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For	every	phenomen,	however	complex,	someone	will	eventually	come	up	with	a	

simple	and	elegant	theory.	This	theory	will	be	wrong.	

Rothchild’s	rule
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Abstract/Zusammenfassung	

Die	weltweit	 herausragende	 Stellung	 der	 Polyolefine	 Polyethylen	 und	Polypropylen	 lässt	

sich	 auf	 das	 breite	 Anwendungsspektrum	 dieser	 Polymerklasse	 zurückführen,	 das	 sich	 auf	

Grund	 einer	 Vielzahl	 von	 Polymermikrostrukturen	 und	 damit	 verbundener	

Materialeigenschaften	 über	 katalytische	 Polymerisation	 realisieren	 lässt.	 Etwa	 80	 %	 der	

weltweiten	 Polyolefinproduktion	 entfallen	 auf	 katalytische	 Insertionspolymerisation	 mittels	

früher	Übergangsmetalle	wie	 Titan	 und	 Chrom.	Diese	 erlauben	 neben	 einer	 Einstellung	 des	

Verzweigungsgrades,	über	Copolymerisation	von	Ethylen	oder	Propylen	mit	 längerkettigen	1-

Olefinen,	 eine	 Kontrolle	 der	 Regio-und	 Stereochemie,	 was	 die	 Materialeigenschaften	 der	

erhaltenen	 Polymere	 entscheidend	 beeinflusst.	 Desweiteren	 können	 im	 Gegensatz	 zur	

radikalischen	Polymerisation	bereits	unter	moderaten	Drücken	und	Temperaturen	erwünschte	

Materialeigenschaften	erhalten	werden.	

Der	 Anwendungsbereich	 von	 Polyolefinen	 ist	 auf	 Grund	 ihrer	 apolaren	Natur	 allerdings	

auf	 entsprechende	 Bereich	 beschränkt	 in	 denen	 funktionellen	 Gruppen	 für	 die	

Materialeigenschaften	keine	besondere	Bedeutung	zukommt.		

Für	Anwendungsbereiche	in	denen	polare	Eigenschaften,	wie	z.B.	Adhesion,	entscheidend	

sind,	wird	das	Einbringen	von	funktionellen	Gruppen	wie	Ester-	oder	Carboxyfunktionalitäten	

in	 die	 Polymerkette	 unabdingbar.	 Auf	 Grund	 der	 hohen	 Oxophilie	 von	 frühen	

Übergangsmetallen	 ist	 eine	 Insertionscopolymerisation	 von	 polaren	 Vinylmonomeren	 mit	

Ethylen	 oder	 Propylen	 allerdings	 ausgeschlossen.	 Im	 industriellen	 Maßstab	 werden	 daher	

funktionalisierte	Polyethylene	über	radikalische	Hochdruckpolymerisation	von	z.B.	Acrylaten,	

Acrylsäure	 oder	 Vinylacetat	 unter	 hohen	 Temperaturen	 hergestellt.	 Dies	 erlaubt	 allerdings	

keine	Kontrolle	über	die	Mikrostruktur	der	entsprechenden	Polymere	und	stellt	bezüglich	der	

ökonomischen,	 ökologischen	 und	 Sicherheitsaspekte	 eine	 Herausforderung	 dar.	 Der	

katalytischen	Herstellung	von	funktionalisierten	Polyethylenen	auf	Basis	von	späten	und	daher	

weniger	oxophilen	Übergangsmetallen	kommt	daher	eine	herausragende	Bedeutung	zu,	da	sie	

den	Zugang	zu	völlig	neuen	Materialien	ermöglicht.	Insbesondere	die	Insertionspolymerisation	

von	 polaren	 Vinylm0nomeren	 ist	 hierbei	 vorrangig	 von	 Interesse,	 da	 sie	 auf	 einen	 bereits	

etablierten	Monomer	Grundstock	wie	Acrylate	zurückgreifen	kann	und	daher	im	Gegensatz	zu	

anderen	katalytischen	Methoden	wie	ADMET	oder	ROMP	keiner	speziellen	und	aufwändigen	

Monomersynthesen	 bedarf.	 Desweiteren	 ermöglicht	 sie	 die	 Copolymerisation	 von	 polaren	

Vinylmonomeren	mit	Propylen,	die	auf	Grund	der	stabilen	Radikalbildung	des	Propylens	nicht	

über	radikalische	Polymerisationsverfahren	möglich	ist.	



	

	
	

Der	 Durchbruch	 auf	 diesem	 Gebiet	 gelang	 Brookhart	 et	 al.	 mit	 der	 ersten	

Insertionscopolymerisation	 von	 Acrylaten	 und	 Ethylen	 mittels	 kationischer	 α-Diimin	 Pd(II)	

Komplexe,	 die	 auf	 Grund	 erhöhter	 „Chain-Walking“-Tendenzen	 zu	 verzweigten	 Polymeren	

führen,	deren	funktionelle	Gruppen	sich	hauptsächlich	am	Kettenende	befinden.	Die	2002	von	

Drent	 et	 al.	 etablierten	neutralen	Phosphinsulfonato	Pd(II)	Komplexe	 ermöglichten	 ertsmals	

lineare	 funktionaliserte	Polyethylene,	deren	polare	Gruppen	vorwiegend	 im	Polymerrückgrat	

lokalisiert	 sind.	Weiterentwicklungen	des	Phosphinsulfonato-Ligandenmotivs	und	definierter	

Katalysator-Precursoren	 machten	 auch	 lineare	 Ethylen	 Copolymere	 von	 schwierigen	

Monomeren	wie	Acrylnitril,	Vinylacetat	und	Acrylsäure	zugänglich	und	ermöglichten	die	bis	

dahin	beispiellose	Homooligomerisation	von	Methylacrylat.		

Die	 Anwendung	 von	 Copolymeren	 aus	 Ethylen	 und	 polaren	 Vinylmonomeren	 in	 der	

Kunststoffindustrie	 ist	 allerdings	 nur	 dann	 interessant,	 wenn	 die	 Materialien	 grundlegende	

Eigenschaften	 erfüllen.	 Entsprechende	 Anforderungen	 werden	 für	 die	 Realisierbarkeit	 im	

industriellen	Maßstab	auch	an	den	Polymerisationsprozess	selbst	gestellt.		

Diese	 Anforderungen	 beschränken	 den	 Einsatz	 der	 bisherigen	 Katalystoren	 auf	 den	

akademischen	Bereich,	da	sie	zu	Materialien	mit	niedrigen	Molekulargewichten	und/oder	oft	

niedrigem	Einbau	 des	 polaren	Comonomers	 führen	 und	 geringen	Polymerisationsaktivitäten	

aufweisen.		Dies	liegt	vor	allem	darin	begründet,	dass	die	Tendenz	zur	β-Hydrid-Eliminierung	

und	 anschließendem	 Kettentransfer	 nach	 der	 Insertion	 eines	 polaren	Monomers	 gegenüber	

einer	 Ethylen-Insertion	 erhöht	 ist.	 Höhere	 Comonomerkonzentrationen	 führen	 zu	 höherem	

Comonomereinbau	 und	 daher	 zu	 niedrigeren	 Molekulargewichten	 der	 draus	 erhaltenen	

Copolymere.	

Eine	besondere	Ausnahme	stellen	in	diesem	Zusammenhang	funktionalisierte	Norbornen-

Derivate	dar,	die	sogar	eine	geringere	Kettentransfertendenz	als	Ethylen	besitzen	und	daher	zu	

einer	Erhöhung	der	Molekulargewichte	bei	höherem	Einbau	führen.		

In	 Kapitel	 3	 wurde	 die	 besondere	 Stellung	 der	 funktionalisierten	 Norbornene	 in	 der	

Insertionspolymerisation	 mit	 Ethylen	 für	 die	 Synthese	 von	 Anhydrid-funktionalisierten	

Polyethylenen	angewendet,	um	Schlagzähigkeitsverbesserer	für	Polyamid	6.6	über	ein	metall-

katalysiertes	 Verfahren	 zu	 erhalten.	 Schlagzähmodifizierungen	 von	 Polyamiden	 sind	 fast	

immer	 notwendig	 um	 hochwertigere	 Compounds	 für	 u.a.	 Spezialanwendungen	 zu	 erhalten.		

Schlagzähigkeitsmodifizierer	werden	z.B.	durch	radikalische	Hochdruckcopolymerisation	von	

Ethylen	mit	Acrylaten,	Acrylsäure	und	Maleinsäureanydrid	hergestellt	 um	eine	 ausreichende	

Kompatibilität	 zwischen	 den	 polaren	 Polyamiden	 und	 den	 Polyolefinen	 zu	 erreichen.	



	

	
	

Insbesondere	 die	 Anhydrid-Funktionalität	 ermöglicht	 eine	 Reaktivextrusion	 und	 damit	 eine	

kovalente	Bindung	zwischen	den	Phasengrenzen	der	nicht	mischbaren	Polymere.	Aus	diesem	

Grund	 wurde	 Norbornenanhydrid	 mit	 Ethylene	 und	 weiteren	 funktionalisierten	

Vinylmonomeren	 mit	 etablierten	 Phosphinsulfonato	 Pd(II)	 Katalysatoren	 bei	

unterschiedlichen	 Bedingungen	 copolymerisiert.	 Die	 entsprechenden	 Polyamid	 6.6.	

Compounds	wurden	auf	ihre	Kerb-Schlagzähigkeit	hin	untersucht.		

Die	vorliegende	Arbeit	beschäftigt	sich	zudem	in	Kapitel	4	mit	der	Weiterentwicklung	der	

Phosphinsulfonato	 Pd(II)	 Komplexe	 um	 die	 Polymerisations-	 und	 Polymereigenschaften	 im	

Hinblick	auf	Polymermikrostruktur	und	Polymerisationsaktivität	zu	verbessern.	Hierfür	wurde	

das	 Phosphinsulfonat-Ligandenmotiv	 am	 Phosphin-Aryl-Substituent	 mit	 einem	

Wasserstoffbrückenbindungsmotif	ausgestattet.	Diese	soll	die	Voraussetzung	schaffen	mit	der	

funktionellen	Gruppe	des	freien	oder	in	die	wachsende	Polymerkette	eingebauten	Monomers	

in	Wechselwirkung	 zu	 treten	 und	 aktivitätslimitierende	 Gleichgewichte	 zu	 verhindern	 oder	

abzuschwächen.	 Diese	 aktivitätslimitierenden	 Gleichgewichte	 kommen	 durch	 die	 κ-X-

Koordination	 der	 funktionellen	 Gruppe	 des	 Monomers	 an	 die	 freie	 Koordinationsstelle	 des	

Metalls	 zustande	 und	 verhindern	 somit	 temporär	 Kettenwachstum	 durch	 die	 blockierte	 π-

Koordination	der	Vinylmonomere.	Weiterhin	 könnte	 eine	 derart	 gerichtete	Wechselwirkung	

Einfluss	 auf	 die	 Regio-	 oder	 gar	 Stereochemie	 der	 Insertion	 nehmen,	 die	 bisher	 nur	

eingeschränkt	beeinflusst	werden	konnten.		

Die	 Einführung	 des	 Wasserstoffbrückenbindungsmotivs	 erfolgte	 über	 in	 situ	 erzeugte	

Zwischenstufen,	 die	 in	 einem	 Schritt	 zu	 den	 zunächst	 NH2-	 bzw.	 OH-substituierten	

Komplexen	umgesetzt	wurden.	Diese	Komplexe	dienen	als	Basis-Komplexe	für	eine	Vielzahl	an	

möglichen	 weiteren	 Funktionalisierungen	 zu	 z.B.	 Harnstoff-	 oder	 Urethangruppen,	 welche	

wiederum	sowohl	als	Wasserstoffdonor	als	auch	als	–akzeptor	wirken	können	und	neben	einer	

Mehrpunktfixierung	 des	 Moleküls,	 wie	 z.B.	 der	 Estergruppe	 im	 Acrylat,	 auch	 ionische	

Wechselwirkungen	 durch	 Protonierung	 von	 z.B.	 Acrylsäure	 ermöglichen	 sollten.	 Die	

Postfunktionalisierung	 am	 freien	 Phosphinsulfonat	 erwies	 sich	 als	 problematisch,	 sodass	

Funktionalisierungen	ausschließlich	am	Komplex	durchgeführt	wurden.	Die	Umsetzung	wurde	

mit	 Phenylisocyanat	 unter	 milden	 Bedingungen	 erzielt.	 Die	 Urethan-Funktionalisierung	

konnte	 auf	 diese	 Weise	 am	 OH-funktionalisierten	 Komplex	 erreicht	 werden.	 Allerdings	

erschwerten	 inter-	 und	 intramolekulare	 Wechselwirkungen	 der	

Wasserstoffbrückenbindungsmotive	 am	 Komplex	 die	 Charakterisierung	 als	 auch	 die	

Aufreinigung,	 was	 jedoch	 die	 erwünschte	 Fähigkeit	 zur	 Wasserstoffbrückenbindung	 zum	

funktionellen	 Monomer	 nahelegt.	 Ausführliche	 Analytik	 konnte	 die	 Anwesenheit	 der	



	

	
	

Urethangruppe	und	die	 vollständige	Umsetzung	der	OH-Funktionalität	 zu	dieser	bestätigen.	

Im	 Falle	 der	 Harnstoff-Funktionalisierung	 stellte	 sich	 die	 Charakterisierung	 als	 noch	

schwieriger	 heraus,	 sodass	 die	Umsetzung	 der	NH2-	 zur	Harnstoff-Gruppe	 nicht	 zweifelsfrei	

geklärt	 werden	 konnte.	 Insgesamt	 konnte	 jedoch	 das	 Konzept	 der	 Einführung	 eines	

Wassertstoffbrückenbindungsmotivs	 an	 den	 Phosphinaryl-Substituenten	 eines	

Phosphinsulfonat	 Pd(II)	 Komplexes	 durch	 die	 Synthese	 der	 OH-,	 NH2-	 und	 Urethan-

substituierten	Komplexe	realisiert	werden.		

Im	 letzten	Kapitel	dieser	Arbeit	wird	die	Reaktivität	der	unterschiedlichen	 funktionellen	

Vinylmonomere	 näher	 beleuchtet	 und	 hinisichtlich	 der	 elektronischen	 und	 sterischen	

Einflüsse	 der	 entsprechenden	 Substituenten	 diskutiert.	 Denn	 während	 die	 sterischen	 und	

elektronischen	Einflüsse	des	Liganden	auf	die	Polymerisation	bisher	in	der	Literatur	im	Detail	

untersucht	 wurden,	 fehlt	 ein	 derart	 schlüssiges	 Bild	 hinsichtlich	 der	 sterischen	 und	

elektronischen	Einflüsse	des	eingesetzen	Monomers	an	sich.	Dieses	Gesamtbild	wird	in	Kapitel	

5	 präsentiert.	Dieser	 Zusammenhang	 ist	 u.a.	 hilfreich,	 um	die	 Reaktivität	 noch	 unbekannter	

Monomere	 abzuschätzen.	 Eine	 derartige	 Diskussion	 auf	 Grundlage	 der	 Literatur	 war	 bisher	

nicht	 möglich,	 da	 unterschiedliche	 Reaktionsbedingungen	 und	 vor	 allem	 verschiedene	

Katalysatoren	eine	Vergleichbarkeit	unmöglich	machten.		
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1 General	Introduction	

1.1 Functionalized	Polyethylenes	via	Insertion	

Copolymerization		

1.1.1 Functionalized	Polyolefins	

Polyolefins	 such	 as	 polyethylene	 and	 polypropylene	 represent	 the	 most	 important	

industrial	polymers	with	an	annual	production	of	about	110	millions	of	tons	whereof	over	80	%	

are	solely	produced	by	catalytic	polymerization	with	early	transition	metals.1	(Figure	1-1)	

	

Figure	1-1.	The	general	annual	polymer	production	world	wide	and	the	annual	production	of	polyolefins.1	
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However,	non-functionalized	polyolefins	are	highly	hydrophobic	and	hence	lack	a	range	of	

applications	where	polar	groups	are	decisive	for	desired	polymer	properties	like	miscibility	or	

adhesion.	Early	transition	metals	such	as	Ti	or	Zr	are,	however,	 incompatible	with	functional	

groups	 due	 to	 their	 high	 oxophilicity	 hampering	 catalytic	 copolymerization	 of	 polar	 vinyl	

monomers.2	

Therefore,	 functionalized	 polyolefins	 require	 different	 synthetic	 approaches	 as	 shown	 in	

Figure	1-2.	

Xn m s
x

postfunctionalization

X

insertion	
copolymerization

1.	ADMET
2.	hydrogenation

1.	ROMP
2.	hydrogenation

X

n n

+

free	radical	
copolymerization

X +

X

	

Figure	1-2.	Synthetic	approach	for	functionalized	polyolefins	

On	an	industrial	scale,	functionalized	polyolefins	are	almost	exclusively	produced	by	free	

radical	 copolymerization	 of	 ethylene	 with	 polar	 vinyl	 monomers	 or	 corresponding	

postfunctionalizations3	like	grafting.	Free	radical	copolymerizations	require	high	pressures	and	

temperatures	 and	 therefore	 corresponding	 capital	 investment	 along	with	 being	 very	 energy-

consuming.	Moreover,	the	lack	of	microstructure	control	in	free	radical	copolymerization	and	

hence	the	limited	influence	on	the	final	polymer	properties	is	even	more	crucial	regarding	the	

desired	 larger	 application	 of	 catalytic	 (co)polymerization	 of	 polar	 olefins.	 Furthermore,	 the	

insertion	 copolymerization	 of	 polar	 vinyl	 monomers	 and	 ethylene	 leads	 directly	 to	

functionalized	 polyethylenes	 with	 controlled	 microstructures	 from	 an	 already	 available	

monomer	feedstock.	This	is	in	contrast	to	the	sophisticated	and	expensive	monomer	synthesis	

or	 postpolymerization	 modification	 like	 hydrogenation	 for	 e.g.	 ring	 opening	 metathesis	

polymerization	(ROMP)4	or	acyclic	diene	metathesis	(ADMET)5,6	,4.	

In	 contrast	 to	 early	 transition	 metals	 late	 transition	 metals	 are	 less	 sensitive	 to	 the	

presence	 of	 polar	 groups	 and	 allow	 also	 for	 the	 polymerization	 of	 ethylene.	 However,	

pronounced	 β-hydride	 elimination	 leads	 to	 lower	 molecular	 weights	 compared	 to	 early	
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transition	metals	 in	most	 cases.	 This	 feature,	 though,	 finds	 its	 industrial	 application	 in	 the	

Shell	Higher	Olefin	Process	(SHOP)7	with	(P^O)Ni-complexes	which	oligomerize	ethylene	to	

α-olefins	in	protic	1,4-butanediol	in	which	the	apolar	olefins	are	not	soluble	and	can	be	easily	

separated	from	the	reaction	mixture.	

1.1.2 Functionalized	Polyolefins	via	Insertion	Copolymerization	

In	 recent	 years,	mainly	 two	 catalytic	 systems	 based	 on	 late	 transition	metals	 have	 been	

found	 to	 copolymerize	 ethylene	 with	 polar	 monomers	 such	 as	 acrylates.	 In	 the	 1990s,	

Brookhart	 et	 al.8	 performed	 the	 pioneering	 insertion	 copolymerization	 of	 ethylene	 and	

acrylates	with	cationic	α-diimine-Pd(II)	complexes	 to	obtain	highly	branched	copolymers	 for	

which	the	polar	groups	were	mainly	located	at	the	end	of	the	polymer	chains	due	to	enhanced	

‘chain-walking’9	observed	for	these	complexes	(Figure	1-3).		

	

Figure	1-3.	Insertion	copolymerization	of	ethylene	and	polar	vinyl	monomers	with	cationic	Pd(II)-α-
diimine	complexes.	

Even	though	these	complexes	allow	for	ethylene	copolymerization	with	acrylates,	methyl	

vinyl	 ketones	 and	 vinyl	 silyl	 ethers,	 they	 were	 unable	 to	 copolymerize	 other	 challenging	

comonomers	such	as	acrylonitrile,	vinyl	acetate	or	acrylic	acid.10	Drent	et	al.11	used	a	mixture	of	

arylphosphonium	 sulfonates	 and	Pd(0)	 source	 such	 as	Pd(dba)2	 to	 generate	 in	 situ	 a	neutral	

catalyst	complex	able	to	copolymerize	ethylene	and	acrylates	to	linear	copolymers	with	mainly	

in-chain	polar	groups	(Figure	1-4).	
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Figure	1-4.	Insertion	copolymerization	of	ethylene	and	polar	vinyl	monomers	with	neutral	
phosphinesulfonato	Pd(II)-complexes.	

The	synthesis	of	defined	catalyst	precursors	with	a	variety	of	bidentate	ligands12-38	different	

from	 the	 original	 [(κ2-PO)-2-(2-MeOC6H4)2PC6H4SO3]-	 phosphinesulfonate	 ligand	 motif	 and	

different	 metal	 centers	 allowed	 for	 extensive	 mechanistic	 studies.	 However,	 the	

phosphinesulfonato	 Pd	 (II)	 complexes	 still	 seem	 to	 be	 the	 best	 choice	 so	 far	 regarding	 the	

ligand	 motif	 and	 metal	 center	 to	 enable	 linear	 polar	 vinyl	 monomer	 ethylene	

copolymerization.	 Since	 the	 first	 reports	 by	Drent	 et	 al.11,	 a	 broad	 scope27,	 39-51	 of	 even	more	

challenging	polar	vinyl	monomers	 like	vinyl	acetate40,	acrylonitrile39,	 52	or	acrylic	acid44	could	

be	 copolymerized	 with	 ethylene	 with	 defined	 neutral	 phosphinesulfonato	 Pd(II)-complexes.	

This	 broadened	 the	 scope	 of	 unprecedented	 functional	 polymeric	 materials.	

Cyclocopolymerizations53	 were	 obtained	 with	 difunctional	 allylacrylates	 and	 even	 the	

homooligomerization	of	a	polar	vinyl	monomer,	namely	methyl	acrylate,	was	possible	for	the	

first	time.54	Unfortunately,	insertion	copolymerization	of	polar	vinyl	monomers	with	ethylene	

comes	 along	 with	 certain	 drawbacks.	 The	 incorporation	 of	 most	 polar	 monomers	 lowers	

polymer	molecular	weights	 as	well	 as	 catalyst	 activity.	The	 comonomer	 incorporation	 in	 the	

polymer	increases	with	increasing	monomer	concentration	in	the	reaction	solution.	However,	

higher	 incorporations	 of	 the	 comonomer	 lead	 to	 lower	 molecular	 weights	 and	 vice	 versa.	

Hence,	 these	microstructural	 features	 can	 not	 be	 controlled	 independently.	 The	 reasons	 for	

these	 observations	 are	 subject	 to	 various	 experimental	 and	 theoretical	 studies	 and	 will	 be	

addressed	in	chapter	1.2	in	more	detail.	

1.1.3 Influences	of	Catalyst	Structure	on	Polymer	Microstructure	and	Polymerization	

Activity	

Although	 the	 steric	 and	 electronic	 influences	 are	 often	 difficult	 to	 separate,	 several	

studies14-15,	 38,	 55-56	with	a	range	of	phosphinesulfonato	derivatives	were	able	to	shed	some	light	
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upon	 these	 influences	 of	 the	 phosphinesulfonato	 ligand.	 It	 was	 shown,	 for	 example,	 that	

electron-withdrawing	 substituents	 in	 the	 sterically	 least	 influencing	 para-position	 at	 the	

phosphorous	aryls	lead	to	high	activities	and	low	molecular	weights	while	the	opposite	is	the	

case	for	electron-donating	substituents.56	(Figure	1-5)	

	

Figure	1-5.	Electronic	influences	of	the	phosphinesulfonato	ligand	on	polymer	microstructure	and	
activity.	

In	addition,	the	regiochemistry	of	the	insertion	of	the	α-olefin	can	be	changed	upon	steric	

crowding	 at	 the	 active	 site	 of	 the	 active	 catalyst	 species	 as	 was	 shown	 for	

diazaphospholidinesulfonato	Pd	(II)	complexes	(Figure	1-6).57		

	

Figure	1-6.	Inversion	of	regiochemistry	upon	steric	crowding	in	diazaphospholidinesulfonato	Pd	(II)	
complexes.	

However,	 for	 diazaphospholidinesulfonato	 Pd	 (II)	 hydride	 complexes	 only	 2,1-insertion	

was	 observed	 even	 for	 very	 bulky	 ligands.	 Theoretical	 studies57	 suggest	 that	 insertion	 in	Pd-

hydride	 complexes,	 which	 play	 a	 crucial	 role	 in	 insertion	 (co)polymerization	 with	

phosphinesulfonato	Pd	(II)	complexes	as	discussed	in	more	detail	in	Chapter	1.2.3,	occurs	from	

the	 species	 where	 the	 hydride	 is	 in	 cis-position	 to	 the	 phosphine	 and	 the	 alkene	 in	 trans-

position.	Thus,	the	insertion	step	is	less	sensitive	to	steric	crowding	for	the	vinyl	monomer	is	

coordinated	in	the	position	more	remotely	to	the	ligand.		

Steric	crowding	at	the	axial	positions	of	the	palladium	center	can	also	suppress	β-hydride	

elimination	and	lead	to	higher	molecular	weights,	however,	the	incorporation	of	comonomers	

is	also	drastically	reduced	due	to	steric	reasons.	13,	38,	58		
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Regarding	 the	 nature	 of	 the	monomer,	 a	 preferred	 2,1-insertion	 into	 Pd-alkyl	 bonds	 for	

electron-deficient	monomers	 such	 as	 acrylates	 is	 observed,	while	 1,2-insertion	 dominates	 for	

electron-rich	 monomers	 such	 as	 ethyl	 vinyl	 ether.49	 One	 explanation	 is	 given	 by	 a	 charge	

approach	as	illustrated	in	Figure	1-7:	In	polar	vinyl	monomers	the	electron	density	is	not	evenly	

distributed	along	the	double	bond	due	to	 the	 influence	of	 the	polar	substituent.	 In	electron-

poor	vinyl	monomers	a	partial	negative	charge	is	found	on	the	α-carbon	and	a	partial	positive	

charge	 on	 the	 β-carbon	 while	 the	 opposite	 is	 the	 case	 for	 electron-donating	 groups.	 The	

migrating	alkyl	is	negatively	charged	and	hence	reacts	more	likely	with	the	positively	charged	

part	of	the	vinyl	double	bond.		

Another	possible	explanation	can	be	derived	from	a	molecule	orbital	approach.	The	empty	

π*	 orbital	 of	 the	 C=C-bond	 shows	 the	 largest	 coefficient	 at	 the	 positively	 charged	 C-atom	

allowing	for	a	larger	overlap	with	the	orbital	of	the	migrating	alkyl.	

	

Figure	1-7.	Origins	of	regiochemistry	for	the	insertion	of	polar	vinyl	monomers.	

However,	 the	 origin	 of	 regioselectivity	 has	 not	 yet	 been	 fully	 clarified.	 The	 assumed	

electronic	preference	for	electron-poor	monomers	to	insert	 in	a	2,1-fashion	can	also	be	partly	

inverted	if	the	monomer	is	sterically	demanding	itself	as	was	observed	for	tert-butyl	acrylate.	

This	observation	is	ascribed	to	the	lower	steric	interaction	of	the	substituted	olefin	and	chelate	

ligand	 during	 the	 1,2-insertion	 overriding	 the	 steric	 repulsion	 during	 insertion	 between	 the	

migrating	 alkyl	 and	 functional	monomer.59	 Steric	 demand	 of	 the	monomer	 is	 probably	 also	

responsible	 for	 the	 inability	 of	 phosphinesulfonato	 Pd	 (II)	 complexes	 to	 copolymerize	 the	

industrially	important	methylmethacrylate	(MMA)	with	ethylene	compared	to	methyl	acrylate	
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(MA).	The	preference	for	MMA	incorporation	is	100-fold	lower	according	to	insertion	studies	

into	the	Pd-Me	bond.60	The	fact	that	insertion	of	the	electron-poor	MMA	into	the	Pd-Me	bond	

occurs	in	a	1,2-	as	well	as	2,1-fashion	(ratio	3:2)	supports	the	explanation	of	steric	hindrance.	

Nevertheless,	 studies	 are	 mostly	 confined	 to	 the	 electronic	 and	 steric	 influence	 of	 the	

ligand	 and	 no	 general	 tendencies	 are	 studied	 in	 more	 detail	 regarding	 the	 nature	 of	 the	

monomer	itself.	The	reason	may	be	attributed	to	the	lack	of	comparability	of	reported	data	due	

to	different	conditions	(temperature,	solvent,	pressure)	and	catalyst	precursors	used.	

Finally,	 the	 labile	 ligand	 L	 (pyridine,	 lutidine,	 dmso,	…)	 in	 [(P^O)PdMe(L))]	 can	 have	 a	

strong	 influence	on	 the	polymerization	activity	 since	 it	competes	with	monomer	 for	 the	 free	

coordination	 site	 at	 the	 Pd-center	 in	 a	 preequilibrium	 to	 either	 form	 the	 dormant	 L-

coordinated	species	or	the	active	π-olefin	complex.	So	far,	triphenylphosphine	oxide	represents	

the	 weakest	 coordinating	 labile	 ligand	 L	 that	 still	 leads	 to	 isolable	 catalyst	 precursors.61	

However,	 dmso-coordinated	 complexes62	 are	much	 easier	 available	 and	 still	 show	 very	 high	

activities	compared	to	e.g.	pyridine-coordinated	species.	For	the	latter	it	could	be	shown	that	

as	much	 as	 98%	 of	 the	 catalyst	 complex	 is	 the	 dormant	 pyridine-coordinated	 species	 under	

polymerization	conditions.63	Though	the	labile	ligand	L	has	a	strong	influence	on	activity	it	has	

no	influence	on	the	microstructure	since	the	active	species	is	in	all	cases	the	same.64	
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1.2 Mechanistic	Aspects		

1.2.1 Insertion	Polymerization	of	Ethylene	

In	 order	 to	 understand	 the	 influence	 of	 polar	 vinyl	 monomers	 on	 the	 insertion	

copolymerization	with	 ethylene,	 the	mechanistic	 features	 of	 the	 insertion	 steps	 for	 ethylene	

homopolymerization	 have	 to	 be	 considered	 first	 which	 were	 studied	 experimentally	 and	

theoretically	in	much	detail.	64,65-66	A	schematic	overview	of	the	mechanism	is	shown	in	Figure	

1-8.	

	

Figure	1-8.	Mechanistic	considerations	in	insertion	polymerization	of	ethylene	with	phosphinesulfonato	
Pd	(II)	complexes.	

Phosphinesulfonato	 Pd(II)	 complexes	 hold	 two	 crucial	 characteristics	 that	 allow	 for	 the	

insertion	 (co)polymerization	 of	 vinyl	 monomers	 to	 linear	 polymers.	 On	 the	 one	 hand,	 the	
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sulfonate	group	is	the	labile	part	of	the	chelate	ligand	due	to	its	weak	σ-donor	abilities	as	well	

as	being	a	weak	π-acceptor.	On	the	other	hand,	the	phosphine	is	both	a	comparably	strong	σ-

donor	and	π-acceptor.	The	stable	ground	state	is	hence	the	complex	Acis	where	the	olefin	is	π-

coordinated	 trans	 to	 the	phosphine	due	 to	 the	 strong	π-back	donation	of	 the	olefin	 and	 the	

alkyl	group	is	cis	to	the	phosphine.	However,	according	to	DFT	calculations,	insertion	is	more	

likely	to	occur	from	Atrans,	where	the	olefin	is	cis	to	the	phosphine	and	therefore	activated	due	

to	 the	 strong	 π-donation	 of	 the	 metal	 into	 the	 anti-bonding	 π*-orbital	 of	 the	 olefin.	 The	

conversion	between	Atrans	and	Acis	is	to	occur	via	a	Berry	pseudoroation	with	a	second	sulfonate	

oxygen	acting	as	associative	ligand	as	was	shown	by	DFT	calculations.	The	insertion	is	assumed	

to	take	place	via	a	four-membered	Cossee-Arlman-like	transition	state	with	the	alkyl	being	the	

migrating	group	due	to	the	strong	trans	influence	of	the	phosphine.		

