857275
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-0.451967 -1.539573 -4.903340
-4.918553 -1.434455 -2.823017
-3.617660 -3.137776 -0.900242
-4.569157 -3.332041 0.583738
-2.908131 -2.716825 0.670824
4630651 -1.170327 2.689822
-2.383733 -2.383377 -6.129207
-5.381821 0.844569 -2.838435
-5.909549 2.273020 -1.941041
-6.101364 0.669649 -1.226723
-4.138238 1.885684 -0.230632
-0.895556 -6.237647 2.424804
3.205301 1.064384 -1.554553
4938662 1.305767 -1.794588
4.108534 2.135062 -0.465161
-0.593414 5.710206 -1.231479
4.423689 -0.897841 -0.707335
2.477888 1.626483 -5.225190
-1.700874 -3.458654 5.582092
1.574458 -2.442905 -1.013086
2.284371 -3.416642 -2.28709%
0.543572 -3.055156 -2.297766
3.782986 -2.047089 -3.451572
-2.213749 2.569700 -1.602638
-3.678947 3.327005 -2.235866
-2.987015 1.920939 -3.063316
2.619875 -0.654981 4.064040
3.037828 -2.372738 4.209283
1.681440 -1.874657 3.182017
-5.265543 -1.282695 -0.675987

-2.392369 2.442050 3.270264
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H

H

H

H

H

H

H

H

H

H

H

H

H

H

-0.643986

-1.636808

-0.873722

-0.392875

0.763642

4.832817

2.319913

1.467145

1.631475

-3.818797

-5.443682

-5.140107

-5.933242

-4.926095

-5.106698

3.107696

-0.852221

0.398370

-0.397625

-0.384147

-1.403879

-2.124029

-1.097531

-2.736427

-1.455413

1.266355

5.152139

5.302246

4.534211

5.941742

6.611215

2.151753
1.119971
-3.894264
-5.539718
-4.196443
0.946931
4.157155
4.760523
3.016755
-0.643650
-1.329414
0.316469
-2.352479
-3.637465
-2.116748
4.762407
1.287457
2.547074
2.086286
-0.598979
-1.174616
-0.659578
-7.040087
-6.423845
-5.890066
4.281562
-0.997951
0.636042
0.384432
1.061842

0.223806

3.394608

2.386744

-0.219004

0.272331

0.320495

3.148015

-0.300587

-1.736099

-1.441638

1.951740

1.828516

1.254210

-4.762519

-5.433045

-6.306319

3.996907

-4.729838

-4.757582

-3.236315

3.964729

5.310441

3.775284

4.796332

5.003253

6.091055

2.472381

-5.179478

-4.529130

-6.096530

1.103510

-0.301488
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H 6.132653

H 2.816967

H 4.151732

H 4.489021

H -2.556759

H -3.690093

H -3.649687

H 4.876997

H 5.732377

H 6.002338

-0.701257

-3.169531

-3.596529

-2.790262

7.054109

6.267129

5.804039

3.204397

4.116795

2.378299

1.124587
1.234217
2.310116
0.771385
-0.308134
0.800993
-0.901686
5.714792
4.472449

4.634680

I Direct N - H abstraction by the HMDS anion - Transition State !

C 10.281666

C 11.478254

C 11.476578

C 10.299741

C 9.107196

C 9.11e821

N 12.604114

C 13.611713

C 14.710725

C 15.728501

C 15.746099

C 14.671132

C 13.640667

P 14.677779

C 16.036226

C 17.452276

C 16.855428

C 12.746496

8.719068

9.155243

10.339683

11.081307

10.664650

9.491018

8.312614

8.562327

7.654412

7.896148

9.010720

9.803894

9.695944

6.177248

6.561652

6.703216

9.238579

10.795274 17.156933

19.234771
18.593272
17.821239
17.659146
18.303278
19.054724
18.661559
19.541509
19.653846
20.580561
21.4223S5
21.302667
20.401801
18.540604
17.258932
17.813262

22.415714
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C 7.841158 11.465831

C

La

10.310016

11.461050

10.975736

10.652286

10.435098

10.064600

9.913992

10.188097

10.552633

10.667716

9.470741

10.878856

11.202718

10.132714

10.276594

9.208259

7.906777

7.740520

8.791107

6.754710

8.496391

7.048127

6.598970

12.447362

12.810976

14.058929

14.980392

14.607687

13.367889

11.844238

7.517541

6.270735

4.861598

3.822672

2.513823

1.443385

1.563619

2.816136

3.822750

2.285937

0.402697

5.212323

5.751854

5.233863

4.566300

3.986339

4.022878

4.706045

5.318290

3.351148

6.288145

5.418362

6.240744

5.748459

6.812464

6.805834

5.773052

4.720964

4.688615

7.929910

18.133293

20.124365

17.8345937

19.425747

20.252025

19.700664

20.510381

21.894560

22.446689

21.679597

18.236624

22.745785

22.379826

15.284580

14.599112

13.346718

12.684545

13.202075

14.407479

15.101007

12.502230

16.647214

17.504339

18.714815

14.611757

13.747999

13.122141

13.308223

14.144863

14.791139

13.476659
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12.994405 3.502107

16.332147 5.804136

7.674452 7.893949

8.684444 8.693690

6.362756 7.722846

15.450069 4.803068

15.685155 3.556490

14.541789 4.495844

15.632503 7.808013

7.436170 4.002703

8.206283 9.178018

11.268936 4.498480

6.738015 4.762510

7.747771 3.397452

6.580305 3.503696

8.254895 4.017033

16.419744 5.158453

9.393414 3.479345

6.514210 7.146458

5.966099 8.705643

5.590127 7.221874

7.486877 8.444637

9.898327 0.472137

14.666629 7.678783

16.376194 8.022618

15.568581 8.681483

10.311664 11.999789

15.998685 5.703214

14.315880 7.634598

10.125079 2.940087

12.994858 3.742599

15.635793

12.643550

16.031303

15.212648

15.268095

19.587862

18.732426

20.778675

16.469752

17.926058

19.563518

12.910988

14.827008

17.070258

18.398204

18.652763

19.959579

11.737370

14.349829

14.980415

15.860324

16.961714

20.041586

15.974380

15.692100

17.127119

17.113297

16.575566

12.463014

23.529280

16.706437
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13.706095

11.991619

15.292995

9.587298

8.252715

8.970334

14.436224

14.959012

13.538940

6.216851

9.350142

11.091023

10.550428

10.155680

10.334717

11.735322

16.542556

13.497508

12.562924

13.197168

7.422475

5.782007

6.239081

5.796675

6.814622

6.718613

14.635533

10.934610

12.289367

11.526658

11.763883

2.682465

3.139975

3.886085

8.909092

9.654820

8.149945

5.366916

3.673298

4.204504

5.362455

7.425553

7.662962

6.297210

3.029314

1.288231

2.371640

7.177499

11.096837

11.643558

9.981406

6.362053

5.726534

7.236857

3.646414

2.255753

3.607321

10.784502

7.552261

8.684186

8.419230

5.683958

15.495952

15.392843

14.288943

15.790956

14.905659

14.307072

21.431054

21.373363

20.448458

16.789951

20.643749

20.879972

19.867709

17.616418

17.929876

17.995285

20.667853

17.897273

16.490094

16.579605

19.425949

19.236445

18.438399

12.943073

12.563729

11.435831

21.944361

12.996361

12.820320

14.401480

21.938419
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H 11.070628
H 10.068424
H 9.826209
H 8.375353
H 9.849139
H 12.811793
H 16.735669
H 17.061578
H 16.284273
H 17.516862
H 18.158471
H 17.795672
H 14.742322
H 16.121456
H 16.365029
H 8.047171
H 7.134846
H 7.328834
H 16.480090
H 17.401018

H 17.586143

I Direct N - H abstraction by the HMDS anion - Product !

C -1.052995
C 0.282441
C 0.625780
C -0.347277
C -1.667337
C -1.998327
N 1.199276

5.039137

5.947904

-0.552861

0.329615

0.489320

10.397481

4.795061

6.368220

6.280748

7.543893

6.898443

5.802363

3.178715

2.755288

3.742973

12.541806

11.274828

11.218436

9.300626

10.171857

8.423396

3.031725

3.139204

4.182181

5.106826

5.012131

3.980039

2.121802

23.444624

22.312158

22.341931

22.815836

23.771062

20.356431

12.509475

13.239331

11.658451

18.511530

16.995111

18.332379

18.322908

19.342011

17.894367

18.112222

18.947843

17.193965

23.445719

22.220830

22.385083

0.924821

0.418411

-0.469825

-0.859789

-0.401884

0.471279

0.783192
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)

@]

La

@]

)

e]

)

o]

@]

2.188450

3.127981

4.133041

4.280908

3.350716

2.341460

2.909385

4.349162

5.753071

5.378904

2.027564

-2.708826

-1.393591

-0.237899

-0.825526

-0.931076

-0.597860

-0.692841

-1.113874

-1.434563

-1.355390

-0.130948

-1.246692

-1.708805

-0.544416

-1.594266

-1.454613

-2.498001

-3.770713

-3.942543

-2.917429

2.396414

1.387047

1.673196

2.923845

3.908492

3.662601

-0.280263

-0.376555

-0.411191

3.202059

4.287025

6.001190

1.926009

0.169091

-1.361887

-2.588042

-3.761868

-5.017480

-5.193454

-4.039133

-2.760638

-3.604655

-6.565084

-1.556325

-0.368741

-0.899205

-1.397034

-1.999483

-2.149617

-1.613922

-0.986109

1.683173

2.061750

2.991790

3.594915

3.231171

2.316456

1.294031

0.043375

0.643617

4.587792

-1.005067

-0.861288

1.812950

0.302546

2.085398

2.687830

1.95372%9

2.546479

3.868236

4.587901

4.039397

0.540316

4.477475

4.868581

-2.234135

-2.946215

-4.276063

-4.959094

-4.393141

-3.116008

-2.399796
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O

(@]

-4.885648

-3.216073

-4.455960

-4.839528

0.670103

0.963339

2.164712

3.100181

2.791990

1.604497

-0.038244

1.319974

4.396594

-4.283710

-3.545147

-5.713114

3.461147

3.509212

2.526605

4.214750

-3.872160

-3.013549

-0.488917

-4.925916

-3.597381

-4.606207

-2.984118

4.473224

-2.314424

-5.722378

-6.231133

-2.856184

-0.165752

-1.286838

-0.649676

-0.204220

1.040205

1.211077

0.182997

-1.045032

-1.258092

2.159533

-2.626998

0.400005

1.353537

2.196630

1.068761

-1.462448

-2.902013

-1.340408

0.779978

-2.682674

3.919580

-1.310539

-1.692283

-3.151448

-3.328903

-2.639207

-1.169733

-2.371133

0.485401

2.014918

-5.118098

-0.775480

0.111271

1.449316

-2.951662

-3.564787

-4.255988

-4.387466

-3.804452

-3.095903

-3.522852

-2.539836

-5.123451

-1.224180

-2.261227

-1.681901

2.668867

2.152659

3.873156

-0.947167

0.319766

0.862593

-4.764112

-2.655076

-0.629532

0.817686

0.956456

2.976222

-5.967418

-2.608648

-1.887887
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-6.303377

-4.313086

-0.427239

3.234040

4.972044

4.360295

-0.071177

4.167391

2.365184

-1.759181

1.512389

1.959471

0.276728

3.490121

-2.550550

-4.103874

-3.441010

2.535247

2.836677

1.498100

-5.351716

-2.423205

-0.685378

-1.139573

-0.893906

0.137719

0.754050

4.826670

2.742349

2.090464

2.360910

0.532022

1.918822

-5.891795

0.796717

0.692049

1.739249

5.906840

-1.314901

2.175964

-4.136229

-2.676826

-3.376855

-2.913479

-1.874894

2483621

3.118369

1.646767

-0.327112

-2.033993

-1.588672

-1.368179

1.953297

1.818151

-0.638609

-3.136652

-4.564363

-2.954430

0.884346

4.555755

5.042708

3.326889

-0.932883

-0.283727

1.951024

-1.428682

-1.735471

-0.440085

-1.545659

-0.498278

-4.720447

5.624788

-1.463438

-3.016610

-2.694830

-3.911347

-1.913532

-2.466597

-3.202376

4.284420

4.665115

3.593383

-0.517296

2.177324

2.645207

2.733201

-0.096490

0.087645

0.497409

3.277565

-0.217486

-1.794573

-1.412005
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-3.950289 -0.522025 2.075503

-5.543781 -1.293925 1.990664

-5.311062 0.331624 1.329772

-5.855029 -2.652822 -4.650451

-4.752826 -3.947143 -5.122425

-4.953585 -2.541029 -6.166722

3.413054 4.895862 3.689123

-1.007349 1.828045 -3.907382

0.301809 3.007589 -4.124964

-0.206062 2.524665 -2.504569

-0.870555 -0.850172 4.946857

-1.991637 -1.847668 5.884851

-2.550667 -0.993831 4.440757

-0.494923 -7.257140 4.080355

-2.229988 -7.016197 4.280211

-1.123157 -6.533758 5.566044

1.623649 4.443020 2.080305

4.836479 -0.548711 -5.447632

5.138529 0.904486 -4.490928

4.254291 1.026059 -6.011301

5.551092 0.496726 1.222574

6.501800 -0.458923 -0.158363

5.916940 -1.275640 1.294740

2.507692 -3.258978 1.894142

3.899103 -3.569779 2.931175

4.150764 -3.012187 1.271736

-2.296529 7.013963 -0.936841

-3.558710 6.035110 -0.171685

-3.103416 5.740205 -1.852183

4988770 3.624458 5522791

6.117473 3.917954 4.201145
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Supporting Information — Chapter 3

H 5.920762 2.285728 4.845031

| Direct P-H abstraction - Adduct !

13.385569000

13.369793699

14.443746699

15.416513000

15.428717000

14.372364301

12.345907699

11.357106000

10.111700000

9.128470301

9.357072301

10.599908301

11.589979301

9.857648699

8.284171601

12.928610301

14.507207699

15.251014301

14.358862601

16.461173301

11.418525098

10.562168594

10.295758098

10.862894000

10.765839902

10.117794601

9.514908699

9.685506301

8.519131000

7.602215000

7.876110000

9.035964000

9.947945000

8.247916000

9.239894301

9.148188902

10.130683902

11.195943601

11.267109301

10.328794000

20.684915000
19.889961301
20.083750301
21.033325301
21.826818000
21.607852000
18.981887601
18.778198301
19.448876301
19.208523000

18.355187399

17.696485699

17.898510000

8.057678504 20.452529902

12.236677601

10.480582699

6.090696000

4.761938000

4.495811399

9.272248000

6.248563098

4.415977007

2.621137406

1.831527308

0.452913007

-0.197200196

18.102715098

17.229527000

19.020406301
20.136798000
21.350905000
22.879244000
18.127460504
20.123549511
20.253395105
19.231600804
19.285628601

20.326438699

0.587310902 21.321958699

S111
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Supporting Information — Chapter 3

9.563542098

11.550311301

10.070586203

8.802946196

11.311937000

12.537666000

13.597083000

14.775508000

14.969058699

13.910590699

12.716169699

13.449839000

16.254149699

11.586807699

10.307145000

10.578893000

9.595477000

8.262810000

7.977104000

8.941504000

8.494466699

7.448302699

6.099403000

7.199631000

7.194460699

7.713376601

6.665225098

15.920754699

15.590386699

17.323237699

15.508767601

1.881459902

2.512493909

-1.703391196

2.763348399

5.971579399

6.261047699

5.326578699

5.653076699

6.880534699

7.790388699

7.504763699

3.936902000

7.202158000

8.493825699

5.506936699

5.075489000

4.586202000

4.464266000

4.883354000

5.420012699

6.006847699

7.576545699

7.382812699

3.907402000

4.754478699

3.321402000

5.156198000

6.487363000

7.779158000

6.558790000

3.501555000

21.321689601

18.086163406

20.401752496

22.356601902

15.678677601

15.022602601

14.978873301

14.297887301

13.661591301

13.713910301

14.376693301

15.559224601

12.971442000

14.312925601

14.849838301

13.515398301

12.672313301

13.102736000

14.401020000

15.257624301

16.946480301

16.672026000

15.966052699

12.193084000

17.533358000

17.517154203

18.925530399

17.798379301

17.074278000

18.418168000

19.330681699

S112
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Supporting Information — Chapter 3

