
 

 

Role of Radical Species in Neutral  

Salicylaldiminato Ni(II) Mediated Polymer 

Chain Growth 

 

 

 

Dissertation zur Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften  

(Dr. rer. nat.) 

 

vorgelegt von  

Franz Ölscher 
aus Nürnberg 

 

 

 

an der  

Universität Konstanz 

Naturwissenschaftliche Sektion 

Fachbereich Chemie 

 

 

 

 
Tag der mündlichen Prüfung: 28.04.2017 

1. Referent: Prof. Dr. Stefan Mecking 

2. Referent: Prof. Dr. Rainer Winter 

3. Referent: Prof. Dr. Malte Drescher 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-408810



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 





 

 

 

Die vorliegende Dissertation entstand in der Zeit von Juni 2011 bis Oktober 2015 unter der 

Leitung von Herrn Prof. Dr. Stefan Mecking am Fachbereich Chemie der Universität Konstanz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 

 

 

 

 

 

“It can be compared to a spirited horse, 

delicate, difficult to control, 

and incapable of sustainable work.” 

― Paul Sabatier über Nickel ― 

 

 

 

 

 

 

 

 

 

 

 

“Warum muß es immer so gemacht werden, wie es früher gemacht wurde? Wenn 

das konsequent geschähen wäre, säßen wir heute noch auf den Bäumen!” 

― Erich Kästner, Fabian. Die Geschichte eines Moralisten ― 
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Zusammenfassung 

Die Insertionspolymerisation von Ethylen und Propylen ist heutzutage ein etablierter, 

großtechnisch durchgeführter Produktionsprozess. Allerdings ist bis heute der Einbau von 

funktionalisierten Monomereinheiten in diese Polymere durch Insertionspolymerisation nur extrem 

schwer möglich. Seit den späten 1990er Jahren sind jedoch einige Katalysatorsysteme entwickelt 

worden, welche auf späten Übergangsmetallen basieren und einen Einbau von funktionalisierten 

Monomeren in apolare Polymere ermöglichen. 

Einen besonderen Fall stellen die neutralen 2-N,O-Salicylaldiminato-Ni(II) Komplexe dar. 

Zum einen ermöglichen Katalysatoren, die auf diese Systemen basieren, sehr hohe Aktivitäten in 

der Ethylen-Polymerisation, zum anderen eine herausragende Toleranz gegenüber funktionellen 

Gruppen in Monomeren bzw. Lösungsmitteln. Eine Insertionscopolymerisation von Ethylen und 

Acrylaten, welche eine sehr bedeutende Monomerklasse darstellen, ist hingegen mit dieser Art von 

Katalysatoren nicht möglich. 

Kürzlich wurde jedoch ein neuer Ansatz vorgestellt, welcher eine klassische 

Insertionspolymerisation mit einer radikalischen Polymerisation verbindet. Konkret wurden 

Copolymere aus Ethylen und Methylmethacrylat dargestellt, für welche eine Block-Copolymer 

Struktur vorgeschlagen wurde. 

Zuvor  wurde bereits mehrfach über erfolgreiche (Co)polymerisationen von Methylmethacrylat 

(MMA), eines der industriell bedeutendsten Acrylatmonomeren, mit 2-N,O-Salicylaldiminato-

Ni(II) Komplexen berichtet. Diese Berichte sind jedoch zum Teil unvollständig, nicht 

reproduzierbar und/oder widersprüchlich. 

Das Ziel dieser Arbeit ist deshalb, mechanistische Details und bisher nicht bekannte 

Reaktionswege in der simultanen Insertionspolymerisation von Ethylen und der radikalischen 

Polymerisation von MMA aufzuklären. Zu diesem Zweck wurde die Effizienz von 2-N,O- 

Salicylaldiminato-Ni(II) Komplexen als Initiatoren/Mediatoren für radikalische MMA-
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Polymerisationen, sowie die Wechselwirkung mit einer simultanen Insertionspolymerisation von 

Ethylen untersucht.  

Hierbei wurde gezeigt, dass die Komplexe [(N^O)CF,I-INiR(PPh3)] ((N^O)CF,I-I = κ2-N,O-(2,6-

(3,5-(F3C)2C6H3)2C6H3)-N=CH-(3,5-I2-2-OC6H2), R = Me, Ph, 1R
PPh3), [(N^O)iPr,I-INiPh(PPh3)] 

((N^O)iPr,I-I = κ2-N,O-(2,6-(CH(CH3)2)2C6H3)-N=CH-(3,5-I2-2-OC6H2), 2
Ph

PPh3) und [(N^O)iPr,tBu-H

NiPh(PPh3)] ((N^O)iPr,tBu-H = κ2-N,O-(2,6-(CH(CH3)2)2C6H3)-N=CH-(3-C(CH3)3-2-OC6H2), 

3Ph
PPh3) effektiv eine radikalische Polymerisation von MMA initiieren (70 °C, reines MMA), diese 

jedoch nicht die Charakteristika einer metallvermittelten radikalischen Polymerisation aufweist. 

Zusätzlich wurde gezeigt, dass die Effizienz der Initiierung durch Zugabe von Triphenylphosphin 

erheblich erhöht werden kann. So konnte beispielsweise für 1Ph
PPh3 die Zahl der PMMA-Ketten pro 

Ni-Komplex von 0,05 auf 0,26 gesteigert werden, wenn der Reaktionsmischung 5 Äquivalente 

PPh3 zugegeben wurden. 

Unter definierten Bedingungen im Druckreaktor wurden in Gegenwart von Ethylen und MMA 

Polymerisationen mit 1Ph
PPh3, 2Ph

PPh3 und 2Me
PPh3 (25 bar Ethylen, reines MMA, 3 Äquivalente 

PPh3, 70 °C) durchgeführt und kinetische Polymerisationsprofile erstellt. Die erhaltenen Polymere 

enthalten Ethylen- und MMA-Wiederholeinheiten in einem etwa gleichen Verhältnis. Die 

Produktivitäten sind deutlich vermindert gegenüber einer Ethylenpolymerisation in einem nicht-

koordinierenden Medium wie Toluol. Dies wird durch eine k1-O Koordination der Estergruppe von 

MMA begründet. Dabei wird Ethylen an einer Koordination an das Ni Zentrum gehindert, was eine 

Voraussetzung für ein Kettenwachstum mittels Insertion ist. 

Detaillierte Endgruppenanalytik der PE-ähnlichen Polymerfraktionen mittels NMR-

Spektroskopie zeigt, dass die Elementarschritte der Insertionspolymerisation nicht von einer 

simultan ablaufenden radikalischen MMA-Polymerisation beeinflusst werden. Dies bedeutet, dass 

die Insertionspolymerisation durch eine Insertion von Ethylen in die Katalysatorvorstufen [Ni-Me] 

oder [Ni-Ph] bzw. in eine reaktive [Ni-H] Spezies initiiert wird. [Ni-H] Spezies werden in der 

Polymerisationsmischung durch -H Eliminierung gebildet, welche die bevorzugte 

Terminierungsreaktion der [Ni-PE]-Polymerylspezies darstellt. Die wachsende 

Insertionspolymerisationsspezies ist demnach weder an der Initiierung der radikalischen MMA-

Polymerisation beteiligt, noch reagiert sie mit wachsenden PMMA-Polymermakroradikalen. Als 

Konsequenz werden, im Gegensatz zu den zuvor in der Literatur formulierten Interpretationen, 

mehrheitlich Homopolymer-Mischungen aus PE und PMMA erhalten. Dies wurde unter anderem 

durch Größenausschlusschromatographie (size exclusion chromatographie, SEC) und 
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diffusionsgeordneter NMR-Spektroskopie (diffusion-ordered spectroscopy, DOSY) eindeutig 

nachgewiesen. 

Um einen genaueren Einblick in die Hintergründe dieser Reaktivität zu erhalten, wurden 

stöchiometrische Reaktionen mit Katalysatorvorstufen oder Intermediaten im 

Polymerisationsprozess und Ethylen bzw. MMA durchgeführt und mittels spektroskopischen 

Methoden untersucht. Es wurde gezeigt, dass die [Ni-Me] Komplexe 1Me
dmso (50 °C, 2 h) und 

1Me
PPh3 (25 °C, 10 d), welche Modelsysteme der wachsenden [Ni-Alkyl] Spezies der Ethylen 

Polymerisation darstellen, keine Reaktivität gegenüber MMA zeigen. Stattdessen wurden 

Zersetzungsreaktionen beobachtet, welche zu der Bildung von MePPh3
+ und Ethan führen. Die 

Rate dieser Zersetzungsreaktionen ist unabhängig von der Konzentration von MMA. Die [Ni-Ph] 

Komplexe 1Ph
PPh3, 2

Ph
PPh3 und 3Ph

PPh3  insertieren MMA (2,1) bei 70 °C. Intermediäre [Ni-Alkyl] 

Komplexe konnten nicht beobachtet werden. Stattdessen wurden die Zersetzungsprodukte nach 

-H Eliminierung nachgewiesen. Zusätzlich wurde gezeigt, dass intermediär gebildete [Ni-H] 

Spezies (1H
PMe3) bei niedrigen Temperaturen (-35 °C) MMA (1,2) insertieren und sich bei höheren 

Temperaturen (> -2 °C) durch -H Eliminierung zersetzen. 

Weitere Zersetzungswege von [Ni(II)-R] Spezies sind die reduktive Eliminierung des 

protonierten (N^O) Liganden, ausgehend von der [Ni-H] Spezies und die reduktive Eliminierung 

von Phosphoniumkationen (MePPh3
+) aus [Ni-Me] Komplexen mit PPh3 als labilen Liganden. 

Zusätzlich wurde ein bimolekularer reduktiver Kopplungsmechanismus nachgewiesen. Dieser 

wurde im Detail für katalytische Systeme mit dem Liganden (N^O)iPr,tBu-H untersucht. Es wurde 

gezeigt, dass vorzugsweise [Ni-H] Komplexe mit weiteren [Ni-H] oder [Ni-Alkyl] Spezies bei der 

Zersetzung reagieren, wobei sie die verbundenen Reste eliminieren (z.B. H-H, H-CH3) und eine 

intermediär Metallradikal-Ni(I) Spezies bilden. Um diese Spezies genauer untersuchen zu können, 

wurde der entsprechende Ni(I) Komplex [(N^O)iPr,tBu-HNi(I)(PPh3)2] unabhängig davon 

synthetisiert und charakterisiert. Dies erlaubte eine eindeutige Identifikation intermediärer Spezies 

unter Bedingungen, welche den Ethylen Polymerisationsbedingungen nahe kommen. 

Disproportionierung der Ni(I) Spezies führt zu den finalen Zersetzungsprodukten, dem bis-

chelatierten Komplex [(N^O)2Ni(II)] und [Ni(0)(PPh3)4]. 

Die Initiierung der radikalischen Polymerisation ist hierbei mit den Zersetzungsmechanismen 

verbunden, da die gebildeten Ni(0) Komplexe bevorzugt mit iodsubstituierten (N^O) Liganden 

(1- and 2-) unter Bildung von organischen Radikalen reagieren, was somit zur Initiierung einer 
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radikalischen Polymerisation führt. Als zusätzlicher Reaktionspfad wurde eine homolytische P-C 

Bindungsspaltung in den labilen Phosphinliganden nachgewiesen.  

Im Hinblick auf den allgemeinen Gebrauch von Ni(I/II) Komplexen für metallvermittelte 

radikalische Polymerisationen ist die Reaktivität des [(N^O)iPr,tBu-HNi(I)(PPh3)2] Komplexes 

gegenüber organischen Radikalen von besonderem Interesse. Dieser Komplex bildet in Gegenwart 

von Radikalquellen wie Azoverbindungen (z.B. Ph-N=N-CPh3) unverzüglich den entsprechenden 

Ni(II)-Phenyl Komplex ([(N^O)iPr,tBu-HNi(II)Ph(PPh3)]). Eine Kombination des Metallradikals und 

des organischen Radikals ist also im Prinzip möglich.  

Die hier erwähnte Reaktivität wurde darüber hinaus zu einer Reaktivierung der katalytisch 

aktiven Spezies in der Ethylen-Polymerisation verwendet. Hierbei wurden Azoverbindungen direkt 

in die Reaktionsmischung von 2Ph
PPh3 und Ethylen in Toluol (25 °C, 25 bar Ethylen) gegeben. Dies 

führt zu einer Verlängerung der Polymerisationsaktivität von 30 bis zu 190 Minuten bei einer 

Verwendung von 6 Äquivalenten AIBN. Einhergehend mit der verlängerten Reaktionsdauer ist 

eine siebenmal höhere PE Ausbeute. 

Zusammenfassend gewährt die vorliegende Arbeit wichtige Einblicke in mögliche 

Reaktionsschritte der Nickel vermittelten katalytischen Polymerisation von Ethylen in Gegenwart 

von Acrylaten. Besonders hervorzuheben ist das verbesserte Verständnis im Hinblick auf die 

katalytische Aktivität, mögliche Zersetzungsreaktionen und Reaktivierungsmöglichkeiten von 

wichtigen Intermediaten und aktiven Spezies. Des Weiteren bildet diese Arbeit eine Grundlage 

zum Design von geeinigten Metall/Liganden Systemen für eine im Prinzip mögliche Kombination 

einer Insertionspolymerisation mit einer Metall-vermittelten radikalischen Polymerisation. 
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Abstract 

While catalytic polymerizations of ethylene and propylene are applied on a very large scale, an 

incorporation of polar vinyl monomers in such reactions is still challenging. To date, there has only 

been an inconclusive and partially contradictory picture of the behavior of neutral Ni(II) insertion 

polymerization catalysts toward methyl methacrylate (MMA). This thesis sheds light on this issue 

from a comprehensive mechanistic study. 

The ability of salicylaldiminato [(N^O)Ni(II)R(PPh3)] (R = Me, Ph) complexes to initiate free-

radical MMA polymerizations and to interact with a simultaneous insertion polymerization of 

ethylene was explored.  

It could be shown that the complexes [(N^O)CF,I-INiR(PPh3)] ((N^O)CF,I-I = κ2-N,O-(2,6-(3,5-

(F3C)2C6H3)2C6H3)-N=CH-(3,5-I2-2-OC6H2), R = Me, Ph, 1R
PPh3), [(N^O)iPr,I-INiPh(PPh3)] 

((N^O)iPr,I-I = κ2-N,O-(2,6-(CH(CH3)2)2C6H3)-N=CH-(3,5-I2-2-OC6H2), 2
Ph

PPh3) and [(N^O)iPr,tBu-H

NiPh(PPh3)] ((N^O)iPr,tBu = κ2-N,O-(2,6-(CH(CH3)2)2C6H3)-N=CH-(3-C(CH3)3-2-OC6H2), 3
Ph

PPh3) 

promote polymerizations of MMA via a non-controlled free-radical pathway (70 °C, neat MMA). 

The presence of additional PPh3 increases the amount of PMMA chains formed per supplied [Ni] 

center (e.g. for 1Ph
PPh3 from 0.05 to 0.26 chains/[Ni] after adding 5 equiv. of PPh3).  

Pressure reactor polymerizations in the presence of both ethylene and MMA were performed 

with 1Ph
PPh3, 2

Ph
PPh3 and 2Me

PPh3 (25 bar ethylene, pure MMA, 3 equiv. of PPh3, 70 °C). Polymer 

mixtures containing ethylene- and MMA-based polymers in an approximately equal ratio are 

obtained for all complexes. The yield of the ethylene polymerization decreases in comparison to 

polymerizations of ethylene in the absence of MMA.  

The analysis of PE polymer end groups (by NMR) revealed that the insertion polymerization, 

firstly, is initiated by insertion of ethylene into the catalyst precursors [Ni-Me]/[Ni-Ph] or the 

reactive intermediate [Ni-H] species, and secondly, is terminated by -H elimination. The growing 
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[Ni-PE] species is neither involved in the radical polymerization initiation nor influenced by a 

simultaneous free-radical polymerization. In each case, size exclusion chromatography (SEC) 

shows bimodal polymer distributions (e.g. 5∙103 and 60∙103 g∙mol-1), which were assigned to 

homopolymers of PE and PMMA, respectively. In addition, DOSY experiments for selected 

samples confirms the formation of homo-PE and homo-PMMA mixtures. Stoichiometric 

experiments monitored by NMR reveal that [Ni-Me] complexes, which are model compounds for 

the growing [Ni-PE] species, 1Me
dmso (50 °C, 2 h) and 1Me

PPh3 (25 °C, 10 d) do not insert MMA. 

Instead, [Ni-Me] complexes decompose into MePPh3
+ and ethane and the decomposition was 

found to be independent on the conentration of MMA. 1Ph
PPh3, 2

Ph
PPh3 and 3Ph

PPh3 insert MMA (2,1-

mode) at 70 °C. While [Ni-alkyl] species could not be detected, decomposition via -H elimination 

occurs. 1H
PMe3 readily inserts MMA (1,2-mode) at low temperatures (-35 °C), and decomposes at 

higher temperatures (> -2 °C) via -H elimination.  

Decomposition pathways of [Ni(II)-R] species involve the reductive elimination of the 

protonated (N^O)H ligand from [Ni-H] and the elimination of MePPh3
+ from (N^O)NiMe(PPh3) 

complexes. In addition, a bimolecular reductive coupling was observed and studied in detail for 

[Ni-H] complexes with the ligand (N^O)iPr,tBu-H. [(N^O)iPr,tBu-HNi(I)(PPh3)2)] was identified as an 

intermediate. Further disproportionation of the [Ni(I)] species leads to the final deactivation 

products: bis-chelated [(N^O)2Ni(II)] and [Ni(0)(PPh3)4]. The radical polymerization was found to 

be initiated by reaction of [Ni(0)] with iodo-substituted (N^O) ligands (1 and 2) or by a P-C bond 

cleavage in the labile phosphine ligands, as indicated by end group analysis.  

The [Ni(I)] complex [(N^O)iPr,tBu-HNi(I)(PPh3)2)] was proven to readily react with azo-

compounds (e.g. Ph-N=N-CPh3, RT) forming the corresponding insertion chain growth 

polymerization-active [(N^O)Ni(II)Ph(PPh3)] complex. Intermediate [Ni(I)] species in the 

ethylene polymerization mediated by 2Ph
PPh3 (25 °C, toluene, 25 bar ethylene) were reactivated by 

addition of azo-compounds, which not only led to a prolonged activity in the ethylene 

polymerization from 30 min without AIBN to more than 190 min with 6 equiv. of AIBN added, 

but also resulted in a seven times higher yield of PE for the latter. 

To conclude, the present study gives valuable insights into the previously unknown reactivity 

and activity of important intermediates or active species in the polymerization of ethylene in the 

presence of MMA. More precisely, the identified decomposition reactions to form catalytic inactive 

species and the knowledge gained on how to suppress these reactions, e.g. by a reactivation of the 

inactive species by addition of small molecules which are sources of organic radicals, are of 
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particular interest. Furthermore, this study provides a basis for designing suitable metal/ligand 

combinations for a possible combination of an insertion and radical polymerization of ethylene and 

polar functionalized monomers.  
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1  General Introduction 

1.1 Polymerization of Olefins and Functionalized Vinyl 

Monomers 

In 2013, the worldwide plastics production was 300 million metric tons and increased 

approximately by 4% in comparison to 2012.1 The main products are polypropylene (PP, approx. 

20%) and polyethylene (PE, approx. 30%). Even though PE and PP polymers consist only of carbon 

and hydrogen atoms, a large variety of properties can be achieved by controlling the microstructure 

of PE and PP polymers. For example, while low-density PE (LDPE) has a substantial degree of 

short and long chain branching (Figure 1-1 left) which makes LDPE soft and suited for packaging 

in the form of soft plastics bags, high-density PE (HDPE) has an almost linear structure (Figure 

1-1 right), the reason why HDPE is stiffer and can be used for pipes, e.g. for long lasting water 

pipes. These examples point to the importance of precise control over polymer microstructures 

when a tailored application of the product is targeted. 

 

Figure 1-1. Microstructures of highly branched LDPE and linear HDPE. In addition, typical conditions for 

industrial production are given. 

The difference in the microstructure results from the type of reaction these polymers are formed 

by (Figure 1-1). LDPE is obtained by polymerization of ethylene under harsh conditions (up to 
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300 °C and 3500 bar ethylene) in a free-radical polymerization, that precludes a precise control 

over the microstructure.2 In contrast, the use of catalytic insertion polymerizations, mediated by 

early transition metals such as titanium and chromium, allows for mild conditions (up to 150 °C 

and 50 bar ethylene) and a very precise control over the microstructure of the HDPE formation. 

This was enabled by the seminal findings of Ziegler3 and Natta4 in the field of insertion 

polymerization of olefins such as ethylene and propylene in the 1950’s. 

Although, the structure of the polymers accessible by this technique is limited to hydrocarbon-

based repeat units the incorporation of functional groups (e.g. esters, amides, etc.) would allow for 

variations of physical properties like adhesion, dyeability, printability and compatibility.5,6 Today, 

such copolymers with polar functional groups incorporated into the non-polar polymer backbone 

are important industrial products, e.g. the Amplify® polymers supplied by DOW (ethylene- ethylene 

acrylate and acrylic acid acids copolymers, maleic anhydride grafted polymers) and the Lotryl® 

products of ARKEMA (ethylene – acrylic ester copolymers). However, until now, the production of 

these copolymers has been limited to high pressure and high temperature free-radical 

polymerizations, a process that is associated with high costs and accessible microstructures limited 

to branched random copolymers.7,8 

Whilst the aforementioned transition metal-mediated polymerizations provide the desired mild 

reaction conditions and access to a variety of microstructures of the obtained polymers, which is 

possible because of the insertion chain growth mechanism in a defined surrounding of a metal 

center that controls regio- and stereoselectivity of the insertion reaction, the high oxophilic 

character of the typical early transition metals leads to an irreversible deactivation of the catalytic 

species by coordination of functionalized monomers (e.g. 1-O coordination in esters) and stops 

the insertion polymerization process. 

Scheme 1-1. Migratory insertion polymerization of ethylene and subsequent coordination-addition 

polymerization of MMA catalyzed by [(Cp*)2SmR] complexes.9 

 

It should be noticed, that e.g. methyl methacrylates (MMA) can be polymerized by some early 

transition metal complexes by coordination-addition polymerization mechanism (Scheme 1-1) in 
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two steps.9 In the first step, a migratory insertion pathway starting from alkyl or hydride complexes 

polymerizes ethylene, in the second step MMA is polymerized via a coordination-addition 

mechanism, similar to a Michael-addition reaction. After the coordination-addition polymerization 

is initiated, it is not possible to switch back to migratory insertion polymerization. This technique 

is extendable to other early transition metals (e.g. Zr, La, Y, Nd)10 but is limited by its mechanism 

to triblock copolymers e.g. by using bimetallic samarium complexes.11 

To overcome the lack of tolerance toward heteroatoms in insertion polymerizations, late 

transition metal-based catalysts are promising candidates.12 In general, however, they show a lower 

activity for ethylene polymerization and are more prone to -hydride elimination in comparison to 

early transition metal catalysts. The propensity for -hydride elimination is exploited in one of the 

most prominent examples for the use of late transition metals, namely the Shell Higher Olefin 

Process (SHOP) which is used to oligomerize ethylene to α-olefins (Scheme 1-2) utilizing that 

chain growth and -hydride elimination are competitive reactions and that the intermediately 

formed [Ni-H] species can initiate a new chain growth reaction by insertion of ethylene, i.e. leading 

to a chain transfer.13-16 Neutral (P^O) Ni(II) complexes are used and the oligomerization is 

conducted in 1,4-butanediol with up to 4 wt% of water. The formed α-olefins are not soluble in the 

protic 1,4-butanediol and form an easily separable phase. 

Scheme 1-2. Ethylene oligomerization with neutral (P^O)Ni(II) catalysts in biphasic protic media (1,4-

butanediol and α-olefins).14,16 

 

Even though these systems are remarkably stable toward the protic reaction medium, the attempt 

to conduct copolymerizations with acrylates or vinyl acetate failed. However, if the functional 

group is separated by two or more consecutive methylene units to the vinyl group an incorporation 

of polar comonomers with functionalities like methyl esters and ketones into the polymer backbone 

is feasible (Table 1-1).17,18 
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Table 1-1. Copolymerization of ethylene and functionalized monomers mediated by SHOP-type 

catalysts.17,18 

 

R (polar group) n (methylene spacers) wt% incorporation 

CO2Me 2 10 

CO2Me 8 12 

C(O)Me 2 12 

C(CF3)3 2 18 

Si(OMe)3 2 13 

C(O)NMeC2H4NMe2 8 4 

1.2 Late Transition Metals for Ethylene Copolymerization with 

Polar Vinyl Monomers 

During the last two decades, significant efforts have been made to synthesize copolymers of 

ethylene and polar vinyl monomers accessible by insertion copolymerization under mild reaction 

conditions. The seminal discoveries will be presented in the following sections. 

1.2.1 Cationic α-Diimine Complexes 

A major breakthrough was achieved by Brookhart19 et al. with the introduction of cationic 

α-diimine Ni(II) and Pd(II) complexes as insertion polymerization catalysts in the mid 1990’s. The 

Ni(II) complexes are highly active in ethylene polymerization (up to 4∙106 

mol(ethylene)∙mol(Ni)-1∙h-1), and produce linear PE with high molecular weights (Mn up to 6.5∙105 

g∙mol-1). These high molecular weights are made accessible due to sterically demanding α-diimine 

ligands, thereby blocking the axial position of the Ni center and thus suppressing chain transfer 

reactions. Extensive chain transfer would lead to low molecular weight oligomers or polymers.7 

In particular, the Pd(II) complexes produce highly branched PE polymers (approx. 100 branches 

per 1000 C atoms, Mn up to 105 g∙mol-1) with a branch-on-branch, i.e. hyperbranched, structure.20 

Because of the high branching content, amorphous polymers are obtained. Concerning the 

copolymerization of ethylene with polar vinyl monomers, statistical copolymers of comonomers 

such as acrylates, methyl vinyl ketones21 and silyl vinyl ethers22 are amenable. These copolymers 

also exhibit a hyperbranched polymer structure with a preferred incorporation of the polar 

monomer unit at the end of the branches (Scheme 1-3). 
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Scheme 1-3. Formation of hyperbranched ethylene and functionalized vinyl monomer copolymer. The 

functionalized monomer units are located at the end of the branches, due to a “chain walking” mechanism. 

This mechanism is schematically shown at the bottom for the case of ethylene and methyl acrylate (MA).23  

  

The hyperbranched microstructure and the preferred incorporation of the functionalized 

monomers at the end of the branches in these copolymers is produced by the so-called “chain 

walking” mechanism that was revealed by extensive NMR studies for the ethylene and methyl 

acrylate (MA) copolymerization.23 After 2,1-insertion of MA into the growing polymer chain at 

the Pd center a four-membered chelate (Scheme 1-3, A) is formed. Here, no further insertion of 

ethylene occurs. Instead, a series of fast -hydride eliminations, rotations of the olefin and 

reinsertions lead to the formation of a six-membered Pd chelate complex (Scheme 1-3, B). The 

following opening of the chelate by ethylene (Scheme 1-3, C) was identified as the rate-limiting 

step from evaluation of the reaction kinetics.23 Subsequent insertion of ethylene results in a 

branched polymer structure with the functional group at the end of the branch. In general, the rate 

of the insertion polymerization decreases in the presence of polar vinyl monomers and the resulting 

copolymers mainly contain ethylene repeat units (up to 25% MA incorporation). 

In summary, the discovery of the cationic α-diimine Pd(II) complexes represents a milestone 

for the copolymerization of ethylene and functionalized comonomers under mild conditions. A 

particular hyperbranched polymer microstructure with the functional groups at the end of the 

branches is formed. Since their discovery, these types of catalysts have extensively been studied in 

the ethylene (co)polymerization and results thereof have recently been reviewed.24 However, an 
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incorporation of functional groups into a linear PE polymer backbone has remained elusive with 

these catalysts. 

1.2.2 Neutral Phosphinesulfonato Pd(II) Complexes 

As another important step Drent et al.25 reported an in situ formed phosphinesulfonato Pd(II) 

system for the (co)polymerization of ethylene and alkyl acrylates, yielding linear copolymers 

(Scheme 1-4). The active species was formed by reaction of protonated (P^O)H ligand and a Pd(0) 

source. When different alkyl acrylates were copolymerized with ethylene, an incorporation of up 

to 17 mol% of alkyl acrylate was achieved. The incorporation into the linear backbone and the 

formation of crystalline polymers at lower acrylate contents is in stark contrast to the 

hyperbranched and mainly amorphous polymers obtained via catalysis with Brookhart’s -diimine 

complexes19 (vide supra). 

Scheme 1-4. Copolymerization of ethylene and acrylates with an in situ (P^O)Pd(II) system. Almost 

perfectly linear copolymers with high acrylate incorporations are accessible.25  

 

Since their discovery, Drent-type catalyst systems have drawn considerable attention and this 

has not only led to the synthesis of defined organometallic catalyst precursor complexes, but has 

also allowed for a more detailed study of these systems in the polymerization mixture.26,27 Defined 

[(P^O)PdMe(L)] precursor complexes with a weakly coordinating labile ligand (L = dmso) and an 

optimization of the reaction conditions even allowed for an incorporation of MA into the linear PE 

backbone with up to 52 mol%. In fact, in the absence of ethylene, MA is homopolymerized by an 

insertion mechanism.28 In addition, the scope of monomers has been extended to a large range of 

polar vinyl monomers6 of which the most remarkable examples are the copolymerization of 

ethylene with acrylonitrile,29 vinyl acetate,30 vinyl fluoride31 and even acrylic acid.32 Relative 

reactivity ratios of a number of functionalized vinyl monomers in the copolymerization with 

ethylene have recently been determined and rationalized.33 However, one of the most relevant polar 

vinyl monomers, methyl methacrylate (MMA) was not found to be incorporated into the PE 
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backbone.34 The reason for this failure lies in the comparably slow insertion reaction of the 

sterically more demanding MMA in comparison to ethylene or MA. 

Even though these complexes are outstanding with respect to their tolerance toward 

functionalized monomers, they suffer from low productivities in comparison to early transition 

metal catalyzed polymerizations and the formed ethylene/acrylate copolymers are limited to 

relatively low-molecular weight compounds of up to 1.5∙104 g∙mol-1, a fact that limits the range of 

applications for the polymers produced.6 

1.2.3 Neutral Salicylaldiminato Ni(II) Complexes 

An exceptional catalyst system in the general context of functional group tolerant 

polymerizations are the neutral 2-N,O-salicylaldiminato Ni(II) complexes which were introduced 

independently by Johnson et al.35 and Grubbs and coworkers36 in 1998 (Chart 1-1), and which are 

inspired by the SHOP-type catalysts. Some of these catalysts show high activities in the range of 

106 g(PE)∙mol(Ni)-1∙h-1 in ethylene homopolymerization at relatively low ethylene pressure and 

low temperature (7 bar, 10 °C). Activities and conditions can be comparable to those achieved by 

metallocene complexes of early transition metals.37  

Chart 1-1. Chemical structure of first generation 2-N,O-salicylaldiminato Ni(II) precursor complexes for 

ethylene insertion polymerization. 

 

In addition, Ni complexes with 2-N,O-salicylaldiminato based ligands allow for the control of 

the molecular weight and the polymer microstructure (Scheme 1-5).38-46 Complexes with electron-

withdrawing substituents in the terphenylamine moiety (R3 or R4) yield polymers with low branch 

contents and high molecular weights, whereas electron-donating substituents lead to highly 

branched low molecular weight polymers or oligomers. 
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Scheme 1-5. Terphenylamine substituted (N^O)Ni(II)Me(pyridine) complexes and the influence of 

electron-withdrawing effects on the PE microstructure and molecular weight. 

 

Bulky substituents in the 3-position of the salicylaldehyde (R1) proved to increase the stability 

and activity of the corresponding complexes and are mandatory for long lived and highly 

productive catalysts.36,37,47 The superior stability of complexes with sterically demanding (N^O) 

ligands was explained by a bimolecular decomposition pathway, which was proven by in-depth 

mechanistic studies.48 By modifying the well-understood substitution pattern of the N^O ligand, it 

is possible to prepare complexes of the salicylaldiminato-type which are not only highly 

productive, but also allow a very good control over the microstructure of the PE formed.38,39,46 

Concerning the tolerance toward heteroatoms, these catalysts were shown to be active in the 

ethylene polymerization in the presence of polar solvents like diethyl ether, acetone, triethylamine 

and even water.41,49,50 These observations have encouraged studies to copolymerize ethylene with 

remotely functionalized α-olefins and norbonenes, which both were found to be statistically 

incorporated into the PE backbone.37 Despite these encouraging results, important comonomers 

such as methyl acrylate were reported to shut down the insertion polymerization process due to the 

formation of stable chelates after insertion of the functionalized monomer, a general low reactivity 

for further insertion reactions of the formed Ni-alkyl complex and the following irreversible 

deactivation resulting from the insertion products (vide infra).51 
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Scheme 1-6. Combination of a migratory insertion polymerization of ethylene and a radical MMA 

polymerization mediated by neutral Ni(II) complex. Switching between both polymerization mechanisms 

was suggested to proceed via reversible homolytic Ni-C bond cleavage.52 

 

In this regard, Leblanc and colleagues52,53 introduced a surprising and elegant approach 

combining a migratory insertion polymerization of ethylene and a radical polymerization 

mechanism of acrylates mediated by Ni(II) complexes. This novel strategy has drawn much 

attention and has frequently been highlighted in review articles since then.54-58 Here, neutral (N^O) 

salicylaldiminato and (P^O) phosphineenolate Ni(II) phenyl triphenylphosphine complexes are 

used (Scheme 1-6). Both complexes are able to initiate a homopolymerization of acrylates (MMA 

and butyl acrylate) and styrene. Besides, the [Ni(II)-Ph] complexes act as precursors for a classical 

migratory insertion polymerization of ethylene. This precursor species with R = Ph or the growing 

Ni-alkyl species with R = PE are proposed to undergo a homolytic Ni-C bond cleavage. In the 

course of this reaction, two products are generated, a Ni(I) species and an organic radical, of which 

the latter can initiate a radical polymerization, e.g. of MMA. Based on polymer analysis, it is 

suggested that the homolytic bond cleavage can be reversible and the growing PMMA radical chain 

can add to the persistent Ni(I) species, thus generating a migratory insertion polymerization active 

Ni(II)-alkyl complex.59 This would facilitate the formation of multiblock copolymers of PE and 

PMMA. Therefore, the dual radical/insertion polymerization resembles a unique and a novel 

approach to combine the benefits of both polymerization mechanisms, namely the superior control 
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of the microstructure and the mild reaction conditions for the PE polymerization with the high 

reactivity and versatility of a radical polymerization. 

1.3 Novel Copolymerization Strategies – Combining Insertion 

and Radical Polymerizations 

In view of the recognized limitations of an insertion polymerization pathway alone, it seems 

promising to combine different polymerization mechanisms, which are separately effective for 

ethylene and functionalized polar monomer polymerizations. 

Functionalized monomers, namely acrylates, can easily be polymerized via a radical route, a 

technique that has been used in the industrial production of the corresponding polymers for many 

decades. In addition, controlled radical polymerizations (CRP) are attractive methods because they, 

when suitable conditions are applied, allow for control over molecular weight and formation of 

block copolymers via quasi-living polymerizations.54,60-63 Hence, a controlled radical 

polymerization is a suitable technique for the polymerization of acrylates. 

By comparison, the free-radical polymerization of ethylene is capital intensive and energy-

consuming due to the harsh conditions necessary, and moreover it is mainly limited to the formation 

of highly branched PE.2 However, it should be noted that, in the past years, efforts have been made 

to (co)polymerize ethylene via a radical route in a more controlled way under less harsh 

conditions.64,65 Moreover, applying reversible addition-fragmentation chain transfer (RAFT) with 

xanthates (Scheme 1-7), copolymerization of ethylene and vinyl acetate (incorporation < 10%) was 

possible at 70 °C and at pressures below 200 bar, yielding semi-crystalline PE copolymers.66  

Scheme 1-7. Schematic representation of the RAFT equilibrium for the controlled radical ethylene 

polymerization.66 

 

Another approach on the basis of a cobalt-mediated radical polymerization led to 

copolymerization of ethylene and either vinyl acetate (VAc), acrylonitrile or N-methyl vinyl 

acetamide under very mild conditions (40 °C, 10–50 bar) and produced amorphous copolymers 

(Scheme 1-8).67 On the basis of this controlled method, it was possible to produce copolymers with 
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polar monomer content from 0 to almost 100%, and moreover even diblock-like copolymers of 

PVAc/PE were obtained. 

Scheme 1-8. Cobalt-mediated radical polymerization of ethylene and polar monomers.67  

 

Since these radical polymerizations can be controlled, these approaches seem promising, 

however, the corresponding microstructures are mainly limited to densely branched PE with rather 

low crystallinities and low melting points. Therefore, the superior control of the microstructure and 

the mild conditions makes a migratory-insertion polymerization of ethylene catalyzed by late 

transition metals a particularly attractive choice. Related approaches were reported using early 

transition metal metallocene catalysis (Zr/MMAO) to build up chain end functionalized PE blocks 

and a subsequent controlled radical polymerization (Cu- or Ru-mediated) was used to generate a 

chemically connected PMMA block.68 A reversible addition-fragmentation (RAFT) was also 

reported to be suitable for this second step of the polymerization.69 However, these approaches 

include a two-step synthesis and are limited to diblock copolymers. 

Taking the aforementioned considerations into account, a system that is capable of controlling 

a radical polymerization and mediating an insertion polymerization seems a highly promising 
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approach for two reasons: Firstly, it would allow a precise control over the microstructure for the 

PE formation, while maintaining the high activity and control of the radical polymerization of polar 

monomers in terms of molecular weights, end-functionalization and post-functionalization. 

Secondly, multiblock copolymers would be accessible using neutral (N^O) Ni(II) Grubbs type 

catalysts (vide infra) in the dual radical/insertion mechanism as introduced by Leblanc et al.52,53 In 

the following sections, both mechanisms combined in the dual insertion/radical polymerization 

pathway, an insertion polymerization mediated by Grubbs-type catalysts and Ni-mediated radical 

polymerization, will be seperately discussed in detail with a focus on the respective mechanism, 

requirements and possibilities. 

1.3.1 Insertion Polymerization Mediated by (N^O)Ni(II) Catalysts 

As mentioned before, the neutral salicylaldiminato Ni(II) complexes are outstanding with 

respect to their tolerance toward heteroatoms in ethylene insertion polymerization. Concerning 

functionalized polar vinyl monomers an insertion into [Ni-H] or [Ni-C] bonds is also feasible,70 

and thus may lay the foundation for a migratory insertion polymerization of functionalized and 

unfunctionalized vinyl monomers. Surprisingly, a migratory insertion copolymerization of 

ethylene and acrylic monomers is not possible with these catalysts and instead the acrylic 

monomers are suggested to be polymerized via a radical polymerization mechanism (Scheme 1-9, 

red).52,53 In the presence of both ethylene and acrylate monomer only the ethylene monomer is 

polymerized by a migratory insertion mechanism (Scheme 1-9, left blue). These findings can be 

rationalized with the help of a series of previously reported mechanistic studies on the migratory 

insertion polymerization with (N^O)Ni(II) catalysts.48,70,71 

Scheme 1-9. Suggested dual insertion/radical polymerization pathway consisting of two interplaying 

polymerization mechanisms (c.f. Scheme 1-6).52 Insertion polymerization emphasized here. 
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Scheme 1-10. Proposed mechanism for activation and catalytic cycle of the dimerization of ethylene with 

neutral (N^O)Ni(II) catalysts.48  

 

The reactivity and mechanism of deactivation of the active [(N^O)Ni(II)] ethylene 

polymerization species was studied in detail by Berkefeld and Mecking.48 [Ni-Me] complexes with 

weakly coordinating DMSO as labile ligand were used for NMR spectroscopic experiments with 

stoichiometric amounts of ethylene (Scheme 1-10). After activation by ethylene via insertion into 

the Ni-methyl bond a [Ni-propyl] complex forms to eliminate propene via -H elimination and 

generating a reactive intermediate [Ni-H] species which represents the active species in chain 

transfer reactions during ethylene polymerization. The [Ni-H] species inserts ethylene to form 

[Ni-Et] as a resting state of the catalytic cycle. Under stoichiometric conditions, further ethylene 

coordination and insertion follows, establishing a [Ni-butyl] species. In addition, isomerization to 

secondary alkyl complexes is possible, and with it the elimination of 1-butene or 2-(E/Z)-butene 

via -H elimination, again forming a reactive [Ni-H] intermediate.  
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Scheme 1-11. Proposed mechanism for bimolecular elimination of coupled organic moieties from two 

[Ni(II)R] and [Ni(II)R’] complexes.48 

 

As the major deactivation pathway of the active species and catalytic precursors, a bimolecular 

coupling reaction was identified.48 Here, e.g. two Ni-alkyl complexes, [Ni(II)-R] and [Ni(II)-R’], 

react forming a bridged bimolecular transition state of which the coupled organic product R-R’ is 

eliminated (Scheme 1-11). This reaction proceeds more readily via involvement of highly reactive 

[Ni-H] species that are inevitably generated during chain transfer in the ethylene polymerization. 

Although it was not possible to further identify the Ni species generated by this pathway, it is 

supposed that bis-chelated [(N^O)2Ni(II)] complexes are the ultimate decomposition products, in 

this case the final Ni species.47,72  

Concerning the limiting factors which hinder an effective copolymerization of functionalized 

monomers with ethylene, mechanistic studies of the reactivity of (N^O)Ni(II) complexes toward 

MA were carried out.70,71 In 2004, Waltman et al.71 reported the reactivity of [Ni-Ph] complexes 

toward MA and decomposition reactions of [Ni-alkyl] species. They showed that MA is inserted 

in a 2,1-mode, presumable establishing a four-membered chelate complex (Scheme 1-12 A). The 

further addition of monomer occurs slowly in comparison to possible decomposition reactions. 

Therefore, instead of further insertion chain growth, decomposition reactions of the chelate 

complex A were observed. -H elimination leads to the intermediate formation of the 

corresponding [Ni-H] species, which undergoes further reaction via reductive elimination of the 

protonated salicylaldimine (N^O)H ligand. This pathway ultimately results in the formation of 

methyl trans-cinnamate (Scheme 1-12 B), (N^O)H ligand and a Ni(0) species. In addition, 

saturated methyl 3-phenylpropionate is generated (Scheme 1-12 C), an observation that is 

rationalized by either a direct hydrogen transfer from the [Ni-H] species to chelate complex A, or 

by reaction of the chelate complex A with protonated ligand (N^O)H. For a similar reaction, more 

precisely the reaction of (N^O) anilinotropone Ni(II) complexes and protonated anilinotropone 

ligand (N^O)H, it could be shown that the acidity of the (N^O)H proton directly correlates with its 

ability to hydrolyze the Ni-C bond.73 
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Scheme 1-12. Reaction of [(N^O)NiPh(PPh3)] with MA as observed by Waltman et al.71 

 

An additional in-depth NMR spectroscopic study of the reactivity of [(N^O)Ni(II)R(L)] 

precursors (R = Me) and intermediate species (R = Et, H) was published by Berkefeld et al.70 in 

2009. Here, [Ni-alkyl] complexes were chosen since they bear close resemblance with a growing 

[Ni-polymeryl] species in the ethylene insertion chain growth. [(N^O)NiMe(dmso)] undergoes a 

slow 2,1-insertion of MA at RT (within days) with methyl butanoate as ultimate decomposition 

product. Interestingly, the corresponding [Ni-Et] complex inserts MA significantly faster in a 2,1-

mode at RT, forming methyl pentanoate as ultimate organic product after rapid -H elimination. 

The corresponding separately synthesized [Ni-H] species with a strongly coordinating but 

stabilizing PMe3 ligand also readily inserts MA regioselective in a 2,1-fashion at temperatures 

higher than -40 °C. The formed [Ni-MA] complex (Scheme 1-13 A) reacts with excess of the 

[Ni-H] species, to form the ultimate organic decomposition product methyl propanoate (Scheme 

1-13 B) and not further defined ‘Ni species’, presumably via bimolecular elimination pathway in 

analogy to the reaction of [Ni-H] species toward unfunctionalized [Ni-alkyl] complexes (vide 

supra, Scheme 1-11), but significantly faster. 

The [(N^O)Ni(MA)(PMe3)] (Scheme 1-13 A) insertion product was intensively studied by 

low-temperature NMR spectroscopy. The spatial structure of [(N^O)Ni(MA)(PMe3)] was studied 
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via dipolar 1H-1H couplings (rotating frame nuclear Overhauser effect correlation spectroscopy, 

ROESY) and with the aid of ab initio DFT computational methods. A combination of both 

techniques suggests that there is a weak but distinct interaction between the carbonyl oxygen and 

the Ni(II) center (i.e. a weak chelate formation, Scheme 1-13 A). No consecutive insertions of 

ethylene or MA into [(N^O)Ni(MA)(PMe3)] were detected in the simultaneous presence of both 

monomers (Scheme 1-14), namely for two possible reasons: First, the weak chelate formation by 

the ester group of the inserted MA unit potentially blocks a coordination site for incoming 

monomers and second, a further insertion of monomer species is hindered by a generally low 

reactivity of the α-carbonyl [Ni-alkyl] fragment toward olefin insertion. 

Scheme 1-13. Insertion of MA into [Ni-H] species and decomposition of the 2,1-insertion product of MA 

via reaction with [Ni-H] species to ultimately form methyl propanoate and not further defined Ni species.70  

 

Scheme 1-14. Simultaneous exposure of a [Ni-H] species toward ethylene and MA.70  
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However, the insertion products into [(N^O)CF,I-INiH(PMe3)] of both, ethylene and 2,1-insertion 

of MA (or decomposition products thereof) were detected in an overall ratio of 1:9 (Scheme 1-14), 

respectively. This ratio is also reflected by the separately determined second-order rate constants 

for the insertion of MA (kins,MA = 21 ± 1 ∙ 10-2 M-1 s-1) and ethylene (kins,C2H4 = 1.7 ± 0.1 ∙ 10-2 M-1 

s-1) at 9 °C. In other words, it is possible to achieve an effective competition of the binding to the 

[Ni] center and an insertion of both monomers into the [Ni-H] bond. However, for an effective 

copolymerization by a migratory insertion mechanism the low reactivity for further insertions of 

ethylene or MA into the Ni-C bond of the insertion product of MA, [Ni-MA-R], has to be 

overcome. 