An	 essential	 difference	of	 the	phosphinesulfonato	Pd	 (II)	 complexes	 compared	 to	 the	α-

diimine	Pd	(II)	complexes	is	the	highly	linear	structure	of	the	polymers	obtained	(see	Chapter	

1.1.2).	This	can	be	ascribed	to	‘chain	walking’	with	a	much	higher	tendency	for	reinsertion	into	

linear	alkyl	species	compared	to	branched	ones	for	the	phopshinesulfonato	Pd	(II)	complexes.	

Although	the	transition	state	for	β-hydride	elimination	from	Btrans	is	lower	in	energy	than	

that	of	ethylene	insertion	into	Atrans,	the	energy	to	reach	Btrans	is	as	high	as	the	energy	to	insert	

ethylene	 in	both	Atrans	and	Acis	and	for	the	β-hydride	elimination	from	Bcis.	Ethylene	pressure	

hence	only	accelerates	ethylene	insertion	and	therefore	β-hydride	elimination	is	suppressed	in	

the	 presence	 of	 ethylene.	 However,	 if	 Ccis	 and	 Ctrans	 form	 by	 β-hydride	 elimination,	 chain	

transfer	 and	 reinsertion	 can	 occur	 with	 reasonable	 energy	 barriers	 leading	 to	 e.g.	 the	

isomerization	of	α-olefins	in	the	absence	of	ethylene	which	was	confirmed	by	isomerization	of	

1-hexene	to	internal	olefins	in	1H	NMR	spectroscopic	experiments.	However,	in	the	presence	of	

ethylene	 in	 pressure	 reactor	 polymerization	 experiments	 only	methyl-branches	 are	 observed	

while	in	NMR	spectroscopic	experiments	ethylene	oligomerization	only	generates	linear	alkyl-

substituted	 complexes.	 Furthermore,	 the	 synthesis	 of	 stable	 n-alkyl	 complexes	 despite	 the	

presence	of	β-hydrogen	atoms	is	possible.	These	observations	are	attributed	to	insertion	into	a	

n-alkyl-Pd-bond	being	slightly	favored	over	the	insertion	into	an	iso-alkyl-Pd-bond.66		

In	summary,	insertion	takes	place	from	the	less	stable	Atrans	isomer	and	chain	propagation	

and	 β-hydride	 elimination	 are	 comparable	 in	 energy.	 In	 the	 presence	 of	 ethylene,	 though,	

chain	 propagation	 is	 accelerated	 and	 disfavors	 β-hydride	 elimination	 while	 at	 low	 ethylene	

concentrations	 β-hydride	 elimination	 and	 chain	 transfer	 is	 enhanced.	 Thus,	 the	 higher	 the	

ethylene	concentration,	the	higher	are	molecular	weights	and	polymerization	activity	and	the	

lower	the	amount	of	methyl-branch	formation.		
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This	is	also	supported	by	experimental	polymerization	results	with	the	dmso-coordinated	

prototypical	dianisyl	phosphinesulfonato	Pd	(II)	complex.	62	 In	ethylene	homopolymerization	

experiments	an	 increase	of	ethylene	pressure	 from	2	to	 10	bar	 lead	to	an	 increase	of	nominal	

polymer	molecular	weights	from	6.3	to	13.1	·	103	g	mol-1	and	a	decrease	of	methyl	branches	from	

8	to	1	per	1000	C	atoms.	At	the	same	time,	activity	is	increased	from	a	turn	over	frequency	TOF	

of	4.1	·	104	to	1.0	·	105	[mol(C2H4)	·	mol-1(Pd(II))	·	h-1].	However,	the	TOF	of	1.0	·	105	[mol(C2H4)	·	

mol-1(Pd(II))	 ·	 h-1]	 is	 already	 observed	 at	 5	 bar	 ethylene	 pressure	 and	 doesn’t	 increase	 any	

further	with	 increasing	ethylene	pressure	which	 is	due	to	the	complete	replacement	of	dmso	

by	 ethylene	 at	 already	 5	 bar	 ethylene	 pressure.	 Therefore,	 activity	 is	 strongly	 affected	 by	

solvent	coordination	to	the	catalyst	active	species	generating	activity-limiting	dormant-species	

and	the	corresponding	equilibria	with	competing	ethylene	coordination	must	be	considered.	

1.2.2 Insertion	Copolymerization	of	Ethylene	with	Polar	Vinyl	Monomers	

The	picture	of	ethylene	homopolymerization	gets	more	complex	in	the	presence	of	a	polar	

monomer	as	illustrated	in	detail	in	Figure	1-9.	

Figure	1-9.	Mechanistic	consideration	in	insertion	copolymerization	of	ethylene	and	polar	vinyl	

monomers	with	phosphinesulfonato	Pd	(II)	complexes.	

In	 a	 first	 step,	 π-coordination	 of	 the	 monomer	 is	 required	 for	 subsequent	 cis-trans-

isomerization	 and	 insertion	 into	 the	 Pd-alkyl-bond	 and	 hence	 further	 chain-growth.	 If	 a	

mononuclear	labile-ligand-coordinated	catalyst	precursor	is	present,	the	labile	ligand	L	is	in	a	

preequilibrium	with	monomer	π-coordinated	complexes	1	and	2.	This	preequilibrium,	however,	

is	 not	 only	 limited	 to	 the	 labile	 ligand	 L	 but	 applies	 for	 any	 other	 coordinating	 molecule	
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present	as	 it	 leads	to	activity-limiting	dormant	species,	e.g.	3	or	10,	 inaccessible	for	 incoming	

vinyl	monomer	and	subsequent	insertion.	This	coordination	ability	is	strongly	dependent	on	1)	

the	 electron-density	 (and	 eventually	 sterics)	 of	 the	 functional	 group	 at	 the	monomer	 and	 2)	

the	electron-density	of	the	metal	as	was	shown	in	theoretical	studies	for	cationic,	neutral	and	

anionic	α-diimine	Pd	(II)	complexes	by	Ziegler	et	al.67	

This	preequilibrium	in	the	L-coordinated	catalyst	precursors	can	be	circumvented	by	e.g.	

multinuclear	chloro-lithium-bridged	complexes	from	which	a	‘base-free’	active	catalyst	species	

is	 generated	 by	 irreversible	 and	 quantitative	 chloride	 abstraction	 with	 silver	 salts	 such	 as	

AgBF4	(Figure	1-10).44,	61,	64	These	active	catalyst	complexes	represent	the	most	active	form	as	the	

free	 coordination	 site	 is	 directly	 available	 for	 the	 vinyl	 monomer.	 Nevertheless,	 the	

preequilibrium	by	possible	κ-X-coordination	of	the	functional	group	of	the	polar	monomer	is	

still	relevant.		

	

Figure	1-10.	Catalyst	precursors	for	the	generation	of	active	phosphinesulfonato	Pd	(II)	catalyst	
complexes.	

In	 Figure	 1-9	 comonomer	 (2)	 competes	 in	 another	 equilibrium	with	 ethylene	 (1)	 for	 the	

free	coordination	site	at	the	Pd-center.	The	stronger	the	σ-donor	ability	of	the	vinyl	monomer	

the	more	the	corresponding	π-complex	dominates.	 In	 the	case	of	ethylene	and	electron-poor	

monomers,	 such	 as	 acrylates	 and	 acrylic	 acid,	 complex	 1	 is	 hence	 the	 dominating	 species	 as	

ethylene	is	the	stronger	σ-donor	in	this	case.	However,	the	insertion	into	the	Pd-alkyl	bond	via	

migratory	 insertion	 is	 eventually	 faster	 for	 the	 weaker	 π-coordinated	 electron-poor	

monomers68,	 leading	 still	 to	 an	 incorporation	 of	 these,	 as	 was	 experimentally	 shown	 for		

methyl	acrylate	versus	ethylene	insertion	in	α-diimine	Pd(II)	complexes	by	Brookhart	et	al.8,	58,	

69	 	 They	 could	 show	 from	 calculations	 of	Gibbs	 free	 energies	 from	kinetic	 experiments,	 that	

equilibration	 of	 π-coordination	 of	 the	 competing	 monomers	 is	 fast	 compared	 to	 monomer	

insertion,	justifying	the	application	of	the	Curtin-Hammett	principle	as	depicted	in	Figure	1-11.	

Hence,	the	relative	polymer	composition	is	not	only	dependent	on	equilibrium	concentrations	

of	 the	 π-coordinated	 complexes	 but	 also	 on	 the	 Gibbs	 free	 energy	 difference	 ΔΔGT	 of	 the	

respective	transition	states	TE	and	TMA.	
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Figure	1-11.	Schematic	Gibbs	free	energy	diagram	with	energy	values	calculated	from	kinetic	experiments	
at	35	°C.8,	58,	69	Gibbs	free	energies	are	given	in	kcal/mol.	

The	 often	 considerably	 lower	 activity	 of	 copolymerization	 compared	 to	 ethylene	

homopolymerization	 is	 due	 to	 reversible	 catalyst	 deactivation	 by	 the	 polar	 vinyl	 monomer,	

which	can	occur	via	different	mechanisms	depending	on	 the	 functional	groups	present.	κ-X-

coordination	 (3)	 via	 the	 functional	 group	 of	 the	 free	 monomer	 is	 very	 pronounced	 for	 e.g.	

acrylonitrile39	 and	 represents	 another	 dormant-species	 as	 no	 insertion	 can	 occur	 from	 this	

species	and	it	additionally	blocks	the	free	coordination	site	for	π-coordination.	Other	activity-

limiting	 equilibrium	 steps	 include	 chelate	 formations	 of	 already	 inserted	 polar	 monomers.	

These	 chelates	 need	 to	 be	 reopened	 to	 allow	 for	 π-coordination	 of	 the	 next	 monomer	 and	

further	chain-growth	(4,	5	and	6).	These	chelates	represent	the	stable	ground	states	compared	

to	 the	 π-olefin	 complexes	 in	 ethylene	 homopolymerization	 (compare	 Figure	 1-8	 in	 Chapter	

1.2.1).	 The	 insertion	 into	 the	 α-carbonyl-substituted	 metal-alkyl	 bond	 of	 complex	 770-72	 and	

chelate	 opening	 of	 the	 following	 insertion	 complex	 68,	 69	 were	 shown	 to	 be	 the	 dominating	

activity-limiting	 steps	 for	acrylates	 in	comparable	 insertion	 studies	with	other	 late	 transition	

metal	complexes.	Furthermore,	for	high	acrylate	incorporations	of	up	to	50	mol	%,	consecutive	

TE TMA
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acrylate	 insertion	 is	observed.	The	6-membered	chelate	formation	of	two	consecutive	methyl	

acrylate	units	was	shown	to	be	strongly	activity-limiting	as	well.64	

The	lower	molecular	weights	for	copolymers	compared	to	polyethylenes	are	a	consequence	

of	enhanced	β-hydride	elimination	and	chain	transfer	after	a	polar	monomer	unit	is	inserted.	

This	leads	to	a	considerable	amount	of	polar	monomer-derived	end	groups	despite	much	lower	

incorporations	compared	to	ethylene.	(see	Chapter	1.2.4	for	more	details)	

An	 interesting	 exception	 to	 these	 observations	 are	 functionalized	 norbornenes.43,	 48,	 73		

These	monomers	combine	a	functionality	e.g.	an	anhydride	with	the	favorable	polymerization	

properties	of	norbornene	in	insertion	copolymerization	with	ethylene	with	phosphinesulfonato	

Pd(II)	complexes.13,	48,	73-74	(Figure	1-12)	
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Figure	1-12.	Mechanistic	aspects	of	norbornene	anhydride	insertion	with	[(PO)PdR(L)]	complexes.	

Norbornenes	 allow	 for	 the	 introduction	 of	 functional	 groups	 into	 the	 polyethylene	

backbone	along	with	much	higher	activities	and	molecular	weights	as	compared	to	other	polar	

vinyl	monomers.	This	is	most	likely	attributed	to	the	special	structure	of	these	monomers.	Due	

to	 the	 high	 ring	 strain	 of	 norbornene,	 the	 insertion	 rate	 is	 higher	 than	 for	most	 other	 vinyl	

monomers.	 Furthermore,	 activity	 is	 only	 slightly	 lowered	 for	 functionalized	 norbornenes	 as	

intramolecular	 chelates	 are	 unlikely	 to	 occur	 due	 to	 steric	 and	 constitutional	 restrictions.	

Intriguingly,	 the	 higher	 the	 incorporation	 of	 norbornenes	 in	 ethylene	 copolymers	 obtained	

with	phosphinesulfonato	Pd(II)	catalysts,	the	higher	the	molecular	weights	even	compared	to	

homopolymers	 of	 ethylene.48	 Even	 at	 high	 norbornene	 incorporations	 only	 ethylene-derived	

end-groups	are	observed	hence	β-hydride	elimination	seems	 to	be	highly	unfavorable	after	a	

norbornene	unit	is	inserted.	The	incorporation	of	norbornene	units	is,	however,	limited	to	<	50	

mol%	since	consecutive	norbornene	insertion	is	highly	disfavored.		
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The	 advantageous	 characteristics	 observed	 for	 the	 copolymerization	 of	 norbornene	

anhydride	with	ethylene	with	phosphinesulfonato	Pd(II)	catalysts	can	be	used	to	obtain	high	

molecular	weight	copolymers	at	reasonable	polymerization	activities	along	with	a	high	degree	

of	functionalization.	The	functional	polyethylenes	exhibit	a	highly	linear	structure	as	observed	

for	 ethylene	 copolymers	 of	 other	 polar	 vinyl	 monomers.	 The	 anhydride	 functionality,	 in	

particular,	features	a	broad	range	of	possible	postpolymerization	functionalizations	and	allows	

for	the	introduction	of	other	functional	groups	such	as	ester	or	carboxylate	moieties	 into	the	

polymer	 backbone	 or	 the	 covalent	 bond	 formation	 with	 the	 functionalities	 	 of	 a	 polymer	

matrix.	At	 the	 same	 time,	 like	 for	other	 comonomers,	 crystallinity	 is	decreased	 compared	 to	

ethylene	homopolymers.	Especially	the	process	of	covalent	bond	formation	from	anhydrides	is	

employed	for	the	reactive	extrusion	of	functional	polyolefin	modifiers	and	polyamides.75-76	The	

reaction	between	the	maleic	anhydride	moiety	in	the	polyloefin	and	the	amine	end	groups	in	

the	 polyamide	 force	 a	mixing	 of	 the	 immiscible	 phases	 on	 a	microscale	 by	 the	 formation	 of	

covalent	 imide	bonds	across	the	phases.	Modification	of	polyamides	might	hence	be	possible	

with	copolymers	of	ethylene	and	norbornene	anhydride	which	can	be	produced	by	a	catalytic	

process	at	low	temperatures	and	low	ethylene	pressures.					
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1.2.3 Irreversible	Deactivation	and	Scrambling	of	the	Phosphine-Substituents	

Phosphinesulfonato	 Pd	 (II)	 complexes	 not	 only	 suffer	 from	 reversible	 activity-limiting	

deactivation	 by	 coordinating	 substrates	 but	 also	 from	 irreversible	 deactivations	 that	 lower	

productivity	 due	 to	 a	 reduction	 of	 catalyst	 lifetime.	 Detailed	 studies77	 on	 the	 irreversible	

deactivation	revealed	bimolecular	pathways	for	which	an	overview	is	given	in	Figure	1-13.	
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Figure	1-13.	Irreversible	deactivation	pathways	for	phosphinesulfonato	Pd	(II)	complexes	and	scrambling	
of	the	phosphine	substituents.	

An	important	role	in	irreversible	deactivation	of	phosphinesulfonato	Pd	(II)	complexes	has	

been	 found	 for	 the	 Pd-hydride	 species	 1	 which	 is	 generated	 by	 β-hydride	 elimination	 and	

subsequent	 chain	 transfer.	 These	 Pd-hydride	 	 species	 can	 also	 start	 a	 new	 polymer	 chain.	

Furthermore,	 Pd-hydride	 species	 can	 undergo	 reductive	 elimination	 to	 form	 protonated	

phosphinesulfonate	(PO)-H	(5)	and	Pd(0)	species.	This	reaction	is	in	principle	reversible	upon	

oxidative	 addition	 as	 long	 as	 the	 Pd(0)	 species	 remain	 in	 solution.	 Actually,	 the	 oxidative	

addition	 of	 protonated	 phosphinesulfonate	 to	 a	 Pd(0)	 precursor	 like	 Pd(dba)2	 to	 form	 the	

active	neutral	catalyst	precursor	was	described	by	Drent	et	al.11	in	their	first	publication	of	the	

linear	 copolymerization	 of	 acrylates	 and	 ethylene	 before	 defined	 neutral	 complexes	 such	 as	
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[(PO)PdMeL]	 were	 identified	 and	 synthesized.	 Unfortunately,	 the	 protonated	

phosphinesulfonate	can	react	with	Pd-alkyl	species	to	form	saturated	polymer	chains	and	bis-

chelated	 inactive	 Pd-species	 6	 ([(PO)Pd(PO)]).	 This	 pathway	 represents	 the	 dominating	

deactivation	 pathway	 for	 this	 type	 of	 complexes.	 In	 addition,	 a	 second	 minor	 irreversible	

deactivation	pathway	was	observed.	Protonated	phosphinesulfonate	can	also	irreversibly	react	

with	Pd-hydride	species	to	form	hydrogen	and	again	bis-chelated	Pd-species	6.	Consequently,	

high	 catalyst	 concentrations	 lead	 to	 lower	 productivities	 due	 to	 faster	 bimolecular	

deactivation.	High	 temperatures	 favor	deactivation	as	well	as	 they	 lead	 to	an	 increase	 in	Pd-

hydride	generation	via	pronounced	chain	transfer	as	well	as	accelerating	bimolecular	reactions.		

Another	particular	feature	of	the	phosphinesulfonato	Pd	(II)	complexes,	the	scrambling	of	

phosphine-substituents,	 was	 observed	 along	 with	 the	 deactivation	 studies.77	 Reductive	

elimination	 is	 not	 only	 possible	 from	 the	 Pd-hydride	 species	 1	 to	 form	 protonated	

phosphinesulfonate	5	but	also	from	the	active	Pd-polymeryl	species	2	 leading	to	mixed	tetra-

aryl/alkyl	phosphonium	3		and	Pd(0)	species.	This	reaction	is	in	principle	also	reversible	upon	

oxidative	addition.	However,	oxidative	addition	can	also	form	new	Pd-aryl	species	4	which	can	

again	undergo	several	reductive	elimination/oxidative	addition	steps	to	form	a	variety	of	mixed	

tetra-aryl/alkyl	 phosphonium	 species	 and	 corresponding	 Pd-complexes.	 These	 results	 imply	

that	there	are	several	species	present	acting	as	catalyst	precursors	leading	to	a	more	complex	

picture	of	different	activities	and	microstructures.	

1.2.4 Polymerization	Mechanism	vs.	Polymer	Microstructure	

Since	polar	vinyl	monomers	are	prone	to	radical	and	ionic	polymerizations,	it	is	of	crucial	

importance	to	clarify	that	the	functional	copolymers	obtained	from	phosphinesulfonato	Pd	(II)	

complexes	 are	 formed	 by	 a	 true	 coordination-insertion	 mechanism.	 The	 microstructural	

analysis	of	 the	polymers,	 especially	by	NMR	spectroscopic	methods,	 is	 an	 important	 tool	 for	

this	 purpose	 and	 has	 confirmed	 isolated	 in-chain	 polar	monomer	 units	 in	 the	 polyethylene	

backbone	 for	 the	 copolymers	 reported.	These	 isolated	 in-chain	polar	monomer	units	 should	

only	 be	 available	 by	 a	 true	 coordination	 insertion	 mechanism.	 Free	 radical	 ethylene	

copolymerizations	in	the	presence	of	e.g.	methyl	acrylate	produce	copolymers	that	are	rich	in	

MA	due	to	its	higher	reactivity	compared	to	the	unpolar	ethylene	(very	high	ethylene	pressures	

of	>>	100	bar	have	to	be	applied	to	be	obtain	copolymers).78		Hence,	these	copolymers	consist	

of	 high	 amounts	 of	 consecutive	 polar	 monomer	 unit	 sequences	 while	 with	 insertion	

copolymerization	 polymers	 with	 low	 MA	 incoporations	 and	 hence	 isolated	 polar	 units	 are	

possible.	The	isolation	and	characterization	of	several	stoichiometric	organo-metallic	insertion	



General	Introduction	

17	

products	and	their	elimination	products	clearly	indicate	an	insertion	mechanism	as	well.44-46,	50-

51,	57,	64,	66	

Conclusions	about	the	underlying	mechanisms	can	be	drawn	from	the	detailed	analysis	of	

the	 copolymer	 microstructure.	 A	 general	 overview	 of	 the	 possible	 polymer	 microstructures	

observed	with	phosphinesulfonato	Pd	(II)	complexes	is	given	in	Figure	1-14.	

	

Figure	1-14.	Mechanistic	aspects	of	the	homo-	and	copolymerization	with	phosphinesulfonato	Pd	(II)	
complexes	and	their	influence	on	(co)polymer	microstructure.	



Mechanistic	Aspects	

	
18	

In	 the	 absence	 of	 polar	 vinyl	 monomers	 ethylene	 polymerization	 leads	 to	 a	 saturated	

unbranched	initiation	chain-end	by	insertion	of	ethylene	into	the	Pd-Me	or	Pd-H	bond.	Since	

chain-walking	 is	 suppressed	(see	also	Chapter	 1.2.1),	only	vinylic	end-groups	are	observed	via	

chain	 transfer.	 These	 terminal	 vinyl-bonds	 can,	 however,	 be	 isomerized	 to	 internal	 olefins	

under	certain	polymerization	conditions	e.g.	 low	ethylene	concentrations	 (1	 in	Figure	 1-14).66	

Ideally,	 a	 polymer	 chain	 contains	 one	 saturated	 chain-end	 per	 unsaturated	 chain-end.	

However,	this	is	only	the	case	if	bimolecular	deactivation	only	leads	to	a	negligible	amount	of	

fully	 saturated	 chains	 (see	Chapter	 1.2.3.	 for	 further	 details).	 At	 high	 catalyst	 concentrations	

and	 low	 productivities	 this	may	 not	 be	 the	 case	 and	 should	 be	 kept	 in	mind	 for	molecular	

weight	determinations	by	1H	NMR	spectroscopy.	

In	 the	presence	of	polar	 vinyl	monomers	 several	microstructures	 are	possible	depending	

on	the	mechanistic	steps	involved.	For	most	polar	vinyl	monomers	investigated	so	far	in-chain	

incorporation	 dominates.	 However,	 for	 some	 monomers	 and	 under	 certain	 conditions	 (e.g.	

high	initial	concentration	of	both	catalyst	precursor	and	polar	monomer	vs.	ethylene)	the	polar	

monomer	can	start	a	chain	by	insertion	into	the	Pd-Me	species.	In	the	case	of	1,2-insertion	this	

leads	to	a	methyl	branch	and	in	the	case	of	2,1-insertion	to	an	ethyl	branch	next	to	the	polar	

group	(2	and	3).	However,	under	polymerization	conditions	insertion	into	Pd-hydride	species	

dominates	as	Pd-Me	is	qickly	consumed	by	chain	initiation	and	generates	Pd-hydrides	through	

chain	 transfer.	 Hence,	 the	 saturated	 polymer	 chain	 ends	 depicted	 in	 structures	 8	 and	 9	

dominate.	Furthermore,	due	to	higher	tendencies	for	β-hydride	elimination	and	chain	transfer	

to	 occur	 after	 the	 insertion	 of	 a	 polar	monomer	 as	 compared	 to	 ethylene,	 polar	monomer-

derived	end-groups	are	observed	even	at	low	incorporations.	Chain	transfer	after	1,2-insertion	

generally	 leads	 to	 vinylidenes	 (9).	 However,	 for	 some	 monomers	 (e.g.	 vinyl	 acetate)	 β-X-

elimination	 is	 possible	 leading	 to	 a	 terminal	 olefin	 indistinguishable	 from	 ethylene-derived	

end-groups.	 Chain	 transfer	 after	 2,1-insertion	 leads	 in	 general	 to	 functionalized	 vinylic	 end-

groups	 (8)	 for	which	 isomerization	 is	 rarely	 observed	due	 to	 conjugation	of	 the	C=C-double	

bond	with	e.g.	the	carbonyl-bond	of	acrylates.	As	a	note,	in	polar	monomer	copolymerization	

with	 ethylene,	 ethylene-derived	 initiation	 and	 termination	 end-groups	 as	 depicted	 in	 (1)	 are	

always	observed	 in	combination	with	 initiation	and	termination	end-groups	 from	polar	vinyl	

monomers.	 In	 conclusion,	 for	 most	 polar	 monomers	 investigated	 so	 far,	 combinations	 of	

microstructures	(1)	and	(8)	dominate.	
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1.3 Molecular	Recognition	in	Nature	and	Chemical	

Catalysis	

1.3.1 Biocatalysis	

Natural	 organisms	 present	 an	 outstanding	 performance	 in	 selective	 chemical	 reaction	

catalysis	which	is	essential	for	their	development	and	survival.	The	fact	that	a	cell	consists	of	a	

range	of	possible	substrates	that	can	undergo	a	variety	of	reactions	illustrates	the	necessity	for	

very	 high	 selectivities	 and	 efficiencies	 in	 the	 presence	 of	 several	 substrates	 and	 reaction	

pathways.		

Enzymes	(therefore	also	referred	to	as	biocatalysts)	meet	these	requirements	due	to	their	

unique	and	often	flexible79	molecular	complementarity	between	binding	pocket	and	substrate,	

the	 so-called	 lock-and-key	 model80,	 that	 leads	 selectively	 to	 only	 one	 enzyme-substrate-

complex	as	illustrated	in	Figure	1-15.	The	active	site	in	the	binding	pocket	of	an	enzyme	is	often	

a	metal	 complex	embedded	 in	a	unique	 ligand	environment	 that	 can	 selectively	bind,	orient	

and	 activate	 the	 desired	 substrate.	 In	 general,	 direct	 non-covalent	 interactions	 such	 as	

hydrogen	or	 ionic	binding,	hydrophobic	or	π-π-interaction	along	with	steric	 interactions	and	

solvation	 effects	 orient	 and	 activate	 the	 substrate	which	 leads	most	 often	 to	 a	 reaction	 that	

does	 not	 find	 its	 analogy	 in	 classical	 organic	 chemistry.	 This	 specific	 attractive	 interaction	

between	substrate	and	catalyst	is	also	described	as	molecular	recognition.81	

	

Figure	1-15.	Lock-and-key	principle	in	biocatalysis	of	enzymes.	The	substrate	recognized	by	the	binding	
pocket	of	the	enzyme	can	form	an	enzyme-substrate-complex.	Any	substrate	that	does	not	fit	the	

binding	pocket	will	not	form	an	enzyme-substrate-complex.	

While	 biomimicry	 and	 the	 underlying	 principle	 of	 molecular	 recognition	 has	 been	

extensively	 applied	 to	 organocatalysis	 it	 has	 only	 lately	 impacted	metal-catalysis.	 For	 a	 long	
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time	the	focus	in	ligand	design	for	e.g.	chirality	transfer	was	mostly	confined	to	rigid	structures	

that	 lead	 to	 repulsive	 interaction	during	 the	 transition	 state	or	 lead	 to	 an	orientation	of	 the	

substrate	 via	 site	 isolation	 already	 at	 the	 stage	 of	 coordination	 to	 the	 metal	 complex.	

Furthermore,	 the	 imitation	 of	 biocatalysis	 was	 most	 often	 confined	 to	 imitate	 similar	

biochemical	reactions	with	similar	approaches	as	observed	in	biocatalysts.	

1.3.2 Secondary	Interaction	in	Metal	Complexes	with	Multifunctional	Ligands		

The	aim	of	 recent	developments	 is	not	only	 to	mimic	enzymatic	behavior82	but	 to	apply	

the	principle	of	molecular	recognition	to	the	area	and	 limits	of	homogeneous	metal	catalysis	

by	 the	means	of	 introducing	 functional	groups	at	 the	 ligand	that	can	 interact	with	 incoming	

substrate	in	various	ways	during	substrate	coordination	or	the	transition	state	or	at	any	other	

point	 of	 the	 catalytic	 cycle.	 This	 principle	 is	 also	 described	 as	 secondary	 interaction	 since	 it	

contributes	to	the	primary	interaction	between	metal-complex	and	substrate,	that	is	often	the	

simple	binding	of	substrate	to	the	metal.83	Secondary	interaction	therefore	generates	a	second	

coordination	 sphere	 around	 the	 metal-complex	 from	 which	 two-or-multiple-point	

complexation	 of	 the	 substrate	 results	 and	 basically	 represents	 a	 simple	 form	 of	 molecular	

recognition	in	enzymes.	The	ligand	is	often	referred	to	as	bi-or-multifunctional	since	it	is	able	

to	 not	 only	 interact	 with	 the	 metal	 center	 but	 another	 specimen	 (which	 can	 also	 be	 e.g.	

another	ligand.	However,	this	structure-defining	supramolecular	chemistry	will	not	be	further	

addressed	herein)	at	the	same	time	as	illustrated	in	Figure	1-16.84		

	

Figure	1-16.	Schematic	illustration	of	a	metal	catalyst	with	a	bifunctional	ligand	coordinating	the	
substrate	by	non-covalent	interactions.84	

In	 a	 more	 simplified	 picture	 and	 with	 a	 looser	 definition	 of	 molecular	 recognition,	

asymmetric	 catalysis	 can	 be	 included	 for	 it	 creates	 an	 asymmetric	 environment	 around	 the	

metal-center	 and	 hence	 selectively	 binds	 prochiral	 or	 chiral	 substrates	 in	 one	 dominating	

mode.	However,	as	already	pointed	out,	the	asymmetric	environment	is	most	likely	mediated	

by	steric	repulsion	rather	than	attractive	interaction.	81,	85	
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Conclusively,	 approaches	 for	 such	 ligand	 functionalizations	 in	 the	 field	 of	 homogeneous	

metal	catalysis	concern	almost	exclusively	late	transition	metals	as	early	transition	metals	are	

highly	 sensitive	 to	 the	 presence	 of	 functionalities.	 Furthermore,	 homogeneous	 asymmetric	

transition	 metal	 catalysis	 evolved	 from	 the	 first	 application	 of	 chiral	 phosphines	 instead	 of	

triphenylphosphine	in	Wilkinson’s	Rh-based	hydrogenation	of	prochiral	olefins86-88	and	hence	

the	 functionalization	 of	 such	 chiral	 phosphines	 offered	 itself.	 A	 review	 on	 functionalized	

phosphines	applied	in	asymmetric	transition	metal	catalysis	as	ligands	is	given	by	Börner	et	al.	
89	while	an	early	general	overview	on	chiral	 ligands	able	 to	mediate	 secondary	 interaction	 in	

asymmetric	metal	catalysis	is	given	by	Ito	et	al.83	

Recent	reviews	on	multifunctional	ligands	dealing	also	in	parts	with	the	concept	of	ligand-

substrate	interaction	are	given	by	van	Leeuwen	et	al.90,	Crabtree85,	Zhao	et	al.91	and	Reek	et	al.92	

Early	 and	 well-known	 observations	 of	 crucial	 selective	 interactions	 between	 ligand	 and	

substrate	 in	 asymmetric	 homogeneous	 metal	 catalysis	 include	 the	 selective	 transfer	

hydrogenation	with	Shvo’s	catalyst93	and	Noyori’s	very	effective	asymmetric	hydrogenation	of	

simple	ketones.94	Noyori’s	work	on	asymmetric	hydrogenation	on	ketones	was	recognized	by	

the	Nobel	Prize	in	Chemistry	in	2001	together	with	the	study	of	asymmetric	hydrogenation	in	

general	by	William	S.	Knowles.87,	95	

Shvo’s	 catalyst	 is	 a	 cyclopentadienone-ligated	 ruthenium	 complex	 (1	 in	 Figure	 1-17)	 that	

can	 be	 used	 for	 the	 transfer	 hydrogenation	 of	 alkynes,	 alkenes,	 carbonyls	 and	 imines.	 	 The	

dimeric	precatalyst	dissociates	 in	solution	to	 form	monomeric	oxidizing	(2)	and	reducing	(3)	

species	that	are	interconverted	by	hydrogen	donors	AH2	or	acceptors	A	as	shown	in	Figure	1-17.	