Si

Si

T

8.279068000
9.531133804
8.038508504
6.808568601
10.969752203
12.281049601
10.849440496
11.943297902
7.970519007
7.039645706
10.099697895
8.201833000
11.599262000
6.951023000
8.080846504
6.900203902
8.502736301
16.229738000
9.857999301
6.233887301
5.574541000
5.432284000
7.246981699
11.2294599504
14.618143699
16.343935699
15.597080399
10.791711601
15.881158699
14.009782699

8.972340399

8.611944000

5.847295496

6.526783496

6.405014699

5.796234797

7.143753699

5.926658098

4.132673797

8.423818895

5.688849594

4.769587112

10.048163504

5.134044000

4.797387000

3.029074699

2.630843699

3.168227203

5.162099000

4.278244000

7.005040000

8.344564699

6.704061399

7.926055699

-0.151459790

7.740491699

7.976152000

8.629487000

12.104896000

5.660511000

8.751344699

0.103764000

15.946993301
23.774291286
24,131151091
22.620505294
24.654562391
24.204439594
26.606109790
24.374251895
24.579863895
25.583396091
21.178643623
19.747484000
13.151086301
14.750760000
16.538503504
17.779792203
18.270806504
20.483792000
11.665507301
14943311699
15.898714699
16.499516399
17.693315000
18.476225601
16.579757000
16.302930000
17.763247000
17.028472399
17.077473301
13.210674301

22.140628797
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Supporting Information — Chapter 3

13.690497098

14.113658902

12.405427601

15.570210000

9.203967699

7.709459000

8.569000000

14.257263000

14.788039203

13.361437601

6.356605301

9.059716000

10.721727000

9.496845399

10.842867301

12.005763504

12.340154399

16.229100699

13.720702301

12.935677301

13.212183000

7.475037797

5.903647098

6.213104797

6.217209000

7.407271000

7.100138301

14.337089301

10.717045000

11.898464699

11.220657699

3.923192301

3.240229000

3.581519399

4.891500000

8.871197699

9.542085000

8.271106000

5.377046399

3.694686699

4.206272496

4.813877098

8.327029406

7.816295504

7.110116504

3.136491007

1.806079210

3.186770511

7.149487000

10.656016399

11.344586399

9.594005399

5.150213301

4.456463699

6.162799699

3.924040000

2.867355000

4.480514000

10.850334301

8.084470699

9.421540699

8.756701399

16.639818601

15.061126504

15.457653699

14.247382301

16.489921601

15.832236301

14.948124301

21.981580000

21.961594000

21.057217000

16.820507399

21.145008902

21.068308601

20.015380203

17.496812804

17.401544706

18.466391007

21.206469000

17.988442699

16.553817699

16.676124000

19.664232699

19.252927399

18.921241098

12.675345000

11.910563000

11.260781000

22.206769699

13.776303301

13.824130601

15.313295601

S114
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Supporting Information — Chapter 3

7.922806797

9.350007196

8.466231993

10.345887504

9.059042504

10.747599504

12.566174301

16.070661699

16.797481699

16.923956699

17.388912699

18.049806699

17.622135000

14.578680601

15.993049601

16.182058301

7.543026601

7.763484301

8.722404601

16.758276601

17.352553301

16.090099301

11.849473895

10.391891594

10.228201797

12.936182601

11.384812601

12.067694504

13.218986000

12.529686504

11.873206000

3.2155845601

3.632361895

2.094608496

-2.161945294

-2.063335797

-2.094715496

10.408623301

7.798239000

6.299803000

7.805998699

7.338015301

6.774586301

5.604210301

3.062778000

2.743723000

3.671489301

12.252924802

12.045505301

13.235618601

10.321630000

8.662188000

9.000816301

5.872002699

6.874690797

5.127195496

4.153435098

3.275846399

3.946181895

7.026185000

7.114390000

8.142875399

21.889892902

22.813491406

23.160762399

19.445275196

20.678730895

21.165290196

20.566921000

12.053085301

12.673584000

13.614259000

19.166447000

17.628859000

18.884514000

18.955159699

19.958123699

18.473362699

18.906799098

17.169724098

18.021816797

22.925806699

22.717587699

23.880667000

27.093997391

26.895080489

27.012863189

24.857312196

24.797075196

23.301269196

24.785549196

23.134312895

24.406739594
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Supporting Information — Chapter 3

6.050020706

6.884612007

7.585004007

5.828894203

7.205358000

6.633611000

6.927861609

8.550197210

8.399376105

13.385569000

13.351724000

14.425677000

15.416513000

15.428717000

14.390434000

12.327838000

11.357106000

10.111700000

9.146540000

9.375142000

10.617978000

11.608049000

9.839579000

8.320311000

12.946680000

14.489138000

15.269084000

14.395002000

6.151924294

4.626465594

5.776521294

6.847930000

6.902027301

5.355051000

8.763985895

8.619074993

9.038427496

9.703576000

8.519131000

7.602215000

7.876110000

9.035964000

9.947945000

8.247916000

9.257964000

9.202398000

10.184893000

11.232083000

11.285179000

10.328794000

25.729892391
25.372392790
26.519284091
22.864484496
21.736124294
22.359185692
24.764169399
25.503006993

23.782158895

| Direct P-H abstraction - Transition State |

20.684915000

19.908031000

20.101820000

21.051395000

21.826818000

21.607852000

19.018027000

18.796268000

19.466946000

19.208523000

18.319048000

17.678416000

17.8698510000

8.148027000 20.506739000

12.272817000

10.462513000

6.090696000

4.761938000

4.459672000

18.048506000

17.229527000

19.038476000
20.136798000

21.350905000

S116
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Supporting Information — Chapter 3

La

16.479243000

11.364316000

10.417611000

10.241549000

10.862894000

10.820049000

10.153934000

9.496839000

9.509333000

11.568381000

10.142865000

8.694528000

11.311937000

12.537666000

13.597083000

14.775508000

14.950989000

13.892521000

12.698100000

13.449839000

16.236080000

11.568738000

10.307145000

10.578893000

9.595477000

8.262810000

7.977104000

8.941504000

8.476397000

7.430233000

6.099403000

9.272248000
6.194354000
4.596674000
2.765695000
2.030294000
0.633610000
-0.088782000
0.641520000
2.035669000
2.747400000
-1.594973000
2.727209000
5.935440000
6.242978000
5.308509000
5.635007000
6.862465000
7.772319000
7.486694000
3.936902000
7.202158000
8.475756000
5.488867000
5.075489000
4.586202000
4.464266000
4.883354000
5.401943000
5.988778000
7.558476000

7.364743000

22.879244000

18.217809000

20.394595000

20.379883000

19.340019000

19.321768000

20.308369000

21.303889000

21.3578259000

18.230721000

20.311404000

22.410811000

15.714817000

15.058742000

14.996943000

14.315957000

13.679661000

13.731980000

14.394763000

15.595364000

12.971442000

14.349065000

14.867908000

13.533468000

12.690383000

13.102736000

14.401020000

15.275694000

16.964550000

16.672026000

15.947983000

S117
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Supporting Information — Chapter 3

Si

Si

7.199631000

7.176391000

7.749516000

6.611016000

15.902685000

15.572317000

17.305168000

15.544907000

8.279068000

9.639552000

8.128857000

6.844708000

11.042031000

12.317189000

10.759092000

11.997507000

8.151216000

7.202273000

9.973210000

8.201833000

11.599262000

6.951023000

8.171195000

6.954413000

8.520806000

16.229738000

9.876069000

6.251957000

5.574541000

5.432284000

7.228912000

3.907402000

4.736409000

3.321402000

5.156198000

6.487363000

7.779158000

6.559790000

3.501555000

8.611944000

5.756947000

6.436435000

6.386945000

5.723956000

7.125684000

5.872449000

4.060395000

8.297331000

5.544292000

5.076772000

10.138512000

5.134044000

4.797387000

3.011005000

2.612874000

3.240506000

5.162099000

4.278244000

7.005040000

8.326495000

6.667922000

7.907986000

12.193084000

17.533358000

17.589433000

18.889391000

17.816449000

17.074278000

18.418168000

19.312612000

15.965063000

23.430967000

23.896245000

22.457878000

24.437726000

24.059882000

26.353134000

24.247764000

24.453376000

25.348490000

21.756874000

19.747484000

13.169156000

14.750760000

16.628852000

17.852071000

18.361155000

20.483792000

11.683577000

14.925242000

15.880645000

16.463377000

17.693315000

5118
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Supporting Information — Chapter 3

11.319848000

14.600074000

16.325866000

15.560941000

10.827851000

15.863089000

13.991713000

8.936201000

13.636288000

14.167868000

12.441567000

15.570210000

9.185898000

7.709459000

8.569000000

14.257263000

14.860318000

13.397577000

6.374675000

9.059716000

10.721727000

9.460706000

10.860937000

12.096112000

12.304015000

16.211031000

13.738772000

12.953747000

13.212183000

7.402759000

5.849438000

0.101516000

7.722422000

7.976152000

8.629487000

12.104896000

5.660511000

8.733275000

0.103764000

3.941262000

3.240229000

3.545380000

4.891500000

8.853128000

9.542085000

8.271106000

5.340507000

3.676617000

4.115524000

4.759668000

8.471587000

7.506644000

7.200465000

3.317188000

2.059055000

3.457816000

7.149487000

10.619877000

11.308447000

9.557866000

5.168283000

4.438394000

18.512365000

16.579757000

16.302930000

17.763247000

16.992333000

17.095543000

13.228744000

22.068350000

16.675958000

15.151475000

15.439584000

14.265452000

16.526061000

15.850306000

14.966194000

21.981580000

21.961594000

21.057217000

16.784368000

21.199218000

21.104448000

20.087659000

17.605231000

17.564172000

18.647088000

21.206469000

17.970373000

16.535748000

16.676124000

19.646163000

19.216788000
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Supporting Information — Chapter 3

6.140826000
6.217209000
7.407271000
7.118208000
14.355159000
10.717045000
11.880395000
11.202588000
7.850528000
9.241589000
8.285535000
10.436236000
9.149391000
10.837948000
12.584244000
16.052592000
16.779412000
16.905887000
17.370843000
18.031737000
17.622135000
14.614820000
16.029189000
16.200128000
7.579166000
7.781554000
8.758544000
16.794416000
17.370623000
16.108169000

11.722986000

6.144730000

3.924040000

2.867355000

4.480514000

10.868404000

8.066401000

9.403471000

8.720562000

3.252085000

3.505874000

2.004260000

-1.999318000

-1.991057000

-2.004367000

10.426693000

7.798239000

6.299803000

7.787529000

7.356085000

6.792656000

5.622280000

3.062778000

2.743723000

3.689559000

12.307134000

12.063575000

13.271758000

10.321630000

8.662188000

9.018886000

5.853933000

18.867032000

12.675345000

11.910563000

11.260781000

22.188700000

13.794373000

13.860270000

15.349435000

21.944102000

22.958049000

23.124623000

19.336857000

20.552243000

21.056872000

20.566921000

12.071155000

12.673584000

13.614259000

19.166447000

17.628859000

18.884514000

18.937090000

19.940054000

18.455293000

18.852590000

17.115515000

17.949538000

22.907737000

22.699518000

23.880667000

26.877161000

$120
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Supporting Information — Chapter 3

10.247334000

10.155923000

12.972322000

11.420952000

12.158043000

13.218986000

12.620035000

11.873206000

6.212648000

7.065309000

7.765701000

5.901173000

7.205358000

6.633611000

7.144698000

8.803173000

8.525864000

6.802412000
5.036847000
4.099226000
3.239707000
3.819694000
7.026185000
7.114390000
8.106736000
5.989297000
4.481908000
5.613894000
6.847530000
6.920097000
5.355051000
8.637498000
8.438378000

8.948079000

! Direct P-H abstraction - Product !

13.385569000

13.335655172

14.409608172

15.416513000

15.428717000

14.406502828

12.311769172

11.357106000

10.111700000

9.162608828

9.391210828

9.719644828
8.519131000
7.602215000
7.876110000
9.035964000
9.947945000
8.247916000
9.274032828
9.250604484
10.233099484

11.264220656

26.624035000

26.723748000

24.748894000

24.688657000

23.192851000

24.677131000

23.007825000

24.262182000

25.513056000

25.119417000

26.284378000

22.774136000

21.5734597000

22.160419000

24.728030000

25.322310000

23.655671000

20.684915000

19.924099828

20.117888828

21.067463828

21.826818000

21.607852000

19.050164656

18.812336828

19.483014828

19.208523000

18.286910344

S121
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Supporting Information — Chapter 3

10.634046828

11.624117828

9.823510172

8.352448656

12.962748828

14.473069172

15.285152828

14.427139656

16.495311828

11.316109516

10.289060376

10.193342516

10.862894000

10.868255484

10.186071656

9.480770172

9.461126516

11.584449828

10.207140312

8.598115032

11.311937000

12.537666000

13.597083000

14.775508000

14.934920172

13.876452172

12.682031172

13.449839000

16.220011172

11.552669172

10.307145000

11.301247828

10.328794000

8.228371140

12.304954656

10.446444172

6.090696000

4.761938000

4.427534344

9.272248000

6.146147516

4.757362280

2.894245624

2.207051108

0.794298280

0.007630968

0.689726484

2.083875484

2.956294764

-1.498560032

2.695071344

5.903302344

6.226909172

5.292440172

5.618938172

6.846396172

7.756250172

7.470625172

3.936902000

7.202158000

8.459687172

5.472798172

17.662347172

17.898510000

20.554945484

18.000299516

17.229527000

19.054544828

20.136798000

21.350905000

22.879244000

18.268153140

20.635627420

20.492364796

19.436431968

19.353905656

20.292300172

21.287820172

21.389966656

18.359271624

20.231059860

22.459017484

15.746954656

15.090879656

15.013011828

14.332025828

13.695729828

13.748048828

14.410831828

15.627501656

12.971442000

14.381202656

14.883976828
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Supporting Information — Chapter 3

Si

Si

10.578893000

9.595477000

8.262810000

7.977104000

8.941504000

8.460328172

7.414164172

6.099403000

7.199631000

7.160322172

7.781653656

6.562809516

15.886616172

15.556248172

17.289099172

15.577044656

8.279068000

9.735564963

8.209201140

6.876845656

11.106306312

12.349326656

10.678747860

12.045713484

8.311504280

7.346892452

9.860728204

8.201833000

11.599262000

6.951023000

8.251539140

5.075489000
4.586202000
4.464266000
4.883354000
5.385874172
5.972709172
7.542407172
7.348674172
3.907402000
4.720340172
3.321402000
5.156198000

6.487363000

7.779158000

6.559790000

3.501555000
8.611944000
5.676602860
6.356090860
6.370876172

5.659680688

7.109615172

5.824242516

3.996119688
8.184849204
5.415741376
5.349842076
10.218856140

5.134044000
4.797387000

2.994936172

13.549536828

12.706451828

13.102736000

14.401020000

15.291762828

16.980618828

16.672026000

15.931914172

12.193084000

17.533358000

17.653708312

18.857253344

17.832517828

17.074278000

18.418168000

19.296543172

15.981131828

23.125659268

23.687350236

22.313258548

24.244900064

23.931331376

26.128170408

24.135282204

24.340894204

25.139595236

22.271076496

19.747484000

13.185224828

14.750760000

16.709196140
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Supporting Information — Chapter 3