These mechanistic studies reveal a number of possible intermediates and reactions taking place 

during a polymerization with [(N^O)Ni(II)R(L)] complexes in the presence of ethylene and an 

acrylic monomer (here MA). The importance of the intermediate [Ni-H] species becomes apparent, 

considering it is not only part of multiple decomposition pathways (bimolecular coupling, reductive 

elimination of (N^O)H ligand), but also inserts ethylene and MA with competitive rates. However, 

the resulting insertion products of MA into Ni-H or Ni-C bonds have a tendency for reversible -H 

elimination or irreversible decomposition rather than for further chain growth. Although this fact 

precludes acrylate monomers from being polymerized by a migratory insertion mechanism, in fact, 

they do not necessarily poison these catalysts irreversibly, so that a combination with a radical 

polymerization seems possible from this point of view. 

1.3.2 Metal-Mediated Radical Polymerizations 

In the previous section, the proposed approach of a dual radical/insertion polymerization of 

ethylene and MMA was considered from the perspective of the migratory insertion polymerization 

(Scheme 1-15, blue left). In addition, an initiation of a radical polymerization by salicylaldiminato 

Ni(II) alkyl/aryl complexes and/or a Ni-mediated radical polymerization have to be taken into 

account in the dual radical/insertion polymerization (Scheme 1-15, red right). Therefore, the focus 

of the following section lies on metal-mediated radical polymerizations. 
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Scheme 1-15. Proposed dual insertion/radical polymerization pathway consisting of two interplaying 

polymerization mechanisms (c.f. Scheme 1-6).52 After homolytic Ni-C bond cleavage and metal-mediated 

radical polymerization is proposed (emphasized). 

 

The most prominent examples of metal-mediated radical polymerizations are atom transfer 

radical polymerization (ATRP) and the organometallic-mediated radical polymerization (OMRP). 

The most significant difference between both methods is the nature of the dormant species of the 

growing polymeryl chain to keep the free-radical concentration low, thereby suppressing 

termination reactions that are of second-order in the free-radical concentration (disproportionation 

and recombination, Scheme 1-16).74,75 

Scheme 1-16. Schematic representation of the chain growth and the two main chain termination reactions 

of the growing PMMA radical chain.74,75 
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In general, ATRP and OMRP operating under reversible termination (OMRP-RT, Figure 1-2) 

are often connected to each other with one being predominant, depending on the reaction conditions 

applied. Since the characteristic reaction steps are a step-wise (radical) oxidative addition process 

of carbon halides to metal centers (Scheme 1-17), it also implies that many transition metal 

complexes which undergo a one-electron oxidative addition are potentially able to mediate radical 

polymerizations. Indeed, amongst others, such a one-electron oxidative addition was found to occur 

for nickel complexes.76,77 

Scheme 1-17. Reaction steps for ATRP and OMRP with reversible termination (OMRP-RT). The overall 

reaction can be considered as a one-electron oxidative addition process. 

 

 

Figure 1-2. Transition metals that are known to mediate ATRP (left) and OMRP-RT (right) reactions are 

shown in red.54 Below the generalized mechanisms for ATRP, OMRP-RT and catalytic chain transfer (CCT) 

are given.  

A number of transition metals are commonly used for ATRP, e.g. Mo, Mn, Fe, Co, Ni, Pd and 

Cu (Figure 1-2, red letters, left).54 In ATRP reactions, the dormant species of the growing free-

radical species is an alkyl halide species. A metal abstracts the halide in a single-electron transfer 

reaction whereby a metal-halide bond and an organic free-radical are formed. This reaction is 

reversible and limits the number of free-radicals. Despite the well-studied versatility of ATRP in 

which also group 10 metals are active,78-85 the nature of the dormant species does not allow the 
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combination of a migratory insertion polymerization with an ATRP reaction, since olefins are 

generally not inserted into metal-halide bonds. 

In contrast, in the organometallic radical polymerization (OMRP) metal-alkyl complexes are 

the dormant species, which in principle can also mediate a migratory insertion polymerization of 

olefins. If OMRP is operating under reversible termination (OMRP-RT) conditions, activation of 

radical chain growth is achieved by a thermal or photolytic homolytic metal-carbon bond cleavage, 

whereas the reversible deactivation is the backward reaction. Another pathway is the 

organometallic-mediated polymerization under degenerative transfer (OMRP-DT) conditions. 

Here, a metal-alkyl complex [Mn-R] undergoes an associative exchange with a growing radical 

chain R’∙, intermediate formation of [R’-Mn+1-R], and subsequent formation of [Mn-R’] and the 

exchanged organic radical R∙. OMRP-DT requires a continuous radical injection by a free-radical 

source and a coordination sphere which allows for an easy associative exchange of large one-

electron ligands (growing polymeryl chain). Hence, a sterically crowded coordination eviroment 

disfavors this process. More precisely, this process cannot be easily combined with highly active 

and long-lived (N^O) Ni(II) migratory insertion polymerization catalysts since they require bulky 

(N^O) ligands to suppress decomposition reactions.48,71 

Chart 1-2. Chemical structure of tetramesitylporphyrinato rhodium(II) and cobalt(II) complexes (left) and 

Co(II) dimethylglyoximato based complex (right).86-88 

 

The first example of a successful OMRP was reported by Wayland et al.86 in 1992: 

Tetramesitylporphyrinato Rh(II) complexes (Chart 1-2) were reacted with acrylates and the formed 

[Rh-alkyl] bond was cleaved homolytically by light and used to polymerize acrylic acid, methyl 

acrylate and ethyl acrylate. Since this seminal discovery, great efforts have been made in this field 

in which cobalt complexes evolved to be the most versatile and best studied OMRP systems. Early 
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systems were based on porphyrin (Chart 1-2, left)87 and dimethylglyoximato (Chart 1-2, right)88 

ligands. The reactivity of the active Co(II)/Co(III)-R couple has been extensively studied and 

comprehensively reviewed.57,89-91 A critical value for a successful OMRP is the bond dissociation 

energy (BDE) of the M-C bond.89,90 If the BDE is too low, [Mn] does not effectively trap the organic 

radicals and thus the concentration of free-radicals is not controlled. In contrast, if the BDE is too 

high, the trapping of radicals will be irreversible since [Mn+1-R] shows a superior stability. The 

BDE is influenced by the stability of the formed radical species and can additionally be triggered 

by ligand design, by either electronics or steric bulk. More bulky ligands proved to lengthen the 

M-C bond and lower the BDE. Co(III)-R porphyrin species have BDEs of 63 to 146 kJ∙mol-1, 

energies that allow for thermal radical formation under mild conditions (T < 100 °C).57 

For a combination of a migratory insertion polymerization and an OMRP-RT, the dormant 

[M-alkyl] species has to be active in the migratory insertion polymerization. Despite the fact that 

complexes of group 10 metals (including Ni) are suitable candidates as they are highly active in 

the ethylene polymerization and tolerant toward heteroatoms, reports on successful OMRPs are 

few. Nonetheless, there are some reports on Pd(II)-92-95 and Ni(II)-52,53mediated radical 

polymerizations. Although late transition metals seem interesting, some problems have to be 

overcome. First, their high tendency for -H elimination can lead to a deactivation of the dormant 

[M-alkyl] species during OMRP-RT (Figure 1-2, -H elimination pathway), and second the typical 

Ni-C BDE in the range of 159–214 kJ∙mol-1 exceeds the thermal energy window for an effective 

metal-mediated radical polymerization.96,97 Yet, BDEs of Ni-C bonds can be close to that of known 

effective Co-R species in metal-mediated radical polymerizations (159 vs. 146 kJ∙mol-1), and it is 

known that the ligand structure influences the M-C bond strength.57 Therefore, it seems likely that 

suitable Ni(II)-C species can be utilized to mediate free-radical polymerizations via an OMRP-RT 

mechanism. 

1.3.3 Dual Radical/Catalytic Pathway 

The previous sections dealt with migratory insertion polymerization of ethylene as well as 

metal-mediated radical polymerizations. Moreover, an elegant combination of both, as introduced 

by Leblanc and colleagues was presented (Scheme 1-6).52,53  
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According to the detailed studies by Leblanc and co-workers,52,53 the homopolymerization of 

functionalized olefins provides deep insights into the active polymerization mechanism (Scheme 

1-18). 

Scheme 1-18. Radical polymerizations of MMA, tert-butylarylate and styrene mediated by [(N^O)Ni(II)

Ph(PPh3)] and [(P^O)Ni(II)Ph(PPh3)] complexes.52 

 

The authors proved the [(N^O)Ni(II)Ph(PPh3)] complex to be little active in the absence of 

additional PPh3 (2% yield, 70 °C, 20 h) in the MMA homopolymerization, while addition of 3 

equiv. of PPh3 led to an increased yield of ~5% at 25 °C, ~10% at 50 °C and ~30% at 70 °C after 

2 h. Here, the number-average molecular weights were found to lie in the range of 8000 to 30000 

g∙mol-1 and the polydispersities (Mw/Mn = Đ) in the range of 2 to 3. [(P^O)Ni(II)Ph(PPh3)] showed 

a similar reactivity, however, the effect of additional phosphine was less pronounced.  

To better understand the role of PPh3 in the polymerization mechanism, copolymerizations of 

acrylic monomers and styrene were performed. The analysis of the reactivity ratios of the 

monomers according to the Kelen-Tüdös method98 supports that a free-radical polymerization is 

operative. In addition, not only are the reactivity ratios the same for the (N^O) and (P^O) complex, 

they are independent of whether additional PPh3 is present or not. In summary, these findings 

indicate that: firstly, a free-radical polymerization is active, and secondly the presence of PPh3 does 

not alter the polymerization mechanism, but actually makes the initiation more effective. 

The Grubbs-type (N^O) complexes are known to be active ethylene polymerization catalysts 

and were found to also mediate a radical MMA polymerization. Consequently, copolymerizations 

of both monomers were conducted in a mixture of bulk MMA and ethylene (25 or 100 bar). A 

reduced overall productivity was observed in neat MMA compared to polymerizations in a non-

coordinating solvent such as toluene (6.5 g and 12 g at 100 bar ethylene pressure, respectively). 

The formation of a mixture of different block copolymers was inferred from microstructure 

analysis with SEC (120 °C, TCB, versus linear PE standard), DSC and extraction experiments of 

the polymers formed. 
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The aforementioned observations lead to the following mechanistic proposal: A reversible Ni-C 

homolytic bond cleavage initiates the radical polymerization by releasing an organic radical (R∙) 

and a [Ni(I)] species. The dependency of the initiation efficiency of the radical polymerization on 

the phosphine concentration was rationalized by a stabilization of the corresponding coordinatively 

unsaturated [Ni(I)] species by the phosphine ligand. 

It was suggested that a recombination of the growing radical polymeryl radical species and the 

[Ni(I)] species could be possible and results in an insertion polymerization-active [Ni(II)alkyl] 

species; in fact a process that bears a resemblance to OMRP-RT with a dormant species which 

actually is an active migratory insertion polymerization catalyst. Thereby, the formation of block 

copolymers could be feasible by shuttling between two different polymerization mechanisms 

(Scheme 1-19). 

Scheme 1-19. Schematic representation of the shuttling between a migratory insertion polymerization of 

ethylene mediated by Ni(II)-alkyl/aryl species and a radical polymerization of MMA.59 

 

The corresponding [(N^O)Ni(I)] species plays a key role in the depicted mechanistic scenario: 

the metal-centered radical has to be sufficiently stable and a recombination with organic radicals 

needs to be possible. [Ni(I)] species have recently drawn much attention since they are considered 

as important intermediates in many cross-coupling reactions, where they operate in a non-classical 

Ni(I)/Ni(III) cycle.97,99-102 However, to date no [(N^O)Ni(I)Ln] complexes have been isolated. The 
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most similar complexes to date are the three-coordinated anilido-imine Ni(I) PPh3 complexes 

synthesized by Wang et al.103 Most observations of (N^O) coordinated Ni(I) complexes are limited 

to derivatives of salen or Schiff base (N^O)2-based Ni(II) complexes, which are reduced in situ by 

electrochemical methods and form temporarily stable radical species, often with a high contribution 

of the organic ligand to the radical character.104-108 There is also an example of an in situ generated 

[(N^O)Ni(I)(Ln)] species:59,109 Heating a sample of [(N^O)iPr,I-INi(II)Ph(PPh3)] in benzene led to 

the observation of a metal-centered radical species, however, as no hyperfine structure (HFS) was 

resolved, the detailed geometry and identity of this compound was not revealed. In addition to the 

metal-centered radical, the formation of biphenyl was proven via gas chromatography coupled with 

mass spectroscopy (GC-MS). This was rationalized by a homolytic Ni-C bond cleavage forming 

highly reactive phenyl radical species, of which two couple to produce biphenyl.  

There have been repeated reports on the formation of MMA containing polymers with similar 

catalysts. Bis[1-(aryliminomethylenyl)-2-oxy-naphthalen] Ni(II)/trialkylaluminium/PPh3 was 

reported to homopolymerize MMA in a migratory insertion polymerization pathway.110 [Bis(-

ketoiminato)Ni(II)]/MAO systems were also used for homopolymerizations of MMA, however, 

here a radical mechanism was proposed, involving a reversible Ni-C homolytic bond cleavage.111 

Furthermore, the efficient copolymerization of ethylene and MMA mediated by 

[(-ketoiminato)Ni(II)Ph(PPh3)]/MMAO systems was reported to occur via an insertion 

mechanism pathway.112 A similar approach using bimolecular salicylaldiminato (N^O) Ni(II) 

complexes to copolymerize ethylene and MMA via migratory insertion was described,113 albeit, 

some of the published results were not reproducible.114 In addition, Ni(II) α-

diimine/diethylaluminium chloride systems were reported to copolymerize ethylene and MMA,115 

more precisely, the former via a migratory insertion mechanism and the latter via a coordination-

addition mechanism. In brief: the picture evolving from all these reported reactivities for similar 

complexes is inconclusive and partially contradictory. 
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2  Objective 

An insertion copolymerization of polar vinyl monomers with non-polar olefins has been a long-

standing challenge of polymerization catalysis and polymeric materials research. Considerable 

advances have been made with late transition metal catalysts which are more tolerant toward the 

polar vinyl monomers functional groups. An intriguing example in this regard is provided by the 

well-known neutral (N^O) salicylaldiminato Ni(II) insertion polymerization catalysts. While these 

catalysts are highly active in the migratory insertion polymerization of ethylene, even in the 

presence of heteroatoms in solvents or remotely substituted olefins, they convey an inconclusive 

and partially even contradictory picture concerning their reactivity toward acrylates, and 

particularly MMA. 

Mixed as this picture is, an understanding of the underlying reaction mechanisms is essential in 

order to reveal relevant pathways not yet recognized in polar monomer polymerizations to date. 

Therefore, the objective of this thesis is to shed light on the migratory insertion polymerization of 

ethylene by neutral (N^O) salicylaldiminato Ni(II) catalysts in the presence of MMA. To this end, 

both the synthesis and isolation of catalytically active species and other metal complexes which 

are anticipated to be involved in the overall reaction scheme is envisaged. Polymerizations of 

ethylene and MMA, individually or together under (high-)pressure reactor conditions, is thought 

to provide direct insights into the overall reactivity by detailed polymer analysis, thus allowing to 

draw conclusions from the obtained microstructures and end groups of the generated polymers. In 

addition, as the method of choice for identifying key reaction steps at the molecular level, the 

analysis is conducted via direct observation of the species involved by spectroscopic methods in 

stoichiometric reactions. 

When combined, these methods should render a complete mechanistic picture of important 

reactions occurring under the applied conditions for the dual radical/catalytic pathway and thus 

may allow to optimize this pathway and to eliminate undesired side reactions.
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3  Results and Discussion 

3.1 General Considerations 

Various systems containing Ni(II) complexes have been proven to promote the simultaneous 

polymerization of ethylene and polar vinyl monomers.52,53,111,112,116,117 This research focuses on 

polymerizations of ethylene in the presence of MMA using neutral (N^O) salicylaldiminato Ni(II) 

aryl-phosphine complexes. For these systems, detailed mechanistic studies on the reaction with 

ethylene48 and MA70,71 have previously been reported (section 1.3.1, page 12). 

Chart 3-1. General notation of the (N^O)Ni(II)R(L) complexes used in this study. 

 

For the present case study concerning ethylene polymerizations in the presence of MMA, we 

employed a number of different (N^O) Ni(II) complexes (Chart 3-1): Complexes with the ligand 

[(N^O)CF,I-I]
- (1R

L) were selected for their robustness and high activities in the ethylene 

polymerization,41,44,49,50,118 while [(N^O)iPr,I-I]
- was chosen because the corresponding Ni-phenyl 

PPh3 complex (2Ph
PPh3) was described to mediate migratory insertion and radical 

polymerizations.52,53 Furthermore, complexes with the ligands [(N^O)iPr,tBu-H]- (3R
L) and 

[(N^O)iPr,Ant-H]- (4R
L) do not contain iodo-substituents on the salicylaldehyde (R2 and R3 in 1 and 

2), a fact that allows the determination of a specific influence of Ar-I functionalities.  

Besides [Ni-Ph] complexes as the most common polymerization catalyst precursor complexes, 

we used [Ni-Me] complexes for their being a closer mimic of the growing [Ni-alkyl] species in the 
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ethylene polymerization. Moreover, [Ni-H] complexes were used in this study as they are reactive 

intermediates formed after -H elimination during insertion polymerization. In addition to 

phosphines as labile ligands, which were reported to promote the radical polymerization 

process,52,53 DMSO was used as a weakly coordinating ligand enabling insertion reactions into the 

[Ni-C] moiety under mild conditions. For further information on syntheses and characterization of 

these complexes see section 5: Synthesis and Characterization of Nickel Complexes (page 93). 

3.2 Reactivity of Different Ni(II) Catalyst Precursors toward 

MMA 

Leblanc et al.52,53 reported a free-radical MMA polymerization to occur in the presence of 

[(N^O)iPr,I-INi(II)Ph(PPh3)] (2
Ph

PPh3), which is promoted by additional PPh3. However, the role of 

PPh3 has remained basically unclear. Therefore, we provide further insights into this matter by 

performing homopolymerizations of MMA, labeling experiments and detailed polymer analysis. 

3.2.1 Homopolymerizations of MMA Initiated by [(N^O)Ni(II)

R(PPh3)] Complexes  

To elucidate the effects of the substitution pattern of the salicylaldiminato ligand and additional 

phosphine in [Ni] initiated MMA homopolymerizations, [(N^O)CF,I-INiPh(PPh3)] (1Ph
PPh3) and 

[(N^O)iPr,tBu-HNiPh(PPh3)] (3Ph
PPh3) were reacted in neat MMA at 70 °C with different 

concentrations of PPh3.  

A significant decrease in molecular weight is observed with increasing concentration of PPh3. 

For example, for complex 1Ph
PPh3, the molecular weight (Mn) drops from 803∙103 g∙mol-1 to 

610∙103 g∙mol-1 and 463∙103 g∙mol-1 with increasing PPh3 content (Table 3-1, Entries 1 to 3), 

respectively. The reason for this finding lies in a higher steady-state concentration of free-radicals, 

and therefore a higher rate of the bimolecular termination reactions of the growing radical 

polymeryl species (by radical recombination or disproportionation).74,75 Concerning the complex 

1Ph
PPh3, polymer yields increase from 2.8% to 6.2% and 6.8% with increasing the concentration of 

PPh3 in three steps from 0 to 3 and 5 equiv. of PPh3, respectively. Accompanied by a higher yield 

of the radical polymerization is a significant increase of the polydispersity index (Mw/Mn), hence 

indicating less uniform chain termination reactions. Since the conversion in all MMA 
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homopolymerizations was below 10%, a limitation of Mn by a depletion in monomer can be 

excluded.  

Table 3-1. MMA homopolymerizations initiated by complexes 1Ph
PPh3, 1Me

dmso and 3Ph
PPh3 with or without 

additional PPh3. 

Entry Complex c([Ni]) / 

mmol∙L-1 

Equiv. 

add.  

t / 

min 

Yield in 

% 

Mn / 10-³ 

g∙mol-1 

(a) 

Mw/Mn 

(a) 

Chains/

[Ni]  

(b) 

1 1Ph
PPh3 0.5 0 390 2.8 803 1.8 0.05 

2 1Ph
PPh3 0.5 3 PPh3 440 6.2 610 2.1 0.14 

3 1Ph
PPh3 0.5 5 PPh3 360 6.8 463 2.7 0.26 

4 1Me
dmso 0.5 3 PPh3 261 7.2 563 2.8 0.21 

5 3Ph
PPh3 0.5 0 428 1.1 270 4.3 0.06 

6 3Ph
PPh3 0.5 3 PPh3 428 1.8 251 4.2 0.10 

Reaction conditions: 70 °C, neat MMA. (a) Determined by SEC (40 °C, THF) vs. polystyrene standards. (b) 

Calculated by (m(PMMA)/Mn,SEC(PMMA))/n(Ni).  

An accurate measure for the efficiency of the initiation reaction is the amount of PMMA chains 

formed per employed Ni center (chains/[Ni]) (for additional information see section 6.1.11, page 

118). In the absence of additional PPh3, 0.05 chains/[Ni] are formed with complex 

[(N^O)CF,I-INiPh(PPh3)], while the addition of 3 or 5 equiv. of PPh3 increases the chains/[Ni] ratio 

to 0.14 and 0.26, respectively. Similarly, for complex [(N^O)iPr,tBu-HNiPh(PPh3)] (3
Ph

PPh3) alone, a 

ratio of 0.06 chains/[Ni] is measured, and increases to 0.10 in the presence of 3 equiv. of PPh3 

(Table 3-1, Entries 5 to 6). Already this result points out the crucial role of the phosphine for the 

generation of free-radicals.  

Apart from [Ni-Ph] complexes, [Ni-Me] species, as a model compound for the growing [Ni-PE] 

species in ethylene polymerization, were shown to initiate radical MMA polymerizations with 

results comparable with the corresponding [Ni-Ph] complexes not only with regard to yields, 

molecular weights and chains/[Ni] ratios (1Me
dmso with 3 equiv. PPh3, Table 3-1, Entry 2 vs. 4), but 

also with similar kinetic polymerization behavior (Figure 3-1, red vs. blue). 
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Figure 3-1. Time-dependent yield for the radical polymerizations of MMA mediated by 

[(N^O)iPr,I-INiPh(PPh3)] (black), [(N^O)CF,I-INiPh(PPh3)] (red), [(N^O)CF,I-INiMe(dmso)] (blue) and 

[(N^O)iPr,tBu-HNiPh(PPh3)] (green) with additional 3 equiv. of PPh3. Reaction conditions: c(MMA) = 9.389 

M, c([Ni]) = 0.5 mM, T = 70°C. 

In addition to the effect of ligand substitution and the influence of additional phosphine, we 

investigated the influence of the concentration of initially supplied [(N^O)Ni(II)R(L)] on the 

efficiency of the radical MMA polymerization so as to be able to provide valuable insights into the 

nature of the initiation reaction, e.g. to answer the question whether a key initiation reaction step 

is mononuclear or bimolecular. To this end, [(N^O)iPr,I-INiPh(PPh3)] (2
Ph

PPh3), which has previously 

been described as an efficient radical polymerization initiator,52,53 was reacted at different [Ni] 

concentrations with MMA (Table 3-2). When the initial concentration of 2Ph
PPh3 is raised step-wise 

from 0.5 to 4.1 and finally to 8.4 mmol∙L-1, a significant increase in the amount of PMMA chains 

per [Ni] center from 0.18 to 0.63 and 1.52, respectively, is observed. From this it follows that the 

radical polymerization initiation efficiency depends on the initial [Ni] concentration. It also 

suggests a radical initiation process with a reaction step involving more than one [Ni] center to be 

active. 
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Table 3-2. MMA homopolymerization initiated by complex 2Ph
PPh3 with additional 3 equiv. of PPh3 in 

dependency on the [Ni] concentration. 

Entry Complex c([Ni]) / 

mmol∙L-1 

equiv. 

add.  

c(MMA)/ 

mol∙L-1 

t / 

min 

yield 

in % 

Mn / 10-³ 

g∙mol-1 

(a) 

Mw/

Mn
 

(a) 

chains/

[Ni] 

(b) 

1 2Ph
PPh3 0.5 3 PPh3 9.389 440 4.3 321 3.4 0.18 

2 2Ph
PPh3 4.1 3 PPh3 5.633 440 16.0 35 2.2 0.63 

3 2Ph
PPh3 8.4 3 PPh3 5.633 120 27.1 12 2.0 1.52 

Reaction conditions: 70 °C, neat MMA (9.389 M) or with toluene as a solvent. (a) Determined by SEC (40 °C, THF) 

vs. polystyrene standards. (b) Calculated by (m(PMMA)/Mn,SEC(PMMA))/n(Ni).  

True, another explanation for the higher chains/[Ni] ratio could be an active chain-transfer to 

the monomer/polymer which is known for acrylate monomers (Scheme 3-1),119,120 but chain 

transfer reactions are first-order with respect to the concentration of the radical species, whereas 

the main chain termination reactions are of second-order. Therefore, chain transfer is not more 

likely when higher initial concentrations of the radical initiator are used. In addition, chain transfer 

rates are negligible in comparison to the propagation rate.121  

Scheme 3-1. Schematic representation of chain transfer to monomer in the radical MMA polymerization. 

 

An additional chain transfer reaction is a transfer to solvent122 since the polymerizations 

described in Entries 2 and 3 in Table 3-2 used dilutions with toluene (Scheme 3-2). These solution 

conditions were chosen since, without dilution, a highly viscous polymerization mixture is obtained 

hindering a uniform mixing. A radical transfer reaction to the methyl group of toluene could be 

possible, a reaction, however, that has recently been proven not to proceed to a significant extent 

in free-radical polymerizations of acrylates123 (for further information see section 6.1.11, page 

120). 

Scheme 3-2. Schematic representation of chain transfer to solvent in the radical MMA polymerization. 
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Figure 3-2. Yield-dependent Mn (black) and Mw/Mn (red) for the radical polymerization of MMA mediated 

by [(N^O)CF,I-INiPh(PPh3)] (filled squares), [(N^O)iPr,I-INiPh(PPh3)] (open circles) with additional PPh3. 

Reaction conditions: c(MMA) = 9.389 M, c([Ni]) = 0.5 mM, T = 70°C.  

In addition, in analogy e.g. to cobalt-mediated radical polymerizations,91,124 one could expect 

that a reversible trapping of the free-radical PMMA chains by [Ni] species formed during 

polymerization takes place to subsequently result in a metal-mediated radical polymerization when 

suitable conditions are applied. However, for 1Ph
PPh3 and 2Ph

PPh3 (with add. of PPh3), a plot of 

Mn(PMMA) vs. yield shows no linear relationship and the polydispersities (Mw/Mn) are in the range 

of 2 to 5 (Figure 3-2); facts that clearly indicate the absence of controlled radical polymerization 

here. 

The MMA homopolymerizations revealed that the complexes 1Ph
PPh3, 2Ph

PPh3 and 3Ph
PPh3 

effectively promote radical MMA polymerizations, which shows a strong dependency on the 

phosphine and the initial [Ni] concentration. Despite these findings, the nature of the initiating 

organic radicals still remained unclear. Therefore, the formed PMMA polymers were studied in 

more detail to provide insights into the initiation process. 

3.2.2 Microstructure and End Group Analysis of PMMA 

Homopolymers 

According to Leblanc et al.52,53 a radical polymerization mechanism is active in the 

aforementioned polymerizations. This is confirmed by the fact that PMMA homopolymers 

obtained by initiation with Ni(II) precursors are slightly syndio-enriched (about 60 %rr). For 
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example, for PMMA homopolymers initiated by 1Ph
PPh3 (Figure 3-3) or by 2Ph

PPh3 with additional 

PPh3 (Figure 7-8) tacticities of 61 %rr are observed. Leblanc et al. found values of %rr ranging 

from 62–66% for PMMA homopolymers initiated by 2Ph
PPh3 with or without additional PPh3.

52 

This observation is in line with PMMA obtained from radical polymerizations of MMA initiated 

by a classical radical initiator (phenylazotriphenylmethane, %rr = 60%, Appendix Figure 7-9).  

Instead of a radical MMA polymerization, a coordination-addition type polymerization could 

be also conceivable in the presence of transition metals. It is known that both the ligand structure 

as well as the temperature influences the tacticity of the resulting polymer during this 

polymerization mechanism,10 and such polymerizations have been repeatedly described or 

proposed for (N^N) or (N^O) Ni(II) /MAO or MMAO systems.115,117 However, a dependency of 

the tacticity in the formed PMMA on the ligand structure or temperature was not observed in the 

MMA homopolymerizations initiated by (N^O)Ni(II)R(PPh3) complexes in the present study. 

Therefore, a coordination-addition type mechanism is excluded. 

 

Figure 3-3. Exemplary 1H NMR (400 MHz, CDCl3, RT) spectrum of PMMA initiated by 1Ph
PPh3 (Table 3-1, 

Entry 1). Reaction conditions: c([Ni]) = 0.5 mmol∙L-1, c(MMA) = 9.389 mol∙L-1, T = 70 °C.  

Additional information is provided by DSC analysis of the PMMA homopolymers resulting 

from initiation by Ni(II) precursors, which show glass transitions (Tg) of ca. 124 °C. These values 

are in line with properties for PMMA obtained from free-radically polymerized MMA initiated by 
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the standard radical initiator azo-bis(isobutyronitrile) (AIBN) and applying similar reaction 

conditions (Figure 3-4). 

 

Figure 3-4. DSC (10 K∙min-1, exothermic downward) traces of PMMA formed by radical polymerization 

of MMA initiated a) by 1Ph
PPh3 (Table 3-1, Entry 1) and b) by AIBN applying comparable reaction 

conditions. 

In addition, unsaturated end groups, which are detected by 1H NMR spectroscopy (5.45 and 

6.15 ppm in CD2Cl2, Figure 3-7), are formed via a bimolecular disproportionation reaction of two 

radical PMMA polymeryl chains.74,75 Apart from the unsaturated end groups, it is expected that 

one equivalent saturated end groups should form by disproportionation, however, as they are likely 

to be obscured by the PMMA backbone resonances, they were not identifiable by NMR 

spectroscopy. 

The aforementioned results support that the mechanism of the MMA polymerization represents 

a radical chain growth process. Supporting evidence is provided by spin trapping studies with 

N-tert-butyl-α-phenylnitrone (PBN), which allows to identify organic radicals in typical reaction 

mixtures for the MMA homopolymerization initiated by [(N^O)Ni(II)R(PPh3)] complexes. Since 

the initially formed and/or growing radical PMMA chains are relatively short-lived species, the 

trapping of the reactive radical species and the transformation into stable free-radicals allow for a 

more convenient proof of the organic radicals involved in the reaction mechanism. One of the most 

widely used spin traps in organometallic chemistry is PBN (Scheme 3-3).125 The corresponding 

PBN spin adduct forms a stable and long-living organic radical due to mesomeric stabilization and 

steric shielding. Analysis of the hyperfine structure (HFS) of the formed spin adduct of PBN allows 

for the identification of the trapped radical species, and therefore, could allow for observation of 

the initial radicals, i.e. the end groups in the resulting PMMA. 
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Scheme 3-3. Organic radical spin trapping reaction using N-tert-butyl-α-phenylnitrone (PBN). 

 

 

Figure 3-5. X-band cw EPR spectrum (9.39 GHz) of the thermal reaction of 1Ph
PPh3 (1 mM), 3 equiv. PPh3 

and 5 equiv. PBN at 70 °C after 90 min with the addition of 10000 equiv. of MMA. 

The g values of the trapped radicals are in the expected range for organic radicals (g ~ 2.00, 

Figure 3-5), however, the presence of 10000 equiv. of MMA leads to the formation of multiple 

organic PBN spin adducts. Although, PMMA oligo- or polymer radicals of different length were 

presumably trapped, leading to multiple spin adducts,126 neither the origin nor the nature of the 

initial organic radicals could be identified under the conditions applied. Nevertheless, these results 

corroborate not only the formation of organic radicals, but also that the PMMA polymerization is 

proceeding via a radical polymerization mechanism. 
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Figure 3-6. a) MMA homopolymerization with 13C-labeled catalyst precursor 113CH3
PPh3 and the expected 

end groups obtained via homolytic bond cleavage (HBC) of Ni-C and the corresponding estimated 13C NMR 

chemical shifts. b) 13C{1H} NMR (600 MHz, CD2Cl2, RT) spectrum of the precipitated polymer. Peaks 

labeled with an * were also observed when the polymerization was initiated by [Ni-Ph] complexes. c) 1H 

NMR (400 MHz, CD2Cl2, RT) spectrum of the MeOH soluble fraction.  

To gain further insights into the initiation process, 13CH3-labeled 113CH3
PPh3

127 was employed as 

an initiator for MMA polymerization (60 °C, 3 equiv. of PPh3). The PMMA formed by initiation 

with 113CH3
PPh3 should contain a 13C-labeled end group if the release of an organic free-radical 

occurs by homolytic Ni-C bond cleavage after insertion of MMA into the Ni-C bond or directly 

from the [Ni-Me] precursor (Figure 3-6a). However, 13C NMR spectroscopy (Figure 3-6b) failed 

to detect any traces of 13C label incorporation in the PMMA formed, as the characteristic 

resonances of the expected labeled end groups are absent (around 7 and 25 ppm, Mn,NMR = 30∙103 

g/mol).128 Quantification of the 13C-labeled compounds, which were separated from the unlabeled 

PMMA (1.4 mol), show that from the initial 19.0 mol of 113CH3
PPh3 7.9 mol could be recovered 

unmodified after polymerization (workup applying inert gas conditions), while 1.1 mol of 

H3
13CPPh3

+ is formed (Figure 3-6c). The remaining 10 mol of 13CH3 label could not be recovered 

and were likely lost as gaseous product (ethane, which is formed without any involvement of 

MMA, vide infra). From this it follows that either of the two described pathways for the initiation 

of the radical polymerization - homolytic Ni-C bond cleavage of an MMA insertion product or of 

the [Ni-Me] precursor - can be excluded in this research. This result also indicates, that in the 

simultaneous polymerization of ethylene and MMA the alkyl moiety at the Ni center (e.g. PE 
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polymeryl) is unlikely to initiate free-radical MMA chain growth. This precludes the formation of 

block-PE-block-PMMA polymers via simple homolytic Ni-C bond cleavage in [Ni-PE/alkyl] 

complexes. 

 

Figure 3-7. 1H NMR spectra (400 MHz, CD2Cl2, RT) of the olefinic and aromatic region of PMMA initiated 

by a) 113CH3
PPh3, b) 2Ph

PPh3, c) phenylazotriphenylmethane and d) 2Me
P(mTol)3. For reaction conditions and 

polymer properties, see Table 6-1 (page 122). 

Surprisingly, in the 1H NMR spectrum of the PMMA formed by initiation with 113CH3
PPh3, aromatic 

end groups are clearly identified (0.20 equiv. with respect to Hb, Figure 3-7a). The same end groups 

can be identified when 2Ph
PPh3 with 3 equiv. of PPh3 (0.25 equiv. with respect to Hb, Figure 3-7b) 

or phenylazotriphenylmethane as a phenyl radical source (Figure 3-7c) were used as initiators. The 

assignment of phenyl end groups is further confirmed by matrix-assisted laser 

desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF MS, Figure 6-2, page 121) 

and the 1H NMR spectrum corresponds to reported resonances for Ph terminated PMMA.129,130 

Since PPh3 is the sole phenyl source in 113CH3
PPh3, the aryl end group of the resulting PMMA must 

originate from the phosphine compound. This assumption is further corroborated by using 

P(mTol)3 as a phosphine ligand in the initiator complex (2Me
P(mTol)3), which indeed results in 

different 1H NMR resonances of the aromatic end groups in the PMMA obtained from MMA 

homopolymerization (Figure 3-7d). Possible pathways for this end group formation will be 

discussed later in the section regarding sources of organic free-radicals (Section 3.5, page 71). 
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3.3 Reactivity of MMA toward Insertion Chain Growth Species 

In the previous section it was shown that the initiation of radical MMA polymerizations can be 

effectively brought about by [(N^O)Ni(II)R(PPh3)] complexes. Moreover, these complexes are 

known from previous studies as highly active catalyst precursors not only for ethylene insertion 

polymerization,44,118 but also even for simultaneous insertion and radical polymerizations.52,53 

However, the results of the aforementioned MMA homopolymerizations do not allow to make 

predictions of the nature of the polymers which are formed during the insertion polymerization of 

ethylene in the presence of MMA. Basically two different scenarios are conceivable, depending on 

whether or not interaction of both polymerization modes takes place: in case of interaction, the 

formation of statistical or block copolymers is expected, whereas the formation of homo-PE and 

homo-PMMA mixtures is expected without any interaction of both polymerization modes. 

Therefore, we conducted insertion polymerizations of ethylene mediated by [(N^O)Ni(II)R(PPh3)] 

complexes in the presence of MMA and analyzed the polymers carefully. 

3.3.1 Polymerizations of Ethylene in the Presence of MMA 

Simultaneous polymerizations of ethylene and MMA were conducted at 25, 50, 100, 120 and 

200 bar ethylene pressure. A plot of the productivity and the mol% MMA-based repeat units versus 

the ethylene pressure is shown in Figure 3-8. In general, the productivity rises from approximately 

50 to 300 mg(polymer)∙mol([Ni])-1 with increasing pressure from 25 to 200 bar ethylene. 

However, higher ethylene pressures predominantly lead to a higher activity in the ethylene 

migratory insertion polymerization, and as a result, the mol% MMA-based repeat units drops to 

less than 2 mol% at 200 bar ethylene when polymerizing in neat MMA. Such different 

incorporation ratios of the two monomers complicates the analysis of the exact nature and 

connectivity of the respective monomer units in the polymer formed (e.g. detecting block 

transitions via NMR spectroscopy). 
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Figure 3-8. Dependency of the ethylene pressure on productivity (mg∙mol([Ni])-1, black left) and mol% 

MMA-based repeat units (red right) in simultaneous polymerizations of ethylene in the presence of MMA. 

Reaction conditions: 70 °C, 3 equiv. PPh3, neat MMA. 1Me
PPh3 (25 bar) or 1Ph

PPh3 (50, 100, 120 and 200 bar) 

were used as catalyst precursors. 

High ethylene pressures may facilitate a radical addition of ethylene to the growing radical 

PMMA chain and may lead to a statistical copolymer via pure radical polymerization 

mechanism.131 Since we were interested in the interactions of the ethylene insertion polymerization 

and a radical MMA polymerization, we primarily discuss the results obtained from polymerizations 

at 25 bar ethylene pressure. Under these conditions a copolymerization of MMA and ethylene via 

radical polymerization is negligible. At 25 bar ethylene pressure and 70 °C a polymer with 99 

mol% MMA content is yielded in the absence of any Ni(II) precursor, in neat MMA with AIBN as 

a radical source. 

To provide kinetic insights, time-dependent polymerizations with 1Me
PPh3, 2

Me
PPh3 and 2Ph

PPh3 

with additional 3 equiv. of PPh3 at 70 °C and 25 bar of ethylene were carried out in neat MMA 

(Figure 3-9).  
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Figure 3-9. Time-dependent plots of the overall productivity (mg(polymer)/mol([Ni]), ■, left axis), 

together with mol% MMA-based repeat units (▼, right axis) for the simultaneous polymerization of 

ethylene and MMA with complexes a) 1Me
PPh3, b) 2Me

PPh3 and c) 2Ph
PPh3. The solid lines were included merely 

for guidance. Reaction conditions: 70 °C, 3 equiv. of PPh3, 50 mL of MMA, 25 bar of ethylene. 

In all cases, the resulting polymer product contains an almost equal number of repeat units of 

ethylene and MMA. Generally, a reduced productivity in the insertion polymerization of ethylene 

is observed as compared to previously described polymerizations in a non-coordinating solvent 

such as toluene,44,118 a discrepancy that may be accounted for by two reasons: the coordination of 

additional PPh3, and secondly, the coordination of the ester group of the MMA solvent to a vacant 

coordination site on the Ni center, thus hindering the coordination of ethylene. Moreover, a 

reversible insertion of MMA into Ni-alkyl or Ni-hydride species may lead to the formation of a 

Ni-alkyl species, which does not undergo further migratory insertion reactions and needs to be 

reactivated by subsequent -H elimination for migratory insertion polymerization. Indeed, the 

formation of such species was described before, for (N^O)Ni species by MA insertion70 and for 

phosphinesulfonato (P^O)Pd(II) species after MMA insertion.132 In addition, the MA Ni species 

was shown to irreversibly deactivate by a bimolecular reaction.70 In our case, 1Me
PPh3 is almost 

twice as productive as 2R
PPh3 (R = Me, Ph) regarding the overall productivity (Figure 3-9, a vs. b 

and c). The mol% content of MMA-based repeat units in the polymer product for all complexes 
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develops similarly over time (Figure 3-9, ▼). In general, most of the MMA is polymerized while 

the insertion polymerization is active to a significant extent (≤ 40 min), and in the late stage of the 

polymerization, the mol% MMA content in the product mixture slightly decreases (ethylene 

polymerization is more productive in comparison). No significant further conversion can be 

registered for 1Me
PPh3 after ca. 40 min (Figure 3-9a), and after ca. 20 min for 2Ph

PPh3 (Figure 3-9c) 

in the presence of ethylene, while in homopolymerizations of MMA, conversion significantly 

continue until 300 min for 1Ph
PPh3 and up to 200 min for 2Ph

PPh3 (Figure 3-1). Therefore, we conclude 

that the free-radical polymerization of MMA proceeds much faster in the presence of ethylene than 

in homopolymerizations of MMA. A further indication for this faster and also more efficient 

generation of free-radicals in the presence of ethylene is the ratio of PMMA chains formed per [Ni] 

center. For this calculation, it is assumed that the formed MMA containing polymers are essentially 

PMMA homopolymers, which is shown later on by detailed investigation of the microstructure of 

the polymers generated. The molecular weights of the PMMA fractions, necessary for this analysis, 

are provided by SEC at 40 °C in THF vs. PS standards (Table 7-1, page 154). A lower initial 

concentration of [Ni] was used in the simultaneous polymerization of ethylene and MMA 

(c([Ni]) = 0.3 mmol∙L-1) compared to the MMA homopolymerizations (c([Ni]) = 0.5 mmol∙L-1). 

Supplying a higher initial concentration of [Ni], one would expect a higher ratio of PMMA chains 

per [Ni] center as observed for 2Ph
PPh3 in Ni concentration dependent polymerizations of MMA 

alone (vide supra). Surprisingly, for all three complexes, ca. 0.35 PMMA chains per [Ni] are 

formed in the simultaneous polymerization of ethylene and MMA after only 5 minutes, i.e. the 

ratio is almost twice as high as observed for the polymerization of MMA alone after more than 2 

hours (Table 3-1 and Table 3-2). Apparently, the presence of ethylene promotes the generation of 

free-radicals.  

3.3.2 Studies on the Migratory Insertion Initiation Process Using 

Labeled [Ni-13CH3] and [Ni-Ph] Complexes 

As described above, the insertion and the free-radical polymerization are both active in the same 

time interval, and the free-radical polymeryl chains are generated faster in the presence of ethylene. 

To fully understand the described process, a deeper knowledge of the role of the catalyst precursor 

under the conditions applied is required. To this end, we used labeled [Ni-13CH3] (2
13CH3

PPh3) and 

[Ni-Ph] (2Ph
PPh3) catalyst precursors to introduce a detectable and quantifiable 13CH3 or phenyl 
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group at the PE chain-end, thereby allowing for a quantification (NMR spectroscopy) of the amount 

of catalyst precursor initiating a ethylene insertion chain growth polymerization in percent (%-ini, 

Table 3-3, details see 6.1.12, page 129). 

As early as 5 minutes of reaction time, the activation by ethylene covers approximately 50% of 

2Ph
PPh3 to eventually further increase up to 62% after 120 minutes (Table 3-3, Entries 1 to 4). The 

overall MMA content of the formed polymer composition amounts to 40% (mol% MMA-based 

repeat units) after 5 min, increases to 56% after 10 minutes and finally decreases to 46% after 120 

minutes. This development implies that the free-radical polymerization is mainly active during the 

reaction period as long as a high concentration of active species of the ethylene polymerization is 

present in the reaction mixture (up to 30 min).  

Table 3-3 Initiation efficiency in percent (%-ini) for [Ni-Ph] and [Ni-13CH3] complexes in the 

polymerization of ethylene with or without MMA. 

Entry Complex Solvent t / min MMA content in 

polym. Formed (a) 

%-ini for 

ethylene polym. 

1 2Ph
PPh3 MMA 5 40 52 

2 2Ph
PPh3 MMA 10 56 50 

3 2Ph
PPh3 MMA 30 51 54 

4 2Ph
PPh3 MMA 120 46 62 

5 213CH3
PPh3 MMA 10 36 65 

6 213CH3
PPh3 toluene 10 0 93 

Reaction conditions: 70 °C, p(ethylene) = 25 bar, 3 equiv. of PPh3. For details see section 6.1.12. (a) 

Determined by 1H NMR. Given as mol% MMA-based repeat units.  

Afterwards, the mol% MMA slightly drops and the ethylene polymerization slightly 

predominates over the radical MMA polymerization (mol% ethylene increases in the product 

mixture). The activation of catalyst precursors 213CH3
PPh3 and 2Ph

PPh3 (Table 3-3, Entries 2 vs. 5) by 

ethylene covers 65% and 52% respectively, after 10 min, that is, the activation rate by ethylene 

appears to be similar for the [Ni-Me] and [Ni-Ph] complexes here, but slightly faster for [Ni-Me] 

catalyst precursors. By comparison, in toluene, 93% of 213CH3
PPh3 is activated by ethylene after 10 

minutes (Table 3-3, Entry 6), indicating that, in analogy to the reduced ethylene productivity in the 

presence of MMA (vide supra), the initiation of the precursor complexes by ethylene is 

significantly slowed down in the presence of MMA, again very likely because of the coordination 

of added PPh3 for one thing, and for another the coordination of the ester group of MMA. Although 
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the insertion polymerization of ethylene is slowed down in the presence of MMA, the initiation of 

the free-radical MMA polymerization is faster in the presence of ethylene. At first sight, this points 

to an interaction of both polymerization modes. A more detailed picture of the interaction can be 

drawn from analysis of the polymers formed during this simultaneous polymerization of ethylene 

and MMA. 

3.3.3 Microstructure Analysis of the Polymers Formed in 

Simultaneous Ethylene and MMA Polymerizations 

Multiple techniques, such as differential scanning calorimetry (DSC), size exclusion 

chromatography (SEC), diffusion ordered NMR spectroscopy (DOSY) and 1H/13C NMR 

spectroscopy were used for characterization of the polymers formed by simultaneous ethylene and 

MMA polymerization, for clearly identifying the nature of the resulting polymer products. 

 

Figure 3-10. a) 1H NMR (400 MHz, TCE-d2, 130 °C) spectra of neat PMMA (turquois) and a PE/PMMA 

mixture (red). The intense PE backbone resonance is obscuring the mm triad resonance of the PMMA’s 

α-methyl group. b) 13C NMR (101 MHz, TCE-d2, 130 °C) spectrum of a PE/PMMA polymer mixture of the 

isolated quaternary carbon PMMA backbone triads. 