The	mechanism	of	the	transfer	hydrogenation	with	Shvo’s	catalyst	was	extensively	studied	

and	 discussed	 in	 literature	 and	 has	 in	 essence	 similarities	 with	 Noyori’s	 transfer	

hydrogenation96	 in	 that	 it	 is	 also	 an	 example	 for	 a	 ligand-metal-bifunctional	 catalysis	 as	 it	

involves	the	simultaneous	transfer	of	two	different	hydrogen	atoms.97	There	are	two	proposed	

catalytic	cycles	which	are	assumed	to	follow	either	an	inner-sphere	(coordination	of	substrate	

to	metal)	or	an	outer-sphere	mechanism	(direct	concerted	transfer	of	hydrogen	from	metal	to	

substrate)	with	the	latter	being	more	probable	according	to	experimental	and	theoretical	data.	

In	 both	 cases	 an	 interaction	 between	 the	 hydroxyl-group	 and	 the	 carbonyl	 group	 in	 the	

transition	state	4	is	assumed	as	illustrated	for	the	outer	sphere	mechanism	in	Figure	1-17.	
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Figure	1-17.	The	dissociation	of	Shvo’s	precatalyst	(1)	into	reducing	(3)	and	oxidizing	(2)	forms	in	
solution.	The	mechanism	is	proposed	to	follow	an	outer-sphere	mechanism	with	the	proposed	transition	

state	(4).	

The	 catalyst	 precursor	 employed	 by	 Noyori	 is	 constituted	 of	 the	 well	 studied	 chiral	

phosphine	 ligand	 BINAP,	 ruthenium	 as	 metal	 center	 and	 ethylene	 diamine	 as	 an	 auxiliary	

ligand.	The	high	effectiveness	of	Noyori’s	catalyst	is	explained	by	a	non-classical	metal-ligand-

bifunctional	 mechanism	 which	 constitutes	 a	 6-membered	 transition	 state	 (TS)	 where	 the	

diamine	ligand	is	 involved	as	shown	in	Figure	1-18.	The	stereochemical	discrimination	results	

from	 the	 hydrogen-mediated	 fixation	 of	 the	 ketone	 leading	 to	 an	 energetic	 discrimination	

between	transition	states	due	to	steric	repulsion	of	the	ketone	and	the	phosphine	substituents.	

The	interaction	of	ligand	and	substrate	during	the	transition	state	occurs	between	the	carbonyl	

group	of	 the	ketone	and	 the	hydrogen	of	 the	amine	group.	Hence,	unfunctionalized	ketones	

can	be	hydrogenated	in	high	enantiomeric	purities	which	is	not	possible	without	the	diamine	

ligand.	A	 similar	 interaction	 during	 the	 transition	 state	 is	 also	 proposed	 for	 the	 asymmetric	

transfer	hydrogenation	first	reported	by	Noyori,	where	a	chiral	amine	is	employed	instead	of	a	

chiral	phosphine	ligand.96,	98	
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Figure	1-18.	BINAP/diamine-Ru	hydrogenation	catalyst	precursors	used	by	Noyori	bearing	a	diamine	and	
chiral	phosphine	ligand.	

However,	 in	 these	 cases	 the	 selective	 interaction	 of	 ligand	 and	 substrate	 does	 not	

completely	fall	within	the	definition	of	secondary	interaction	as	the	ligand-substrate	hydrogen-

interaction	also	involves	hydrogen	transfer	from	the	ligand	to	the	substrate.	Hence,	their	work	

is	often	not	emphasized	in	the	literature	concerned	with	the	secondary	interaction	principle.	

More	 recently,	 though,	 intentional	 substrate-ligand	 interaction	 has,	 apart	 from	 steric	

repulsion,	increasingly	impacted	ligand	design.	However,	examples	for	which	an	advantageous	

significant	influence	on	the	catalytic	reaction	could	be	observed,	apart	from	the	observation	of	

the	simple	interaction	between	substrate	and	ligand,	are	still	rare.99-101	

Very	early	examples	for	the	introduction	of	functional	groups	at	the	ligand	that	exhibited	

significant	 influences	on	catalysis	were	described	by	Kumada	et	al.	 in	 1976.102	They	described	

the	 asymmetric	 hydrogenation	 of	 functionalized	 olefins	 by	 rhodium	 complexes	 with	 the	

dimethylamino-functionalized	chiral	ferrocenylphosphine	ligand	((R)-(S)-BPPF-A)	depicted	in	

Figure	1-19.		
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Figure	1-19.	Functionalized	chiral	ferrocenylphosphine	ligand	employed	for	the	selective	Rh-catalyzed	
asymmetric	hydrogenation	of	substituted	acrylic	acids	and	acrylates.	

The	chiral	hydrogenated	products	were	obtained	in	high	enantiomeric	purities	of	over	90	

%	 ee.	 However,	 the	 stereoselectivity	 was	 strongly	 dependent	 on	 the	 solvents	 employed.	

Water/alcohol	 mixtures	 gave	 highest	 ee	 while	 pure	 alcohols	 like	 ethanol	 and	 methanol	

lowered	 the	 enantiomeric	 excess	 (%	 ee)	 significantly.	 Furthermore,	 the	 addition	 of	 NEt3	

(formation	of	the	ammonium	salt	of	the	carboxylic	olefin)	and	the	use	of	the	methyl	ester	of	

the	 olefin	 lowered	 enantioselectivity	 significantly	 from	 93%	 ee	 to	 about	 20%	 ee.	 These	

observations	were	described	as	indicative	for	an	attractive	ammonium-carboxylate	interaction	

between	the	amine	group	of	the	Rh-complex	and	the	carboxy-group	of	the	olefinic	substrate.		

Similar	 aminoalkyl-substituted	 ferrocenylphosphine	 ligands	were	 successfully	 applied	 by	

the	same	group	for	Ni-catalyzed	asymmetric	Grignard	cross-couplings.103		

The	 effective	 Rhodium-catalyzed	 stereoselective	 hydrogenation	 of	 prochiral	 carbonyl	

compounds	was	 achieved	with	 the	 chiral	 hydroxy-functionalized	 ferrocenylphosphine	 ligand	

shown	 in	 Figure	 1-20.104	 Ferrocenylphosphine	 ligands	 lacking	 the	OH-group	 ((S)-BPPFEF)	 or	

bearing	a	dimethylamino-group	instead	((R)-(S)-BPPF-A)	were	employed	for	comparison	and	

indeed	much	 lower	 optical	 purity	 and	 reversed	 configuration	were	 obtained	 contributing	 to	

the	assumed	interaction	of	the	OH-group	with	the	carbonyl	group	of	the	ketone.		

Since	 then,	 a	 variety	 of	 chiral	 functionalized	 ferrocenylphosphine	 and	 other	 phosphine	

ligands	 has	 been	 employed	 in	metal-catalysis.	 However,	 the	 catalytic	 reactions	 were	mostly	

limited	to	asymmetric	reactions	which	often	resulted	in	improved	enantioselectivity.83,	89	
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Figure	1-20.	Hydroxy-functionalized	ferrocenylphosphine	ligands	employed	for	the	Rh-catalyzed	
asymmetric	carbonyl	hydrogenation.	

In	 2006,	 Crabtree,	 Brudvic	 and	 coworkers	 presented	 the	 regioselective	 oxidation	 of	

suitable	C-H-groups	of	selected	carboxylic	acid-carrying	compounds,	such	as	ibuprofen,	with	a	

dinuclear	manganese	complex	bearing	Kemp’s	triacid-derived	bifunctional	ligand	as	shown	in	

Figure	1-21.-	105		
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Figure	1-21.	Kemp’s	triacid-derived	bifunctional	ligand	in	a	binuclear	manganese	complex	used	for	the	
selective	CH-oxidation	of	ibuprofen.	Preorientation	of	the	substrate	is	achieved	by	the	intermolecular	

hydrogen-bonding	of	the	carboxylic	groups	of	the	ligand	and	the	substrate	remote	to	the	active	
manganese	center.		

The	oxidation	 leads	 very	 selectively	 (99:	 1)	 to	product	 1	 and	 is	 explained	by	a	hydrogen-

bonding-mediated	 preorientation	 of	 the	 substrate	 leading	 to	 a	 positioning	 of	 the	
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corresponding	CH2-group	close	to	the	active	manganese	center.	In	comparative	experiments	a	

ligand	without	the	carboxylic	group	was	used	and	product	1	was	obtained	in	only	76	%	yield,	

indicative	 for	 the	preorienting	effect	via	hydrogen	bonding.	Furthermore,	 the	 flooding	of	 the	

molecular	 recognition	 motif	 with	 acetic	 acid	 still	 leads	 to	 a	 reaction	 at	 ibuprofen,	 but	 the	

recognition-induced	selectivity	is	eliminated.	

In	2008,	Breit	et	al.	reported	the	first	Pd-catalyzed	direct	allylation	of	indoles	and	pyrroles	

with	 allylic	 alcohols	 with	 self-assembling	 ligands	 able	 to	 form	 hydrogen-bonds.106	 The	

hydrogen-bonding	 ability	 of	 the	 self-assembling	 ligands	 is	 believed	 to	 go	 beyond	 the	 simple	

structure-determining	 interaction	 between	 the	 ligands	 and	 activates	 the	 allylic	 alcohol	 by	

complexation.	 This	 assumption	 is	 rationalized	 by	 the	 fact	 that	 the	 complex	 binds	 a	 water	

molecule	via	hydrogen-binding	of	the	ligands	and	this	water	molecule	can	be	substituted	by	an	

allylic	alcohol	leading	to	an	activation	of	the	latter.		

In	 the	 same	 year,	 Breit	 and	 coworkers	 reported	 an	 acylguanidine-substituted	 phosphine	

ligand	 (1	 in	 Figure	 1-22)	 able	 to	 perform	 a	 regio-	 and	 substrate-selective	 Rh-catalyzed	

hydroformylation	 of	 unsaturated	 acids.	 β,γ-unsaturated	 carboxylic	 acids	 are	 γ-selectively	

hydroformylated	 while	 α-selective	 decarboxylative	 hydroformylation	 of	 α,β-unsaturated	

carboxylic	acids	to	form	saturated	aldehydes	is	observed.	Furthermore,	acids	are	favored	over	

their	 ester	pendants.	The	directional	 effect	 is	 supposed	 to	be	mediated	by	 the	 selective	 two-

point	hydrogen-bond-interaction	between	 the	 carboxylic	 and	 the	guanidine	group.107-108	 	The	

proposed	 catalytic	 cycle	 for	 the	 α-selective	 decarboxylative	 hydroformylation	 of	 α,β-

unsaturated	carboxylic	acids	is	given	in	Figure	1-22.	
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Figure	1-22.	Proposed	mechanism	for	the	Rh-catalyzed	decarboxylative	hydroformylation	of	α,β-
unsaturated	carboxylic	acids	with	guanidine	functionalized	phosphine	ligands.	

Employing	[Rh(CO)2(acac)]/PPh3	as	a	catalyst	precursor	under	standard	hydroformylation	

conditions	the	formation	of	saturated	acid	3	but	no	formation	of	aldehyde	4	is	observed.	Hence	

the	C=C	double	 bond	 in	 oct-2-enoic	 acid	 is	 hydrogenated	 only.	However,	 application	 of	 the	

guanidine-substituted	 ligand	1	 (Figure	 1-22)	 leads	 to	a	selective	 transformation	of	oct-2-enoic	

acid	to	octanal	4	with	complete	conversion.	This	regio-	and	chemoselective	transformation	is	

mediated	by	the	guanidine	group	as	it	orients	and	activates	the	acid	by	hydrogen-binding.	The	

reaction	allowed	for	the	presence	of	other	C=C	double	bonds	which	were	not	affected	by	the	

hydrogenation	 as	 well	 as	 a	 variety	 of	 other	 functional	 groups.	 The	 absence	 of	 one	 of	 the	

complementary	 functionalities	 hampers	 the	 reaction	 supporting	 a	 hydrogen-bonding-

interaction	between	the	guanidine	and	carboxylic	group.	Furthermore,	addition	of	NEt3	lowers	

yields	 and	 selectivity	 by	 a	 considerable	 degree.	 The	 variation	 of	 substrate	 concentration	

revealed	Michaelis-Menten	kinetics	normally	observed	for	substrate-enzyme-complexes.		
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These	examples	show	that	secondary	 interaction	can	not	only	 improve	selectivity	and/or	

activity	 but	 can	 offer	 new	 reactivities	 unable	 to	 be	 be	 performed	 with	 non-functionalized	

ligands.	

Further	 similar	 guanidine-equipped	 phosphine	 ligands	 (Figure	 1-23)	 were	 successfully	

applied	 in	 selective	 Rhodium-catalyzed	 hydroformylation	 reactions	 and	 tandem	

hydroformylation-hydrogenation	by	the	same	group.109		

	

Figure	1-23.	Guanidine-substituted	phosphine	ligands	for	the	Rh-catalyzed	hydroformylation	of	β,γ-
unsaturated	acids	and	the	tandem	hydroformylation-hydrogenation	of	terminal	olefins.	

However,	only	 ligands	2a/b	 and	3	proved	 to	be	useful	 for	 the	 tandem	hydroformylation-

hydrogenation	and	only	2a	and	7	for	a	selective	and	active	hydroformylation	of	β,γ-unsaturated	

acids	 to	 the	 linear	 aldehydes.	 These	 results	 imply	 the	 importance	 of	 the	 positioning	 in	 the	

ligand-framework	 to	 allow	 for	 an	 optimal	 interaction	 with	 the	 substrate	 during	 the	

coordination	and	transition	state.	

In	 2009,	 Reek	 et	 al.	 introduced	 an	 urea	 function	 into	 a	 phosphine	 ligand	 for	 the	 Rh-

catalyzed	 enantioselective	 hydrogenation	 of	 2-hydroxymethylacrylate	 which	 yielded	 3-

hydroxy-2-methyl-propionate	 (Roche-ester)	 with	 the	 highest	 enantioselectivity	 reported	 in	
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literature	 to	 date	with	 >	 99%	 ee.110	 All	 comparative	 experiments	with	 complexes	 lacking	 the	

urea	 functionality	 lead	 to	 much	 lower	 selectivities.	 The	 chiral	 phosphoramidite	 and	 achiral	

aromatic	phosphine	ligands	studied	in	the	hetero-	and	homo-Rhodium-complexes	of	the	type	

[Rh-(cod)(L1)(L2)]BF4	are	illustrated	in	Figure	1-24.	

	

Figure	1-24.	Chiral	phosphoramidite	and	achiral	aromatic	phosphine	ligands	studied	in	the	asymmetric	
Rh-catalyzed	hydrogenation	of	selected	acrylates.	

Only	 heterocomplex	 [Rh-(cod)(1)(8)]BF4	 lead	 to	 the	 extraordinarily	 high	 enantiomeric	

purity	of	>	99%	ee.	According	to	DFT	calculations	and	IR-spectra,	the	complex	forms	a	single	

internal	hydrogen-bond	between	the	urea	group	of	phosphine	ligand	8	and	the	amine	group	of	

ligand	1	as	shown	in	A	 in	Figure	1-25	which	is	not	possible	for	the	other	 ligand	combinations	

studied.		
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Figure	1-25.	A:	Supramolecular	bidentate	Rh-complex	of	ligand	1	and	8	which	constitutes	according	to	
DFT	calculations	and	IR-spectra,	a	single	hydrogen	bond	between	the	NH	of	one	ligand	and	the	

carbonyl	group	of	the	other	ligand.	B:	Substrate	orientation	via	hydrogen-bonding	between	the	OH-
group	of	the	substrate	and	the	ester-carbonyl	group	of	the	ligand.	

The	 ester	moiety	 at	 the	 phosphoramidite	 is	 believed	 to	 form	 a	 hydrogen	 bond	with	 the	

hydroxy	group	in	the	substrate	(B	in	Figure	1-25).	This	assumption	is	supported	by	the	fact	that	

selectivity	is	lowered	to	88%	ee	with	ligand	9	lacking	the	ester	group	or	with	trimethylsilane-

protection	of	 the	OH-group	 in	 the	 substrate.	These	 results	 are	 also	 in	 accordance	with	DFT	

calculations.	

In	 2010,	 Bach	 et	 al.	 presented	 a	 chiral	 γ-lactam-substituted	 porphyrine-Ruthenium	

complex	 that	 enables	 the	 enantioselective	 epoxidation	 of	 3-vinylquinolone	 with	 a	

stoichiometric	oxidant	in	95%	ee	and	71	%	yield.	(Figure	1-26)	

	

Figure	1-26.	Enantioselective	epoxidation	of	3-vinylquinolone	with	a	lactam-substituted	Ru-porphyrin	
complex.	
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The	substrate	 is	activated	and	oriented	due	to	 two-point	hydrogen-bonding	between	the	

lactam	 unit	 of	 the	 substrate	 and	 the	 ligand	 which	 was	 confirmed	 by	 further	 experimental	

results.	 The	 stereocontrol	 is	 almost	 completely	 lost	 upon	 methylation	 of	 the	 NH	 in	 the	

substrate	(2b).	This	was	also	observed	for	methylation	of	the	NH	in	the	ligand	lactam	unit	(1b)	

since	 the	 two-point	 interaction	 is	 reduced	 to	 a	 one-point	 interaction.	 The	 activity	 and	

enantioselectivity	 were	 slightly	 dependent	 on	 the	 polarity	 of	 the	 solvent	 and	 the	 best	

performance	was	observed	in	apolar	solvents	such	as	benzene.	Furthermore,	the	epoxidation	of	

the	methylated	 substrate	 2b	 showed	 significant	 lower	 activity	which	 is	 a	 hint	 for	 additional	

substrate	 activation	 via	 hydrogen	 bonding.	 Interestingly,	 the	 substrate	 orientation	 via	

hydrogen-bonding	also	allows	 for	 regioselective	epoxidation	 in	 the	presence	of	another	vinyl	

bond	 in	 the	 vinylquinolone.	 Substrate	3	 in	Figure	 1-27	 is	 regioselectively	 epoxidized	 to	4a	 in	

91%	 and	 still	 shows	 an	 enantioselectivity	 of	 88%	 ee.	 The	 use	 of	 the	 Ru-porphyrin-complex	

devoid	of	the	lactam	unit	reduces	the	product	ratio	4a:4b	to	62:38.	

	

Figure	1-27.	Regioselective	epoxidation	of	vinylquinolones	with	a	lactam-substituted	Ru-porphyrine-
complex.	

The	 same	 lactam	 motif	 was	 introduced	 in	 the	 ligand	 of	 another	 supramolecular	 Rh-

complex	 for	 the	 enantioselective	 CH-amination	 of	 3-benzylquinolones.111	 Again,	 high	 stereo-

induction	 is	 observed	 as	 well	 as	 regiocontrol	 due	 to	 selective	 hydrogen-bonding	 between	

substrate	and	ligand	lactam	unit.	

Very	recently,	Jordan	et	al.	presented	the	introduction	of	hydrogen-bonding	motifs	via	

amide	groups	into	the	ligand	of	an	α-diimine	palladium	complex.112	The	secondary	amide	



Molecular	Recognition	in	Nature	and	Chemical	Catalysis	

	
32	

functionality	can	act	both	as	a	hydrogen	donor	or	acceptor	(Figure	1-28).	

	

Figure	1-28.	Amide-functionalized	α-diimine	palladium	complexes	and	their	donor	and	acceptor	
hydrogen-bonding	behavior.	The	iPr-substituent	at	the	6-position	of	the	funtionalized	N-aryl	is	omitted	

for	clarity.	

These	features	showed	to	be	influential	on	the	isomer	distributions	syn/anti	of	the	N-Aryl-

substituents	 and	 ligand	 coordination	 behavior	 of	 pyrrazole	 and	 acetic	 acid.	 Polymerizations	

are	not	described.	

In	 the	 same	 year,	 Bercaw	 and	 coworkers113	 described	 guanidine-functionalized	 Rhenium	

cyclopentadienyl	 carbonyl	 complexes	 for	 the	 activation	 of	 heterolytic	 H-H	 and	 O-H	 bond	

cleavage.	However,	addition	of	H2	to	complex	1	to	form	formyl-complex	2	as	shown	in	Figure	

1-29	was	not	observed.	

	

Figure	1-29.	Guanidine-functionalized	Rhenium	cyclopentadienyl	carbonyl	complexes	and	the	proposed	
involved	hydrogen-interaction	of	the	guanidine	nitrogen.	

Though	methanol	was	 activated	 to	 form	 the	 corresponding	methoxycarbonyl	 complex	3,	

there	 is	 no	 clear	 evidence	 that	 hydrogen-bonding	 between	 the	 guanidine	 nitrogen	 is	 truly	

present	and	has	effects	on	the	intramolecular	activation.		
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Although	the	beneficial	influence	of	the	secondary	interaction	principle	in	metal	catalysis	

has	 been	 impressively	 demonstrated	 for	 several	 systems,	 successful	 applications	 are	 still	

limited.	This	may	be	attributed	to	the	difficulty	in	predicting	the	influence	of	the	introduction	

of	functional	groups	on	established	and	new	catalytic	systems	as	was	discussed	in	more	detail	

by	 Crabtree	 et	 al.81	 The	 role	 of	 functional	 groups	 is	 rarely	 restricted	 to	 the	 simple	 oriented	

binding	 of	 the	 substrate	 and	 is	 hence	 not	 a	 simple	 sum	 of	 the	 interactions	 but	 a	 complex	

picture	of	 synergistic	 effects	 at	 several	points	of	 the	catalytic	 cycle,	 especially	 the	multipoint	

interaction	during	the	transition	state,	that	determines	the	failure	or	success	of	the	principle.			
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2 Scope	of	Thesis	

Polyolefins	 are	 one	 of	 the	 most	 important	 industrial	 polymer	 classes.	 However,	 the	

introduction	 of	 functional	 groups	 in	 a	 catalytic	 and	 therefore	 controllable	 manner	 such	 as	

insertion	polymerization	of	polar	vinyl	monomers	is	still	constricted	to	academic	research.	The	

reason	 can	 be	 ascribed	 to	 the	 fact	 that	 insertion	 polymerization	 of	 polar	 vinyl	 monomers,	

which	is	after	all	possible	today,	comes	along	with	certain	drawbacks.	

Phosphinesulfonato	Pd(II)	complexes	are	unique	in	their	ability	to	copolymerize	ethylene	

with	a	broad	range	of	polar	vinyl	monomers	to	highly	linear	polar	copolymers.	Unfortunately,	

the	incorporation	of	polar	vinyl	monomers	lowers	polymer	molecular	weights	drastically	since	

β-hydride	 elimination	 is	 strongly	 pronounced	 after	 the	 insertion	 of	 a	 polar	 vinyl	monomer.	

Therefore,	 the	 higher	 the	 polar	 monomer	 incorporation	 the	 lower	 the	 polymer	 molecular	

weights.	 Furthermore,	 activity	 is	 strongly	 decreased	 in	 the	 presence	 of	 most	 polar	 vinyl	

monomers	due	to	reversible	deactivation	by	coordination	of	the	functional	group	to	Pd.	

Accordingly,	 material	 properties	 and	 potential	 specific	 applications	 of	 the	 novel	

functionalized	polyethylenes	amenable	have	been	studied	little.	

In	 Chapter	 3,	 linear	 functional	 polyolefins	 obtained	 by	 insertion	 copolymerization	 of	

ethylene	 and	 functionalized	 vinyl	 monomers	 with	 etablished	 phosphinesulfonato	 Pd	 (II)	

catalyst	precursors	are	studied	for	the	impact	modification	of	polyamide	66.	For	that	purpose,	

the	 advantageous	 copolymerization	 properties	 of	 norbornene	 anhydride	 reported	 for	 these	

catalysts	 are	 utilized	 to	 obtain	 high	 molecular	 weight	 copolymers	 with	 a	 high	 degree	 of	

functionalization	 at	 reasonable	 polymerization	 activities.	 Furthermore,	 the	 anhydride	

functionality	allows	for	reactive	extrusion	with	the	polar	polyamide	matrix	which	is	otherwise	

immiscible	with	the	apolar	polyolefin.	The	anhydride	functionality	further	serves	as	a	starting	

point	 for	 postpolymerization	 approaches	 to	 introduce	 other	 functionalities	 such	 as	 ester	 or	

carboxylate	 groups	 into	 these	 high	 molecular	 weight	 copolymers	 at	 a	 high	 functionality	

content.	The	influence	of	different	ester	derivatives	is	tested	for	their	influence	on	the	impact	

strength	of	the	modified	polyamide	66.	

In	Chapter	4,	the	shortcomings	in	insertion	copolymerization	of	ethylene	and	polar	vinyl	

monomers	with	 phosphinesulfonato	 Pd	 (II)	 complexes	 are	 approached	 by	 the	 application	 of	

the	secondary	interaction	principle.	For	that	purpose,	functional	groups	are	introduced	at	the	

phosphine-aryl	 substituents	 which	 should	 enable	 hydrogen-bonding	 to	 the	 functional	
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monomers.	 On	 that	 account,	 modular	 amine-	 and	 hydroxy-functionalized	 complexes	 are	

synthesized	which	allow	for	the	introduction	of	a	variety	of	other	functional	groups	directly	on	

the	complex.	

Chapter	5	elucidates	 the	general	 reactivity	of	 fundamental	and	selected	polar	and	apolar	

vinyl	 monomers	 towards	 an	 etablished	 phosphinesulfonato	 Pd	 (II)	 complex	 in	 insertion	

copolymerization	with	ethylene.	While	the	influences	of	the	electronic	and	steric	properties	of	

the	chelate	ligand	on	the	polymerization	and	polymer	properties	have	been	studied	in	detail	in	

literature,	 a	 comprehensive	 picture	 on	 the	monomer’s	 influences	 has	 not	 been	 given	 so	 far.		

For	 that	 purpose,	 relative	 monomer	 reactivities	 are	 determined	 experimentally	 for	 a	 broad	

range	 of	 polar	 vinyl	monomers	 for	 ethylene	 copolymerization	 at	 comparable	 polymerization	

conditions.	A	general	approach	 for	 the	classification	of	vinyl	monomers	with	respect	 to	 their	

electronic	 and	 steric	 nature	 is	 discussed	 and	 applied	 based	 on	 reported	 quantitative	

descriptors.	Finally,	a	conclusive	picture	of	relative	monomer	reactivities	and	 insertion	mode	

preferences	with	regards	to	the	monomer’s	electronic	and	steric	properties	is	developed.	
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3 Impact	Modification	of	Polyamides		

3.1 Introduction		

Polyamides	 (or	 nylons)	 are	 mainly	 semicrystalline	 polymers	 characterized	 by	 amide	

functionalities	 implemented	 in	 the	 polymer	 backbone.	 A	 key	 feature	 of	 polyamides	 is	 the	

strong	 inter-	 and	 intramolecular	 hydrogen	 bonding	 between	 amide	 groups	 leading	 to	 high	

cohesive	energies	and	melting	points	as	high	as	269	°C.	The	presence	of	amide	groups	is	also	

responsible	 for	 the	 considerable	 water	 uptake	 of	 polyamides	 affecting	 properties	 such	 as	

toughness	and	dimensional	stability.	It	has	a	similar	effect	as	a	temperature	increase,	that	is,	an	

increase	 of	 segmental	 chain	 mobility.	 Therefore,	 mechanical	 testing	 of	 polyamides	 is	 often	

reported	with	 standardized	water	 content	 and	 storage	 conditions	 such	 as	 air	 humidity.	 The	

most	prominent	and	industrially	important	examples	are	the	aliphatic	polyamides	PA	6	and	PA	

6.6	which	account	in	EU	countries	for	92	%	of	all	polyamides	produced.75	PA	6	is	obtained	via	

ring	opening	polymerization	of	ε-caprolactam	while	PA	6.6	results	from	the	polycondensation	

of	adipic	acid	and	hexamethylene	diamine	as	illustrated	in	Figure	3-1.		

	

Figure	3-1.	Preparation	of	polyamides	PA	6	and	PA	6.6	via	ring	opening	polymerization	of	ε-caprolactam	
and	polycondensation	of	adipic	acid	and	hexamethylene	diamine,	respectively.	

Polyamides	 are	 resistant	 towards	 chemicals	 such	 as	 hydrocarbons,	 lubricants	 and	 oils.	

Furthermore,	 the	mechanical	 properties	 of	 polyamides	 like	 toughness,	 fatigue-	 and	 abrasion	

resistance	 as	 well	 as	 stability	 at	 high	 temperatures	 make	 them	 attractive	 for	 high-end	

applications	 in	 e.g.	 the	 automobile	 industry.	 Especially	 PA	 6.6	 is	well	 suited	 for	 automotive	
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applications	as	it	has	a	high	melting	point	of	269	°C,	a	good	strength	and	creep	resistance	and	

excellent	barrier	properties	towards	gases.114	

However,	 polyamides	 are	 rarely	 used	 in	 a	 pure	 form	 but	 more	 often	 in	 reinforced	

compositions.	 And	 although	 reactive	 blending	 of	 polyamides	 and	 maleic	 anhydride	 grafted	

polyolefins	were	already	 studied	earlier	 in	 the	 1970s115	only	 the	 finding	of	Du	Pont	 in	 1975	of	

suitable	impact	modifiers,	a	maleinated	EPDM	(Zytel-ST),	for	the	increase	of	toughness	at	low	

temperatures	etablished	the	broader	application	of	nylons.116		

Since	then	 intensive	 investigations	on	polyamide/polyolefin	blends	(PA/PO)	 followed	for	

they	show	increased	 impact	strength,	reduced	water	absorption	and	improved	processability.	

Since	 PA	 6	 and	 PA	 6.6	 are	 the	 most	 produced	 PAs,	 blend	 development	 has	 been	 mostly	

focused	on	them.75	

In	fact,	blends	of	unfunctionalized	polyolefins	such	as	PE	or	PP,	where	only	Van-der-Waals	

forces	are	present,	and	polyamides,	where	hydrogen-bonds	are	dominating,	are	immiscible	due	

to	their	high	differences	in	cohesive	energy	leading	to	a	high	surface	tension	and	low	adhesion	

between	 the	 phases.	 Therefore,	 the	 properties	 of	 PA/PO	blends	 and	 hence	 their	 application	

properties	 are	 strongly	 dependent	 on	 the	 phase	 morphology	 and	 their	 stabilization.	

Compatibilization	is	the	key	feature	for	creating	valuable	materials	from	PA/PO	blends	by	the	

means	of	either	blending	techniques	or	the	addition	of	compatibilizers	(Figure	3-2).	The	aims	

of	 compatibilization	are	a	high	degree	of	dispersion	of	 the	phases,	 improved	phase	adhesion	

between	the	phases	and	a	resistance	towards	coalescence	of	the	phases	during	both	processing	

and	application.	

	

Figure	3-2.	Overview	on	compatibilization	of	polyamide	blends	in	general	and	by	the	means	of	reactive	
blending.75	
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Despite	the	fact,	that	blending	of	polyamides	and	polyolefins	is	challenging	with	regards	to	

optimization	of	the	blending	process	itself	and	the	resulting	blend	structure	and	properties,	it	

is	worth	the	effort	as	it	leads	to	unique	property	combinations	at	optimum	cost	benefit	ratios.		