7.002619484

8.536874828

16.229738000

9.892137828

6.268025828

5.574541000

5.432284000

7.212843172

11.400192140

14.584005172

16.309797172

15.528803344

10.859988656

15.847020172

13.975644172

8.904063344

13.588081516

14.216074484

12.473704656

15.570210000

9.169829172

7.709459000

8.569000000

14.257263000

14.924593312

13.429714656

6.390743828

9.059716000

10.721727000

9.428568344

10.877005828

2.596805172

3.304781312

5.162099000

4.278244000

7.005040000

8.310426172

6.635784344

7.891917172

0.326479592

7.706353172

7.976152000

8.629487000

12.104896000

5.660511000

8717206172

0.103764000

3.857330828

3.240229000

3.513242344

4.891500000

8.837059172

9.542085000

8.271106000

5.308769344

3.660548172

4.035579860

4.711461516

8.6001375624

7.986588140

7.280809140

3.477876280

17.916346312

18.441499140

20.483792000

11.699645828

14.909173172

15.864576172

16.431239344

17.693315000

18.544502656

16.579757000

16.302930000

17.763247000

16.960195344

17.111611828

13.244812828

22.004074688

16.708095656

15.231819140

15.423515172

14.281520828

16.558198656

15.866374828

14.982262828

21.981580000

21.961594000

21.057217000

16.752230344

21.247424484

21.136585656

20.151934312

17.701643968
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12.176456140

12.271877344

16.194562172

13.754840828

12.969815828

13.212183000

7.338483688

5.801231516

6.076550688

6.217209000

7.407271000

7.134276828

14.371227828

10.717045000

11.864326172

11.186519172

7.786252688

9.145176032

8.124846720

10.516580140

9.229735140

10.918292140

12.600312828

16.036523172

16.763343172

16.889818172

17.354774172

18.015668172

17.622135000

14.646957656

16.061326656

2.284018592

3.698848420

7.149487000

10.587739344

11.276309344

9.525728344

5.184351828

4.422325172

6.128661172

3.924040000

2.867355000

4.480514000

10.884472828

8.050332172

9.387402172

8.688424344

3.284222656

3.393392204

1.923915860

-1.854698548

-1.926781688

-1.924022860

10.442761828

7.798239000

6.299803000

7.771860172

7.372153828

6.808724828

5.638348828

3.062778000

2.743723000

17.708751452

18.807776280

21.206469000

17.954304172

16.519679172

16.676124000

15.630094172

19.184650344

18.818825516

12.675345000

11.910563000

11.260781000

22.172631172

13.810441828

13.892407656

15.381572656

21.992308484

23.086599624

23.092485344

19.240444032

20.439761204

20.960459032

20.566921000

12.087223828

12.673584000

13.614259000

19.166447000

17.628859000

18.884514000

18.921021172

19.923985172
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16.216196828

7.611303656

7.797622828

8.790681656

16.826553656

17.386691828

16.124237828

11.610504204

10.118783376

10.091647688

13.004459656

11.453089656

12.238387140

13.218986000

12.700379140

11.873206000

6.357267452

7.225997280

7.926389280

5.965448312

7.205358000

6.633611000

7.337523936

9.028136592

8.638345796

13.380569000

13.501339000

14.770542000

3.705627828

12.355340484

12.079643828

13.303895656

10.321630000

8.662188000

9.034954828

5.837864172

6.738136688

4.956502860

4.051019516

3.207569344

3.707212204

7.026185000

7.114390000

8.074598344

5.844677548

4.353357376

5.469274548

6.847930000

6.936165828

5.355051000

8.525016204

8.277689720

8.867734860

9.683176000

8.648258000

8.017253000

18.439224172

18.804383516

17.067308516

17.885262688

22.891668172

22.683449172

23.880667000

26.684335064

26.383002580

26.466646752

24.652481032

24.592244032

23.096438032

24.580718032

22.895343204

24.133631376

25.320230064

24.894453408

26.075483236

22.693791860

21.428877548

21.983661892

24.695892344

25.161621720

23.543189204

! Internal C-H activation from the Phosphido - Adduct !

20.580206000

19.603469000

19.503492000
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15.830962000

15.714901000

14.471844000

12.431531000

12.570185000

12.715295000

12.734186000

12.645949000

12.519317000

12.464538000

12.914149000

12.683732000

12.328785000

16.877197000

11.729685000

12.121283000

12.960371000

10.607450000

10.916707000

11.725863000

10.888086000

11.446953000

12.825792000

13.642757000

13.128570000

9.391905000

13.404055000

14.092103000

8.111470000

7.794290000

7.526237000

8.381855000

9.392551000

10.023897000

8.327141000

7.384455000

7.880150000

6.955650000

5.578911000

5.112650000

5.991894000

9.357327000

4.607370000

5.471774000

9.786469000

10.506823000

12.293977000

12.973561000

9.574410000

11.966274000

13.455342000

14.530650000

15.695386000

15.862593000

14.8135595000

13.628234000

14.447727000

17.115309000

12.561657000

9.069270000

9.347786000

10.671231000

20.318071000
21.282649000
21.382988000
18.811746000
17.776790000
16.447513000
15.387967000
15.604082000
16.920504000
18.002584000
16.219991000
14.451390000
19.407081000
22.156307000
20.674305000
21.158089000
20.076510000
17.734427000
16.584346000
15.860696000
15.451226000
14.924498000
14.779620000
15.200052000
15.732743000
15.589953000
14.174854000
16.167211000
18.148465000
19.499242000

19.927717000
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7.222801000

7.160287000

7.411459000

7.725090000

7.490757000

6.848405000

7.928060000

7.042643000

7.217737000

6.107549000

4.789235000

4.615568000

5.689062000

8.941970000

9.074955000

8.145922000

3.618726000

8.914002000

8.502741000

10.290237000

10.994347000

10.990716000

11.662597000

10.812965000

8.907134000

12.870188000

5.498209000

6.275958000

7.489602000

8.534409000

9.185810000

10.908925000

9.881002000

8.579272000

8.296819000

11.801367000

10.167750000

6.874920000

8.862555000

8.565018000

8.420282000

8.519584000

8.764213000

8.927126000

8.363645000

6.497992000

5.945374000

8.387448000

9.136215000

10.605810000

8.980782000

9.779005000

8.253717000

10.222966000 23.580418000

13.053825000 21.385042000

5.728494000

7.322017000

9.124042000

8.231805000

10.721672000

11.053148000

11.165094000

21.271887000

22.215204000

21.775469000

20.444168000

18.934904000

23.661578000

19.996576000

17.313408000

15.925273000

15.085473000

15.531921000

16.500672000

17.759554000

15.307203000

14.938726000

13.860388000

14.593449000

13.578325000

13.650498000

12.927348000

22.280550000

22.174144000

16.248933000

14.373952000

18.810023000

14.026783000

14.045150000

12.648435000

14.306386000

5128

Page | 501



Supporting Information — Chapter 3

12.652816000

3.606594000

7.095592000

8.338186000

8.286086000

10.116245000

10.779057000

10.500231000

10.454345000

12.013101000

12.454847000

9.953188000

7.350720000

14.724847000

8.446206000

7.235941000

6.743790000

7.008211000

9.638798000

9.053397000

7.903011000

13.912789000

13.177076000

12.421754000

8.174611000

13.250929000

13.715595000

12.235296000

14.360615000

13.241797000

12.123712000

12.272905000

8.836522000

6.053544000

4.873643000

6.431949000

6.386653000

16.501551000

7.915648000

7.814487000

7.862065000

4.041177000

10.124156000

7.755738000

14.918601000

11.942449000

12.743494000

11.609261000

11.930353000

6.044773000

4.653859000

5.873574000

12.458937000

14.010412000

12.991708000

8.587139000

9.510066000

9.707845000

10.131841000

10.830730000

5.649731000

4.396768000

22.094952000
17.307082000
14.149381000
13.717000000
12.889812000

14.612390000

14.620009000

21.258473000
23.024430000
22.172889000
17.105775000
22.269831000
22.486298000
15.117650000
18.413363000
19.430352000
18.156737000
21.584304000
16.997445000
16.082867000
16.661538000

19.920557000

20.364531000

19.122118000
12.981249000

15.186023000

16.885718000
16.267172000
22.105576000

19.988274000

19.412139000
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11.523734000

11.053309000

10.285324000

10.592227000

2.870434000

3.939630000

3.100251000

16.785671000

7.172588000

7.864310000

8.899113000

14.083835000

13.823568000

15.116561000

12.814242000

13.430207000

14.432019000

14.906132000

6.311624000

6.232067000

7.762082000

12.718647000

11.174468000

11.601499000

10.220928000

11.022906000

10.194783000

13.044530000

11.688513000

13.340655000

16.604704000

5.887078000

9.506376000

9.420873000

7.932560000

7.678034000

8.033483000

9.343965000

7.870442000

6.588001000

6.182737000

6.735412000

11.708163000

12.167568000

12.946950000

18.000232000

17.065349000

17.285196000

7.244307000

9.334915000

11.066616000

10.331470000

9.932753000

9.737871000

11.303752000

13.082697000

14.090319000

12.603688000

5.087752000

4.196551000

3.756255000

10.605391000

19.940379000

13.515674000

11.922214000

12.829677000

14.969286000

13.607987000

14.440454000

20.194555000

19.256703000

20.841840000

19.510404000

15.475099000

17.153355000

16.207144000

14.439785000

13.077308000

14.513154000

18.751650000

24.128357000

23.767280000

24.247886000

23.600232000

24.436445000

23.741275000

20.468247000

21.682089000

22.172732000

13.536511000

14.236276000

14.665133000

22.830302000
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! Internal C-H activation from the Phosphido - Transition State !

17.739922000
17.225803000
8.912543000
8.987396000

9.101286000

13.409670
13.512249
14.776124
15.848083
15.748639
14.511231
12.431364
12.544764
12.687248
12.678309
12.588044
12.479141
12.442826
12.880509
12.601135
12.325573
16.912181
11.767260
12.179860
13.015974
10.601645
10.918953

11.731041

9.669542

8.630155

7.992309

8.351617

9.362324

10.004488

8.316437

7.367394

7.859639

6.919206

5.548658

5.090873

5.876811

9.305198

4.571325

5.464585

9.729651

10.508931

12.294885

12.961349

9.574953

11.962986

13.443723

10.123464000 21.566739000

8.952936000 22.780715000

15.357739000 15.212168000

13.585390000 15.048381000

14.303754000 16.636984000

20.547414

19.572510

19.458237

20.261027

21.226352

21.337368

18.797955

17.761562

16.426765

15.373144

15.5987%4

16.919238

17.997134

16.193052

14.450445

19.406234

22.109828

20.653229

21.124472

20.032475

17.736724

16.582333

15.845527
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10.897232
11.458842
12.837550
13.649991
13.132474
9.402694
13.416971
14.092148
8.107280
7.806326
7.550979
7.265176
7.207846
7.445946
7.742071
7.510764
6.914851
7.932079
7.028562
7.187978
6.068758
4.755504
4.597010
5.680107
8.204799
9.020076
8.065110
3.575119
8.863387
8.462541

10.231223

14.527938

15.686505

15.839952

14.782750

13.602068

14.459225

17.091209

12.525529

9.085267

9.368699

10.695216

10.938228

9.912788

8.608784

8.320815

11.822626

10.207034

6.896608

8.886818

8.589199

8.452626

8.560623

8.804589

8.959463

8.375546

6.508383

5.957035

8.441063

9.144485

10.616948

8.979204

15.449265

14913615

14.746847

15.153111

15.694572

15.611653

14.140068

16.112668

18.172216

19.525622

19.953768

21.300462

22.247367

21.808224

20.473734

18.958108

23.696212

20.027637

17.348034

15.958019

15.129181

15.588728

16.959292

17.807762

15.323012

14.957159

13.901085

14.660995

13.592624

13.666527

12.926539
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11.041843
11.021299
11.727996
10.881038
8.876882
12.807615
5.500836
6.225582
7.454260
8.487115
9.155666
12.759222
3.592595
7.022010
8.250325
8.1845801
10.053458
10.793908
10.513127
10.493326
12.039494
12.413797
10.004179
7.389031
14.731487
8.460813
7.267979
6.753305
7.060321
9.628076

9.011408

9.795312 22.270541

8.269687 22.171413

10.237952 23.561511

13.068438 21.363617

5.744562 16.273589

7.283924 14.355136

9.155450 18.860461

8.262973 14.068902

10.740170 14.071241

11.062648 12.663541

11.172799 14.309625

12.272901 22.056504

8.882578 17.375824

6.069645 14.213493

4.884355 13.755479

6.441313 12.926603

6.390631 14.608672

16.499000 14.61548%

7.932117 21.265283

7.840067 23.031798

7.867528 22.156668

4.020833 17.111631

10.151016 22.265312

7.787639 22.522075

14.876398 15.051909

11.955805 18.424727

12.767814 19.453741

11.633008 18.189563

11.961755 21.612646

6.058060 17.003805

4.668274 16.108329
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7.883556

13.963284

13.242632

12.470428

8.114059

13.156512

13.651804

11.995181

14.414134

13.251948

12.104149

11.538848

11.004048

10.217322

10.526021

3.089624

2.804909

3.877078

16.799220

7.172645

7.864370

8.901045

14.064381

13.835436

15.120944

12.953089

13.266123

14.495080

14.900310

5.898756

12.438487

13.998269

12.977616

8.598953

9.499983

9.703637

10.554449

10.815513

5.631268

4.393304

5.995536

9.496872

9.416731

7.929040

9.410157

7.770963

8.045498

7.836599

6.615097

6.206211

6.747825

11.672404

12.133760

12.900497

17.994799

17.125582

17.158578

7.221408

16.708651

19.872895

20.312471

19.081945

13.004647

15.153152

16.858203

16.269926

22.057326

19.969562

19.420253

19.951697

13.504540

11.920358

12.827958

14.480328

15.063255

13.685411

20.125864

19.289854

20.874071

19.539856

15.425536

17.102909

16.136311

14.553531

13.052332

14.319892

18.702362

6.238302 11.061758 23.802664

7.829814 10.449217 24.252493
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! Internal C-H activation from the Phosphido - Product !

6.452519 9.347970 24.193540

12.781231 9.937073 23.572008

11.243704 9.761391 24.424461

11.679460 11.319954
10.282805 13.102985
11.103888 14.102911
10.263906 12.625391
13.041659 5.016277
11.586957 4.242365
13.175768 3.671294
17.857844 9.731016
17.036224 9.029448
16.783859 10.727886
8.926147 15.374036
8.981472 13.600922

9.122448 14.322533

13.380569000
13.501339000
14.770542000
15.830962000
15.714901000
14.471844000
12.431531000
12.560210245
12.735244510
12.734186000
12.645949000

12.519317000

9.683176000
8.648258000
8.017253000
8.381855000
9.392551000
10.023897000
8.327141000
7.384455000
7.890124755
6.945675245
5.578911000

5.112650000

23.718338

20.447026

21.654242

22.152167

13.552512

14.187980

14.696592

21.554808

22.948270

22.542108

15.241994

15.076447

16.663178

20.580206000
19.603469000
19.503492000
20.318071000
21.282649000
21.382988000
18.821720755
17.776790000
16.447513000
15.387967000
15.604082000

16.920504000
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12.464538000
12.914149000
12.683732000
12.328785000
16.877197000
11.729685000
12.121283000
12.960371000
10.607450000
10.916707000
11.725863000
10.888086000
11.446953000
12.825792000
13.642757000
13.128570000
9.391905000
13.404055000
14.092103000
8.111470000
7.794290000
7.526237000
7.222801000
7.160287000
7.411459000
7.725090000
7.490757000
6.848405000
7.928060000
7.042643000

7.217737000

5.991894000

9.307453225

4.607370000

5.471774000

9.786469000

10.506823000

12.293977000

12.973561000

9.574410000

11.966274000

13.455342000

14.530650000

15.695386000

15.862593000

14.813595000

13.628234000

14.447727000

17.115309000

12.561657000

9.069270000

9.347786000

10.671231000

10.908925000

9.881002000

8.579272000

8.296819000

11.801367000

10.167750000

6.874920000

8.862555000

8.565018000

18.002584000

16.229965755

14.451390000

19.407081000

22.156307000

20.674305000

21.158089000

20.076510000

17.734427000

16.584346000

15.860696000

15.451226000

14.924498000

14.779620000

15.200052000

15.732743000

15.589953000

14.174854000

16.167211000

18.148465000

19.499242000

19.927717000

21.271887000

22.215204000

21.775469000

20.444168000

18.934904000

23.661578000

19.996576000

17.313408000

15.925273000
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6.107549000

4.789235000

4.615568000

5.689062000

8.941970000

9.074955000

8.145922000

3.618726000

8.914002000

8.502741000

10.290237000

10.994347000

10.990716000

11.662597000

10.812965000

8.907134000

12.880162755

5.498209000

6.275958000

7.489602000

8.534409000

9.185810000

12.692816000

3.606594000

7.095592000

8.338186000

8.286086000

10.116245000

10.779057000

10.500231000

10.454345000

8.420282000

8.519584000

8.764213000

8.927126000

8.363645000

6.497992000

5.8945374000

8.387448000

9.136215000

10.605810000

8.980782000

9.779005000

8.253717000

10.222966000

13.053825000

5.728494000

7.322017000

9.124042000

8.231805000

10.721672000

11.053148000

11.165094000

12.272905000

8.836522000

6.053544000

4.873643000

6.431549000

6.386653000

16.501551000

7.915648000

7.814487000

15.085473000

15.531921000

16.500672000

17.759554000

15.307203000

14.938726000

13.860388000

14.593449000

13.578325000

13.650498000

12.927349000

22.280550000

22.174144000

23.580418000

21.389042000

16.248933000

14.373952000

18.810023000

14.026783000

14.045150000

12.648435000

14.296411245

22.094952000

17.307082000

14.149381000

13.717000000

12.889812000

14.612390000

14.620009000

21.258473000

23.024430000
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12.013101000
12.454847000
9.953188000
7.350720000
14.724847000
8.446206000
7.235541000
6.743790000
7.008211000
9.638798000
9.053397000
7.903011000
13.912789000
13.177076000
12.421754000
8.174611000
13.161156204
13.625822204
11.796406776
14.360615000
13.241797000
12.123712000
11.523734000
11.053309000
10.285324000
10.592227000
2.870434000
3.939630000
3.100251000
16.785671000

7.172588000

7.862065000

4.041177000

10.124156000

7.755738000

14.918601000

11.942449000

12.743494000

11.609261000

11.930353000

6.044773000

4.653859000

5.873974000

12.458937000

14.010412000

12.991708000

8.587139000

9.559839775

9.757718775

11.009619447

10.830730000

5.649731000

4.396768000

5.887078000

9.496401245

9.420873000

7.932560000

7.678034000

8.033483000

9.343965000

7.870442000

6.588001000

22.172889000

17.105775000

22.269831000

22.486298000

15.117650000

18.413363000

19.430352000

18.156737000

21.584304000

16.997445000

16.082867000

16.661538000

19.920557000

20.364531000

19.122118000

12.981249000

15.195997755

16.925617020

16.317045775

22.105576000

19.988274000

19.412139000

19.940379000

13.515674000

11.922214000

12.829677000

14.969286000

13.607987000

14.440454000

20.194555000

19.256703000
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I H abstraction by HMDS on the adjacent methyl group - Adduct !