The tacticity of consecutive MMA repeat units in the polymer mixtures gives insights into the 

polymerization mechanism. However, an integration of the mm triad of the -methyl group of 

PMMA is not possible in the 1H NMR spectrum due to an overlap of the mm triad and the PE 

backbone signal (Figure 3-10a), so that the tacticity is determined by 13C{1H} NMR spectroscopy 

by integration of the respective isolated triad resonances of the α-methyl group instead (Figure 

3-10b).133,134 Altogether, NMR analysis shows that the tacticity of the PMMA produced by 
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polymerizations in the presence of ethylene is comparable to PMMA obtained from free-radical 

MMA homopolymerizations (62-65 %rr, Appendix Table 7-1, page 154).  

 

Figure 3-11. Second heating and first cooling traces (exothermic down) of PE/PMMA polymer mixtures 

obtained with 1R
PPh3 at different ethylene pressures: 25 bar (58 mol% MMA, black, R = Me), 50 bar (33 

mol% MMA, orange, R = Ph) and 100 bar (15 mol% MMA, green, R = Ph). 

For PMMA resulting from polymerizations with 1R
PPh3 (R = Me, Ph) at high ethylene pressures 

(100 bar, 15 mol% MMA), the Tg of PMMA overlaps with the pronounced melting endotherm for 

PE at about 120 °C (Figure 3-11, green). Therefore, the Tg of PMMA is not observable. For 

experiments at lower ethylene pressures, the PE’s degree of branching (approx. 25/1000 C atoms, 

section 6.1.12, page 131) and the MMA content (33 mol% at 50 bar, 58 mol% at 25 bar, Figure 

3-11, orange and black) increase, resulting in separately observable melting and glass transitions 

of PE (ca. 110 °C) and PMMA (ca. 124 °C), respectively, in the DSC traces. For all polymers 

obtained at 25 bar ethylene pressure, Tm and Tg are in the range of homo-PE and homo-PMMA, 

respectively (Table 7-1, page 154), thus giving an indication of formation of either homopolymer 

mixtures or block copolymers, containing long block segments derived from ethylene or MMA. 

Contrary to what would be expected for block copolymers,135 neither in 1H nor in 13C{1H} NMR 

spectra the characteristic resonances for a transition between PE and PMMA blocks are detected. 

Instead, for selected polymer samples produced with 1Me
PPh3 and 2Me

PPh3, two clearly separated 

diffusion coefficients of the characteristic PE and PMMA backbone resonances are observed by 

DOSY, which is a suitable tool for the identification of physical polymer mixtures (Figure 3-12).136 

This result strongly points out that under the applied conditions homopolymer blends of PE and 

PMMA are formed. 
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Figure 3-12. 1H DOSY (600 MHz, 130 °C, TCE-d2) of a polymer mixture (52 mol% MMA-based repeat 

units) polymerized with a) 1Me
PPh3 plus 3 equiv. of PPh3 in 50 mL of MMA, 25 bar of ethylene, 70 °C and 

30 min reaction time and b) of a polymer mixture (47 mol% MMA) obtained with 2Me
PPh3, 3 equiv. of PPh3 

in 50 mL of MMA, 25 bar of ethylene, 70°C and 60 min reaction time. In both cases, PMMA and PE 

backbone resonances show clearly separated diffusion traces (f1 dimension). 

 

Figure 3-13. HT-SEC (160°C, TCB) traces of a polymer mixture obtained with 2Me
PPh3 and 3 equiv. of PPh3 

in 50 mL of MMA at 25 bar ethylene pressure at 70°C after 2 h polymerization time (48 mol% MMA). A 

differential refractive index response (black) is only observed for a low molecular weight PE polymer 

fraction (22 min retention time). The viscosity detector (red) shows an additional response for a higher 

molecular weight polymer fraction (17 min elution time). The low molecular weight response at about 28 

minutes belongs to BHT addition in the solvent. 

SEC at 160 °C in 1,2,4-trichlorobenzene (TCB), a standard method for determining molecular 

weights of apolar PE polymers, was applied by Leblanc et al. to polymers obtained from a 

simultaneous polymerization of ethylene and MMA mediated by Ni(II) complexes.52,53 However, 

since the PMMA fraction can not be detected by differential refractive index detection, this method 

leads to a misleading monomodal polymer distribution showing only the contribution of the PE 

fraction (Figure 3-13) and thus appears to be unsuitable for PE/PMMA mixtures. To overcome this 

flaw, the PE/PMMA mixtures were measured by SEC at 40 °C in THF, conditions under which 
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both polymers are detectable. For solubility reasons this method is limited to low molecular weight 

PE with a high branching content. For this reason, polymers obtained with catalyst precursors 

2Ph
PPh3 and 2Me

PPh3 were completely soluble in THF, whereas polymers obtained with 1Me
PPh3 

containing a slightly lower PE branching content formed a turbid suspension of which the non-

soluble parts were separated prior to measurement using a syringe filter. 

 

Figure 3-14. Example SEC (40 °C, THF vs. polystyrene standards) traces of samples obtained with a) 

113CH3
PPh3, b) with 213CH3

PPh3 and c) with 213CH3
PPh3 w/o MMA. Reactions were carried out at 70°C at 25 bar 

ethylene pressure. Polymerizations a) and b) were carried out in 50 mL MMA, whereas polymerization c) 

was conducted in neat toluene in the absence of MMA. 

Bimodal polymer distributions are observed by SEC (40 °C in THF vs. PS standards, examples 

see Figure 3-14, derived data see Table 7-1, page 154) for all polymer mixtures resulting from 

simultaneous ethylene and MMA polymerizations. The low molecular weight fractions (3000-6000 

g∙mol-1, Mw/Mn ~ 1.2–1.3) are assigned to PE homopolymers and the high molecular weight 

fractions to PMMA (60000-110000 g∙mol-1, Mw/Mn ~ 2–3). The fractions were assigned by 

comparison with Mn determined by 1H NMR spectroscopy. Note, that SEC vs. PS standards 

overestimates the Mn of highly branched PE by a factor of approximately two as has previously 

been reported.39  

A careful extraction of such a polymer mixture was performed to confirm the assignment of the 

corresponding responses in the SEC experiments (for details see Experimental Section 6.1.12, page 

132). 
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Figure 3-15. a) Schematic representation of the extraction process of a polymer mixture obtained by 

polymerization with 1Me
PPh3 at 25 bar of ethylene in 50 mL of neat MMA at 70 °C (Table 7-1, Entry 3). b) 

SEC (40 °C, THF vs. PS standard) traces of the polymer mixture obtained after polymerization (52 mol% 

MMA, black) and after extraction with CyHex (89 mol% MMA, red). c) DSC traces for the polymer 

mixtures after polymerization (black) and of the cyclohexane insoluble fraction (89 mol% MMA, red). d) 

DSC traces for the polymer mixtures after polymerization (black), after extraction with CyHex (0.3 mol% 

MMA, blue) and of a PE homopolymer obtained under similar conditions in the absence of MMA (orange). 

More precisely, a polymer mixture resulting from simultaneous ethylene and MMA 

polymerization was extracted, and the particular fractions were analyzed by SEC and DSC. 

Extraction with non-polar cyclohexane of a polymer obtained with 1Me
PPh3 (Table 6-2, Entry 3, 52 

mol% MMA, 79 wt% MMA) afforded an extract (21 wt%) with a very low MMA content of 0.3 

mol%. DSC traces of this soluble fraction display the thermal behavior of neat PE (Figure 3-15d). 

The remaining insoluble fraction contains 89 mol% MMA, mainly resembling the characteristics 

of pure PMMA (DSC, Figure 3-15c). For this insoluble fraction a bimodal polymer distribution is 

found by SEC (Figure 3-15b, 40 °C, THF vs. PS standard) with a weak response, in comparison to 

the polymer mixture before extraction, of a low Mn PE fraction (6300 g∙mol-1) and a high Mn 

PMMA fraction (110∙103 g∙mol-1). From this exemplary extraction study it follows that 

homopolymer mixtures are not only formed but also are separable by physical separation methods. 

In addition, detailed NMR studies show that the relative amount of saturated end groups per PE 

chain (Nsat, normalized to 1 group per PE chain) introduced at the start of a new chain in insertion 

chain growth are almost equal to the relative amount of unsaturated chain ends (Nunsat) formed via 
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-H elimination (Scheme 3-4). In other words, this finding suggests that the PE chain growth starts 

by insertion of ethylene into [Ni-Me]/[Ni-Ph] catalyst precursors or intermediate [Ni-H] species 

and terminates by -H elimination, yet without any impact of MMA. Consequently, the same ratio 

of Nunsat to Nsat is observed whether or not MMA is present (Scheme 3-4b, Entries 1 to 3 vs. 4), 

suggesting that the insertion chain growth species [Ni-PE] does not participate in the generation of 

free-radicals and is not affected by the growing PMMA radicals as this reaction would result in a 

significantly different ratio of unsaturated and saturated end groups. 

Scheme 3-4. a) Schematic representation of activation and termination of the ethylene insertion chain 

growth. b) Observed relative amounts of unsaturated (Nunsat) and saturated (Nsat) end groups per PE chain. 

 

complex time solvent Nunsat
c Nsat

 

1Me
PPh3

 †) MMA 0.9 : 1 

2Me
PPh3

 †) MMA 0.9 : 1 

2Ph
PPh3

 †) MMA 0.9 : 1 

213CH3
PPh3 ‡) toluene 0.9 : 1 

Reaction conditions: solvent volume 50 mL, 25 bar of ethylene, 15 mol 

[Ni], 3 equiv. of PPh3, 70 °C. †) Arithmetic mean for polymerizations 

stopped after 5, 10, 30, 60 and 120 minutes. ‡) Polymerization time of 10 

minutes. 

At this point, it is important to note, that the same end group ratio could in principle follow from 

the following sequence of steps: an effective transformation of the growing migratory insertion 

species [Ni-PE] to PE polymeryl radicals, a subsequent radical chain growth of MMA, addition of 

the PE-PMMA polymeryl radical to [Ni], migratory insertion polymerization of ethylene starting 

from [Ni-PMMA-PE] and selective -H elimination from [Ni-PE-PMMA-PE] could lead to the 

same end group ratio. This scenario, however, can be excluded by comparative analysis of the 

results obtained from SEC, DOSY and extraction experiments. 

In summary, the detailed analysis (DSC, end groups, DOSY, SEC) of the formed polymers 

clearly suggests, that homopolymer mixtures of PE and PMMA are formed under the applied 
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conditions (1R
PPh3, 2

R
PPh3 with R = Me, Ph, 70 °C, 25 bar of ethylene, neat MMA, 15 mol of [Ni], 

3 equiv. of PPh3). The key reaction steps of the insertion polymerization of ethylene (activation, 

chain growth and termination) seem to proceed without any interaction of the simultaneous free-

radical MMA polymerization. Both, ethylene insertion and radical polymerization run 

simultaneously and are not influenced by each other. However, it was shown that the generation of 

free-radicals is more effective in the presence of ethylene, in comparison to polymerizations of 

MMA alone. Therefore, there is good reason to suspect that intermediates of ethylene 

polymerization are involved in the initiation of the free-radical polymerization. 

3.4 Reactivity of Ethylene and MMA toward (N^O)Ni(II) 

Species 

To identify the aforementioned Ni species, reactions of ethylene and MMA with Ni species, 

which are assumed to be involved in the polymerization process, were monitored by spectroscopic 

methods (NMR & EPR spectroscopy). 

3.4.1 Reactivity of [(N^O)Ni(II)Ph(PPh3)] toward Ethylene 

[Ni-Ph] complexes being the most common (N^O)Ni(II) catalyst precursor complexes for the 

insertion polymerization of ethylene, we focused on their reactivity toward ethylene. 

Scheme 3-5. Schematic representation of the formation of a (N^O)Ni(II) 3-phenylethyl complex starting 

from 3Ph
PPh3 and ethylene. 

 

To this end, [(N^O)iPr,tBu-HNiPh(PPh3)] (3
Ph

PPh3) was reacted with ethylene, a reaction that yields 

an observed 3-benzyl Ni(II) complex (15 equiv. of ethylene, 6 °C, C6D6, 72 h, Figure 3-16). This 

species is likely to be formed after ethylene insertion into the Ni-C bond of the [Ni-Ph] precursor, 

followed by a fast -H elimination, rotation of the olefin and reinsertion in a 2,1-mode (Scheme 

3-5). These reaction steps finally lead to the formation of a 3-phenylethyl Ni(II) complex, a species 

that appears to be favored and thus is the main Ni(II)-C complex species identified in solution. In 
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comparison to higher [Ni-alkyl] species, the 3-phenylethyl Ni(II) complex undergoes a slow 

second insertion of ethylene and the 3-phenylethyl Ni(II) complex accumulates in solution under 

the applied conditions. 

Further reaction via -H elimination leads to the observed formation of styrene and the 

corresponding [Ni-H] species (3H
PPh3, (1H) = -27.15 ppm, Figure 3-17). Interestingly, 3H

PPh3 is 

surprisingly stable in comparison to the previously described [(N^O)Ni(II)-H] species 

[(N^O)CF,I-INiH(PMe3)] (1
H

PMe3).
48 1-butene and 2-E/Z-butene from dimerization reactions, and 

protonated (N^O)H ligand are detected as organic reaction products (see appendix Figure 7-12, 

page 155). The latter presumably forms by reductive elimination resulting from intermediate 

[Ni-H] species to form the protonated salicylaldiminato ligand which is associated with the 

expected formation of a [Ni(0)] species. Similar decomposition reactions for other [Ni-H] species 

were previously described by Jenkins and Brookhart73 and Waltman et al.71  

 

Figure 3-16. 1H-1H NOESY (600 MHz, C6D6, RT) of the reaction mixture of 3Ph
PPh3 and 15 equiv. ethylene 

at 6 °C after 72 h. The NMR sample was filtered through a syringe filter to separate PE formed. The 

3-phenylethyl coordinated complex is in equilibrium with a second isomer (H17’ and H18’ methine 

protons). 

In addition to the organic products, paramagnetic species are recorded in the reaction mixture 

of [(N^O)iPr,tBu-HNiPh(PPh3)] with ethylene (9 equiv. of ethylene, RT, C6D6, 48 h, Figure 3-17). 

Complexes with unpaired electrons are affected by the anisotropic magnetic field which is induced 

by the unpaired electron leading to additional contributions to the magnetic field applied during 
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measurement of NMR spectra. This leads to anisotropically shifted resonances to high or low 

frequencies.137 Particularly, tetrahedrally coordinated Ni(II) centers and Ni(I) complexes have 

unpaired electrons and therefore, are expected to show typical anisotropically shifted resonances 

in 1H NMR spectra. First, the paramagnetic, tetrahedrally coordinated, bis-chelated complex 

[{(N^O)iPr,tBu-H}2Ni] is identified via 1H NMR spectroscopy by comparison with characteristic 

resonances of separately synthesized [{(N^O)iPr,tBu-H}2Ni] (e.g. (1H) = 45.2 and -21.9 ppm). 

 

Figure 3-17. 1H NMR (400 MHz, C6D6, RT) spectroscopic reaction monitoring of a mixture of 3Ph
PPh3 

(27 mM) and incrementally added ethylene at RT after 0 h (bottom), 6 h (center) and 48 h (top, 20 Hz 

Gaussian line broadening). 

We hypothesized that an intermediate, paramagnetic [(N^O)Ni(I)] complex could be formed via 

bimolecular reductive coupling, eliminating H2 from two [Ni-H] species (Figure 3-18a, further 

discussion see 3.4.3, page 64). The corresponding [Ni(I)] complex, [(N^O)iPr,tBu-HNi(I)(PPh3)2] 

(3PPh3
PPh3), was synthesized separately (Figure 3-18b, for additional information see section 5.2, 

page 104). Note that, to our knowledge, this complex represents the first isolated and characterized 

N^O-salicylaldiminato Ni(I) complex reported to date. Indeed, Ni(I) complex 3PPh3
PPh3 is formed 

intermediately in the reaction of [(N^O)iPr,tBu-HNi(II)Ph(PPh3)] with ethylene and its characteristic 

resonances could be identified via 1H NMR (Figure 3-17) and EPR spectroscopy (Figure 3-18c) by 

comparison with spectroscopic features of separately prepared samples. 
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Figure 3-18. Identification of the paramagnetic [Ni(I)] complex [(N^O)iPr,tBu-HNi(I)(PPh3)2] formed during 

the reaction of 3Ph
PPh3 with ethylene. a) Schematic representation of the bimolecular reductive coupling 

leading to [(N^O)Ni(I)Ln] complexes. b) Reaction of [(PPh3)3NiCl] with [(N^O)iPr,tBu-H]Na to form 

[(N^O)iPr,tBu-HNi(I)(PPh3)2], which is shown as ORTEP (50% probability ellipsoids, hydrogens are omitted 

for clarity) plot determined by X-ray diffraction. c) X-band cw EPR spectra (9.36 GHz, toluene, -170 °C) 

of the reaction mixture of 3Ph
PPh3 (27 mM) and 9 equiv. of ethylene at RT after 48 h (black) and of separately 

synthesized 3PPh3
PPh3 (blue). 

 

Figure 3-19. a) 1H NMR spectrum (400 MHz, THF-d8, RT) of the reaction mixture of 3Cl
PPh3 (26 mM) with 

3 equiv. NaHB(OMe)3 forming 3H
PPh3 at RT after 22 h. Two sets of anisotropically shifted resonances 

appeared during the reaction. By comparison with separately synthesized complexes they were assigned to 

b) the corresponding [Ni(I)] complex (3PPh3
PPh3) and c) the bis-chelated complex {3-3}. 

Repeated synthetic approaches to Ni(I) complexes include their generation via intermediate 

formation of [Ni(II)H] species. 138-140 Therefore, it is supposed that the formation of the observed 
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[Ni(I)] complex occurs mainly by bimolecular reaction via reactive [Ni(II)H] complexes after -H 

elimination. To elucidate the role of the [Ni-H] species more directly, 3H
PPh3 was generated in situ 

by reaction of 3Cl
PPh3 with 3 equiv. of NaHB(OMe)3 in THF-d8 at RT (Figure 3-19). Presumably 

via bimolecular reductive coupling, 3H
PPh3 reacts to form the [(N^O)Ni(I)] complex 3PPh3

PPh3 along 

with the observed release of H2 ((1H) = 4.54 ppm) by 1H NMR spectroscopy.  

 

Figure 3-20. Indirect observation of [(PPh3)4Ni(0)] formed by disproportionation resulting from 

intermediate Ni(I) species. Bottom spectrum (1H NMR, 400 MHz, C6D6, RT) shows the reaction mixture of 

(N^O)iPr,Ant-HNa with [(PPh3)3Ni(I)Cl]. The intermediately formed (N^O)Ni(I) complex undergoes very 

rapid disproportionation at RT, leading to the observed generation of bis-chelated complex {4-4}. The 

corresponding Ni(0) species was indirectly detected by an oxidative addition reaction with 

3,5-dimethoxybromobenzene (top) forming trans-bromo(3,5-dimethoxyphenyl)bis(triphenylphosphine)

nickel(II). 

Apart from the [(N^O)Ni(I)] species, it was possible to identify the bis-chelated [(N^O)2Ni(II)] 

complex {3-3}, which is formed as expected after disproportionation of the intermediate [Ni(I)] 

species. Moreover, the disproportionation of a [Ni(I)] species is assumed to also produce a reduced 

[Ni(0)] species which could be confirmed after analysis of the reaction products in the attempted 

synthesis of [(N^O)iPr,Ant-HNi(I)(PPh3)2] (4
PPh3

PPh3, Ant = 9-anthracenyl), incidentally a product that 

undergoes a very rapid further reaction. Note that in contrast to 4PPh3
PPh3 complex 3PPh3

PPh3 is 

thermally stable for hours at 70 °C, which emphasizes the crucial role of the substituent in the 
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3-position of the salicylaldehyde for the stability of the resulting (N^O)Ni(I) complex. The bis-

chelated complex [{(N^O)iPr,Ant-H}2Ni] was observed by NMR spectroscopy (Figure 3-20, # label). 

Since the direct identification of [Ni(0)(PPh3)4] is hindered due to both the lack of characteristic 

NMR resonances and the equilibrium of four- and three-coordinated Ni(0) centers,141,142 

[Ni(0)(PPh3)4] instead had to be identified indirectly by addition of 3,5-dimethoxybromobenzene 

to the reaction mixture to enable the formation of the oxidative addition product, trans-bromo(3,5-

dimethoxyphenyl) bis(triphenylphosphine)nickel(II) (Figure 3-20, top). 

Furthermore, the copresence of a (N^O)2Ni(II) species and a Ni(0) species would also allow for 

a formation of the observed (N^O)Ni(I) species by comproportionation instead of the bimolecular 

reductive coupling of two Ni(II)-R complexes. Such a reaction was, for example, proved for 

(dppf)Ni(II) and (dppf)Ni(0) complexes under conditions applied to Ni-catalyzed Suzuki-Miyaura-

couplings,143 but also for other Ni(0)/Ni(II) pairs.144,145 However, this pathway can be excluded 

since decomposition of the isolated complex [(N^O)iPr,tBu-HNi(I)(PPh3)2] leads to formation of bis-

chelated [(N^O)Ni(II)] and [Ni(0)(PPh3)4] without any residual Ni(I) species, hence the 

equilibrium of this reaction is substantially shifted to the side of the Ni(II) and Ni(0) species. 

Scheme 3-6. Reaction of 3Ph
PPh3 with ethylene: reaction products and proposed pathways of formation. 

Additional labile ligands are omitted.  

 

In summary, in the presence of ethylene, the activation of the catalyst precursors (shown here 

for 3Ph
PPh3, but a similar reactivity was previously reported48 for 1Me

dmso) leads to [Ni-alkyl] 

complexes, which can undergo -H elimination to form reactive [Ni-H] species (Scheme 3-6). 

These [Ni-H] species tend to decompose even under mild conditions. Either a reductive elimination 

of the hydride ligand and the (N^O) ligand to form (N^O)H, or a bimolecular reductive coupling 

may occur. The latter was shown to proceed via intermediate metal-centered radicals [(N^O)Ni(I)] 
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and H2 formation. Further disproportionation leads to the final decomposition products: the bis-

chelated complex [(N^O)2Ni(II)] and the corresponding [Ni(0)] species (Scheme 3-7). 

Scheme 3-7. Bimolecular reductive coupling pathway as confirmed for [Ni-H] species. Labile ligands are 

omitted for simplicity. 

 

3.4.2 Reactivity of [(N^O)Ni(II)R(L)] toward MMA 

The stoichiometric experiments with ethylene and a catalyst precursor provided valuable 

insights into decomposition pathways and possible [Ni] species formed during polymerization 

reactions in the presence of ethylene. For a better understanding of both the simultaneous 

polymerization of ethylene and MMA, and the polymerization of MMA alone, it is reasonable to 

take a closer look at the reactivity of catalyst precursors toward MMA.  

Ni-Phenyl Complexes 

As [Ni-Ph] complexes are the most frequently used precursors in this field of chemistry, the 

reactivity of 1Ph
PPh3, 2

Ph
PPh3 and 3Ph

PPh3 with stoichiometric amounts of MMA (3 to 7 equiv., 70 °C) 

was studied by NMR spectroscopy. In the reaction solutions, unsaturated methyl 2-methyl-(E)-3-

phenyl-2-propenoate (Scheme 3-8 B) and saturated methyl 2-methyl-3-phenylpropionate (Scheme 

3-8 C) are identified as the final organic reaction products (e.g. Figure 3-21, additional 2 D spectra 

and GC-MS see Appendix Figure 7-14 to Figure 7-19, pp. 156–159). 

Scheme 3-8. Reactivity of [Ni-Ph] complexes toward MMA and proposed formation pathways of the 

reaction products. [(PPh3)2Ni(0)(2-MMA)] was only observed for 3Ph
PPh3. Structures in grey were not 

observed by NMR spectroscopy (A and [Ni-H]). 
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Figure 3-21. 1H NMR spectra (400 MHz, toluene-d8, RT) of 2Ph
PPh3 (15 mM) before addition (0 h) of 7 

equiv. of MMA and after heating the sample for 24 h at 70 °C. The spectrum at the top shows the low-

boiling fraction and characteristic resonances of the saturated organic product after 2,1 ins. of MMA into 

[Ni-Ph] and reaction with [Ni-H]. In addition, methyl 2-methyl-(E)-3-phenyl-2-propenoate is formed after 

2,1-insertion of MMA followed by -H elimination (labeled *). 

 

Figure 3-22. 31P{1H} NMR (162 MHz, C6D6, RT) monitoring of the reaction of 3Ph
PPh3 with 3 equiv. of 

MMA and 3 equiv. of PPh3 at 70 °C after 0 h, 2.5 h and 24 h, respectively. Organic products (vide supra), 

bis-chelated Ni(II) complex and [(PPh3)2Ni(0)(2-H2C=C(CH3)COOMe)] are the final decomposition 

products, presumably formed via reductive coupling and disproportionation of the intermediately formed 

[Ni(I)] complexes. 
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For the mentioned final reaction products, the following formation pathways are considered the 

most likely ones: generation of methyl 2-methyl-(E)-3-phenyl-2-propenoate (Scheme 3-8 B) via 

-H elimination from the intermediate [Ni-alkyl] complex after 2,1-insertion of MMA in the 

[Ni-Ph] bond (Scheme 3-8 A), and methyl 2-methyl-3-phenylpropionate (Scheme 3-8 C) via 

bimolecular reductive coupling of intermediate [Ni-H] species with the [Ni-alkyl] complex formed 

after 2,1-insertion of MMA into [Ni-Ph] (Scheme 3-8 A). In addition, the formation of the 

corresponding bis-chelated (N^O)Ni(II) complexes is proven by 1H NMR spectroscopy. 

 

Figure 3-23. 1H NMR spectrum (400 MHz, C6D6, RT) of the reaction of 3PPh3
PPh3 with 2 equiv. of MMA at 

RT after 0 (without MMA, bottom), 1, 6, 17 and 146 h. The left spectrum shows a spectral window from -30 

to 50 ppm. Asterisks (*) denote unassigned intermediate compounds and +-signals solvent impurities.  

In the case of [(N^O)iPr,tBuNiPh(PPh3)], the formation of the MMA-coordinated Ni(0) complex 

[(PPh3)2Ni(0)(2-H2C=C(CH3)COOMe)] (Figure 3-22) after reaction of 3Ph
PPh3 with MMA could 

be corroborated by comparing the characteristic NMR resonances of the formed products with 

those of independently prepared in situ samples of [(PPh3)2Ni(0)(2-H2C=C(CH3)COOMe)] 

(Figure 7-13, page 156). In addition, the observed resonances are in line with NMR resonances of 

previously reported similar complexes.146 The same final Ni species are detected during the 

decomposition of the separately prepared [(N^O)iPr,tBu-HNi(I)(PPh3)2] in the presence of 2 equiv. of 

MMA (RT, C6D6, Figure 3-23). The disproportionation takes place significantly faster in the 

presence of MMA than without additional MMA, a fact that may indicate a reaction of MMA with 

the Ni(I) species; however, no reaction products of MMA other than 

[(PPh3)2Ni(2-H2C=C(CH3)COOMe)] could be identified in solution. Therefore, there is good 
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reason to suppose that the faster disproportionation is facilitated by the formation of an intermediate 

coordination compound of MMA to the Ni(I) species, which is indicated by the intermediate 

formation of a new paramagnetic complex after addition of MMA to 3PPh3
PPh3 (Figure 3-23 after 

1 h, * label) 

Although, no [Ni-H] or [Ni(I)] species could be directly observed by NMR spectroscopy, the 

aforementioned results indicate that the formation of methyl 2-methyl-3-phenylpropionate 

(Scheme 3-8 C) takes place via a bimolecular reductive coupling pathway with intermediate [Ni(I)] 

formation. 

Ni-Methyl Complexes 

[Ni-Me] complexes provide better models for the growing [Ni-PE] polymeryl species in the 

insertion polymerization of ethylene than [Ni-Ph] complexes. Consequently, the reaction of MMA 

toward [Ni-Me] complexes was also investigated by stoichiometric, spectroscopically monitored 

experiments.  

Reaction of 1Me
dmso with 2 equiv. of PPh3 and 7 equiv. of MMA results in the observed formation 

of 0.4 equiv. of MePPh3
+ and ethane ((1H) =  0.82 (s) ppm, Scheme 3-9, DMSO-d6, RT, 10 days, 

Figure 3-24). No insertion of MMA into the [Ni-Me] bond or products thereof are observed, instead 

decomposition occurs. To study the reductive elimination of phosphonium salts from 

(N^O)Ni(II)Me(PPh3) complexes, DMSO-d6 was used as a solvent because of the poor solubility 

of MePPh3
+ in non-polar solvents such as toluene-d8 or benzene-d6 (Figure 3-25). DMSO here acts 

as very weak ligand and is easily and fully displaced by the stronger coordinating phosphine, as 

evidenced by the presence of only one [Ni-Me] species with a doublet splitting to the cis 

coordinating phosphine ((1H) = -1.6 ppm) in the 1H NMR spectrum of 1Me
dmso in the presence of 

2 equiv. of PPh3 (Figure 3-24). MePPh3
+ was also identified in the absence of MMA in the reaction 

of 1Me
dmso with 4 equiv. of PPh3 by 1H NMR spectroscopy in toluene-d8 as a solvent (70 °C, 6 h, 

Figure 3-25). 
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Figure 3-24. Monitoring of the reaction of 1Me
dmso (23 mM), 2 equiv. of PPh3 and 7 equiv. of MMA at RT 

in DMSO-d6 by 1H NMR (400 MHz, RT) spectroscopy. The inset table shows the relative concentrations 

of 1Me
PPh3 and MePPh3

+ normalized to [1Me
PPh3]0 and the difference between [1Me

PPh3]0 and the sum of the 

normalized concentrations of 1Me
PPh3 and MePPh3

+ for each entry. The reductive elimination of MePPh3
+ 

and formation of ethane via bimolecular coupling are the main reaction pathways. 

 

Figure 3-25. Monitoring of the reaction of 1Me
dmso (18 mM) and 4 equiv. of PPh3 in toluene-d8 at 70 °C by 

1H NMR spectroscopy (400 MHz, bottom after 0 h and center after 6 h). Evaporation of toluene-d8 and 

dissolving the residue in DMSO-d6 (400 MHz, RT) shows that MePPh3
+ is formed (3.15 ppm, d, 2JHP = 14.7 

Hz, top spectrum) as the main decomposition product (approx. 40% with respect to [Ni-Me]). 
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The use of DMSO as a weakly coordinating ligand (L) is expected to facilitate a coordination 

of MMA to the [Ni] center and thereby the insertion into the Ni-C bond at less harsh conditions. 

Interestingly, even 1Me
dmso does not show any insertion of MMA or decomposition products thereof 

(50 °C, 2 equiv. of MMA, DMSO-d6, 2 h, Figure 7-20, page 159). Rather, formation of ethane due 

to bimolecular coupling is observed. Note that Berkefeld et al.70 have previously reported that the 

insertion of MA into [Ni-Me] complexes occurs significantly slower than into higher Ni alkyl 

complexes such as [Ni-Et]. However, even in the simultaneous presence of ethylene 

(intermediately forming [Ni-Et] as a resting state) and MMA, no insertion of MMA or subsequent 

products could be confirmed. Instead, formation of MePPh3
+ is observed.  

 

Figure 3-26. a) Monitoring of the reaction of 1Me
PPh3 (18 mM) and 3 equiv. of PPh3 with additional 3 equiv. 

of MMA at 70 °C in toluene-d8 via 31P NMR spectroscopy (162 MHz, RT) after 0 min (bottom) and at 70 °C 

after 220 minutes (top). b) Time-dependent decline of the 31P resonance of 1Me
PPh3 for the reaction with 3 

equiv. of MMA (black) and without additional MMA (red).  

Monitoring the decline of the 1Me
PPh3 resonance by 31P NMR spectroscopy ((31P{1H}) = 28.7 

(s) ppm, Figure 3-26) in both the presence or absence of MMA reveals that the decomposition rate 

of [Ni-Me] is independent of the MMA concentration (3 equiv. of PPh3, 70 °C, toluene-d8, Figure 

3-26b). In conclusion, the [Ni-Me] complexes (1Me
L, L = dmso, PPh3), which are considered as 

model compounds for a growing [Ni-PE] species, do not insert MMA (Scheme 3-9). Instead, 

decomposition occurs, either by reductive elimination to form MePPh3
+ (where applicable) or by 

bimolecular coupling (ethane formation). Both pathways are expected to form [Ni(0)] species. 
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Scheme 3-9. Reactivity of [Ni-Me] complexes (1Me
L, L = dmso, PPh3) toward MMA. No insertion of MMA 

was observed, instead decomposition occurred forming ethane and MePPh3
+. 

 

 

Ni-Hydride Complexes 

The aforementioned experiments have demonstrated that after ethylene insertion into catalyst 

precursors and MMA insertion into [Ni-Ph] complexes, -H elimination is likely to occur to 

subsequently generate intermediate reactive [Ni-H] species.  

 

Figure 3-27. 1H-1H ROESYAD (400 MHz, THF-d8, -35 °C, 250 ms spin lock ) showing the reaction of 

1H
PMe3 with 2 equiv. of MMA at -35 °C after 12 h. A ROE of α, β and γ protons from the inserted MMA 

moiety to (N^O) protons H20 and H15 were observed. Negative contours are omitted for clarity. 

To clarify the reactivity of such hydrides, MMA was reacted with the [Ni-H] complex 

[(N^O)CF,I-INiH(PMe3)] (1H
PMe3). An insertion in a 1,2-mode readily takes place at low 

temperatures (-35  °C). The insertion product [(N^O)CF,I-INi{CH2C(CH3)COOMe}(PMe3)] 
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(1MMAH
PMe3), resulting from this immediate 1,2-insertion at low temperatures (-35 °C), is stable 

enough to be characterized by NMR spectroscopy (Figure 3-27, Figure 7-21 and Figure 7-22, page 

160; characteristic NMR resonances see Experimental Section 6.2.5, page 144). As a side product, 

methyl isobutyrate is generated, presumably via reaction of 1H
PMe3 with the formed [Ni-alkyl] 

species 1MMAH
PMe3. 

Warming of a solution of 1MMAH
PMe3 to temperatures above -2 °C leads to the reverse reaction 

via -H elimination, again forming the hydride 1H
PMe3 and MMA (Figure 3-28). Methyl 

isobutyrate, which is expected to be formed when [Ni-H] species and [Ni-MMAH] are both present 

in the reaction mixture, could not be detected by NMR spectroscopy due to overlapping resonances 

in the spectral region of interest. 

 

Figure 3-28. Variable-temperature 1H NMR spectra (400 MHz, THF-d8) displaying the -H elimination at 

variable temperatures (-60, -2 and 25 °C) starting from 1MMAH
PMe3 to form 1H

PMe3 and MMA. 

Monitoring the insertion reaction by 1H NMR spectroscopy over time (Figure 7-23, page 161), 

reveals a second-order rate constant for the 1,2-insertion of MMA into [Ni-H] of kobs = 1.4±0.1∙10-

3 M-1s-1 (Figure 3-29). Berkefeld et al.70 reported a second-order rate constant for ethylene insertion 

into 1H
PMe3 of 1.7±0.1∙10-2 M-1s-1 at -9 °C. On the basis of the difference in temperature for the 

derived rates (-35 °C and -9 °C for MMA and ethylene, respectively), it is possible to roughly 

estimate the rate of insertion for ethylene and MMA into 1H
PMe3 are of a similar order. Therefore, 

the reversible insertion of MMA into intermediately formed [Ni-H] species during the 

simultaneous polymerization of ethylene and MMA seems feasible. 
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Figure 3-29. Monitoring of the insertion of MMA (2 equiv.) into 1H
PMe3 at -35 °C in THF-d8 via 1H NMR 

spectroscopy. a) Time-dependent relative concentrations of [Ni-H], [Ni-MMAH], MMA and methyl 

isobutyrate normalized to [Ni-H]0. b) Plot of the determination of the second-order rate constant for the 

insertion of MMA into [Ni-H] (kobs = 1.35±0.06∙10-3 M-1s-1). 

Interestingly, the 1,2-insertion mode of MMA is in sharp contrast to the 2,1-insertion of MA 

into 1H
PMe3. Not surprisingly, the second-order rate constant for MA insertion at -9 °C is two orders 

of magnitude higher (2.1±0.1∙10-1 M-1s-1) than for the insertion of the sterically more demanding 

MMA.70 A similar reactivity was observed for phosphinesulfonato Pd(II) methyl complexes.34 

Here, MMA inserts in a 1,2- and 2,1-mode in an overall ratio of 3:2. Intermediate [(P^O)PdH] 

fragments, formed after -H elimination, also prefer a 1,2-insertion over the 2,1-mode for MMA. 

In contrast, MA exclusively inserts in the 2,1-mode into [(P^O)PdMe]. An overall kinetic 

preference for the insertion of MA over the insertion of MMA by a factor of ~102 was determined.  

Scheme 3-10. Reactivity of the [Ni-H] complex 1H
PMe3 toward MMA at -35 °C forming the 1,2-insertion 

product 1MMAH
PMe3 (2 equiv. of MMA, THF-d8). At higher temperatures, -H elimination is favored. 

 

Overall, 1H
PMe3 readily inserts MMA (1,2-mode, Scheme 3-10) at low temperatures (-35 °C), 

and the insertion product 1MMAH
PMe3 decomposes at higher temperatures (> -2 °C) via -H 

elimination into a [Ni-H] species. Residual or intermediately generated [Ni-H] species react with 
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the Ni-alkyl complex formed after MMA insertion (1MMAH
PMe3) to yield methyl isobutyrate as an 

organic decomposition product. 

3.4.3 DFT: Bimolecular Reductive Coupling Pathway 

Berkefeld et al.48 revealed that one major decomposition/deactivation pathway in 

[(N^O)Ni(II)R(L)] mediated polymerizations is a bimolecular reaction, a finding that is based on 

NMR spectroscopic reaction monitoring (Scheme 3-11a). The authors proposed that the 

elimination of the coupled organic moieties from the Ni center proceeds via a 2-(R/R’)-bridged 

transition state (TS). Such 2-H2 bridged complexes have been isolated e.g. for -diketiminato 

Ni(II) complexes.147 

Scheme 3-11. Proposed mechanism for a) bimolecular elimination of coupled organic moieties from two 

[Ni(II)R] and [Ni(II)R’] complexes,48 and b) the bimolecular deactivation pathway of (P^O) Pd(II)R(PtBu3) 

complexes (R = H/CH3) concluded from DFT calculations with the corresponding relative energetics (E) 

for a linear TS and c) reaction pathway via a hydride and methyl bridged intermediate.148 

 

However, DFT calculations of the decomposition of Drent-type (P^O) [Pd(II)R(PtBu3)] 

complexes, with R being a hydride ligand and a methyl ligand, suggest that a linear TS is more 

likely than a bridged one (Scheme 3-11b).148 Single point energies (E, M06//SDD[Pd]/

TZVP[H,C,O,P,S]) of the optimized geometries in the gas-phase (BP86//LANL2DZ[Pd]/

6-31G(d)[H,C,O,P,S]) give a barrier for the linear TS of 131 kJ∙mol-1, which is significantly lower 
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than the energy of a transition state with a distorted four-membered ring consisting of two Pd 

atoms, the hydride and the methyl carbon (Scheme 3-11c). Here, a dissociation of the P(tBu3) 

ligands is necessary before the formation of a hydride and methyl bridged complex can occur, 

leading to a large energy penalty of 225 kJ∙mol-1. 

These results encouraged us to use DFT methods to provide additional insights into the 

proceeding of the bimolecular reductive coupling pathway for [(N^O)Ni(II)R(L)] complexes. 

Identifying the transition state of such a reaction offers the opportunity for guided design of (N^O) 

ligands which suppress the decomposition via this pathway.  

Geometries were fully optimized in the gas phase using the B3LYP functional and the 

LANL2DZ basis set with the corresponding effective core potential (ECP) on the nickel center and 

the 6-31G(d) basis set on all the other atoms. Energies are given as relative single point energies 

(E) or relative Gibbs-free energies (G) at the M06//LANL2DZ[Ni]/TZVP[H,C,N,O,P] level of 

theory in toluene as a solvent with thermal corrections to the Gibbs-free energy obtained by 

frequency calculations at the B3LYP//LANL2DZ[Ni]/6-31G(d)[H,C,N,O,P] level of theory in the 

gas phase. The bimolecular reductive coupling pathway was studied for the case of the reaction of 

two [Ni-H] species, namely [(N^O)iPr,tBu-HNiH(PPh3)] (3
Ph

PPh3). 

 

Figure 3-30. Located linear TS for the bimolecular reductive coupling of two [Ni-H] species. Atoms are 

color coded: Green = Ni, red = O, blue = N, orange = P, grey = C and white = H. Hydrogens connected to 

carbon atoms are omitted for clarity. 

At first, attempts failed to locate a linear TS in which both nickel centers are coordinated in a 

square planar coordination geometry, because the selected starting geometries did not converge to 

a stationary point. The Ni centers strongly deviated from a square planar coordination geometry, 
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indicating a strong steric repulsion of the respective (N^O) ligands. Therefore, a TS with one square 

planar coordinated Ni center and one nickel in a tetrahedral coordination geometry was located 

(Figure 3-30). This coordination mode of the Ni centers leads to a less crowded coordination sphere 

around the Ni centers, thus allowing both hydrides to approach each other in the TS 

(H···H = 1.417 Å).  
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Figure 3-31. Calculated relative single point energies (E) for the bimolecular reductive coupling reaction 

of two [(N^O)iPr,tBu-HNiH(PPh3)] to form H2 and two [(N^O)iPr,tBu-HNi(I)(PPh3)] complexes. Numbers in 

brackets are E in kJ∙mol-1
. 

The reaction sequence and energetics for the bimolecular reductive coupling involving this 

linear TS was examined as follows (Figure 3-31): Starting from two [Ni-H] species (A, 

E = 0 kJ∙mol-1), one square planar complex undergoes an isomerization to a tetrahedrally 

coordinated complex, which is upward in energy by E = 98 kJ∙mol-1 (B, S = 1). The formation of 

the bimolecular TS [Ni-H-H-Ni] (C) is downhill in energy with a E of 49 kJ∙mol-1 

(E = -49 kJ∙mol-1 with respect to structure B). Finally, the release of H2 and the formation of 

two three-coordinated Ni(I)-complexes, [(N^O)iPr,tBu-HNi(I)(PPh3)] (D) is an energy releasing step 
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with E of -67 kJ∙mol-1 with respect to the linear TS. The net energy of the entire reaction 

sequence was predicted to amount to aE of -18  kJ∙mol-1.  

The depicted scenario involving a linear TS (Figure 3-31 C) seems accessible and the 

corresponding energy values are in a similar range as those previously calculated for (P^O)PdR 

complexes,148 however, note that for the (P^O)PdR complexes the reaction of a hydride and a 

methyl complex was evaluated which can differ substantially from the pathway in the reaction of 

two hydride complexes. However, it was already proposed that a bridged four-membered transition 

state could be involved.48 Hydrogen bridged four-membered Ni complexes have been observed 

and isolated.149-151 Four-membered hydrogen bridged -diketiminate Ni(II) complexes are known, 

which readily reductively eliminate H2 in the presence of small donor ligands like pyridine along 

with the formation of Ni(I) complexes.147,149 Rünzi et al.148 studied also a four-membered 

deactivation pathway for (P^O)Pd(II) complexes. This pathway involving a bridged TS was 

excluded because the dissociation of the phosphine ligands prior to the formation of a four-

membered TS leads to a high reaction barrier of more than 200 kJ∙mol-1 (Scheme 3-11c). 

Nevertheless, we investigated the possibility of the formation of a (2-H)2 bridged, four-membered 

bimolecular Ni complex ({[(N^O)iPr,tBu-HNi(II)(2-H)]}2, Figure 3-31 E).  

 

Figure 3-32. Optimized geometry of the bimolecular {[(N^O)iPr,tBu-HNi(II)(2-H)]}2 complex which is 

bridged by two hydride groups. Atoms are color coded: Green = Ni, red = O, blue = N, orange = P, grey = C 

and white = H. Hydrogens connected to carbon atoms are omitted for clarity. 

The optimized geometry of {[(N^O)iPr,tBu-HNi(II)2-H)]}2 shows an almost ideal square planar 

coordination geometry of both Ni centers (Figure 3-32), and moreover both [(N^O)iPr,tBu-HNi(II)H] 
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fragments are symmetry equivalent (the geometry optimization was performed without any 

symmetry restraints).  

Interestingly, {[(N^O)iPr,tBu-HNi(II)H]}2 and two free molecules of PPh3 were found to have a 

E of 128 kJ∙mol-1 with respect to the starting compounds (Figure 3-31A), a value that is 

surprisingly low compared to the results obtained for the Drent-type (P^O)Pd(II) complexes for 

the dissociation of the phosphine ligands (Scheme 3-11c). A TS was not calculated for this 

pathway; however, this four-membered bimolecular complex represents a key intermediate and 

indicates that the bimolecular deactivation could proceed via a bridged complex. The 

aforementioned calculations only considered the electronic energies for the evaluation of the 

relative energies and the reaction pathways. On the other hand, both pathways proceed via the 

formation of bimolecular complexes, which is assumed to be unfavorable for entropic reasons. This 

was already pointed out by Berkefeld and Mecking,48 who did find a large positive contribution of 

the entropy (negative S) to the Gibbs-free energy for the bimolecular deactivation for complexes 

with ligand 1 experimentally. Taking into account the contribution of the entropy, a pathway 

involving a dissociation of phosphine ligands should be preferred (Figure 3-31 red vs. black), an 

assumption that is confirmed by frequency calculations of the obtained geometries (Figure 3-33). 

For the linear TS, the contribution of the entropy leads to a significant increase of G for the 

formation of the TS (Figure 3-33 C, G = 125 kJ∙mol-1). In contrast, the dissociation of two PPh3 

molecules was found to lower the Gibbs-free energy during the formation of the 2-H2 bridged 

complex (Figure 3-33 E, G = 63 kJ∙mol-1). These results suggest an overall preference of a 

pathway involving 2-H2 bridged intermediate. In addition, previous experimental data48 suggest 

that more strongly coordinating ligands suppress the bimolecular reductive coupling which 

supports the depicted scenario with a dissociation of the phosphine ligands prior to a reductive 

coupling.  

These initial DFT studies indicate that in the case of 3H
PPh3 a bimolecular reductive coupling 

involving a four-membered 2-H2 bridged complex is lower in energy than a pathway involving a 

linear TS. Moreover, a pathway involving a 2-H2 bridged complex and a dissociation of the 

phosphine ligands is in agreement with previously obtained experimental data and therefore 

plausible.48 
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Figure 3-33. Calculated relative Gibbs-free energies (G) of the bimolecular reductive coupling reaction 

of two [(N^O)iPr,tBu-HNiH(PPh3)] to form H2 and two [(N^O)iPr,tBu-HNi(I)(PPh3)] complexes. Numbers in 

brackets are G in kJ∙mol-1
. 