Reactive	melt	blending	of	polyamides	with	polyolefin	copolymers	that	contain	functional	

and	reactive	groups	is	commercially	attractive.	The	interfacial	chemical	reaction	of	e.g.	amine	

end	groups	 in	polyamides	with	maleic	anyhdride	 functionalized	polyolefins	 leads	 to	covalent	

intermolecular	imide	bonds	between	polyolefin	and	polyamide	and	hence	forces	the	mixing	of	

the	phases	on	a	microscale.	The	properties	of	these	in	situ	compatibilized	materials	by	reactive	

processing	 are	 strongly	dependent	on	 the	nature	of	 the	 interaction	 and/or	 reaction	between	

the	phases	and	the	processing	parameters.	As	the	reaction	occurs	indeed	where	it	is	required,	

at	 the	 interface	of	 the	phases,	 it	must	be	 fast,	 selective	and	quantitative	as	compatibilization	

should	be	accomplished	in	a	short	period	of	blending	in	continuous	processing	(often	within	a	

few	minutes).	 This	 is	why	 anhydride	 functionalized	 polyolefins	 are	 so	 attractive	 for	 reactive	

compatibilization	 of	 polyamides.75-76	 Several	 studies	 imply	 that	 imide	 formation	 not	 only	

results	 from	 the	 reaction	 of	 the	 anhydrides	 with	 the	 amine	 end	 groups	 in	 polyamides,	 but	

moreover	a	hydrolysis	of	amide	bonds	by	residual	water	at	elevated	temperature	during	melt	

processing	occurs,	leading	to	chain	scission	and	an	increase	in	the	amine	concentration	(Figure	

3-3).76	
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Figure	3-3.	Chain	scission	and	amine	formation	in	polyamides	by	the	reaction	of	residual	water	with	the	
polyamide	bonds	during	the	reactive	melt	blending	process	at	elevated	temperatures.76		

Functional	polyolefin	modifiers	for	polyamides	are	produced	on	an	industrial	scale	by	free	

radical	copolymerization	and	grafting	and	hence	require	high	temperatures	and	gas	pressures	

and	 are	 therefore	 energy-consuming	 and	 lack	microstructure	 control.	 However,	 the	 desired	

direct	catalytic	insertion	copolymerization	of	ethylene	with	functional	vinyl	monomers	such	as	

acrylic	acid44,	acrylates11	and	maleic	anhydride43	at	lower	temperatures	and	ethylene	pressures	

is	limited	to	low	molecular	weight	polymers	with	low	polar	monomer	incorporations	and	low	

polymerization	activities	and	is	therefore	rather	unattractive	for	commercial	applications.	
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An	 interesting	 exception	 poses	 the	 bycyclic	 olefin	 norbornene	 anhydride	 as	 it	 leads	 to	

higher	molecular	weights,	moderate	 to	high	 incorporations	and	higher	 activities	 in	 insertion	

copolymerization	with	ethylene	compared	to	other	polar	olefins.	Norbornene	anhydride	hence	

allows	 for	 the	 introduction	 of	 reactive	 anhydride	 functionalities	 into	 the	 polyethylene	

backbone	on	a	larger	scale.43	Furthermore,	the	anhydride	functionality	offers	a	broad	range	of	

postpolymerization	 functionalization	 in	order	 to	 introduce	other	 functional	moeities	 such	as	

ester	or	carboxylate	groups.	

	On	that	account,	new	anhydride-functionalized	polyethylenes	were	synthesized	by	means	

of	 coordination	 insertion	 polymerization	 with	 established	 phosphinesulfonato	 Pd(II)	

complexes.	 These	 highly	 linear	 functional	 polyethylenes	were	 successfully	 applied	 as	 impact	

modifiers	in	polyamide	6.6.		

3.2 Results	and	Discussion	

3.2.1 Preliminary	Tests	for	the	Optimization	of	Polymerization	Conditions	

Towards	 the	 aim	 of	 impact	 modification	 of	 PA	 6.6	 reaction	 conditions	 of	 insertion	

copolymerization	 of	 polar	 vinyl	 monomers	 and	 ethylene	 were	 optimized	 with	 respect	 to	

productivity,	 monomer	 incorporation	 and	 polymer	 microstructure	 with	 1-dmso	 as	 catalyst	

precursor	 (Figure	3-4).	The	prototypical	dianisyl-phosphinesulfonate	 ligand	motif	 introduced	

by	 Drent	 et	 al.11,	 despite	 elaborate	 studies	 of	 advanced	 catalysts,	 remains	 a	 workhorse	

combining	 reasonable	 comonomer	 incorporations,	 polymer	 molecular	 weights	 and	

productivity,	 and	 is	 readily	 available	 by	 well	 etablished	 synthetic	 routes.	 Furthermore,	 the	

labile	ligand	dmso	leads	to	the	most	active	form	at	still	convenient	synthetic	procedures.62	

	

Figure	3-4.	Catalyst	precursor	1-dmso	used	for	the	synthesis	of	functional	polyolefins	by	insertion	
copolymerization	of	polar	vinyl	monomers	with	ethylene	for	the	impact	modification	of	polyamide	6.6.	

In	 first	 copolymerization	 experiments	 with	 ethylene	 and	 acrylic	 acid	 as	 a	 polar	 vinyl	

comonomer,	 temperature	was	varied	at	otherwise	constant	polymerization	conditions	 (Table	

3-1).	As	a	note,	all	polymer	molecular	weights	discussed	 in	the	 following	are	number-average	

molecular	weights	Mn	and	are	simply	noted	as	polymer	molecular	weights	for	simplification.	



Impact	Modification	of	Polyamides	

	
41	

Table	3-1.	Temperature	dependence	of	ethylene	(E)	acrylic	acid	(AA)	copolymerizations.	

Entry	 Temp	
/°C	 Yield	/g	 AA	incorp.	

/mol	%a	
TON	
(E/AA)	

Mn
a	

(NMR)		
·103/	

g	mol-1	

χcryst	
/%b	

Tm,max.	

/°Cb	

1	 55	 0.25	 2.9	 415/12	 13.8	 49	 118	

2	 70	 0.98	 3.8	 1593/61	 11.8	 44	 113	

3	 95	 0.94	 3.9	 1528/63	 5.9	 44	 109	

4	 95	 0.67	 -	 1089/45	 -	 42	 107	

Polymerization	 conditions:	 100	 mL	 total	 volume	 in	 toluene,	 20	 μmol	 of	 1-dmso , 	
Polymerization	 time:	 2h,	 ethylene	 pressure:	 8	 bar.	 Acrylic	 acid	 concentration:	 0.3	 M.	 a	
determined	 by	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C.	 b	 determined	 by	 DSC	
(heating/cooling	 rate:	 10	 K	 min-1) 	 c	 portionwise	 addition	 of	 20	 μmol	 1-dmso 	 in	 1.0	 mL	
CH2Cl2.	0.25	mL	catalyst	precursor	was	added	every	30	min	for	2h.	

An	increase	of	 temperature	 from	55	°C	to	95	°C	 leads	to	a	 lowering	of	molecular	weights	

from	13	800	g	mol-1	 to	5900	g	mol-1	 as	 the	 tendency	 for	β-hydride	elimination	 is	 increased	at	

higher	temperatures	(Entry	1,	2	and	3).	Furthermore,	the	overall	incorporation	of	acrylic	acid	is	

increased	from	2.9	mol	%	to	3.8	mol	%	by	an	increase	of	the	temperature	from	55	°C	to	70	°C.	

However,	the	acrylic	acid	incorporation	is	not	further	 increased	upon	a	temperature	increase	

from	70	°C	to	95	°C.		

Interestingly,	 the	 yield	 or	 TON	 for	 the	 polymerization	 time	 of	 one	 hour	 is	 increased	 by	

almost	 four-fold	when	changing	the	temperature	from	55	°C	to	70	°C	but	no	additional	TON	

increase	 is	 observed	 when	 the	 temperature	 is	 further	 increased	 to	 95	 °C.	 These	 results	

implicate	that	at	95	°C	bimolecular	deactivation	of	the	catalyst	is	already	that	pronounced	that	

it	prevails	the	activity	increase	by	temperature	increase.		

Since	the	deactivation	of	the	catalyst	is	bimolecular,	lower	catalyst	concentrations	should	

decrease	 deactivation.	 Hence,	 for	 the	 experiment	 in	 Entry	 4	 catalyst	 precursor	 1-dmso	was	

added	batch-wise	 every	 30	min	 over	 the	 course	 of	 the	 polymerization.	 For	 this	 purpose,	 the	

reactor	was	depressurized,	 catalyst	precursor	was	 addded	and	 the	 reactor	was	 repressurized.	

However,	the	yield	of	0.67	g	is	even	lower	than	for	complete	addition	of	catalyst	precursor	at	

the	beginning	of	 the	polymerization	with	a	yield	of	0.94	g	as	 shown	 in	Entry	3.	This	process	

could	 be	 optimized	 by	 the	 application	 of	 a	 continuous	 addition	 of	 the	 catalyst	 via	 a	 pump.	

However,	 in	 these	 cases,	 ethylene	 pressure	 is	 restricted	 to	 rather	 low	 values	 and	 limits	 its	

application.	



Results	and	Discussion	

	
42	

On	that	account,	70	°C	and	97	°C	were	chosen	as	polymerization	temperatures	for	further	

investigations	as	they	showed	highest	incoporations	and	yields	at	moderate	molecular	weights.	

Catalyst	precursor	was	always	added	completely	at	the	beginning	of	the	polymerization.		

In	Table	3-2	the	influence	of	the	overall	monomer	concentration	on	the	polymerization	is	

studied.		

Table	3-2.	Optimization	of	productivity	for	the	copolymerization	of	ethylene	(e)	and	acrylic	acid	(aa)	
with	1-dmso	as	catalyst	precursor	at	different	temperatures	and	varying	monomer	concentrations	but	

constant	monomer	concentration	ratios	[aa]/[e].	

Entry	 p(E)	
/bar	

Temp.	
/°C	

Yield	
/g	

AA	
conc.	

/mol	L-1	

AA	incorp.a	
/mol%	

TON	
(E)	

Mn
a	

(NMR)
/g	mol-1	

χcryst	
/%b	

Tm,max.	

/°Cb	

1	 8	 70	 0.48	 0.3	 3.9	 850	 7500	 45	 112	

2	
	 8	 97	 0.18	 0.3	 4.8	 330	 6000	 46	 107	

3	 20	 70	 0.87	 0.75	 3.5	 1560	 8600	 58	 113	

4	 20	 97	 0.92	 0.75	 4.3	 1640	 4900	 54	 108	

5	 40	 70	 1.2	 1.5	 3.4	 2130	 7500	 58	 113	

6	 40	 97	 1.3	 1.5	 4.1	 2400	 5000	 56	 108	

Polymerization	 conditions:	 100	 mL	 total	 volume	 in	 toluene,	 20	 μmol	 of	 1-dmso,	
Polymerization	 time:	 1h.	 a	 determined	 by	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C.	 b 	

determined	by	DSC	(heating/cooling	rate:	10	K	min-1)	

The	 concentration	 of	 ethylene	 and	 acrylic	 acid	 was	 increased	 with	 a	 constant	 [AA]/[E]	

concentration	 ratio.	 A	 linear	 correlation	 between	 ethylene	 saturation	 concentration	 [E]	 in	

toluene	and	the	applied	pressure	was	assumed.	This	is	a	good	approximation	for	pressures	up	

to	 20	 bar	 as	 concluded	 from	 solubility	 data	 of	 ethylene	 in	 toluene	 at	 95	 °C	 obtained	 by	 a	

gravimetric	 method	 (See	 Figure	 9-50).	 Deviations	 may	 be	 expected	 for	 40	 bars,	 however,	 a	

linear	approximation	in	this	case	should	be	reasonable	for	concluding	trends	at	least.	

	An	increase	of	ethylene	pressure	from	8	bar	to	20	bar	and	acrylic	acid	concentration	from	

0.3	 mol	 L-1	 to	 0.75	 mol	 L-1	 increases	 the	 TON	 significantly	 for	 both	 70	 °C	 and	 97	 °C.	 This	

indicates	that	the	monomer	insertion	into	the	Pd-alkyl	species	is	not	the	activity	limiting	step	

under	 these	 conditions	 but	 rather	 the	 competing	 coordination	 of	 olefin	 vs	 chelate.	 As	

expected,	 the	 polymer	 molecular	 weights	 and	 acrylic	 acid	 incorporations	 are	 only	 slightly	

affected	by	the	increase	of	the	overall	monomer	concentration	at	constant	concentration	ratios	

as	 the	 relative	 monomer	 reactivity	 and	 β-hydride	 elimination	 tendency	 is	 not	 influenced.	

However,	 it	 should	 be	 kept	 in	mind	 that	 the	 latter	 assumption	does	 only	 apply	 if	β-hydride	

elimination	does	not	occur	from	chelates	or	other	‘dormant-states’.	
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Since	 the	 polymerization	 results	 from	 Table	 3-1	 imply	 a	 less	 pronounced	 bimolecular	

deactiviation	for	 the	catalyst	at	70	°C	than	at	97	°C,	 long-time	copolymerization	experiments	

were	 carried	 out	 with	 periodic	 sampling	 at	 70	 °C	 to	 confirm	 these	 assumptions.	 Previous	

reports	state	a	catalyst	lifetime	of	about	one	hour	for	1-dmso	at	97	°C	in	toluene	with	>	5	bar	

ethylene	pressure	where	an	increase	of	the	polymerization	time	doesn’t	 lead	to	an	additional	

increase	 in	 productivity.	 Intriguingly,	 1-dmso	 shows	 significant	 activity	 over	 the	 course	 of	

about	 5-hour	 polymerization	 time	 at	 70	 °C	 for	 an	 acrylic	 acid	 ethylene	 copolymerization	

(Figure	3-5).		

	

Figure	3-5.	Decrease	in	polymerization	activity,	i.e.	conversion	of	ethylene,	over	time	during	the	
copolymerization	of	acrylic	acid	(0.3	mol	L-1)	and	ethylene	(8	bar)	in	toluene	at	70°C	with	1-dmso	(40	

μmol)	as	catalyst	precursor.	An	acrylic	acid	content	of	3.4	mol%	is	constant	during	the	polymerization	of	
5	h.	

Furthermore,	at	acrylic	acid	concentrations	of	0.3	mol	L-1	 the	 incorporation	of	3.4	mol	%	

was	constant	over	 the	entire	course	of	 the	experiment.	The	copolymer	yield	under	otherwise	

identical	conditions	was	3.8	g	at	70	°C	over	6	h	and	0.94	g	at	97	°C	for	2	h.	For	that	reason,	70	

°C	 was	 chosen	 as	 optimum	 polymerization	 temperature	 regarding	 reasonable	 comonomer	

incorporations,	 polymer	molecular	weights	 and	highest	 productivity	 at	 still	 feasible	 reaction	

times	of	5	hours	due	to	prolonged	catalyst	lifetimes	at	lower	temperature.		

3.2.2 Synthesis	of	Anhydride-Functionalized	Polyethylenes		

Reactive	blending	of	immiscible	polyamide	and	polyolefin	compounds	is	often	achieved	by	

the	reaction	of	anhydrides	in	the	polyolefin	with	amine	functionalities	in	the	polyamide.	The	

anhydride	 functionality	 is	 often	 introduced	 by	 grafting	 of	 maleic	 anhydride	 onto	 the	

polyethylene	chain.		

For	the	introduction	of	anhydride	functionalities	into	the	polyethylene	chain	via	insertion	

polymerization,	three	vinylic	anhydrides	(Figure	3-6)	already	known	to	be	reactive	in	insertion	
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copolymerization,	 namely	 maleic	 anhydride,	 norbornene	 anhydride	 and	 allyl	 succinyl	

anhydride,	were	tested	(Figure	3-6,	Table	3-3).	Furthermore,	acrylic	acid	and	n-butyl	acrylate	

were	 introduced	 as	 well	 as	 they	 often	 serve	 to	 further	 improve	 the	 adhesion	 between	 the	

phases	and	the	processability	of	the	compound.75		

	

Figure	3-6.	Vinylic	anhydrides	tested	for	the	insertion	copolymerization	with	ethylene	for	the	
introduction	of	anhydride	functionalities	into	the	polyethylene	backbone.	

Table	3-3.	Polymerization	of	ethylene	and	vinyl	anhydrides	in	toluene	at	70	°.		

Entry	 b(E)/
bar	

[AA]/		
mol	L-1	

[CM]/	
mol	L-1	

[nBuA]/
mol	L-1	

AAa		
incorp.	
/mol	%	

nBuAa	
incorp.	
/mol	%	

CMa	
incorp.	
/mol	%	

Yield	
/g	

Mn	
d	

·103/g	
mol-1	

1b,e	 32	 -	
0.75	

(MAA)	
-	 -	 -	 0.15	 0.93	 5.4	

2b,f	 8	 0.30	 0.15	
(MAA)	 -	 3.1	 -	 <	0.1	 0.11	 11.5	

3a	 8	 0.30	 0.30	
(MAA)	 0.30	 3.2	 1.8	 <	0.1	 0.11	 12.4	

4b	 8	 0.30	 -	 0.30	 3.5	 2.3	 -	 0.36	 12.1	

5b	 8	 0.3	 0.15	
	(NA)	 -	 3.9	 -	 2.4	 0.18	 13.9	

6b,g	 8	 0.30	 0.15	
(AlSA)	 -	 3.3	 -	 0.3	 0.17	 13.6	

7c	 20	 -	 -	 -	 -	 -	 -	 16.1	 20.2	

8a	 8	 0.75	 0.75	
(iBuA)	 0.75	 1.7	 1.2	 1.1	

(iBuA)	 1.42	 6.5	

Polymerization	conditions:	 100	ml	total	volume	in	toluene,	70	°C,	20	μmol	of	1-dmso . 	
Polymerization	 time:	 a 	 5	 h	 b	 1	 h.	 c	 2.5	 h	 ddetermined	 by	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	
at	 130°C.	 n.d.	 –	 not	 determinable	 (no	 reasonable	 integration)	 e	 polymer	 precipitated	 in	
dry	 dioxane	 f 	 work	 up	 by	 precipitation	 in	 methanol	 g	 polymer	 solution	 in	 toluene	
evaporated	 and	 residue	 washed	 with	 diethyl	 ether.	 Abbreviations:	 comonomer	 (CM),	
maleic	 anhydride	 (MAA),	 acrylic	 acid	 (AA),	 allyl	 succinyl	 anhydride	 (AlSA),	 iso-butyl	
acrylate	( iBuA)	and	norbornene	anhydride	(NA).	

In	 Entry	 1	 to	 3,	 maleic	 anhydride	 is	 copolymerized	 with	 either	 ethylene,	 ethylene	 and	

acrylic	 acid	 or	 ethylene,	 acrylic	 acid	 and	 n-butyl	 acrylate.	 In	 all	 cases,	 the	 incorporation	 of	

maleic	 anhydride	 is	 extremely	 low	 with	 respect	 to	 the	 concentration	 of	 the	 monomer	 in	

solution.	At	32	bar	ethylene	presssure	and	0.75	mol	L-1	maleic	anhydride,	the	incorporation	of	
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maleic	 anhydride	 is	 as	 low	 as	 0.15	 mol	 %	 (Entry	 1).	 Furthermore,	 the	 yield	 and	 polymer	

molecular	weight	is	extremely	decreased	in	the	presence	of	maleic	anhydride	compared	to	the	

homopolymerization	 of	 ethylene	 at	 only	 20	 bar	 ethylene	 pressure	 in	 Entry	 7.	 At	 equal	

concentrations	of	 0.3	mol	L-1	 for	maleic	 anhydride,	 acrylic	 acid	 and	n-butyl	 acrylate	 at	 8	bar	

ethylene	 pressure,	 the	 incorporation	 ratios	 of	 3.2:	 1.8:	 0.1	 again	 illustrate	 the	 extremely	 low	

reactivity	of	maleic	anhydride	especially	compared	to	other	polar	vinyl	monomers.		

A	 direct	 comparison	 of	maleic	 anhydride	 with	 norbornene	 anhydride	 and	 allyl	 succinyl	

anhydride	 is	 given	 in	Entry	 2,	 5	 and	6.	 In	 all	 three	polymerizations	 the	 concentration	of	 the	

vinylic	 anhydride	 is	 0.15	 mol	 L-1,	 the	 concentration	 of	 acrylic	 acid	 0.3	 mol	 L-1	 and	 ethylene	

pressure	 is	 held	 at	 8	 bar.	 The	 yield	 is	 strongly	 lowered	 in	 all	 cases.	 However,	 only	 for	

norbornene	 anhydride	 incorporation	 is	 considerable	 with	 2.4	 mol	 %	 along	 with	 a	 still	

acceptable	polymer	molecular	weight	of	13	900	g	mol-1.		

In	another	attempt	to	introduce	anhydride	functionalities	into	the	polyethylene	backbone,	

i-butyl	 acrylate	 was	 copolymerized	 with	 ethylene,	 n-butyl	 acrylate	 and	 acrylic	 acid.	 i-butyl	

substituents	offer	the	possibility	for	radical	formation	and	grafting	with	maleic	anhydride	in	a	

postpolymerization	 reaction	 as	 illustrated	 in	 Figure	 3-7,	 since	 polyethylenes	 obtained	 by	

phosphinesulfonato	 Pd	 (II)	 complexes	 lack	 any	 branching	 except	 for	 a	 very	 low	 degree	 of	

methyl	branches	observed	at	low	ethylene	pressures.	

	

Figure	3-7.	Possible	postpolymerization	functionalization	of	iso-butyl	acrylate-containing	polyethylenes	
by	radical	grafting	with	maleic	anhydride.	

However,	 i-butyl	 acrylate	 shares	 a	 similar	 reactivity	 with	 n-butyl	 acrylate	 and	 hence	

considerably	 lowers	 polymer	molecular	weights	 upon	 incorporation	 and	 yields	 at	 increasing	

concentrations	and	represents	no	feasible	option	for	anhydride	introduction	(Entry	8).	

Another	 important	 aspect	 of	 the	 introduction	 of	 anhydride	 functionalities	 into	

polyethylene	 concerns	 the	 anhydride	 stability	 during	 work	 up.	 The	 general	 synthetic	

procedure	 includes	methanol	 precipitation	 of	 the	 hot	 polymerization	mixture	 as	 ligand	 and	

monomer	 residues	 and	 side	 products	 can	 be	 easily	 removed.	 In	 the	 case	 of	 allyl	 succinyl	



Results	and	Discussion	

	
46	

anhydride	and	maleic	anhydride	almost	complete	opening	of	the	anhydrides	to	the	methanol-

halfester	(Figure	3-8)	was	observed	by	ATIR	spectroscopy	(Figure	3-9).		

	

Figure	3-8.	Opening	of	the	anhydride	functionality	by	reaction	with	methanol	under	acidic	conditions.	

	

Figure	3-9.		ATIR	spectra	of	the	terpolymers	of	acrylic	acid,	ethylene	and	vinylic	anhydrides	after	work	
up	in	methanol	with	unreacted	acrylic	acid	present.	Assignments	are	based	on	literature.117	

In	the	case	of	norbornene	anhydride	the	anhydride	was	only	partially	opened	by	methanol.	

It	 should	 be	 kept	 in	mind,	 that	 in	 some	 cases	 where	 acrylic	 acid	 is	 present,	 the	 anhydride	

opening	 by	 methanol	 as	 nucleophile	 is	 much	 faster	 due	 to	 acid	 catalysis.	 In	 norbornene	

anhydride	ethylene	copolymers	without	acid,	however,	 the	anhydride	stays	completely	 intact	

over	 the	work	up	procedure	which	was	not	 the	 case	 for	 allyl	 succinyl	 and	maleic	 anhydride.	

The	latter	anhydrides	were	also	opened	by	methanol	without	any	additional	acid.	A	change	of	

the	 precipitation	 solvent	 to	 dioxane	made	 it	 possible	 to	 obtain	 a	maleic	 anhydride	 ethylene	

copolymer	with	intact	anhydride	functionalities	along	with	a	purification	of	the	polymer	from	

starting	 material	 and	 catalyst	 residues.	 However,	 as	 dioxane	 is	 very	 expensive	 the	 work	 up	

route	 is	 not	 feasible	 on	 a	 larger	 scale	 especially	 along	 with	 the	 low	 reactivity	 of	 maleic	

anhydride.		
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In	general,	the	opening	of	the	anhydride	by	nucleophiles	such	as	water	or	methanol	does	

not	 necessarily	 lead	 to	 a	 PA	 impact	 modifier	 unable	 to	 link	 to	 the	 polyamide	 via	 imide	

formation.	The	compounding	of	the	polyamide	and	the	polyolefin	is	performed	in	the	melt	at	

temperatures	higher	 than	260	 °C.	Under	 these	 conditions,	 the	open	anhydride	 can	be	 either	

closed	 again	 to	 the	 anhydride	 or	 form	 the	 imide	 directly	 from	 the	 open	 form.	 However,	

reactivity	and	processability	of	 the	modifier	 is	changed	 in	 these	cases	and	 to	gain	systematic	

insight,	the	intact	anhydride	functionality	is	preferred.	Since	norbornene	anhydride	proved	to	

be	 advantageous	 to	 maleic	 and	 allyl	 succinyl	 anhydride	 in	 ethylene	 copolymerization,	 the	

latter	were	not	studied	further.	

3.2.3 Analysis	of	Anhydride-Functionalized	Polyethylenes	

The	 analysis	 of	 anhydride-functionalized	 polyethylenes	 proved	 to	 be	 challenging	 with	

respect	to	the	exact	determination	of	open	and	closed	ahydride	functionalities	in	the	polymer.	

Anhydride-functionalized	 polyethylenes	 can	 be	 analyzed	 by	NMR-spectroscopy	 only	 at	 high	

temperatures	due	to	solubility	issues.	However,	under	these	conditions,	the	open	form	of	the	

anydrides,	diacid	or	half	ester,	can	reclose	to	the	anhydride	by	elimination	of	water	or	alcohol,	

respectively.	Since	ATIR	spectra	of	the	polymers	directly	after	work	up	and	their	corresponding	

NMR	 spectra	 were	 often	 not	 in	 accordance,	 ATIR	 spectra	 were	 recorded	 after	 NMR	

measurements.	The	spectra	(Figure	3-10)	confirm	the	reversibility	of	the	anhydride	formation	

under	NMR	spectroscopic	conditions.	
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Figure	3-10.	Formation	of	the	anhydride	from	the	diacid	under	NMR	conditions	in	C2D2Cl4
		at	130	°C.	The	

ATIR	spectra	before	and	after	NMR	measurements	clearly	show	a	strong	increase	of	the	symmetrical	and	
asymmetrical	C=O-stretching	vibration	bands	at	1860	cm-1	and	1782	cm-1	wavenumbers.	These	vibration	

bands	are	characteristic	for	the	C=O-groups	in	5-membered	anhydrides.117	

The	ATIR	spectra	before	and	after	NMR	measurements	clearly	show	a	strong	 increase	of	

the	symmetrical	and	asymmetrical	C=O-stretching	vibration	bands	of	the	C=O-groups	in	the	5-

membered	anhydride	at	1860	cm-1	and	1782	cm-1	wavenumbers	while	the	broad	C=O-stretching	

vibration	 for	 the	 carboxylic	 groups	 at	 1704	 cm-1	 dominates	 the	 ATIR	 spectrum	 before	 NMR	

measurements.		

These	results,	though,	pose	a	problem	for	the	determination	of	exact	ratios	of	open	versus	

closed	 anhydride	 forms.	 Hence,	 NMR	 spectra	 only	 provide	 an	 information	 on	 the	 overall	

norbornene	 anhydride	 incorporation	 and	 a	 lower	 limit	 on	 the	 share	 of	 open	 forms	 present.		

ATIR	 spectra	 recorded	 prior	 to	 NMR	 spectroscopic	measurements	 are	 necessary	 for	 a	more	

complete	 picture.	 Nevertheless,	 ATIR	 spectra	 can	 not	 be	 used	 for	 the	 exact	 quantification	

either	 as	 the	 intensity	 of	 the	 bands	 is	 also	 dependent	 on	 the	 probability	 of	 the	 transition	

associated	with	the	vibrational	band.	For	that	reason,	in	the	case	of	incomplete	opening	of	the	

anhydrides	 only	 a	 rough	 estimation	 of	 the	 ratios	 of	 open	 versus	 closed	 anhydride	 forms	 is	

given	 to	 distinguish	 them	 from	 complete	 open	 or	 closed	 forms.	 In	 the	 case	 of	 complete	

anhydride	opening	(or	only	the	closed	form	being	present),	as	observed	by	ATIR	spectra,	the	

incorporation	 is	 given	 by	 1H	 NMR	 spectra	 by	 determination	 of	 the	 overall	 norbornene	

anhydride	incorporation.		
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3.2.4 Norbornene	Anhydride-Functionalized	Polyethylenes		

In	 the	 following,	 norbornene	 anhydride	 was	 tested	 for	 its	 influence	 on	 the	 polymer	

microstructure	 and	 polymerization	 activity	 with	 1-dmso	 as	 catalyst	 precursor.	 For	 this	

purpose,	 the	 influence	 of	 varying	 norbornene	 anhydride	 concentrations	 on	 the	

terpolymerization	with	ethylene	and	acrylic	acid	was	studied	at	a	constant	ethylene	pressure	of	

8	bar	and	a	constant	acrylic	acid	concentration	of	0.3	mol	L-1	at	70	°C	in	toluene	(Table	3-4).	

Table	3-4.	Terpolymerizations	of	ethylene	with	acrylic	acid	(0.3	mol	L-1)	and	varying	norbornenen	
anhydride	concentrations.	

Entry	 [NA]/	
mol	L-1	

Yield	
/g	

AA	incorp.	
/mol	%c	

NA	incorp.	

/mol	%c	

Mn
c	

·103/g	mol-1	
(NMR)	

χcryst	
/%d	

Tm,max.	

/°Cd	

1	 0.15	 0.18	 3.9	 2.4	 13.9	 32	 99	

2	 0.30	 0.22	 4.8	 5	 14.9	 21	 90	

3	 0.60	 0.52	 2.5	 7.2	 <	42.2	 11	 82	

4	 1.00e	 0.59	 2.2	 9.0	 42.2	 5	 76	
Polymerization	conditions:	 100	ml	 total	volume	 in	 toluene,	70	 °C,	20	μmol	of	 1-dmso.	

Polymerization	 time:	 1	 h	 c	 determined	 with	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C.	 d 	

determined	by	DSC	(heating/cooling	rate:	 10	K	min-1)	 e	above	saturation	concentration	at	
room	 temperature	 –	 solution	 is	 canula	 transferred	 to	 the	 reactor	 at	 already	 elevated	
temperatures	

As	expected,	with	 increasing	norbornene	anhydride	concentration	from	0.15	ol	L-1	 to	 1.00	

mol	L-1	the	norbornene	anhydride	incorporation	increases	from	2.4	mol	%	to	9.0	mol	%	along	

with	a	decrease	in	acrylic	acid	content	from	3.9	to	2.2	mol	%.	Interestingly,	yields	and	polymer	

molecular	weights	increase	considerably	with	increasing	norbornene	anhydride	concentration	

and	incorporation	from	0.18	g	to	0.59	g	and	13900	g	mol-1	 to	42	200	g	mol-1,	respectively.	The	

higher	 polymer	molecular	 weights	 can	 be	 explained	 by	 the	 fact	 that	 ethylene	 is	 even	more	

prone	to	β-hydride	elimination	and	subsequent	chain	transfer	than	norbornene	anhydride	as	

was	 already	 observed	 for	 norbornene.48	 The	 higher	 yields	 for	 higher	 norbornene	 anhydride	

concentrations	may	be	ascribed	to	the	energetically	more	favorable	and	hence	faster	insertion	

of	 norbornene	 into	 the	 Pd-alkyl	 compared	 to	 acrylic	 acid.	 Furthermore,	 the	 insertion	 of	

ethylene	after	an	already	inserted	acrylic	acid	unit	is	activity-limiting	and	hence	lower	acrylic	

acid	incorporations	lead	to	a	higher	polymerization	activity.	In	addition,	as	expected,	melting	

points	are	decreased	by	higher	norbornene	incorporation	from	99	to	76	°C	along	with	a	strong	

decrease	in	crystallinity	from	32	to	only	5	%.		