C

7.864310000

8.899113000

14.083835000

13.823568000

15.116561000

12.814242000

13.430207000

14.432019000

14.906132000

6.311624000

6.232067000

7.762082000

12.718647000

11.174468000

11.601499000

10.220928000

11.022906000

10.194783000

13.044530000

11.688513000

13.340655000

16.604704000

17.739922000

17.225803000

8.912543000

8.987396000

9.091311245

-0.380186000

6.182737000

6.735412000

11.708163000

12.167568000

12.946950000

18.000232000

17.065345000

17.285196000

7.244307000

9.334815000

11.066616000

10.331470000

9.932753000

9.737871000

11.303752000

13.082697000

14.090319000

12.603688000

5.087752000

4.196951000

3.756255000

10.605391000

10.123464000

8.952936000

15.357739000

13.585390000

14.313728755

-5.237164000

20.841840000

19.510404000

15.485073755

17.153355000

16.207144000

14.439785000

13.077308000

14.513154000

18.751650000

24.128357000

23.767280000

24.247886000

23.600232000

24.436445000

23.741279000

20.468247000

21.682089000

22.172732000

13.536511000

14.236276000

14.665133000

22.830302000

21.566739000

22.780715000

15.212168000

15.048381000

16.636984000

1.613583000
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0.094947000
-0.121847000
-0.786474000
-1.252321000
-1.036768000

1.025562000

0.801161000
-2.321103000
-3.458141000
-3.625858000

0.353795000
-1.938439000
-0.211685000

0.675216000

0.568056000
-0.541754000
-1.555410000
-1.449281000
-0.349450000

1.675122000

1.810433000

2.958119000
4.141577000
5.287709000
5.340160000
4.172734000
3.018143000
-0.215442000
-2.734510000
4.064420000

5.127294000

-4.687347000

-5.412572000

-6.639052000

-7.194842000

-6.470032000

-3.104032000

-0.316272000

-0.338115000

-1.726633000

-1.641101000

-4.867961000

-8.535652000

-4.533904000

2.151232000

3.460012000

4.235742000

3.765552000

2.473574000

1.661592000

4.029894000

1.340461000

1.542821000

0.806753000

0.991889000

1.895325000

2.623984000

2.458216000

0.319205000

4.621901000

-0.388215000

-1.843355000

0.395554000

-0.802104000

-0.767218000

0.424206000

1.597563000

0.281697000

-0.681916000

-1.189568000

-0.601726000

0.916825000

-2.119260000

0.449590000

2.932731000

0.935695000

0.397896000

0.727424000

1.5723919000

2.093266000

1.7830938000

-0.446491000

0.649241000

1.390507000

1.107735000

1.890711000

2.952414000

3.218932000

2.471155000

2.462796000

1.950896000

-0.294568000

0.292082000
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Si

Si

5.200181000

6.586491000

0.138910000

-1.015442000

-2.251335000

-3.377906000

-3.372696000

-2.163528000

-1.024454000

-4.602856000

5.167362000

6.655887000

4.594166000

1.255458000

2.264027000

3.350S883000

3.473967000

2.464769000

1.364365000

2.136918000

4.658847000

0.280551000

-3.358222000

-2.668980000

-4.823981000

-2.920947000

4.604272000

-3.520766000

-2.756718000

-3.410867000

-5.090192000

-2.904041000

2.077141000

0.030234000

-0.294366000

-0.540724000

-0.924812000

-1.061110000

-0.789145000

-0.421211000

-1.479602000

0.412567000

0.514202000

1.784835000

0.428968000

-0.504069000

-0.095615000

1.210525000

2.119585000

1.758665000

-1.949609000

1.634788000

2.759574000

1.233043000

2.410851000

1.141346000

-3.090405000

-2.441287000

2.306215000

2.837375000

4.520721000

1.632697000

-0.808623000

3.778343000

-2.987302000

-3.690089000

-3.026594000

-3.763511000

-5.152240000

-5.802385000

-5.102940000

-5.913779000

-1.631653000

-1.305262000

-1.981368000

-3.770325000

-4.104860000

-4.886404000

-5.358284000

-5.028379000

-4.250850000

-3.698370000

-6.185670000

-3.967186000

-0.924094000

-1.609775000

-1.341483000

-1.027243000

1.597367000

4.527634000

5.968064000

6.679309000

4.417878000
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-5.202033000 -0.271544000 4.770503000

-5.797793000 1.840558000 2.630218000

-6.474792000 2.379794000 5.556892000

-2.822128000 1.637874000 7.494546000

-0.870898000 3.139649000 5.684043000

-0.940938000 0.247027000  3.277249000

-4.524473000 -0.829909000 4.114878000

1.180823000 -2.803280000 1.669186000

-2.199761000 2.155165000  2.834953000

-0.105318000 -0.235523000 -5.649839000

-4.302482000 -1.133475000 -3.230218000

-2.844049000 -3.179282000 -2.114493000

-3.587481000 -3.883383000 -0.668502000

-1.933377000 -3.275364000 -0.583802000

6.132793000 -1.442983000 0.471008000

-2.106016000 -0.876500000 -6.886710000

-4.923832000 0.977994000 -2.419864000

-5.326728000 2.085539000 -1.101320000

-5.367870000 0.352347000 -0.815069000

-3.302897000 1.390003000 0.159858000

-0.944016000 -7.173385000 -1.703620000

3.560262000 1.715070000 -2.329015000

5.178729000 2.246391000 -2.785867000

4622969000 2.454117000 -1.115558000

-0.607983000 5.248081000 0.329208000

5.035283000 -0.242511000 -2.502472000

2.531367000 3.143090000 -5.394630000

-1.400507000 -6.873253000 2.542050000

1134855000 -2.331204000 -3.912750000

2.327695000 -2.119029000 -2.629091000

2.862427000 -2.566990000 -4.236300000
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H 4.108848000 -0.830953000 -5.153311000

H -1.650690000  2.558312000 -1.240394000

H  -3.222385000 3.335125000 -1.408476000

H  -2.633460000 2.266854000 -2.694792000

H 4544441000 -1.695052000 2.394162000

H 5.276254000 -3.241809000 1.931698000

H 3.612323000 -2.880192000 1.451765000

H  -4.434685000 -1.564554000 -1.074585000

H 0.789992000 0.172845000 2.869834000

H  -0.430227000 -0.546420000 1.809375000

H -0.130452000 -3.910960000 -2.354479000

H 0.138714000 -5.560621000 -2.938508000

H 1.434713000 -4.677047000 -2.099843000

H 6.173613000 0.397285000 1.676683000

H 2.575052000 4.206792000 0.154961000

H 1.374147000 4.982323000 -0.892504000

H 1.970522000 3.347286000 -1.249059000

H -2.665817000 -1.784849000 1.423786000

H -4.301058000 -2.431718000 1.263552000

H -4.042988000 -0.686586000 1.245258000

H  -5.453355000 -1.628916000 -5.241660000

H -4.445233000 -2.419707000 -6.457262000

H  -4.898090000 -0.727245000 -6.655736000

H 4.160891000 3.332388000 4.045813000

H -0.663720000 2.454227000 -4.431331000

H 0.548596000 3.747116000 -4.353143000

H 0.084494000 2.849177000 -2.895247000

H 0.845909000 -4.415710000 3.199109000

H -0.697386000 -5.094373000 3.736887000

H  -0.646058000 -3.527643000 2.912490000

H  -2.707486000 -8.577930000 1.228253000
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-1.229850000

-2.419411000

2.127456000

5.420887000

4.368172000

5.136809000

6.825187000

7.185570000

7.122740000

4.205280000

5.850390000

5.599294000

-2.431330000

-3.218548000

-3.477230000

7.370362000

6.393951000

6.996388000

-2.860287000

-3.306703000

-4.472944000

-2.277069000

-3.855602000

-2.374622000

-0.398524000

-0.360866000

-0.707137000

-6.219314000

-4.907829000

-6.753955000

-5.955715000

-9.349958000

-8.757385000

3.023156000

2.128382000

2.344962000

0.777356000

1.139484000

0.983227000

-0.460091000

-3.320707000

-3.729949000

-2.508445000

5.658035000

4.207348000

4.646969000

1.376561000

1.912237000

3.090688000

4.820557000

5.316885000

4.445302000

2.054511000

1.453692000

0.670016000

3.541766000

2.206709000

3.849528000

-0.655149000

-0.485755000

1.316979000

2.899843000

0.652620000

-0.508758000

2.728604000

-5.569219000

-6.966825000

-6.669393000

-0.422998000

-2.144455000

-1.132339000

-1.000717000

-0.495073000

-1.748953000

2.141120000

2.844155000

1.142332000

3.473400000

4.845390000

3.681475000

7.580075000

5.933720000

6.936496000

8.350954000

7.809435000

7.242548000

6.588516000

5.420903000

4.866660000

4.619435000

5.804065000

2.511268000

2.400143000
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| H abstraction by HMDS on the adjacent methyl group - Transition State !

-5.095726000 1.443715000 1.888922000

-7.442595000 1.897553000 5.370260000

-6.228941000 2.244496000 6.616217000

-6.587034000 3.454650000 5.377199000

8.850269 5.463865

10.140585 5.851415

10.290753 5.828443

9.286981 5.396194

8.047734 4.954993

7.866118 5.014839

11.170277 6.223378

12.309721 6.783601

13.364275 5.976200

14.452288 6.569475

14.547628 7.947534

13.496586 8.734611

12.383997 8.183851

13.319708 4.477046

15.743237 8.567948

11.245247 S.075644

6.975941 4.438935

8.491963 5.639903

7.382774 4.160179

6.960442 4.233353

11.494796 5.917026

11.045237 3.520475

10.985342 1.682766

11.302692 0.852585

15.359350

14.874698

13.458309

12.607824
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1. Experimental Procedures

General Remarks.

If not otherwise mentioned, all transformations were carried out under inert conditions using 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 (toluene, n-pentane, n-hexane, THF,
acetonitrile, dichloromethane) were dried by a MBraun SPS system, degassed and stored over activated molecular sieves (3 A) for at
least 24 h prior to use. Pyridine, benzene and hexamethyldisiloxane (HMDSO) were degassed and stored over activated molecular
sieves (3 A} for at least 48 h prior to use. CsDs was dried by storage over activated molecular sieves (3 A) for at least 24 h prior to use.
IR spectra were recorded at room temperature under inert conditions using a Bruker Vertex 70 with ATR equipment. 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 (&) are reported in ppm and coupling constants are given in Hz. 'H and '*C chemical shifts were calibrated to residual
solvent peaks. "N chemical shifts (obtained by "TH-'*N HMBC NMR spectroscopy) were calibrated externally to liquid ammonia (NHs).
3P chemical shifts were calibrated externally to phosphoric acid (HsPQ4, 85% in water). Elemental analyses were performed using an
Elementar vario microcube instrument at the Paderborn University. Starting materials 1-C1,[" 1-1,") Na(diox)2:SCP,? A44CAACP! and
MeCAACH were synthesized following literature known procedures. KSCN and KN; were used as received.

Synthetic Procedures.

Preparation of (PN).La(SCP) (2). Solid NaSCP(diox)23 (210 mg, 700 pmol, 1.4 eq.) was added to a solution of 1-CI (428 mg, 500 pmol,
1 eq.) in toluene (8 mL) at room temperature. The reaction mixture was stirred at room temperature for 26 h and then filtered through
a glass-fibre filter. All volatile components of the orange-colored filtrate were removed in vacuo. The dark orange-colored residue was
triturated by repeated addition of n-pentane (3 x2 mL) and subsequent removal in vacue to give 2 as an amber microcrystalline solid.
Single crystals suitable for X-ray structure determination were obtained by slow evaporation of solvent under reduced pressure from a
concentrated toluene solution of 2 during work-up. Yield: 440 mg (490 mmol, 98%); 'H NMR (GsDs, 700 MHz, in ppm): 6 = 6.91-6.89
(m, CHar, 2 H), 6.85 {br. 5, CHar, 4 H), 6.78 (dd, 3Jun = 8.5 Hz, *Jun = 1.89 Hz, CHar, 2 H), 5.66 (M, CHar, 2 H), 2.28-2.10 {two s at 2.17
& 2.14 & br. s, CHsar & CHipr, 28 H), 1.23-0.92 (two br. s, CHapr, 24 H); *C{'H} NMR (C:Ds, 176 MHz, in ppm): &= 191.8 (d,
1Jcp = 20.6 Hz, SCP7), 160.6 (pseudo-t, Jop = 12.0 Hz, Cyar), 138.7 (S, Coar), 135.3 (s, Cyar), 133.4 (s, CHay), 133.3 (s, CHa), 131.3 (s,
CHar), 123.9 (5, Coar), 114.1 (d, Jep = 8.5 Hz, Caal), 114.08 (d, Jor = 6.5 Hz, Cyar), 113.5 (pseudo-t, Jep = 3.7 Hz, CHa), 24.2 (br. s,
CHier), 21.0 (5, CHaar), 20.6 (S, CHsad), 20.4 (br. s, GHsar), 19.7 (br. s, CHaei), 17.9 (br. s, CHaier); *'P{'H} NMR (CsDs, 283 MHz, in ppm):
5=9.6(br.s, PN-, 2 P), -44.9 (br. s, [SCPI~, 1 P); IR (ATR, in cm~") = 2956(m), 2918(m}, 2865(M), 1597(s), 1461(s), 1371(s}), 1301(s),
1274(s), 1243(s), 1214(s), 1188(s), 1152(s), 1029(s}, 884(s), 854(s), 825(s), 808(s), 710(s}, 657(s), 811(s), 543(s), 490(s), 466(s),
435(s), 407(s), 387(s), 364(s), 307(s); elemental analysis (in %): CssHeoLaNzPsS: caled.: C 60.40, H 6.98, N 3.13; found: C 60.74,
H7.02, N 3.39.

Conversion of 2 into 1-Cl. A solution of 2 (153 mg, 171 umol) in dichloaromethane (4 mL) was stirred outside the glovebox in a pressure
Schlenk tube at 45 °C and the reaction monitored by means of *'P{'"H} NMR spectroscopy (see Figure $10). For this purpose, the
slightly turbid reaction solution was allowed to cool down at the specified reaction times and a sample of 0.6 mL was then transferred
to a J-Young NMR tube equipped with a CgDs capillary inside the glavebox. The sample was transferred back to the pressure Schlenk
tube after measurement and heating at 45 °C resumed until full conversion was reached (after 68 h). The dark brown precipitate (21 mg)
was filtered off and the filtrate concentrated in vacuo to about 0.5 mL and then layered with n-pentane (ca. 3 mL). Colorless crystals
formed within 5 min at room temperature and could be identified as 1-Cl by X-ray diffraction analysis.! After washing with n-pentane
and drying in vacuo 1-Cl could be isolated in ca. 80% yield (117 mg, 137 pmol). The small amounts of dark brown precipitate were
found to be essentially insoluble in other commonly used non-polar (alkanes, arenes) as well as polar (acetonitrile, pyridine, THF)
solvents; and elemental analyses did not point to an obvious (defined) co-product of the reaction.