Concerning bimolecular decomposition reactions which lead to the formation of Ni(I) 

complexes, some examples are known: the previously mentioned -diketiminate Ni(II) hydride 

complexes149 which eliminate H2 and attempts of Wang et al.103 to synthesize anilido-imine Ni(II) 

phenyl triphenylphosphine complexes yielded three-coordinated (N^N)Ni(I) PPh3 complexes and 

biphenyl. In addition, the bis-chelated complex [(N^N)2Ni(II)] was identified as ultimate reaction 

product when less sterically demanding substituents were chosen for the (N^N) ligand. In this 

context, Holland et al.152 reported that alkylation of (N^N)Ni(II) chloro complexes with lithium 

alkyls also leads to the formation of Ni(I) species instead of the expected (N^N)Ni(II)-alkyl species. 

3.4.4 Summarized Reactivity 

[Ni-Ph] complexes (1Ph
PPh3, 2

Ph
PPh3 and 3Ph

PPh3) insert MMA in a 2,1-fashion at 70 °C, followed 

by a rapid -H elimination (Scheme 3-12 right). [Ni-Me] complexes, model compounds for the 

growing [Ni-PE] species, show no reactivity toward MMA (1Me
dmso and 1Me

PPh3), a fact that is in 
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line with the observed undisturbed ethylene polymerization in the presence of MMA (vide supra). 

The reactive [Ni-H] complex 1H
PMe3, which is formed via -H elimination from [Ni-alkyl] 

complexes after ethylene or MMA insertion into [Ni-Ph] catalyst precursors, is readily able to 

reversibly insert MMA in a 1,2-fashion at low temperatures (-35 °C, THF-d8) while, at higher 

temperatures (> -2 °C), -H elimination as the reverse reaction is favored. Kinetic studies reveal 

that the second-order rate constants for the insertion of MMA and ethylene70 into intermediate 

[Ni-H] species are of a similar order, the reason why both the ethylene and the MMA insertion can 

compete under polymerization conditions. However, no insertion of ethylene or MMA into the 

(N^O)Ni-MMA insertion product was observed (directly or indirectly). There is good reason to 

suppose that the -H elimination takes place faster in comparison to a second insertion of MMA 

into [Ni-alkyl] complexes because no consecutive insertion of MMA could be observed. 

Scheme 3-12. Summarized reactivity of [(N^O)Ni(II)R(L)] catalyst precursors and intermediate Ni species 

as derived from stoichiometric experiments. Grey structures were not directly observed. 
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The stoichiometric experiments also provide insights into decomposition pathways: Firstly, 

reductive elimination of MePPh3
+ occurs from (N^O)NiMe(PPh3) complexes. Furthermore, 

reductive elimination from intermediately formed [Ni-H] species to form the salicylaldimine 

(N^O)H was observed. Previously, similar decomposition reactions for other [Ni-H] species were 

described by Jenkins and Brookhart73 and Waltman et al.71 In both reductive elimination pathways 

Ni(0) species are expected to be formed. In addition, decomposition via bimolecular reductive 

coupling could be proven to proceed, more precisely, even under mild conditions in the presence 

of [Ni-H] species, or under more harsh conditions from catalyst precursor complexes (ethane 

formation from [Ni-Me]). Thus, the observed reactivities clearly point out, that the two Ni 

complexes [Ni(II)-R] and [Ni(II)-R’] react to generate two intermediate [Ni(I)] species releasing 

the coupled product R-R’ (Scheme 3-12 center). Indeed, the presence of the intermediate [Ni(I)] 

species could be directly confirmed in a reaction mixture of [(N^O)iPr,tBu-HNiPh(PPh3)] and 

ethylene by spectroscopic methods (Scheme 3-12 left). The corresponding [Ni(I)] species, 

[(N^O)iPr,tBu-HNi(I)(PPh3)2], which was independently synthesized, represents the first 

salicylaldiminato Ni(I) complex to be isolated and characterized. This Ni(I) complex undergoes 

further disproportionation to finally generate a bis-chelated [(N^O)2Ni(II)] complex and the 

corresponding [Ni(0)] species. In the presence of MMA and PPh3, the complex 

[(PPh3)2Ni(0)(2-H2C=C(CH3)COOMe)] was identified as the main [Ni(0)] species. 

In summary, these results give useful insights into possible reaction pathways and products 

which can be formed during the simultaneous ethylene and MMA polymerization. However, the 

source of organic free-radicals still remains unclear at this point. 

3.5 Sources of Organic Radicals in (N^O)Ni(II)R(L) Mediated 

Polymerizations 

After clarifying, that neither the organic moiety of the catalyst precursor nor the growing alkyl 

PE chain at the Ni center are involved in the initiation process of the free-radical polymerization in 

the last sections, two possible initiation reactions for free-radical polymerizations will be discussed 

in the following, placing particular focus on the observed reactivity. 



Chapter: 3 Results and Discussion 

 

72 

3.5.1 Phosphine as a Non-Innocent Labile Ligand 

As a starting point, end group analysis of PMMA formed with 113CH3
PPh3 and PPh3 reveals 

phenyl end groups instead of the anticipated methyl end groups and thus points to the aryl 

phosphine as a source of initiating organic radicals (Figure 3-7, page 37). Furthermore, since 

additional phosphine proved to have a crucial impact on the efficiency of the radical polymerization 

(vide supra), a direct influence of the labile phosphine ligand was considered. Tertiary phosphines 

are widely used as labile ligands and are often employed in homogeneous catalysis. They are 

usually considered to remain intact during catalysis, however, a number of examples have been 

reported, where this is not the case.153-157 Multiple pathways are conceivable to transfer an aryl 

group from PAr3 to the formed PMMA:  

1) It is possible to add an initially generated organic radical to PAr3,
158,159 thus forming an 

unstable phosphoranyl radical (Scheme 3-13). A subsequent P-CAr bond cleavage would lead to 

radical scrambling. However, as the initial free-radical is expected to also react with MMA (used 

as a solvent), it may form specific end groups in the generated PMMA, end groups which in turn 

can give a clear indication of this initial free-radical. However, since neither NMR spectroscopy 

nor MALDI-TOF MS revealed end groups specifically attributable to an initially organic radical 

species other than phenyl groups in the PMMA polymers, we excluded this pathway. 

Scheme 3-13. Schematic representation of a possible organic free-radical scrambling via phosphoranyl 

radicals. 

 

2) In stoichiometric experiments, it was found that there is reductive elimination of MePPh3
+ 

originating from (N^O)NiMe(PPh3) complexes to a significant extent (vide supra). A reversible 

reaction (‘oxidative addition’) might be possible,148,160 a reaction that could result in a transfer of 

a Ph moiety to the Ni center in the first instance. As following reaction, the phenyl group could be 
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transferred from the Ni-center to the PMMA chains, with phosphonium species (e.g. MePPh3
+) and 

low-valent Ni(0) species representing the active species (Scheme 3-14).  

Scheme 3-14. Possible reversible reductive elimination of phosphonium salts resulting from 

[(N^O)Ni(R)(PPh3)] complexes. 
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Figure 3-34. Time-dependent conversion of the MMA homopolymerizations initiated by [Ni(PPh3)4] alone 

(black) and with 2 equiv. of MePPh3I (blue).  

However, MMA homopolymerizations with MePPh3
+ added to different [(N^O)Ni(II)R(PPh3)] 

complexes and MMA do not display an increased efficiency of radical polymerizations (70 °C, 

0.5 mmol∙L-1 of 1Ph
PPh3, neat MMA, 162 min, with or without 1.2 equiv. of MePPh3Br 2.8% yield, 

respectively). The same holds for the exposure of a mixture of [Ni(0)(PPh3)4] plus 2 equiv. of 

MePPh3I to MMA. More precisely, here only trace amounts of PMMA were detected (70 °C, 

c([Ni]) = 0.5 mmol∙L-1, neat MMA, 225 min, Figure 3-34 blue). As there is no further indication 
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of a scrambling of P substituents at the Ni center by NMR spectroscopy, these results suggest that 

this pathway is also to be excluded.  

3) Last but not least, we considered a homolytic P-C bond cleavage. And indeed, this third 

possibility proved the most plausible. Photo-driven P-C bond cleavage has been reported for 

PPh3,
161-163 and tri-o-tolylphosphine was even described as a rapid free-radical photo-

polymerization initiator.164 Ru-mediated homolytic cleavage of a P-C bond driven by light has 

recently been reported to be used for the initiation of a free-radical polymerization of MMA 

(Scheme 3-15).165 The corresponding phosphorous-centered radical ([(PPh3)2Ru(∙PPh2)Cl2]) was 

not detected and this is explained by the short lifetime of such radical species.166 

Scheme 3-15. Homolytic P-C bond cleavage mediated by light in [(PPh3)3RuCl2] complexes. 

 

For the Ni-system studied here, a thermal P-C bond cleavage is considered since all 

polymerizations were conducted under exclusion of light. Thermal Li-mediated P-C bond 

cleavages are known for P-aryl and P-alkyl bonds. Mechanistic studies indicate that, prior to the 

P-C bond cleavage, the metal is oxidized (Li0 to Li+) and the phosphine is reduced.167 A similar 

reactivity for Cr(0) complexes was explored by computational methods by Espinosa et al.168 A 

reduction of PPh3 by Ni species requires that these species are easily oxidized (Scheme 3-16).  

Scheme 3-16. P-C bond cleavage induced by reduction of the phosphine. The depicted reactivity is in 

analogy to the observed reactivity of phosphines with Li.167 

 

Therefore, we investigated the efficiency of low-valent Ni(0/I) species, which can form during 

polymerization, to initiate free-radical polymerizations in the presence of phosphines. However, 
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firstly, MMA homopolymerizations initiated with [Ni(0)(PPh3)4] do not result in the formation of 

phenyl end groups, and secondly, an induction period was observed, which is not the case when 

[(N^O)Ni(II)R(PPh3)] complexes are used as initiators (Figure 3-34 vs. Figure 3-1). Moreover, 

[(N^O)iPr,tBu-HNi(I)(PPh3)2] failed to efficiently initiate a radical polymerization (16.3 mmol∙L-1 of 

[Ni], neat MMA, 70 °C, 1 h, 0.7% yield). These specific conditions were chosen to avoid undesired 

reactions, namely a high concentration to minimize side reactions with solvent impurities and a 

short reaction time to suppress an initiation by [Ni(0)(PPh3)4], which is formed by 

disproportionation but requires a long induction period (vide supra). In summary, it appears that 

low-valent Ni species are not involved in the P-C bond cleavage.  

 

Figure 3-35. X-band cw (9.37 GHz, RT) EPR spectra showing the trapped radical of the reaction of 1Me
dmso 

(4 mM) with 4 equiv. of PPh3 and 13 equiv. of PBN at 70 °C after 18 h (1) in toluene and (2) of the separately 

synthesized phenyl PBN spin adduct.  

To elucidate the nature of the initial free-radical more directly, spin trapping experiments were 

performed with 1Me
dmso, an excess of PPh3 and -phenyl-N-tert-butylnitrone (PBN) at 70 °C in 

toluene (Figure 3-35). Note that PBN does not react with the formed [(N^O)Ni(II)Ph(PPh3)] 

precursor complex, as was shown by heating 1Ph
PPh3 with 5 equiv. of PBN in toluene-d8 up to 70 °C. 

No acceleration of the decomposition reaction was observed as compared to the reaction in the 

absence of additional PBN (Figure 7-26, page 163). However, the formation of free-radical species 

in the reaction mixture is indicated by broadened NMR resonances. 

After 18 h, a distinct EPR resonance of a nitrosyl radical was detected. Comparison with 

separately synthesized169 Me- and Ph-PBN spin adducts (Figure 7-24 and Figure 7-25, page 162) 

indicate that the Ph spin adduct is formed. Under otherwise identical conditions, the phosphine free 
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system 1Me
dmso leads to the formation of a different, unassigned PBN spin adduct (Figure 7-27, 

page 163).  

Similar spin trapping experiments were performed with the complex [(N^O)iPr,tBu-HNiPh(PPh3)] 

(3Ph
PPh3) and PBN (Figure 3-36). Under the applied reaction conditions, no clear resonance of a 

spin-adduct of PBN could be detected after the addition of 10 equiv. of PPh3 (Figure 3-36, black). 

Interestingly, adding 10 equiv. of P(tBu)3 to the reaction mixture leads to the formation of a PBN 

spin adduct (Figure 3-36, red) under otherwise identical conditions. The hyperfine splittings were 

derived by simulation of the experimental spectrum (aN = 14.5 G and aH
 = 2.2 G) and are in good 

agreement with reported170 values. 

 

Figure 3-36. Spin trapping EPR experiments in dependency of additional PPh3 (10 equiv., 9 mM c([Ni]), 

black) or P(tBu)3 (10 equiv., 7 mM c([Ni]), red) with [(N^O)iPr,tBu-HNiPh(PPh3)] (3Ph
PPh3) with PBN (20 or 

23 equiv., respectively) at RT after 48 h and at 90 °C after additional 45 min. 

Scheme 3-17. Organic free-radicals resulting from a homolytic P-C bond cleavage in PPh3 or P(tBu)3. 

 

This observation can be explained by the stability of the formed organic radicals after a P-C 

bond cleavage (Scheme 3-17). In more detail, here, a free-radical centered at a tertiary carbon atom 
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of a tBu group, which is sterically shielded by three methyl groups, is significantly favored over a 

phenyl radical. In other words, when a P-C bond cleavage results in the release of an organic free-

radical, a faster and more efficient radical release would be expected for P(tBu)3. Since this effect 

really occurred, it supports the assumed homolytic P-C bond cleavage pathway. 

In summary, we consider this pathway the most likely and propose a thermal 

[(N^O)Ni(II)R(PAr3)] metal-mediated homolytic P-C bond cleavage for the initiation of radical 

polymerizations. 

3.5.2 Halide Containing Ligands as a Source of Organic Radicals 

The existence of a further relevant pathway to initiate a free-radical polymerization of MMA is 

indicated by a higher efficiency for the MMA homopolymerization of (N^O)Ni complexes with 

iodo-substituted (N^O) ligands (1Ph
PPh3 and 2Ph

PPh3) in comparison to iodo-free complexes (3Ph
PPh3, 

Table 3-1 and Table 3-2). A significant discrepancy was also noticed in stoichiometric NMR 

experiments. The formation of [{(N^O)iPr,tBu-H}2Ni(II)] and [(PPh3)2Ni(0)2-MMA] was proven by 

observing the reactivity of [(N^O)iPr,tBu-HNi(II)Ph(PPh3)] toward MMA (vide supra). In contrast, 

during NMR experiments with iodo-substituted (N^O) ligands (1 and 2) no [Ni(0)] species is 

detected, although various decomposition pathways should lead to the formation of [Ni(0)] species. 

Therefore, the reactivity of Ar-I functionalities and [Ni(0)] species was examined more closely. 

Tsou and Kochi76 found, that the oxidative addition of aryl halides to [Ni(0)] can be separated into 

two distinct one-electron transfer steps (Scheme 3-18). While in the first step, the aryl halide is 

reduced, in the following, either the oxidative addition product [(L)nNi(II)X(Ar)] is formed, or an 

aryl radical escapes the solvation sphere and [(Ln)Ni(I)X] is formed along with an organic free-

radical. Similar reactions of bis(triphenylphosphine)Ni(0)-ethylene complexes with benzylbromide 

were discovered by Bartsch et al.171 Free-radical polymerizations initiated by low-valent Ni(0) 

species and organic halides are also known.81-83  
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Scheme 3-18. Reactivity of Ni(0) toward aryl halides according to Tsou and Kochi.76 Labile ligands are 

omitted. 

 

Table 3-4. Radical MMA polymerizations initiated by Ni(0) and Ni(I) complexes with and without addition 

of aryl halides. 

Entry Complex Equiv. add c([Ni]) / 

mmol∙L-1 

yield. in % chains/[Ni] 

(a) 

t / min 

1 [Ni(PPh3)4] -- 0.5 0.8 0.2 325 

2 [Ni(PPh3)4] 64 PhI 0.5 3.0 1.2 325 

3 [Ni(PPh3)4] 15 BDB (b) 9 5.1 0.5 428 

4 [(PPh3)3NiCl] -- 0.6 0.0 0.0 428 

5 [(PPh3)3NiCl] 33 PhI 1.1 3.6 1.5 428 

6 3PPh3
PPh3 -- 16.3 0.7 - 60 

Reaction conditions: 70 °C, 24 mL of MMA. (a) Calculated by m(PMMA)/Mn(PMMA)∙n([Ni]). (b) BDB is 

3,5-dimethoxybromobenzene. 

Indeed, adding Ph-I to [Ni(0)(PPh3)4] effectively initiates a radical polymerization of MMA 

(neat MMA, 70 °C, 0.5 mmol∙L-1, 64 equiv. Ph-I, 1.2 chains/[Ni], 5 h, Table 3-4, Entry 2), and 

[(PPh3)3Ni(I)Cl] is found to show a similar reactivity (neat MMA, 70 °C, 1.1 mmol∙L-1, 33 equiv. 

PhI, 1.5 chains/[Ni], 7 h, Table 3-4, Entry 5) under comparable reaction conditions. These results 

clearly demonstrate that isolated low-valent Ni(0/I) species effectively initiate free-radical MMA 

polymerizations in the presence of Ar-I functionalities. To verify whether this pathway is also 

accessible from [(N^O)Ni(II)R(L)] systems, 40 equiv. PhI was added to a polymerization mixture 

of iodo-free Ni(II) salicylaldiminato complex [(N^O)CF,Ant-HNiMe(pyridine)] (4 equiv. of PPh3 and 

neat MMA). Indeed, increasing yields from ca. 3 to 5% are observed (70 °C, [Ni] = 0.5 mmol∙L-1, 

5 h). Hence, it seems likely that the in situ generated low-valent Ni species together with iodo-

substituted (N^O) ligands contribute to the formation of organic free-radicals.  

This aspect was further analyzed by an approach which was used by Tsou and Kochi76 to study 

the oxidative addition of aryl halides to Ni(0) species. Here, (2,4,6-tri-tert-butyl)bromobenzene 

was added to a reaction mixture containing a [(N^O)Ni(II)R(PPh3)] catalyst precursor. The 
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decomposition by reductive elimination or via biomolecular reductive coupling leads to the 

formation of low-valent Ni species (Figure 3-37a). 
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Figure 3-37. a) Schematic representation of the in situ detection of organic free-radicals from the 

decomposition products of [(N^O)CF,I-INiPh(PPh3)]. b) Weak EPR resonance (9.3949 GHz, 600 G sweep, 

600 s sweep time, 9 scans, 2000 mG modulation, 10 mW microwave power), which can be assigned to an 

organic radical. Reaction conditions: 1Ph
PPh3 3 equiv. of PPh3 and 100 equiv. of (2,4,6-tri-tert-

butyl)bromobenzene in toluene at 70 °C after 1.5 h. 

These low-valent Ni species react with (2,4,6-tri-tert-butyl)bromobenzene in either an oxidative 

addition, or a single-electron transfer forming a relatively stable organic radical.172 In agreement 

with this depicted scenario, an organic radical is detected in a reaction mixture of 1Ph
PPh3, 3 equiv. 

of PPh3 and 100 equiv. of (2,4,6-tri-tert-butyl)bromobenzene at 70 °C in toluene (Figure 3-37b). 

 

Figure 3-38. MALDI-TOF (dithranol matrix, b) of PMMA obtained by initiation with 2Ph
PPh3 plus 3 equiv. 

of PPh3 (black) and with [Ni(PPh3)4] plus 15 equiv. 3,5-dimethoxybromobenzene (BDB, red). The 

assignment of the end groups are included (blue and green circles). The anticipated structures are shown on 

the left a): PMMA with a phenyl end group (green) and PMMA with a double bond or a proton end group 

(H-PMMA-H, blue). 
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Scheme 3-19. Schematic representation of the abstraction of a hydrogen atom in the -methyl group of 

MMA in the ligand sphere of a Ni(0) complex. 

 

According to MALDI-TOF MS and NMR analysis no end group is transferred to the formed 

PMMA polymer by this initiation pathway and the formed end group proved to be independent of 

Ar and the halide (X), respectively (Figure 3-38, red 3,5-dimethoxybromobenzene and black 

(N^O)iPr,I-I as Ar-X). For this reason, an initiation by a single-electron transfer mechanism173 

involving intermediate [Ni(I)] complexes, formed via bimolecular reductive coupling was 

considered. However, [(N^O)iPr,tBu-HNi(I)(PPh3)2] (3
PPh3

PPh3) is not able to initiate a radical MMA 

polymerization (vide supra). We therefore tentatively assume that for one thing, the intermediate 

radical formation proceeds in the ligand sphere of [(PPh3)2Ni(2-H2C=C(CH3)COOMe)], and for 

another, here, a hydrogen abstraction from the α-CH3 or the methoxy group of MMA174 is more 

likely than the addition of the organic radical to the double bond of MMA (Scheme 3-19).  

In summary, the major initiation reaction for radical polymerizations in the (N^O)Ni(II)R(L) 

systems studied in the simultaneous ethylene and MMA polymerization is the reaction of 

[Ni(0)]/[Ni(I)] with iodo-substituted (N^O) ligands (1 and 2). This reaction represents a rather 

specific case as it is limited to particular ligands. However, these do play a reasonably prominent 

role in the Ni(II)-catalyzed ethylene polymerization here. Thus, 2Ph
PPh3 was subject of a previous 

study on a dual radical/insertion polymerization52,53 and 1Me
L has been studied extensively in 

aqueous polymerizations.41 A possible P-C bond cleavage as an organic radical releasing reaction 
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is a somewhat more general pathway since phosphines are widely used in organometallic catalytic 

systems. 

Two possible pathways for the initiation of a free-radical polymerization are suggested, 

however, we want to emphasize that these do not represent the only possible pathways for an 

initiation of a radical polymerization. For example, iodine- and phosphine-free systems were also 

found to be able to initiate radical polymerizations ([(N^O)CF,Ant-HNiMe(pyridine)], Figure 7-28 

red, page 164). These additional pathways were not further elucidated. 

3.6 Reactivity of Ni(I) toward Organic Radicals 

Although the intermediately formed [(N^O)Ni(I)] species do not initiate free-radical 

polymerizations, their reactivity toward organic radicals is of interest since e.g. metal-centered 

radicals are reactive species in controlled radical polymerizations.91,124 In this context, the addition 

of organic radicals to Ni(I) tetraaza macrocycle complexes to form the corresponding Ni-alkyl 

complexes has been reported previously.175,176 

 

Figure 3-39. Reaction of 3PPh3
PPh3 with 15 equiv. of phenylazotriphenylmethane (PAT) forming the 

corresponding [Ni(II)-Ph] complex in C6D6 (inset) monitored a) by 1H NMR (400 MHz, RT) and b) by 
31P{1H} NMR (162 MHz, RT) spectroscopy. a) The 1H NMR spectrum of the independently synthesized 

3Ph
PPh3 and its assignment of characteristic resonances are shown at the bottom and the reaction mixture at 

50 °C after 1 h at the top; b) on the right, the corresponding 31P{1H} NMR spectra (162 MHz, RT) are 

shown. 

Reaction of 3PPh3
PPh3 with azobiphenyl immediately affords a diamagnetic reaction product, 

which does not show any characteristic NMR resonances of the corresponding [Ni(II)-Ph] complex 

3Ph
PPh3, which would be the anticipated product of an addition of a phenyl radical to the Ni center. 
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The reaction product was not further characterized; however, a number of reaction products are 

conceivable,177-180 e.g. formed via C-H activation in the -position of the azo group.179,180 In 

contrast to PAT and AIBN, azobiphenyl forms less stable organic radicals after a homolytic N-C 

bond cleavage and therefore is not used as thermal radical source. These observations indicate that 

for a successful transfer of the organic moiety to the Ni-center an easily cleaved N-C bond is 

beneficial like in AIBN or PAT (vide supra). 

Upon reaction of [(N^O)iPr,tBu-HNi(I)(PPh3)2] (3PPh3
PPh3) with 15 equiv. of phenylazo-

triphenylmethane (PAT), an immediate formation of [(N^O)iPr,tBu-HNi(II)Ph(PPh3)] and non-

coordinated PPh3 is observed by NMR spectroscopy (RT, C6D6, Figure 3-39) and the identity is 

clearly evidenced by 2D NMR spectroscopy (Figure 3-40). 3PPh3
PPh3 also rapidly reacts with AIBN, 

however, no [Ni-alkyl] species could be identified, very likely because of rapid -H elimination 

which is in line with the thermal instability of [Ni-alkyl] complexes formed after insertion of MMA 

into Ni-H or Ni-Ph bonds (vide infra). The reactions with the organic radical sources is much faster 

than the expected thermally induced decomposition of PAT181 or AIBN182 to free-radicals. This 

suggests the reaction to be metal-mediated.  

 

Figure 3-40. 1H-31P gHMBC (left bottom) and 1H-1H COSY (right, 400 MHz, C6D6, RT) showing the 

mixture of 3PPh3
PPh3 and 15 equiv. of PAT at 50 °C after 1 h. 

It was hypothesized that this observed reactivity can be used for capturing intermediate [Ni(I)] 

complexes, formed via bimolecular reductive coupling, to directly regenerate a catalytically active 
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species in the insertion polymerization mixture by the addition of a free-radical source (e.g. azo-

compounds). 

Note that an inherent prerequisite for this scenario is the sufficient stability of the intermediate 

[Ni(I)] species, which was shown to be strongly dependent on the (N^O) ligand structure (vide 

supra). As a proof of principle, we carried out polymerizations of ethylene in the presence of azo-

compounds with complex 2Ph
PPh3 (Table 3-5). We used 2Ph

PPh3 as a catalyst precursor for two 

reasons. Firstly, because a [Ni(I)] species was observed by heating a sample of 2Ph
PPh3,

109 and 

secondly because 3Ph
PPh3 was described not to be polymerization-active without phosphine 

scavengers.36 

Table 3-5. Ethylene polymerizations with catalyst precursor 2Ph
PPh3 with or without addition of azo-

compounds at 25 °C. 

 Comp

lex 

Equiv. 

add. 

Yield 

/ g 

Lifeti

me / 

min 

TON TOF Mn / 

103 

g∙mol-1 

Mw

/Mn
 

PE 

chains/ 

[Ni] 

Tm / 

°C 

Cryst 

in % 

    (a) (b) (c) (d) (d) (e) (f) (f) 

1 2Ph
PPh3 0 0.92 30 4370 8750 156 1.6 0.8 132 55 

2 2Ph
PPh3 2 PAT 1.87 50 8890 10670 154 1.8 1.6 132 57 

3 2Ph
PPh3 25 PAT 0.02 20 100 290 3 4.5 0.4 125 70 

4 2Ph
PPh3 2 AIBN 2.28 60 10840 10840 278 1.3 1.1 132 51 

5 2Ph
PPh3 4 AIBN 5.77 > 180 27430 9140 285 1.3 2.7 132 47 

6 2Ph
PPh3 6 AIBN 6.57 > 190 31230 9860 298 1.3 2.9 132 49 

7 2Ph
PPh3 8 AIBN 0.63 30 3000 5990 186 1.7 0.5 132 54 

8 2Ph
PPh3 25 AIBN 0.01 25 48 114 4 4.5 0.4 125 70 

Reaction conditions: 100 mL of toluene, 7.5 mol of [Ni], 25 bar of ethylene, 25 °C. (a) Lifetime is the span until 

no further consumption of ethylene was detected by mass flow meter. (b) n(ethylene)∙n([Ni])-1. (c) 

n(ethylene)∙n([Ni])-1∙h-1, with h as lifetime in hours. (d) Determined by SEC in TCB at 160 °C vs. linear PE 

standards. (e) m(PE)∙M(PE)-1∙n(Ni)-1. (f) Determined by DSC from the second heating curve.  

Polymerizations were conducted at 25 °C and 25 bar of ethylene in 100 mL of toluene. Both, 

phenylazotriphenylmethane (PAT) (Table 3-5, entry 2) and AIBN (Table 3-5, entries 4 to 6) 

increase the polymerization yield (Table 3-5, entry 1). The best result was obtained by addition of 

6 equiv. of AIBN, resulting in a seven-fold higher yield of PE (Table 3-5, entry 1 vs. 6). 

Interestingly, large amounts of azo-compound completely suppress the polymerization (Table 3-5, 

entries 3, 7 and 8). The increase in yield can be explained by a prolonged lifetime of the catalyst in 

the presence of azo-compounds (Figure 3-41). Without addition of AIBN, the polymerization is 
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active for ca. 30 min. In the presence of 6 equiv. of AIBN, ethylene is consumed for more than 190 

minutes (Table 3-5, entry 1 vs. 6). Since the turnover frequencies (TOF) remain almost constant 

(9000-11000 h-1) irrespective of the presence of PAT (2 equiv.) or AIBN (2, 4, 6 equiv.) (Table 

3-5, entries 1 to 2 and 4 to 6), there is good reason to suppose that the actually active species of 

chain growth is identical in all cases.  

 

Figure 3-41. Ethylene mass flow plots for ethylene polymerizations with 2Ph
PPh3 (black), 2Ph

PPh3 with 2 equiv. 

of additional AIBN (red) and 2Ph
PPh3 with 4 equiv. of additional AIBN (blue) at 25 bar ethylene pressure at 

25 °C in 100 mL of toluene. Polymerizations were quenched when no further ethylene consumption was 

observed. 

Further support that the same catalytic species is active in the presence and in the absence of 

azo-compounds is given by DSC analysis of the formed polymers, showing that the melting points, 

and thus also the microstructures of the resulting PE remain unchanged (Table 3-5, entries 1 to 2 

and 4 to 6). SEC not only reveals that the molecular weight distribution becomes smaller (Table 

3-5, entry 1 vs. 4 to 6), but also that Mn of the formed PE increases with the enhanced lifetime of 

the catalyst. Although by the reactivation a new growing polymer chain is formed, chain transfer 

reactions lead to a higher average molecular weight of all polymer chains. These results prove the 

promising principle of reactivation by scavenging intermediate [Ni(I)] species with sources of 

organic radicals and subsequent transformation to a catalytically active species. However, it seems 

that this reaction is sensitive to differently substituted (N^O) ligands and polymerization 

conditions. For example reactivation experiments with 2Ph
PPh3 at 50 °C do not show a large 
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beneficial effect with up to 100 equiv. AIBN added. The best result is a 1.7 fold higher yield with 

50 equiv. of AIBN in comparison to the polymerization in the absence of AIBN.  

In summary, [(N^O)Ni(I)] species which are formed in the polymerization via bimolecular 

reductive coupling can be transformed into the corresponding catalytic active [(N^O)Ni(II)R] 

species by reaction with organic radicals. On the basis of this result and the results discussed above, 

it is finally possible to create a conclusive overview of the reactivity of [(N^O)Ni(II)R(PPh3)] in 

the simultaneous ethylene and MMA polymerization. 
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4 Conclusive Summary 

4.1 Mechanistic Insights into the Ni-Mediated Polymerization in 

the Presence of Ethylene and MMA 

To date, reported observations of the reactivity of MMA in Ni(II)-catalyzed polymerizations 

have provided an inconclusive picture. To clarify the role of radicals in these reactions, we 

performed (a) the synthesis of different (N^O)Ni(II)R(L) catalyst precursors (R = Ph, Me), 

intermediate species and decomposition products, (b) homopolymerizations of MMA and pressure 

reactor polymerizations of ethylene in the presence of MMA, (c) a detailed analysis of the polymers 

formed (labeling experiments, end group analysis, microstructure anaysis) and (d) stoichiometric 

experiments monitored via spectroscopic methods (NMR & EPR). Combining these methods, the 

following picture emerged (Scheme 4-1).  

1) The migratory insertion polymerization of ethylene (Scheme 4-1, blue) is virtually 

unaffected by a simultaneous radical polymerization of MMA. Ethylene chain growth is initiated 

by insertion of ethylene into [Ni-Me]/[Ni-Ph] catalyst precursors or into intermediately formed 

[Ni-H] species, and the ethylene insertion chain growth is mainly terminated by -H elimination 

(conclusive with end group analysis). The growing [Ni-polymeryl] species is not relevant for the 

formation of free-radicals that initiate the radical chain growth of MMA. Furthermore, no 

interaction of insertion and radical polymerization is observed, thus resulting in homopolymer 

mixtures of PE and PMMA. However, the presence of MMA leads to decreased productivities in 

the ethylene polymerizations, because MMA as a weakly coordinating ligand inhibits insertion 

polymerization to some extent. 
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Scheme 4-1. Schematic overview of the reactivity of [(N^O)Ni(II)R(L)] complexes in the presence of 

monomers (ethylene & MMA). Different pathways are color-coded. Blue describes migratory insertion 

polymerization, orange the formation of [Ni(I)] and [Ni(0)] species, green a homolytic P-C bond cleavage, 

red the formation of organic radicals from aryl halides and purple the formation of [Ni(II)(alkyl/aryl)] from 

[Ni(I)] species. 

 

2) Concerning the reactivity of [(N^O)Ni(II)R(L)] precursors (R = Me, Ph) and active species 

(R = H) toward MMA, it was found that [Ni-H] (1,2-insertion mode) and [Ni-Ph] (2,1-insertion 

mode) complexes insert MMA forming thermally unstable [Ni-alkyl] complexes. These complexes 

then undergo rapid -H eliminations instead of a further insertion of monomer species which is 

assumed to be additionally suppressed by chelate formation after coordination of the inserted 

monomers’ carbonyl group.51,70 Interestingly, [Ni-Me] catalyst precursors, which are also a model 

for the growing [Ni-PE] species, do not insert MMA under the conditions applied. Instead, these 

complexes decompose by either reductive elimination of MePPh3
+ or bimolecular reductive 

coupling with formation of ethane (Scheme 4-1, orange). In addition, supplying 13C-labeled 

[Ni-13CH3] as an initiator in MMA homopolymerizations does not lead to an incorporation of the 

labeled group into the PMMA polymer chain. [Ni-Me] and [Ni-Ph] complexes show a very similar 

kinetic behavior in MMA homopolymerizations, indicating that an insertion of MMA into the Ni-C 

bond is not a mandatory reaction in the generation of radicals that initiate MMA free-radical chain 

growth. 

3) With respect to the sources of organic free-radicals, we suggest a homolytic P-C bond 

cleavage in labile aryl phosphine ligands (Scheme 4-1, green). Phenyl-terminated PMMA polymers 



Mechanistic Insights into the Ni-Mediated Polymerization in the Presence of Ethylene and MMA  

 

89 

are formed when the radical polymerization is initiated by [(N^O)CF,I-INi(13CH3)PPh3] and 3 equiv. 

of PPh3, with PPh3 as the sole possible phenyl source. By choosing P(mTol)3 as a phosphine ligand, 

a variation of the polymer end group pattern in the 1H NMR spectrum is indeed observed. In 

addition, spin trapping EPR experiments reveal that thermal reaction of 1Me
PPh3 with PBN leads to 

the Ph-PBN spin adduct (Figure 3-35). Although this aspect was not investigated in detail, we have 

good reason to suppose that the P-C bond cleavage is metal-mediated and starts from the initial 

[(N^O)Ni(II)R(PPh3)] complex. Moreover, an enhanced P-C bond cleavage may be the origin of a 

higher efficiency for radical polymerizations with [Ni] complexes when additional phosphine is 

added, a finding that has been repeatedly reported,52,53,80 and was also observed in our experiments. 

4) A second radical source, actually much more specific to some of the specific nickel 

complexes under investigation, is a one-electron oxidation/single-electron transfer from 

intermediately formed [Ni(0)] species to aryl halides, as for example, the aryl iodide moiety of the 

N^O-ligand, with formation of metal-centered Ni(I) complexes and N^O ligand-based aryl 

radicals. 

5) With respect to the generation of [Ni(0)] species, we identified several reaction pathways: 

(a) Reductive elimination of (N^O)H from (N^O)Ni hydride complexes formed during chain 

transfer in the ethylene polymerization. (b) Reductive elimination of MeP(aryl)3
+ from (N^O)Ni 

methyl phosphine complexes. (c) A relevant alternative pathway, especially at high [Ni] 

concentrations as present in NMR experiments, is a bimolecular reductive coupling 

([Ni-R] + [Ni-R’] → R-R’ + 2 [Ni(I)]). We studied this reaction in detail for [Ni-H] species 

(Scheme 4-1, orange top pathway) and were able to prove the intermediate formation of 

[(N^O)Ni(I)(PPh3)2], which subsequently undergoes a disproportionation reaction ultimately 

leading to the observed formation of [(N^O)2Ni(II)] and [Ni(0)(PPh3)4]. This pathways can proceed 

under mild conditions with involvement of [Ni-H] species and is assumed to also proceed for 

[Ni-Me] and [Ni-Ph] complexes in a similar manner under more harsh conditions. In simultaneous 

polymerizations of ethylene and MMA, the initiation process was found to be significantly faster 

than in polymerizations of MMA alone. The reason for this is attributable to a fast ethylene 

insertion into the catalyst precursors, yielding [Ni-alkyl] complexes. These complexes then readily 

undergo -H elimination to form reactive [Ni-H] species, which in turn decompose by bimolecular 

reductive coupling to finally form [Ni(0)] species. These [Ni(0)] species react with aryl halide 

functionalities in the specific (N^O) ligands and initiate a free-radical chain growth. 
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6)  Intermediately formed [Ni(I)] species may be transformed into insertion polymerization 

active Ni(II)(aryl/alkyl) prior to disproportionation into Ni(0) complexes and polymerization 

inactive bis(chelate) nickel(II) by addition of azo-compounds (Scheme 4-1, purple). By using this 

strategy, the overall productivity of the exemplary catalyst studied here increased by a factor of up 

to seven in ethylene polymerizations due to regeneration of insertion polymerization active species. 

It has to be emphasized that it is not possible to exclude an analogous recombination of [Ni(I)] 

species with growing PMMA radicals. However, since the insertion products of MMA into [Ni-H] 

and [Ni-Ph] undergo rapid -hydride elimination rather than ethylene insertion, the formation of 

PMMA-PE block copolymers is precluded. 

4.2 Implications on the (N^O)Ni(II) Mediated Olefin Insertion 

Polymerization 

Beyond unravelling the complex but so-far contradictory picture of Ni(II) catalyzed 

polymerization in the presence of MMA, our findings also bear general implications for the process 

of ethylene insertion polymerization.  

1) The intrinsic reactivity of phosphines can lead to organic radical formation and therefore to 

a great number of side reactions which need to be considered (e.g. with acrylic monomers). In 

addition, the reductive elimination of alkyl phosphonium salts was found to be significant. In light 

of these findings, other weakly coordinating ligands such as pyridine (and derivates) or DMSO 

seem more suitable, or if phosphines are essential, a variation of the substitution pattern of the aryl 

may be advantageous by destabilizing a possible transition state for a P-C bond cleavage.183 

2) Bis-chelated [(N^O)2Ni(II)] and [Ni(0)] complexes were identified as major ultimate 

deactivation products generated by reductive bimolecular coupling. In addition, it is assumed that 

reductive elimination of alkyl phosphonium salts and of the protonated (N^O) ligand leads to 

[Ni(0)] formation. As a consequence, both the presence and the reactivity of low-valent Ni species 

have to be considered, in particular their reactivity toward halide substituents in ligands, which 

could lead either to oxidative addition products or to organic free-radical formation.  
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3) We clearly demonstrated that it is possible to regenerate the (N^O)Ni(II) catalytically active 

species in the migratory insertion polymerization process, by capturing intermediately formed 

[Ni(I)] species after a bimolecular reductive coupling and preventing ultimate decomposition 

(Scheme 4-2).  

Scheme 4-2. Schematic representation of a migratory insertion chain growth cycle of ethylene including a 

bimolecular reductive coupling step and regeneration of a catalytically active species with azo-compounds. 

Additional labile ligands are omitted for clarity. 

 

This regeneration can be achieved by addition of organic radical sources (e.g. azo-compounds) 

able to react with intermediate [(N^O)Ni(I)] species to reestablish polymerization active 

[(N^O)Ni(II)(alkyl/aryl)] species. These encouraging results may lead the way to more efficient 

catalytic systems for olefin polymerization. The advantage of this technique lies in its potential of 

being transferred to other kinds of catalytic systems which undergo bimolecular deactivation 

mechanisms or are forming intermediate Ni(I) species in the decomposition/deactivation pathway 

such as -diketiminate Ni(II) complexes.103,152 
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5 Synthesis and Characterization of the Nickel 

Complexes 

Chart 5-1. General notation of the (N^O)Ni(II)R(L) complexes used in this study. 

 

The different (N^O) Ni(II) complexes (Chart 5-1) employed were chosen for the following 

reasons. Complexes with ligand [(N^O)CF,I-I]
- (1R

L) were selected for their robustness and high 

activities in the ethylene polymerization,41,44,49,50,118 and [(N^O)iPr,I-I]
- was chosen because the 

corresponding phenyl PPh3 complex (2Ph
PPh3) was described to mediate both insertion and radical 

polymerizations.52,53 Furthermore, complexes with ligands [(N^O)iPr,tBu-H]- (3R
L) and 

[(N^O)iPr,Ant-H]- (4R
L) do not contain iodo-substituents on the salicylaldehyde moiety (R2 and R3 in 

1 and 2), allowing to determine a specific influence of Ar-I functionalities.  

The 3,5-di(trifluoromethyl)phenyl substituted m-terphenylamine for the salicylaldiminato 

ligand of 1 was obtained by a synthetic procedure44 optimized versus the original report (Scheme 

5-1).41 In the first step, 3,5-di(trifluoromethyl)bromobenzene is reacted via a Grignard reaction 

with B(OEt)3 to afford the corresponding 3,5-di(trifluoromethyl)phenylboronic acid. Then, in the 

second step, the latter is reacted via a palladium-catalyzed Suzuki-coupling with the 

2,6-dibromoaniline to yield the m-terphenylamine 2,6-bis[3,5-di(trifluoromethyl)phenyl]aniline. 
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Scheme 5-1. Synthesis of substituted terphenylamine 2,6-bis[3,5-di(trifluoromethyl)phenyl]aniline. 

 

The substituted anilines were condensed with 3,5 substituted salicylaldehydes (Scheme 5-2) to 

yield the salicylaldimines (N^O)CF,I-IH (1-H),41,44 (N^O)iPr,I-IH (2-H),36 (N^O)iPr,tBu-HH (3-H)36 and 

(N^O)iPr,Ant-HH (4-H)36 in good to excellent yields. The deprotonated salicylaldimine was obtained 

as sodium salt after reaction with an excess of NaH at RT in THF in almost quantitative yield for 

ligands 1-H, 2-H, 3-H and 4-H following the general procedure published by Wang et al.36 

Scheme 5-2. Condensation of 2,6-substituted anilines and 3,5-substituted salicylaldehyde to yield 

salicylaldimines (N^O)H and deprotonation to yield (N^O)Na. 

 

5.1  (N^O)Ni(II)R(L) Catalyst Precursors 

Besides [Ni-Ph] complexes as the most common polymerization catalyst precursor complexes, 

we used [Ni-Me] complexes as a closer mimic of the growing [Ni-alkyl] species in the ethylene 

polymerization. 

5.1.1 Synthesis of [(N^O)NiPh(PPh3)] Complexes 

[Ni-Ph] complexes 2Ph
PPh3,

40 3Ph
PPh3,

36 and 4Ph
PPh3

36 were obtained by reaction of the 

corresponding (N^O)Na salt with trans-[(PPh3)2NiCl(Ph)]184 in benzene according to literature 
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procedures (Scheme 5-3). trans-[(PPh3)2NiCl(Ph)] contained of 2.8 equiv. dmf (determined by 1H 

NMR spectroscopy) which resulted from synthesis and could not be removed. 1Ph
PPh3 which had 

not been reported before, was obtained by a modification of the aforementioned literature-known 

protocol of Wang et al.36 The crude reaction mixture was extracted with cold MeOH, reduced to 

dryness, washed with small amounts of pentane and 1Ph
PPh3 was obtained in satisfactory yield (72%) 

as an orange powder. 

Scheme 5-3. Synthesis of [Ni-Ph] complexes by reaction of deprotonated salicylaldimine with trans-

[(PPh3)2NiCl(Ph)] according to the synthetic route of Wang et al.36 

 

The characteristic resonances in the 1H NMR spectrum (Figure 5-1) of the protons of the phenyl 

group attached to the Ni center are shifted to lower ppm values (6.05–6.32 ppm) in comparison to 

the resonances of a phenyl group which is not metal-bound (e.g. benzene 1H) =  7.26 ppm185), 

and the imine-proton doublet resonance at 8.97 ppm (3JHP = 8.0 Hz) confirms the anticipated 

connectivity of 1Ph
PPh3. In addition, only one resonance in the 31P{1H} NMR spectrum (22.7 ppm, 

Ni-PPh3) and in the 19F NMR spectrum (61.2 ppm, 6 –CF3) is observed, respectively. A full-

characterization by NMR spectroscopy is given in the Experimental Section (6.2.2, page 137). 
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Figure 5-1. 1H (400 MHz), 31P{1H} (162 MHz) and 19F (376 MHz) of 1Ph
PPh3 in DMSO-d6 at RT. 

Characteristic resonances are labeled. 

Complexes 1Ph
PPh3, 2Ph

PPh3 and 3Ph
PPh3 were analyzed by X-ray diffraction (selected bond 

distances and angles see Table 5-1, ORTEP plots see Figure 5-2).  

 

Figure 5-2. ORTEP (50% probability ellipsoids) plots of a) 1Ph
PPh3, b) 2Ph

PPh3 and c) 3Ph
PPh3 determined by 

X-ray diffraction. Hydrogen atoms are omitted for clarity. The structure of 2Ph
PPh3 contains disordered 

solvent molecules and the corresponding electron density was removed by the PLATON SQUEEZE186 

routine. 

The three [Ni(II)-Ph] complexes crystallize with a square planar coordination geometry of the 

Ni center with the phenyl group located trans to the oxygen atom of the salicylaldimine. The Ni-P 

bond lengths are similar in complexes 1Ph
PPh3 and 2Ph

PPh3 (2.1747(7) Å and 2.1766(6) Å, 

respectively), whereas in 3Ph
PPh3 Ni-P is longer (2.1931(12) Å). These values indicate a weaker 
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coordination of the phosphine ligand in 3Ph
PPh3 and may result from the higher steric demand of the 

tert-butyl group in the 3-position of the salicylaldehyde in comparison to a diiodo-substitution in 

the 3,5-position of the salicylaldimine (2Ph
PPh3). Interestingly, the electron-withdrawing 

substituents CF3 at the terphenylamine do not significantly influence the bond distances of the 

atoms directly bound to the Ni center in comparison to electron-richer diisopropyl substituents 

(1Ph
PPh3 vs. 2Ph

PPh3, Table 5-1). However, steric influences of the (N^O) ligand have to be 

considered when the structures of 1Ph
PPh3 vs. 2Ph

PPh3 are compared. The steric repulsion of the 

[(N^O)CF,I-I]
- ligand and the PPh3 and phenyl ligands, respectively, seems to be higher, so that the 

electronic influence may be compensated. Despite the remoteness of these substituents to the Ni 

center, previous work has suggested that substituents at the 3,5-position of the terphenylamine 

influences the arene-Ni interactions and thereby the tendency toward “chain walking” in the 

ethylene polymerization.187 

Table 5-1. Selected crystallographic bond distances (Å) and bond angles (°) for the [Ni-Ph] complexes 

1Ph
PPh3, 2Ph

PPh3 and 3Ph
PPh3. 