These	 results	were	 followed	up	 in	 the	 synthesis	 of	 functional	 polyethylenes	 by	 insertion	

polymerization	on	a	larger	scale,	targeted	to	a	reference	impact	modifier	RM1	for	PA	6.6,	which	
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is	 a	 functionalized	 LDPE	 from	 high	 pressure	 free	 radical	 polymerization	with	 in-chain	 ester	

and	anhydride	groups.	For	that	purpose,	insertion	polymerizations	were	carried	out	at	70	°C	in	

toluene	for	5	hours	with	1-dmso	as	catalyst	precursor	(Table	3-5).	To	introduce	the	anhydride	

functionality,	norbornene	anhydride	was	used	instead	of	maleic	anhydride.	

Table	3-5.	Copolymerizations	of	ethylene	(E),	acrylic	acid	(AA),	n-butyl	acrylate	(nBuA)	and	norbornen	
anhydride	(NA)	in	toluene	at	70	°C	for	5	hours.	

Entry	 p(E)	
/bar	

[AA]	/	
mol	L-1	

[NA]/
mol	L-1	

[nBuA]		
/mol	L-1	

AAa		
incorp.	
/mol	%	

nBuAa	
incorp.	
/mol	%	

NAa	
incorp.	
/mol	%	

Yield	
/g	

Mn	
a	·103/					

g	mol-1	

1	 8	 0.15	 0.15	 0.15	 2.5	 1.0	 2.8	 1.08	 8.3	

2	
	 40	 0.75	 0.75	 0.75	 1.5	 0.9	 2.3	 3.11	 6.7	

3	 20	 0.375	 0.375	 0.75	 2.9	 1.9	 2.3	 1.80	 11.5	

4	 40	 0.15	 0.15	 0.75	 0.6	 0.5	 0.8	 8.9	 16.3	

5	 40	 0.15	 0.15	 0.75	 0.2	 0.5	 0.9	 6.30	 21.0	

6	 40	 0.75	 0.75	 1.5	 2.2	 1.8	 2.1	 2.02	 5.1	

7	 40	 0.15	 0.30	 0.15	 0.7	 0.2	 1.0	 11.2	 13.4	

8	 20	 -	 -	 -	 -	 -	 -	 16.1	 20.2	
Polymerization	conditions:	 100	ml	total	volume	in	toluene,	70	°C,	20	μmol	of	1-dmso . 	

Polymerization	time:	 	5	h.	a	determined	by	1H-NMR	spectroscopy	in	C2D2Cl4	at	130°C.	

A	 comparison	 of	monomer	 reactivities	 clearly	 shows	 a	 similar	 reactivity	 for	 norbornene	

anhydride	 and	 acrylic	 acid	 while	 n-butyl	 acrylate	 is	 about	 2.5	 times	 less	 reactive	 than	 the	

former.	At	equal	concentrations	of	each	monomer	of	0.15	mol	L-1	the	acrylic	acid	and	anhydride	

incorporation	is	2.5	and	2.8	mol	%,	respectively,	whereas	the	n-butyl	acrylate	incorporation	is	

only	1.0	mol	%	(Entry	1).	Unfortunately,	high	overall	polar	monomer	concentrations	lead	only	

to	 moderate	 monomer	 incorporations	 along	 with	 a	 strong	 decrease	 in	 polymer	 molecular	

weights	 and	 yields	 resulting	 in	 polymer	 microstructures	 that	 are	 hardly	 suited	 for	 impact	

modification	 applications	 on	 a	 larger	 scale.	 At	 40	 bar	 ethylene	 pressure	 and	 overall	 polar	

monomer	incorporations	of	only	about	5	mol	%	polymer	molecular	weights	are	already	as	low	

as	6700	g	mol-1	and	yields	are	only	3.11	g.	For	comparison,	an	ethylene	homopolymerization	at	

only	20	bar	ethylene	pressure	leads	to	16.1	g	of	polyethylene	and	20200	g	mol-1	(Entry	9).		

However,	regarding	microstructure,	a	direct	comparison	of	the	reference	modifier	RM1	and	

the	 copolymers	 obtained	 by	 insertion	 polymerization	 with	 1-dmso	 is	 not	 completely	

appropriate	 as	 the	 reference	 modifier	 RM1	 is	 a	 branched	 polyethylene	 while	 the	 polymers	

obtained	 from	 1-dmso	 are	 highly	 linear,	 changing	 polymer	 properties	 completely	 even	 if	

comparable	 polymer	 molecular	 weights	 and	 comonomer	 contents	 were	 available	 for	 both.	
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Therefore,	 exact	 polymer	 molecular	 weights	 and	 functionality	 contents	 for	 impact	

strengthening	 in	 PAs	 is	 not	 predictable	 for	 linear	 functional	 polyethylenes.	 And	 even	 if	

functionalities,	 especially	 anhydrides,	 are	 necessary	 in	 otherwise	 apolar	 polyethylenes	 for	

blending	issues	with	the	polyamide,	all	three	functionalities,	n-butyl	acrylate,	acrylic	acid	and	

anhydride,	 may	 not	 be	 necessary	 to	 combine	 in	 one	 modifier	 derived	 from	 insertion	

polymerization.	

Therefore,	the	following	investigations	concentrate	on	functional	polymers	apart	from	the	

etablished	 reference	 modifier	 RM1	 as	 a	 basis.	 Emphasis	 was	 put	 on	 high	 productivity	 and	

polymer	molecular	weights	with	strongly	differing	polar	comonomer	content	and	composition.		

In	 Table	 3-6,	mainly	 acid	 and	 anhydride	 functionalities	were	 introduced	 to	 investigate	 their	

influence	 on	 polymerization	 and	 polymer	 microstructure	 and	 the	 associated	 properties	 as	

impact	modifier	in	polyamides	(for	impact	testing	in	PA	6.6	compounds	see	Chapter	3.2.6).	

Table	3-6.	Copolymerizations	of	ethylene	with	acrylic	acid	(AA),	norbornene	anhydride	(NA),	
norbornene	dicarboxylic	acid	(NDA),	norbornene	(N)	or	n-butyl	acrylate	(nBuA).	

Entry	 p(E)/	
bar	

[AA]		
/mol	L-1	

[NA]	
/mol	L-1	

AAa		
incorp.	
/mol	%	

NAa	
incorp.	
/mol	%	

HE/NDAa	
incorp.	
/mol	%	

Yield	
/g	

Mn	
a	

·103	/g	
mol-1	

1	 40	 0.30	 -	 1.0	 -	 -	 18.3	 17.4	

2	 40	 0.30	
(nBuA)	 -	 0.4	

(nBuA)	 -	 -	 94	 14.0	

3	 40	 0.30	
(nda)	 0.30	 -	 2.1	 0.78/0.70	 22.6	 22.1	

4	 40	 0.25	 1.0	 0.8	 2.6	 0.5/-	 11.3	 18.4	

5b	 40	 0.75	 1.0	 1.0	 2.0	 0.50/-	 10.4	 10.2	

6	 40	 1.5	 1.0	 2.5	 1.0	 0.25/1.5	 2.9	 4.9	

7	 15	 -	 1.0	 -	 5.7	 -	 18.6c	 42.0c	

8	 40	 0.14	(N)	 0.15	 0.45(N)	 0.9	 -	 30.1	 29.0	

9	 20	 -	 -	 -	 -	 -	 16.1	 20.2	

Polymerization	conditions:	 100	ml	 total	volume	 in	 toluene,	70	 °C,	20	μmol	of	 1-dmso.	
Polymerization	 time:	 	 5	 h.a	 determined	 with	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C	
and	ATIR	 spectra	 of	 the	 solid	 polymer	 directly	 after	work	up.	 b 	 after	 2.5	 h	 again	 20	 μmol	
of	 1-dmso 	 were	 added.c	 Polymer	 was	 precipitated	 in	 diethyl	 ether	 to	 avoid	 anhydride	
opening	 by	 methanol.	 However,	 low	 molecular	 weight	 fractions	 are	 not	 pecipitated	
compared	 to	 methanol	 leading	 to	 much	 higher	 molecular	 weights	 (42	 000	 vs.	 24	 000	 g	
mol-1)	 and	 much	 lower	 yields	 (18.6	 vs.	 31.9	 g)	 as	 compared	 to	 methanol	 precipitation	
(Entry	5	in	Table	3-7).	

In	Entry	1	and	2,	only	n-butyl	acrylate	and	acrylic	acid	(0.30	mol	L-1)	were	copolymerized,	

respectively,	with	ethylene	at	40	bar	to	examine	the	lack	of	anhydride	functionalities	in	impact	

testing.	In	both	cases,	20	μmol	of	catalyst	precursor	were	added	once	at	the	beginning	of	the	



Results	and	Discussion	

	
52	

polymerization,	 and	 after	 about	 2.5	 h	 to	 increase	 the	 yield	 but	 without	 an	 increase	 of	

bimolecular	deactivation	by	higher	catalyst	concentrations.	The	 incorporation	and	hence	 the	

reactivity	is	about	2	times	higher	for	acrylic	acid	than	for	n-butyl	acrylate.	However,	the	yield	

for	the	acrylate	copolymerization	is	about	5	times	higher	than	the	one	for	acrylic	acid	leading	

also	to	a	stronger	depletion	of	the	monomer	during	the	polymerization	of	the	former.	For	n-

butyl	acrylate	an	increased	reduction	of	polymer	molecular	weights	compared	to	acrylic	acid	is	

observed	 since	 at	n-butyl	 acrylate	 incorporations	 of	 only	 0.4	mol	%	 compared	 to	 1.0	mol	%	

acrylic	acid	incorporation,	polymer	molecular	weights	are	only	14	ooo	g	mol-1	compared	to	17	

400	g	mol-1	for	the	acrylic	acid	copolymer	in	Entry	1.			

Acid	 functionalities	 are	 known	 to	 strongly	 interact	 with	 amide	 groups	 in	 polyamides,	

leading	to	a	reduction	of	 interfacial	 tension	between	the	phases.75	Unfortunately,	acrylic	acid	

strongly	 decreases	 activity	 and	 polymer	 molecular	 weights	 with	 higher	 concentrations	 and	

incorporations.	 Therefore,	 norbornene	 dicarboxylic	 acid	 (NDA)	 was	 copolymerized	 with	

ethylene	 and	 norbornene	 anhydride	 for	 the	 introduction	 of	 acid	 functionalities	 at	 higher	

polymer	molecular	weights	and	activities	as	shown	in	Entry	3.	Indeed,	an	overall	incorporation	

of	 3.6	 mol	 %	 norbornene	 derivatives	 still	 yields	 22.4	 g	 of	 functionalized	 polyethylene	 with	

polymer	molecular	weights	as	high	as	22	100	g	mol-1.	The	ratio	of	anhydride	to	half	ester	(Figure	

3-11)	to	diacid	with	about	1.0	:	0.4	:	0.3	is	roughly	estimated	from	1H	NMR	and	ATIR	spectra.	

In	Entry	4-6,	acrylic	acid	was	added	in	varying	concentrations	from	0.25	mol	L-1	to	1.5	mol	

L-1	at	otherwise	comparable	conditions	with	a	norbornene	anhydride	concentration	of	1.0	mol	

L-1	 and	 at	 a	 ethylene	 pressure	 of	 40	 bar.	 Polymer	molecular	weights,	 yields	 and	 norbornene	

anyhdride	incorporations	decrease	with	increasing	acrylic	acid	concentrations	and	hence	also	

incorporations.	 However,	 the	 yields	 for	 the	 experiments	 in	 Entry	 4	 and	 5	 in	 Table	 3-7	 are	

sufficient	for	impact	testing	on	small	scales.	

In	 Entry	 7,	 norbornene	 anhydride	was	 copolymerized	 at	 0.1	mol	 L-1	 and	 15	 bar	 ethylene	

pressure	 to	 obtain	 high	 anhydride	 incorporations.	 At	 5.7	 mol	 %	 norbornene	 anhydride	

incorporation,	polymer	molecular	weights	are	as	high	as	42	200	g	mol-1	and	yields	are	still	as	

high	 as	 18.6	 g.	 Since	 polymer	 molecular	 weights	 increase	 with	 increasing	 norbornene	

anhydride	incorporation	at	still	good	yields,	high	incoporations	are	desirable	for	that	purpose.	

However,	 the	 effect	 of	 anhydride	 on	 the	 impact	 strength	 of	 polyamides	 by	 the	means	 of	 an	

improvement	 of	 interphase	 compatibilization	 is	 concentration	 dependent.	 For	 maleic	

anhydride-grafted	 HDPE	 an	 optimum	 concentration	 of	 1-3	 wt	 %	 was	 found	 for	 the	

maximization	of	the	adhesion	strength	with	PA	6.75	
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To	 reduce	 the	 norbornene	 anhydride	 incorporation	 without	 a	 reduction	 in	 molecular	

weight,	 unfunctionalized	 norbornene	 was	 also	 introduced	 in	 the	 polymer	 in	 Entry	 8.	

Interestingly,	 norbornene	 anhydride	 is	 twice	 as	 reactive	 as	 norbornene.	 At	 about	 equimolar	

concentrations	 of	 0.14	 and	 0.15	 mol	 L-1,	 respectively,	 incorporations	 are	 0.45	 mol	 %	 for	

norbornene	and	0.9	mol	%	for	norbornene	anyhdride.	Polymer	molecular	weight	and	yield	are	

good	with	29	900	g	mol-1	and	30.1	g,	respectively.	

3.2.5 Copolymers	of	Norbornene	Anhydride	and	Ethylene		

Norbornene	 anhydride	proved	 to	be	beneficial	 in	 various	ways	 regarding	polymerization	

and	 polymer	 microstructure	 over	 most	 other	 functional	 vinyl	 monomers.	 High	 norbornene	

anhydride	 incorporations	 lead	 to	 even	 higher	 polymer	 molecular	 weights	 than	

homopolymerizations	of	ethylene	as	chain	transfer	is	less	preferred	for	norbornene	anhydride	

even	 compared	 to	 ethylene.	Yields	 are	 reduced	 in	 a	 still	 acceptable	manner	 and	 reactivity	 is	

comparable	 with	 other	 common	 functional	 monomers	 such	 as	 acrylic	 acid	 or	 acrylates.	

Furthermore,	 anhydride	 functionalities	 allow	 for	 several	 types	 of	 postfunctionalization	

reactions	 and	 hence	 a	 broadening	 of	 the	 scope	 of	 functionalities	 in	 the	 polymer.	 On	 that	

account,	 for	 the	 following	 experiments,	 ethylene	 was	 solely	 polymerized	 with	 norbornene	

anhydride	 to	 obtain	 anhydride-functionalized	 linear	 poylethylenes	 (Table	 3-7).	 The	 suffix	 of	

the	alcohols	methanol	(MeOH),	n-octanol	(nOctOH),	n-butanol	(nBuOH)	and	2-ethyl	hexanol	

(EtHexOH)	indicates	the	alcohol	from	which	the	half	ester	(HE)	or	diester	(DE)	is	 formed	in	

postpolymerization	 functionalization	 (Figure	 3-11).	 Detailed	 discussions	 on	 the	

postpolymerization	functionalizations	are	given	in	Chapter	3.2.6.	
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Figure	3-11.	Postpolymerization	functionalization	of	norbornene	anhydride-functionalized	polyethylene	
by	anhydride	(NA)	ring	opening	with	alcohols	to	the	corresponding	half	ester	(HE)	or	diester	(DE).	

Table	3-7.	Copolymerizations	of	ethylene	with	norbornene	anhydride	(NA)	with	1-dmso	as	catalyst	
precursor.	

Entry	 	p(E)/	
bar	

[NA]/		
mol	L-1	

[N]	
	mol	L-1	

Temp	
/°C	

NAa		
incorp.	
/mol	%	

HE/DEa	
incorp.	
/mol	%	

Yield	
/g	

Mn	
a	/	

g	mol-1	

1	 15	 0.5	 -	 70	 4.3	 -	 28.8	 27000	

2	 15	 0.5	 -	 55	 3.0	 -	 19.0	 22000	

3	 15	 0.5	 -	 -	 -	 3.0/-	
(nOctOH)	 -	 74000b	

4	 15	 0.5	 -	 -	 -	 3.0/-	
(nBuOH)	 -	 89000b	

5	
	 15	 1.0	 -	 70	 -	 5.8/-	

(MeOH)	 31.9	 24000	

6	 15	 1.0	 -	 70	 -	 5.0/-	
(nBuOH)	 30.4	 35000	

7	 15	 1.0	 -	 70	 -	 5.8/-	
(EtHexOH)	 11.0	 24000	

8	 15	 1.0	 -	 70	 -	
-/5.8	

(EtHexOH)	
16.7	 -	

Polymerization	 conditions:	 100	 ml	 total	 volume	 in	 toluene,	 20	 μmol	 of	 1-dmso . 	
Polymerization	 time:	 	 5	 h.	 a	 determined	with	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C	 b	
insoluble	fractions	after	acetone	extraction	
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In	Entry	1	and	2,	norbornene	anhydride	was	copolymerized	at	a	concentration	of	0.5	mol		

L-1	 with	 ethylene	 at	 15	 bar	 and	 temperatures	 of	 70	 and	 55	 °C,	 respectively.	 Since	 lower	

temperatures	lead	to	a	decrease	in	comonomer	incorporation,	norbornene	anhydride	content	

is	decreased	from	4.3	to	3.0	mol	%	if	the	temperature	is	decreased	from	70	to	55	°C	along	with	a	

decrease	in	polymer	molecular	weight	from	27	000	to	22	000	g	mol-1.	In	a	postfunctionalization	

reaction,	the	polymer	from	Entry	2	was	treated	with	n-octanol	(Entry	3)	and	n-butanol	(Entry	

4),	 respectively,	 to	 obtain	 the	 corresponding	 half	 ester	 by	 opening	 of	 the	 anhydride.	 The	

workup	proved	to	be	difficult	in	these	cases	as	the	filtration	of	the	alcohol	polymer	suspension	

was	problematic.	For	that	reason,	 the	suspension	was	washed	with	acetone	by	centrifugation	

to	 remove	 the	 alcohol	 from	 the	 polymer.	 This,	 however,	 lead	 to	 the	 extraction	 of	 lower	

polymer	molecular	weight	fractions	by	which	polymer	molecular	weights	were	increased	from	

22	 000	 g	 mol-1	 (Entry	 2)	 to	 74	 000	 g	 mol-1	 (Entry	 3)	 and	 89	 000	 g/mol	 (Entry	 4).	 For	 the	

polymerizations	in	Entry	5-7	norbornene	anhydride	concentration	was	increased	to	1.0	mol	L-1	

at	 otherwise	 identical	 conditions	 compared	 to	 the	 polymerization	 in	 Entry	 1.	 The	 polymers	

were	directly	postpolymerization	functionalized	with	the	corresponding	alcohol	to	obtain	the	

half	ester	(Entry	5-7)	or	the	diester	(Entry	8).	Interestingly,	work	up	by	filtration	was	possible	

in	these	cases.	The	polymers	from	Entry	7	and	8	were	obtained	from	the	same	polymerization	

batch	where	one	part	was	 reacted	 to	 give	 the	half	 ester-functionalized	polyethylene	 and	 the	

other	 to	 give	 the	 diester-functionalized	 polyethylene.	 Norbornene	 anhydride	 incorporations	

are	about	5.8	mol	%,	yields	are	as	high	as	30	g	and	polymer	molecular	weights	are	around	30	

000	g	mol-1	depending	on	the	alcohol	present.	The	polymers	 in	Entry	5-8	are	obtained	under	

the	 same	 polymerizationsconditions,	 hence	 norbornene	 anhydride	 incorporations	 and	

polymerization	degrees	are	comparable	and	their	properties	on	impact	modification	should	be	

based	solely	on	the	postfunctionalization.	

Altough	 the	 ethylene	 norbornene	 anhydride	 copolymers	 from	 Table	 3-7	 show	 good	

norbornene	 anhydride	 incorporations	 as	 high	 as	 6	 mol	 %	 along	 with	 acceptable	 yields	 and	

polymer	molecular	weights	of	about	20	000	to	30	000	g	mol-1,	these	results	represent	an	upper	

limit	with	1-dmso	as	catalyst	precursor.	Additionally,	comonomer	incorporations	and	polymer	

molecular	weights	can	not	be	varied	 independently.	High	comonomer	 incorporations	 lead	to	

higher	 polymer	 molecular	 weights	 and	 vice	 versa.	 To	 investigate	 the	 effect	 of	 even	 higher	

polymer	molecular	weights	on	the	impact	strength	of	polyamides	at	still	moderate	comonomer	

incorporations,	 the	catalyst	precursor	 1-dmso	was	 replaced	by	 tBu/(MeO)3PdMe(dmso)	 (Figure	

3-12)	 	 in	 the	 following	 copolymerizations	 of	 ethylene	 and	 norbornene	 anyhdride.	
tBu/(MeO)3PdMe(dmso)	 leads	 to	 much	 higher	 polymer	 molecular	 weights	 (Mn	 >	 105	 g	 mol-1	
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versus	 104	 g	mol-1)	 than	 1-dmso	with	 only	 a	 slight	 reduction	 in	 comonomer	 incorporation.118	

The	results	are	presented	in	Table	3-8.	

	

Figure	3-12.	Catalyst	precursor	employed	for	the	copolymerization	of	ethylene	and	norbornene	
anhydride	with	higher	polymer	molecular	weights	than	1-dmso.	

According	 to	 1H	 NMR	 spectra,	 polymer	 molecular	 weights	 exceed	 105	 g	 mol-1	 for	 all	

polymers	 obtained	 with	 tBu/(MeO)3PdMe(dmso)	 as	 concluded	 from	 the	 absence	 of	 endgroup	

signals.	However,	 polymer	molecular	weights	 determined	 by	GPC	 strongly	 differ	 from	 these	

values	 as	 they	 are	 measured	 against	 a	 linear	 PE	 standard.	 A	 clear	 evidence	 for	 the	 limited	

quantitative	 validity	 of	 nominal	 values	 of	 the	 GPC	 data	 is	 given	 by	 the	 results	 from	 the	

polymers	in	Entry	4	and	5	since	they	are	part	of	the	same	polymerization	batch.	The	polymer	

in	Entry	4,	however,	contains	anhydride	groups	as	the	functional	majority	while	the	polymer	in	

Entry	5	contains	only	the	half	ester	obtained	by	the	treatment	with	2-ethyl	hexanol.	The	large	

difference	 between	 the	 GPC	 values	 of	 36	 700	 g	mol-1	 and	 5500	 g	mol-1,	 respectively,	may	 be	

attributed	to	the	strong	influence	of	the	functional	groups	on	the	hydrodynamic	volume	of	the	

polymer	 chains	 in	 the	GPC	 solvent.	 Therefore,	 GPC	 data	 is	 only	 reliable	 if	 similar	 polymers	

with	 similar	 functional	 groups	 are	 compared	 to	 give	 a	 hint	 for	 relative	 polymer	 molecular	

weights.	
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Table	3-8.	Copolymerizations	of	ethylene	with	norbornene	anhydride	with	tBu/(MeO)3(PO)Pd(Me)dmso	as	
catalyst	precursor.	

Entry	 p(E)/
bar	

[NA]/	
mol	L-1	

Temp	
/°C	

[Cat.]/	
μmol	

NAa		
incorp.	
/mol	%	

HEa	
incorp.	
/mol	%	

Yield	
/g	

(TONd)	

Mn	
a		

(NMR)/				
g	mol-1	

Mn	
b	

(GPC)	/				
g	mol-1	

1	 10	 1.0	 80	 161	 3.0	 -	
31.3	

(5520)	 >105	c	 29000	

2	 10	 1.0	 80	 161	 0.9	 2.1	
(MeOH)	 -	 -	 21000	

3	 10	 1.0	 60	 156	 0.4	 -	 12	
(2774)	 >105	c	 80800	

4	 10	 0.5	 80	 45	 1.3	 0.2	
20	

(24055
)	

>105	c	 36700	

5	 10	 0.5	 80	 45	 -	 1.5	
(EtHexOH)	 -	 >105	c	 5500	

6	 5	 1.0	 80	 134	 4.8	 -	
25	

(2985)	
>105	c	 40300	

Polymerization	 conditions	with 	 tBu/(MeO)3(PO)Pd(Me)dmso 	 as	 catalyst	 precursor:	 100	
mL	 total	 volume	 in	 toluene,	 5	 h	 polymerization	 time.	 a	 determined	 with	 1H-NMR	
spectroscopy	 in	C2D2Cl4	 at	 130°C.	 b 	determined	by	GPC	 in	 1,2,4-trichlorobenzene	at	 160°C	
against	PE	standards	c	no	end	groups	visible	in	 1H	NMR	spectra	d	Turn	over	number	(TON	
[E])	for	ethylene	in	[mol(ethylene)/mol(Pd(II))].	

In	 Entry	 1	 and	 3,	 norbornene	 anhydride	 concentration	 was	 1.0	 mol	 L-1	 and	 ethylene	

pressure	 held	 at	 10	 bar	 whereas	 the	 temperature	 was	 varied	 from	 80	 to	 60	 °C.	 The	

incorporation	of	norbornene	anyhdride	is	strongly	decreased	from	3.0	to	only	0.4	mol	%	upon	

the	decrease	of	temperature.	Upon	a	decrease	of	ethylene	pressure	from	0	to	5	bar	at	otherwise	

similar	polymerization	conditions	compared	to	Entry	1,	norbornene	anhydride	incorporation	is	

increased	from	3.0	mol	%	to	4.8	mol	%.		

3.2.6 Postpolymerization	Functionalization	of	Anhydride-Functionalized	

Polyethylenes	

Norbornene	anhydride	is	a	polar	vinyl	monomer	that	combines	good	reactivity	and	activity	

in	 insertion	 polymerization	 with	 neutral	 phosphinesulfonato	 Pd	 (II)	 complexes	 with	 a	 low	

propensity	for	chain	transfer	compared	to	other	functional	vinyl	monomers	and	even	ethylene	

and	 offers	 the	 possibility	 for	 various	 postpolymerization	 functionalizations.	 However,	 there	

was	 an	 optimum	 anhydride	 concentration	 observed	 for	 the	 maximum	 adhesional	 strength	

between	 the	 phases	 of	 PA	 6	 and	maleic	 anhydride-grafted	HDPE.75	 The	 adhesional	 strength	

between	 the	 phases	 is	 important	 for	 the	 compatibilization	 of	 polyamides	 and	 functional	
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polyolefins	and	therefore,	norbornene	anhydride	should	be	kept	at	moderate	concentrations	in	

the	modifier.	Furthermore,	functional	groups	such	as	acids	and	esters	are	favorable	for	further	

compatibilization	between	 the	phases	and	processing	properties	of	 the	blends.	However,	 the	

introduction	of	acids	and	esters	by	the	means	of	 insertion	polymerization	of	acrylic	acid	and	

acrylates	 lowers	 polymer	 molecular	 weights	 and	 activities	 considerably	 with	 increasing	

incorporation.	

On	that	account,	the	introduction	of	acid	and	acrylate	functionalities	and	the	reduction	of	

anhydride	concentrations	along	with	 still	high	polymer	molecular	weights	was	accomplished	

by	 the	 partial	 or	 complete	 opening	 of	 the	 anhydride	 by	 different	 alcohols	 to	 obtain	 the	

corresponding	half	esters	and	diesters	as	illustrated	in	Figure	3-13.		

	

Figure	3-13.	Opening	of	norbornene	anhydride	to	half	esters	and	diesters	with	alcohols.	During	the	melt	
compounding	of	the	functional	polyolefin	with	the	polyamide	the	anhydride	is	partially	closed	due	to	

the	high	temperatures	present	leading	to	an	equilibrium	between	the	open	and	closed	forms.	

The	 compounding	 of	 polyamides	 and	 functionalized	 polyethylenes	 is	 performed	 at	 high	

temperatures	 of	 >	 200	 °C.	Under	 these	 conditions,	 the	 anhydride	 can	be	 formed	 again	 from	

open	 forms.	 Additionally,	 the	 direct	 formation	 of	 the	 imide	 from	 the	 open	 form	 might	 be	

possible.	However,	the	reactivity	is	changed	depending	on	the	open	forms	present.	The	diacid	

and	the	methanol	half	ester	are	more	easily	closed	than	the	half	esters	of	higher	alcohols	such	

as	 n-butanol	 or	 n-octanol,	 as	 was	 concluded	 from	 1H	 NMR	 studies	 of	 the	 polymers.	

Furthermore,	 the	 formation	of	diester	 should	prevent	 the	 formation	of	 anhydride	 and	 imide	

completely	as	anhydride	formation	was	not	observed	from	these	forms	under	NMR	conditions	

at	 130	 °C.	 	 For	 that	 reason,	 selected	 norbornene	 anhydride	 ethylene	 copolymers	 were	

postfunctionalized	 to	 investigate	 the	 influence	 of	 the	 equilibrium	 between	 anhydride,	 half	

ester	 and	 diester	 of	 different	 alcohols,	 as	 well	 as	 the	 diacid,	 on	 the	 impact	 strength	 of	

polyamide	6.6.		

This	 postpolymerization	 functionalization	 was	 investigated	 by	 both	 1H	 NMR	 and	 ATIR	

spectroscopy.	In	a	first	attempt,	the	anhydride	was	opened	to	the	diacid.	All	attempts	to	open	

the	anhydride	with	acid	were	unsuccessful	though,	since	they	only	led	to	a	partial	opening	of	
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the	anhydrides.	Therefore,	the	polymer	was	dissolved	in	hot	toluene	and	a	small	portion	of	2	

mol	L-1	NaOH	was	added.	The	suspension	was	then	refluxed	for	2	h.	ATIR	measurements	show	

a	 complete	 opening	 of	 the	 anhydride	 to	 the	 carboxylate	 since	 all	 C=O-stretching	 vibration	

bands	 characteristic	 of	 the	 anhydride	 at	 1860	 cm-1	 and	 1782	 cm-1	 are	 no	 longer	 observed.	

Instead,	 the	 C=O-stretching	 vibrations	 characteristic	 of	 carboxylate	 are	 present	 at	 1556	 cm-1	

and	1405	cm-1	(black	spectrum	in	Figure	3-14).		

	

Figure	3-14.	ATIR	spectra	of	the	carbonyl	region	of	the	postpolymerization	functionalization	of	a	
norbornene	anhydride	ethylene	copolymer	to	obtain	the	diacid	from	the	anhydride.		

3	mol	L-1	HCL	was	added	to	the	suspension	for	protonation	of	 the	carboxylate.	However,	

the	 addition	 of	 HCl	 led	 again	 to	 the	 partial	 formation	 of	 anhydride	 along	 with	 diacid	 (red	

spectrum).	Therefore,	in	a	second	attempt,	the	polymer	solution	with	NaOH	was	precipitated	

in	cold	3	mol	L-1	HCl,	filtered	and	washed	thouroughly	with	water	and	some	acetone	to	obtain	

a	succesful	complete	norbornene	diacid	functionalization	of	the	copolymer	(blue	spectrum).	

The	 postpolymerization	 functionalization	 of	 the	 norbornene	 anhydride-functionalized	

ethylene	copolymers	was	performed	with	the	alcohol	as	a	solvent	and	the	addition	of	catalytic	

amounts	of	3	mol	L-1	HCl.	The	polymer	suspension	in	methanol	at	room	temperature	yielded	

complete	formation	of	the	methanol	half	ester	within	a	reaction	time	of	2	h.	The	formation	of	

the	half	esters	from	higher	alcohols	such	as	n-butanol,	n-octanol	and	2-ethyl	hexanol,	though,	

was	 very	 slow	 at	 room	 temperature	 even	 with	 a	 higher	 amount	 of	 acid.	 The	 complete	

formation	 of	 half	 ester	was	 completed	within	 a	 total	 of	 over	 10	 days	 for	 the	 higher	 alcohols	

which	may	be	atrributed	to	hindered	diffusion	of	the	higher	alcohols	into	the	polymer	phase	in	
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suspension.	 Exemplary	 ATIR	 spectra	 for	 the	 formation	 of	 the	 n-octanol	 half	 ester	 in	 a	

norbornene	ethylene	copolymer	are	shown	in	Figure	3-15.		