Preparation of (PN).La(p-1,3-SCN):La(PN). (3). Solid KSCN (23 mg, 240 pmol, 1.2 eq.) was added to a solution of 1-1 (189 mg,
200 pmol, 1 eq.) in THF (3 mL) at room temperature. Within 30 min a fine, colorless precipitate formed and the solution took on a yellow
color. After the reaction mixture was stirred for additional 21 h at room temperature, the solvent was removed /i vacuo. The remaining
solid was extracted with toluene (3 mL), centrifuged and the solution filtered through a glass-fibre filier. The filtrate was concentrated
under reduced pressure to a volume of about 1 mL and allowed to rest at room temperature for 1 h, during which yellow-colored
crystalline blocks formed. The mother liquor was removed with a pipette and the crystals were washed with n-hexane (2 x 1.5 mL).
After drying in vacuo 3 was obtained as a pale yellow microcrystalline solid (57 mg, first batch). By storing the combined toluene mother
liquor and n-hexane washing solution at =40 °C for 2 d a second batch of the product was obtained as a fine, pale yellow precipitate
(52 mg after washing with n-hexane and drying in vacuo). Single crystals suitable for X-ray structure determination were obtained by
gas diffusion of n-hexane into a CgDs solution of 3 (20 mg in 0.6 mL G¢Ds) at room temperature overnight. Yield: 109 mg (124 pmol,
62%); 'H NMR (CsDs, 700 MHz, in ppm): & = 6.86—6.84 (m, CHa., 2 H), 6.83 (br. 5, CHar, 4 H), 6.79 (dd, 3Jn = 8.4 Hz, *Ju = 1.7 Hz,
CHar, 2 H), 5.59-5.53 (m, CHar, 2 H), 2.15 (s, CHsar, 6 H), 2.13 (br. s, CHaa, 12 H), 2.09 (br. s, CHaar, 6 H), 1.89 (br. s, CHpr, 4 H),
1.18-1.12 (br. m, CHsp,, 12 H), 0.94-0.86 (br. m, CHsipr, 12 H); "C{'H} NMR (CgDe, 176 MHz, in ppm): 6= 159.9 (pseudo-t,
Jop =11.2 Hz, Gqar), 142.6 (br. s, [SCNJ), 138.2 (br. s, Cyar), 136.8 (br. s, Caar), 135.8 (br. s, Coar), 133.8 (5, CHa), 133.4 (s, CHas,
131.9 (s, CHar), 123.7 (s, Cqar), 114.4 (pseudo-t, Jop = 7.7 Hz, Gqar), 112.7 (pseudo-t, Jcp = 3.3 Hz, CHyy), 231 (br. s, CHpy), 21.0 (s,
CHza), 20.6 (5, CHsar), 19.5 {pseudo-t, Jop = 5.7 Hz, CHawm:), 18.9 (br. s, CHan), 17.4 (br. 8, CHam): ¥'P{'H} NMR (CsDe, 283 MHz, in
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ppm): & = 10.1 (s, PN-, 2 P); IR (ATR, in cm™) = 2957(m), 2917(m), 2867(m), 2008(s), 1598(s), 1462(s), 1392(s), 1382(s), 1300(s),
1277(s), 1263(s), 1250(s), 1215(s), 1191(s), 1154(s), 1036(s), 1029(s), 830(s), 881(s), 858(s), B15(s), 730(s), 706(s), 666(s), 620(s),
543(s), 490(s), 467(s), 432(s), 388(s), 364(s), 305(s); elemental analysis (in %): C4sHszLaNzP»S: calcd.: C 61.57, H 7.12, N 4.79; found:
C61.01,H6.78, N 4.79.

Preparation of (PN)sLa(g-1,3-N3).La(PN)2 (4). Solid KN3 (36 mg, 450 umol, 1.5 eq.) was added to a solution of 1-1 (285 mg, 300 pmol,
1 eq.) in THF (10 mL) at room temperature. The reaction mixture was stirred at room temperature for 14 h. After allowing the precipitate
to settle, the solution was filtered through a glass-fibre filter. The yellow filtrate was concentrated in vacuo to an oily residue. After
extraction with toluene (2 x 3 mL) and filtration through a glass-fiore filter, the yellow solution was concentrated to a volume of ca. 1 mL.
The concentrated extract was stored at room temperature for 24 h, during which colorless crystals were formed. The mother liquor was
removed with a pipette. The crystals were washed with n-pentane (3 x 2 mL) and left to dry in the glovebox atmosphere, since prolonged
drying /n vacuo resulted in significant decomposition. Even with these precautions, the crystalline material was not completely pure
according to "H NMR spectroscopy and did not yield satisfying elemental analyses, wherefore we can only determine a crude yield and
give 'H NMR, 3'P{'H) NMR and IR spectroscopic data for this complex. Single crystals of 4 suitable for X-ray structure determination
were obtained during work-up as described above. Yield: 211 mg (245 mmol, 82%, crude); '"H NMR (CsDs, 700 MHz, in ppm): & = 6.92—
6.88 (m, CHa,, 6 H), 8.78 (dd, *Juy = 8.5 Hz, “Uyyy = 1.8 Hz, GHa,, 2 H), 5.65-5.61 (m, CHa, 2 H), 2.26-2.20 (two overlapping br. s,
CHaar, 18 H), 2.16 (s, CHaar, 6 H), 2.09-1.93 (br. s, CHr, 4 H), 1.13-1.02 (br. 8, CHairr, 24 H); ¥'P{"H} NMR (CsDe, 283 MHz, in ppm):
#=5.1(br.s, PN, 2 P); IR (ATR, in cm™) = 2956(m), 2918(m), 2867(m), 2729(m), 2113(s), 1599(s), 1537(s), 1494(s), 1463(s), 1390(s),
1300(s), 1276(s), 1239(s), 1213(s), 1191(s), 1157(s), 1137(s), 1060(s), 1032(s), 1009(s), 957(s), 928(s), 883(s), 859(s), 821(s), 813(s),
730(s), 714(s), 692(s), 661(s), 612(s), 576(s), 543(s), 502(s), 489(s), 468(s), 434(s), 389(s), 341(s), 346(s), 303(s}, 268(s), 231(s).

Preparation of (PN);La{SPC(*CAAC)} (5a). A solution of ACAAC (57 mg, 151 151 pmol, 1 eq.) in n-hexane (2 mL) was added
dropwise to a solution of 2 (135 mg, 151 pmol, 1 eq.) in n-hexane (2 mL) at room temperature. The initially yellow solution first became
dark red and within 30 s brightened up to yellow again. After 10 min the reaction solution was filtered through a glass-fibre filter. The
filtrate was concentrated under reduced pressure to a volume of about 0.3 mL and allowed to rest at room temperature for 3 d, during
which yellow-colored crystalline blocks formed. The mother liquor was removed with a pipette, after which the crystalline material was
washed with n-pentane (2 x 1.5 mL) and left to dry in the glovebox atmosphere, since prolonged drying in vacuo resulted in significant
decomposition. Single crystals of 5a suitable for X-ray structure determination were obtained during work-up as described above. Yield:
154 mg (121 umol, 80%); 'H NMR (CsDs, 700 MHz, in ppm): § = 7.23 (1, *dm = 7.6 Hz, CHapigp, 1 H), 7.17-7.16 (resonance partly
obscured by CsDg peak, m, GHarpipp, 1 H), 7.15 {dd, 3Jun = 7.6 Hz, *dn = 1.5 Hz, CHarpipp, 1 H), 6.91-6.89 (m, GHa,, 2 H), 6.88-6.85
(m, CHar, 4 H), 6.78 (dd, ®Jrw = 8.6 Hz, *Unn = 1.9 Hz, CHar, 2 H), 5.65-5.61 (m, CHar, 2 H}, 3.54-3.49 (M, CHaag, 1 H), 3.48-3.43 (m,
CHong, 1 H), 3.36 (sept, 3uhn = 6.8 Hz, CHpr e, 1 H), 3.27 (sept, 3Jun = 6.8 Hz, CHiprpigp, 1 H), 2.30 (br. s, CHaar, 6 H), 2.29 (br. s, CHaar,
6 H), 2.22-2.21 (m, CHag, 1 H), 2.17-2.16 (M, CHag), 2.15 (S, CHaa, 6 H), 2.14 (S, CHaa,, 6 H), 2.13 (d, 24 = 13.0 Hz, CHs, 1 H), 2.09
(d, 2Jn = 13.0 Hz, CHs, 1 H), 2.04-2.01 (m, CHag, 1 H), 2.01-1.96 (M, CHaag, 2 H), 1.90-1.80 (br. m, CHang, CHag & CHer, 7 H), 1.71—
1.68 (M, CHang, 1 H), 1.67—1.64 (M, CHaag, 1 H), 1.64—1.60 (M, CHaag, 1 H), 1.57 (d, > = 6.8 Hz, CHaiprpigp, 3 H), 1.54-1.51 (M, CHapa,
1 H), 1.36 (br. d, ®dum = 6.8 HzZ, CHaiproipp, 3 H), 1.31 (d, U = 6.8 Hz, CHarpipp. 3 H), 1.27 (d, ®Jun = 6.8 Hz, CHspproipp, 3 H), 1.18—
1.15 (br. s, CHapr, 6 H), 1.14 (s, CHs, 3 H), 1.14—1.10 (br. 5, CHsipr, 6 H), 1.08 (s, CHs, 3 H), 1.01-0.91 (br. s, CHair, 12 H); 3C{"H} NMR
(CeDs, 176 MHz, in ppm): & = 237.3 (d, 'Jep = 34.9 Hz, "SPCCRy), 160.6 {pseudot, Jop = 11.5 Hz, Cear), 152.2 (d, 2Jep = 6.1 Hz, -
SPCCR:), 150.1 (8, Cqar), 149.8 (s, Cyar), 138.6 (s, Cgar), 138.6-138.0 (br. s, Cyar), 135.0 (s, Cyar), 134.8 (s, Cyar), 133.6 (s, CHa/), 133.3
(s, CHay), 131.7 (s, CHa/), 131.6 (s, CHa/), 128.0 (resonance obscured by CeDs peak, only identifiable by 'H-'3C HSQC NMR
spectroscopy, s, CHarpipp), 124.8 (S, CHarpigp), 124.2 (s, CHarpipp), 122.9 (s, Caar), 114.2 (d. Jep = 6.5 Hz, Cgar), 114.1 (d, Jop = 6.5 Hz,
Canr), 112.9 (pseudo-t, Jop = 4.0 Hz, CHar), 63.2 (s, Cq(CHa)2), 53.0 (d,%Je = 3.8 Hz, Cyad), 52.2 (s, CHa), 39.9 (s, CHzad), 39.1 (s, CHaa),
38.4 (s, CHag), 35.6 (s, CHzag). 35.3 (s, CHaag), 34.0 (S, CHaag), 33.3 (8, CHzag), 30.1 (8, Cq(CHa)z), 29.9 (s, Co(CHs)z), 29.2 (s, CHiprpipp).
28.8 (s, CHipripp), 28.3 (S, CHaiprpipp), 28.2 (S, CHag), 27.5 (s, CHad), 27.0 (d, ™SUep = 9.8 Hz, CHaprpipp), 24.6 (5, CHsiproipo), 24.4 (S,
CHaprpipp), 22.8 (br. s, CHpy), 22.7 (br. s, CHpr), 21.0 {s, CHsar), 20.6 (s, CHsal), 20.9-19.9 (several broad, overlapping resonances,
CHaar & CHair), 17.9 (br. s, CHaer); ¥'P{"H} NMR (CeDs, 283 MHz, in ppm): & = 139.4 (s, "SPCCRz, 1 P), 9.4 (s, PN-, 2 P); IR (ATR, in
em™) = 2952(m), 2916(m), 2864(m), 1674(s), 1596(s), 1537(s), 1461(s), 1382(s), 1330(s), 1300(s), 1277(s), 1265(s), 1223(s), 1202(s),
1193(s), 1154(s), 1099(s), 1031(s), 927(s), 882(s), 858(s), 812(s), 784(s), 710(s), 660(s), 618(s), 608(s), 542(s), 463(s), 4 33(s), 390(s),
365(s), 294(s), 249(s). elemental analysis (in %): Cz:H1a1LaN3;P3S: caled.: C 67.96, H 8.00, N 3.30; found: C 68.15, H 8.06, N 3.09.

NMR scale reaction of 2 with "eCAAC to prepare (PN).La{SPC(MeCAAC)} (5b). CsDs (0.6 mL) was added to a mixture of solid 2
(18 mg, 20 umol, 1 eq.) and MCAAC (6 mg, 20 pymol, 1 eq.) at room temperature. The resulting solution was red-brown and then turned
to yellow within 1 min. The reaction solution was transferred to a J-Young NMR tube and analyzed by means of "H, '*G{'H} and 3'P{'H}
NMR spectroscopy, which indicated the formation of 5b in analogy to 5a. Attempts to obtain a pure powder or crystalline material from
concentrated solutions of b in CgDs, toluene, n-pentane, n-hexane, HMDSO or combinations thereof at room temperature or —40°C
failed, since the raw product was very well soluble in all of these solvents. Only a crude solid could be obtained after complete removal
of solvents in vacuo. Larger scaled reactions (up to 400 pmol) carried out in benzene, n-pentane, n-hexane or HMDSO did not give
better results. Even though in each case the raw product was not completely pure after careful removal of solvent in vacuo and therefore
no useful yield, IR spectrum or elemental analyses could be obtained, the NMR spectroscopic features of 5b could be assigned quite
well by comparison with 5a (see Figures $34-544). 'TH NMR (CgDs, 700 MHz, in ppm): & = 7.23 (t, 3Jun = 7.5 Hz, GHarpigp, 1 H), 7.17—
7.16 {resonance partly obscured by CgDs peak, m, CHarpigp, 1 H), 7.12=7.10 (M, CHarpipp, 1 H), 6.92—6.90 {m, CHx,, 2 H), 6.88-6.87
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(m, CHar, 2 H), 6.85-6.84 (m, CHy, 2 H), 6.78 (dd, 3Jun = 8.4 Hz, “dup = 1.9 Hz, CHar, 2 H), 5.66-5.64 (m, CHa, 2 H), 3.43 (sept,
8Jun = 6.8 Hz, CHp: pipp, 1 H), 3.27 (sept, *Jun = 7.0 Hz, CHpepipp, 1 H), 2.34-2.21 (2 br. 5 at 2.29 & 2.26, CHaa,, 12 H), 2.16 (s, CHaar,
6 H), 2.15 (s, CHan,, 6 H), 2.08-1.93 (br. s, CHpr, 4 H), 1.85 (d, Jun = 12.7 Hz, CHz, 1 H), 1.82 (d, 2un = 12.7 Hz, CHz, 1 H), 1.54 (br.
d, 3dhn = 6.8 Hz, CHapr, 3 H), 1.52 (s, CHs, 3 H), 1.35 (br. s, CHs, 3 H), 1.31-1.26 (M, CHajpr pipp, 9 H), 1.21-1.16 {br. s, CHapr, 6 H},
1.15 (s, CHs, 3 H), 1.12-1.07 (br. s, CHaper, 6 H), 1.07 (s, CHs, 3 H), 1.06-0.90 (br. s, CHyer, 12 H); *C{'H} NMR (CgDe, 176 MHz, in
ppm): & = 224.5 (d, "Jop = 23.5 Hz, "SPCCR;), 160.7 (pseudo-t, Jep = 11.3 Hz, Caar), 155.8 (d, 2Jcp = 3.4 Hz, "SPCCRy), 150.5 (s, Caar),
149.6 (s, Cyar), 138.7 (s, Cyar), 138.3 {or. s, Coar), 134.9 (s, Cear), 134.7 (s, Cyar), 133.7 (s, CHar), 133.2 (s, CHa), 131.52 (s, CHay),
131.45 (s, CHas), 128.3 (resonance obscured by CesDs peak, only identifiable by 'H-"C HSQC NMR spectroscopy, 8, CHa:pipp), 124.7
(s, CHarpipp), 124. 2(s, CHarpipp), 122.9 (s, Canr), 114.2 (pseudo-t, Jer = 6.6 Hz, Cyar), 113.0 (M, CHar), 65.2 (s, C4(CHa)z), 53.7 (s, CHz),
42.4 (s, G4(CHa)2), 31.6 (s, Cq(CHa)a), 30.7 (s, Cq(CHa)z), 29.8 (s, Go(CHa)z), 29.5 (5, Co{ CHa)z), 29.4 (s, CHirpipp), 29.0 (s, CHipr bipp),
28.1 (s, CHairr pipp), 27.1 (8, CHaipr pipp), 24.0 (s, CHaiprpipp), 23.9 (S, CHair pipp), 23.8 (br. s, CHipr), 23.3 (br. s, CHip), 21.0 (s, CHaal), 20.6
(s, CHaar), 20.1 {s, CHaar), 19.9 (br. s, CHapr), 19.8 (br. s, CHapr), 18.2 (br.s, CHaip), 17.7 (br. s, CHair); ¥'P{'"H} NMR (CsDs, 283 MHz,
inppm): &=145.2 (s, SPCCRz, 1 P), 8.9 (s, PN~, 2 P).