Bond /Angle 1Ph
PPh3 2Ph

PPh3 3Ph
PPh3 

Ni1-P1 (Å) 2.1747(7) 2.1766(6) 2.1931(12) 

Ni1-C (Å) 1.908(3) 1.905(2) 1.916(4) 

Ni1-O1 (Å) 1.906(2) 1.903(1) 1.926(3) 

Ni1-N1 (Å) 1.946(2) 1.938(2) 1.925(3) 

P1-Ni1-N1 (°) 177.00(7) 166.78 (5) 169.7(1) 

O1-Ni1-C (°) 167.8(1) 162.50(7) 164.4(1) 

P1-Ni1-O1 (°) 90.04(6) 87.72(5) 90.22(8) 

C-Ni-N1 (°) 94.1(1) 96.64(7) 94.3(1) 
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5.1.2 Synthesis of [(N^O)NiMe(L)] Complexes 

Scheme 5-4. Synthesis of [Ni-Me] complexes starting from [(tmeda)NiMe2] and protonated (N^O) ligand. 

 

The [Ni-Me] complexes 1Me
dmso,

48 1Me
PPh3,

188 2Me
PPh3

188 and the novel complex 2Me
PmTol3 were 

synthesized by reaction of the corresponding protonated salicylaldimine (N^O)H with 1.2 equiv. 

[(tmeda)NiMe2] in the presence of the respective monodentate neutral ligand (Scheme 5-4). The 

13C labeled complexes 113CH3
PPh3 and 213CH3

PPh3 were synthesized by related procedures.127 The 

synthesis of 2Me
PmTol3 was performed similarly to the reported procedures, namely, with a modified 

workup approach. The reaction mixture was washed with cold MeOH, extracted with pentane and 

precipitated from solution by cooling to -24 °C. 2Me
PmTol3 was obtained in satisfactory yield (73%) 

as an orange powder.  

 

Figure 5-3. 1H NMR spectrum (400 MHz, C6D6, RT) of [(N^O)iPr,I-INiMe(PmTol3)] (2Me
mTol3) and the 

31P{1H} NMR (162 MHz, C6D6, RT) as an inset. 
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Characteristic NMR resonances (Figure 5-3) in benzene-d6 at RT of 2Me
PmTol3 are a doublet of 

the Ni-CH3 resonance at -0.86 ppm with a 3JHP doublet splitting to the cis phosphorous, which 

resonates at (31P{1H}) = 26.8 ppm. The corresponding 13C{1H} NMR spectrum is given in the 

Appendix in Figure 7-6 (page 150). 

5.1.3 Synthesis of (N^O)Ni(II) Hydride Species 

[Ni-H] complexes represent the highly reactive intermediates formed during chain transfer by 

-H elimination from suitable [Ni-alkyl] complexes. Generally, their high reactivity makes it 

difficult to directly detect [Ni-H] species in reaction mixtures or to isolate them. Therefore, a low-

temperature synthesis procedure was developed by Berkefeld and Mecking48 to make 

[(N^O)CF,I-INiH(PMe3)] accessible (Scheme 5-5). NaHB(OMe)3 proved to be a suitable hydride 

source because it reacts not only readily but also selectively with [Ni-Cl] precursors as has 

previously been demonstrated for anilidotropone [Ni-Cl] complexes.73 However, as stated before, 

these complexes exhibit a high intrinsic reactivity which necessitates employing a strongly 

coordinating phosphine ligand (PMe3) and a workup procedure at low-temperatures, e.g. in the 

synthesis of 1H
PMe3 strictly below 0 °C. Due to the difficulties in the workup procedure, the isolated 

solid contains 1H
PMe3 and up to 30 wt% impurities such as B(OMe)3 (OCH3, 

(1H) = 3.08 ppm, -68 °C, THF-d8). 

Scheme 5-5. Synthesis of [Ni-H] complexes by reaction of [(N^O)NiCl(L)] with NaHB(OMe)3. 

 

The aforementioned synthetic procedure was adopted for another (N^O) complex, namely the 

in situ preparation of [(N^O)iPr,tBu-HNiH(PPh3)] (3
H

PPh3). Since Berkefeld et al.70 found that in situ 

generated 1H
PMe3 and isolated 1H

PMe3 show an identical reactivity toward MA, an in situ approach 

was selected. The [Ni-Cl] precursor complex was obtained by reaction of [(PPh3)2NiCl2] and 

1 equiv. of [(N^O)iPr,tBu-H]Na in dichloromethane at RT, washing with pentane and extraction with 

Et2O. [(N^O)iPr,tBu-HNiCl(PPh3)] was used without further characterization for the in situ formation 
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of the corresponding [Ni-H] complex. The isolated solid contained small amounts of 

[(PPh3)2NiCl2], which crystallized after extraction from the Et2O solution and was identified by X-

ray diffraction. 

Reaction of [(N^O)iPr,tBu-HNiCl(PPh3)] with NaHB(OMe)3 in THF-d8 immediately led to 

formation of [(N^O)iPr,tBu-HNiH(PPh3)] at RT. The in situ formed hydride complex 3H
PPh3 shows a 

characteristic 1H NMR (THF-d8, RT, Figure 5-4) doublet resonance of the hydride ligand bound to 

the Ni center at -27.6 ppm with a 2JHP of 140.2 Hz ((31P{1H}) = 26.1 ppm).  

 

Figure 5-4. 1H NMR spectrum (400 MHz, THF-d8, RT) of in situ formed [(N^O)iPr,tBu-HNiH(PPh3)] (3H
PPh3) 

and the 31P NMR (162 MHz, THF-d8, RT) spectrum is shown as an inset (right). 

The successful formation at RT and the high thermal stability of 3H
PPh3 is surprising when 

compared to the reactivity of 1H
PMe3. 3

H
PPh3 is accessible in situ at RT, even with the less stabilizing 

phosphine PPh3 as a labile ligand.  

Decomposition of In Situ Generated [(N^O)iPr,tBu-HNiH(PPh3)] 

Monitoring the decomposition of in situ formed [(N^O)iPr,tBu-HNiH(PPh3)] by 1H NMR 

spectroscopy allowed for the identification of the Ni(I) species intermediately formed, namely 

[(N^O)iPr,tBu-HNi(I)(PPh3)2] (Figure 3-19, page 52). Additionally, investigating the reaction 
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mixtures by EPR spectroscopy proved the formation of multiple paramagnetic species. The 

superposition of the resonances rendered an unambiguous assignment difficult. However, 

comparing the EPR spectrum of isolated 3PPh3
PPh3 (Figure 5-5, black) and the EPR spectrum of the 

reaction mixture (Figure 5-5, red) indicates the presence of 3PPh3
PPh3 in the reaction mixture. 

 

Figure 5-5. Reaction monitoring by EPR (X-band, -170 °C, THF-d8) spectroscopy of the in situ formation 

of 1H
PPh3 and the subsequent decomposition. An EPR active reaction mixture was obtained at RT after 30 h 

(red). The top spectrum (black) shows the EPR spectrum of separately synthesized 3PPh3
PPh3 

(X-band, -170 °C, THF) for comparison. The black spectrum is slightly shifted along the x axis to 

compensate for inaccuracies of the magnetic field and frequency determination. 

The in situ formation of 1Cl
PPh3 and subsequent reaction with NaHB(OMe)3 in Et2O also led to 

the isolation of crystals suitable for single crystal X-ray diffraction of the trinuclear 3-Cl Ni-

complex Ni3 (Figure 5-6). Two possible net formal oxidation states of the Ni centers are 

[{(N^O)Ni(II)Cl}2{Ni(0)(PPh3)2}] or [{(N^O)Ni(I)}2{Cl2Ni(II)(PPh3)2}]. Comparing the bond 

lengths of the corresponding Ni(I)/Ni(II) complexes does not lead to a clear picture allowing for 

an easy and unambiguous decision on which oxidation states are most appropriate to describe the 

electron distribution (Table 5-2). 
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Figure 5-6. ORTEP (50% probability ellipsoids) plot of the trinuclear mixed valence Ni-complex (Ni3), 

which was obtained by reaction of [(PPh3)2NiCl2] with (N^O)iPr,tBu-HNa and subsequent addition of 3 equiv. 

NaHB(OMe)3 in Et2O at RT. In a) hydrogen atoms and in b) all hydrogen and most carbon atoms of PPh3 

and the (N^O) ligand are omitted for clarity. 

Concerning the {Cl2Ni(II)(PPh3)2} fragment, both a tetrahedral and square planar coordination 

geometry of the Ni center is known.189,190 In Ni3, the {Cl2Ni(II)(PPh3)2} fragment possesses a 

square planar coordination geometry of the Ni atom. However, in the square planar coordinated 

complex [(PPh3)2Ni(II)Cl2], the chloro substituents are trans to each other, and in the trinuclear 

complex Ni3, they are positioned cis to each other, leading to a different trans influence (Cl vs. P). 

The Ni-Cl and Ni-P bond lengths in Ni3 range between the corresponding bond lengths of square 

planar and tetrahedrally coordinated Ni complex [(PPh3)2Ni(II)Cl2] (Table 5-2, last four entries). 

The Ni centers in the (N^O)Ni fragments are also coordinated in a square planar manner, 

whereas the isolated bis-triphenylphosphine Ni(I) species [(N^O)iPr,tBu-HNi(I)(PPh3)2] has a 

tetrahedrally coordinated Ni center. However, the coordination sphere of 

[(N^O)iPr,tBu-HNi(I)(PPh3)2] is very crowded and the bulky substituents favor a tetrahedral 

coordination geometry, which in these cases, is prevailing over the electronically favored square 

planar coordination geometry of complexes with ligands that are less sterically demanding at the 

coordination center. As distinct from 3PPh3
PPh3, the coordination sphere of the (N^O)Ni fragments 

in Ni3 is less crowded, thus possibly enabling a (distorted) square planar geometry of the Ni(I) 

complex. Square planar (N^O)Ni(II) fragments of the 2-hydroxy-bridged complex 

[(N^O)iPr,tBu-HNi-(OH)2-Ni(N^O)iPr,tBu-H] (Figure 5-8 a) have significantly shorter Ni-N and Ni-O 
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bond lengths as compared to the 3-Cl (N^O)Ni fragment. A similar trend holds for the 

tetrahedrally coordinated complexes 3PPh3
PPh3 and {3-3} (Ni-O = 1.979 vs. 1.900 Å and Ni-N = 

1.973 vs 1.865 Å, respectively). From these arguments, a designation of the Ni atoms of the 

(N^O)Ni fragments in the complex Ni3 as oxidation state +1 appears appropriate.  

Table 5-2. Selected crystallographic bond distances (Å) for the trinuclear Ni-complex Ni3, Ni(I) complex 

3PPh3
PPh3, [{(N^O)iPr,tBu-H}2Ni(II)] ({3-3}), tetrahedral (PPh3)2NiCl2

189 and square planar (PPh3)2NiCl2
190

 

complexes. Ni1 belongs to the (N^O)Ni fragment and Ni2 to the Ni(PPh3)2 fragment. 

Bond /Angle Ni3 3PPh3
PPh3 

tetrahedral 

{3-3} 

tetrahedral 

(N^O)Ni-(OH)2-

Ni(N^O) planar 

(PPh3)2NiCl2 

tetrahedral 

(PPh3)2NiCl2 

planar 

Ni1-O1 (Å) 1.884 1.979 1.900 1.811   

Ni1-N1 (Å) 1.902 2.017 1.973 1.865   

Ni1-Cl1 (Å) 2.182      

Ni1-Cl2 (Å) 2.165      

Ni-P1 (Å) 2.243 2.258   2.319 2.241 

Ni-P2 (Å) 2.243 2.261   2.319 2.241 

Ni2-Cl1 (Å) 2.197    2.207 2.164 

Ni2-Cl2 (Å) 2.197    2.207 2.164 

 

2500 3000 3500
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Figure 5-7. X-band cw EPR spectra in THF of single crystals obtained from in situ 3H
PPh3 formation and 

decomposition (Ni3) at -170 °C ( = 9.375 GHz, black) and 5 °C ( = 9.372 GHz, red). The broad resonance 

at approximately 2800 G is an artefact and is observable at low sample concentrations. 

The intramolecular Ni···Ni bond distance amounts to 3.0093(5) Å, which is considered to be too 

long for mutual annihilation of the unpaired spins of each (N^O)Ni(I) fragment (usually 
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< 2.5  Å).139,140,144,191,192 Therefore, two unpaired electrons should be detectable by EPR 

spectroscopy for Ni3. At 5 °C (Figure 5-7, red), in fact, no resonance is observed in a spectral 

window from 2050 to 4050 G (g ~ 3.3 to 1.7) in THF. At -170 °C in glassy THF, a pseudo isotropic 

resonance is detected with a g value of about 2.09. Note, an artefact at about 2800 G with an inverse 

phase to the absorption signal (~ 3200 G) is complicating the evaluation of the obtained spectra, 

and it is possible that a resonance (e.g. as expected for an axial g anisotropy) is obscured. However, 

the observed g value of 2.09 is in the same range as gav of [(N^O)iPr,tBu-HNi(I)(PPh3)2] (2.20) and 

for other Ni(I) S = 1/2 complexes (e.g. differently substituted Ni(I) salen complexes with 

gav =  2.01 to 2.16 in DMF105). The hyperfine structure resulting from coupling to the nitrogen in 

(N^O) is expected to be lower than 10 G and should therefore remain unresolved, as concluded 

from reported EPR spectroscopic data for similar complexes.105 

Since Ni3 is hardly soluble in THF, a low intensity EPR spectrum only is acquired. Even though 

an excess of PPh3 was added to a sample of the Ni3 crystals in THF to dissolve the individual 

fragments and to generate the known Ni(I) complex [(N^O)iPr,tBu-HNi(I)(PPh3)2] by a ligand 

exchange reaction, nevertheless, the addition of PPh3 neither altered the EPR spectra (no hyperfine 

structure was resolved), nor dissolved the individual fragments of Ni3. 

In summary, X-ray crystallography and EPR spectroscopy suggest that the trinuclear 3-Cl Ni-

complex (Figure 5-6) can be described as a {(N^O)Ni(I)}2{Cl2Ni(II)(PPh3)2} complex. 

5.2 Synthesis of Metal-Centered Radical Ni(I) Complexes 

Scheme 5-6. Reaction of [(PPh3)3NiCl] and [(N^O)iPr,tBu-H]Na to form [(N^O)iPr,tBu-HNi(PPh3)2] (3PPh3
PPh3). 

 

The Ni(I) precursor [(PPh3)3NiCl] was synthesized by comproportionation of [Ni(PPh3)4] and 

[(PPh3)2NiCl2] in Et2O in analogy to the reported approach of Heimbach.141 X-ray diffraction 

analysis was performed for analytical reasons to unambiguously identify the obtained compound 
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as [(PPh3)3NiCl], indeed the X-ray structure supports the expected connectivity and is almost 

identical to the X-ray structure published by Ellis et al. in 2000.193 

Subsequent reaction with 1 equiv. of the depronated ligand, [(N^O)iPr,tBu-H]Na in THF at RT 

leads to formation of [(N^O)iPr,tBu-HNi(I)(PPh3)2] in moderate yield (3PPh3
PPh3, 56% yield). 3PPh3

PPh3 

is stable over hours at elevated temperatures (up to 80 °C, see appendix Figure 7-4, page 149). 

Attempts to synthesize [(N^O)iPr,Ant-HNi(I)(PPh3)2] failed and instead produced bis-chelated 

[{(N^O)iPr,Ant-H}2Ni(II)] and [Ni(0)(PPh3)4]. Sterically demanding substituents in the 3-position of 

the salicylaldehyde seem to significantly influence the stability of the formed Ni(I) complex (tBu 

vs Ant). The increased steric demand of the tBu vs. a 9-anthracenyl group (Ant) in the 3-position 

of the salicylaldehyde enhances the stability of the corresponding Ni(I) complex and is also evident 

when comparing the crystal structures of bis-chelated [(N^O)2Ni] complexes 

[{(N^O)iPr,tBu-H}2Ni(II)] and [{(N^O)iPr,Ant-H}2Ni(II)] (Figure 5-11, page 110) of which the former 

shows a tetrahedral and the latter a square planar coordination geometry of the nickel center. It is 

known that the tetrahedral coordination of complexes with d8 metals can be favored over the 

electronically advantageous square planar coordination geometry of the metal center for steric 

reasons.194-196 

Traces of water and/or air dramatically decrease the stability of 3PPh3
PPh3 promoting 

decomposition into the bis-hydroxy-bridged Ni(II) complex [(N^O)iPr,tBu-HNi(2-OH)2

Ni(N^O)iPr,tBu-H] and phosphine oxide.  

The identity of the hydroxide-bridged Ni(II) complex was corroborated by X-ray crystal 

structure determination and NMR spectroscopy (Figure 5-8, see Experimental Section for 1H and 

13C{1H} NMR spectroscopic assignments, section 6.2.4, page 143). The hydroxyl protons resonate 

at -8.07 ppm, a typical chemical shift for bridging hydoxyl groups in (N^O)Ni(II) complexes.197 

Interestingly, the formation of such complexes after hydrolysis of [(N^O)Ni(II)alkyl(L)] 

complexes was proposed by computational methods.72 [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H] 

crystallizes in the triclinic space group P-1 and shows a slightly distorted square planar 

coordination geometry of both Ni centers. This coordination geometry is almost identical with that 

of the previously reported, very similar complex [(N^O)iPr,tBu-MeNi(2-OH)2Ni(N^O)iPr,tBu-Me] 

which was also studied by X-ray crystallography.197  
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Figure 5-8. a) X-ray crystal structure of [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H] formed by reaction of 

[(N^O)iPr,tBuNi(I)(PPh3)] with traces of water/air. Hydrogens, except for hydroxyl groups, are omitted for 

clarity. Ellipsoids are shown at a 50% probability level. b) 1H-1H ROESYAD with through-space 

correlations from the characteristic –OH protons (-8.07 ppm) to aliphatic ligand resonances. Selected bond 

distances and angles: Ni1-Ni2 2.7654(3) Å, Ni1-O1 1.8043(9) Å, Ni1-N1 1.8492(9) Å, Ni2-O2 1.8114(8) 

Å, Ni2-N2 1.865(1) Å, Ni1-O3 1.852(1) Å, Ni1-O4 1.8755(8) Å, Ni2-O3 1.8712(9) Å, Ni2-O4 1.8562(9) 

Å, O3-H47 0.71(2) Å, O4-H48 0.72(2) Å, N1-Ni1-O4 167.24(4) °, O1-Ni1-O3 167.24(4) °, N2-Ni2-O3 

174.85(5) °, O2-Ni2-O4 167.28(4). 

Crystals of 3PPh3
PPh3 suitable for X-ray crystallography were obtained from a saturated pentane 

solution at -24 °C. 3PPh3
PPh3 crystallizes in the triclinic crystal system and adopts a distorted 

tetrahedral coordination geometry of the Ni center (Figure 5-9). The dihedral angle 

(∠{P1-Ni1-P2}-{N1-Ni1-O1}) = 65.83° is strongly distorted from an optimal tetrahedral 

(, whereas (∠{P1-Ni1-N1}-{P2-Ni1-O1}) = 90.39° shows an almost perfect angle for 

tetrahedral coordination geometry of the Ni center.198 As a result of the distorted tetrahedral 

coordination geometry of the nickel center, P1 is located closer to the bulky tBu substituent in the 

3-position of the salicylaldimine with a slightly longer Ni1-P1 bond (2.2611(6) Å) than Ni1-P2 

(2.2580(6) Å). The Ni-P bond distances are significantly longer compared to the corresponding 

Ni(II) phenyl complex [(N^O)iPr,tBu-HNi(Ph)(PPh3)] (where Ni1-P1 is 2.1931(12) Å, Table 5-1, 

page 97). Assuming a similar electron density resulting from the (N^O) ligand, shorter Ni-P 

distances in the reduced form are expected because this should lead to a stronger -back 

bonding.199,200 The steric demand of two PPh3 ligands seems to outweigh the electronic effects, 

favoring a tetrahedral geometry of the central metal. This is a rarely observed coordination 

geometry for d9 metal complexes (except for Cu(II)), as demonstrated by Cirera et al.201 by 
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investigating a large set of crystal structures of tetracoordinate transition metal complexes in terms 

of their coordination mode.  

 

Figure 5-9. X-ray crystal structure of [(N^O)iPr,tBuNi(I)(PPh3)2] (3PPh3
PPh3) shown from two different 

perspectives. Hydrogen atoms are omitted for clarity. Ellipsoids are shown at a 50% probability level. 

The (N^O) coordination in 3PPh3
PPh3 is weaker in comparison to 3Ph

PPh3, as concluded from 

Ni1-N1 (2.0170(15) Å) and N1-O1 (1.9792(13) Å) bonds, which are longer than Ni1-N1 and 

Ni1-O1 in [(N^O)iPr,tBu-HNi(II)(Ph)(PPh3)] (1.925(3) Å and 1.926(3) Å, respectively). The most 

similar complexes, for which X-ray diffraction data are available, are the trigonal planar anilido-

imine triphenylphosphine Ni(I) complexes reported by Wang et al.103 (Chart 5-2). The respective 

Ni-N distances of these complexes of 1.970(4) Å and 1.933(2) Å are both shorter than those of  the 

four-coordinate (N^O)Ni(I) complex 3PPh3
PPh3 (2.0170(15) Å). This shorter bond lenghts can be 

accounted for by steric effects resulting from the additional PPh3 in the ligand sphere of 3PPh3
PPh3. 

The same trend holds for both Ni-P bonds in 3PPh3
PPh3 amounting to 2.2611(6) Å for Ni1-P1 and 

for 2.2580(6) Å Ni1-P2 in comparison to 2.2096(9) Å for Ni-P in [(N^N)Ni(I)(PPh3)]. 
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Chart 5-2. Chemical structure of anilido-imine triphenylphosphine Ni(I) complexes ([(N^N)Ni(I)(PPh3)]) 

reported by Wang et al.103 

 

The X-band cw EPR spectrum in toluene at 5 °C (see Appendix Figure 7-3, page 148) reveals 

an isotropic resonance with a g value of 2.20 with no hyperfine structure (HFS) resolved. In glassy 

toluene solution, a rhombic g tensor (2.07, 2.12, 2.34; gav = 2.20) with values typical for metal-

centered radical S = 1/2 [Ni(I)] complexes105,202,203 is observed (-170 °C, Figure 5-10). For all three 

g values, a large hyperfine splitting to two 31P nuclei (aP1iso = 164 MHz, aP2iso = 151 MHz) is 

resolved. 

 

Figure 5-10. X-band (ν = 9.372 GHz) cw EPR spectrum (d’’/dB) of [(N^O)iPr,tBu-HNi(I)(PPh3)2] in glassy 

toluene at -170 °C (black). Acquisition parameters: 1500 G sweep, 300 s sweep time, 2000 mG modulation, 

5 scans, 10.0 mW microwave power. The spectrum was simulated (red) by adopting the following values: 

g = (2.07, 2.12, 2.34), Hstrain = (60, 74, 52) MHz, aN = (20, 37, 37) MHz, aP1 = (165, 196, 131) MHz, aP2 = 

(156, 131, 166) MHz. 

1H NMR resonances are significantly shifted to either high or low frequencies (28 to -18 ppm, 

C6D6, RT, 400 MHz) with a severe broadening of the resonances with full width half maximum of 

up to 251 Hz (see Appendix Figure 7-2, page 148). The resonances of the two PPh3 ligands could 
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not be located in the range of -200 to 200 ppm in the 31P{1H} NMR spectrum at RT. Both 

observations corroborate the formation of a paramagnetic Ni(I) complex, since no resonances in 

1H or 31P NMR spectra could be assigned to a diamagnetic (N^O)Ni(I) complex species. Ni(I) 

complexes often tend to establish Ni···Ni bonds to form more stable and diamagnetic dimeric 

compounds.139,144,192,204-207 An equilibrium of monomeric and dimeric structures in solution is also 

possible,192 however, 3PPh3
PPh3 adopts a monomeric structure in solution as could be concluded from 

NMR and EPR spectroscopy. 

5.3 Synthesis of Bis-Chelated [(N^O)2Ni] Complexes 

The expected thermodynamically stable final decomposition products for [(N^O)Ni(II)(R)L] 

complexes, the complexes [{(N^O)CF,I-I}2Ni] ({1-1}), [{(N^O)iPr,tBu-H}2Ni] ({3-3}) and 

[(N^O)iPr,Ant-H}2Ni] ({4-4}) (Scheme 5-7), were synthesized to enable an unambiguous 

identification of these complexes in reaction mixtures.  

Scheme 5-7. Synthesis of bis-chelated complexes [{(N^O)iPr,tBu-H}2Ni] ({3-3}) and [{(N^O)iPr,Ant-H}2Ni] 

({4-4}). 

 

{1-1} was synthesized by reaction of (N^O)H with NaH and reaction with suspended NiCl2 in 

THF at RT. {1-1} was obtained in moderate yields (67%). Although different synthetic approaches 

for the complexes {3-3} and {4-4} have previously been published,208,47 a new synthetic route for 

both bis-chelated (N^O) Ni(II) complexes was established in the present work by reaction of the 

corresponding (N^O)Na-salt with [(dmso)3NiCl2] in moderate to good yields (68% and 93%, 

respectively). 
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Figure 5-11. X-ray crystal structures of bis-chelated [(N^O)2Ni(II)] complexes a) {1-1}, b) {3-3} and c) 

{4-4}. Hydrogen atoms are omitted for clarity. Cocrystallized solvent molecules are omitted in structures 

of a) and b). Displacement ellipsoids are shown at the 50% probability level. 

For an unambiguous identification of the isolated complexes, single crystals of the three bis-

chelated Ni(II) complexes were analyzed by X-ray diffraction (Figure 5-11). Complexes {1-1} and 

{3-3} show a distorted square planar coordination geometry of the Ni center with the oxygen atoms 

of the two (N^O) ligands trans to each other, whereas the nickel atom in {3-3} is coordinated in a 

tetrahedral coordination geometry. 

Complex {3-3} with the steric bulk of the tBu group in the 3-position of the salicylaldimine 

forces a tetrahedral coordination geometry of the Ni center in {3-3}, leading to a paramagnetic 

S = 1 spin state complex. The unpaired electrons lead to an anisotropic shift of the proton 

resonances in the 1H NMR spectrum ranging from -22 to 282 ppm (toluene-d8, RT, 400 MHz). 

{3-3} reacts with traces of water forming the hydroxyl-bridged complex [(N^O)iPr,tBu-H

Ni(2-OH)2Ni(N^O)iPr,tBu-H], which also results from decomposition of [(N^O)iPr,tBu-HNi(I)(PPh3)2] 

in presence of water (vide supra).  

In agreement with previously reported crystallographic data of {4-4},47 {4-4} exhibits a 

distorted square-planar coordination geometry of the Ni atom. It was stated that this distortion leads 

to a paramagnetic high-spin complex.47 However, we were able to record 1H (C6D6, RT, 400 MHz, 

Figure 5-12) and 13C NMR spectra definitely characteristic of a diamagnetic compound which 
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allowed for a full assignment of the NMR spectroscopic resonances, respectively (given in the 

Experimental Section 6.2.3, page 140). 

 

Figure 5-12. 1H NMR spectrum (400 MHz, C6D6, RT) of [{(N^O)iPr,Ant-H}2Ni] ({4-4}) and the numbering 

scheme  is given as an inset. 

{4-4} is paramagnetic when small Lewis bases (e.g. pyridine in CD2Cl2, 25 °C) are present, 

presumably by coordination of the Lewis base to the axial positions at the Ni center, as was 

previously reported for the similar complex [{(N^O)CF,I-I}2Ni].209 A similar behavior holds for 

other bis-chelated (N^O)Ni(II) complexes in the presence of additional tmeda.47 More precisely, a 

six-fold coordinated Ni(II) complex in a octahedral coordination geometry around the Ni center 

with two chelating (N^O) ligands and one chelating (N^N) ligand was obtained, which also results 

in paramagnetic shifted NMR resonances. 

Selected bond distances and angles for complexes {1-1}, {3-3} and {4-4} derived from X-ray 

single crystal diffraction data are listed in Table 5-3. 
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Table 5-3. Selected crystallographic bond distances (Å) and bond angles (°) for the bis-chelate [(N^O)2Ni] 

complexes [{(N^O)CF,I-I}2Ni] ({1-1}), [{(N^O)iPr,tBu-H}2Ni] ({3-3}) and [(N^O)iPr,Ant-H}2Ni] ({4-4}). 

Bond /Angle {1-1} {3-3} {4-4} 

Ni1-O1 (Å) 1.829(4) 1.898(1) 1.851(1) 

Ni1-O2 (Å) 1.847(4) 1.900(1) 1.843(1) 

Ni1-N1 (Å) 1.919(5) 1.964(2) 1.906(1) 

Ni1-N2 (Å) 1.899(5) 1.973(2) 1.905(1) 

O1-Ni1-O2 (°) 171.74(19) 104.82(7) 160.70(6) 

N1-Ni1-N2 (°) 164.2(2) 126.49(7) 153.93(6) 

O1-Ni1-N1 (°) 92.6(2) 92.57(7) 94.13(6) 

O1-Ni1-N2 (°) 87.92(19) 116.75(7) 90.50(6) 

O2-Ni1-N1 (°) 88.2(2) 124.87(7) 89.69(6) 

O2-Ni-N2 (°) 93.6(2) 91.38(7) 94.35(6) 
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6 Experimental Section 

6.1 Synthetic Materials and General Considerations 

All manipulations of nickel complexes were carried out under an inert atmosphere (N2) using 

standard glovebox or Schlenk techniques. All glassware was dried under vacuum prior to use.  

6.1.1 Solvents and Reagents 

Diethylether, THF and benzene were distilled from blue sodium/benzophenone and toluene 

from sodium. MeOH was distilled from activated magnesium. Pentane was distilled from calcium 

hydride. All solvents were distilled under inert atmosphere (N2). 

Deuterated solvents were purchased from Euriso-Top. 1,1,2,2-tetrachloroethane-d2 (TCE-d2) 

was stored over molecular sieves (4 Å). THF-d8 was dried over Na/K alloy and distilled prior to 

use. DMSO-d6, C6D6 and toluene-d8 were dried over CaH2 and vacuum transferred prior to use. 

MMA containing < 30 ppm hydrochinon-monomethylether (MEHQ) as stabilizer was 

purchased from Sigma Aldrich and dried over CaH2. Prior to use MMA was carefully vacuum 

transferred at RT to remove impurities and radical inhibitor and degassed by three freeze-pump-

thaw cycles. (2,4,6-tri-tert-butyl)bromobenzene was purchased from Sigma Aldrich and used 

without further purification. Ethylene (3.5 grade) was supplied by Praxair. The salicylaldimines 

(N^O)CF,I-IH (1-H),44 (N^O)iPr,I-IH (2-H),36 (N^O)iPr,tBu-HH (3-H)36 and (N^O)iPr,Ant-HH (4-H)36 were 

synthesized following literature procedures. The deprotonated ligands 1-Na, 2-Na, 3-Na and 4-Na 

were obtained by reaction with NaH in THF according to literature procedures.36  

Synthesis of phenylazo-triphenylmethane,210 trans-chloro(phenyl)bis(triphenylphosphine)

nickel(II) ([(PPh3)2Ni(Cl)Ph]),184 1Cl
PMe3 ([(N^O)CF,I-INiCl(PMe3)]),

48 1H
PMe3 ([(N^O)CF,I-I

NiH(PMe3)]),
48 1Me

dmso ([(N^O)CF,I-INiMe(dmso)]),
48

 {1-1}209, 2Ph
PPh3 ([(N^O)iPr,I-INiPh(PPh3)]),

40 
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3Ph
PPh3 ([(N^O)iPr,tBu-HNiPh(PPh3)])

36, 4Ph
PPh3 ([(N^O)iPr,Ant-HNiPh(PPh3)])

36, 5Me
pyr ([(N^O)iPr,Ant-H

NiMe(pyridine)])44 were carried out using literature procedures. 

6.1.2 Nuclear Magnetic Resonance (NMR)  

NMR spectra were recorded on a Varian Unity Inova 400 equipped with a 4NUC/switchable 

mode -5 mm “direct detection” probe, a Bruker Avance III 400 equipped with a BBFO plus probe, 

a Bruker Avance III 600 equipped with a QXI-H/C/N/P quadruple resonance probe or a Bruker 

Avance III 600 equipped with a TCI-H/C/N triple resonance cryoprobe. 1H NMR spectra were 

referenced to residual protiated solvent signals. 13C NMR spectra were referenced to the solvent 

signals, 31P NMR spectra to external 85% H3PO4 and 19F NMR spectra to external BF3∙OEt2. NMR 

spectral data are reported as follows: chemical shift ( in ppm), multiplicity, coupling constant (Hz) 

and integration. Multiplicities are given as follows (or combinations thereof): s: singlet, d: doublet, 

t: triplet, q: quartet, quint: quintet, sept: septet, m: multiplet, v: virtual, br.: broad. Full width at 

half-maximum values (1/2) are given for very broad resonances. The identity of metal complexes 

and detailed NMR assignments were established by 2D NMR experiments (1H-1H COSY, 1H-1H 

ROESY/NOESY, 1H-13C HSQC, 1H-13C HMBC and 1H-31P HMBC) in addition to 1D NMR 

experiments. Acquired data were processed and analyzed using MestReNova software. DOSY data 

were processed using the TopSpin (Bruker) software package. 

As standard conditions for the acquisition of 13C{1H} NMR spectra of polymer samples (10 to 

20 wt% polymer), an inverse gated decoupling sequence with a relaxation delay of 2.0 s, an 

acquisition time of 1.0 s and about 12000 repeated scans (unless otherwise noted) was used. As 

relaxation aid, 1 mg Cr(AcAc) per mL TCE-d2 was added to all samples. The reason for these 

relatively short acquisition times lies in the fact that an experiment with 4.0 s relaxation delay, 3.1 

s acquisition time, 50000 scans and 5 mg Cr(AcAc) per mL TCE-d2 leads to comparable quality of 

the obtained spectra and only to small deviations in the derived relative quantities (e.g. values for 

the calculated initiation efficiency) to the standard method mentioned above. The slightly more 

accurate method corresponds to a ten-fold higher required spectrometer time (10 h vs. 5 days for 

one sample). 
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6.1.3 X-Band Continuous Wave Electron Paramagnetic Resonance 

(EPR) 

X-band cw EPR spectra (9.4 GHz) were recorded on a MiniScope MS400 (Magnettech GmbH, 

Germany) equipped with a liquid nitrogen cooling system for the cavity. The magnetic field was 

modulated by 100 kHz. Samples of air/moisture sensitive compounds were dissolved, transferred 

to EPR tubes and sealed with a rubber septum fixed with Teflon tape in a N2 filled glovebox. To 

determine hyperfine structures spectra were simulated using the EasySpin toolbox211 for MatLab.  

6.1.4 Single Crystal X-Ray Diffraction  

X-ray diffraction analysis was performed at 100 K on a STOE IPDS-II diffractometer equipped 

with a graphite-monochromated radiation source (λ = 0.71073 Å) and an image plate detection 

system. Crystals were mounted on a fine glass fiber with silicon grease. The selection, integration 

and averaging procedure of the measured reflex intensities, the determination of the unit cell 

dimensions and a least-squares fit of the 2θ values as well as data reduction, LP-correction and 

space group determination were performed using the X-Area software package delivered with the 

diffractometer.212 A semi empirical absorption correction was carried out. The structures were 

solved by Patterson or Direct methods (SHELXS-2013213), completed with difference Fourier 

synthesis, and refined with full-matrix least-square using SELXL-2013213 minimizing w(F0
2-Fc

2)2. 

Weighed R factor (wR2) and the goodness of fit (GooF) are based on F2. All non-hydrogen atoms 

were refined with anisotropic displacement parameters. All hydrogen atoms were treated in a riding 

model unless noted otherwise. Graphical output (ORTEP plots) were created using ORTEP-3 V. 

2.02214,215 for Windows. 

6.1.5 Gas Chromatography-Mass Spectrometry (GC-MS)  

GC-MS spectra were recorded on a HP-6890 GC-system with a HP5973 MSD. 

6.1.6 Matrix-Assisted Laser Desorption/Ionization Time of Flight Mass 

Spectrometry (MALDI-TOF MS)  

MALDI-TOF MS mass spectra were recorded using a Microflex mass spectrometer (Bruker 

Daltonics), equipped with a 335 nm nitrogen laser and operated in the linear mode. As a matrix, a 
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saturated solution of dithranol in THF with NaI as doping salt and with addition of 0.1% 

trifluoracetic acid was used. For sample preparation, 1 L of the matrix solution was spotted on 

the MALDI target, dried, and 0.7 L of the sample solution (10 g/L in chloroform) was added 

to the MALDI spot and dried again. Sample preparation and measurement was performed by the 

Proteomics-Facility at the University of Konstanz. 

6.1.7 Differential Scanning Calorimetry (DSC) 

DSC analysis of polymers was measured on a Netzsch DSC 204 F1 with a heating/cooling rate 

of 10 K min-1. Data reported for melting and glass transitions were derived from the second heating 

cycle unless noted otherwise. Crystallinities were calculated assuming a heat of fusion of 

Hm = 293 J g-1 for 100% crystallinity of PE.216  

6.1.8 Size Exclusion Chromatography (SEC)  

SEC for molecular weight determination was carried out on a Polymer Laboratories PL-GPC 

50 with two PLgel 5 m MIXED-C columns in THF at 40 °C against polystyrene (PS) standards 

with refractive index detection or on a Polymer Laboratories 220 instrument equipped with Olexis 

columns with differential refractive index, viscosity and light scattering (15° and 90°) detectors in 

1,2,4-trichlorobenzene (TCB) at 160 °C at a flow rate of 1 mL∙min-1. Data reported were 

determined in linear mode vs. linear PE standards. In the linear mode only the refractive index 

change is detected. 

6.1.9 Elemental Analysis  

Elemental composition analysis was carried out on an Elementar vario MICRO cube instrument 

at the Department of Chemistry at the University of Konstanz. 

6.1.10 Computational Details 

Density functional theory (DFT) calculations were carried out using Gaussian 09 Revision 

D.01217 and the implemented hybrid Becke functional218,219 for electron exchange and the 

correlation functional of Lee, Yang and Parr220 (B3LYP). The LANL2DZ basis set with the 

corresponding Los Alamos effective core potentials (ECPs)221-223 was used on nickel, whereas 

phosphorous, carbon, nitrogen and hydrogen ions were described with the 6-31G(d) basis set 
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(H,C,N,O,P).224,225 An additional diffuse d function was added to phosphorous atoms.226 Initial 

geometries were based on crystal structures of related compounds, manipulated with the Avogadro 

software package227,228 and, if necessary, pre-optimized with Avogadro’s implemented Universal 

Force Field229 (OpenBabel Vers. 2.3.2). All geometries were fully optimized in the gas phase 

without symmetry restraints at the B3LYP//LANL2DZ(Ni)/6-31G(d) level of theory. Open-shell 

systems were treated in an unrestricted open-shell approach. Transition states were located by the 

QST3 procedure.230 Stationary points (no large imaginary frequency) and transition states (one 

large imaginary frequency) were confirmed by frequency calculations. The reaction path of the 

identified transition states was confirmed by an intrinsic reaction coordinate calculation.231 All 

quoted energies are given in kJ∙mol-1. Single point energies (E) were computed using toluene as 

a solvent using the polarizable continuum solvent model232 at the M06233//LANL2DZ[Ni]/

TZVP234[H,C,N,O,P] level of theory. The quoted Gibbs-free energies (G) were obtained by using 

single point energies at the M06//LANL2DZ[Ni]/TZVP[H,C,N,O,P] level of theory in toluene and 

the thermal corrections computed at 1 atm and 298.15 K using the B3LYP//LANL2DZ(Ni)/

6-31G(d)[H,C,N,O,P] level of theory in the gas phase. 

6.1.11 MMA Homopolymerizations 

General Procedure for the Radical Homopolymerization of MMA 

The desired amount of radical initiator and additives (e.g. PPh3) were weighed in a Schlenk tube 

in a glovebox under N2 atmosphere, sealed with a rubber septum and removed from the glovebox. 

MMA, and if necessary an additional solvent, was added under inert gas atmosphere. The Schlenk 

tube was placed in a preheated aluminum block and the mixture was stirred under light exclusion 

at the desired temperature.  

To determine a time-dependent yield, aliquots were drawn from the reaction mixture, 

precipitated into an excess of MeOH and the yield was determined by the mass of the precipitated 

polymer.  

To quench the polymerization, the reaction mixture was diluted with dichloromethane and the 

formed PMMA was precipitated into a large excess of stirred MeOH. 

The MMA monomer solution was frequently checked, for any PMMA formed by self-initiation. 

In addition, test polymerizations in the absence of Ni complexes (with phosphine) were frequently 

performed, always with the result that no PMMA was formed. 
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Considerations on the Calculation of the Ratio of PMMA Chains per Ni Center 

The ratio of PMMA chains per Ni center provides the basis for a subsequent discussion of the 

efficiency of the initiator. Here, it is inevitable that the amount of chain transfer to monomer is 

negligible or otherwise a misleading ratio would be obtained. As the chain transfer constant CM 

(CM = ktransfer ∙ kpropagation
-1) was determined by Kukulj et al.121 to be on the order of 10-5 in neat 

MMA at 50 °C, the propagation strongly dominates over chain transfer reactions. Statistically, a 

chain transfer to monomer occurs once in every 105 propagation steps, and the degree of 

polymerization (DPn) is below 104 for all studied polymers. That is, for a radical MMA 

polymerization, chain transfer to monomer can be neglected under these conditions. 

Scheme 6-1. Schematic representation of the two second-order chain termination reactions of the growing 

PMMA radical chain. 

 

A further possible source of error leading to inaccurate values for the chains per [Ni] ratio is the 

recombination of two growing radical polymeryl chains (Scheme 6-1). In this case, two initially 

separately generated free-radical chains form one terminated polymer chain with the doubled 

molecular weight, thus resulting in a reduced ratio of polymer chains per initiator. However, a 

study of the radical polymerization of perdeuterated MMA-d8 at 60 ° has shown that the 

disproportionation of two free-radical chains is the major chain termination reaction (more than 

85%).129 The low but finite probability of the radical recombination results in slightly underrated 

values for the chains per Ni center ratio, certainly; however, only to a low extent. In numbers, when 

15% of the growing polymer chains are terminated by a radical recombination, the chains per 
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initiator ratio is 7.5% lower as compared to the assumed model in which the growing PMMA chains 

are solely terminated by disproportionation of the radical chains. On the basis of these numbers, it 

is reasonable to ignore such deviations when comparing the ratios with each other. 

A chain transfer could also be mediated by iodine substituted compounds such as the diiodo-

substituted (N^O) ligands (1 and 2) used in this study. The abstraction of halide substituents by 

organic radicals, accompanied the release of a new organic radical is well known,235 and has been 

used in atom-transfer radical addition (ATRA) type reactions.236-239 With regard to the halide 

substitution, the radical abstraction is most effective for iodine-substituted substrates.240 In 

addition, iodine-terminated alkanes are used for reversible complexation mediated polymerizations 

(RCMP), using organic salts as a catalyst to generate carbon centered radicals (e.g. Bu3MePI).241 

Similar polymerizations are conducted mediated by light.242 All of these reactions potentially occur 

in polymerization mixtures that contain complexes with ligand 1 or 2, and thus also chain transfer 

reactions which in turn may lead to a misleading chains/[Ni] ratio in the end.  

 

Figure 6-1. 13C{1H} NMR (600 MHz, CD2Cl2, RT, 18604 scans) of a PMMA polymer obtained by initiation 

with 113CH3
PPh3 at 60 °C with 3 equiv. of additional PPh3 (Mn,NMR = 30∙103 g∙mol-1). 

The presented potential pathways have in common that iodine-terminated PMMA chains are 

formed, and these could not be observed by NMR spectroscopy or MALDI-TOF MS (Figure 3-38, 

page 79). However, it is well-know that halide-terminated PMMA chains readily undergo further 

transformations at elevated temperatures or in workup procedures. The most common reactions for 

halide-end-capped polymers are hydrolysis forming hydroxyl end groups,243,244 HI elimination 

leading to unsaturated end groups,242,243,245-248 and particularly with regard to acrylates, the 

elimination of iodoalkanes to form lactone end groups.242,245-249 However, neither hydroxyl groups 

nor lactone end groups were detected by MALDI-TOF MS (Figure 3-38) or by NMR spectroscopy 
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(Figure 6-1, characteristic lactone resonances would occur at 81 and 173 ppm in CDCl3 at RT249). 

Hence, these results strongly suggests that there is no active chain transfer mechanism involving 

iodo-substituted substrates. 

With these considerations and experimental findings in mind, it is plausible to calculate a 

reliable ratio of PMMA chains per Ni center and consequently to relate this ratio to the efficiency 

of the radical releasing step. 

Analysis of the tacticity of PMMA homopolymers 

The tacticity of the PMMA homopolymers was determined by 1H NMR in CDCl3 or CD2Cl2 at 

RT according to equation 1.250 The tacticity is given as the percentage of syndiotactic triads (rr, 

%rr). 

%𝑟𝑟 =  
𝐼𝑟𝑟

𝐼𝑚𝑚 + 𝐼𝑚𝑟 + 𝐼𝑟𝑟
 (1) 

Irr, Imm and Imr are the relative intensities of the integrals of the α-methyl resonances 

corresponding to the rr (0.83 ppm), mm (1.01) and mr (1.20) triad in the 1H NMR spectra, 

respectively. For illustration, see the exemplary NMR spectra of Figure 3-3 (page 33), Figure 7-8 

(page 151) and Figure 7-9 (page 151). 

End Group Determination in PMMA Homopolymers 

A determination of the end groups incorporated into a polymer by spectroscopic methods 

requires that a limited ratio of repeat units to end groups is present. A common approach to obtain 

low-molecular weight polymers from radical polymerization is the use of a large amount of radical 

initiator to generate a high steady state concentration of free-radicals. The main chain growth 

termination reactions are of second-order with respect to the growing radical chain 

(disproportionation and recombination), while the radical chain growth reaction is first order with 

respect to the polymeryl radicals. This leads to a faster chain termination and shorter polymer 

chains at higher steady state radical concentrations. However, Berkefeld et al.48,70 have shown that 

the decomposition of (N^O)Ni(II)R(L) complexes mainly proceeds via a bimolecular 

decomposition pathway. The reactivity at low or high [Ni] concentrations can differ substantially. 