	

Figure	3-15.		ATIR	spectra	of	the	opening	of	the	anhydride	in	norbornene	anhydride	ethylene	copolymers	
with	n-octanol	to	the	corresponding	n-octanol	half	ester.	

Due	 to	 the	 low	 reaction	 times	 at	 room	 temperature	 further	 attempts	 for	 the	 anhydride	

opening	 of	 the	 copolymers	 were	 performed	 at	 higher	 temperatures	 of	 80	 °C.	 At	 theses	

temperatures,	the	polymer	is	completely	dissolved	and	the	reaction	is	completed	within	a	day	

with	catalytic	amounts	of	acid	as	observed	by	ATIR	spectroscopy.		

The	same	procedure	was	applied	for	the	diester	formation	in	2-ethyl	hexanol	at	65	°C.	The	

polymer	solution	was	stirred	at	this	temperature	with	catalytic	amounts	of	3	mol	L-1	HCl	until	

the	C=O-stretching	vibration	for	carboxyl-groups	at	1704	to	1707	cm-1	in	the	ATIR	spectra	was	

absent	and	only	signals	at	1736	cm-1	and	1713	cm-1	were	left.	These	vibrational	double	bands	are	

characteristic	for	the	C=O-stretching	vibration	of	two	ester	groups	being	close	to	each	other	in	

the	polymer	 chain.	The	complete	 conversion	of	 anhydride	 to	diester	 is	 also	 confirmed	by	 1H	

NMR	spectroscopy	(top	spectrum	in	Figure	3-16).	Furthermore,	the	low	tendency	for	anhydride	

formation	 from	 the	diester	under	NMR	measurement	 conditions	 is	 confirmed	 as	 there	 is	no	
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signal	 for	 free	 n-butanol	 (green	 in	 the	 bottom	 spectrum	 in	 Figure	 3-16)	 as	 opposes	 to	 the	

observation	in	the	spectrum	of	the	half	ester.	

	

		Figure	3-16.	1H	NMR	spectra	(400	MHz,	130	°C,	C2D2Cl4)	of	the	half	ester	(bottom	spectrum)	and	the	
diester	(top	spectrum)	formation	from	the	anhydride	in	norbornene	anhydride	ethylene	copolymers	

with	2-ethyl	hexanol.	

3.2.7 Impact	Strength	of	Functional	Polyolefin	–	Polyamide	Compounds	

The	impact	strength	of	a	material	is	its	ability	to	dissipate	energy	before	it	fails	in	flexure	

under	 impact	 and	 breaks.	 The	 charpy-(V-)notch	 impact	 strength	 testing	 is	 designed	 to	

quantify	the	impact	strength	of	materials	in	a	way	that	deformation	is	limited	by	introduction	

of	 a	 notch	 as	 a	 stress	 concentrating	 feature.	 The	 V-notched	 specimen	 is	 impacted	 and	 the	

energy	 at	 break	 is	 determined	 by	 a	 hammer	 pendulum	 by	 its	 loss	 in	 kinetic	 energy	 by	 the	

impact	on	the	sample	specimen	as	illustrated	in	Figure	3-17.		
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Figure	3-17.	Experimental	setup	for	the	charpy-notch	impact	strength	testing.	A	hammer	pendulum	with	
a	certain	potential	energy	(1)	is	impacted	on	a	V-notched	sample	specimen	(2)	whereby	it	loses	kinetic	

energy	(3)	upon	the	energy	absorption	by	fracture	of	the	sample.	

The	triaxial	stress	concentrated	at	the	notch	favors	brittle	fracture.	The	impact	strength	is	

temperature	dependent	since	the	material’s	ability	to	absorb	energy	decreases	with	decreasing	

temperature.	 The	 fracture	 surface	 is	 an	 indication	 for	 a	 material’s	 brittleness	 since	 brittle	

materials	show	a	flat	fracture	while	more	ductile	materials	show	more	fibrous	fracture	aspects.	

The	more	fibrous	fracture	is,	the	more	energy	is	absorbed	by	the	specimen.		

The	impact	strength	is	also	strongly	dependent	on	the	dimensions	of	the	specimen	and	for	

that	reason	specimens	of	different	samples	should	be	identical,	or	their	dimensions	have	to	be	

taken	into	account	to	obtain	comparable	data.	The	charpy-notch	impact	strength	aCN	is	given	

in	energy	per	surface,	kJ	m-2.	119-120	

The	 charpy-notch-impact	 strength	 for	 selected	 compounds	 of	 functional	 polyolefins	

obtained	by	insertion	polymerization	and	polyamide	6.6	at	23	°C	is	given	in	Table	3-9	(Entry	1-

12)	and	Table	3-10	 (Entry	 13-26).	 	Every	entry	represents	a	compound	of	polyamide	6.6	and	a	

functional	 polyolefin	 as	 modifier.	 The	 values	 given	 in	 the	 Table	 are	 the	 compositions	 and	

properties	 of	 the	 pure	modifier	 while	 the	 charpy-notch	 impact	 strength	 aCN	 respresents	 the	

impact	strength	of	the	final	compound	with	polyamide	6.6.	The	alcohol	abbreviations	(MeOH,	

nBuOH,	 nOctOH	 and	 EtHexOH)	 indicate	 by	 which	 alcohol	 the	 half	 ester	 (or	 diester)	 was	

formed	by	opening	of	the	anhydride	in	the	functional	modifier	before	compounding.	

The	 reference	 data	 is	 given	 by	 the	 pure	 polyamide	 6.6	 in	 Entry	 2	 and	 the	 reference-

modified	 polyamide	 6.6	 in	 Entry	 1.	 The	 impact	 strength	 of	 the	 polyamide	 is	 considerably	

increased	upon	modification	with	the	reference	modifier	RM1	 from	5.00	kJ	m-2	 to	 16.8	kJ	m-2	
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and	illustrates	the	importance	of	impact	modification	for	advanced	applications	of	polyamides.	

In	Entry	3	and	4,	linear	functional	polyethylenes	lacking	anhydride	functionalities	were	tested	

for	comparison.	

	The	impact	strength	is	even	lower	than	for	the	neat	polyamide	which	may	be	attributed	to	

the	 low	 compatibility	 between	 the	 phases	 and	 phase	 separation	 due	 to	 a	 lack	 of	 imide	

formation	 between	 the	 polyamide	 and	 polyolefin.	 The	 low	 incorporation	 of	n-butyl	 acrylate	

and	acrylic	acid	of	0.4	and	1.0	mol	%,	respectively,	 is	 insufficient	for	compatibilization.	Upon	

the	 introduction	of	only	0.9	mol	%	norbornene	anhydride	 to	 a	polyethylene	with	0.2	mol	%	

acrylic	acid	and	0.5	mol	%	n-butyl	acrylate	content	and	comparable	polymer	molecular	weights	

of	18	000	g	mol-1	as	for	the	polymers	from	Entry	3	and	4,	impact	strength	is	increased	to	6.18	kJ	

m-2	 (Entry	 5).	Unfortunately,	 functional	monomer	 content	based	on	 acrylic	 acid	 and	n-butyl	

acrylate	 can	 not	 be	 further	 increased	without	 a	 considerable	 decrease	 in	 polymer	molecular	

weight.	

Therefore,	 for	 the	 polymers	 in	 Entry	 6-8	 norbornene	 anhydride	 was	 introduced	 as	 the	

major	 comonomer	 along	 with	 low	 to	 moderate	 acrylic	 acid	 incorporations.	 Interestingly,	

charpy-notch	 impact	 strengths	 are	 quite	 similar	 with	 8.29	 to	 8.68	 kJ	 m-2	 although	 polar	

monomer	 content	 and	molecular	weights	 are	 strongly	differing.	This	may	be	 ascribed	 to	 the	

reversed	 influence	 of	 polymer	 molecular	 weight	 and	 polar	 monomer	 content,	 especially	

anhydride	functionalities,	on	the	impact	strength.	Higher	concentrations	of	functional	groups	

in	the	polyethylene	along	with	lower	polymer	molecular	weights	(Entry	8)	are	comparable	 in	

their	 impact	 strengthening	 properties	 as	 polyethylenes	 with	 higher	 molecular	 weights	 and	

lower	functionality	contents.	

On	 that	 account,	 the	 polymers	 further	 investigated	 are	 only	 based	 on	 ethylene	 and	

norbornene	 anhydride	 for	 the	 latter	 increases	 polymer	 molecular	 weights	 with	 increasing	

incorporation.	Furthermore,	 the	 influence	of	 anhydride	postpolymerization	 functionalization	

on	 the	 impact	 strength	 was	 tested	 by	 the	 formation	 of	 half	 esters	 and	 diesters	 of	 different	

alcohols	and	the	diacid.	

In	Entry	9	and	 10,	 the	polymer	 from	the	same	polymerization	batch	 is	 tested	before	and	

after	 postpolymerization	 functionalization.	 The	 total	 norbornene	 anhydride	 incorporation	 is	

3.6	mol	%	whereof	~	0.8	and	~	0.7	mol	%	should	correspond	to	 the	methanol	half	ester	and	

diacid,	 respectively.	 However,	 as	 outlined	 earlier	 im	 Chapter	 3.2.3,	 these	 are	 only	

approximations.	Polymer	molecular	weights	are	22	 100	g	mol-1	 and	 therefore	higher	 than	 the	

ones	for	the	polymers	from	Entries	3-8.	Indeed,	the	impact	strength	is	increased	to	10.9	kJ	m-2.	
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Complete	conversion	of	 the	anhydride	and	half	ester	to	the	diacid,	however,	 leads	again	to	a	

decrease	of	aCN	to	9.1	kJ	m—2.	

Table	3-9.	Charpy-notch	impact	strength	aCN	for	polyamide	6.6	compounds	modified	with	untreated	or	
postfunctionalized	functional	polyolefins	obtained	by	insertion	polymerization	of	functional	vinyl	

monomers	with	ethylene	with	phosphinesulfonato	Pd(II)	catalysts.	

Entry	
Ea	

incorp.	
/mol	%	

AAa	

incorp.	
/mol	%	

NAa	

incorp.	
/mol	%	

HEa	

incorp.	
/mol	%	

further
CM	

incorp.	
/mol	%	

Mn
a			

(NMR/	
GPC)	

·103	
/g	mol-1	

Tm/°C	
(χ/%f)	

aCN
b	

/kJ	m-2	
(at	23°C)	

1	 -	 -	 -	 -	 -	 -	 -	 16.8	

2	 -	 -	 -	 -	 -	 -	 265(30)	 5.00±0.34	

3	 99	 1.0	 -	 -	 -	 17.4/-	 127(73)	 3.42±0.54	

4	 99.6	 -	 -	 -	 0.4	
(nBuA)	

14.0/	
9.8	 127(75)	 2.92±0.32	

5	 98.3	 0.2	 0.9	 -	 0.5	
(nBuA)	

18.0/	
8.3	 117(54)	 6.18±0.31	

6	 96.5	 1.0	 2.0	 0.5	
(MeOH)	 -	 10.2	 107(45)	 8.61±0.12	

7	 96.1	 0.8	 2.6	 0.5	
(MeOH)	 -	 18.4	 108(46)	 8.68±0.15	

8	 94.8	 2.5	 1.0	 1.5	
(MeOH)	

0.3	
(NDA)	 4.9	 104(48)	 8.29±0.18	

9	 96.4	 -	 2.1	 0.8	
(MeOH)	

0.7		
(NDA)	 22.1	 120(45)	 10.9±0.10	

10c	 96.4	 -	 -	 -	 3.6	
(NDA)	 n.d.	 n.d.	 9.1±0.9	

11	 94.3	 -	 5.7	 -	 -	 49.6/	
9.4	 98(27)	 9.13±0.38	

12c	 94.3	 -	 ≈	2.3-
3.4e	

≈	2.3-3.4e	

(MeOH)	
n.d.	 n.d.	 11.5±1.1	

a 	 determined	 by	 1H	 NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C.	 b	 charpy-notch	 impact	
strength	 was	 determined	 by	 BASF.	 The	 specimens	 are	 stored	 under	 standardized	
temperature	 and	 air	 humidity	 conditions	 to	 obtain	 comparable	 water	 uptake	 of	 the	
samples.	 The	 modifier	 is	 added	 in	 10	 wt	 %.	 c 	 norbornene	 anhydride	 (NA)	 or	 half	 ester	
(he)	 is	partially	hydrolyzed	with	water	 to	obtain	 the	norbornene	diacid	 (nda)	d	 insoluble	
higher	 molecular	 weight	 fractions	 after	 acetone	 extraction	 e	 in	 the	 case	 of	 mixtures	 of	
closed	 anhydride	 and	 open	 forms	 no	 exact	 value	 can	 be	 determined	 since	 under	 NMR	
measurement	 conditions	 the	 open	 diacid	 and	 half	 ester	 forms	 of	 lower	 alcohols	 are	
partially	 closed.	 If	 the	 anhydride	 is,	 however,	 completely	 closed	 or	 opened	 the	
incorporation	 can	 be	 determined	 by	 ATIR.	 The	 incorporation	 can	 then	 be	 given	 by	 the	
overall	 incorporation	 determined	 via	 1H	 NMR	 (see	 also	 3.2.3).	 f 	 determined	 by	 DSC	
(heating/cooling	 rate:	 10	 K	 min-1).	 Abbreviations:	 ethylene	 (E),	 acrylic	 acid	 (AA),	
norbornene	 anhydride	 (NA),	 norbornene	 (N),	 norbornene	 half	 ester	 (he),	 norbornene	
diacid	 (NDA),	 maleic	 anhydride	 (MA),	 comonomer	 (CM),	 n-butyl	 acrylate	 (nBuA),	
methanol	 (MeOH),	 n-butanol	 (nBuOH),	 n-octanol	 (nOctOH),	 2-ethyl	 hexanol	
(EtHexOH).	
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In	 Entry	 11	 and	 12,	 the	 polymer	 was	 again	 tested	 before	 and	 after	 postpolymerization	

functionalization.	The	total	amount	of	norbornene	anhydride	was	increased	to	5.7	mol	%	along	

with	a	considerable	increase	in	polymer	molecular	weight	to	49	600	g	mol-1.	Interestingly,	the	

impact	 strength	 for	 the	polymer	 in	Entry	 11	with	only	anhydride	 functionalities	 is	9.13	kJ	m-2	

and	hence	comparable	with	the	one	for	the	polymer	in	Entry	10	with	only	diacid	present	and	

much	 lower	 polymer	 molecular	 weights.	 Thus,	 imide	 formation	 is	 possible	 from	 both,	

anhydride	 and	 diacid	 groups	 under	 compounding	 conditions.	 Furthermore,	 anhydride	

incorporations	of	5.7	mol	%	seem	to	be	too	high	despite	the	high	polymer	molecular	weights	of	

49	600	g	mol-1	as	no	further	increase	in	impact	strength	is	observed.	This	can	be	ascribed	to	the	

fact	that	anhydride	functions	can	also	react	with	amides	if	the	anhydride	concentration	is	high	

and	 amine	 concentration	 low	 enough	 at	 the	 interface	 of	 the	 blended	 polymers	 since	 the	

nucleophilicity	of	amides	is	several	orders	of	magnitude	lower	than	that	of	the	corresponding	

amines.76	 Furthermore,	 imide	 formation	 releases	 water	 	 which	 can	 hydrolyze	 neighbored	

amide	 groups	 under	 compounding	 conditions.	 These	 reactions	 lead	 to	 chain	 scission	 of	 the	

polyamide	 and	 lower	 interphase	 adhesion	 and	 hence	 lower	 impact	 strength	 of	 the	 resulting	

compound.		An	optimum	anhydride	concentration	for	maximum	adhesional	strength	was	also	

observed	for	maleic	anhydride-grafted	HDPE	and	polyamide	6.	 75	 	The	partial	opening	of	 the	

anhydride	to	the	methanol	half	ester	and	diacid	(Entry	12)	increases	the	impact	strength	to	11.5	

kJ	m-2.	This	may	be	attributed	to	an	improved	compatibilization	by	the	present	acid	and	ester	

groups	and	a	lowering	of	anhydride	concentration	as	the	reactivity	of	open	anhydrides	towards	

amines	should	be	lower.		

The	 favorable	 influence	of	anhydride	 functions	 is	 concentration	dependent	which	 is	also	

observed	 for	 the	 polymerizations	 in	 Entry	 13	 and	 14	 (Table	 3-10).	 The	 polymer	 in	 Entry	 13	

contains	4.3	mol	%	norbornene	anhydride	with	a	polymer	molecular	weight	of	Mn	=	27	000	g	

mol-1.	In	Entry	14,	norbornene	anhydride	was	partially	substituted	for	norbornene	to	decrease	

anhydride	incorporation	to	as	 low	as	0.9	mol	%	at	comparable	polymer	molecular	weights	of	

29	 000	 g	mol--1.	 And	 indeed,	 impact	 strengths	 are	 only	 slightly	 different	 for	 the	 polymers	 in	

Entry	13	and	14	with	aCN=	9.6	kJ	m-2	and	aCN	=	8.7	kJ	m-2,	respectively.	

For	the	polymers	in	Entry	11	and	12,	the	partial	half	ester	formation	proved	to	be	beneficial	

for	 the	 impact-strengthening	 properties.	 Based	 on	 this	 finding,	 further	 postpolymerization	

functionalizations	 with	 an	 extented	 scope	 of	 alcohols	 were	 performed	 with	 norbornene	

anhydride	 ethylene	 copolymers.	 For	 the	 copolymers	 in	 Entries	 15	 -20,	 the	 anhydride	 was	

completely	converted	to	the	half	ester	or	diester	by	treatment	with	the	corresponding	alcohol	

(see	Chapter	3.2.6	for	further	details).	
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Table	3-10.	Charpy-notch	impact	strength	aCN	for	polyamide	6.6	compounds	modified	with	untreated	or	
postfunctionalized	functional	polyolefins	obtained	by	insertion	polymerization	of	functional	vinyl	

monomers	with	ethylene.	

Entry	
Ea	

incorp.	
/mol	%	

AAa	

incorp.	
/mol	%	

NAa	

incorp./
mol	%	

HEa	

incorp.	
/mol	%	

Further	
CM	

Incorp.	
/mol	%	

Mn
a			

(NMR/	
GPC)	

·103			

/g	mol-1	

Tm/°C/	
(χ/%f)	

aCN
b	

/kJ	m-2	
(at	23°C)	

13	 95.7	 -	 4.3	 -	 -	
27.0/	

8.7	
107(37)	 9.6±0.21	

14	 98.65	 -	 0.9	 -	 0.45	
(N)	

29.0/	
11.3	 125(53)	 8.7±0.27	

15	 94.2	 -	 -	 5.8	
(MeOH)	 -	 24.0/	

6.2	 97(23)	 10.0±1.33	

16	 95.0	 -	 -	 5.8	
(nBuOH)	 -	 35.0/	

6.0	 97(28)	 11.2±0.5	

17	 94.9	 -	 -	 5.1	
(EtHexOH)	 -	 24.0/	

9.0	 96(25)	 13.8±0.0	

18	 94.9	 -	 -	 -	 5.1	
(diester)	

21.0/	
11.5	 -	 12.0±0.0	

19	 97.0	 -	 -	 3.0	
(nOctOH)	 -	 74.0d/	

12.5	 111(35)	 12.9±1.1	

20	 97.0	 -	 -	 3.0	
(nBuOH)	 -	 89.0d/	

8.3	 110(39)	 13.7±0.2	

21	
	 95.2	 -	 4.8	 -	 -	 >105/	

40.3	 n.o.	 18.0±1.0	

22	 97.0	 -	 3.0	 -	 -	 >105/	
28.6	 107(37)	 15.8±0.0	

23	 99.6	 -	 0.4	 -	 -	 >105/	
80.8	 133	 11.5±0.8	

24	 97.0	 -	 0.9	 2.1	
(MeOH)	 -	 >105/	

21.0	 112(31)	 13.8±0.0	

25		 98.5	 -	 1.3	 0.2	
(MeOH)	 -	 >105/	

36.7	 123	 14.3±2.3	

26	 98.5	 -	 -	
1.5	

(EtHexOH)	
-	

>105/	

5.5	
-	 8.7±1.0	

a- f 	see	Table	3-9	

The	 polymers	 in	 Entries	 15-18	 were	 obtained	 from	 the	 same	 polymerization	 batch	 or	

polymerized	under	identical	conditions,	hence	influences	on	the	impact	strength	in	polyamide	

compounds	can	be	ascribed	pimarily	 to	 the	half	ester	 (diester)	 functionality.	 Intriguingly,	an	

increase	of	the	ester	chain	length	and	branching	from	methyl	to	n-butyl	and	finally	to	2-ethyl	

hexyl	 increases	 the	 impact	 strength	 from	 10.0	 kJ	m-2	 to	 13.8	 kJ	m-2.	 The	 lower	 tendency	 for	

anhydride	 or	 direct	 imide	 formation	 from	 half	 esters	 of	 higher	 alcohols	 may	 be	 the	 reason	



Impact	Modification	of	Polyamides	

	
67	

since	it	leads	to	a	lowering	of	an	‘active’	anhydride	concentration	along	with	moderate	polymer	

molecular	weights.	The	partially	supressed	ring	closing	also	leads	to	a	considerable	amount	of	

ester	 and	 acid	 functionalities	which	 should	 improve	 compatibility	 and	 processability	 during	

the	 compounding	 of	 polyamide	 and	 polyolefin.	 Especially,	 the	 ester	moiety	with	 longer	 and	

branched	alkyl	residues	lowers	crystallinity	of	the	otherwise	linear	polyethylene	and	improves	

processing	with	the	polyamide.	Since	2-ethyl	hexanol	led	to	the	best	impact	testing	results	at	

this	 point,	 the	 diester	 functionalization	 was	 investigated	 as	 well.	 Unfortunately,	 the	 impact	

strength	 is	 decreased	 from	 13.7	 kJ	m-2	 to	 12.0	 kJ	m-2	 upon	 complete	 diester	 functionalization	

with	2-ethyl	hexanol	 (Entry	 18).	This	may	be	due	 to	 several	 reasons.	The	anhydride	or	 imide	

formation	 from	 the	 sterically	 crowded	 diester	 may	 be	 strongly	 hindered	 or	 even	 prevented	

under	 compounding	 conditions	 as	 was	 also	 observed	 in	 1H	 NMR	 experiments	 (see	 Chapter	

3.2.6).	 Furthermore,	 no	 acid	 functionalities	 are	 present	 which	 should	 be	 able	 to	 strongly	

interact	 with	 the	 amide	 functionalities	 and	 improve	 interphase	 adhesion	 and	 hence	

compatibility.	

The	additional	influence	of	polymer	molecular	weights	and	lower	half	ester	concentrations	

was	tested	in	Entry	19	and	20	with	norbornene	anhydride	 incorporations	of	3.0	mol	%	which	

were	 completely	 converted	 to	 the	 half	 esters	 of	 n-butanol	 and	 n-octanol.	 The	 polymer	

molecular	weights	are	74	000	g	mol-1	and	89	000	g	mol-1,	respectively,	and	hence	much	higher	

compared	to	the	former	polymerizations	due	to	acetone	extraction	of	lower	polymer	molecular	

weight	fractions.	 Impact	strength	values	are	quite	similar	with	12.9	kJ	m-2	and	13.7	kJ	m-2	and	

are	in	the	same	range	as	for	the	polymer	from	Entry	17	with	a	much	lower	polymer	molecular	

weight	and	a	higher	2-ethyl	hexyl	half	ester	incorporation	of	5.8	mol	%.		

To	investigate	the	influence	of	even	higher	polymer	molecular	weights	the	copolymers	in	

Entry	 21-26	 were	 generated	 by	 polymerization	 with	 a	 different	 catalyst	 precursor	 to	 obtain	

polymer	 molecular	 weights	 as	 high	 as	 105	 g	 mol-1.	 In	 Entry	 21-23,	 norbornene	 anhydride	

incorporation	 was	 decreased	 from	 4-8	 mol	 %	 to	 only	 0.4	 mol	 %.	 According	 to	 previous	

experiments,	 (see	 Chapter	 3.2.4	 and	 3.2.5)	 polymer	 molecular	 weights	 should	 increase	 with	

increasing	norbornene	anhydride	incorporation	which	is,	however,	not	determinable	by	NMR	

spectroscopy	 as	 for	 polymer	 molecular	 weights	 above	 105	 g	 mol-1,	 end	 groups	 can	 not	 be	

observed	in	 1H	NMR	spectra.	Nevertheless,	 impact	strengths	are	considerably	decreased	from	

18.0	kJ	m-2	 to	 11.8	kJ	m-2	upon	decrease	of	norbornene	anhydride	 incorporation	 implying	that	

incorporations	 as	 high	 as	 4.8	 mol	 %	 are	 beneficial	 at	 these	 polymer	 molecular	 weights.	

Additionally,	 comparison	 of	 the	 copolymers	 from	Entry	 21	 and	Entry	 13,	which	 share	 similar	

norbornene	anhydride	contents	of	4.8	and	4.3	mol	%,	respectively,	 the	benefical	 influence	of	
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higher	polymer	molecular	weights	is	evident.	The	increase	of	polymer	molecular	weights	from	

27	000	g	mol-1	to	>	105	g	mol--1	increases	the	impact	strength	from	9.59	kJ	m-2	to	appreciably	18.0	

kJ	 m-2.	 The	 latter	 is	 hence	 comparable	 or	 even	 better	 regarding	 its	 impact	 strengthening	

performance	than	the	reference	modifier	with	aCN	=	16.	8	kJ	m-2.	

In	 Entries	 24-26,	 postpolymerization	 functionalization	 was	 also	 investigated	 for	 higher	

molecular	weight	copolymers.	However,	no	further	improvement	in	impact	strengthening	was	

observed.	The	partial	opening	of	the	anhydride	in	the	polymer	from	Entry	22	to	the	methanol	

half	ester	(Entry	24)	even	decreased	aCN	from	15.8	kJ	m-2	to	13.8	kJ	m-2.	The	ratio	of	half	ester	to	

anhydride	of	2.1:	0.9	 is	propably	 too	high	 for	 the	beneficial	 influence	of	 the	half	ester	on	the	

impact	 strength	 as	 observed	 before	 (Entry	 11	 vs	 Entry	 12).	 The	 same	 was	 observed	 for	 the	

polymers	from	Entry	25	and	26,	where	the	anhydride	and	methanol	half	ester	were	completely	

converted	to	the	half	ester	of	2-ethyl	hexanol.	The	impact	strength	was	decreased	from	14.3	kJ	

m-2	to	only	8.7	kJ	m-2.	

The	impact	strength	is	also	temperature	dependent	and	decreases	at	lower	temperatures.	

For	 that	 reason,	 impact	 modifiers	 exhibiting	 good	 impact	 performance	 even	 at	 low	

temperatures	 are	 of	 great	 interest.	 In	 Table	 3-11,	 selected	 polyolefin	 polyamide	 compounds	

were	tested	for	their	impact	strength	at	23	°C	and	-30	°C.		

Table	3-11.	Impact	strength	for	compounds	of	polyamide	6.6	with	selected	untreated	or	
postfunctionalized	copolymers	of	ethylene	and	norbornene	anhydride	at	low	temperatures.	

Entry	
aCN

a	

/kJ	m-2	
(at	23°C)	

aCN
a	

kJ	m-2	
(at	-30	°C)	

1	 16.7±0.0	 13.8±2.1	

2	 18±1.0	 13.7±0.8	

3	 11.5±0.8	 9.6±0.9	

4	 14.3±2.3	 11.2±0.2	

5	 8.7±1.0	 7.2±0.1	

a	charpy-notch	impact	strength	

The	impact	strength	of	the	reference	modifier	RM1	in	Entry	1	is	decreased	from	16.8	kJ	m-2	

to	13.8	kJ	m-2	upon	a	temperature	decrease	from	25	°C	to	-30	°C.	The	relative	drop	in	aCN	for	all	

other	polymers	in	Table	3-11,	is	comparable	or	even	lower	than	for	the	reference	modifier	RM1	

in	Entry	 1.	 Intriguingly,	 the	modifier	 in	Entry	2	 is	 comparable	 to	 the	 reference	modifier	with	

respect	to	its	impact	performance	even	at	low	temperatures	of	-30	°C.		
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The	 charpy-notch	 impact	 strength	 is	 influenced	 by	 polymer	 properties	 as	 well	 as	

processing	 parameters.	 For	 the	 investigation	 of	 the	mechanical	 properties	 of	 the	 polyamide	

6.6/polyolefin	blends	by	compounding,	though,	much	larger	polymer	amounts	were	required.	

Therefore,	the	modifiers	in	Entry	2	and	4	were	selected	for	scale	up	compounding	experiments	

and	 subsequent	mechanical	 testing	 as	 the	 former	 exhibited	 the	 best	 performance	 in	 impact	

testing	of	all	polymers	 investigated	and	the	 latter	showed	very	high	polymerization	activities	

along	with	 a	 still	 acceptable	 impact	 toughening	performance.	The	 larger	 scale	 synthesis	 and	

melt	rheology	performance	is	presented	in	Chapter	3.2.10.	

3.2.8 Fracture	Mechanisms			

The	 fracture	 surface	 of	 the	 V-notched	 test	 specimens	 offers	 insights	 into	 the	

microstructural	features	of	the	failure.	Brittle	materials	show	a	flat	fracture	while	more	ductile	

materials	show	more	fibrous	fracture	aspects.	The	more	fibrous	fracture	is,	the	more	energy	is	

absorbed	by	the	specimen.	On	that	account,	 the	fracture	surface	of	selected	compounds	that	

exhibited	 a	 broad	 range	 of	 impact	 performances	 at	 23	 and	 -30	 °C,	 respectively,	 were	

investigated	by	scanning	electron	microscopy	(Figure	3-18	to	Figure	3-25).		

Table	3-12.	Charpy-notch	impact	strength	acn	for	selected	compounds	CP1	to	CP6	of	polyamide	6.6	with	
10	wt	%	of	untreated	or	postpolymerization-modified	linear	polyethylene	modifier	obtained	by	insertion	

copolymerization	with	phosphinesulfonato	Pd(II)	complexes.	

Entry Ea content 

/mol % 
NAa content 

/mol % 
HEacontent 

/mol % 
Mn/·104 g mol-1 
(NMRa/GPCe) 

acn
b/kJ m-2 

(at 23°C) 

CP1c 99.0 1.0 (AA) - 1.7/- 3.4 ± 0.5 

CP2 94.3 5.7 - 4.7 
/0.94 9.1 ± 0.4 

CP3 97.0 - 3.0 
(nBuOH) 

8.9 
/0.83 13.7 ± 0.2 

CP4 94.9 - 5.1 
(EtHxOH) 2.4/0.90 13.8 

CP5a 98.5 ~1.3 ~0.2 
(MeOH) >10/ 3.7 14.3±2.3 

CP5b 98.5 ~1.3 ~0.2 
(MeOH) >10/ 3.7 11.2±0.2d 

CP6a 95.2 4.8 - >10/ 4.0 18.0 ±1.0 

CP6bd 95.2 4.8 - >10/ 4.0 13.7±0.8d 
a	Determined	by	1H-NMR	spectroscopy	in	C2D2Cl4	at	130	°C.	

b	Charpy-notch	impact	strength	c	

Polymerization	conditions	for	the	polyethylene	modifier	in	CP1:	c(acrylic	acid)	=	0.3	mol	L-1,	p(ethylene)	
=	40	bar,	100	mL	total	volume	in	toluene,	addition	of	20	μmol	1-dmso	at	the	beginning	and	after	2.5	h,	5	

h	total	polymerization	time,	70	°C.	d	Sample	was	fractured	at	-30	°C.	e	Determined	by	GPC	in	1,2,4-
trichlorobenzene	at	160	°C	against	PE	standards	
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As	expected,	norbornene	anhydride	 is	an	essential	component	 in	 the	 linear	polyethylene	

modifier.	 This	 is	 demonstrated	 by	 a	 polyamide	 6.6	 compound	with	 a	 linear	 polyethylene	 as	

modifier	 that	contains	only	 1	mol	%	of	 in-chain	 incorporated	acrylic	acid	but	no	norbornene	

anhydride.	The	corresponding	compound	exhibited	even	lower	impact	resistance	than	the	neat	

polyamide	with	acn	=	3.4	versus	5.0	kJ	m-2.		