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 APEXIIl or the Smart software package. Data refinement and reduction were performed with Bruker
Saint (V8.34A). All structures were solved with SHELXTS! and refined using the OLEX 2 software package.®! All non-hydrogen atoms
were refined anisotropically, and hydrogen atoms were included at the geometrically calculated positions and refined using a riding
model. All structures have been submitted to the CCDC and ¢an be obtained under the numbers presented in Table S1. For further
crystallographic details regarding crystal measurements, please check Tables S1 and S2.
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Fig. S1:

'H NMR spectrum of 2 in CsDs (303 K).

ppm

The resonances at & = 1.23 and 0.87 ppm can be assigned to residual n-pentane from work-up.
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Fig. S2: 13C{"H} NMR spectrum of 2 in CsDs (303 K). The resonances at & = 34.5, 22.7 and 14.3 ppm can be assigned to residual n-pentane from work-up. The enfargement

on the left shows the characteristic doublet splitting ('Jer = 20.6 Hz) of the [SCPJ~ resonance, the eniargement on the right shows the resonances of 2 in the aliphatic
region between & = 25 and 17 ppm.
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Fig. S3: 18C{'H} DEPT135 NMR spectrum of 2 in CsDs (303 K). The resonances at 0 = 34.5, 22.7 and 14.3 ppm can be assigned to residual n-pentane from work-up. The

two enlargements show the resonances of 2 in the aromatic region between & = 135 an 127 ppm (left) and the aliphatic region between & = 25 an 17 ppm (right).
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Fig. S10: STP{TH}I NMR reaction menitoring of the slow decomposition of 2 in dichloromethane at 45 °C (measured with CsDs capiliary at 303 K). The reaction times are

specified on the right. The product complex {lop spectrum) was identified as 1-CI by X-ray diffraction analysis of suilable crystals which were grown after complete
consumption of starting material 2. The crystals were obtained within 5 min at room temperature after the reaction solution was filtered, concentrated in vacuo and
layered with n-pentane.
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resonances of complex 3 in the aromatic region between & = 143 and 131 ppm (top) and the aliphatic region between & = 25 and 17 ppm (bottom).
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Fig. S13: "*C{"H} DEPT135 NMR spectrum of 3 in CsDs (303 K). Traces of solvents from work-up can be assigned as the following: & = 129.3, 128.5 and 125.7 ppm (toluene),
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Fig. S16: TH-13C HMBC NMR spectrum of 3 in CsDs (303 K).
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Fig. S38: 13C{"H} NMR spectrum of crude 5b (from NMR scale reaction of 2 with CAAC; not isolated) in CsDs (303 K). The enlargements show the characteristic doublet

splitting of the resonances belonging to the carbon atoms labelled a (& = 224.5 ppm, Jcr = 23.5 Hz) and b (6 = 155.8 ppm, Jop = 3.4 Hz), respectively. For a
complete list of chemical shifts please see Fig. 539 and Fig. 540.
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Fig. S41: S1P{TH} NMR spectrum of crude 5b (from NMR scale reaction of 2 with "*CAAC; not isolated) in CsDe (303 K).
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4, Crystallographic Details
Table S1: Crystallographic details on complexes 2, 3, 4 and 5a.
2* 3 4 Sa

Chemical Formula CasHe2N2P3SLa CaoHi124NeP1SzLaz CesHi22N1oP2Laz Cr2H101N3PaSLa
M 894.84 1755.76 1723.66 1272.43
Crystal System Monoclinic Ortherhombic Monoclinic i
Space Group P2i/c Fod2 C2lc

a(d) 21.070(6) 20.749(2) 15.643(2)

b (A) 12.958(4) 61.552(5) 21.289(2)

c (A 16.927(5) 16.151{1) 30.321(3)

af(° 90 90 90

B () 104.103(5) 90 97.792(2)

Y (®) 90 90 90

V (A% 4482(2) 20626(3) 10004(2)

z 4 8 4

Density (g cm™) 1.326 1.131 1.144

F(000) 1856 7296 3584

Radiation Type MoKa MoKa MoKa

W (mm) 1.138 0.959 0.949 .

Crystal Size 0.1x0.09x0.08 0.3x0.25x0.2 0.42x0.36x0.24 0.15x0.12x0.09
Meas. Refl. 26818 221463 33931 280227
Indep. Reil. 8163 10152 9289 13246
Obsvd. [/ > 20(/)] M7 9737 6741 12610

Rint 0.1534 0.0462 0.0747 0.0330

Ri [F? > 20(F?)] 0.0491 0.0539 0.0620 0.0274
wRz(F?) 0.1288 0.1442 0.1661 0.0648

S 0.776 1.029 1.021 1.074

Apmax 1.489 1.826 1.355 1.770

Apmin -1.314 -1.537 -1.165 -1.509
CCDC 2039082 2039084 2039140 2039085

*The high Riy and low S values for 2 result from moderately good crystal quality and an unresolvable position disorder (<5%) in the SCP fragment.
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Table 52: Selected bond lengths in A and angles in © of complexes 2, 3, 4 and 5a.

WILEY-VCH

2 3 4 5a
Lal—S1 3.036(2) 3.131(3) g 2.950(2)
Lat — P1 3.172(2) 3.203(3) 3.157(2) 3.1494(5)
Lal-P2 3.150(2) 3.164(2) 3.175(2) 3.1298(6)
Lal—P5 3.343(2) = z =
Lal—N1 2.397(5) 2.443(7) 2.449(5) 2.402(2)
Lal—N2 2.361(5) 2.370(7) 2.407(5) 2.396(2)
Lal—N10/N20 < 2.469(8) 2.536(5) / 2.560(5) :
Lal—C1 2.837(7) . . -
S1-P5 . - : 2.081(3)
$1-C1 1.607(7) 1.59(1) : -
C1-P5 1.568(7) - : 1.63(2)
C1-N10 " 1.22(1) : 5
C1-C100 2 5 : 1.36(2)
N10 - N1 . ’ 1.163(6) -
N20 — N21 . - 1.160(5) i
S1-Lat - P1 85.79(5) 116.52(8)- : 74.83(5)
S1-Lal-P2 93.50(6) 69.86(7) - 119.72(5)
S1-Lai-P5 59.42(6) - - -
S1-Lat —N10 - 77.9(2) - -
P1-Lal-P2 179.13(5) 172.06(6) 167.55(5) 165.43(2)
P5—Lal — P1 93.22(6) - - -
P5—Lal — P2 86.84(5) 5 : :
N1-Lal - P1 84.3(1) 61.7(2) 63.0(1) 63.07(4)
N1-Lal-N2 118.1(2) 126.6(2) 128.3(2) 125.78(6)
N2-Lal - P2 84.0(1) 63.7(2) 62.4(1) 63.82(4)
N10 - Lat - P1 . 74.1(2) 114.71) z
N10 - Lat - P2 - 112.8(2) 74.5(1) :
S1-C1-P5 175.4(5) . : 2
S1-C1-N10 - 168(2) - -
S1-P5-Ci - : - 111.1(5)
P5-S1-Lat . . s 101.9(1)
P5 - C1—-G100 - - : 173.8(1)
C1- 81 —Lat 67.4(2) 100.8(5) = i
G1-P5- La1 57.8(3) - : .
C1-N10-Lat - 17101) - .
N10-N11 —N10 - - 178.1(9) y
N20 — N21 = N21 - i 178.3(9) 5
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Fig. S49: Thermal ellipsoid plots of the complexes 3 (left) and 4 (right). Hydrogen atoms have been omitted and 'Pr groups truncated for clarity. Thermal ellipsoids are shown at a
probability level of 50%. Both structures are centro-symmetric with an inversion center in the between the two lanthanum(lll) ions.

55

Page | 587



Supporting Information — Chapter 4

WILEY-VCH

5. Theoretical and Mechanistic Investigations

Preliminary optimizations and single-point calculations were conducted with the ORCA quantum chemistry package (version 4.0.1).]
Unconstrained geometry optimizations were performed with the PBEh-3¢c method.®! The optimized structure of caomplex 2 (see
supporting information file 2opt.xyz) was confirmed to be a minimum by numerical frequency calculations and the absence of ne gative
frequencies. Energies and Kohn-Sham orbitals were computed using the PBEQ functional®® in conjunction with the ZORA-def2-TZVP
basis set on all atoms, except SARC-ZORA-TZVPL'%" on La. Kohn-Sham orbitals were visualized using 1Qmol (version 2.14.0)1"? with
an isosurface value of 0.03 au. All preliminary calculations were performed using the VeryTighSCF convergence criteria of orca (energy
change of 10-9 au), with a grid of 5 (Lebedev434 and IntAcc = 5.01 for the SCF) and a Finalgrid of 6 (Lebedev590 and IntAcc = 5.34
in the final energy evaluation) on all atoms except on La, with an overall grid of 7 (Lebedev770 and IntAcc = 5.67).

Density functional calculations shedding light on the “angular stability” of the SCP fragment and the mechanism of the SCP to SPC
rearrangement were done with TURBOMOLE.!"® Structural optimization of the complex reproduced the values of the X-ray structure
very well. The La—E-C angles differ by less than ~2° from the crystallographically determined numbers of 57.8(3)° (for E = P) and
67.4(2)° (for E = S). For clarity we note that for none of the structures shown in Figure 2 significant covalent interactions between [SCP]~
anion and the cation are observed. The dependence of the energy on the La—S—C or the La—P-S angle, respectively, was obtained by
keeping this angle fixed and optimizing all other parameters. This was done at levels (functional/basis set) PBE ['Y/def2-SV(P)!'%,
PBEOPYdef2-SV(P), PBE/def2-TZVP!'%. Further, PBEO/def2-SV(P), PBE/def2-TZVP as well as PBE/X2C!"%/x2¢-TZVPalll'® single point
calculations were done for the structure parameters obtained with PBE/def2-SV(P), denoted PBEQ/SV(P)@PBE/SV(P) etc. Energies
for a series of La—P-C angles (P-connected species, Table S3) and La—S-C angles (S-connected species, Table S4) relative to the
optimized structure show a rather small dependence on the functional and the method. Further, for both PBEQ/def2-SV(P) and
PBE/def2-TZVP single point energies at the PBE/def2-SV(P) structure parameters are almost identical to those for the structure
parameters optimized at the corresponding level.

Table S3. Energies in kJ-mof for fixed La—P-C angle relative to the fully optimized system. For the latter, the La—P-C angle a
amounts to 57.8° for PBE/SV(P), to 56.7° for PBEG/SV(P) and to 58.2° for PBE/def2-TZVP (X-ray structure: 57.8°).

a® PBE/ PBEO/ SV(P) PBEO/SV(P)@ PBE/TZVP PBE/TZVP@ PBE/X2C/TZVP@

SV(P) PBE/SV(P) PBE/SV(P) PBE/SV(P)
61.0 0.6 1.1 1.1 0.5 0.5 0.6
84.0 25 3.4 3.4 2.3 2.3 25
67.0 5.5 74 7.1 5.6 55 5.7
70.0 9.6 11.8 11.8 9.8 9.8 9.8
73.0 13.9 16.9 16.9 14.5 14.4 14.2
76.0 17.4 21.2 21.2 18.6 18.3 17.8
79.0 20.1 24.5 24.5 21.6 21.3 20.7
82.0 22.3 27.0 27.0 23.8 23.6 22.8
85.0 24.0 28.9 28.9 25.5 25.3 24.4
88.0 25.4 30.6 30.6 27.0 26.7 25.8
91.0 26.8 32.1 32.1 28.2 27.9 27.0
94.0 28.1 33.6 33.6 29.4 29.0 28.1
97.0 20.4 35.1 35.1 30.6 30.2 20.3
100.0 30.8 36.8 36.8 31.8 31.4 30.5
103.0 32.2 38.5 38.5 33.1 32.7 31.7
106.0 33.8 40.3 40.3 34.6 34.1 33.1
109.0 355 423 423 36.1 35.7 34.7
112.0 37.3 44.3 44.3 37.7 37.4 36.3
115.0 30.3 46.5 46.5 39.4 39.1 38.0
120.0 42.5 50.2 50.2 42.2 42.0 40.9
125.0 45.6 53.7 53.7 451 44.9 43.8
130.0 48.5 56.9 56.9 47.7 47.5 46.5
135.0 51.3 59.9 59.9 50.2 50.0 48.9
140.0 53.8 62.6 62.6 52.5 52.3 51.2
150.0 58.3 67.7 67.7 56.7 56.3 55.1
160.0 62.1 72.0 72.0 59.7 50.5 58.2
170.0 84.7 74.6 74.6 62.0 61.8 80.1
180.0" 65.8 75.7 75.7

1 Structure was obtained from that of a = 170° by adjusting the angle without further optimization.
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Table S4. Energies in kJ-mol" for fixed La—S-C angle relative to the fully optimized system. For the latter, the La—S-C angle
a amounts to 68.7° for PBE/SV(P), to 69.1° for PBEO/SV(P) and to 67.0° for PBE/def2-TZVP (X-ray-struciure: 67.4°).

af® PBE/ SV(P) PBEO/ SVP PBE0/SVP@ PBE/TZVP PBETZVP@ PBE/X2C/TZVP@
PBE/SV(P) PBE/SV(P) PBE/SV(P)

70.0 0.5 0.0 il 0.7 0.7 0.5
73.0 22 1.0 .8 2.8 29 2.3
76.0 4.7 3.1 29 6.0 5.9 54
79.0 77 5.8 5.6 9.5 9.3 8.1
82.0 10.8 8.7 8.5 13.0 12.9 11.4
85.0 13.8 11.6 11.4 16.4 16.2 14.6
88.0 16.68 14.3 14.1 19.4 19.2 17.4
91.0 19.1 16.6 16.4 22.0 21.8 19.9
94.0 21.3 18.7 18.5 24.3 241 221
97.0 23.2 20.6 20.4 26.3 26.1 24.1
100.0 25.0 22.3 221 28.1 27.8 25.7
103.0 26.6 24.0 23.8 29.7 29.4 27.4
106.0 28.2 25.6 25.4 31.2 30.9 28.8
108.0 29.8 27.3 271 32.6 32.3 30.3
112.0 31.3 28.9 28.7 34.1 33.8 31.7
115.0 329 30.7 30.5 35.6 35.2 33.1
118.0 34.6 32.6 32.4 371 36.9 34.7
121.0 36.5 34.6 34.4 38.7 38.5 36.3
124.0 38.4 36.7 36.5 40.4 40.2 38.0
127.0 40.3 38.9 38.7 42.2 419 39.7
130.0 42.3 4.1 40.9 43.9 43.7 41.5
135.0 45.5 44.6 44 4 46.7 46.5 44.2
140.0 48.4 47.9 47.7 49.4 49.1 46.9
145.0 51.0 50.8 50.6 51.8 51.5 49.2
150.0 53.8 53.3 53.1 53.8 54 .4 52.1
160.0 58.4 58.6 58.4 57.9 57.9 55.1
170.0 62.3 62.7 62.5 60.9 60.8 57.5
180.0" 63.3 64.7 64.5

1)  Structure was obtained from that of a = 170° by adjusting the angle without further optimization.