In addition, low molecular weights lead to a lower overall yield of the generated and isolated 
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polymer. To obtain sufficient amounts of polymer with molecular weights which allow for an 

analysis by NMR and/or MALDI-TOF MS, a careful adjustment of the polymerization conditions 

is crucial. 

 

Figure 6-2. MALDI-TOF MS of PMMA obtained by radical polymerization of MMA initiated by complex 

2Ph
PPh3 (8.4 mM) and 3 equiv. of PPh3 in a 5.63 M MMA solution diluted with toluene at 70 °C. Phenyl end 

groups (blue) were identified, while benzyl end groups (red) were not detected.  

To produce PMMA homopolymers with moderate molecular weights, the following procedure 

proved useful: high concentrations of the initial Ni(II) complex, lower polymerization temperatures 

and dilution of the monomer solution. The dilution of the reaction mixture was necessary to provide 

a low viscosity polymerization mixture, which in turn ensures a uniform intermixing. Toluene was 

chosen as a solvent since it represents the most common solvent for insertion polymerizations of 

ethylene mediated by [(N^O)Ni(II)R(L)] complexes.36,38 A radical transfer from the growing 

PMMA radical to the solvent is conceivable and would lead to higher ratios of PMMA chains per 

Ni center, a new radical chain would be initiated by a benzyl radical forming benzyl-terminated 

PMMA chains. In line with already reported radical acrylate polymerizations that showed that a 

radical transfer to toluene occurs to a negligible extent,123 the formation of benzyl end groups could 

not be detected by MALDI TOF MS (Figure 6-2, Na+ peaks242,243,245,251,252) in the PMMA polymers 

studied herein. Therefore, toluene is a suitable solvent for the dilution of reaction mixtures in 

radical MMA polymerization. 
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The conditions and results of the radical homopolymerizations used for end group analysis are 

shown in Table 6-1. 

Table 6-1. MMA homopolymerizations to form low molecular weight PMMA for end group analysis. 

Ent

ry 

Initiator c(Ini) / 

mmol∙L-1 

Equiv. 

add.  

T / °C c(MMA) / 

mol∙L-1  

(a) 

t / min Yield in 

% 

Mn / 10³ 

g∙mol-1 

(b) 

1 TAP 11.5 -- 70 5.578 440 51.5 4 

2 2Me
P(mTol)3 3.3 5 PPh3 70 9.389 428 -- 50 

3 2Ph
PPh3 4.1 3 PPh3 70 5.633 440 16.0 12 

4 113CH3
PPh3 14.6 3 PPh3 60 2.167 300 14.9 30 

(a) Neat MMA (9.389 M) or with toluene as a solvent. (b) Determined by 1H NMR (400 MHz, CD2Cl2, 25 °C) 

spectroscopy by integration of the unsaturated end group vs. the methoxy backbone groups. 

6.1.12 Simultaneous Polymerization of Ethylene and MMA 

General Procedure for the Simultaneous Polymerization of Ethylene in the Presence 

of MMA at 25 bar Ethylene Pressure 

Polymerizations were conducted in a BÜCHI steel reactor with glass inlet in the following way: 

before polymerization the reactor was evacuated at 70 °C for 1 h and subsequently purged three 

times with argon inert gas. The glass inlet was found to be crucial to prevent MMA’s self-initiation 

after removal of the stabilization agent (mono methyl ether hydroquinone) from the monomer 

solution. The desired amount of catalyst precursor and PPh3 was weighed in a Schlenk tube, sealed 

with a rubber septum and removed from the glovebox, dissolved in 50 mL of cold MMA, and 

transferred via cannula into the preheated reactor and was stirred at 750 rpm. The reactor was 

pressurized to 25 bar ethylene and the ethylene valve was closed after saturation. After the desired 

time interval, the reactor was vented slowly and the resulting reaction mixture was poured into a 

large excess of MeOH to precipitate the formed polymer. The precipitate was filtered and dried 

under vacuum. The filtrate was reduced to dryness under reduced pressure. 
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General Procedure for the Simultaneous Polymerization of Ethylene in the Presence 

of MMA at Ethylene Pressures over 25 bar 

Polymerizations were conducted in a 160 mL steel reactor from Parr Instrument equipped with 

safety valves, stirrer and oven. High-pressure ethylene was stored in a 1.5 L intermediate tank by 

cooling the tank to -20 °C and liquefying ethylene at 35 bar. After reaching the thermodynamic 

equilibrium, the tank was isolated and heated to reach a pressure of approximately 200 bar. The 

desired amount of catalyst precursor and, if necessary, additions (e.g. PPh3) were dissolved in 50 

mL of cold MMA and transferred into the reactor. The solution was stirred (250 rpm), heated to 

70 °C and pressurized (50 or 100 bar ethylene). After the desired reaction time, the reactor was 

cooled and degassed. The formed polymer was isolated by evaporation of the volatile compounds 

and dried under vacuum at 70 °C. 

Determination of the Contents of Ethylene and MMA in the Polymers Formed by 

Simultaneous Ethylene and MMA Polymerization 

The molar fraction (xMMA) of MMA in the polymer mixture formed after polymerization was 

estimated by 1H NMR, setting the signal of the methoxy group (3.5 ppm) to a relative intensity of 

3 vs. the integral of the aliphatic region (0.3–2.5 ppm, Ialiph, equation 2).52 

𝑥𝑀𝑀𝐴 =  
1

1 +
𝐼𝑎𝑙𝑖𝑝ℎ − 5

4

 
(2) 

The corresponding wt% was calculated according to equation 3. 

𝑤𝑡 %(𝑀𝑀𝐴) =  
𝑥𝑀𝑀𝐴 ∙ 100.12

𝑔
𝑚𝑜𝑙

(𝑥𝑀𝑀𝐴 ∙ 100.12
𝑔

𝑚𝑜𝑙
+ (1 − 𝑥𝑀𝑀𝐴) ∙ 28.05

𝑔
𝑚𝑜𝑙

)
∙ 100% (3) 

 

The composition by mass was derived by equations 4 and 5. 

𝑚(𝑃𝑀𝑀𝐴) = 𝑚(𝑡𝑜𝑡𝑎𝑙) ∙ (
𝑤𝑡 %( 𝑀𝑀𝐴)

100%
) (4) 

𝑚(𝑃𝐸) = 𝑚(𝑡𝑜𝑡𝑎𝑙) ∙ (
(1 − 𝑤𝑡 %(𝑀𝑀𝐴))

100%
) (5) 
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Here, m(total) is the sum of the precipitated polymer and the filtrate corrected for added complex 

and additives. By this method, the soluble polymer fraction is taken into account also. 

Molecular Weight Determination of PE Polymers in the Polymer Mixtures Formed 

by Simultaneous Ethylene and MMA Polymerization using 1H NMR Spectroscopy 

The calculation of the number average molecular weight of the PE fraction (Mn,PE,HNMR) is based 

on the assumption that -hydride elimination represents the major chain termination mechanism, 

which was shown by Berkefeld and Mecking.48 More precisely, this assumption allows to calculate 

the molecular weight by using the intensity of the unsaturated chain-ends at 4.50–5.50 ppm (Figure 

6-3) in relation to the PE backbone resonance. Due to the presence of PMMA, the PE backbone 

signal is overlapped and the intensity of the aliphatic region has to be corrected. The signal intensity 

which is contributed by the PMMA backbone resonances can be estimated by subtracting 5/3 of 

the isolated methoxy resonance52 at 3.5 ppm (equation. 6).  

𝑀𝑛 𝑃𝐸,𝐻𝑁𝑀𝑅 =

(
𝐼𝑎𝑙𝑖𝑝ℎ − (𝐼𝑂𝑀𝑒 ∙

5
3)

4 )

(
𝐼1 + 𝐼2 + 2𝐼3 + 2𝐼4 + 𝐼5

2 )
· 28

𝑔

𝑚𝑜𝑙
 

(6) 



Synthetic Materials and General Considerations  

 

125 

 

Figure 6-3. 1H NMR spectrum (600 MHz, TCE-d2, 130 °C) of a PE/PMMA polymer mixture obtained by 

reaction of 213CH3
PPh3, 3 equiv. of PPh3, 25 bar of ethylene, 50 mL of MMA at 70 °C after 10 min 

polymerization time. The integrals for molecular weight determination of the PE fraction are given as an 

inset. 

Molecular Weight Determination of the PE Fraction in the Polymers Formed by 

Simultaneous Ethylene and MMA Polymerization Using 13C NMR Spectroscopy 

The uncorrected molecular weight (Mn,PE,UC) was determined from the signal intensity of the 

unsaturated methylene end group signals ((IS2 + IS3)/2 = Iend group, (13C) = 32.8 (IS2), 22.9 (IS3) ppm, 

TCE-d2, 130 °C, Figure 6-4) in relation to the overall PE signal intensity (Itot) and multiplied by 

14.03 g∙mol-1 (equation 7). 

𝑀𝑛,𝑃𝐸,𝑈𝐶 =
𝐼𝑡𝑜𝑡

𝐼𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝
∙ 14.03 

𝑔

𝑚𝑜𝑙
 (7) 
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Figure 6-4. Aliphatic region of the 13C NMR spectrum (151 MHz, TCE-d2, 130 °C, 4 s relaxation delay, 

3.1 s acquisition time, 50000 scans) of a PE/PMMA polymer mixture obtained by reaction of 213CH3
PPh3, 3 

equiv. of PPh3, 25 bar of ethylene, 50 mL of MMA at 70 °C after 10 min polymerization time. 

Due to “chain walking“ the formation of internal double bonds was observed (about 80%). This 

fact has to be included into the calculation because polymer chains with internal double bonds 

contain two saturated end groups. As it is assumed that these double bonds are remote to the S2 

and S3 groups, the typical resonances for the S2 and S3 groups are observed. But not in all cases, 

signals of the unsaturated chain-ends were detected in the 13C NMR spectrum; therefore, the 

fraction of terminal double bonds was determined by 1H NMR spectroscopy (xunsat.term). The 

corrected signal intensity for the saturated end groups is calculated as follows (equation 8): 

𝐼𝑆2,𝑆3,𝑐𝑜𝑟𝑟 = (𝑥𝑢𝑛𝑠𝑎𝑡.𝑡𝑒𝑟𝑚 ∙
(𝐼𝑆2 + 𝐼𝑆3)

2
) + (1 − 𝑥𝑢𝑛𝑠𝑎𝑡.𝑡𝑒𝑟𝑚) ∙ (

(𝐼𝑆2 + 𝐼𝑆3)

4
) (8) 

By initiation of the ethylene insertion polymerization by [Ni-Me] catalyst precursors, the 

corrected molecular weights (Mn,PE,CNMR) was calculated according to: 
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𝑀𝑛,𝑃𝐸,𝐶𝑁𝑀𝑅 =
𝐼𝑡𝑜𝑡

𝐼𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝
∙ 14.03 

𝑔

𝑚𝑜𝑙
=  

𝐼𝑡𝑜𝑡

𝐼𝑆2,𝑆3,𝑐𝑜𝑟𝑟
∙ 14.03 𝑔 ∙ 𝑚𝑜𝑙−1 (9) 

By initiation with [Ni-Ph] catalyst precursors, additional phenyl end groups are present (Figure 

6-5). The ratio of phenyl end groups vs. unsaturated end groups was determined by 1H NMR 

spectroscopy, by integration of the aromatic resonance at 7.00–7.25 ppm (IPh) and the olefinic 

resonances at 4.50-5.50 ppm (equation 10). 

𝑥𝑃ℎ =  
(

𝐼𝑃ℎ

5
)

(
𝐼1 + 𝐼2 + 2𝐼3 + 2𝐼4 + 𝐼5

2 )
 (10) 

The internal double bond and phenyl end group corrected signal intensity of the S2 and S3 end 

groups (Iend group = IS2,S3,Phcorr) was calculated according to equation 11 and then subsequently used 

to calculate Mn,PE,CNMR applying equation 7. 

𝐼𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝 =  𝐼𝑆2,𝑆3,𝑐𝑜𝑟𝑟 + 𝑥𝑃ℎ ∙ 𝐼𝑆2,𝑆3,𝑐𝑜𝑟𝑟  (11) 
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Figure 6-5. 1H NMR spectrum (600 MHz, TCE-d2, 130 °C, 30 s relaxation delay, 16 scans) of a PE/PMMA 

polymer mixture obtained by reaction of 2Ph
PPh3, 3 equiv. of PPh3, 25 bar of ethylene, 50 mL of MMA at 

70 °C after 5 min polymerization time. The inset displays the assignment of the unsaturated end groups and 

the calculation of the molecular weight derived from 1H NMR spectroscopy for the PE fraction (Mn,PE,HNMR). 

Calculation of the Ratio of Saturated and Unsaturated End Groups in PE Polymers 

Obtained from Simultaneous Ethylene and MMA Polymerizations 

The ratio of saturated end groups (initiation of insertion chain growth of ethylene, corrected for 

phenyl end groups, where applicable, 13C NMR, In,sat) to unsaturated end groups (-H elimination, 

1H NMR, In,unsat) in the PE fraction was calculated by dividing the corresponding corrected 

intensities (vide supra), which were normalized to the repeat units of the polymer chain. The 

intensity for the unsaturated end groups (In,unsat) was derived by equation 12 and for the saturated 

end groups (In,sat) according to equation 13. 
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𝐼𝑛,𝑢𝑛𝑠𝑎𝑡 =
(

𝐼1 + 𝐼2 + 2𝐼3 + 2𝐼4 + 𝐼5

2 )

(
𝐼𝑎𝑙𝑖𝑝ℎ − (𝐼𝑂𝑀𝑒 ∙

5
3)

4 )

 

(12) 

𝐼𝑛,𝑠𝑎𝑡 =
𝐼𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝

𝐼𝑡𝑜𝑡
 (13) 

The fraction of the end groups which were introduced by -H elimination (Nunsat) or by the initiation 

of a chain growth by ethylene insertion into the Ni-C bond of the catalyst precursors 

[Ni-Me]/[Ni-Ph] or into the Ni-H bond of the reactive intermediate [Ni-H] species (Nsat) was 

calculated by equation 14 (Nunsat/Nsat). 

𝑁unsat

𝑁𝑠𝑎𝑡
=

𝐼𝑛,𝑢𝑛𝑠𝑎𝑡

𝐼𝑛,𝑠𝑎𝑡
 (14) 

Calculation of the Ethylene Polymerization Initiation Efficiency via 13C Labeling 

Experiments 

The calculation of the initiation efficiency of the [Ni-13CH3] precursor by ethylene is calculated 

in analogy to the approach used by Rünzi et al.148 

The intensity of all 13C resonances of PE resulting from natural abundance 13C are set to twice 

the TON of ethylene (two carbon atoms per ethylene insertion, m(PE) see equation 5).  

𝑇𝑂𝑁 =

𝑚(𝑃𝐸)
28.05𝑔/𝑚𝑜𝑙

𝑛([𝑁𝑖])
 

(15) 

The S1 signal can be separated into a signal intensity resulting from incorporation of 13C label 

into the polymer (I(nS1)) and into a contribution resulting from chain-walking or chain transfer 

(I(xS1)). 

𝐼𝑆1 = 𝐼(𝑥𝑆1) + 𝐼(𝑛𝑆1) (16) 

Hereby, the normalization of the overall signal intensity becomes: 

2 ∙ 𝑇𝑂𝑁 = 𝐼(𝑃𝐸𝑎𝑙𝑙 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑒𝑥𝑝𝑒𝑐𝑡 𝑆1) +  𝐼(𝑥𝑆1) =  𝐼(𝑃𝐸𝑎𝑙𝑙 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑒𝑥𝑝𝑒𝑐𝑡 𝑆1) + 𝐼(𝑥𝑆2) (17) 
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I(xS2) represents the resonance of the S2-group singlet without the 13C satellites (d, 22.74 ppm 

with 1JCC = ca. 35 Hz148). The satellite resonances arise from adjacent 13C atoms and therefore 

I(xS1) is equal to I(xS2) representing the unlabeled end-groups. The overall normalized integral is 

then defined by the 13C natural abundance signal (2∙TON) plus the additional intensity introduced 

by the 13C label by initiation of [Ni-13CH3] by ethylene in comparison to natural abundance 13C 

intensity (100/1.1): 

∑ 𝐼𝑖

𝑖

= 2 ∙ 𝑇𝑂𝑁 +
100

1.1
𝑥𝑖𝑛𝑖 = 𝐼(𝑃𝐸𝑎𝑙𝑙 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑒𝑥𝑝𝑒𝑐𝑡 𝑆1) +  𝐼(𝑥𝑆1) + 𝐼(𝑛𝑆1)

=  𝐼(𝑃𝐸𝑎𝑙𝑙 𝑠𝑖𝑔𝑛𝑎𝑙𝑠 𝑒𝑥𝑝𝑒𝑐𝑡 𝑆1) + 𝐼(𝑥𝑆2) + 𝐼(𝑛𝑆1) 

(18) 

xini represents the fraction of 13C labels introduced by [Ni-13CH3] catalyst precursor into the 

isolated polymer. Combination of equations 16, 17 and 18 finally leads to: 

𝑥𝑖𝑛𝑖 =
𝐼(𝑛𝑆1)

100
1.1

=
𝐼𝑆1 − 𝐼(𝑥𝑆2)

100
1.1

  (19) 

With the fraction of the catalyst precursor activated by ethylene, the number of chain transfers 

per supplied Ni-center (ZCT) can be calculated according to equation 20. 

𝑍𝐶𝑇 = (
𝑛(𝑃𝐸)

𝑛([𝑁𝑖]) ∙ 𝑥𝑖𝑛𝑖
) − 1 (20) 

Calculation of the Ethylene Polymerization Initiation Efficiency via Phenyl End 

Group Incorporation 

It is assumed that the major termination reaction of the migratory insertion polymerization of 

ethylene -hydride elimination and that all chains contain one unsaturated end group, and chains 

which were initiated by the supplied [Ni-Ph] complex contain one phenyl group. The ratio between 

the phenyl and double bond end groups was determined by 1H NMR spectroscopy (equation 10) 

and the amount of Ph containing polymer was estimated by the following equation. 

𝑛(𝑃ℎ𝑃𝐸) = 𝑥𝑃ℎ ∙  
𝑚𝑡𝑜𝑡𝑎𝑙

𝑀𝑃𝐸,𝑁𝑀𝑅
 (21) 

Finally, the fraction of catalyst precursor which has initiated a PE chain (xini) was derived by 

dividing the amount of labeled chains by the amount of supplied catalyst precursor (n([Ni])). 
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𝑥𝑖𝑛𝑖 =
𝑛(𝑃ℎ𝑃𝐸)

𝑛([𝑁𝑖])
 (22) 

The chain transfer number per Ni-center (ZCT) was estimated in analogy to the calculation for 13C 

labeled polymers (vide supra). 

Determination of the Tacticity of PMMA in Polymer Mixtures Obtained from 

Simultaneous Ethylene and MMA Polymerization 

Due to an overlap of the mm triad of the PMMA polymer with the PE backbone, it was not 

possible to determine the tacticity from 1H NMR data in analogy to the PMMA homopolymers. 

Therefore, the quaternary backbone 13C resonances (45.0–46.5 ppm in TCE-d2) were used for triad 

assignments (Figure 3-10, page 43)133,134 and the tacticity was calculated according to equation 23. 

%𝑟𝑟 =  
𝐼𝑟𝑟

(𝐼𝑚𝑚 + 𝐼𝑚𝑟 + 𝐼𝑟𝑟)
 (23) 

Determination of the Degree of Branching of PE Polymers 

The degree of branching was determined by 13C NMR spectroscopy by integrating the 

corresponding branching signals39,253,254 vs. the total signal intensity of all PE 13C resonances and 

is given in branches per 1000 C atoms (Zbranch/1000C). Namely, Z was determined for methyl- 

(ZMe/1000C, equiv. 24), ethyl- (ZEt/1000C, equiv. 25) and propyl- (ZPr/1000C, equiv. 26) branches. Butyl- 

and higher branches were not detected. 

𝑍𝑀𝑒/1000𝐶 =
(

𝐼𝛼𝛿+𝐵1
+ 𝐼𝛽𝛿+𝐵1

4 )

𝐼𝑡𝑜𝑡
∙ 1000 

(24) 

𝑍𝐸𝑡/1000𝐶 =
(

𝐼𝛼𝛿+𝐵2
+ 𝐼𝛽𝛿+𝐵2

4 )

𝐼𝑡𝑜𝑡
∙ 1000 

(25) 

𝑍𝑃𝑟/1000𝐶 =
(

𝐼𝛼𝛿+𝐵3
+ 𝐼𝛽𝛿+𝐵3

4 )

𝐼𝑡𝑜𝑡
∙ 1000 

(26) 
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The degree of branching was slightly higher when MMA was used as a solvent (32/1000C) in 

comparison to polymerization in less coordinating toluene as a solvent (25/1000C, Table 7-1, entry 

18 vs. 19, page 154). 

Extraction Experiments of Ethylene/MMA Polymerization Mixtures 

In general, extraction experiments are valuable tools for studying the composition of polymer 

mixtures that contain polar and non-polar repeat units. However, care should be taken since the 

choice of both solvent and extraction conditions (temperature, extraction time) have a crucial 

influence on the efficiency of the extraction and the extent of physical polymer mixtures which 

will be dissolved. 

The efficiency of the extraction process was tested for PE/PMMA blends prepared from separate 

PE and PMMA samples in a Soxhlet apparatus with boiling THF or cyclohexane (CyHex) over 16 

hours (Table 6-2, Entries 1 and 2) . THF is a suitable solvent to dissolve the polar PMMA polymer, 

however, THF also dissolves short chain and highly branched PE (Table 6-2, Entry 1). Therefore, 

the fraction which was dissolved by THF contained both, PMMA and PE, even though both 

polymers need not to be chemically connected. The insoluble fraction contains high molecular 

weight PE with a very low MMA content of less than 0.01 mol% MMA-based repeat units. 

Extracting a polymer blend with non-polar CyHex (Table 6-2, Entry 2) polymers containing MMA 

repeat units are hardly soluble and the mol% MMA content is close to zero. From the experiments 

with PE/PMMA blends, it can be concluded that an effective separation of PE and PMMA 

homopolymers is possible. The solubility of low molecular weight and highly branched PE fraction 

in THF and the incomplete extraction of a PE polymer by CyHex from a PE/PMMA blend have to 

be considered. 
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Table 6-2. Extraction experiments of PE/PMMA blends and of PE/PMMA mixtures obtained by [Ni] 

mediated simultaneous ethylene and MMA polymerization. 

Entry polymer wt% MMA 

(MMA cont. 

mol%) (b) 

Solvent Extr. 

time 

/ h 

wt% soluble 

(MMA cont. 

mol%) (b) 

wt% insoluble 

(MMA cont. 

mol%) (b) 

1 PE/PMMA 

blend (a) 

42.2 (17.0) THF 16 44.7 (62.9) 55.3 (< 0.01) 

2 PE/PMMA 

blend (a) 

21.8 (7.2) CyHex 16 75.8 (< 0.01) 24.2 (90.9) 

3 Table 7-1 

Entry 3 

79.4 (52.0) CyHex 24 20.5 (0.3) 79.5 (89.1) 

Extractions were conducted in a Soxhlet apparatus. (a) Homopolymers of PE and PMMA obtained by [Ni] mediated 

polymerizations were dissolved in boiling toluene and precipitated in an excess of MeOH prior to extraction experiments. 

(b) Determined by HT 1H NMR in TCE-d2. 

6.1.13 General Procedures for Stoichiometric Experiments 

General Procedure for NMR experiments 

Samples were weighed into an NMR tube in a N2 filled glovebox. For experiments conducted 

at low temperature, the tube was sealed with a rubber septum, removed from the glovebox and 

cooled in an iPrOH/CO2(s) cooling bath. 0.6 mL of the corresponding dried and degassed 

deuterated solvent was added slowly using a gas-tight syringe, the rubber septum was wrapped 

with Teflon tape and the tube was agitated thoroughly. The sample was placed directly in the 

precooled NMR probe at the desired temperature. Samples for RT and/or high temperature 

experiments were filled with 0.6 mL dried and degassed deuterated solvent using a syringe in a N2 

glovebox, sealed with a rubber septum, removed from the glovebox, and the rubber septum was 

wrapped with PTFE tape. Then the tube was agitated thoroughly and transferred quickly into the 

preheated NMR probe. For very sensitive samples and especially for long-term experiments, J. 

Young Tubes with Teflon sealing were used. All samples were stored at -78 °C when outside the 

spectrometer. For variable temperature experiments, time for equilibration was allowed for and 

tuning/matching and shimming was performed for each temperature step. Temperature calibration 

was performed using a neat methanol sample for T ≤ 40 °C and ethylene glycol for T ≥ 40 °C. 

NMR experiments in the presence of ethylene were conducted by either of the following 

procedures: 

1) The desired amount of catalyst precursor was weighed into an NMR tube, in an N2 filled 

glovebox and the desired amount of deuterated solvent was added via syringe. The NMR tube was 
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sealed with a rubber septum and removed from the glovebox. The desired amount of ethylene was 

added using a gas-tight syringe, the rubber septum was wrapped with PTFE tape and the tube was 

agitated thoroughly and quickly transferred into the preheated NMR probe. 

2) The desired amount of catalyst precursor was weighed into a J. Young Tube under N2 

atmosphere in a glovebox. After adding the desired amount of deuterated solvent, the tube was 

removed from the glovebox, connected to a Schlenk line with a connection to an ethylene bottle 

and pressurized with 1.2 bar of ethylene. The mixture was allowed to react at the desired 

temperature for several hours and then was again pressurized with ethylene until the desired degree 

of conversion was detected by 1H NMR spectroscopy monitoring.  

General Procedure for EPR experiments 

Stock solutions of the desired reaction mixtures ([Ni] ~ 1–10 mM) were prepared in a N2 filled 

glovebox and 0.1 mL of this stock solution was transferred into 3 mm EPR tubes and sealed with 

a rubber septum that was wrapped with Teflon tape after removing the tube from the glovebox. 

Samples were quickly transferred into the EPR probe. Sufficient time for temperature equilibration 

was allowed for. 

General Procedure for the Generation of Alkyl and Aryl Spin Adducts of N-tert-butyl-α-

phenylnitrone (PBN) 

A modified procedure for the preparation of Ph-PBN, published by Kotake and Janzen in 

1988,169 was applied to both the preparation of the Ph-PBN and the Me-PBN spin adduct starting 

from PBN and the corresponding alkyl- or aryl-lithium compound.  

To a solution of PBN (2.3 mg, 10 mol, 1 equiv.) in benzene (1 mL), 100 equiv. of PhLi/MeLi 

was slowly added and the solution was stirred for 15 min at RT. Water (2 mL) was slowly added, 

the aqueous phase was separated and pressurized air was bubbled through the solution for 1 h. The 

organic phase was washed with water (2 mL) and reduced to dryness under vacuum. The resulting 

solid was dissolved in degassed toluene (4 mL), transferred into a 3 mm EPR tube,which was sealed 

with a rubber septum, fixed with PTFE tape, removed from the glovebox and quickly transferred 

into the EPR probe. 

For spectra and simulations of spectra for the Ph- and Me-PBN spin adducts see Appendix 

Figure 7-24 and Figure 7-25 (page 162). 
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6.1.14 General Procedures for Catalyst Reactivation Studies in the 

Nickel-Mediated Ethylene Polymerization 

Polymerizations were performed in a BÜCHI steel reactor with glass-inlet. The reactor was 

predried in vacuum at 70 °C for 1 h. 7.5 mol [Ni] and the desired amount of the azo-compound 

was weighed into separated vials in a N2 glovebox and dissolved in small amounts of toluene, 

respectively. Toluene and the solutions of [Ni] and the azo-compound were transferred into the 

preheated reactor and the solution was stirred (750 rpm). The total amount of toluene was adjusted 

to 100 mL. The reactor was pressurized to 25 bar ethylene and the mass flow of ethylene was 

recorded. The polymerization mixture was degassed and poured into a large excess of stirred 

MeOH when no further consumption of ethylene was observed. 

6.2 Synthetic Procedures and Characterization of Compounds 

6.2.1 Synthesis of Metal-Centered Radical Ni(I) Complexes 

Chloro tris(triphenylphosphine)Ni(I), [(PPh3)3NiCl] 

[(PPh3)3NiCl] was synthesized by a modified procedure previously reported by Heimbach.141 

The red suspension of [Ni(PPh3)4] (1.8 g, 16.8 mmol, 1.1 equiv.) and [(PPh3)2NiCl2] (1.0 g, 15.3 

mmol, 1.0 equiv.) in Et2O (100 mL) was stirred at RT for 5 h. The resulting yellow suspension was 

filtered and the yellow solid was washed with Et2O (50 mL) and with pentane (10 mL). The 

remaining yellow crystalline powder was dried in vacuum (2.3 g, 25.5 mmol, 83%). Crystals 

suitable for X-ray diffraction were grown from a saturated Et2O solution at -20 °C. 

1H NMR (400 MHz, C6D6, RT):  = 9.56 (br s, 1/2 = 87 Hz, 2H), 5.03 (br s, 1/2 = 482 Hz, 2H), 

3.35 (br s, 1/2 = 55 Hz, 1H) ppm. 

31P{1H} NMR (162 MHz, C6D6, RT): no signal was observed between -200–300 ppm. 

Anal. Calcd. (%) for C54H45I2ClNiP3: C, 73.62; H, 5.15. Found: C 71.42, H, 5.21. 
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[(N^O)iPr,tBu-HNi(PPh3)2] (3PPh3
PPh3) 

 

In a Schlenk flask [(PPh3)3NiCl] (716 mg, 0.8 mmol, 1.1 equiv.) was dissolved in THF (15 mL), 

and the resulting yellow solution was cooled to -20 °C. Drop-by-drop addition of (N^O)iPr,tBu-HNa 

(243 mg, 0.7 mmol, 1.0 equiv.), dissolved in THF (15 mL), led to a solution that immediately 

turned deep red and was slowly warmed to RT and stirred for 3.5 h. After removing the solvent in 

vacuo, the residue was extracted with Et2O, filtered, concentrated and cooled to -24 °C. Orange/red 

crystals of 3PPh3
PPh3*Et2O were obtained and washed with pentane (390 mg, 0.4 mmol, 56% yield).  

Red crystals suitable for X-ray diffraction were grown from a saturated pentane solution 

at -24 °C. 3PPh3
PPh3 is sparingly soluble in Et2O and hardly soluble in pentane. The X-ray structure 

contained one solvent accessible void of 194 Å3 with 43 unassigned electrons in the reflection data. 

Since these reflections most likely originate from a disordered pentane molecule which could not 

be resolved, the 43 electrons were removed from the reflection data by the PLATON SQUEEZE186 

routine. 

1H NMR (400 MHz, C6D6, RT):  = 27.63 (br s, 1/2 = 151 Hz), 15.72 (br s, 1/2 = 109 Hz), 

14.25 (br s, 1/2 = 64 Hz) ppm, 7.49 (br s), 6.56 (br s), 4.75 (s, 1/2 = 32 Hz), 4.05 (br s, 

1/2 = 106 Hz), 3.70 (br s), -0.46 (br s, 1/2 = 130 Hz), -17.84 (br s, 1/2 = 251 Hz) ppm. 

31P{1H} NMR (162 MHz, C6D6, RT): no signal was observed between -200 – 200 ppm. 

Anal. Calcd. (%) for C59H60NNiP2*Et2O: C, 76.13; H, 7.10; N, 1.41. Found: C 75.93, H, 6.90; N, 

1.46. 
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6.2.2 Synthesis of [(N^O)Ni(II)(R)L] Complexes 

[(N^O)CF,I-INi(II)Ph(PPh3)] (1Ph
PPh3) 

 

In a Schlenk tube [(PPh3)2Ni(Cl)Ph]∙(dmf)2.8 (489 mg, 0.5 mmol, 1 equiv.) and (N^O)CF,I-INa 

(495 mg, 0.55 mmol, 1.1 equiv.) were dissolved in benzene (15 mL) and the red/brown solution 

was stirred for 6 hours at RT. After filtration of the reaction mixture through a plug of celite, the 

red/brown solution was evaporated to dryness. The remaining solid was extracted with cold MeOH 

(-20 °C), reduced under vacuum and the orange precipitate was filtered off and washed with 

pentane (457 mg, 0.36 mmol, 72%). Crystals suitable for X-ray diffraction were grown from 

saturated Et2O/pentane solution at -26 °C. 

1H NMR (600 MHz, C6D6, RT):  = 7.97 (d, 4JHH = 2.3 Hz, 1H, H4), 7.83 (s, 2H, H17 & H22), 

7.64 (s, 4H, H15 & H20), 7.15 (m, 6H, P(o-H-Ph)), 7.13 (m, 1H, H7), 7.12 (d, 4JHH = 2.3 Hz, 1H, 

H6), 6.96 (t, 3JHH = 7.4 Hz, 3H, P(p-H-Ph)), 6.88 (m, 6H, P(m-H-Ph)), 6.72 (t, 3JHH = 7.7 Hz, 1H, 

H11), 6.61 (d, 3JHH = 7.7 Hz, 2H, H10 & H12), 6.57 (d, 3JHH = 7.8 Hz, 2H Ni-(o-H-Ph)), 6.43 (t, 

3JHH = 7.2 Hz, 1H, Ni-(p-H-Ph)), 6.27 (vt, J = 7.4 Hz, 2H, Ni-(m-H-Ph)) ppm. 

13C{1H} NMR (151 MHz, C6D6, RT)  = 168.0 (C7), 163.3 (C2), 151.0 (C4), 149.1 (C8), 144.9 (d, 

2JCP = 51.6 Hz, Ni-(i-C-Ph)), 142.5 (C6), 141.5 (C14 & C19), 137.0 (d, 3JCP = 2.3 Hz, 

Ni-(o-C-Ph)), 134.6 (d, 2JCP = 10.3 Hz, P(o-C-Ph)), 133.4 (C9 & C13), 131.3 (br, C15 & C20), 

130.6 (d, 2JCP = 46.3 Hz, P(i-C-Ph)), 130.2 (d, 4JCP = 1.8 Hz, P(p-C-Ph)), 127.9 (P(m-C-Ph), 126.4 

(C11), 125.7 (Ni-(m-C-Ph)), 123.6 (q, 1JCF = 273.3 Hz, C18 & C23), 122.1 (Ni-(p-C-Ph)), 121.5 

(C17 & C22), 121.4 (d, 3JCF = 4.1 Hz, C16 & C21), 118.7 (C1), 97.1 (C3), 73.8 (C5) ppm. 

31P{1H} NMR (162 MHz, C6D6, RT):  = 23.2 ppm. 

19F NMR (376 MHz, C6D6, RT)  = -62.31 ppm. 
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Anal. Calcd. (%) for C53H32F12I2NNiOP: C, 50.11; H, 2.54; N, 1.10. Found: C 48.45, H, 3.15; N 

1.28. 

[(N^O)iPr,I-INiMe(PmTol3)] (2Me
PmTol3) 

 

In a Schlenk tube [(tmeda)NiMe2] (102 mg, 0.5 mmol, 1.25 equiv.) was cooled to -50 °C and 

dissolved in THF (50 mL). Slow addition of (N^O)iPr,tBu-HH (213 mg, 0.4 mmol, 1.00 equiv.) in 

THF (10 mL) led to an immediate color change to a deep red solution. The temperature was raised 

to -20 °C in 1.5 h and P(mTol)3 (122 mg, 0.4 mmol, 1.00 equiv.) in THF (5 mL) was added, then 

the solution was warmed to RT and stirred for 30 minutes. After filtration through celite, the red 

solution was reduced to dryness and washed three times with MeOH (each time 2 mL). The 

obtained solid was extracted three times with pentane (5 mL) and cooled to -24 °C. An orange 

powder precipitated and was separated from the supernatant solution (240 mg, 0.29 mmol, 73%). 

1H NMR (400 MHz, C6D6, RT):  = 8.08 (d, 4JHH = 2.3 Hz, 1H, H4), 7.96 (d, 3JHP = 11.0 Hz, 3H, 

H21), 7.74 (vt, J = 8.9 Hz, 3H, H25), 7.45 (d, 4JHP = 8.2 Hz, 1H, H7), 7.10 (m, 1H, H11), 7.10–

7.06 (m, 3H, H6 & H10 & H12), 7.35 (vt, J = 7.3 Hz, 3H, H24), 6.90 (d, 3JHH = 7.7 Hz, 3H, H23), 

4.12 (sept, 3JHH = 7.0 Hz, 2H, H14 & 17), 2.01 (s, 9H, H26), 1.34 (d, 3JHH = 6.9 Hz, 6H, H16 & 

H19), 1.03 (d, 3JHH = 6.9 Hz, 6H, H15 & 18), -0.86 (d, 3JHP = 6.7 Hz, 3H, Ni-CH3) ppm. 

13C{1H} NMR (101 MHz, C6D6, RT):  = 164.9 (C7), 164.0 (C2), 149.9 (C4), 149.1 (C8), 142.5 

(C6), 141.0 (C9 & C13), 138.1 (d, 3JCP = 10.3 Hz, C22), 135.8 (d; 2JCP = 11.7 Hz, C21), 132.5 (d, 

1JCP = 43.3 Hz, C20), 131.8 (d, 2JCP = 9.3 Hz, C25), 131.0 (d, 4JCP = 1.8 Hz, C23), 128.4 (C24), 

126.7 (C11), 123.7 (C10 &C12), 120.8 (C1), 97.1 (C3), 72.9 (C5), 28.9 (C14 & C17), 25.1 (C15 

& C18), 23.3 (C16 & C19), 21.4 (C26), -7.7 (d, 2JCP = 27.3 Hz, Ni-CH3) ppm. 

31P{1H} NMR (162 MHz, C6D6, RT):  = 26.8 ppm. 
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In situ Formation of [(N^O)iPr,tBu-HNiH(PPh3)] (3H
PPh3) 

 

[(PPh3)2NiCl2] (260 mg, 0.4 mmol, 1.3 equiv.) and [(N^O)iPr,tBu-H]Na (100 mg, 0.3 mmol, 1.0 

equiv.) were suspended in dichloromethane (10 mL). After 12 h, the deep red suspension was 

filtered through celite, the solvent evaporated, washed with pentane and extracted with Et2O. The 

resulting brown solid of 3Cl
PPh3 was used without further characterization or purification; it 

contained trace amounts of [(PPh3)NiCl2], which crystallized from the Et2O solution after 

extraction and which was identified by X-ray diffraction. 

In a J. Young tube 3Cl
PPh3 (10 mg, 0.016 mmol, 1 equiv.) and NaHB(OMe)3 (6 mg, 0.047 mmol, 

3 equiv.) were dissolved in THF-d8 (0.6 mL). The solution immediately turned red, was allowed to 

react for 20 minutes at RT after which quantitative conversion of 3Cl
PPh3 was indicated by 1H NMR 

spectroscopy along with formation of 3H
PPh3. 

Characteristic NMR resonances of 3H
PPh3: 

1H NMR (400 MHz, THF-d8, RT):  = 7.94 (d, 4JHP = 9.2 Hz, 1H, H7), 6.37 (vt, 3JHH = 7.5 Hz, 

1H, H5), 3.83 (sept, 3JHH = 6.8 Hz, 2H, H18 & H21), 1.21 (d, 3JHH = 6.8 Hz, 6H, H19 & H22), 1.14 

(d, 3JHH = 6.8 Hz, 6H, H20 & H23), -27.56 (d, 2JHP = 140.2 Hz, 1H, [Ni-H]) ppm. 

31P{1H} NMR (162 MHz, THF-d8, RT):  = 26.1 (br d, 2JPH = 140 Hz) ppm. 
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6.2.3 Synthesis of Bis-Chelated [(N^O)2Ni] Complexes 

[{(N^O)CF,I-I}2Ni] ({1-1}) 

 

In a Schlenk flask, (N^O)CF,I-IH (100.6 mg, 0.12 mmol, 2 equiv.), NaH (12 mg, 0.50 mmol, 4 

equiv.) and anhydrous NiCl2 (7.6 mg, 0.06 mmol, 1 equiv.) were suspended in THF (6 mL) and 

stirred at RT for 72 h. The solvent was removed in vacuo and the brown residue was suspended in 

toluene (2 mL) and filtered through a plug of celite. The filtrate was covered with 5 mL of pentane 

and stored at 4 °C. Brown crystals of {1-1} suitable for X-ray diffraction were obtained in a 

moderate yield (69 mg, 0.04 mmol, 67%) after several days. 

1H NMR (400 MHz, toluene-d8, RT):  = 7.94 (s, 4H, H21 & H27), 7.71 (d, 4JHH = 2.2 Hz, 2H, 

H4), 7.33 (s, 8H, H19 & H23 & H25 & H29), 6.86 (t, 3JHH = 7.7 Hz, 2H, H15), 6.64 (d, 

3JHH = 7.7 Hz, 4H, H14 & H16), 6.60 (d, 4JHH = 2.2 Hz, 2H, H6), 5.98 (s, 2H, H7). ppm. 

19F NMR (376 MHz, toluene-d8, RT):  = 57.8 (s, 4 -CF3) ppm. 
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[{(N^O)iPr,tBu-H}2Ni] ({3-3}) 

 

In a Schlenk flask, (N^O)iPr,tBu-HNa (206 mg, 0.57 mmol, 2.6 equiv.) and [(dmso)3NiCl2] (79 mg, 

0.22 mmol, 1.0 equiv.) was suspended in Et2O (3 mL) and the resulting brown suspension was 

stirred for 17 h at RT, filtered through celite, and the solvent was removed in vacuo. The remaining 

solution was cooled to -24 °C and {3-3} was obtained as brown crystalline solid in 68% yield. 

Crystals suitable for X-ray diffraction were grown from saturated Et2O solution at -24 °C 

1H NMR (400 MHz, toluene-d8, RT):  = 282.84 (br s), 48.67 (br s), 45.23 (br s), 21.74 (br s), 

20.60 (br s), 13.20 (br s), 9.15 (br s), 8.87 (br s), 5.57 (br s), 3.05 (br s), -0.91 (br s), -8.20 (br 

s), -21.91 (br s) ppm. 

Anal. Calcd. (%) for C46H60N2NiO2: C, 75.51; H, 8.27; N, 3.83. Found: C 74.85, H, 8.31; N, 3.50. 

[{(N^O)iPr,Ant-H}2Ni] ({4-4}) 

 

Although a similar synthesis method for {4-4} was previously reported in literature where the 

resulting complex was characterized as paramagnetic,47 here an alternative synthetic approach and 

a characterization of the resulting diamagnetic complex {4-4} are presented. 
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In a Schlenk tube (N^O)iPr,Ant-HNa (203 mg, 0.42 mmol, 2.6 equiv.) and [(dmso)3NiCl2] (60 mg, 

0.16 mmol, 1 equiv.) were dissolved in THF (15 mL). The remaining red suspension was stirred at 

RT for 18 hours, filtered through celite and reduced to dryness under vacuum. The resulting 

red/brown powder was washed with MeCN and {4-4} was obtained in 93% obtained (145 mg, 0.15 

mmol). Crystals suitable for X-ray diffraction were grown from a saturated MeCN solution 

at -20 °C and analyzed by X-ray diffraction. A total of 60 electrons from two potential acetonitrile 

molecules in solvent accessible voids with a total volume of 600 Å3 were squeezed out the 

electronic density map, using the PLATON/SQUEEZE186 routine. 

1H NMR (400 MHz, C6D6, RT):  = 8.17 (s, 2H, H15), 7.91 (d, 3JHH
 = 8.4 Hz, 4H, H17 & H13), 

7.68 (dd, 3JHH = 8.8 Hz 4JHH = 1.1 Hz, 4H, H10 & H20), 7.34 (ddd, 3JHH = 8.4 Hz 3JHH = 6.4 Hz 

4JHH = 1.1 Hz, 4H, H12 & H18), 7.23 (ddd, 3JHH = 8.8 Hz 3JHH = 6.4 Hz 4JHH = 1.3 Hz, 4H, H11 & 

H19), 7.14 (s, 2H, H7), 6.70 (dd, 3JHH = 7.1 Hz 4JHH = 1.9 Hz, H2, H4),  6.64 (dd, 3JHH = 7.9 Hz 

4JHH = 1.9 Hz, H2, H6), 6.21 (vt, 3JHH = 7.4 Hz, 2H, H5), 6.02 (d, 3JHH = 7.6 Hz, 4H, H24 & H26), 

5.89 (t, 3JHH = 7.6 Hz, 2H, H25),  4.37 (sept, 3JHH = 6.9 Hz, 4H, H28 & H31), 1.16 (d, 

3JHH = 6.9 Hz, 12H, H29 & H32),  0.97 (d, 3JHH = 6.9 Hz, 12H, H30 & H33) ppm. 

13C{1H} NMR (101 MHz, C6D6, RT):  = 165.1 (C7), 161.8 (C2), 145.8 (C22), 139.6 (C4), 139.4 

(C23 & C27), 135.8 (C8), 133.5 (C6), 132.6 (C9 & C21), 130.6 (C14 & C16), 128.8 (C10 & C20), 

128.6 (C13 & C17), 126.1 (C15), 125.1 (C12 6 C18), 124.9 (C25), 124.8 (C11 & C19), 123.0 (C24 

& C26), 120.9 (C1), 115.1 (C5), 29.9 (C28 & C31), 24.2 (C29 & C32), 22.5 (C30 & C33) ppm. 

Anal. Calcd. (%) for C66H60N2NiO2: C, 81.56; H, 6.22; N, 2.88. Found: C 81.36, H, 6.19; N, 3.04. 
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6.2.4 Characterization of [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H] 

 

The formation of the hydroxyl-bridged complex [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H] was 

observed both from the Ni(I) complex 3PPh3
PPh3 as well as from the bis-chelated complex {3-3} 

when traces of water were present (e.g. upon storage in rubber septum sealed NMR tubes). With 

excess of water (H2O or D2O), instead of complex [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H] a pale 

green solid was formed. 

Crystals suitable for X-ray diffraction were obtained from a saturated boiling MeCN solution of 

{3-3} by slowly cooling to RT in a rubber septum sealed vial outside a glovebox. After cooling 

and storage outside a glovebox, brown cuboids of [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H] 

formed. Protons H47 and H48 ((2-OH, see Figure 5-8, page 106) were located in the electron 

density map after the other hydrogen atoms were treated in a riding model. 