	

Figure	3-18.	SEM	images	of	the	fracture	surface	of	CP1(acn	=	3.4	kJ	m
-2)	which	exhibits	a	very	low	impact	

strength	at	23	°C.	The	presence	of	unfractured	spherical	modifier	droplets	in	the	polyamide	matrix	
indicates	a	low	interfacial	adhesion	between	the	two	polymer	phases.	

For	 the	 test	 specimen	 from	CP1	a	phase	 separation	was	already	visible	on	a	macroscopic	

scale.	The	 test	 specimen	showed	a	 thin	and	 rather	 translucent	 layer	on	an	opaque	core.	The	

SEM	 image	 of	 the	 core	 reveals	 that	 polyolefin	 modifier	 is	 homogeneously	 dispersed	 in	 the	

polyamide	matrix	in	the	form	of	small	spherical	droplets	of	varying	size	in	the	range	of	several	

µm	down	to	several	hundred	nm.	However,	the	adhesion	between	the	phases	is	very	low	as	can	

be	concluded	from	the	low	deformation	and	the	smooth	surface	of	the	droplets	and	the	holes	

as	well	as	the	absence	of	fractured	droplets.	The	DSC	trace	of	the	compound	even	exhibits	two	

melting	points	at	127	and	265	°C	for	the	modifier	and	the	polyamide	matrix,	respectively	(See	

Chapter	9.2).	The	low	acrylic	acid	content	of	1	mol	%	in	the	linear	polyethylene	modifier	is	not	

able	 to	 compatibilize	 the	 blended	 polymers	 and	 leads	 to	 a	 clear	 phase	 separation	 between	

modifier	and	polyamide.	This	results	in	a	very	poor	impact	performance	even	compared	to	the	

unmodified	 polyamide	 as	 the	 overall	 in-phase	 adhesion	 of	 the	 polyamide	 is	 lowered	 by	 the	

presence	of	the	modifier	droplets.		

Introduction	 of	 5.7	 mol	 %	 of	 norbornene	 anhydride	 into	 the	 polyethylene	 chain	 of	 the	

modifier	for	CP2	and	a	polymer	molecular	weight	of	5.0·104	g	mol-1	lead	to	a	strong	increase	in	
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the	 Charpy-notch	 impact	 strength	 to	 acn	 =	 9.10	 kJ	 m-2.	 On	 a	 macroscopic	 scale	 the	 test	

specimen	of	CP2	appeared	to	be	more	homogeneous	in	contrast	to	the	specimen	of	CP1.	The	

SEM	image	of	CP2	(Figure	3-19)	furthermore	shows	obvious	differences	from	the	SEM	image	of	

CP1	in	line	with	the	results	from	the	V-notched	impact	testing	for	both	compounds.		

	

Figure	3-19.	SEM	images	of	the	fracture	surface	of	CP2	(acn=	9.1	kJ	m
-2)	which	exhibits	a	moderate	to	

good	impact	strength	at	23	°C.		

While	 for	 CP1	 a	 clear	 phase	 separation	 was	 observed	 in	 the	 SEM	 images,	 mainly	

responsible	for	the	very	poor	impact	performance,	there	is	no	phase	separation	visible	for	CP2.	

On	 the	 contrary,	 a	 platelet-like	 fracture	 is	 observed	 throughout	 the	 fracture	 surface.	 Three-

dimensional	plate	structures	are	a	hitn	for	a	good	interfacial	adhesion	between	polyamide	and	

polyolefin	and	suggest	a	higher	ability	for	energy	dissipation	during	impact.	Furthermore,	the	

DSC	trace	only	reveals	one	melting	point	at	263	°C	for	the	polyamide	matrix.	This	indicates	a	

better	interfacial	adhesion	and	mixing	between	the	polyamide	and	polyolefin	phases	mediated	

by	the	anhydride	moieties	of	the	polyolefin	modifier.	

The	modifier	in	CP3	with	3	mol	%	n-butanol	half	ester	and	a	polymer	molecular	weight	of	

8.9	 ·	 104	 g	mol-1	 shows	 even	better	 impact	 toughening	properties	 for	 polyamide	6.6	 than	 the	

modifier	from	CP2,	with	a	Charpy-notch	impact	strength	as	high	as	acn	=	13.7	kJ	m-2.	The	SEM	

image	of	the	fracture	surface	(Figure	3-20)	suggests	a	very	good	compatibilization	between	the	

polymers	as	 the	compound	exhibits	 strong	deformations	prior	 to	 fracture	evidencing	a	high-

energy	dissipation.		
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Figure	3-20.	SEM	images	of	the	fracture	surface	of	CP3	(acn=	13.7	kJ	m
-2)	which	exhibits	a	good	impact	

strength	at	23	°C.	This	is	ascribed	to	the	high	deformations	and	the	formation	of	microcrazes	(magnified	
in	the	section	on	the	left	top)	visible	throughout	the	fracture	surface	as	they	serve	as	energy	dissipating	

mechanisms.		

In	addition,	impact	energy	dissipation	is	also	mediated	by	microcrazes	visible	throughout	

the	fracture	surface	which	are	in	the	range	of	about	50	to	100	nm	(SEM	image	section	on	the	

left	top	in	Figure	3-20).		

CP4	exhibited	a	comparable	impact	performance	as	CP3	which	can	be	also	concluded	from	

the	 fracture	 surface	 which	 appears	 to	 be	 homogeneous	 and	 features	 deformed	 platelet-like	

structures	(Figure	3-21).		

	

Figure	3-21.	SEM	images	of	the	fracture	surface	of	CP4	(acn=	13.8	kJ	m
-2)	which	exhibits	a	comparably	

good	impact	strength	as	CP3	at	23	°C.	
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However,	the	deformations	are	not	as	pronounced	as	for	CP3	and	there	are	no	microcrazes	

visible	in	the	surface	areas	investigated.	

In	 the	 SEM	 image	 of	 the	 fracture	 surface	 of	 CP5a	 (Figure	 3-22)	 it	 is	 possible	 to	 identify	

particulate	structures	embedded	in	the	polymer	matrix.		

	

Figure	3-22.	SEM	images	of	the	fracture	surface	of	CP5a	(acn=	14.3±2.3	kJ	m
-2)	which	exhibits	a	good	

impact	strength	at	23	°C.	

These	 structures	 are	 likely	 to	 be	modifier	 droplets	 dispersed	 in	 the	polyamide	matrix	 as	

was	 already	 observed	 for	CP1.	However,	 in	 the	 case	 of	CP5a	 the	 strongly	 deformed	modifier	

structures	and	the	fracture	of	the	same	are	associated	with	a	good	interfacial	adhesion	between	

the	polyamide	and	the	functional	polyolefin	modifier	phase	in	this	case,	which	leads	to	a	good	

impact	strength	with	an	acn	value	of	14.3±2.3	kJ	m-2.	It	should	be	noted	that	while	the	surfaces	

of	CP2,	CP3	and	CP4	appear	to	be	homogeneous	in	the	SEM	images,	the	dispersion	of	modifier	

in	 the	 polyamide	matrix	may	 be	 comparable	 to	 CP5a	 but	 simply	 not	 visible	 in	 the	 fracture	

structure	of	the	areas	investigated.	However,	while	the	DSC	traces	of	CP2,	CP3	and	CP4	display	

only	 one	 melting	 point	 for	 the	 polyamide	 matrix	 at	 about	 260	 °C,	 the	 DSC	 trace	 of	 CP5a	

features	 a	 second	 melting	 point	 at	 107	 °C	 (See	 Chapter	 9.2).	 This	 rather	 hints	 to	 a	 more	

separated	modifier	phase	in	the	matrix	as	is	also	observed	from	the	discrete	particulates	in	the	

matrix	visible	in	the	SEM	images.	However,	this	does	not	appear	to	have	a	negative	effect	on	

the	impact	strength	of	the	compound	which	is	even	higher	than	those	observed	for	CP2,	CP3	

and	CP4.	

As	outlined,	 the	 temperature	 can	have	 a	 strong	 influence	on	 the	 impact	performance	of	

the	 compound	 as	 a	 transition	 from	 ductile	 to	 brittle	 fracture	 occurs	 with	 a	 decrease	 in	
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temperature.	Ductile	fracture	features	strong	deformations	in	the	material	prior	to	its	fracture	

and	is	hence	the	mechanism	that	leads	to	higher	impact	strengths	as	the	energy	of	the	impact	

is	dissipated	in	these	deformations	first.		

For	 that	 reason,	 the	 appearance	 of	 the	 fracture	 surface	 of	 two	 selected	 samples	 after	

fracture	was	investigated	at	23	and	-30	°C,	respectively.	Indeed,	the	fracture	surface	of	CP5	at	a	

fracture	 temperature	 of	 -30	 °C	 (sample	 CP5b,	 Figure	 3-23),	 features	 significantly	 different	

structures	than	CP5a	which	was	fractured	at	23	°C	(Figure	3-22).			

	

Figure	3-23.	SEM	images	of	the	fracture	surface	of	CP5b	(acn=	11.2±0.2	kJ	m
-2)	which	exhibits	a	moderate	

impact	strength	at	-30	°C.	

The	 entire	 surface	 of	 CP5b	 appears	 to	 be	 smoother	 compared	 to	CP5a	 and	 features	 less	

deformed	platelet-like	structures.	There	are	small	increases	visible	in	the	lower	magnification	

(bottom	section	in	Figure	3-23)	that	are	spread	across	the	fracture	surface	which	are	very	likely	

modifier	 particles.	 However,	 the	 modifier	 particulates	 are	 still	 embedded	 in	 the	 polyamide	

matrix	as	deformed	structures	that	even	appear	at	some	points	to	be	fractured	(section	on	the	

right	top	in	Figure	3-23).	Furthermore,	there	are	no	holes	visible	originating	from	particles	that	

might	 have	 been	 separated	 by	 the	 fracture	 as	 observed	 for	 CP1	 (Figure	 3-18).	 This	 again	

indicates	a	good	adhesion	of	the	modifier	particles	to	the	surrounding	matrix.	The	decrease	in	

impact	strength	of	CP5	from	14.3	kJ	m-2	to	11.2	kJ	m-2	with	a	decrease	in	temperature	from	23	to	

-30	°C	is	therefore	not	attributed	to	a	decrease	in	interfacial	adhesion	between	the	polyamide	

and	the	polyolefin	modifier	phase	but	 rather	 to	an	overall	decrease	of	 the	materials’	 fracture	

strength	due	to	a	shift	to	more	brittle	fracture.		
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Comparable	temperature-dependent	appearances	of	the	surface	in	SEM	were	also	observed	

for	 the	 fracture	 surfaces	 of	 CP6,	 which	 showed	 the	 best	 Charpy-notch	 impact	 performance	

both	at	23	and	 -30	 °C	with	aCN=	 18.0	±1.0	kJ	m-2	 and	acn=	 13.7±0.8	kJ	m-2,	 respectively	 (Figure	

3-24	and	Figure	3-25).	

	

Figure	3-24.	SEM	images	of	the	fracture	surface	of	CP6a	(acn=	18.0	±1.0	kJ	m
-2)	which	exhibits	an	excellent	

impact	strength	at	23	°C.	

	

Figure	3-25.	SEM	images	of	the	fracture	surface	of	CP6b	(acn=	13.7±0.8	kJ	m
-2)	which	exhibits	a	good	

impact	performance	at	-30	°C.	

Deformed	 modifier	 particles	 are	 embedded	 in	 the	 polyamide	 matrix	 at	 both	 fracture	

temperatures.	There	are	no	holes	observed	which	would	hint	to	a	limited	interfacial	adhesion	

between	 the	 polyamide	 and	 modifier	 phase.	 The	 embedded	 particles	 rather	 seem	 to	 be	
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fractured	 or	 strongly	 attached	 to	 the	 surrounding	 polyamide	 matrix	 at	 both	 23	 and	 -30	 °C	

(Figure	3-24	and	Figure	3-25).	For	CP6a,	which	was	fractured	at	23	°C,	even	small	dips	can	be	

identified	 on	 top	 of	 the	 particulates	 which	 are	 an	 indication	 for	 ductile	 fracture	 (right	 top	

section	in	Figure	3-24).	Hence,	as	already	observed	for	CP5,	the	decrease	in	impact	strength	for	

CP6	 with	 a	 decrease	 in	 temperature	 is	 attributed	 to	 an	 overall	 decrease	 of	 the	 materials’	

fracture	strength	and	not	a	decrease	in	the	interfacial	adhesion	between	the	polyolefin	and	the	

polyamide	phase.	

3.2.9 Mechanical	Performance	of	Selected	Polyolefin/Polyamide	Compounds	

The	 linear	 functional	 copolymers	 from	 Entry	 21	 and	 25	 in	 Table	 3-10	 in	 Chapter	 3.2.7.,	

respectively,	showed	the	best	performance	in	impact	toughening	of	polyamide	6.6.	combined	

with	 the	 highest	 productivity	 compared	 with	 the	 results	 of	 the	 other	 polymerization	

experiments	within	this	work.	In	the	following,	these	copolymers	are	referred	to	as	Modifier	1	

(Entry	1	in	Table	3-13	and	Entry	3	in	Table	3-14)	and	Modifier	2	(Entry	2	in	Table	3-13	and	Entry	

4	 in	 Table	 3-14)	 for	 simplification.	 To	 investigate	 the	 influence	 of	 continuous	 flow	

compounding	in	comparison	to	discontinuous	processing	on	the	impact	strength	and	further	

mechanical	properties	of	these	polyoefin/polyamide	6.6	compounds,	large	scale	synthesis	was	

performed	 for	 the	 production	 of	 >	 100	 g	 of	 the	 selected	 functional	 modifiers.	 The	 selected	

polymers	are	given	in	Table	3-13	and	were	compared	with	two	etablished	functional	branched	

poylethylene	modifiers,	Reference	Modifier	RM1	 (Entry	1	 in	Table	3-14)	already	introduced	in	

Chapter	3.2.4	and	a	second	Reference	Modifier	RM2	(Entry	2	in	Table	3-14).	

Table	3-13.	Functional	polyethylene	modifiers	which	exhibited	the	best	impact	strengthening	of	PA	6.6	
at	highest	productivity.		

Entry	
Ea	

content	
/mol	%	

NAa	

content	
mol	%	

HEa	

content	
/mol	%	

Mn	/	
g	mol-1	

TON	
(E/NA)	

/mol(M)/	
mol(Pd(II))-1	

aCN
b	

/kJ	m-2	
(at	25°C)	

aCN
b	

/kJ	m-2	
(at	-30°C)	

1	 95.2	 4.8	 -	 >	105	 2985/150	 18±1.0	 13.7±0.8	

2	 98.5	 1.3	 0.2	 >	105	 24055/377	 14.3±2.3	 11.2±0.2	

a	 determined	 by	 1H-NMR	 spectroscopy	 in	 C2D2Cl4	 at	 130°C.	 b 	 charpy-notch	 impact	
strength	 c	 methanol	 half	 ester	 d	 insoluble	 fractions	 after	 acetone	 extraction	 c	 The	 total	
amount	 of	 >	 100	 g	 for	 each	 sample	 was	 performed	 in	 several	 batches	 which	 were	 mixed	
afterwards.	
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Table	3-14.	Selected	reference	and	new	functional	polyethylene	modifiers	for	mechanical	testing	in	
polyamide	6.6	compounds.	

Entry	 Modifier	 Loading				
/wt	%	

1	 Reference	Modifier	
RM1		 8	

2	 Reference	modifier	
RM2	 8	

3	 Modifier	1	 8	

4	 Modifier	2	 8	

	

The	loading	of	the	modifier	was	8	wt	%	and	the	specimens	tested	were	stored	at	two	

different	conditions,	dry	as	molded	and	stored	for	336	h	at	70	°C	and	62	%	air	humidity.	The	

results	for	the	E-modulus,	tensile	strength,	elongation	at	break	and	notched	impact	strength	

are	illustrated	in	Figure	3-26	to	Figure	3-29.	

	

Figure	3-26.	E-modulus	for	selected	polyamide	6.6/functional	polyethylene	compounds	with	different	
storage	conditions	for	the	test	specimens.	Error	bars	represent	the	standard	deviation.	

The	E-modulus	(Figure	3-26)	was	comparable	for	all	modifiers	tested,	with	Modifier	1	(3	in	

Figure	 3-26)	 showing	 slightly	better	 results	 for	both	 storage	 conditions	of	 the	 specimens.	As	

expected,	 the	specimens	obtained	directly	after	melt	blending	performed	considerably	better	

than	the	ones	stored	at	70°	and	62	%	rh.	The	high	temperatures	during	compounding	lead	to	

an	evaporation	of	water	from	the	blends	and	polyamide	in	particular	which	in	turn	increases	

their	E-modulus.	The	storage	of	polyamide	at	high	air	humidities	 leads	 to	an	 increase	of	 the	

water	content	in	the	polyamide,	which	again	decreases	its	E-modulus.	
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Figure	3-27.	Tensile	strength	for	selected	polyamide	6.6/functional	polyethylene	compounds	with	
different	storage	conditions	of	the	test	specimens.	Error	bars	represent	the	standard	deviation.	

Tensile	 strengths	 were	 also	 comparable	 for	 all	 modifiers	 except	Modifier	 2	 (4	 in	 Figure	

3-27)	as	 it	exhibited	slightly	higher	 strengths	 for	 the	specimens	stored	at	70	 °C	and	62	%	air	

humidity.	However,	standard	deviations	are	much	higher	and	the	values	are	less	reliable.		

Regarding	 elongation	 at	 break,	 stronger	 differences	 were	 observed.	 A	 change	 of	 storage	

conditions	of	the	specimens	already	has	a	very	pronounced	effect	on	the	test	results	as	can	be	

seen	in	Figure	3-28.		

	

Figure	3-28.	Elongation	at	break	for	selected	polyamide	6.6/functional	polyethylene	compounds	with	
different	storage	conditions	of	the	test	specimens.	Error	bars	represent	the	standard	deviation.	

For	 refernec	Modifiers	RM1	 and	RM2	 the	 elongation	 at	 break	 is	 increased	by	 about	 ten-	

and	five-fold,	respectively,	if	storage	conditons	are	changed	from	dry	as	molded	to	70	°C	and	62	
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%	air	humidity.	For	Modifier	1	and	Modifier	2	the	increase	is	even	higher	with	27	and	14	times,	

respectively.	However,	 standard	 deviations	 are	 also	 very	 high	 for	 these	 compounds.	 For	 the	

latter	storage	conditions,	the	largest	elongation	at	break	was	exhibited	for	Modifer	2	with	248	

%	while	Modifer	1	exhibited	the	lowest	with	54	%	(3	and	4	in	Figure	3-29).	Standard	devations	

are	very	 low	 in	 these	 cases	which	 indicates	 a	 either	better	 reproducibility	of	 the	 tests	or	 the	

processing	of	the	compounds.			

The	notched	 impact	 strengths	obtained	at	 25	 °C	and	 -30	 °C	by	 continuous	processing	of	

the	 blends	 (Figure	 3-29)	 are	 significantly	 lower	 than	 for	 the	 specimens	 obtained	 by	

discontinuous	processing	presented	in	Chapter	3.2.7.		

	

Figure	3-29.	Notched	impact	strength	for	polyamide	6.6/functional	polyethylene	compounds	with	
different	storage	conditions	of	the	test	specimens.	Error	bars	represent	the	standard	deviation.	

The	 different	 influences	 of	 the	 compounding	 processes	 on	 the	 notched	 impact	 strength	

may	 be	 ascribed	 to	 an	 improved	 mixing	 of	 the	 phases	 and	 reaction	 of	 the	 functionalities	

between	 the	 phases	 for	 compatibilization	 due	 to	 longer	 mixing	 times	 in	 the	 discontinuous	

process.	 Under	 continuous	 conditions	 Reference	 Modifer	 RM1	 showed	 the	 best	 impact	

toughening	of	PA	6.6	at	25	 °C	with	aCN	=	 12.8	kJ	m-2	while	Modifier	 1	 	and	Modifer	2	showed	

both	 the	 lowest	 value	 of	 aCN	 =	 8.46	 kJ	m-2	 	 while	 under	 discontinuous	 conditions	Modifer	 1	

performed	 best	 in	 impact	 toughening	 at	 25	 °C	 with	 aCN	 =	 18.1	 kJ	m-2.	 At	 -30	 °C,	 differences	

between	 the	modifiers	under	 continuous	 conditions	 are	not	 as	pronounced	as	 for	 25	 °C,	but	

still	lower	than	for	the	discontinuous	process.	
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3.2.10 Alternative	Catalyst	Precursors	

Linear	copolymers	of	ethylene	and	norbornene	anhydride	proved	to	be	the	best	choice	for	

the	 impact	 toughening	 of	 polyamide	 6.6	 as	 they	 showed	 highest	 charpy-notch	 impact	

strengths	comparable	or	even	slightly	superior	to	the	Referene	Modifer	RM1	and	RM2.	Indeed,	

the	 rather	 simple	structure	of	 the	 linear	copolymers	based	on	only	ethylene	and	norbornene	

anhydride	 offers	 the	 possibility	 for	 other	 approaches	 with	 polymerization	 catalysts	 that	 are	

available	in	a	more	straightforward	fashion	and	at	lower	costs.	Ni	(II)	salicylaldiminato	catalyst	

precursors	 are	 such	 canditates.	 Beside	 the	 higher	 cost	 efficiency	 of	 these	Ni	 complexes	 they	

furthermore	offer	a	broader	 range	of	polymer	microstructures	based	on	 the	 ligand	employed	

compared	 to	 phosphinesulfonato	 Pd	 (II)	 complexes.	 These	 unusual	 effects	 of	 the	 ligand	

framework	 in	 terphenyl	 Ni	 (II)	 salicylaldiminato	 catalyst	 precursors	 are	 depicted	 in	 Figure	

3-30.		

L	=	dmso,	pyr,	tmeda,	PR3 etc.

N

O
Ni

L

R

R2

R2

R1

R1R1

R1

R1 substituent

-	electron-withdrawing	(e.g.	CF3)	or	sterically	demanding	
low	branching,	higher	molecular	weights

-	electron-donating	(e.g.	OMe)	 highly	branched,	lower	
molecular	weights

R2 substituent

-	influences	activity	but	hardly	
molecular	weight	or	microstructure

	

Figure	3-30.	Influences	of	ligand	design	in	salicylaldiminato	Ni	(II)	complexes	on	the	polymer	
microstructure	and	polymerization	activity.	

Electron-withdrawing	substituents	at	the	terphenyl	moiety	such	as	-CF3	lead	to	a	decrease	

in	branching	along	with	an	increase	in	molecular	weights	while	electron-donating	ones	such	as	

methoxy-groups	lead	to	highly-branched	polyethylenes	and	lower	polymer	molecular	weights.	

The	substituent	at	the	salicyl-ring	influences	only	activity	but	hardly	microstructure.121	

In	2000,	Grubbs	et	al.	presented	the	first	copolymerization	of	functionalized	norbornenes	

and	ethylene	with	Ni	(II)	salicylaldiminato	complexes.122		

However,	 norbornene	 anhydride	 was	 not	 described.	 In	 a	 subsequent	 publication	 of	 the	

same	 group	 though,	 a	 norbornene	 anhydride	 derivative	was	 copolymerized	with	 ethylene	 to	

obtain	 comonomer	 incorporations	 of	 0.5	 mol	 %.123	 Unfortunately,	 no	 polymer	 molecular	

weights	are	reported.	
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In	 the	 following,	 the	 Ni	 (II)	 salicylaldiminato	 complexes	 1-CH3-dmso	 and	 2-CH3-pyr121	

(Figure	 3-31)	 were	 tested	 as	 catalyst	 precursors	 for	 the	 copolymerization	 of	 ethylene	 with	

norbornene	anhydride	(Table	3-15).	

	

Figure	3-31.	Ni	(II)	salicylaldiminato	complexes	tested	for	the	synthesis	of	functional	copolymers	via	
insertion	copolymerization	of	ethylene	and	norbornene	anhydride.	

Table	3-15.	Copolymerization	attempts	for	ethylene	and	norbornene	anhydride	with	salicylaldiminato	Ni	
(II)	complexes.	

Entry	 Temp.	
/°C	 Catalyst	precursor	 n(Cat.)	

/μmol	
[NA]	

/mol	L-1	 Yield/g	
TON	
/m(E)	

m(Pd(II)-1	

1	 20	 1-CF3-dmso	 3.2	 -	 0.987	 10	000	

2	 20	 1-CF3-dmso	 7.7	 -	 1.51	 7000	

3	 20	 1-CF3-dmso	 20	 0.1	 0.025	 45	

4	 20	 1-CF3-dmso	 7.8	 0.3	 no	polymer	 -	

5	 25	 1-CF3-dmso	 5.1	 0.6	 no	polymer	 -	

6	 20	 1-CF3-dmso	 20	 0.1	(exo)a	 0.017	 30	

7	 20	 1-CF3-dmso	 17	 0.1d	 0.034	 71	

8	 25	 2-CF3-pyr	 8.4	 -	 0.315	 1340	

9	 50	 2-CF3-pyr	 40	 -	 18.5	 16520	

10	 50	 2-CF3-pyr	 30	 0.3	 0.084	 100	

11	 25	 2-CF3-pyr	 16.8	 0.3	 0.012	 26	

12	 50	 2-CF3-pyr	 42	 0.3	
(sublimated)b	 0.049	 42	

13	 50	 2-CF3-pyr	 40	 40	mg	diacidc	 0.84	 750	

14	 95	 tBu*/3(MeO)PdMepyr	 21	 -	 2.45	 4170	
Poylmerization	 conditions:	 100	mL	 total	 volume	 in	 toluene.	 Polymerization	 time:	 30	

min	for	1-CF3-dmso 	and	1	h	for	2-CF3-pyr . 	Ethylene	pressure:	40	bar.	
a 	exo-5-norbornene-

2,3-dicarboxylic	 anhydride	 used	 instead	 of	 endo-derivative	 b	 endo-5-norbornene-2,3-
dicarboxylic	 anhydride	 was	 purified	 by	 sublimation	 c 	 40	 mg	 of	 cis-5-Norbornene-endo-
2,3-dicarboxylic	 acid	 were	 added	 in	 order	 to	 study	 the	 influence	 the	 present	 diacid	 on	
the	 polymerization	 outcome	 d	 monomer	 solution	 in	 toluene	 was	 stirred	 at	 97	 °C	 for	 3	 h	
for	closing	of	diacid	to	anhydride.	
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For	both	 1-CF3-dmso	 and	2-CF3-pyr,	 turn	over	numbers	 (TON)	are	drastically	decreased	

by	the	presence	of	norbornene	anhydride.	In	the	case	of	1-CH3-dmso	 the	TON	of	ethylene	is	

decreased	 from	 several	 thousand	 to	 only	 45	 with	 a	 norbornene	 anhydride	 concentration	 of	

only	0.1	mol	L-1	(Entry	1	vs	Entry	3).	There	was	no	crucial	difference	between	the	endo-	and	exo-

derivative	of	norbornene	anhydride	(Entry	3	and	Entry	6).		The	same	tendencies	were	observed	

for	2-CF3-pyr.	Sublimation	of	the	anhydride	to	remove	potential	trace	amounts	of	diacid	had	

no	 significant	 effect	 on	 the	 TON	 (Entry	 12).	 	However,	 ethylene	 homopolymerization	 in	 the	

presence	of	only	a	small	amount	of	norbornene	diacid	decreased	TON	from	16	520	to	only	750	

(Entry	 13).	Grubbs	et	al.	described	the	benefical	 influence	on	theTON	by	a	 treatement	of	 the	

anhydride	 monomer	 solution	 with	 a	 proton	 sponge	 prior	 to	 polymerization.	 However,	

incorporation	is	as	low	as	0.5	mol	%	along	with	a	TON	of	3240	and	no	reference	data	is	given	

for	 polymerizations	 without	 the	 proton	 sponge	 pretreatment.	 Furthermore,	 the	 norbornene	

anhydride	incorporation	for	the	polymer	in	Entry	11,	determined	by	1H	NMR	spectroscopy,	was	

negligibly	small	with	only	0.06	mol	%.	Therefore,	copolymerization	of	norbornene	anhydride	

and	ethylene	with	Ni	(II)	salicylaldiminato	complexes	was	not	further	pursued.	

3.3 Summary	and	Conclusion	

Polyamides	 are	 one	 of	 the	 most	 important	 polymer	 classes	 when	 it	 comes	 to	 high-end	

applications	 such	 as	 in	 the	 automotive	 sector.	 However,	 to	 obtain	 valuable	 materials	

modification	 of	 the	 polyamides	 by	 e.g.	 reactive	 blending	 with	 functional	 polyolefins	 is	

essential.	 The	 latter	 are	 obtained	 by	 free	 radical	 copolymerization	 of	 polar	 vinyl	monomers	

with	ethylene	at	high	temperatures	and	very	high	pressures	(usually	around	1000	bar).	

In	 this	 study,	 linear	 functional	 polyethylenes	 were	 synthesized	 by	 the	 means	 of	

coordination	 insertion	 polymerization	 of	 ethylene	 with	 functional	 vinyl	 monomers	 at	

moderate	 pressures	 and	 temperatures	 and	 applied	 successfully	 in	 the	 impact	 toughening	 of	

polyamide	6.6.		

Reaction	 conditions	 for	 the	 polymerizations	 with	 etablished	 phosphinesulfonato	 Pd	 (II)	

complexes	could	be	optimized	for	larger	scale	applications.		Anhydride	functionalities	proved	

to	be	crucial	for	the	compatibilization	of	the	polyethylene	and	polyamide	phases.		Norbornene	

anhydride	 showed	 a	 superior	 performance	 regarding	 polymerization	 activity,	 polymer	

molecular	 weights	 and	 reactivity	 compared	 to	 all	 other	 polar	 vinyl	 monomers	 investigated.	

Furthermore,	 as	 expected,	 polymer	molecular	 weights	 proved	 to	 be	 decisive	 for	 the	 impact	

performance	of	the	modifier	and	the	best	results	were	obtained	with	higher	molecular	weights.		



Impact	Modification	of	Polyamides	

	
83	

Hence,	 the	 best	 performance	 in	 impact	 toughening	 was	 observed	 for	 norbornene	

anhydride	 ethylene	 copolymers	 obtained	 with	 tBu/(MeO)3(PO)Pd(Me)dmso	 as	 polymer	

molecular	 weights	 up	 to	 105	 g	 mol-1	 could	 be	 obtained	 along	 with	 norbornene	 anhydride	

incorporations	as	high	as	5.8	mol	%.	These	copolymers	compared	favorably	in	impact	testing	

to	 etablished	 branched	 functional	 polyethylene	 modifiers	 obtained	 by	 high-pressure	 free	

radical	polymerization	of	acrylic	acid,	n-butyl	acrylate,	maleic	anyhdride	and	ethylene.		

As	anticipated,	the	postpolymerization	functionalization	of	the	anhydride	moieties	in	the	

polymers	had	a	significant	effect	on	their	impact	modification	properties	in	polyamide	6.6.	The	

anhydride	function	was	opened	to	the	corresponding	half	ester,	diacid	or	diester	moiety	by	the	

treatment	 with	 different	 nucleophiles	 such	 as	 water,	 methanol,	 n-butanol,	 n-octanol	 and	 2-

ethyl	 hexanol.	 Intriguingly,	 the	 impact	 performance	 seems	 to	 be	 improved	 upon	 increase	 of	

the	 alkyl	 chain	 length	 and	 branching	 of	 the	 alcohols	 employed	 in	 the	 following	 order	 of	

methanol	<	n-butanol	<	n-octanol	<	2-ethyl	hexanol.	Furthermore,	a	mixture	of	anhydride	and	

half	ester	moieties	present	 in	 the	copolymers	was	superior	 to	a	complete	postpolymerization	

functionalization,	i.e.	diester	groups,	or	completely	unfunctionalized	anhydride	moieties.		