The optimization of the pathway at level PBE/SV(P) was done as follows. First, a pre-optimization was done with the (nudge-band-
type) method proposed by Plessow!'”! between the initial structure and the final structure. The latter was obtained by full structure
optimization, the former was optimized with keeping the distance between La and the C atom in the pyrrolidine ring fixed at 1157 pm.
This pre-optimized path allowed us to identify two maxima and two intermediate local minima, which were optimized, indeed yielding
two local minima (no imaginary frequency) and two transition states (one imaginary frequency) amounting to 167i cm™ for the first and
to 244i cm™ for the second one. For the optimizations and frequency calculations the grid for the evaluation of the DFT -functional
values was set to 4 and the calculation of weight derivatives was employed. The final path was obtained by optimizing the five segments
separately (initial structure to first transition state, first transition state to first local minimum, first local minimum to second local minimum,
second local minimum to second transition state, second transition state to final state). The two local minima are separated by a flat
barrier, which was not further optimized. In the end, these segments were combined to yield the entire path. The path at PBEO level
was calculated without further structure optimization, which is justified according to the results shown in Tables S3 and S4. The
pathways for both calculations are shown in Fig. S50.
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Fig. S50: Reaction pathway optimized at level PBE/def2-SV(P), red, and single-point calculations at level PBE(0)/def2-SV(P)
for each structure along the path. The electronic situation of the area highlighted in yellow is investigated in detail in Fig. S52.

For the initial and the final structure as well as for the two local minima, excitation spectra were calculated with PBE0/def2-SV(P), which
are shown in Fig. S51 together with plots of the difference in electron density of the ground state and the excited states for the first
excitation band obtained with a tool described previously.'® For 1, mainly HOMO and LUMO are involved, for 3 and 4 also HOMO-1
and/or LUMO+1 significantly contribute to the transition. For these three structures, excitation energies are similar and electrons are
always transferred from the phenyl rings (of the (PN)zLa part) to the La(d) orbitals, in case of 1 also to the anti-bonding -orbital of the
SCP unit, which forms the LUMO together with the former. For 2, the excitation energy is lower by ca. 0.5 eV and the character is

different; here, electrons are transferred from the p-orbitals of P and S to the pyrrolidine ring. Cartesian coordinates for 1 — 4 as well as
for the two transition states are listed in file structures.xyz.
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Fig. 551: Computed excitation spectra of the four minima for the reaction coordinate feading from 2 to 5a. Peaks are broadened
by 0.1 eV. Red marked areas in the spectra show the band of lowest lying excitations. The images on the right show the
differences in electron density of ground state and excited states within the band; red areas indicate a surplus for the ground
state electron density, blue areas a surplus for the excited states (thus the electron flux upon excitation is from red to blue).

Contours are drawn at 0.001 a.u.

For the investigation of the electronic situation around the second transition state, the number of structures in the area marked in yellow
in Fig. S50 was increased from 3 to 17 (by interpolation, without further optimization). For each structure, atomic partial charges and
shared electron numbers (SEN) were calculated with a population analysis based on occupation numbers, as suggested by Heinzmann
and Ahlrichs["® for the three atoms S, P and C indicated in Fig. S52. They are shown in Fig. S52, together with the Coulomb energy
calculated from the partial charges of these three atoms. At the transition state (middle structure in Fig. $52), the SENs between S and
both C and P are close to zero, thus covalent interactions are very small, ionic interactions are present instead; the Coulomb interaction
between the three atoms amounts to ca. -0.5 eV (ca. -50 kd/mol). The reason for this is the positive partial charge of P at the transition
structure leading to attractive interactions between P and the two other atoms. This is different from the structure at the left, where all
partial charges are negative. The resulting repulsive interaction in this case is avercompensated by a strong covalent bond between S

and C.
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Fig. §52: Upper part: Shared electron number’ between S, P and C in the vicinity of the second transition state shown in
Figure S50. Lower part: Partial charges!’ for S, P and C and Coulomb energy resulting from these partial charges
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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 A) for at least 24 h prior to use. The deuterated solvents C¢Des,
and toluene-ds were dried by storage over activated molecular sieves (3 A) 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 (J) are reported in ppm and coupling
constants are given in Hz. '"H and "*C chemical shifts were calibrated to residual solvent peaks. N
chemical shifts (obtained by 'H-'>N HMBC NMR spectroscopy) were calibrated externally to liquid
ammonia (NH3). '°F chemical shifts were calibrated externally to trichlorofluoromethane (CCI5F). *'P
chemical shifts were calibrated externally to phosphoric acid (H3POs, 85% in water). Elemental analyses
were performed using an Elementar vario microcube instrument at the Paderborn University. Starting
materials (PN);LaX (X =Cl, I),) KPHPh? and KBn® were synthesized following literature known
procedures. KNH(CH3-3,5-(CF3)2) was prepared in analogy to other primary aryl amide potassium

salts.* Benzophenone and Michler’s ketone were used as received.

A.1.2 Synthetic Procedures

Preparation of (PN);La{NH(C¢H3-3,5-(CF3)2)}. Solid (PN).Lal (383 mg, 400 umol, 1eq.) and
KNH(C¢H3-3,5-(CF3)2) (124 mg, 470 pmol, 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),La{NH(C¢H3-3,5-(CF3)2)} suitable for X-ray structure determination were also
obtained in this way (prior to washing and drying). Yield: 288 mg (275 umol, 69%); 'H NMR (CsDe,
303 K, 700 MHz, in ppm): 6 = 7.10 (s, CHa, 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, CHzar, 6 H), 1.76 (br. s, CHipr, 4 H), 0.99-0.93 (br. m, CHzpp;, 12 H), 0.82-0.74 (br. m,
CHsipr, 12 H); BC{'H} NMR (C¢D¢, 303 K, 176 MHz, in ppm): 6 = 159.9 (pseudo-t, Jcp = 11.4 Hz,
Cyar), 157.8 (s, Cqar), 138.5 (s, Cqar), 137.5 (br. s, Cqar), 135.1 (s, Cyar), 133.8 (s, CHar), 133.7 (s, CHay),
132.2 (q, 'Jer = 31.9 Hz, CF3), 131.8 (s, CHar), 125.6 (s, Cqar), 124.0 (s, Cqar), 123.4 (s, Cqar), 116.5 (m,
CHay), 112.7 (pseudo-t, Jcp = 4.0 Hz), 112.6 (d, Jcp = 6.1 Hz, Cyar), 112.55 (d, Jcp = 6.1 Hz, Cyar), 107.1
(sept, “Jor=3.6 Hz, CHar), 23.0 (br. s, CHp:), 20.9 (s, CHzar), 20.6 (s, CHzar), 19.9 (pseudo-t,
2Jcp = 5.6 Hz, CH3ipr), 19.5 (s, CHaar), 17.6 (br. s, CHzpr); YF{'H} NMR (CsDs, 303 K, 659 MHz, in
ppm): 6 = —63.0 (s, CF3, 6 F); *'P{'H} NMR (C¢Ds, 303 K, 283 MHz, in ppm): 6 = 10.5 (s, PN, 2 P);
elemental analysis (in %): CsoHssFsLaN3P»: caled.: C 59.60, H 6.35, N 4.01; found: C 59.51, H 6.32,
N 3.97.

Preparation of (PN):La(PHPh). Solid (PN),LaCl (342 mg, 400 umol, 1 eq.) and KPHPh (71 mg,
480 pmol, 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).La(PHPh) at —40 °C for five weeks. No
satisfying elemental analyses could be obtained for this compound. Yield: 224 mg (240 umol, 60%);
"H NMR (C¢Ds, 303 K, 700 MHz, in ppm): 6 = 7.44-7.39 (m, CHar, 2 H), 7.00-6.96 (m, CHa:, 2 H),
6.89-6.86 (m, CHar, 2 H), 6.85-6.79 (s at 6.85 & m, CHa, 7 H), 5.69-5.64 (m, CHa:, 2 H), 4.06 (d,
'Jpn = 194.8 Hz, PHPh, 1 H), 2.27-2.22 (br. s, CHzar, 12 H), 2.16 (s, CHzar, 6 H), 2.11 (s, CH3ar, 6 H),
1.80-1.67 (br. s, CHpr, 4 H), 1.21-1.15 (br. m, CHspr, 12 H), 0.94-0.85 (br. m, CHzp:, 12 H);
BC{'H} NMR (C¢Ds, 303 K, 176 MHz, in ppm): J = 160.3 (pseudo-t, Jcp = 11.7 Hz, Cqar), 148.6 (s,
Jep =26.8 Hz, Cyar), 138.3 (br. s, Cqar), 138.0 (s, Cqar), 135.3 (s, Cyar), 133.8 (s, CHar), 133.5 (s, CHao),
131.8 (s, CHar), 130.54 (s, Cqar), 130.47 (s, CHar), 127.9 (resonance obscured by C¢Ds peak, only
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identifiable by "H-'3C HSQC NMR spectroscopy, s, CHa), 123.5 (s, Cqar), 121.9 (s, CHa,), 113.9 (d,
Jor = 6.8 Hz, Cyar), 113.8 (d, Jep = 6.4 Hz, Cyar), 112.7 (pseudo-t, Jcp = 3.8 Hz, CHa,), 22.4 (s, CHipy),
20.9 (s, CHzar), 20.6 (s, CH3ar), 19.9 (pseudo-t, Jcp = 5.4 Hz, CH3p;), 19.7 (d, Jop = 3.6 Hz, CH3a,), 17.7
(br. s, CHzpr); *'P{'H} NMR (C¢Ds, 303 K, 283 MHz, in ppm): 6 = 10.3 (s, PN, 2 P), —-10.2 (s, PHPh,
1 P); 3'P NMR (Ce¢D¢, 303 K, 283 MHz, in ppm): 6 = 10.3 (s, PN, 2 P), —10.2 (d, "Jpu = 194.8 Hz,
PHPh, 1 P).

Preparation of [K(18-crown-6)][(PN)(PNdo)LaCl]. Solid (PN),LaCl (257 mg, 300 pmol, 1 eq.) and
18-crown-6 (79 mg, 300 umol, 1 eq.) were combined and 1,2-dimethoxyethane (7 mL) was added to
this mixture. A solution of KBn (39 mg, 330 umol, 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)(PN,ya0)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 umol, 90%); '"H NMR (C¢Ds, 303 K, 700 MHz, in ppm): 6 =7.13 (dd, J = 5.3 Hz, J = 2.0 Hz, CH .,
1 H), 7.03-7.00 (m, CHar, 2 H), 6.89 (dd, J=5.0 Hz, J=2.1 Hz, CHa., 1 H), 6.83 (dd, J=8.5 Hz,
J=2.1Hz, CHa, 1 H), 6.81-6.80 (m, CHa,, 1 H), 6.75 (dd, J =8.5 Hz, J =2.0 Hz, CHa,, 1 H), 6.63—
6.60 (m, CHar, 1 H), 3.10 (s, CHa(i8-crown-6), 24 H), 2.71 (s, CHaar, 3 H), 2.69 (dd, “Juu = 3.9 Hz,
J = 1.6 Hz, CHoMes(PNeyclo), 1 H), 2.60-2.54 (m, CHipr, 1 H), 2.43 (s, CH3ar, 3 H), 2.40-2.35 (s & m, CH3a,
& 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, CHjp, 1 H), 1.63-1.59 (m, CH3ipr, 6 H), 1.58—1.54 (m, CH;p, 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, CHameseNeyelo), 1 H), 1.09—1.05 (m, CH3pr, 6 H), 0.83 (dd,
J=16.8 Hz, J =7.1 Hz, CHzpr, 3 H); “C{'H} NMR (C¢Ds, 303 K, 176 MHz, in ppm): é = 162.9 (d,
Jep =24.6 Hz, Cyar), 161.4 (d, Jer = 21.8 Hz, Cyar), 144.5 (d, Jer = 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, Jcr =2.9 Hz, CHar), 132.9 (d,
Jer = 3,5 Hz, CHar), 132.9 (s, CHar), 132.4 (s, Cyar), 132.0 (s, CHar), 131.9 (d, Jep = 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,
Cqan), 118.0 (d, Jep = 2.7 Hz, Cyar), 115.0 (d, Jep = 10.3 Hz, Cyar), 113.8 (d, Jer = 10.5 Hz, Cgar), 112.1
(d, Jep = 6.6 Hz, CHay), 112.0 (d, Jep = 7.5 Hz, CHar), 70.0 (S, CHa(13-crown-6)), 60.7 (S, CHaMesPNeyclo)),
25.5 (d, Jep = 2.7 Hz, CHipy), 23.7 (d, Jcp = 3.7 Hz, CHipy), 22.4 (d, Jcp = 3.6 Hz, CHipy), 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, CHzipr), 20.1 (d, Jep = 1.4 Hz, CH3ar), 20.0 (s, CH3ar), 19.9 (d, Jep = 20.9 Hz, CH3pr, &
d, Jer = 1.6 Hz, CH3ar), 19.8 (d, Jcp = 14.3 Hz, CH3ipr), 19.3 (s, CHsar), 19.0 (d, Jep = 17.0 Hz, CH3ipy),
16.3 (d, Jep = 6.0 Hz, CH3ipr), 15.9 (d, Jep = 6.7 Hz, CHz:pr); *'P NMR (CDe, 303 K, 283 MHz, in ppm):
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5 =4.6 (d, 2Jep = 40.7 Hz, P(Pr)2, 1 P), 3.1 (d, %Jep = 40.7 Hz, P(‘Pr),, 1 P); elemental analysis (in %):
CssHssCIKLaN,OcP: caled.: C 58.10, H 7.40, N 2.42; found: C 57.42, H 7.34, N 2.49.

Preparation of (PN):La{OCPhy(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).La(PHMes) (291 mg, 300 umol, 1 eq.) in toluene (4 mL) was added dropwise a
solution of benzophenone (57 mg, 312 umol, 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);La{OCPhx(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 CsDs, whereas the same batch of material
gave a clear solution in toluene-ds and stayed colorless for days, as long as the sample was shielded
from light. The "H and *'P 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 "*C 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 umol, 94%); '"H NMR (toluene-ds, 303 K, 700 MHz, in ppm): d = 7.89 (br. s, CHa,, 2 H), 7.66 (d,
J=7.6Hz, CHa,, 1 H), 7.19-7.12 (br. m, CHa:, 2 H), 1.06—1.03 (br. m, CHa,, 2 H), 6.93-6.79 (several
overlapping m, CHar, 9 H), 6.79-6.67 (br. m, CHa:, 2 H), 6.59 (br. s, CHar, 2 H), 5.83-5.77 (m, CHa:,
2H), 479 (d, 'Jpu=224.4 Hz, PHMes, 1 H), 2.35 (br. s, CHsa,, 6 H), 2.26-2.16 (several broad
overlapping s & m, CH3zar & CHipr, 16 H), 2.04 (s, CH3ar, 3 H), 1.88 (br. s, CHzar, 6 H), 1.22—1.11 (br.
m, CHspr, 6 H), 1.10-1.04 (br. m, CHspr, 6 H), 0.96-0.83 (br. m, CHspr, 12 H); BC{'H} NMR (toluene-
ds, 303 K, 176 MHz, in ppm, only one characteristic resonance listed): d = 91.9 (d, 'Jcp = 8.7 Hz,
OCPhy(PHMes)); *'P{'H} NMR (toluene-ds, 303 K, 283 MHz, in ppm): 6 =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); *'P NMR (toluene-ds, 303 K, 283 MHz,
in ppm): 6 =9.2 (br. s, PN, 2 P), -17.1 to —21.6 (br. d at —18.4, 'Jpn = 232.6 Hz, with br. shoulder at —
20.0 , PHMes, 1 P); elemental analysis (in %): CesHgsLaN>OP3: caled.: C 68.74, H 7.34, N 2.43; found:
C 68.35,H7.49, N 2.82.
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Preparation of (PN):La{OC(CsH4-4-NMe:)(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):La{OCPhy(PHMes)}) is strongly recommended, since the
product seems to be also light-sensitive to some extent.) To a mixture of solid (PN).La(PHMes)
(194 mg, 200 umol, 1eq.) and Michler’s ketone (4,4’-bis(dimethylamino)benzophenone, 54 mg,
200 umol, 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),La{OC(CsHs-4-NMez)(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 CsDs than (PN):La{OCPhx(PHMes)}. However, the 'H and *' P 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 pmol, 33%); 'H NMR (Ce¢Ds¢, 303 K, 700 MHz, in
ppm): 6 =7.95-7.73 (br. s, CHar, 2 H), 7.29-7.12 (br. s, CHar, 2 H), 6.96-6.93 (br. m, CHa:, 2 H), 6.90
(br. s, CHar, 2 H), 6.89—6.87 (br. m, CHar, 2 H), 6.86—6.80 (br. m, CHa,, 2 H), 6.70 (br. s, CHa:, 2 H),
6.56-6.39 (br. m, CHar, 2 H), 6.28-6.10 (br. m, CHa,, 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, CHsnmer & CH3ar, 15 H), 2.31-2.19 (br. s at 2.24
& s at 2.21, CHsar, 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, CHspr, 6 H), 1.14-1.08 (br. m, CHspr, 6 H), 1.06-0.90 (br. m, CHzpr, 12 H); BC{'H} NMR
(C¢Ds, 303 K, 176 MHz, in ppm): ¢ = 161.7 (br. s, Cyar), 149.4 (s, Cqar), 148.9 (s, Cyar), 143.8 (br. s,
Cyar), 142.5 (br. s, Cyar), 139.5 (br. s, Cyar), 137.7 (br. s, Cqar), 136.5 (br. s, Cqar), 135.2 (br. s, Cqar),
134.1 (s, CHar), 133.3 (s, Cyar), 133.1 (s, CHay), 131.7 (br. s, CHa), 131.2 (s, CHar), 130.6 (br. s, CHay),
129.2 (s, CHay), 128.8 (br. s, CHar), 121.7 (s, Cqar), 113.5 (br. s, CHar), 113.1 (pseudo-t, Jcp = 5.9 Hz,
Cyar), 111.7 (s, CHay), 111.3 (br. s, CHa,), 91.8 (d, 'Jcp = 6.0 Hz, OC(CsHs-4-NMe,)(PHMes)), 40.6 (s,
CHsnme2), 40.5 (s, CHanmez), 24.0 (br. s, CHipr), 22.0 (br. s, CHzipr), 21.4 (br. s, CHzipr), 21.2 (s, CHzar),
20.9 (s, CHaar), 20.7 (s, CH3ar), 19.4 (br. s, CHsp), 16.0 (br. s, CHzp,); *'P{'H} NMR (C¢Ds¢, 303 K,
283 MHz, in ppm): 6 = 9.1 (br. s, with br. shoulder at 8.2, PN, 2 P), —18.8 and —20.2 (two br. s, PHMes,
1 P); 3'P NMR (C¢Ds, 303 K, 283 MHz, in ppm): § = 9.1 (br. s, with br. shoulder at 8.2, PN, 2 P), —
18.8 and —20.2 (two br. d, 'Jpy=224.8 Hz for both, PHMes, 1P); elemental analysis (in %):
C70HosLaN4OP3: caled.: 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 ¢ = 40 umol-L™! (5 and 7) or
37 umol-L™" (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 SHELXT?® and refined
using the OLEX 2 software package.® 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 Al and