1H NMR (400 MHz, C6D6, RT)  = 7.07 (dd, 3JHH = 7.4 Hz, 4JHH = 1.8 Hz, 2H, H4), 7.03–6.93 

(m, 2H, H15), 6.91 (d, 3JHH = 7.6 Hz, 4H, H14 & H16), 6.71 (s, 2H, H7), 6.62 (dd, 3JHH = 7.6 Hz, 

4JHH = 1.8 Hz, 2H, H6), 6.39 (vt, 3JHH = 7.5 Hz, 2H, H5), 4.45 (sept, 3JHH = 6.8 Hz, 4H, 

H18&H21), 2.06 (d, 3JHH = 6.8 Hz, 12H, 4 -iPr), 1.03 (s, 18H, 2 -tBu), 1.02 (d, 3JHH = 6.8 Hz, 12H, 

4 –iPr), -8.07 (s, 2H, -OH) ppm. 

13C NMR (101 MHz, C6D6, RT)  = 163.9 (C7), 163.0 (C2), 143.2 (C16), 142.2 (C13 & C17), 

141.0 (C3), 131.5 (C6), 131.2 (C4), 124.0 (C14 & C16), 120.7 (C1), 115.1 (C5), 35.1 (C8), 29.5 

(C9 & C10 & C11), 29.0 (C18 & C21), 24.4 (-iPr), 24.3 (-iPr) ppm. C15 could not be located. 
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6.2.5 In Situ Generation and Characterization of [(N^O)CF,I-INi

(MMAH)PMe3] 

 

In a Schlenk flask 1Cl
PMe3 (0.06 mmol, 63 mg, 1 equiv.) and NaHB(OMe)3 (0.18 mmol, 23 mg, 

3 equiv.) were cooled to -30 °C in an isopropanol bath and slowly dissolved in THF (5 mL). After 

stirring the reaction for 30 min, MMA (0.3 mL, 2.8 mmol, 47 equiv.) was slowly added to the 

brown suspension and the mixture was stored at -25 °C for 12 h. Subsequently, the solvent and 

excess MMA was removed under reduced pressure while cooling to 0 °C. The resulting red solid 

was washed with cold pentane at -78 °C and dried in vacuo. 17.7 mg of the red solid was transferred 

into an NMR tube, cooled to -78 °C and 0.5 mL THF-d8 was slowly added through a rubber septum 

using a gas-tight syringe. The tube was shaken and transferred to the precooled NMR probe at the 

desired temperature. 

1H NMR (400 MHz, THF-d8, -35 °C):  = 8.73 (d, 4JHP = 8.2 Hz, 1H, H7), 8.31 (s, 2H, H20), 8.28 

(s, 1H, H17), 8.19 (s, 1H, H22), 8.11 (s, 2H, H15), 7.96 (d, 4JHH = 2.2 Hz, 1H, 4), 7.46 (d, 4JHH = 

2.2 Hz, 1H, H6), 3.44 (s, 3H, Hε), 1.80 (m, 1H, Hβ), 1.24 (m, 3H, Hγ), 1.00 (d, 2JHP = 10.3 Hz, 

9H, P-CH3), -0.40 (m, 1H, Hα’), -0.81 (t, 2JHH = 9.9 Hz, 1H, Hα’’) ppm. 

13C{1H} NMR (100 MHz, THF-d8, -35 °C):  = 176.9 (-COOMe), 167.0 (C7), 163.7 (C2), 50.2 

(C4), 143.1 (C6), 132.2 (C20), 131.7 (C15), 122.4 (C17, C22), 120.7 (C1), 51.2 (Cε), 41.7 (Cβ), 

21.1 (Cγ), 12.5 (P-CH3), 8.8 (Cα) ppm. 

31P{1H} NMR (162 MHz, THF-d8, -60 °C):  = -5.7 (s) ppm. 
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6.2.6 In situ Generation and Characterization of [(PPh3)2Ni(0)

(2-H2C=C(CH3)COOMe)] 

 

In an NMR tube [Ni(0)(PPh3)4] was reacted with 2 equiv. of MMA at RT and the MMA 

coordinated Ni(0) complex was formed immediately. Characteristic NMR resonances are a doublet 

in the 1H NMR spectrum at 1.62 ppm with a 3JHP coupling of 5.6 Hz and two doublets in the 

31P{1H} NMR spectrum with a 2JPP of 34 Hz (Figure 7-13, page 156). 

NMR resonances of [(PPh3)2Ni(2-H2C=C(CH3)COOMe)]: 

1H NMR (400 MHz, C6D6, RT):  = 7.59 (m, 6H, o-H-P1Ph3), 7.52 (m, 6H, o-H-P2Ph3), 3.29 (s, 

3H, -COOCH3), 3.13 (m, 1H, Ha), 2.21 (m, 1H, Hb), 1.62 (d, 3JHP = 5.6 Hz, 3H, H3). 

13C{1H} NMR (101 MHz, C6D6, RT):  = 174.9 (-COOMe), 136.8 (dd, 1JCP = 54.8 Hz, 

3JCP = 2.8 Hz, i-C-P1Ph3), 136.4 (dd, 1JCP = 54.2 Hz, 3JCP = 2.8 Hz, i-C-P2Ph3), 134.4 (d, 

2JCP = 13.7 Hz, o-C-P1Ph3), 134.2 (d, 2JCP = 12.7 Hz, o-C-P2Ph3), 57.8 (dd, 2JCP = 17.7 Hz, 

2JCP = 2.0 Hz, C1), 53.2 (dd, 2JCP = 17.7 Hz, 2JCP = 2.9 Hz, C2), 50.4 (-COOCH3), 20.1 (vt, 

J = 3.5 Hz, C3). 

31P{1H} NMR (162 MHz, C6D6, RT):  = 36.6 (d, 2JPP = 34.0 Hz, P2PPh3), 30.6 (d, 2JPP = 34.0 Hz, 

P1PPh3). 
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7 Appendix 

7.1 Characterization of Compounds 

 

Figure 7-1. X-band cw EPR spectra of [(PPh3)3NiCl] at 5 °C (red, 9.372653 GHz) and at -170 °C (black, 

9.373119 GHz) in toluene. Acquisition parameters: 100 kHz modulation frequency, 500 mG modulation, 

10 mW microwave power. 
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Figure 7-2. 1H NMR spectrum (400 MHz, C6D6, RT) of [(N^O)iPr,tBu-HNi(PPh3)2] (3PPh3
PPh3) from -20 to 35 

ppm showing the characteristic anisotropic shifted and broadened signals. * marked signals are assigned to 

impurities from solvent (pentane and silicon grease). 

 

Figure 7-3. X-band cw EPR spectrum (d’’/dB, ν = 9.372 GHz) of [(N^O)iPr,tBu-HNi(I)(PPh3)2] in toluene at 

5 °C (black). Acquisition parameters: 2500 G sweep, 1000 s sweep time, 500 mG modulation, 6 Scans, 10.0 

mW microwave power. Simulation of the spectrum gives a giso value of 2.20. 
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Figure 7-4. 1H NMR (400 MHz, C6D6, RT) of 3PPh3
PPh3 after 0 h, at 50 °C after 16 h, at 70 °C after additional 

96 h and at 80 °C after additional 96 h showing the remarkably high stability of the isolated [Ni(I)] complex 

in the absence of water and oxygen. 

 

Figure 7-5. 1H NMR (400 MHz, toluene-d8, RT) and 19F (376 MHz, toluene-d8, RT) spectrum of {1-1}. 

Solvent resonances are labeled with an asterisks (*) and solvent impurities with a +-sign. 
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Figure 7-6. 13C{1H} NMR spectrum (101 MHz, C6D6, RT) of [(N^O)iPr,I-INi(PmTol3)] (2Me
mTol3) showing 

the peak assignment. The numbering scheme is given as an inset. 

 

Figure 7-7. 1H NMR spectrum (400 MHz, C6D6, RT) of [(N^O)iPr,tBu-HNi(2-OH)2Ni(N^O)iPr,tBu-H]. The 

numbering scheme is given as an inset. 
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7.2 Reactivity of Ni(II) Catalyst Precursors toward MMA. 

 

Figure 7-8. 1H NMR (400 MHz, CDCl3, RT) spectrum of PMMA initiated by 2Ph
PPh3, 3 equiv. PPh3. 

Reaction conditions: c([Ni]) = 0.05 mmol∙L-1, c(MMA) = 9.389 mol∙L-1, T = 70 °C.  

 

Figure 7-9 . 1H NMR (400 MHz, CD2Cl2, RT) spectrum of PMMA initiated by phenylazotriphenylmethane. 

Reaction conditions: c(phenylazotriphenylmethane) = 0.11 mmol∙L-1, c(MMA) = 5.58 mol∙L-1, T = 70 °C.  



 

152 

7.3 Reactivity of MMA toward Insertion Chain Growth Species 

of Ni(II) Catalyst Precursors 

 

Figure 7-10. Aliphatic region of the 13C NMR spectrum (151 MHz, TCE-d2, 130 °C) of a PE/PMMA 

polymer mixture obtained by reaction of 213CH3
PPh3, 3 equiv. of PPh3, 25 bar of ethylene, 50 mL of MMA at 

70 °C after 10 min polymerization time. 
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Figure 7-11. 13C NMR spectrum (151 MHz, TCE-d2, 130 °C) of a PE/PMMA polymer mixture obtained by 

reaction of 2Ph
PPh3, 3 equiv. of PPh3, 25 bar of ethylene, 50 mL of MMA at 70 °C after 5 min polymerization 

time.  
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Table 7-1. Simultaneous ethylene and MMA polymerizations mediated by 1Me
PPh3, 2Me

PPh3, 2Ph
PPh3 and 13C labeled [Ni-Me] catalyst precursors. 

Ent

ry 

Complex n([Ni]) / 

mol 

t 

/ min 

Yield 

/ g  

(a) 

Productivity 

/ mg* 

mmol-1  

(b) 

mol%  

MMA 

(c) 

Tm | Tg 

/ °C 

(d) 

Cryst. 

/% 

(d) 

Nunsat/

Nsat  

(e) 

Mn(PE) / 10³ 

g⋅mol-1  
1H | 13C 

(f) 

%rr 

(g) 

Branches 

/ 1000C 

Me | Et | Pr 

(h) 

Mn
 

/103 g∙mol-1 (i) 

1 (ĐM) 2 (ĐM) 

1 1Me
PPh3 15.4 5 0.554 36.1 73 108 | 123 10.9 1.0 4.6 | 4.7 63 17 | 3 | 3 4.4 (1.3) 108.6 (2.2) 

2 1Me
PPh3 14.9 10 0.655 44.0 55 108 | 123 12.0 0.7 4.5 | 6.2 64 17 | 2 | 2 4.6 (1.3) 92.9 (2.5) 

3 1Me
PPh3 16.7 30 0.966 57.7 52 107 | 122 8.9 0.9 6.1 | 7.1 63 17 | 2 | 3 4.5 (1.3) 114.4 (2.6) 

4 1Me
PPh3 15.1 60 0.867 57.3 48 109 | 125 10.4 0.8 6.2 | 7.4 64 17 | 2 | 2 4.5 (1.3) 103.1 (2.6) 

5 1Me
PPh3 15.3 120 0.889 58.1 58 106 | 123 6.9 n.d. n.d. | n.d. n.d. n.d. 5.6 (1.1) 108.6 (2.2) 

6 2Me
PPh3 17.3 5 0.515 29.8 51 86 | 124 17.9 0.7 2.5 | 3.6 64 22 | 2 | 3 5.6 (1.4) 68.4 (1.7) 

7 2Me
PPh3 14.9 10 0.390 26.2 54 84 | 124 13.6 0.7 2.7 | 4.0 65 22 | 2 | 4 5.6 (1.4) 73.1 (3.9) 

8 2Me
PPh3 14.3 30 0.445 31.1 50 81 | 126 11.8 0.9 2.6 | 3.0 65 22 | 2 | 4 5.0 (1.3) 102.1 (5.3) 

9 2Me
PPh3 15.3 60 0.634 41.4 47 83 | 124 13.6 0.9 3.0 | 3.4 63 26 | 3 | 4 5.5 (1.3) 69.3 (2.2) 

10 2Me
PPh3 16.6 120 0.713 43.0 43 86 | 124 13.9 1.2 4.4 | 3.6 62 20 | 2 | 4 6.0 (1.3) 99.0 (2.3) 

11 2Ph
PPh3 16.1 5 0.409 25.4 40 81 | 123 15.4 0.9 3.6| 3.8 64 23 | 2 |3 3.8 (1.5) 48.3 (2.1) 

12 2Ph
PPh3 14.8 10 0.488 32.9 56 86 | 123 10.8 0.8 2.8 | 3.4 65 22 | 2 | 3 4.6 (1.3) 58.7 (1.8) 

13 2Ph
PPh3 19.7 30 0.680 34.6 51 86 | 124 12.0 1.0 3.3 | 3.2 64 23 | 2 | 3 4.7 (1.3) 60.3 (2.4) 

14 2Ph
PPh3 15.2 60 0.559 36.9 42 87 | 124 12.6 1.0 3.6 | 3.5 62 22 | 2 | 3 4.6 (1.4) 72.8 (3.3) 

15 2Ph
PPh3 14.5 120 0.595 41.0 46 85 | 124 10.5 0.9 3.0 | 3.4 64 23 | 3 | 4 6.3 (1.3) 84.0 (3.7) 

16 113CH3
PPh3 15.1 5 0.40 26.5 55 n.d. | n.d. n.d. 1.5 3.2| 2.2 63 18 | 0 | 4 5.5 (1.2) 103.1 (2.2) 

17 113CH3
PPh3 14.7 5 0.46 31.2 79 107 | 126 12.7 0.7 2.1 | 3.3 65 18 | 0 | 0 4.2 (1.2) 86.8 (1.8) 

18 213CH3
PPh3 16.0 10 0.56 35.0 36 97 | 125 14.5 1.3 3.3 | 2.5 64 25 | 3 | 4 6.3 (1.2) 64.2 (2.4) 

19 

(j) 

213CH3
PPh3 14.8 10 2.99 202.4 0 105 | -- 50.3 0.9 3.7 | 4.1 -- 19 | 2 | 4 4.8 (1.3) not present 

Reaction conditions: T = 70 °C, p(ethylene) = 25 bar, V(MMA) = 50 mL, 3 equiv. PPh3. (a) Sum of precipitated polymer and the soluble part with subtraction of catalyst precursor and PPh3. (b) Productivity = 

mg(polymer)/n([Ni]). (c) Determined by 1H NMR. (d) Determined from the second heat curve by DSC. (e) Nunsat/Nsat describes the ratio of end groups in the PE fraction formed by -H elimination vs. the end 

groups of activation of a growing PE chain (f) Mn(PE) determined by 1H NMR and by 13C spectroscopy in TCE-d2. (g) Calculated by comparing the intensities of the PMMA quaternary backbone carbons for 

the mm, mr and rr triads by 13C NMR (130 °C, TCE-d2). (h) Calculated by comparing the α and β carbons of each branch type vs. the total intensity of the PE polymer in 13C NMR (130 °C, TCE-d2). (i) SEC 
in THF at 40 °C vs. PS standard. (j) In the absence of MMA. 50 mL of toluene was used as a solvent. n.d. – not determined.
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7.4 Selected Spectra of Stoichiometric Experiments 

 

Figure 7-12. 1H NMR (600 MHz, C6D6, RT) spectrum of the reaction mixture of 3Ph
PPh3 and 15 equiv. of 

ethylene at 6 °C after 72 h. The NMR sample was filtered through a syringe filter to separate the formed 

PE. The insertion of ethylene and isomerization leads to styrene (S1t, S1c, S2) and the formation of the 3-

benzyl Ni(II) complex (structure shown as an inset). This complex is in equilibrium with a second isomer 

(exchange resonances in 1H-1H NOESY, methine protons labeled with H17’ and H18’, Figure 3-16). In 

addition, the formation of butene (1-butene and 2-butenes) is observed from dimerization starting from 

[Ni-H]. 
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Figure 7-13. 1H NMR spectrum (400 MHz, C6D6, RT) showing the reaction of [Ni(0)(PPh3)4] with 2 equiv. 

of MMA at RT after 10 minutes. The coordination compound [(PPh3)2Ni(2-H2C=C(CH3)COOMe)] is 

formed and the assignment is given as an inset. The corresponding 31P{1H} NMR (162 MHz, C6D6, RT) 

spectrum is given as an inset. 

 

Figure 7-14. 1H NMR spectra (0 h: 400 MHz; 30 h: 600 MHz, toluene-d8, RT) of the reaction mixture of 

1Ph
PPh3 (15 mM) with 5 equiv. of MMA after 0 h and at 70 °C after 30 h. All peaks which are not assigned 

in the spectrum after 0 h are resonances of 1Ph
PPh3. In the top spectrum, the main characteristic resonances 

of methyl 2-methyl-3-phenylpropanoate (~) and of the bis-chelated complex {1-1} (+) are labeled. 
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Figure 7-15. GC/MS of the reaction mixture of 1Ph
PPh3 (15 mM) and 5 equiv. of MMA at 70 °C after 30 h. 

The inset shows the assignment of the fragmentation and the mass peak of the saturated organic product 

(methyl 2-methyl-3-phenylpropanoate) after 2,1-insertion of MMA into 1Ph
PPh3 and subsequent reaction with 

a [Ni-H] species. 

 

Figure 7-16. Superimposed 1H-13C HMBC (green) and 1H-13C HSQC (red/blue) NMR spectra (600 MHz, 

toluene-d8, RT of the reaction mixture of 1Ph
PPh3 (15 mM) and 5 equiv. of MMA at 70 °C after 30 h. The 

inset shows the assignment of the saturated organic product (methyl 2-methyl-3-phenylpropionate) after 

2,1-insertion of MMA into 1Ph
PPh3 and subsequent reaction with a [Ni-H] species. 
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Figure 7-17. 1H NMR spectra (400 MHz, C6D6, RT) of the reaction mixture of 3Ph
PPh3 (14 mM), 3 equiv. of 

MMA and 3 equiv. of PPh3 after 0 min and at 70 °C after 36 h. All peaks that are not assigned in the spectrum 

after 0 h result from 3Ph
PPh3 or PPh3. In the upper spectrum characteristic saturated (~, reaction of 2,1-

insertion product with [Ni-H]) and unsaturated (*) organic product after 2,1 ins. of MMA into [Ni-Ph] and 

-H elimination are labeled. 

 

Figure 7-18. Superimposed 1H-13C gHMBCAD (green) and 1H-13C HSQCAD (red/blue) NMR spectra (400 

MHz, C6D6, 25 °C) of the reaction mixture of 3Ph
PPh3 (14 mM), 3 equiv. of MMA and 3 equiv. of PPh3 at 

70 °C after 36 h. The inset shows the assignment of the unsaturated -H elimination product (methyl 2-

methyl-(E)-3-phenyl-2-propenoate) after 2,1-insertion of MMA into 3Ph
PPh3.  
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Figure 7-19. Superimposed 1H-13C gHMBCAD (green) and 1H-13C HSQCAD (red/blue) NMR spectra (400 

MHz, 25 °C, C6D6) of the reaction mixture of 3Ph
PPh3 (14 mM), 3 equiv. of MMA and 3 equiv. of PPh3 at 

70 °C after 36 h. The inset shows the assignment of the saturated organic product (methyl 2-methyl-3-

phenylpropanoate) after 2,1-insertion of MMA into 3Ph
PPh3 and subsequent reaction with a [Ni-H] species. 

 

Figure 7-20. Time-dependent 1H NMR (400 MHz, DMSO-d6, 50 °C) showing the reaction of 1Me
dmso with 

2 equiv. of MMA. The formation of ethane is the only detectable organic reaction product. 



Chapter: 7 Appendix 

 

160 

 

Figure 7-21. 1H NMR spectra (400 MHz, THF-d8, -35 °C) showing the reaction of 1H
PMe3 with 2 equiv. of 

MMA at -35 °C after 12 h. 

 

Figure 7-22. 1H-13C gHSQCAD (400 MHz, THF-d8, -35 °C) showing the reaction of 1H
PMe3 with 2 equiv. 

of MMA at -35 °C after 12 h. 
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Figure 7-23. Time-dependent 1H NMR (400 MHz, THF-d8, -35 °C) showing the reaction of 1H
PMe3 (16 

mol) with 2 equiv. of MMA. 
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7.5 Sources of Organic Radicals in (N^O)Ni(II)R(L) Mediated 

Polymerizations 

 

Figure 7-24. X-band (9.394 GHz) cw EPR spectrum showing the phenyl spin adduct of PBN in toluene at 

5 °C. Acquisition parameters: 150 G sweep, 150 s sweep time, 250 mG modulation, 5 scans, 0.5 mW 

microwave power. A hyperfine structure with a splitting of aN = 14.4 G and aH
β = 2.2 G was derived from 

simulation. 

 

Figure 7-25. X-band (9.370 GHz) cw EPR spectrum of the methyl spin adduct of PBN in toluene at 25 °C. 

Acquisition parameters: 150 G sweep, 60 s sweep time, 400 mG modulation, 10 Scans, 2.5 mW microwave 

power. A hyperfine structure with splittings of  aN = 14.81 G and aH
β = 3.59 G was derived from simulation; 

the results are in line with literature values (aN = 14.91 G and aH
β = 3.66 G in toluene at RT).255 
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Figure 7-26. Monitoring the reaction of 1Ph
PPh3 (12 mM) with 5 equiv. of PBN in toluene-d8 (*) after 0 h 

(bottom), at 70 °C after 1 h (middle) and at 65 °C after 18 h (top) by 1H (400 MHz, RT) and 31P{1H} 

(162 MHz, RT). 
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Figure 7-27. X-band (9.371 MHz, RT) cw EPR spectrum of the trapped radical of the reaction of 1Me
dmso 

(4 mM) and 12 equiv. of PBN at 70 °C after 24 h in toluene (black). The values for the splitting of the 

hyperfine structure were derived from simulation: First species: aN,1 = 15.35 G. Second species: 

aN,2 = 14.65 G, aH
β = 2.56 G. 
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Figure 7-28. MMA homopolymerizations initiated by the diiodo-substituted complexes 1Ph
PPh3 and 3 equiv. 

of PPh3 (black), 1Ph
PPh3, 3 equiv. of PPh3 and 45 equiv. of phenyl iodide (green) in comparison with the 9-

anthracenyl-substituted salicylaldimine complex [(N^O)CF,Ant-HNiMe(pyridine)] (5Me
py, red), with addition 

of 4 equiv. of PPh3 (blue) and with addition of 4 equiv. of PPh3 and 40 equiv. of phenyl iodide (pink). 

Reaction conditions: 70 °C, c([Ni]) = 0.5 mmol∙L-1, c(MMA) = 9.389 mol∙L-1. 

 

7.6 DFT: Coordinates and Total Energies 

 

H2 

E(RB3LYP) =  -1.17548240892 a.u.  
1       -2.818187000      1.273588000      0.000000000 

1       -2.075613000      1.291422000      0.000000000 

 

[(N^O)iPr,tBu-HNiH(PPh3)]  

square planar 

[(N^O)iPr,tBu-HNiH(PPh3)] 

tetrahedral 

PPh3 

E(RB3LYP) =  -2230.73670649 a.u.  

6        0.591652000      3.151511000     -0.046519000 

6        1.606650000      4.180113000     -0.174889000 

6        1.187975000      5.488206000     -0.375805000 

1        1.933928000      6.267039000     -0.486605000 

6       -0.165853000      5.880361000     -0.436983000 

1       -0.423696000      6.922940000     -0.596819000 

6       -1.137113000      4.924946000     -0.273561000 

1       -2.191339000      5.194809000     -0.293617000 

6       -0.788267000      3.564474000     -0.074077000 

6       -1.874416000      2.658897000      0.120940000 

6        3.106763000      3.840655000     -0.061533000 

6        3.389488000      3.238841000      1.335485000 

1        2.785986000      2.347704000      1.508802000 

1        3.164856000      3.971194000      2.120999000 

1        4.447408000      2.961648000      1.424344000 

6        3.524094000      2.839207000     -1.163448000 

1        3.340722000      3.260643000     -2.159924000 

1        2.971366000      1.905000000     -1.074564000 

1        4.595956000      2.616411000     -1.084643000 

6        4.004016000      5.086290000     -0.216325000 

1        5.053304000      4.785697000     -0.115436000 

1        3.804186000      5.840140000      0.554149000 

1        3.891587000      5.559953000     -1.199009000 

E(UB3LYP) =  -2230.71376420 a.u. 

6       -0.623011000      3.003726000      0.125214000 

6       -0.043208000      4.327160000      0.222683000 

6       -0.860099000      5.371280000      0.633396000 

1       -0.441053000      6.368112000      0.713458000 

6       -2.224612000      5.215445000      0.953839000 

1       -2.810946000      6.073547000      1.268147000 

6       -2.790658000      3.968028000      0.854651000 

1       -3.842630000      3.817557000      1.089932000 

6       -2.021570000      2.849212000      0.444670000 

6       -2.720998000      1.599507000      0.384711000 

6        1.436973000      4.563316000     -0.140509000 

6        2.357330000      3.704778000      0.761465000 

1        2.135267000      2.642079000      0.660940000 

1        2.231917000      3.984437000      1.814814000 

1        3.408691000      3.871630000      0.494032000 

6        1.663708000      4.210977000     -1.631433000 

1        1.090489000      4.886942000     -2.277610000 

1        1.350347000      3.188447000     -1.847542000 

1        2.725318000      4.319226000     -1.890215000 

6        1.858020000      6.035080000      0.051032000 

1        2.913768000      6.145493000     -0.222609000 

1        1.752536000      6.362727000      1.092129000 

1        1.282329000      6.717777000     -0.584974000 

E(RB3LYP) =  -1036.28165173 a.u. 

6       -2.277168000      3.397121000     -0.476628000 

6       -2.822448000      2.113185000     -0.486113000 

6       -0.935904000      3.614321000     -0.836658000 

6       -0.148247000      2.506285000     -1.185726000 

6       -0.690822000      1.218962000     -1.184104000 

6       -2.028530000      1.019177000     -0.838348000 

1       -2.896369000      4.241553000     -0.182321000 

1       -3.862921000      1.965703000     -0.208336000 

1       -2.448415000      0.016704000     -0.836802000 

1       -0.065923000      0.371485000     -1.454680000 

1        0.893698000      2.648199000     -1.456275000 

15      -0.324016000      5.362712000     -0.770576000 

6        1.516510000      5.148707000     -0.814850000 

6        2.171836000      5.029259000      0.422830000 

6        3.556759000      4.874873000      0.488075000 

6        4.313960000      4.856023000     -0.685550000 

6        3.677310000      4.987933000     -1.921015000 

6        2.289274000      5.131099000     -1.986466000 

6       -0.698949000      5.985853000     -2.475425000 

6       -0.683669000      7.379198000     -2.659792000 

6       -1.024309000      5.168941000     -3.569453000 

6       -1.316206000      5.730659000     -4.814757000 

6       -0.963904000      7.939938000     -3.906010000 
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6       -3.108983000      0.715093000      0.505023000 

6       -3.866664000      0.317101000     -0.617239000 

6       -5.106648000     -0.294545000     -0.391845000 

1       -5.709855000     -0.600590000     -1.242783000 

6       -5.580394000     -0.517955000      0.897869000 

1       -6.547273000     -0.990407000      1.050839000 

6       -4.806724000     -0.135965000      1.990789000 

1       -5.176145000     -0.317871000      2.996849000 

6       -3.561497000      0.481035000      1.820939000 

6       -3.370891000      0.518868000     -2.046964000 

1       -2.352880000      0.914750000     -1.995334000 

6       -4.231340000      1.547192000     -2.807098000 

1       -4.242061000      2.515963000     -2.294610000 

1       -5.270781000      1.209016000     -2.897574000 

1       -3.840862000      1.704099000     -3.819945000 

6       -3.294076000     -0.813234000     -2.817459000 

1       -2.873905000     -0.650896000     -3.817446000 

1       -4.282946000     -1.269716000     -2.943935000 

1       -2.655378000     -1.532186000     -2.292977000 

6       -2.732343000      0.866184000      3.042787000 

1       -1.793114000      1.297809000      2.685946000 

6       -2.367411000     -0.370392000      3.886679000 

1       -1.829321000     -1.108655000      3.282214000 

1       -3.258815000     -0.857260000      4.300221000 

1       -1.726261000     -0.082057000      4.728997000 

6       -3.437182000      1.936975000      3.897514000 

1       -2.805922000      2.228757000      4.745597000 

1       -4.388130000      1.568365000      4.300944000 

1       -3.652415000      2.836871000      3.309986000 

1       -1.025134000     -0.848354000      0.413639000 

6        2.179338000     -0.433638000     -3.816572000 

1        2.019523000      0.390639000     -4.506291000 

6        2.773578000     -0.369048000      2.472560000 

1        1.775522000     -0.324073000      2.901269000 

6        3.880477000     -0.076728000      3.267882000 

1        3.739278000      0.189327000      4.311893000 

6        5.165517000     -0.113141000      2.719763000 

1        6.028199000      0.120759000      3.337788000 

6        5.336284000     -0.443713000      1.375034000 

1        6.332468000     -0.467308000      0.941201000 

6        4.228989000     -0.747602000      0.578289000 

1        4.374168000     -1.007823000     -0.465313000 

6        2.937953000     -0.718185000      1.121663000 

6        2.577380000     -2.548180000     -2.035976000 

1        2.724617000     -3.379857000     -1.353616000 

6        2.978481000     -2.669581000     -3.367134000 

1        3.440968000     -3.592155000     -3.707929000 

6        1.976493000     -1.363287000     -1.581151000 

6        1.775195000     -0.308572000     -2.486086000 

1        1.307063000      0.608501000     -2.141979000 

6        2.780627000     -1.613028000     -4.259187000 

1        3.089829000     -1.711533000     -5.296402000 

6        1.059340000     -2.870225000      0.716351000 

6        2.011685000     -3.644586000      1.397639000 

1        2.977205000     -3.220391000      1.652313000 

6        1.727009000     -4.963414000      1.760760000 

1        2.473508000     -5.545529000      2.294703000 

6        0.492404000     -5.528944000      1.442044000 

1        0.270865000     -6.554024000      1.726976000 

6       -0.459605000     -4.768366000      0.759193000 

1       -1.426022000     -5.198337000      0.510104000 

6       -0.181324000     -3.448923000      0.403530000 

1       -0.934870000     -2.858882000     -0.108183000 

7       -1.836098000      1.366693000      0.308314000 

28      -0.217248000      0.366639000      0.283717000 

8        0.924440000      1.901954000      0.096309000 

15       1.420813000     -1.140297000      0.164380000 

1       -2.867469000      3.119576000      0.120805000 

6       -3.157173000     -0.688647000      0.038688000 

6       -3.881210000     -0.982669000     -1.139854000 

6       -4.746843000     -2.083152000     -1.119466000 

1       -5.324648000     -2.319507000     -2.008844000 

6       -4.883934000     -2.878426000      0.015237000 

1       -5.564613000     -3.725827000      0.008596000 

6       -4.142935000     -2.586741000      1.157033000 

1       -4.250868000     -3.213289000      2.038273000 

6       -3.263443000     -1.497676000      1.192926000 

6       -3.762062000     -0.125305000     -2.397269000 

1       -2.907608000      0.543119000     -2.264271000 

6       -5.020514000      0.743638000     -2.596411000 

1       -5.199920000      1.395168000     -1.733320000 

1       -5.914830000      0.123233000     -2.734414000 

1       -4.911846000      1.379763000     -3.483013000 

6       -3.468012000     -0.965602000     -3.653028000 

1       -3.328658000     -0.307238000     -4.518610000 

1       -4.285852000     -1.655849000     -3.892534000 

1       -2.550247000     -1.547919000     -3.523034000 

6       -2.478046000     -1.194736000      2.466556000 

1       -1.735423000     -0.427670000      2.222379000 

6       -1.711709000     -2.422965000      2.993031000 

1       -1.050984000     -2.842637000      2.226878000 

1       -2.391153000     -3.218372000      3.320300000 

1       -1.096760000     -2.143767000      3.857289000 

6       -3.395607000     -0.611082000      3.559996000 

1       -2.819358000     -0.365532000      4.460407000 

1       -4.174655000     -1.328931000      3.843775000 

1       -3.894932000      0.302101000      3.217373000 

1       -0.429610000     -0.287815000     -2.100019000 

6        3.972734000      0.601384000     -3.107696000 

1        4.023192000      1.579166000     -3.578904000 

6        1.922174000     -0.360943000      2.543949000 

1        0.845276000     -0.236127000      2.465843000 

6        2.561841000     -0.099951000      3.755943000 

1        1.979244000      0.217614000      4.616429000 

6        3.948381000     -0.231333000      3.855970000 

1        4.449380000     -0.019165000      4.796643000 

6        4.691014000     -0.624760000      2.740674000 

1        5.771402000     -0.719423000      2.811141000 

6        4.051590000     -0.893279000      1.529136000 

1        4.639009000     -1.190557000      0.665762000 

6        2.657439000     -0.771029000      1.420087000 

6        3.817154000     -1.916523000     -1.906276000 

1        3.751499000     -2.901059000     -1.452088000 

6        4.745000000     -1.682600000     -2.923026000 

1        5.400957000     -2.485465000     -3.249222000 

6        2.963114000     -0.888148000     -1.480068000 

6        3.040419000      0.370402000     -2.095857000 

1        2.362538000      1.160623000     -1.788214000 

6        4.825754000     -0.423702000     -3.522432000 

1        5.545910000     -0.244982000     -4.316541000 

6        1.379452000     -2.911136000     -0.108360000 

6        1.927977000     -3.789995000      0.837805000 

1        2.608774000     -3.417016000      1.596744000 

6        1.600591000     -5.148036000      0.811438000 

1        2.031529000     -5.818488000      1.550449000 

6        0.725703000     -5.642091000     -0.157197000 

1        0.472133000     -6.698681000     -0.174558000 

6        0.172148000     -4.772643000     -1.100631000 

1       -0.515101000     -5.149159000     -1.853407000 

6        0.490415000     -3.414972000     -1.075475000 

1        0.046991000     -2.738123000     -1.801753000 

7       -2.255659000      0.430560000      0.047084000 

28      -0.369627000      0.145402000     -0.563288000 

8        0.117935000      1.996711000     -0.233987000 

15       1.727994000     -1.101433000     -0.136832000 

1       -3.780747000      1.651706000      0.659953000 

6       -1.283453000      7.115618000     -4.987466000 

1       -1.568813000      5.083476000     -5.650980000 

1       -1.511958000      7.550672000     -5.956885000 

1       -1.053780000      4.090337000     -3.447955000 

1       -0.943452000      9.019625000     -4.029915000 

1       -0.454845000      8.028499000     -1.817700000 

1        1.806090000      5.233466000     -2.953477000 

1        4.261087000      4.978926000     -2.838102000 

1        5.394125000      4.745876000     -0.636798000 

1        4.045228000      4.780287000      1.454482000 

1        1.591027000      5.062579000      1.341856000 

 

 

Linear TS  

(Figure 3-31, structure C) 

2-H2 bridged intermediate  

(Figure 3-31, structure E) 

[(N^O)iPr,tBu-HNi(I)(PPh3)] 

E(UB3LYP) =  -4461.41242952 a.u.  

6        5.005581000      2.032319000     -0.570760000 

6        6.452941000      2.092329000     -0.706890000 

6        6.996721000      3.168629000     -1.395660000 

1        8.069421000      3.204749000     -1.549180000 

6        6.241601000      4.253359000     -1.888540000 

1        6.732871000      5.064669000     -2.417230000 

6        4.896141000      4.288179000     -1.619140000 

1        4.293682000      5.149249000     -1.903200000 

6        4.263781000      3.205559000     -0.956390000 

6        2.919131000      3.430789000     -0.528970000 

6        7.373211000      1.034439000     -0.062690000 

6        7.075101000      0.972559000      1.454620000 

1        6.028181000      0.728789000      1.637260000 

1        7.298111000      1.936509000      1.928960000 

1        7.696971000      0.206719000      1.934980000 

6        7.158651000     -0.355701000     -0.696940000 

1        7.371901000     -0.330071000     -1.772870000 

1        6.134891000     -0.694981000     -0.556350000 

E(RB3LYP) =  -2388.89460133 a.u.  
6       -0.731429000      7.767271000      4.199802000 

6       -1.890382000      6.984755000      3.884394000 

6       -3.190792000      7.532341000      4.025915000 

1       -4.050571000      6.913290000      3.778435000 

6       -3.354177000      8.821940000      4.467882000 

1       -4.344051000      9.253257000      4.580693000 

6       -2.211727000      9.591858000      4.777693000 

1       -2.374680000     10.606338000      5.123683000 

6       -0.910245000      9.122331000      4.663135000 

6       -1.782152000      5.641563000      3.420215000 

1       -2.725894000      5.133090000      3.206156000 

6        0.305879000     10.002519000      5.013211000 

6        1.207244000     10.181299000      3.766761000 

1        0.655332000     10.675623000      2.957593000 

1        1.575080000      9.221128000      3.402005000 

1        2.072448000     10.807664000      4.017279000 

6        1.118635000      9.352311000      6.159833000 

1        1.484316000      8.364251000      5.876537000 

E(UB3LYP) =  -2230.15989318 a.u. 

6       -0.451854000      3.041357000     -0.005810000 

6       -1.424605000      4.119650000     -0.027550000 

6       -0.960149000      5.425883000     -0.010660000 

1       -1.675360000      6.240950000     -0.021698000 

6        0.409196000      5.768519000      0.017140000 

1        0.708526000      6.812282000      0.031230000 

6        1.342765000      4.762881000      0.018103000 

1        2.406071000      4.996644000      0.029637000 

6        0.950833000      3.398196000      0.000873000 

6        2.020830000      2.447771000     -0.014439000 

6       -2.935635000      3.811112000     -0.078477000 

6       -3.361680000      3.008501000      1.174347000 

1       -3.158668000      3.580294000      2.088473000 

1       -2.823590000      2.061857000      1.228435000 

1       -4.438450000      2.797139000      1.140801000 

6       -3.266144000      3.000897000     -1.355752000 

1       -2.712195000      2.061690000     -1.378588000 

1       -3.013610000      3.578558000     -2.253797000 



Chapter: 7 Appendix 

 

166 

1        7.832010000     -1.091011000     -0.237440000 

6        8.868671000      1.381609000     -0.220900000 

1        9.467651000      0.623848000      0.297660000 

1        9.116391000      2.354958000      0.218240000 

1        9.187221000      1.385768000     -1.270220000 

6        0.889221000      3.270930000      0.550990000 

6       -0.043839000      3.903040000     -0.301770000 

6       -1.087269000      4.630970000      0.286660000 

1       -1.808888000      5.130880000     -0.352010000 

6       -1.218269000      4.729560000      1.666670000 

1       -2.029728000      5.311200000      2.096720000 

6       -0.297819000      4.087380000      2.493220000 

1       -0.396409000      4.178480000      3.570620000 

6        0.768741000      3.355840000      1.959780000 

6        0.044541000      3.849970000     -1.826350000 

1        0.844931000      3.154890000     -2.094140000 

6        0.389282000      5.227690000     -2.430280000 

1        1.334982000      5.625430000     -2.045710000 

1       -0.392098000      5.963070000     -2.203740000 

1        0.473262000      5.156640000     -3.521600000 

6       -1.252989000      3.312240000     -2.455640000 

1       -1.124309000      3.183910000     -3.537380000 

1       -2.094909000      3.997690000     -2.306600000 

1       -1.529229000      2.349710000     -2.018790000 

6        1.833191000      2.763850000      2.879950000 

1        2.266971000      1.901220000      2.359450000 

6        1.282221000      2.264140000      4.225350000 

1        0.444671000      1.572480000      4.091510000 

1        0.944481000      3.088390000      4.865020000 

1        2.070591000      1.738070000      4.777670000 

6        2.973801000      3.776809000      3.116650000 

1        3.755201000      3.336739000      3.748710000 

1        2.595231000      4.674510000      3.621270000 

1        3.440081000      4.088449000      2.176960000 

1        0.825941000      0.394340000      0.015240000 

6        4.760820000     -2.135231000     -3.320220000 

1        5.243070000     -1.504841000     -4.062630000 

6        4.087670000     -0.993781000      2.788340000 

1        3.310181000     -0.238321000      2.862250000 

6        4.973850000     -1.179661000      3.849780000 

1        4.873351000     -0.576831000      4.748460000 

6        5.997240000     -2.125061000      3.749190000 

1        6.691880000     -2.267161000      4.572740000 

6        6.130380000     -2.877791000      2.581540000 

1        6.931000000     -3.607301000      2.491280000 

6        5.237330000     -2.698331000      1.521690000 

1        5.350280000     -3.292021000      0.620070000 

6        4.201110000     -1.759821000      1.617300000 

6        3.520250000     -3.738801000     -1.403870000 

1        3.027970000     -4.370661000     -0.671710000 

6        4.063200000     -4.316041000     -2.552880000 

1        3.997070000     -5.391401000     -2.696760000 

6        3.598310000     -2.351501000     -1.197190000 

6        4.218970000     -1.555151000     -2.171500000 

1        4.283741000     -0.484321000     -2.016980000 

6        4.685220000     -3.515661000     -3.513660000 

1        5.107380000     -3.965931000     -4.408410000 

6        1.638470000     -2.772780000      0.850460000 

6        1.874400000     -3.728370000      1.851460000 

1        2.828280000     -3.753540000      2.366840000 

6        0.889100000     -4.657010000      2.194890000 

1        1.090210000     -5.390160000      2.971620000 

6       -0.346520000     -4.637240000      1.549310000 

1       -1.118770000     -5.352600000      1.819680000 

6       -0.588930000     -3.688910000      0.552970000 

1       -1.550940000     -3.658490000      0.055740000 

6        0.396330000     -2.767920000      0.199470000 

1        0.197820000     -2.038500000     -0.578850000 

7        2.055001000      2.612100000      0.014310000 

28       2.411481000      0.693150000      0.080980000 

8        4.400311000      0.991309000     -0.086000000 

15       2.905730000     -1.539551000      0.316750000 

1        2.602031000      4.473620000     -0.616220000 

1        1.758521000      1.447510000     -3.722100000 

1        0.092521000      1.404740000     -5.579420000 

6        1.591761000      0.382870000     -3.519080000 

1       -5.826249000      3.235411000      4.862540000 

1        2.343021000     -0.179920000     -4.083410000 

1       -3.666699000      3.770111000      3.742550000 

1        1.766091000      0.216330000     -2.451070000 

6       -5.311919000      2.478251000      4.276570000 

6       -0.097379000      0.340510000     -5.394920000 

6       -4.099759000      2.777931000      3.651140000 

1        0.564321000     -0.237940000     -6.051240000 

6        0.157391000     -0.003230000     -3.910540000 

1       -0.509889000      0.613860000     -3.306210000 

6       -5.862959000      1.202781000      4.141160000 

1       -6.808919000      0.962711000      4.619730000 

1       -1.128979000      0.125240000     -5.695260000 

6       -3.439349000      1.808981000      2.895330000 

1        1.597710000     -2.197850000     -4.612940000 

1       -2.502739000      2.060970000      2.405890000 

6       -0.180530000     -1.469230000     -3.642850000 

1       -0.049149000     -0.799940000      2.224160000 

6       -5.200419000      0.226871000      3.393670000 

1        0.503018000      9.252771000      7.062518000 

1        1.983374000      9.980129000      6.408269000 

6       -0.116529000     11.408924000      5.484761000 

1        0.780398000     11.992792000      5.720217000 

1       -0.732394000     11.374334000      6.391320000 

1       -0.670265000     11.955909000      4.712409000 

6       -0.836240000      3.598433000      2.740509000 

6       -0.847797000      3.363989000      1.348619000 

6       -1.015792000      2.045198000      0.909660000 

1       -1.037905000      1.839272000     -0.157052000 

6       -1.153054000      0.994557000      1.813269000 

1       -1.286441000     -0.021411000      1.451058000 

6       -1.112748000      1.247794000      3.182007000 

1       -1.210517000      0.422096000      3.881612000 

6       -0.946629000      2.547213000      3.676037000 

6       -0.885674000      2.786554000      5.182123000 

1       -0.679944000      3.848369000      5.346347000 

6       -2.231810000      2.467198000      5.861499000 

1       -2.498513000      1.410015000      5.743979000 

1       -3.046883000      3.063966000      5.435717000 

1       -2.179968000      2.681686000      6.935572000 

6        0.267242000      2.000575000      5.835911000 

1        1.226552000      2.254903000      5.372961000 

1        0.124979000      0.917478000      5.743704000 

1        0.328511000      2.237673000      6.904914000 

6       -0.678157000      4.488500000      0.330817000 

1       -0.502935000      5.417574000      0.881067000 

6       -1.952033000      4.686731000     -0.513769000 

1       -2.821852000      4.901247000      0.118031000 

1       -2.184046000      3.792867000     -1.105149000 

1       -1.823955000      5.524047000     -1.210048000 

6        0.554091000      4.259667000     -0.565795000 

1        0.690242000      5.108789000     -1.246418000 

1        0.449062000      3.356408000     -1.178148000 

1        1.462377000      4.154406000      0.036922000 

6        5.062877000      2.606370000      2.628247000 

6        6.221830000      3.388885000      2.943660000 

6        7.522239000      2.841296000      2.802145000 

1        8.382018000      3.460345000      3.049629000 

6        7.685624000      1.551696000      2.360181000 

1        8.675497000      1.120377000      2.247376000 

6        6.543174000      0.781780000      2.050366000 

1        6.706127000     -0.232701000      1.704379000 

6        5.241692000      1.251310000      2.164917000 

6        6.113600000      4.732077000      3.407836000 

1        7.057342000      5.240549000      3.621899000 

6        4.025568000      0.371123000      1.814836000 

6        3.124196000      0.192347000      3.061282000 

1        2.756361000      1.152518000      3.426035000 

1        3.676104000     -0.301978000      3.870453000 

1        2.258993000     -0.434017000      2.810760000 

6        3.212819000      1.021332000      0.668210000 

1        3.828441000      1.120870000     -0.234473000 

1        2.847140000      2.009393000      0.951502000 

1        2.348080000      0.393516000      0.419770000 

6        4.447975000     -1.035283000      1.343290000 

1        3.551049000     -1.619149000      1.107829000 

1        5.001707000     -1.582269000      2.115645000 

1        5.063845000     -1.000696000      0.436734000 

6        5.167688000      6.775209000      4.087537000 

6        5.278077000      7.826430000      3.152009000 

6        5.444193000      9.125849000      3.646040000 

1        5.541961000      9.951548000      2.946435000 

6        5.484497000      9.379086000      5.014778000 

1        5.617881000     10.395053000      5.376989000 

6        5.347235000      8.328444000      5.918387000 

1        5.369346000      8.534370000      6.985099000 

6        5.179243000      7.009653000      5.479427000 

6        5.009601000      5.885143000      6.497229000 

1        4.834403000      4.956064000      5.946980000 

6        3.777332000      6.113962000      7.393816000 

1        2.869056000      6.219204000      6.791081000 

1        3.882335000      7.017228000      8.006164000 

1        3.641181000      5.264843000      8.074443000 

6        6.283463000      5.686932000      7.341841000 

1        6.515452000      6.580799000      7.933226000 

1        7.153298000      5.472428000      6.710059000 

1        6.155383000      4.849614000      8.038118000 

6        5.217123000      7.587090000      1.645923000 

1        5.011400000      6.525273000      1.481698000 

6        6.563257000      7.906454000      0.966547000 

1        7.378333000      7.309691000      1.392329000 

1        6.829953000      8.963639000      1.084067000 

1        6.511416000      7.691966000     -0.107526000 

6        4.064202000      8.373061000      0.992137000 

1        4.206457000      9.456159000      1.084345000 

1        3.104893000      8.118727000      1.455087000 

1        4.002934000      8.135965000     -0.076867000 

7       -0.692103000      4.951102000      3.220940000 

7        5.023551000      5.422541000      3.607105000 

28       1.042281000      5.624079000      3.522680000 

28       3.289168000      4.749566000      3.305359000 

8        0.471708000      7.281834000      4.076741000 

8        3.859740000      3.091809000      2.751302000 

1        1.734850000      4.257067000      3.074783000 

1       -4.339578000      2.773712000     -1.392595000 

6       -3.792775000      5.093365000     -0.112922000 

1       -3.579470000      5.710144000     -0.993986000 

1       -3.650591000      5.711384000      0.781680000 

1       -4.852590000      4.816423000     -0.155059000 

6        3.161643000      0.385868000     -0.051974000 

6        3.761198000      0.030038000      1.179304000 

6        4.940403000     -0.725269000      1.146040000 

1        5.423817000     -0.996859000      2.080857000 

6        5.507117000     -1.130897000     -0.059476000 

1        6.426559000     -1.710670000     -0.062857000 

6        4.889025000     -0.792325000     -1.260794000 

1        5.332996000     -1.115471000     -2.198622000 

6        3.708503000     -0.040032000     -1.285111000 

6        3.165951000      0.455918000      2.519282000 

1        2.181322000      0.889726000      2.322253000 

6        4.025518000      1.543789000      3.193419000 

1        4.129926000      2.424678000      2.550135000 

1        5.033710000      1.172828000      3.415247000 

1        3.569830000      1.865874000      4.137530000 

6        2.949738000     -0.738796000      3.467393000 

1        2.456618000     -0.406164000      4.388456000 

1        3.895482000     -1.213905000      3.753661000 

1        2.316381000     -1.503568000      3.003674000 

6        3.055815000      0.319510000     -2.617178000 

1        2.066291000      0.732324000     -2.397514000 

6        2.842984000     -0.912696000     -3.516476000 

1        2.269399000     -1.688589000     -2.997022000 

1        3.792576000     -1.356550000     -3.838213000 

1        2.292054000     -0.629046000     -4.421271000 

6        3.857918000      1.409875000     -3.354916000 

1        4.869871000      1.062089000     -3.596614000 

1        3.953937000      2.314815000     -2.744547000 

1        3.362741000      1.685545000     -4.293913000 

6       -0.351694000     -3.171234000     -0.439192000 

6       -1.023871000     -4.224442000     -1.078171000 

1       -2.073780000     -4.120839000     -1.335429000 

6       -0.347690000     -5.403719000     -1.398539000 

1       -0.879547000     -6.210193000     -1.896526000 

6        1.005724000     -5.545419000     -1.086275000 

1        1.530504000     -6.462402000     -1.340561000 

6        1.685439000     -4.501060000     -0.455457000 

1        2.741275000     -4.598039000     -0.218335000 

6        1.012684000     -3.320243000     -0.139243000 

1        1.555056000     -2.507177000      0.338497000 

6       -2.632965000     -1.485737000     -1.090629000 

6       -2.469451000     -0.852801000     -2.333312000 

1       -1.509183000     -0.411914000     -2.587798000 

6       -3.533367000     -0.770966000     -3.231655000 

1       -3.393684000     -0.276169000     -4.188843000 

6       -4.777787000     -1.307189000     -2.893171000 

1       -5.609507000     -1.235085000     -3.588852000 

6       -4.953980000     -1.924729000     -1.653585000 

1       -5.923045000     -2.334568000     -1.381261000 

6       -3.888213000     -2.014937000     -0.755482000 

1       -4.037967000     -2.489918000      0.209392000 

6       -1.860258000     -1.886463000      1.699582000 

6       -2.172672000     -3.165340000      2.185533000 

1       -1.995235000     -4.040663000      1.567593000 

6       -2.700332000     -3.321975000      3.468910000 

1       -2.934968000     -4.317427000      3.836814000 

6       -2.921115000     -2.205687000      4.278398000 

1       -3.329867000     -2.330514000      5.277610000 

6       -2.606662000     -0.930094000      3.804541000 

1       -2.769192000     -0.058246000      4.432387000 

6       -2.072410000     -0.770129000      2.525362000 

1       -1.811220000      0.220501000      2.163069000 

7        1.942718000      1.143888000     -0.050510000 

8       -0.851225000      1.807975000      0.004471000 

15      -1.165265000     -1.577880000      0.019407000 

28       0.254697000      0.197594000     -0.060744000 

1        3.026767000      2.883379000      0.002126000 
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6        0.666290000     -2.474840000     -4.128570000 

6       -3.979869000      0.520791000      2.768050000 

1        1.438590000     -1.380900000      4.114440000 

1       -4.377169000      0.659451000     -5.289630000 

1       -0.564299000      0.317300000     -0.250430000 

1       -4.293759000      4.667281000     -0.646600000 

6       -4.654709000      1.153381000     -4.360470000 

6       -5.627179000      2.120981000     -4.348000000 

1       -6.137879000      2.418951000     -5.258620000 

6       -0.476500000     -1.144200000      3.160130000 

6        0.362750000     -1.465770000      4.232070000 

6       -3.024089000     -0.270430000     -3.324080000 

6       -3.989209000      0.773931000     -3.166030000 

1       -5.639869000     -0.761169000      3.297430000 

28      -2.170189000     -0.174640000     -0.507380000 

7       -2.247669000     -0.849030000     -2.448820000 

1       -2.939829000     -0.632120000     -4.353950000 

6       -1.377050000     -1.862100000     -2.997530000 

6       -5.962009000      2.720471000     -3.118300000 

6       -4.622179000      3.859221000      0.019250000 

6       -4.307929000      1.398751000     -1.907390000 

6        0.334920000     -3.819670000     -4.008250000 

1       -3.777549000      3.194921000      0.199620000 

15      -2.954049000     -0.743870000      1.893580000 

1       -6.741109000      3.473751000     -3.131450000 

6       -5.357889000      2.402541000     -1.908490000 

1       -6.624639000      4.936671000     -1.522000000 

8       -3.683759000      1.067481000     -0.811890000 

1        1.010500000     -4.582460000     -4.385610000 

6       -1.865590000     -1.259680000      3.293700000 

1       -4.922649000      4.309581000      0.973620000 

6       -5.810439000      3.099601000     -0.610960000 

6       -0.175730000     -1.897100000      5.443060000 

6       -6.935599000      4.128501000     -0.849460000 

6       -1.754620000     -3.225340000     -2.908030000 

6       -0.873040000     -4.185230000     -3.418840000 

1        0.479740000     -2.145660000      6.273650000 

1       -5.281490000     -0.977639000      0.215770000 

1       -7.206209000      4.586111000      0.109060000 

6       -4.126780000     -2.147479000      1.623060000 

6       -2.401030000     -1.675330000      4.526460000 

1       -7.841949000      3.667361000     -1.259600000 

6       -5.176910000     -1.940339000      0.708260000 

6       -1.562160000     -1.999570000      5.590280000 

1       -3.362230000     -2.961389000     -1.523280000 

6       -6.359829000      2.045151000      0.375430000 

6       -3.114880000     -3.643389000     -2.346640000 

1       -1.135100000     -5.236530000     -3.358660000 

1       -5.597599000      1.307241000      0.619860000 

1       -4.331180000     -2.472159000     -3.767960000 

6       -3.990530000     -3.410889000      2.217340000 

1       -3.477210000     -1.732719000      4.659560000 

6       -4.228400000     -3.499139000     -3.408430000 

1       -6.680119000      2.523131000      1.308840000 

1       -3.179400000     -3.599199000      2.912350000 

6       -6.085280000     -2.960689000      0.426870000 

1       -2.310370000     -5.297660000     -1.130350000 

1       -7.226939000      1.529571000     -0.056990000 

1       -1.989680000     -2.321630000      6.536260000 

6       -3.151700000     -5.081419000     -1.795640000 

1       -6.897510000     -2.778169000     -0.271690000 

1       -4.017960000     -4.140819000     -4.272740000 

1       -3.134430000     -5.821989000     -2.604340000 

1       -5.194620000     -3.802969000     -2.987660000 

6       -4.897080000     -4.434089000      1.925110000 

6       -5.950150000     -4.211119000      1.037170000 

1       -4.078180000     -5.234449000     -1.232330000 

1       -4.780190000     -5.405199000      2.399300000 

1       -6.658960000     -5.005359000      0.818640000 

1        2.596599000      6.116581000      3.753249000 
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Table 8-1. Crystal data and structure refinement for [(N^O)CF,I-INiPh(PPh3)] (1Ph
PPh3). 

 

CCDC number  1432837 

Empirical formula  C53H32F12I2NNiOP  

Formula weight / g∙mol-1 1270.27  

Temperature / K  100(2)  

Crystal system  monoclinic  

Space group  P21/n  

a / Å  10.6497(4)  

b / Å  20.1624(7)  

c / Å  22.5333(8)  

α / °  90  

β / °  91.188(3)  

γ / °  90  

Volume / Å3  4837.4(3)  

Z  4  

ρcalc / g cm-3  1.744  

/ mm-1  1.798  

F(000)  2488.0  

Crystal size / mm3  0.2 × 0.15 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  5.422 to 53.758  

Index ranges  -13 ≤ h ≤ 13, -25 ≤ k ≤ 25, -28 ≤ l ≤ 28  

Reflections collected  62610  

Independent reflections  10273 [Rint = 0.0644, Rσ = 0.0330]  

Data/restraints/parameters  10273/0/640  

Absorption correction Numerical integration 

Goodness-of-fit on F2  1.010  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0322, wR2 = 0.0750  

Final R indexes [all data]  R1 = 0.0427, wR2 = 0.0786  

Largest diff. peak/hole / e Å-3  0.56/-0.91  
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Table 8-2. Crystal data and structure refinement for [{(N^O)CF,I-I}2Ni] ({1-1}). 

 

CCDC number  910995 

Empirical formula  C58H24F24I4N2NiO2∙4(C7H8) 

Formula weight / g∙mol-1 2171.64 

Temperature / K  100(2)  

Crystal system  monoclinic  

Space group  C 2/c 

a / Å  48.002(3) 

b / Å  11.8976(4) 

c / Å  28.5917(16) 

α / °  90  

β / °  94.757(4) 

γ / °  90  

Volume / Å3  16272.7(14) 

Z  8  

ρcalc / g cm-3  1.773  

/ mm-1  1.861 

F(000)  8464  

Crystal size / mm3  0.2 × 0.1 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  3.52 to 53.82  

Index ranges  -60 ≤ h ≤ 60, 0 ≤ k ≤ 15, -0 ≤ l ≤ 36  

Reflections collected  17352 

Independent reflections  17352  

Data/restraints/parameters  17352/0/820  

Absorption correction numerical integration 

Goodness-of-fit on F2  0.766  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0525, wR2 = 0.1097  

Final R indexes [all data]  R1 = 0.1012, wR2 = 0.1210  

Largest diff. peak/hole / e Å-3  0.869/-1.128 

Remarks Reflection data for 4 highly disordered toluene molecules per asymmetric 

unit were removed by the SQUEEZE186 routine implemented in PLATON. 
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Table 8-3. Crystal data and structure refinement for [(N^O)iPr,I-INiPh(PPh3)] (2Ph
PPh3). 

 

CCDC number  1432838 

Empirical formula  C43H40I2NNiOP  

Formula weight / g∙mol-1 930.24  

Temperature / K  100.15  

Crystal system  monoclinic  

Space group  P21/a  

a / Å  11.7972(4)  

b / Å  28.2682(8)  

c / Å  13.0939(4)  

α / °  90  

β / °  99.384(3)  

γ / °  90  

Volume / Å3  4308.2(2)  

Z  4  

ρcalc / g cm-3  1.434  

/ mm-1  1.951  

F(000)  1848.0  

Crystal size / mm3  0.6 × 0.45 × 0.3  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  5.186 to 53.75  

Index ranges  -14 ≤ h ≤ 14, -35 ≤ k ≤ 35, -16 ≤ l ≤ 16  

Reflections collected  62211  

Independent reflections  9141 

Data/restraints/parameters  9141/0/446  

Absorption correction Numerical integration 

Goodness-of-fit on F2  1.036  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0237, wR2 = 0.0529  

Final R indexes [all data]  R1 = 0.0281, wR2 = 0.0543  

Largest diff. peak/hole / e Å-3  0.82/-0.64 

Remarks A total of 94 electrons from two potential pentane molecules in two 

solvent accessible voids with a total volume of 716 Å3 were squeezed out, 

using the PLATON SQUEEZE186 routine. 
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Table 8-4. Crystal data and structure refinement for [(N^O)iPr,tBu-HNiPh(PPh3)] (3Ph
PPh3). 

 

CCDC number  1432841 

Empirical formula  C47H50NNiOP  

Formula weight / g∙mol-1 734.56  

Temperature / K  100(2)  

Crystal system  orthorhombic  

Space group  P212121  

a / Å  12.7970(6)  

b / Å  17.3364(8)  

c / Å  17.6536(10)  

α / °  90  

β / °  90  

γ / °  90  

Volume / Å3  3916.5(3)  

Z  4  

ρcalc / g cm-3  1.246  

/ mm-1  0.572  

F(000)  1560.0  

Crystal size / mm3  0.2 × 0.15 × 0.05  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  3.932 to 51.49  

Index ranges  -15 ≤ h ≤ 15, -21 ≤ k ≤ 19, -21 ≤ l ≤ 21  

Reflections collected  31576  

Independent reflections  7397 [Rint = 0.0818, Rσ = 0.0611]  

Data/restraints/parameters  7397/0/467  

Absorption correction Numerical integration 

Goodness-of-fit on F2  0.989  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0408, wR2 = 0.0740  

Final R indexes [all data]  R1 = 0.0546, wR2 = 0.0774  

Largest diff. peak/hole / e Å-3  0.25/-0.23  
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Table 8-5. Crystal data for [(N^O)iPr,tBu-HNi(-OH)2Ni(N^O)iPr,tBu-H]. 

 

CCDC number  1432840 

Empirical formula  [(N^O)iPr,tBu-HNi(-OH)2Ni(N^O)iPr,tBu-H] 

Formula weight / g∙mol-1 C46H62N2Ni2O4  

Temperature / K  824.40  

Crystal system  100(2)  

Space group  Triclinic 

a / Å  P-1  

b / Å  12.4223(6)  

c / Å  12.8711(7)  

α / °  14.3954(7)  

β / °  109.099(4)  

γ / °  93.475(4)  

Volume / Å3  96.173(4)  

Z  2151.08(19)  

ρcalc / g cm-3  2  

/ mm-1  1.273  

F(000)  0.918  

Crystal size / mm3  880.0  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  3.32 to 56.08  

Index ranges  -16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -18 ≤ l ≤ 18  

Reflections collected  34554  

Independent reflections  10259 [Rint = 0.0991, Rσ = 0.0735]  

Data/restraints/parameters  10259/0/509  

Absorption correction Numerical integration 

Goodness-of-fit on F2  1.011  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0264, wR2 = 0.0659  

Final R indexes [all data]  R1 = 0.0359, wR2 = 0.0679  

Largest diff. peak/hole / e Å-3  0.42/-0.48  

Remarks Protons H47 and H48 (2-OH) were located in the electron density map 

after the other hydrogen atoms were treated in a riding model. 
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Table 8-6. Crystal data and structure refinement for [{(N^O)iPr,tBu-H}2Ni] ({3-3}). 

 

CCDC number  1432839 

Empirical formula  C46H60N2NiO2  

Formula weight / g∙mol-1 731.67  

Temperature / K  100(2)  

Crystal system  triclinic  

Space group  P-1  

a / Å  10.8720(8)  

b / Å  12.2931(8)  

c / Å  16.0585(11)  

α / °  90.736(5)  

β / °  102.802(6)  

γ / °  97.912(5)  

Volume / Å3  2070.9(3)  

Z  2  

ρcalc / g cm-3  1.173  

/ mm-1  0.506  

F(000)  788.0  

Crystal size / mm3  0.2 × 0.15 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  5.482 to 58.526  

Index ranges  -14 ≤ h ≤ 14, -16 ≤ k ≤ 15, -21 ≤ l ≤ 21  

Reflections collected  38114  

Independent reflections  11139 [Rint = 0.1041, Rσ = 0.0939]  

Data/restraints/parameters  11139/0/474  

Absorption correction Numerical integration 

Goodness-of-fit on F2  0.942  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0500, wR2 = 0.0995  

Final R indexes [all data]  R1 = 0.0891, wR2 = 0.1102  

Largest diff. peak/hole / e Å-3  0.36/-0.53  
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Table 8-7. Crystal data and structure refinement for [(N^O)iPr,tBu-HNi(I)(PPh3)2] (3PPh3
PPh3). 

 

CCDC number  1432842 

Empirical formula  C59H60NNiOP2  

Formula weight / g∙mol-1 919.73  

Temperature / K  100(2)  

Crystal system  triclinic  

Space group  P-1  

a / Å  11.3507(6)  

b / Å  12.0474(7)  

c / Å  21.6176(12)  

α / °  103.295(4)  

β / °  94.649(4)  

γ / °  113.469(4)  

Volume / Å3  2589.1(3)  

Z  2  

ρcalc / g cm-3  1.180  

/ mm-1  0.476  

F(000)  974.0  

Crystal size / mm3  0.2 × 0.15 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  3.786 to 56.192  

Index ranges  -14 ≤ h ≤ 14, -15 ≤ k ≤ 15, 0 ≤ l ≤ 28  

Reflections collected  12366  

Independent reflections  12366  

Data/restraints/parameters  12366/0/584  

Absorption correction Numerical integration 

Goodness-of-fit on F2  0.899  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0425, wR2 = 0.0726  

Final R indexes [all data]  R1 = 0.0770, wR2 = 0.0785  

Largest diff. peak/hole / e Å-3  0.39/-0.30  

Remarks A total of 43 electrons from one potential pentane molecule in solvent 

accessible voids with a total volume of 194 Å3 were squeezed out using 

the PLATON SQUEEZE186 routine. 
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Table 8-8. Crystal data and structure refinement for {(N^O)Ni(I)}2{Cl2Ni(II)(PPh3)2} (Ni3).  

 

CCDC number  Not deposited 

Empirical formula  C82H90Cl2N2Ni3O2P2  

Formula weight / g∙mol-1 1444.52  

Temperature / K  100  

Crystal system  monoclinic  

Space group  C2/c  

a / Å  22.2767(8)  

b / Å  15.9643(5)  

c / Å  23.4225(9)  

α / °  90  

β / °  111.386(3)  

γ / °  90  

Volume / Å3  7756.2(5)  

Z  4  

ρcalc / g cm-3  1.237  

/ mm-1  0.876  

F(000)  3040.0  

Crystal size / mm3  MoKα (λ = 0.71073)  

Radiation  3.22 to 53.604  

2Θ range for data collection / °  -28 ≤ h ≤ 28, -20 ≤ k ≤ 20, -29 ≤ l ≤ 29  

Index ranges  56886  

Reflections collected  8255 

Independent reflections  8255/0/427  

Data/restraints/parameters  Numerical integration 

Absorption correction 1.025  

Goodness-of-fit on F2  R1 = 0.0321, wR2 = 0.0801  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0413, wR2 = 0.0826  

Final R indexes [all data]  0.42/-0.54  

Remarks A total of 172 electrons from 4 potential pentane molecules in solvent 

accessible voids with a total volume of 800 Å3 were squeezed out using the 

PLATON SQUEEZE186 routine.  
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Table 8-9 Fractional atomic coordinates (∙104) and equivalent isotropic displacement parameters (Å2∙103) 

for {(N^O)Ni(I)}2{Cl2Ni(II)(PPh3)2} (Ni3). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 

Atom X y z U(eq) 

C1 -1395.0(9) 1007.7(12) 684.6(8) 25.4(4) 

C2 -856.3(9) 1452.9(11) 648.4(8) 23.3(4) 

C3 -714.8(9) 1373.6(12) 95.9(8) 26.7(4) 

C4 -1090(1) 833.4(13) -352.6(9) 31.4(4) 

C5 -1611.3(10) 379.7(13) -307.7(9) 33.9(4) 

C6 -1763.6(10) 476.5(12) 201.0(9) 30.7(4) 

C7 -1578.4(8) 1061.9(12) 1205.7(8) 24.3(4) 

C8 -166.1(10) 1878.4(14) 19.9(9) 32.9(4) 

C9 -120.3(14) 1731.7(19) -611.0(11) 53.8(7) 

C10 480.6(10) 1620.2(14) 507.8(10) 35.5(5) 

C11 -289.0(11) 2823.3(13) 60.7(9) 35.7(5) 

C12 -1593.8(8) 1411.0(11) 2162.6(8) 22.4(4) 

C13 -2102.9(9) 1946.5(12) 2135.5(9) 26.8(4) 

C14 -2376.1(9) 1848.5(14) 2578.4(9) 32.4(4) 

C15 -2149.8(10) 1248.6(15) 3033.5(10) 35.3(5) 

C16 -1640.7(9) 736.9(14) 3057.5(9) 31.8(4) 

C17 -1350.5(8) 807.4(12) 2625.4(8) 25.2(4) 

C18 -2353.5(10) 2598.6(13) 1632.5(9) 32.4(4) 

C19 -2455.2(14) 3448.8(16) 1875.3(11) 51.9(7) 

C20 -2966.5(15) 2292.0(18) 1129.8(13) 65.3(9) 

C21 -800.7(9) 233.7(12) 2636.4(9) 27.9(4) 

C22 -330.6(11) 51.8(15) 3285.2(10) 37.1(5) 

C23 -1063.7(11) -579.3(14) 2294.3(12) 40.8(5) 

C24 -302.3(8) 4688.9(11) 1205.6(8) 22.3(3) 

C25 -870.6(9) 4241.9(12) 1100.8(9) 26.5(4) 

C26 -1376.9(10) 4284.2(14) 535.2(9) 32.8(4) 

C27 -1314.1(10) 4774.1(14) 73.8(9) 34.3(5) 

C28 -749.5(10) 5207.8(13) 166.7(9) 31.8(4) 

C29 -242.6(9) 5164.7(12) 728.1(9) 27.4(4) 

C30 576.5(8) 5642.6(11) 2273.6(8) 22.7(4) 

C31 371.5(9) 6394.0(12) 1961.3(9) 26.6(4) 

C32 614.8(10) 7149.9(12) 2242.8(10) 33.0(4) 

C33 1062.8(10) 7166.1(13) 2838.3(10) 34.8(5) 

C34 1266.1(9) 6421.5(13) 3156.5(9) 30.5(4) 

C35 1029.0(9) 5665.3(12) 2874.7(9) 25.3(4) 

C36 1046.6(8) 4363.8(11) 1728.7(8) 21.8(3) 

C37 1577.3(9) 4896.9(12) 1878.0(9) 26.7(4) 

C38 2097.8(9) 4699.2(13) 1709.0(9) 29.7(4) 

C39 2097.0(9) 3969.9(13) 1390.3(9) 29.8(4) 

C40 1565.5(9) 3439.9(13) 1231.2(8) 27.1(4) 

C41 1041.1(9) 3636.4(12) 1394.7(8) 24.1(4) 
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Cl1 450.8(2) 2609.9(3) 2241.8(2) 20.82(9) 

N1 -1303.0(7) 1490.6(9) 1708.0(7) 20.8(3) 

Ni1 0 3696.6(2) 2500 17.01(8) 

Ni2 -527.0(2) 2107.4(2) 1875.8(2) 17.70(7) 

O1 -489.2(6) 1920.2(8) 1095.3(5) 23.3(3) 

P1 351.1(2) 4593.9(3) 1953.6(2) 19.61(10) 

 

Table 8-10. Anisotropic displacement parameters (Å2∙103) for {(N^O)Ni(I)}2{Cl2Ni(II)(PPh3)2} (Ni3). The 

anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 25.0(9) 24.3(9) 23.6(8) -0.9(7) 4.9(7) -2.9(7) 

C2 25.9(9) 19.9(9) 21.8(8) -1.4(7) 5.9(7) -1.2(7) 

C3 31.2(10) 25.5(9) 23.0(9) -2.5(7) 9.3(7) -5.4(7) 

C4 38.9(11) 30.9(10) 24.9(9) -6.9(8) 12.3(8) -7.4(8) 

C5 37.2(11) 34.2(11) 27.2(10) -9.1(8) 8.0(8) -13.4(9) 

C6 29.6(10) 29.7(10) 29.3(10) -3.1(8) 6.7(8) -9.4(8) 

C7 18.8(8) 23.5(9) 27.9(9) 0.1(7) 5.3(7) -4.7(7) 

C8 39.7(11) 37.1(11) 24.9(9) -8.5(8) 15.5(8) -14.4(9) 

C9 68.5(17) 65.5(17) 37.8(12) -21.3(12) 31.8(12) -38.4(14) 

C10 33.2(11) 37.9(12) 41.5(11) -13.0(9) 21.1(9) -9.0(9) 

C11 43.0(12) 35.1(11) 25.9(10) 0.1(8) 8.9(9) -14.8(9) 

C12 18.3(8) 24.9(9) 23.5(8) -5.0(7) 6.9(7) -7.0(6) 

C13 20.8(8) 28.6(10) 27.7(9) -5.2(7) 5.0(7) -3.6(7) 

C14 21.2(9) 40.4(11) 36.7(10) -7.2(9) 11.7(8) -1.4(8) 

C15 28.9(10) 48.6(13) 33.3(10) -2.1(9) 17.1(8) -8.3(9) 

C16 27.9(10) 36.9(11) 32.3(10) 4.6(8) 12.9(8) -5.9(8) 

C17 20.5(8) 25.1(9) 29.2(9) 0.6(7) 8.0(7) -6.0(7) 

C18 28.5(10) 32.1(11) 32(1) -2.3(8) 5.5(8) 5.7(8) 

C19 63.4(16) 38.5(13) 39.9(13) -5.8(10) 2.3(12) 15.3(11) 

C20 62.8(18) 47.6(15) 51.3(16) -4.3(12) -19.8(14) 4.1(13) 

C21 26.0(9) 26.6(10) 32(1) 7.0(8) 11.4(8) -0.1(7) 

C22 34.0(11) 40.4(12) 35.8(11) 11.6(9) 11.2(9) 5.3(9) 

C23 35.3(11) 30.5(11) 55.4(14) -2.6(10) 14.9(10) -2.0(9) 

C24 21.8(8) 22.5(9) 22.1(8) -1.5(7) 7.3(7) 1.3(7) 

C25 25.3(9) 26.8(10) 25.9(9) 1.9(7) 7.5(7) -1.1(7) 

C26 24.7(9) 37.0(11) 31.3(10) 1.9(8) 3.5(8) -3.9(8) 

C27 30.6(10) 40.3(12) 24.9(9) 1.9(8) 1.7(8) 0.9(8) 

C28 35.8(10) 32.4(11) 27.3(9) 7.5(8) 11.5(8) 1.1(8) 

C29 27.8(9) 26.7(10) 28.2(9) 1.3(7) 10.7(8) -2.2(7) 

C30 21.3(8) 21.1(9) 27.9(9) -2.3(7) 11.5(7) -2.8(7) 

C31 29.4(9) 23.6(9) 28.8(9) 1.6(7) 13.1(8) 0.2(7) 

C32 38.7(11) 21.9(9) 42.4(11) 0.0(8) 19.4(9) -0.9(8) 

C33 35.9(11) 24.8(10) 45.3(12) -11.6(9) 16.9(9) -7.9(8) 



Chapter: 8 Crystallographic Appendix 

 

180 

C34 25.6(9) 31.6(11) 33.3(10) -6.4(8) 9.6(8) -3.8(8) 

C35 23.0(8) 25.0(9) 29.4(9) -1.6(7) 11.3(7) -1.0(7) 

C36 20.3(8) 24.2(9) 20.8(8) 1.8(7) 7.4(7) -1.4(7) 

C37 25.8(9) 26.0(9) 29.3(9) -2.6(7) 11.3(7) -5.3(7) 

C38 23.0(9) 34.1(11) 33.3(10) -0.7(8) 11.7(8) -7.6(8) 

C39 24.5(9) 37.3(11) 30.4(9) 0.8(8) 13.5(8) -0.7(8) 

C40 27.6(9) 29.3(10) 26.0(9) -2.3(7) 11.7(7) -0.6(7) 

C41 23.6(9) 25.4(9) 22.7(8) 0.1(7) 7.8(7) -2.8(7) 

Cl1 19.74(19) 21.2(2) 22.02(19) -0.54(15) 8.23(15) 0.01(15) 

N1 20.3(7) 19.3(7) 22.1(7) 1.2(6) 7.0(6) -0.4(5) 

Ni1 17.12(14) 15.56(15) 18.89(15) 0 7.19(11) 0 

Ni2 16.77(11) 18.22(11) 17.76(11) -1.11(8) 5.88(8) -1.99(8) 

O1 24.7(6) 25.6(7) 19.9(6) -5.5(5) 8.4(5) -6.4(5) 

P1 18.9(2) 19.0(2) 21.0(2) 0.05(16) 7.33(16) -1.46(16) 
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Table 8-11. Crystal data and structure refinement for [{(N^O)iPr,Ant-H}2Ni] ({4-4}). 

 

CCDC number  Not deposited  

Empirical formula  C68H63N3NiO2  

Formula weight / g∙mol-1 1012.92  

Temperature / K  100(2)  

Crystal system  monoclinic  

Space group  P21/c  

a / Å  10.8847(3)  

b / Å  28.9243(10)  

c / Å  18.3339(5)  

α / °  90  

β / °  97.902(2)  

γ / °  90  

Volume / Å3  5717.3(3)  

Z  4  

ρcalc / g cm-3  1.177  

/ mm-1  0.386  

F(000)  2144.0  

Crystal size / mm3  0.2 × 0.15 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection / °  5.298 to 61.196  

Index ranges  -15 ≤ h ≤ 15, -41 ≤ k ≤ 41, -26 ≤ l ≤ 26  

Reflections collected  112391  

Independent reflections  17426  

Data/restraints/parameters  17426/0/697  

Absorption correction Numerical integration 

Goodness-of-fit on F2  1.044  

Final R indexes [I ≥ 2σ (I)]  R1 = 0.0503, wR2 = 0.1205  

Final R indexes [all data]  R1 = 0.0707, wR2 = 0.1278  

Largest diff. peak/hole / e Å-3  0.56/-0.65 

Remarks A total of 60 electrons from two potential acetonitrile molecules in solvent 

accessible voids with a total volume of 600 Å3 were squeezed out, using 

the PLATON SQUEEZE186 routine. 
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Table 8-12. Fractional atomic coordinates (∙104) and equivalent isotropic displacement parameters (Å2∙103) 

for [{(N^O)iPr,Ant-H}2Ni] ({4-4}). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 

Atom X y z U(eq) 

C1 3607.5(16) 5990.7(6) 8030.7(10) 27.4(3) 

C2 3955.1(17) 5513.5(6) 8092.2(10) 30.7(3) 

C3 4436(2) 5336.7(7) 8773.5(12) 39.6(4) 

C4 4621(3) 5608.1(8) 9407.7(12) 50.2(6) 

C5 4363(2) 6072.9(7) 9349.9(12) 45.5(5) 

C6 3877.9(18) 6267.7(6) 8670.5(10) 32.7(4) 

C7 3785.8(18) 6760.1(6) 8631.6(10) 32.3(4) 

C8 3905.6(16) 5214.1(6) 7429.4(11) 30.5(3) 

C9 4761.4(17) 5296.5(6) 6931.6(10) 31.1(4) 

C10 5673.2(18) 5656.4(6) 7041.6(11) 34.5(4) 

C11 6568(2) 5703.7(8) 6593.2(12) 41.5(4) 

C12 6609(2) 5401.2(8) 5991.5(13) 46.5(5) 

C13 5766(2) 5060.3(8) 5861.6(12) 46.3(5) 

C14 4819.0(19) 4988.3(7) 6325.8(11) 38.1(4) 

C15 4017(2) 4611.9(7) 6231.7(13) 43.5(5) 

C16 3210.7(18) 4511.6(7) 6734.7(13) 41.6(5) 

C17 2490(2) 4097.6(7) 6682.3(17) 53.5(7) 

C18 1806(2) 3979.7(8) 7219.2(19) 60.2(8) 

C19 1754(2) 4273.4(8) 7833.4(17) 52.5(6) 

C20 2382.5(18) 4684.0(7) 7888.0(14) 41.8(5) 

C21 3154.1(17) 4815.9(6) 7352.1(12) 35.0(4) 

C22 3553.4(16) 7501.3(6) 8172.3(10) 28.0(3) 

C23 2512.8(17) 7756.3(6) 8301.5(10) 28.9(3) 

C24 2680.8(19) 8223.6(6) 8470.0(11) 35.1(4) 

C25 3827(2) 8431.6(6) 8488.4(12) 38.5(4) 

C26 4833.9(19) 8173.8(7) 8340.0(12) 39.1(4) 

C27 4728.2(17) 7700.6(7) 8184.4(12) 36.4(4) 

C28 1257.4(16) 7527.6(6) 8289.6(10) 30.7(3) 

C29 178.5(18) 7837.2(7) 7964.9(13) 39.5(4) 

C30 1062(2) 7357.8(9) 9054.0(12) 45.9(5) 

C31 5856(2) 7415.6(9) 8058.8(17) 58.2(7) 

C32 5770(3) 7233.5(12) 7306.6(18) 43.5(9) 

C33 7029(3) 7589.3(19) 8489(3) 62.7(13) 

C131 5856(2) 7415.6(9) 8058.8(17) 58.2(7) 

C132 6430(8) 7572(4) 7313(5) 54(2) 

C133 6781(6) 7334(3) 8589(4) 33.7(16) 

C34 1446.9(13) 7505.3(5) 6334.9(9) 21.6(3) 

C35 1525.8(14) 7970.7(5) 6079.5(9) 22.1(3) 

C36 503.9(14) 8168.4(5) 5661.5(10) 25.2(3) 

C37 -611.4(15) 7928.9(6) 5468.3(11) 28.7(3) 

C38 -682.2(14) 7474.5(6) 5679.3(11) 28.7(3) 
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C39 336.6(14) 7257.7(5) 6101.5(10) 24.2(3) 

C40 227.0(14) 6775.7(5) 6254.5(9) 24.9(3) 

C41 2680.5(14) 8249.2(5) 6263.2(9) 23.3(3) 

C42 2651.3(14) 8664.3(5) 6661.8(10) 25.6(3) 

C43 1560.8(16) 8831.3(6) 6933.2(11) 29.8(3) 

C44 1564.0(18) 9236.6(6) 7309.1(12) 36.5(4) 

C45 2655.1(19) 9509.4(6) 7448.3(13) 39.6(4) 

C46 3711.8(18) 9362.1(6) 7210.8(12) 37.4(4) 

C47 3753.9(15) 8941.6(6) 6811.4(11) 29.9(3) 

C48 4847.5(15) 8790.2(6) 6570.9(12) 33.6(4) 

C49 4887.2(15) 8384.5(6) 6170.3(11) 30.7(4) 

C50 5994.7(16) 8239.4(7) 5892.8(14) 41.4(5) 

C51 5996.6(18) 7862.9(7) 5452.5(14) 42.0(5) 

C52 4898.9(17) 7600.6(6) 5263.4(11) 33.0(4) 

C53 3838.9(15) 7715.0(6) 5539.8(10) 26.5(3) 

C54 744.6(14) 6027.7(5) 6625.9(9) 24.2(3) 

C55 826.0(14) 5760.1(5) 5998.6(9) 24.6(3) 

C56 454.2(16) 5298.2(6) 6012.3(10) 28.9(3) 

C57 6.3(17) 5113.9(6) 6618.8(11) 31.8(4) 

C58 -49.8(17) 5384.1(6) 7237.2(11) 31.9(4) 

C59 328.1(15) 5844.7(6) 7258.3(10) 27.5(3) 

C60 2189.8(17) 5633.8(6) 5004.9(11) 33.7(4) 

C61 1275.9(16) 5956.9(5) 5312.6(10) 27.4(3) 

C62 183.0(18) 6061.0(7) 4714.2(11) 35.0(4) 

C63 257.4(18) 6142.0(6) 7937.9(11) 33.7(4) 

C64 602(2) 5878.8(8) 8658.3(12) 45.6(5) 

C65 -1020(2) 6363.2(9) 7915.8(15) 51.5(6) 

C66 5316(2) 3561.9(8) 4467.1(17) 54.8(6) 

C67 4047(2) 3491.7(7) 4620.9(15) 48.1(5) 

C68 3786.3(14) 8110.2(5) 6002.7(10) 24.8(3) 

N1 3428.0(13) 7007.8(5) 8052.1(8) 26.5(3) 

N2 1073.5(12) 6511.8(4) 6606.1(8) 22.3(2) 

N3 3059(2) 3435.3(7) 4742.9(15) 61.2(6) 

Ni1 2526.9(2) 6747.6(2) 7183.7(2) 21.60(5) 

O1 3083.3(11) 6152.0(4) 7401.2(7) 25.6(2) 

O2 2380(1) 7327.3(4) 6764.0(6) 23.4(2) 

 

Table 8-13. Anisotropic displacement parameters (Å2∙103) for [{(N^O)iPr,Ant-H}2Ni] ({4-4}). The 

Anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 29.1(8) 24.3(7) 28.3(8) 1.2(6) 2.0(6) 3.4(6) 

C2 33.4(8) 24.6(7) 33.4(9) 1.2(6) 1.5(7) 4.1(6) 

C3 50.8(11) 28.4(8) 37.8(10) 4.7(7) -0.5(9) 8.0(8) 
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C4 76.1(16) 39.6(11) 31.9(11) 7.0(8) -3.4(10) 14(1) 

C5 69.5(15) 36(1) 28.6(10) -2.6(8) -1.6(9) 12.1(9) 

C6 38.7(9) 29.7(8) 29.0(9) -0.9(7) 1.9(7) 5.5(7) 

C7 37.8(9) 30.4(8) 27.1(8) -6.9(7) -0.9(7) 6.8(7) 

C8 30.4(8) 22.2(7) 36.9(9) -1.5(6) -2.5(7) 7.6(6) 

C9 32.7(8) 25.3(7) 33.6(9) 0.0(6) -2.2(7) 11.0(6) 

C10 38.2(9) 29.6(8) 34.7(10) 3.1(7) 1.1(7) 6.7(7) 

C11 40.4(10) 40.5(10) 43.4(11) 8.3(8) 5.2(9) 7.5(8) 

C12 44.4(11) 54.8(13) 41.4(12) 8(1) 9.6(9) 19.5(10) 

C13 49.6(12) 52.1(12) 35.5(11) -4.0(9) 0.0(9) 27.4(10) 

C14 39.4(10) 35.0(9) 37(1) -4.7(7) -4.9(8) 16.3(7) 

C15 44.4(11) 35.0(9) 45.6(12) -13.7(8) -13.4(9) 17.3(8) 

C16 32.5(9) 27.9(8) 58.5(13) -8.9(8) -14.5(9) 8.6(7) 

C17 37.1(10) 30.6(9) 84.7(19) -14.2(10) -20.7(11) 7.1(8) 

C18 34.7(11) 30.1(10) 108(2) -1.1(12) -17.7(13) -1.1(8) 

C19 30.4(9) 35.1(10) 88.6(19) 10.2(11) -4.6(11) 1.1(8) 

C20 28.6(8) 29.9(8) 64.6(14) 5.6(9) -2.1(9) 6.0(7) 

C21 27.4(8) 24.4(7) 50.1(11) -1.9(7) -6.2(8) 6.5(6) 

C22 30.9(8) 24.6(7) 26.8(8) -5.3(6) -2.0(6) 3.7(6) 

C23 33.5(8) 26.4(7) 26.2(8) -4.5(6) 2.4(6) 4.0(6) 

C24 44.1(10) 27.5(8) 33.1(9) -7.7(7) 3.6(7) 6.4(7) 

C25 49.0(11) 25.1(8) 38.8(10) -7.4(7) -3.2(8) -0.5(7) 

C26 36.5(9) 33.3(9) 44.6(11) -8.7(8) -4.1(8) -5.4(7) 

C27 29.2(8) 34.3(9) 43.1(11) -10.3(8) -4.6(7) 1.0(7) 

C28 32.1(8) 30.4(8) 30.7(9) -2.2(6) 7.7(7) 4.9(6) 

C29 33.9(9) 38.5(10) 46.6(12) -0.1(8) 7.7(8) 8.2(7) 

C30 46.9(12) 57.7(13) 34.1(11) 3.0(9) 9.3(9) 0.6(10) 

C31 28.6(10) 56.3(14) 84.6(19) -27.9(13) -11.2(11) 6.8(9) 

C32 32.2(14) 58(2) 42.3(17) 10.4(13) 13.1(12) 14.3(13) 

C33 27.4(15) 79(3) 81(3) -13(2) 6.8(16) 0.3(17) 

C131 28.6(10) 56.3(14) 84.6(19) -27.9(13) -11.2(11) 6.8(9) 

C132 51(5) 70(6) 44(5) 10(4) 11(4) 14(4) 

C133 23(3) 32(3) 49(4) 18(3) 16(3) 3(2) 

C34 19.1(6) 21.0(6) 24.8(7) -2.5(5) 3.5(5) 1.1(5) 

C35 20.3(6) 20.5(6) 26.2(7) -2.1(5) 5.8(5) 0.0(5) 

C36 22.8(7) 20.1(7) 33.2(8) -0.9(6) 5.9(6) 1.7(5) 

C37 20.7(7) 23.6(7) 40.6(10) 1.8(6) -0.5(6) 2.6(5) 

C38 19.3(7) 23.6(7) 42.4(10) -1.5(6) 1.0(6) -0.8(5) 

C39 20.3(6) 20.4(6) 32.1(8) -2.4(6) 4.1(6) 0.0(5) 

C40 19.9(6) 22.4(7) 32.3(8) -2.7(6) 3.3(6) -1.2(5) 

C41 19.4(6) 21.4(6) 29.0(8) 1.9(6) 2.7(5) -0.6(5) 

C42 22.6(7) 21.3(6) 32.5(8) -0.2(6) 2.4(6) -1.7(5) 

C43 26.1(7) 24.3(7) 39.3(10) -5.8(6) 5.0(7) -2.4(6) 

C44 32.5(9) 30.5(8) 46.2(11) -11.6(8) 4.2(8) 0.5(7) 

C45 38.8(10) 26.1(8) 51.6(12) -12.9(8) -2.0(9) -2.9(7) 
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C46 31.4(9) 25.2(8) 52.2(12) -5.9(8) -5.9(8) -5.9(6) 

C47 24.7(7) 24.2(7) 39.2(10) -0.6(6) -1.9(7) -3.6(6) 

C48 20.8(7) 29.7(8) 48.5(11) 2.8(7) -1.0(7) -5.7(6) 

C49 20.0(7) 28.7(7) 43.5(10) 6.7(7) 4.2(7) 0.8(6) 

C50 19.1(7) 39.2(9) 66.9(14) 7.0(9) 8.8(8) 1.4(7) 

C51 27.1(8) 38.3(10) 64.5(14) 10.1(9) 20.2(9) 8.8(7) 

C52 30.5(8) 30.4(8) 40.2(10) 7.2(7) 11.8(7) 8.9(6) 

C53 24.4(7) 25.1(7) 30.6(8) 4.3(6) 5.8(6) 3.5(6) 

C54 22.4(7) 20.0(6) 29.8(8) 0.5(6) 2.0(6) -0.9(5) 

C55 23.1(7) 20.6(6) 29.6(8) 0.4(6) 2.1(6) -1.2(5) 

C56 33.0(8) 20.9(7) 32.5(9) -2.4(6) 3.2(7) -3.2(6) 

C57 35.0(9) 21.2(7) 38.3(10) 2.1(6) 2.3(7) -5.3(6) 

C58 32.8(8) 29.3(8) 34.1(9) 3.8(7) 5.9(7) -4.4(6) 

C59 25.8(7) 25.6(7) 31.3(9) 1.0(6) 3.9(6) 0.2(6) 

C60 33.3(9) 30.3(8) 39.1(10) -4.5(7) 10.7(7) -0.1(7) 

C61 30.4(8) 21.2(7) 31.4(8) -2.1(6) 6.6(6) -3.1(6) 

C62 38.9(9) 32.4(8) 33.8(10) 4.3(7) 4.9(7) 2.6(7) 

C63 36.7(9) 31.5(8) 34.3(9) -1.2(7) 9.9(7) -2.7(7) 

C64 58.6(13) 48.0(12) 32(1) -1.2(9) 13.1(9) -2.7(10) 

C65 48.9(12) 54.0(13) 53.4(14) -12.3(11) 13.8(10) 9.2(10) 

C66 39.0(11) 43.8(12) 77.4(18) 18.2(12) -6.3(11) -6.0(9) 

C67 41.6(11) 30.6(9) 68.6(16) 10.4(9) -5.3(10) -2.3(8) 

C68 19.7(6) 23.7(7) 31.2(8) 5.3(6) 4.4(6) 1.3(5) 

N1 27.1(6) 23.7(6) 27.8(7) -5.3(5) 0.0(5) 3.6(5) 

N2 21.0(6) 19.4(6) 26.5(7) -2.2(5) 2.9(5) -0.6(4) 

N3 43.8(11) 44.1(11) 94.3(19) 14.1(11) 4.2(11) 2.4(9) 

Ni1 21.33(9) 18.11(9) 24.85(10) -2.15(7) 1.36(7) 1.06(7) 

O1 28.0(5) 19.5(5) 28.3(6) -0.5(4) -0.1(4) 4.4(4) 

O2 21.7(5) 20.6(5) 27.1(6) 0.0(4) 0.8(4) -0.3(4) 
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(28) Guironnet, D.; Roesle, P.; Rünzi, T.; Göttker-Schnetmann, I.; Mecking, S. J. Am. Chem. 

Soc. 2009, 131, 422-3. 

(29) Kochi, T.; Noda, S.; Yoshimura, K.; Nozaki, K. J. Am. Chem. Soc. 2007, 129, 8948-9. 

(30) Ito, S.; Munakata, K.; Nakamura, A.; Nozaki, K. J. Am. Chem. Soc. 2009, 131, 14606-7. 

(31) Weng, W.; Shen, Z.; Jordan, R. F. J. Am. Chem. Soc. 2007, 129, 15450-1. 
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