Figures A5S1-A55.
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A.2 NMR Spectra
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Figure Al. 'H NMR spectrum of (PN):La{NH(C¢H3-3,5-(CF3)2)} in CsDs (303 K). Traces of n-hexane from work-up are

marked by *, traces of diethyl ether from the glovebox atmosphere by °.
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Figure A2. 3C{'H} NMR spectrum of (PN)2La{NH(CsH3-3,5-(CF3)2)} in CsDs (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. 3C{!H} DEPT135 NMR spectrum of (PN):La{NH(C¢H3-3,5-(CF3)2)} in CsDs (303 K). The enlargement shows

the resonances in the aliphatic region.
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Figure A4. °F{'H} NMR spectrum of (PN):La{NH(C¢H3-3,5-(CF3)2)} in CsDs (303 K).
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Figure A5. 3'P{'H} NMR spectrum of (PN):La{NH(CsH3-3,5-(CF3)2)} in CsDs (303 K).
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Figure A6. 'H-"H COSY NMR spectrum of (PN)2La{NH(C¢H3-3,5-(CF3)2)} in CsDs (303 K).
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Figure A7. '"H-3C HSQC NMR spectrum of (PN)2La{NH(C¢H3-3,5-(CF3)2)} in CsDs (303 K).
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Figure A8. 'H-'3C HMBC NMR spectrum of (PN)2La{NH(CsH3-3,5-(CF3)2)} in CsDs (303 K).
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Figure A9. 'H->'N HMBC NMR spectrum of (PN):La{NH(C¢H3-3,5-(CF3)2)} in CsDs (303 K).
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Figure A10. 'H NMR spectrum of (PN)zLa(PHPh) in CsDs (303 K). The enlargement shows the crowded resonances in the

aromatic region. Traces of toluene from work-up are marked by *.
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Figure A11. *C{'H} NMR spectrum of (PN):La(PHPh) in CsDs (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 *.
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Figure A12. C{'H} DEPTI135 NMR spectrum of (PN):La(PHPh) in CsDs (303 K). The two enlargements show the

resonances in the aromatic and aliphatic region.
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Figure A13. *'P{'H} NMR spectrum of (PN)2La(PHPh) in CsDs (303 K). Traces of protonated supporting ligand are marked

by *, traces of phenylphosphine by °.
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Figure A14.3'P NMR spectrum of (PN)2La(PHPh) in CsDs (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. 'H-'"H COSY NMR spectrum of (PN)2La(PHPh) in CsDs (303 K).
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Figure A16. '"H-'3C HSQC NMR spectrum of (PN):La(PHPh) in CsDs (303 K).
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Figure A17. '"H-'3C HMBC NMR spectrum of (PN):La(PHPh) in CsDs (303 K).
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Figure A18. '"H NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K). For peak listing and integrals see
Figures A19-21.
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Figure A19. Section of the 'H NMR spectrum (5 = 1.73 —0.73 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs
(303 K). Residual diethyl ether from work-up is marked by #.
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Figure A20. Section of the '"H NMR spectrum (6 = 4.43 —2.03 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs
(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 'H NMR spectrum (6 =7.23 —5.73 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs
(303 K).
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Figure A22. *C{'H} NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K). For peak listing see
Figures A23-A26.
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Figure A23. Section of the 3C{'H} NMR spectrum (5 = 26.3 — 15.3 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs

(303 K).
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Figure A24. Section of the '*C{'H} NMR spectrum (6 = 73.3 — 57.3 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs

(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 C{'H} NMR spectrum (5 = 124.8 — 110.6 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in
CsDs (303 K).
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Figure A26. Section of the '*C{'H} NMR spectrum (5 = 164.6 — 129.6 ppm) of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in
CeDs (303 K).
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Figure A27. BC{'H} DEPT135 NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K). The three

enlargements show the resonances in the aromatic (left) and aliphatic region (right).
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Figure A28. 3'P{'H} NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K). The enlargement shows the
doublet splittings of the PN~ & PNcyclo” resonances.
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Figure A29. 'H-'"H COSY NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K).
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Figure A30. '"H-'3C HSQC NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K). The enlargements

show the two cross peaks for the CHzmesPNeyclo) methylene protons.

Page | 616



Appendix — NMR Spectra
Lo |
10.81,16.32) rio
{6.80,22.00} (6.62,22.00} 1.62,22.40 *
+ Ve @ e & - {1.24,25.52} 20
-+
] 16.82,22.00} 1.60,22.39
] { ' {0.81,25.52} r30
40
50
| 60
- 70
20
ro E
o
r100
{6.17,115.04} j5.81,113.83} F110
(6.82,120.81} \ (5.81,119.05} {2.27,119.05}
' + {2.39,124.03} L120
+ 2.71,130.51
6.77,132,99)  16.75,132.98} 271, ! /%39,133.52} L130
R WA {2.71,136.90}, 81550 138.74)
{7.01,144.59} {2.71,144.59)\ « ¥1226,144.59) 140
150
7.14,163.04
= : e ! ri60
16.85,163.01} 170
T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 0.5
ppm
Figure A31. 'H-*C HMBC NMR spectrum of [K(18-crown-6)][(PN)(PNcyclo)LaCl] in CsDs (303 K).
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Figure A32. '"H NMR spectrum of (PN)2La{OCPh2(PHMes)} in toluene-ds (303 K). The enlargement shows the crowded and

broad resonances in the aromatic region.
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Figure A33. 3'P{'H} NMR spectrum of (PN)2La{OCPh2(PHMes)} in toluene-ds (303 K). The enlargement reveals the broad
shoulder on the right of the resonance at J = —18.4 ppm. Traces of 1,2-dimesityldiphosphine are masked by °, traces of unknown

impurities by *.
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Figure A34. 3'P NMR spectrum of (PN):La{OCPh2(PHMaes)} in toluene-ds (303 K). Same enlargement as in Figure A33.
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Figure A35. 3C{'H} NMR spectrum of (PN)2La{OCPh2(PHMaes)} in toluene-ds (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).
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Figure A36. Stacked details of the 3'P{'H} NMR spectra of (PN)2La{OCPh2(PHMes)} in CsDs (303 K) before (top) and after
irradiation with light (bottom). Irradiation at A = 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 J = —18.4 ppm, which

has decreased in intensity.
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Figure A37. '"H NMR spectrum of (PN):La{OC(CsH4-4-NMez)2(PHMes)} in CsDs (303 K). The enlargement shows the

crowded and broad resonances in the aromatic region.
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Figure A38. 3C{'H} NMR spectrum of (PN):La{OC(CsH4-4-NMez)2(PHMes)} in CsDs (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 3*C{'H} NMR spectrum (6 = 43.4 — 11.4 ppm) of (PN)2La{OC(CsHs-4-NMe:z)2(PHMes)} in CsDs
(303 K). Residual n-hexane from work-up is marked by *.
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Figure A40. Section of the *C{'H} NMR spectrum (6 = 125.6 — 89.2 ppm) of (PN)2La{OC(CsHs-4-NMez)2(PHMes)} in
CsDs (303 K).
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Figure A41. Section of the 3C{'H} NMR spectrum (5 = 164.6 — 128.4 ppm) of (PN):La{OC(CsHs-4-NMe2)2(PHMes)} in

CsDs (303 K).
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Figure A42. 3'P{'H} NMR spectrum of (PN):La{OC(CsH4-4-NMez)2(PHMes)} in CsDs (303 K). The enlargement reveals

the broads shoulder on the right of the resonance at d = 9.0 ppm. Traces of 1,2-dimesityldiphosphine are masked by °, traces

of unknown impurities by *.
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Figure A43. 3P NMR spectrum of (PN):La{OC(C¢H4-4-NMez)2(PHMes)} in CsDs (303 K). Same enlargement as in

Figure A42. Traces of 1,2-dimesityldiphosphine are masked by °, traces of unknown impurities by *.
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Figure A44. "H-'H COSY NMR spectrum of (PN)2La{OC(CsHa-4-NMe2)2(PHMes)} in CsDs (303 K).
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Figure A45. 'H-13C HSQC NMR spectrum of (PN)2La{OC(CsHs-4-NMez)2(PHMes)} in CsDs (303 K).
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Figure A46. '"H-'3*C HMBC NMR spectrum of (PN)2La{OC(CsHs-4-NMez)2(PHMes)} in CsDs (303 K).
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Figure A47. IR spectrum (ATR) of (PN):La{NH(CsH3-3,5-(CF3)2)}.
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Figure A48. IR spectrum (ATR) of [K(18-crown-6)][(PN)(PNcyclo)LaCl].
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A.4 UV-Vis and Fluorescence Spectra
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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.
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Figure AS0. Stacked fluorescence spectra of 5 (orange, Aex = 318 nm), 6 (grey, Aex = 326 nm) and 7 (blue, Aex = 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.S5 Crystallographic Details

Table Al. Crystallographic details on additional complexes obtained during this doctoral research study.

(PN);La{NH(C¢H3  (PN),La(PHPh) [K(18-crown-6)] (PN);La{OCPh, (PN);La{OC(C¢Hy4-
-3,5-(CF3)»)} [(PN)(PNyeto)LaCl] (PHMes)} 4-NMe,),(PHMes)}
Cromical Formula_ Coafia, | CoMBLNPs (ClCRLING, — ClbTaNOP: ol aN.OFs
M, 1047.92 1015.05 2407.44 1317.45 1325.48
Crystal System Triclinic Monoclinic Triclinic Monoclinic Triclinic
Space Group P-1 P2\/c P-1 P2\/c P-1
a(A) 11.619(2) 17.744(2) 12.2789(8) 15.94(1) 13.184(1)
b (A) 14.058(3) 11.872(1) 22.537(2) 13.42(1) 13.751(1)
¢ (A) 16.233(4) 25.871(3) 23.301(2) 34.24(3) 21.523(2)
a(®) 84.75(1) 90 85.693(2) 90 100.872(2)
B 79.28(1) 100.603(2) 82.784(2) 98.81(1) 105.488(2)
v (©) 79.877(9) 90 74.761(2) 90 102.163(2)
vV (A% 2560.0(9) 5356.9(9) 6166.2(7) 7240(10) 3549.3(5)
4 2 4 2 4 2
Density (g cm™) 1.359 1.259 1.297 1.209 1.240
F(000) 1080 2136 2524 2784 1404
Radiation Type MoKa MoKa MoKa MoKa MoKa
p (mm™) 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>20(1)] 10562 8701 18688 7428 11072
Rine 0.744 0.0701 0.0718 0.1799 0.0571
R [F?>26(F?)] 0.0287 0.0414 0.0558 0.0844 0.0384
wR(F?) 0.0779 0.1327 0.1359 0.2044 0.0941
S 1.210 0.887 1.028 1.018 1.023
APmax 0.495 1.891 2.877 0.810 1.013
Apumin —0.494 —0.835 -1.674 -1.793 —0.531
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Figure A51. Thermal ellipsoid plot of (PN)2La{NH(C¢H3-3,5-(CF3)2)}. Thermal ellipsoids are shown at a probability of 50%.
Hydrogen atoms (except for H70) have been omitted and Pr groups truncated for clarity. Selected bond lengths (A) and angles
(°): Lal-P1/P2 3.2158(8)/3.1797(8), Lal-N1/N2 2.385(2)/2.402(2), Lal-N70 2.391(2), N70-H70 0.84(3), N70-C70 1.347(3);

P1-Lal-P2 178.85(1), N1-Lal-N2 127.31(6), N1/N2-Lal-N70 114.32(7)/118.34(7), P1/P2-Lal-N70 87.86(5)/92.02(5),
Lal-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 ‘Pr groups truncated for clarity. Selected bond lengths (A) and angles (°): Lal-P1/P2
3.126(1)/3.1400(9), Lal-N1/N2 2.414(3)/2.392(3), Lal-P10 3.009(1), P10-H10 1.32(2), P10-C70 1.763(5); P1-Lal-P2

157.86(3), N1-Lal-N2 124.2(1), N1/N2-Lal-P10 112.23(8)/121.67(7), P1/P2-Lal-P10 85.14(3)/117.01(3), Lal-P10—-C70
101.3(1).
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Figure A53. Thermal ellipsoid plot of [K(18-crown-6)][(PN)(PNcyco)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 ‘Pr groups truncated for clarity. Selected bond lengths (A) and angles (°): LalA-P1A/P2A 3.207(1)/3.166(1), LalA—
N1A/N2A 2.404(4)/2.469(4), LalA—C25A 2.644(6), LalA—CI1A 2.816(1), Cl11A-K1A 3.246(2); P1A-Lal A-P2A 172.16(3),
N1A-LalA-N2A 117.66(1), NIA/N2A-Lal A-C25A 67.9(1)/139.6(1), P1A/P2A-Lal A-C25A 104.6(1)/82.3(1), N1A/N2A—
LalA-CI1A 134.1(1)/102.5(1), P1A/P2A-LalA-Cl1A 85.08(3)/90.39(3), C25A-Lal-Cl1A 96.0(1), LalA-Cl1A-KIA
133.58(4).

Figure A54. Thermal ellipsoid plot of (PN):La{OCPh2(PHMes)}. Thermal ellipsoids are shown at a probability of 50%.
Hydrogen atoms (except for H10) have been omitted and ‘Pr groups truncated for clarity. Selected bond lengths (A) and angles
(°): Lal-P1/P2 3.133(3)/3.206(2), Lal-N10/N11 2.463(6)/2.419(6), Lal-O1 2.187(5), O1-C80 1.419(8), C80-P10 1.966(8),
P10-H10 1.21(8); P1-Lal-P2 161.63(5), N10-Lal-N11 124.1(2), N10/N11-Lal-O1 110.5(2)/125.3(2), P1/P2-Lal-Ol
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(CsH4-4-NMez)2(PHMes)}. Thermal ellipsoids are shown at a probability
of 50%. Hydrogen atoms (except for H70) have been omitted and ‘Pr groups truncated for clarity. Selected bond lengths A
and angles (°): Lal-P1/P2 3.1413(8)/3.1509(8), Lal-N1/N2 2.447(2)/2.452(2), Lal-O1 2.171(2), 0O1-C80 1.410(3), C80-P70
1.931(3), P70-H70 1.25(3); P1-Lal-P2 160.50(2), N1-Lal-N2 125.78(8), N1/N2-Lal-O1 121.90(8)/112.19(8), P1/P2-Lal-
01 101.08(6)/98.29(6), La1-O1-C80 166.9(2), O1-C80-P70 101.0(2).
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