These	 observations	 are	 most	 likely	 ascribed	 to	 a	 favorable	 ratio	 of	 anhydride,	 acid	 and	

ester	functionalities	in	the	modifier	provided	by	an	optimal	equilibrium	between	half	ester	and	

anhydride	which	can	be	partly	interconverted	under	compounding	conditions.	

Attempts	 to	 obtain	 ethylene	 norbornene	 anhydride	 copolymers	 by	 the	 means	 of	 more	

readily	 available	 Ni(II)	 salicylaldiminato	 complexes	 were	 hampered	 by	 extremely	 low	

comonomer	reactivities	leading	to	norbornene	anhydride	incorporations	as	low	as	0.06	mol	%.	
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4 Towards	Phosphinesulfonato	Palladium	(II)	

Complexes	with	Hydrogen	Bonding	Motifs	

4.1 Introduction		

Functionalized	polyolefins	are	desirable	polymeric	materials	as	they	extend	the	properties	

and	hence	application	range	considerably	in	addition	to	their	apolar	hydrophobic	counterparts	

which	 are	 industrially	 produced	 and	 used	 on	 a	 large	 scale.10,	 124	 However,	 the	 industrial	

synthesis	 of	 functionalized	 polyolefins	 is	 limited	 to	 free	 radical	 copolymerizations	 at	 high	

temperatures	and	pressures	which	lack	a	control	over	polymer	microstructure.		

The	 direct	 copolymerization	 of	 unprotected	 functionalized	 olefins	 with	 ethylene	 via	

coordination	 insertion	 copolymerization	 is,	 however,	 limited	 as	 polymerization	 activities	 are	

lowered	in	the	presence	of	polar	vinyl	monomers	and	high	comonomer	incorporations	lead	to	

a	strong	decrease	in	polymer	molecular	weights.	The	latter	is	due	to	enhanced	chain	transfer	

after	 the	 insertion	of	a	polar	monomer.	The	 lower	polymerization	activity	 in	 the	presence	of	

polar	 monomers	 is	 ascribed	 to	 mainly	 two	 reversible	 deactivation	 equilibria	 present	 during	

polymerization	(Figure	4-1).	

	

Figure	4-1.	Reversible	deactivation	equilibria	observed	for	the	insertion	(co)polymerization	of	polar	vinyl	
monomers.	

The	 κ-X	 coordination	 of	 the	 functional	 group	 of	 the	 free	 monomer	 (equilibrium	 A)	

competes	with	π-coordination	of	the	monomer.	π-Coordination	is	essential	for	chain	growth	as	
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insertion	can	only	occur	from	π-coordinated	olefin.	For	phosphinesulfonato	Pd	(II)	complexes,	

κ-X	coordination	was	observed	to	be	extensive	for	acrylonitrile.39	Additionally,	 the	functional	

group	of	already	inserted	monomer	(equilibrium	B)	can	coordinate	to	the	metal	center	as	well	

and	 form	 chelates.	 These	 chelates	 are	 especially	 stable	 for	 5-membered	 rings	 and	 were	

determined	to	be	the	rate	limiting	steps	for	consecutive	acrylate-acrylate	and	ethylene-acrylate	

insertion	in	acrylate	ethylene	copolymerizations.64	Only	the	opening	of	these	chelates	can	lead	

to	further	chain	growth.	

Consequently,	 an	 important	 concern	 for	 the	 application	 of	 catalytically	 synthesized	

functional	polyolefins	on	an	industrial	scale	is	to	prevent	these	activity-limiting	equilibria.	This	

purpose	may	be	fulfilled	by	providing	a	 lewis	acid	different	 from	the	metal	center	 in	optimal	

proximity	to	the	insertion	site	so	that	it	can	interact	with	the	polar	group	of	the	monomer	and	

prevent	its	coordination	to	the	metal	center	or	even	adjust	the	monomer’s	orientation.		

Concretely,	 phosphinesulfonato	 Pd	 (II)	 complexes	 bearing	 hydrogen-bonding	 motifs	 in	

meta	or	ortho	position	at	the	phosphine	aryls	should	be	able	to	mediate	such	interactions	with	

the	 functional	group	of	a	 free	monomer	or	a	monomer	 in	the	growing	chain,	respectively,	 in	

optimal	proximity	(Figure	4-2).			

	

Figure	4-2.	Possible	interactions	of	phosphine	aryls	with	hydrogen-bonding	motifs	in	
phosphinesulfonato	Pd	(II)	complexes	with	free	and	inserted	functional	vinyl	monomers,	respectively.	

Guanidine	or	urea,	are	promising	candidates	in	particular	as	they	are	common	hydrogen-

bonding	motifs	 in	natural	organisms	for	structural	build-up	as	e.g.	 in	enzymes.	These	groups	

even	 provide	 two	 hydrogen-donors	 for	 a	 possible	 two-point	 fixation	 of	 the	monomer.	 Urea	

provides	 both	 a	 hydrogen-donor	 and	 a	 hydrogen-acceptor,	 where	 the	 latter	 might	 be	
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interesting	for	hydrogen-accepting	and	-donating	groups	such	as	the	carboxyl	group	in	acrylic	

acid.	Acids	can	even	involve	protonation	and	deprotonation	equilibria	with	intermediates	with	

a	more	ionic	character	and	hence	a	stronger	interaction	compared	to	hydrogen-bonding	alone.		

The	 introduction	 of	 hydrogen-bonding	motifs	 such	 as	 urea	 or	 guanidine	 into	 the	 ligand	

framework	 of	 metal-organic	 complexes	 and	 their	 application	 to	 homogeneous	 catalysis	 has	

already	 been	 reported.	 For	 example,	 the	 introduction	 of	 a	 guanidine	 motif	 to	 an	 aromatic	

phosphine	 ligand	 for	 Rh-catalyzed	 decarboxylative	 hydroformylation	 of	 α,β-unsaturated	

carboxylic	acids,	lead	to	a	complete	inversion	of	the	products	obtained	in	comparison	with	the	

triphenylphosphine	ligand.108	Another	example	is	the	introduction	of	an	amide	group	into	the	

ligand	of	a	polymerization	catalyst,	namely	an	α-diimine	palladium	complex,	which	has	been	

recently	reported	by	the	group	of	Jordan.	112	The	amide	group	serves	as	a	hydrogen	donor	and	

acceptor	dependent	on	 the	 functional	molecules	 coordinated	 to	 the	 free-coordination	 site	of	

the	Pd	complex.	An	application	to	polymerization	is	not	described.	

In	 the	 following,	 two	 types	 of	 functional	 groups,	 hydroxy	 and	 amine	 functions,	 are	

introduced	 at	 the	 phosphine	 aryls	 of	 the	 phosphinesulfonato	 Pd(II)	 complex	 system	 and	

postfunctionalized	to	create	a	secondary	interaction	sphere	around	the	metal	center	via	strong	

hydrogen-bonding	 motifs	 such	 as	 urea,	 guanidine	 and	 urethane	 and	 the	 weaker	 hydrogen-

donor	methylamine	(Figure	4-3).	

	

Figure	4-3.	Introduction	of	hydrogen-bonding	motifs	at	the	phosphine	aryls	of	phosphinesulfonato	Pd	
(II)	complexes	by	postfunctionalization	of	hydroxy-	and	amine-functionalized	phosphine	aryls	in	the	

phosphinesulfonates	or	the	final	phosphinesulfonate-coordinated	complexes.	
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4.2 Results	and	Discussion	

4.2.1 Mechanistic	Aspects	of	Acrylic	Acid	Insertion		

Acrylic	 acid	 is	 exceptional	 compared	 to	many	 other	 polar	 vinyl	monomers	 as	 it	 bears	 a	

protic	group	able	to	form	hydrogen	bonds	both	as	acceptor	and	donor.	This	leads,	especially	in	

apolar	and	aprotic	solvents,	to	the	preferred	formation	of	acid	dimers	in	solution	(Figure	4-4).	

	

Figure	4-4.	Dimer	formation	by	two-point	hydrogen	bonding	between	two	carboxylic	groups	(left)	and	
the	single	hydrogen-bonding	of	the	ester	carbonyl	group	(right).	

Therefore,	acrylic	acid	is	an	interesting	monomer	for	studying	hydrogen	bonding	abilities	

of	phosphinesulfonato	Pd	(II)	complexes	bearing	a	hydrogen	bonding	motif.		

In	2010,	Rünzi	et	al.44	presented	the	first	direct	 insertion	copolymerization	of	acrylic	acid	

with	 ethylene.	 In	 mechanistic	 studies	 via	 NMR	 spectroscopy	 with	 {(κ2-P,O)-2-[di(2-

methoxyphenyl)	 phosphine]-benzenesulfonato}(chloro)palladium(II)-methyl (1-Cl	 in	 Figure	

4-5) 2,1-insertion	 was	 the	 only	 insertion	 mode	 observed	 and	 elimination	 from	 the	 first	

insertion	 product	 was	 fast	 as	 observed	 by	 the	 formation	 of	 crotonic	 acid,	 while	 no	 second	

insertion	occured.	

	

Figure	4-5.	Catalyst	precursor	1-Cl	used	for	insertion	experiments	with	acrylic	acid.	The	active	species	is	
directly	generated	by	chlorine	abstraction	with	silver	salts,	e.g.	AgBF4.	

	Interestingly,	 for	 methyl	 acrylate	 insertion	 studies	 under	 comparable	 conditions	

consecutive	2,1-	insertion	was	observed	and	only	heating	lead	to	the	corresponding	elimination	

product.	The	formation	of	stable	chelates	is	responsible	for	the	high	stability	of	these	insertion	

products	from	methyl	acrylate.64			

On	 that	 account,	 due	 to	 its	 interesting	 properties	 and	 different	 behavior	 compared	 to	

methyl	acrylate,	acrylic	acid	insertion	was	investigated	in	more	detail	with	1-Cl.		
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In	 a	 first	 attempt	 a	 kinetic	 1H	 NMR	 experiment	 of	 acrylic	 acid	 insertion	 into	 1-Cl	 was	

conducted	at	room	temperature	with	a	very	large	excess	of	acrylic	acid	(Figure	4-6).	The	excess	

was	 chosen	 to	 be	 ~	 3.5	 times	 higher	 than	 in	 previous	 experiments	 as	 higher	 monomer	

concentrations	should	increase	the	insertion	rate	in	general	while	elimination	behavior	should	

not	 be	 affected	 or	 even	 be	 slowed	 down	 by	 κ-X-coordinating	 of	 the	 free	 monomer.	 The	

intended	 formation	 of	 the	 consecutive	 acrylic	 acid	 insertion	 should	 lead	 to	 a	 more	 stable	

complex	than	the	first	insertion	product	due	to	stable	chelate	formation	in	the	former	as	was	

observed	for	methyl	acrylate64.	

Scheme	4-1.	First	and	second	2,1-insertion	of	acrylic	acid	into	1-Cl	and	corresponding	elimination	
products.	

	

	

Figure	4-6.	Stacked	1H	NMR	spectra	(25	°C,	400	MHz,	CD2Cl2)	for	the	periodic	aquisition	of	the	insertion	
of	acrylic	acid	(70	eq.)	into	the	Pd-Me	bond	of	1-Cl	(68	mM).	

A5B3
B1

B2‘B2
C1
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Intriguingly,	no	crotonic	acid	is	formed	which	would	lead	to	a	characteristic	doublet	of	a	

doublet	at	1.91	ppm	for	the	methyl	group	protons.125	Instead,	a	triplet	at	0.90	ppm	is	increasing	

in	intensity	indicating	the	formation	of	the	second	insertion	product	as	illustrated	in	Scheme	

4-1	 (red,	 A5).	 After	 some	 time,	 a	 mixture	 of	 the	 first	 and	 the	 second	 insertion	 product	 is	

obtained	(Figure	4-7).	The	consecutive	insertion	of	both	acrylates	and	acrylic	acid	leads	to	the	

diastereomeric	meso	and	rac-forms	of	the	insertion	products	(A	vs.	A*).	

	

Figure	4-7.	1H	NMR	spectra	(25	°C,	400	MHz,	CD2Cl2)	between	δ	=	0.4	-	3.1	ppm	of	the	mixture	of	the	first	
[2,1]-insertion	product	and	the	mesoc,rac-[2,1]-[2,1]-insertion	product	of	acrylic	acid	into	1-Cl.	

The	 formation	 of	 the	 second	 insertion	 product	 was	 further	 confirmed	 by	 1H	 NMR-

characterization	 of	 the	 β-hydride	 elimination	 product	 which	 forms	 already	 at	 room	

temperature	 after	 some	 hours	 (Figure	 4-8).	 This	 is	 in	 stark	 contrast	 to	 the	 observation	 of	

methyl	 acrylate	 insertion	 for	 which	 the	 meso,rac-[2,1]-[2,1	 ]-insertion	 product	 forms	 stable	

chelates.	These	chelates	represent	activity-limiting	species	during	acrylate	copolymerization	at	

high	incorporations	of	up	to	50	mol	%	where	consecutive	insertion	is	probable	to	occur.	

Unfortunately,	the	isolation	of	the	meso,rac-[2,1]-[2,1]-insertion	product	of	acrylic	acid	was	

not	 successful	 due	 to	 its	 high	 tendency	 for	 β-hydride	 elimination	 as	 opposed	 to	 the	

observations	for	methyl	acrylate.	Despite	the	broad	range	of	conditions	tested,	only	mixtures	

of	 the	 first	 and	 second	 insertion	 product	 and	 their	 corresponding	 elimination	 products	 in	

varying	compositions	were	found	which	prevents	kinetic	and	thermodynamic	studies.		
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Figure	4-8.	1H	NMR	spectrum	(25	°C,	400	MHz,	CD2Cl2)	of	the	elimination	product	of	the	meso,rac[2,1]-
[2,1]–insertion	product	of	acrylic	acid.		

The	reason	for	the	different	behavior	observed	for	the	second	insertion	product	of	acrylic	

acid	 compared	 to	 methyl	 acrylate	 could	 not	 be	 clarified.	 However,	 the	 favored	 dimer	

formation126	of	carboxylic	acids	in	especially	aprotic	solvents	could	affect	the	chelate	formation	

behavior	of	 the	consecutive	acrylic	acid	 insertion	product	and	 lead	to	a	preferred	opening	of	

the	 chelate	 compared	 to	methyl	 acrylate	 through	 interaction	 and	dimer	 formation	with	 free	

monomer.	Therefore,	β-hydride	 elimination	might	 be	more	 easily	 achieved	 compared	 to	 the	

corresponding	complexes	of	methyl	acrylate.		

However,	 in	 ethylene	 copolymerization	 experiments	 there	 is	 no	higher	 activity	 observed	

for	acrylic	acid	compared	to	methyl	acrylate.62	125	

As	β-hydride	elimination	is	supposed	to	be	less	probable	in	the	solid	state	of	the	insertion	

product,	 another	 approach	 was	 pursued	 to	 isolate	 the	 consecutive	 acrylic	 acid	 insertion	

product	 in	 neat	 form	 by	 precipitation.	 The	 complex	 1-Cl	 from	 Scheme	 4-1	 used	 for	 the	 first	

attempts	 of	 insertion	 product	 isolation	 is	 barely	 soluble	 in	 toluene.	 The	 introduction	 of	

tris(octyl)phosphine	 oxide	 as	 a	 labile	 ligand,	 however,	 mediates	 a	 good	 solubility	 of	 the	

complex	 1-OPOct3	 (Figure	 4-9)	 in	 toluene	 (the	 complex	 was	 already	 available	 in	 the	 group	

kindly	provided	by	Boris	Neuwald61).	Dissociation	of	 the	phosphine	oxide	upon	 formation	of	

the	second	insertion	product	should	hence	considerably	decrease	the	solubility	in	toluene	and	

lead	to	its	precipitation.		
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Scheme	4-2.	Concept	for	the	attempted	precipitation	of	the	consecutive	acrylic	acid	insertion	product	
via	a	toluene-soluble	complex	precursor.	

	

Figure	4-9.	31P	NMR	spectrum	(162	MHz,	d8-toluene,	25	°C)	of	the	insertion	of	acrylic	acid	into	the	Pd-
Me	bond	of	complex	1-OPOct3	and	the	formation	of	insertion	products	2-OPOct3	and	3-OPOct3.	

The	insertion	was	followed	by	31P	NMR	spectroscopy	(Figure	4-9)	from	which	insertion	can	

be	concluded	as	the	singlet	 for	the	phosphine	 in	the	starting	complex	 1-OPOct3	at	26.0	ppm	

(blue	 in	Figure	4-9)	 is	vanishing	upon	the	 increase	of	a	singlet	at	26.5	ppm	corresponding	to	

the	first	insertion	product	2-OPOct3	(green	in	Figure	4-9).	After	some	time	the	intensity	of	the	

singlet	for	the	first	insertion	product	is	decreased	at	the	expense	of	the	increase	of	two	singlets	

at	 25.6	 ppm	 and	 26.7	 ppm	 which	 correspond	 to	 the	 chelate-ligand	 phosphine	 in	 the	 two	

diastereomeric	[2,1],[2,1]-	insertion	products	3-OPOct3	(red	in	Figure	4-9).	Interestingly,	no	free	

tris(octyl)phosphine	oxide	is	observed	which	should	lead	to	a	singlet	at	47	ppm61	and	indicates	

that	no	chelate	is	formed,	in	line	with	the	assumptions	on	favored	β-hydride	elimination	due	

to	 a	 lack	 of	 chelate	 formation	made	 earlier.	 After	 some	 days,	 some	 dark	 grey	 precipitate	 is	

formed,	however,	the	precipitate	could	not	be	redissolved	in	a	broad	range	of	solvents	such	as	

dcm,	dmf	or	dmso	and	was	more	likely	to	consist	of	decomposition	products	due	to	the	colour	

change.		

In	 summary,	 the	 second	 insertion	 product	 of	 acrylic	 acid	 could	 not	 be	 obtained	 by	

precipitation	from	a	toluene	soluble	catalyst	precursor	as	it	doesn’t	form	stable	chelates	(4	 in	

Figure	4-9)	but	rather	exists	in	an	open	form	in	solution	as	depicted	in	3-OPOct3.	Therefore,	
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tris(octyl)phosphine	oxide	is	still	coordinated	to	the	insertion	product	and	mediates	solubility	

of	the	complex	in	toluene.		

4.2.2 Nomenclature	of	the	Compounds	

The	 phosphinesulfonates	 and	 complexes	 were	 named	 in	 a	 way	 to	 easily	 extract	 the	

structure	 from	 the	 name.	 The	 deprotonated	 ligands	 were	 depicted	 with	 (PO)	 for	 the	

posphinesulfonate	 which	 was	 in	 all	 cases	 benzene	 sulfonate	 substituted	 in	 2-position.	 The	

superscript	R	in	R(PO)	depicts	the	functional	group	at	the	two	phosphine	aryls	e.g.	m-NH2.	The	

Metal	M	in	R(PO)M	characterizes	the	main	metal	ion	component	in	the	phosphinesulfonates.	

In	 most	 cases	 this	 was	 lithium,	 hence	 R(PO)Li.	 Following	 this,	 the	 protonated	

phosphinesulfonates	are	named	R(PO)H.	

The	metal	complexes	were	named	accordingly.	The	metal	center	was	in	all	cases	Pd.		The	

multinuclear	Li-chloride-bridged	complexes	are	hence	depicted	as	[R(PO)PdR’(Cl)Li]n,	where	

the	hyperscript	n	accounts	for	the	mixed	multinuclear	LiCl-bridged	nature	of	these	complexes	

and	R’	in	[R(PO)PdR’(Cl)Li]n	for	the	organic	substituent	at	the	Pd	which	was	in	all	cases	Me	

and	hence	leads	to	[R(PO)PdMe(Cl)Li]n.	

Consequently,	 the	 mononuclear	 complexes	 depict	 as	 R(PO)PdMe(L)	 where	 (L)	 is	 the	

labile	ligand	and	using	pyridine	as	an	example	this	leads	to	R(PO)PdMe(pyr).	

4.2.3 Synthesis	of	Phosphinesulfonates	

The	 synthesis	 of	 the	 Li-bis((aryl)phosphanyl)-benzenesulfonates	 bearing	 hydrogen-

binding	 motifs,	 in	 the	 following	 referred	 to	 as	 phosphinesulfonates,	 was	 based	 on	 the	

etablished	one-pot	route	introduced	by	Goodall	et	al.	36	This	allows	for	the	use	of	acid-sensitive	

protecting	 groups	 common	 among	 amine-	 and	hydroxy-protection	 in	 organic	 synthesis.	 The	

general	 procedure	 is	 illustrated	 in	 Scheme	 4-3	 and	 comprises	 the	 lithiation	 of	 a	 substituted	

bromo-aryl	(A)	which	is	reacted	with	 lithium	2-(dichlorophosphanyl)benzenesulfonate	(C)	to	

obtain	the	corresponding	phosphine	sulfonate.	The	progress	of	the	reaction	was	followed	by	in	

situ	31P	NMR	spectroscopy.		
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Scheme	4-3.	Synthetic	one-pot	procedure	for	phosphinesulfonates	R(PO)Li.	

	

Amine-Functionalized	Phosphinesulfonates	

For	the	introduction	of	functional	groups	at	the	phosphine	aryls	of	phosphinesulfonato	Pd	

(II)	 complexes	 several	 possibilities	 were	 considered.	 The	 introduction	 of	 urea	 or	 guanidine	

groups	 is	most	 easily	 achieved	 by	 the	 reaction	 of	 phenyl	 isocyanate	 or	 a	 protected	 reactive	

guanidine	derivative,	respectively,	with	amine,	as	the	reaction	conditions	are	mild	according	to	

literature127-128.	 Hence	 this	 approach	 might	 allow	 for	 the	 functionalization	 of	 the	 amine-

substituted-phosphinesulfonate	 as	 illustrated	 in	 Scheme	 4-4	 or	 even	 the	 amine-substituted-

complex	as	exemplified	 for	 the	 reaction	of	organic	 isocyanates	 to	obtain	ureas	 (Scheme	4-5).	

The	 amine	 group	 is	 best	 introduced	 into	 the	 phosphinesulfonate	 at	 the	 very	 early	 stage	 of	

phophinesulfonate	synthesis	via	a	bromoaniline	(Scheme	4-5).		
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Scheme	4-4.	Synthetic	route	for	the	synthesis	of	phosphinesulfonates	bearing	hydrogen-binding	
motifs	via	postfunctionalization	of	the	mNH2-substituted	phosphinesulfonate	

mNH2(PO)Li	with	organic	
isocyanates	or	protected	guanidines	to	obtain	urea-	and	guanidine-functionalized	phosphinesulfonates.	

	

As	an	amine	protecting	group,	the	base-stable	trimethylsilyl	(TMS)	group129	proved	to	be	

most	suitable	as	the	protected	bromo-aniline	can	be	readily	obtained	in	acceptable	yields	and	

purity	compared	 to	other	protecting	attempts.	The	amine-functionalized	phosphinesulfonate	
mNH2(PO)Li	 serves	as	a	modular	 functional	phosphinesulfonate	 from	which	various,	different	

functional	 groups	 with	 hydrogen-bonding	motifs	 can	 be	 obtained	 by	mild	 functionalization	

reactions.	

The	 synthesis	 of	 the	m-NH2-substituted	phosphinesulfonate	mNH2(PO)Li	 is	 accomplished	

as	 depicted	 in	 Scheme	 4-5.	 The	 3-bromo-aniline	 1	 is	 protected	 with	 trimethylsilyl-chloride	

according	to	reported	procedures129	to	obtain	2	which	is	lithiated	at	the	bromo-position	with	n-

butyllithium	 in	 thf	 at	 -78	 °C	 to	 obtain	 3	 in	 situ.	 In	 a	 separate	 flask,	 benzenesulfonic	 acid	 is	

deprotonated	 and	 lithiated	 in	 ortho-position	 (4)	with	 two	 equivalents	 of	n-butyllithium	 and	

added	 to	 PCl3	 in	 THF	 to	 obtain	 lithium	 2-(dichlorophosphanyl)benzenesulfonate	 5.	 Two	

equivalents	of	lithiated	aniline	3	are	then	added	to	5	to	obtain	the	phosphinesulfonate	6.	The	in	

situ	31P	NMR	spectra	for	steps	5	and	6	are	shown	in	Figure	4-10.	The	same	procedure	is	applied	
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for	 the	 synthesis	 of	 the	 m-methyl-amine-substituted	 phosphinesulfonate	 mN(TMS)Me(PO)Li	

(Figure	4-11).	

Scheme	4-5.	Synthetic	route	for	the	synthesis	of	amine-functionalized	phosphinesulfonates	and	an	
exemplary	postfunctionalization	with	organic	isocyanates	to	ureas	on	the	complex	step.	
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Figure	4-10.	In	situ	31P	NMR	spectrum	(162	MHz,	25	°C,	thf)	for	the	synthesis	of	the	lithium	2-
(dichlorophosphanyl)benzenesulfonate	(bottom)	and	mN(TMS)2(PO)Li	(top).	

	

Figure	4-11.	In	situ	31P	NMR	(162	MHz,	25	°C,	thf)	for	the	synthesis	of	the	lithium	2-
(dichlorophosphanyl)benzenesulfonate	(bottom)	and	mNMe(TMS)(PO)Li	(top).	

For	both	reactions,	a	characteristic	shift	of	the	phosphorus	signals	from	~	140-160	ppm	to	~	

-10	ppm	is	observed	upon	addition	of	the	lithiated	aniline	(3	in	Scheme	4-5)	to	the	lithium	2-

(dichlorophosphanyl)benzenesulfonate.	 The	 chemical	 shifts	 are	 each	 characteristic130	 for	

dichloro-mono-aryl-substituted	phosphines	and	tris-aryl-substituted	phosphines,	respectively,	

and	indicate	that	the	reaction	to	the	phosphinesulfonate	is	successful	and	quantitative.		
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For	 both	 phosphinesulfonates,	 deprotection	 and	 protonation	 attempts	 (as	 illustrated	 for	

the	steps	 to	compounds	6,	7	and	8	 in	Scheme	4-5)	were	conducted	to	obtain	 the	protonated	

phosphinesulfonates	 mNHMe(PO)H	 and	 mNH2(PO)H	which	 are,	 in	 general,	 much	 more	 easily	

crystallized	and	hence	purified	than	the	corresponding	lithium	salts.	However,	protonation	of	

the	phosphinesulfonates	at	the	phosphorus	failed	in	several	attempts.	The	etablished	route	for	

the	protonation	comprises	the	suspension	of	the	lithium	phosphinsulfonate	in	degassed	water	

and	 the	 portionwise	 addition	 of	 hydrochloric	 acid	 until	 pH	 =	 2	 is	 reached	 upon	 which	 the	

water	phase	is	extracted	with	CH2Cl2.		

This	attempt	did	not	lead	to	the	protonation	of	the	phosphinesulfonate	as	concluded	from	

in	situ	 31P	NMR	spectra	of	the	water	phase	which	revealed	the	 lack	of	the	characteristic	 large	
1JPH	 coupling.	 This	 might	 be	 attribtuted	 to	 a	 protonation	 or	 interaction	 of	 the	 free	 amine	

groups.	On	that	account,	the	water	phase	was	extracted	at	different	pH	values	ranging	from	7-

0.	 However,	 no	 protonated	 phosphinesulfonate	 could	 be	 extracted.	 Further	 attempts	 with	

etheral	 hydrochloric	 acid	 did	 not	 lead	 to	 the	 desired	 product	 either.	 This	 	 is	 most	 likely	

ascribed	to	the	fact	that	the	amine	groups	are	more	basic	in	nature	than	the	phosphorus	and	

are	 protonated	 first.	 However,	 the	 precipitation	 of	 the	 deprotected	 phosphinesulfonate	 as	 a	

hydrochloric	 salt	of	 the	anilines	 for	purification	of	 the	phosphinesulfonate	was	not	 succesful	

and	the	isolation	of	the	protonated	phosphinesulfonates	was	not	further	pursued.		

Deprotection	 of	 the	 amine	 groups	 with	 a	 mixture	 of	 small	 amounts	 of	 aqueous	

hydrochloric	 acid	 in	 acetone	 or	 methanol	 was	 successful	 and	 Me3SiOSiMe3	 or	 MeOSiMe3,	

respectively,	which	forms	during	deprotection,	could	be	completely	removed	by	washing	of	the	

phosphinesulfonates	with	diethyl	ether	and	pentanes.	However,	only	at	a	later	stage	it	could	be	

shown	 that	 complex	 formation	 with	 the	 deprotected	 amine-substituted	 phosphinesulfonate	

leads	 to	various	Pd-Me	species	 for	unknown	reasons	and	deprotection	of	 the	amine	group	 is	

hence	best	performed	directly	on	the	complex.		

Therefore,	 complex	 synthesis	 was	 performed	 with	 the	 deprotonated	 protected	 amine-

substituted	 phosphinesulfonate	 and	 deprotection	 and	 postfunctionalization	 attempts	 were	

only	performed	on	the	complex	as	discussed	in	more	detail	in	Chapter	4.2.3.		

Hydroxy-Functionalized	Phosphinesulfonate		

For	the	hydroxy-functionalized	phosphinesulfonate	o-OHCH2(PO)Li	the	hydroxy-bromo-aryl	

was	 protected	 with	 tetrahydropyranyl	 (THP)	 as	 this	 protection	 scheme	 for	 the	 synthesis	 of	

similar	hydroxy-functionalized	phosphinesulfonato	Pd(II)	complexes	was	already	etablished	in	

the	group	by	Philipp	Wucher.131	For	the	phosphinesulfonate	synthesis	the	Goodall36	route	was	
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followed	 as	 depicted	 in	 Scheme	 4-6.	 The	 1H	 and	 31P	 NMR	 spectra	 for	 the	 isolated	

phosphinesulfonate	are	shown	in	Figure	4-12.	

Scheme	4-6.	Synthetic	route	for	the	synthesis	of	hydroxy-functionalized	phosphinesulfonates.	

	

	

Figure	4-12.	1H	NMR	(top,	400	MHz,	25	°C,	d6-acetone)	and	
31P	NMR	spectrum	(bottom,	162	MHz,	25	°C,	

d6-acetone)	of	the	isolated	crude	
o-CH2OTHP(PO)Li.	

The	31P	NMR	spectra	indicate	that	conversion	to	the	phosphinesulfonate	is	complete	as	no	

phosphorus	signals	are	left	except	for	the	ones	with	δ(ppm)	<	0	which	are	characteristic	for	tri-

aryl-substituted-phosphines.	 As	 a	 note,	 due	 to	 the	 chiral	 THP-protecting	 group,	 the	

phosphinesulfonate	 is	 obtained	 as	 a	 mixture	 of	 diastereomers	 which	 leads	 to	 several	

phosphorus	signals	 in	 the	 31P	NMR	spectrum.	Deprotection	of	 the	phosphinesulfonate	or	 the	

corresponding	complex	leads	to	achiral	compounds	and	hence	one	phosphorus	signal	should	
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be	obtained	 after	deprotection	 in	 each	 case.	 Since	deprotection	on	 the	 stage	of	 the	 complex	

proved	to	be	advantageous	over	deprotection	on	the	stage	of	the	free	phosphinesulfonate,	the	

puritiy	of	the	phosphinesulfonates	was	investigated	in	the	following	by	complex	formation	and	

deprotection	in	NMR-scale	experiments	first.	

4.2.4 Complex	Synthesis		

There	 are	 several	 established	 routes	 to	 neutral	 phosphinesulfonato	 Pd(II)	 complexes	

(Scheme	 4-7).	 The	 Li-salt	 of	 the	 phosphinesulfonate	 R(PO)Li	 can	 be	 reacted	 with	

[Pd(cod)MeCL]	 to	 obtain	 the	 lithium-chloro-bridged	 dinuclear	 or	 higher-nuclear	 complexes	

[R(PO)PdMe(Cl)Li]n.	 These	 can	 be	 reacted	 with	 compounds	 that	 are	 stronger	 coordinating	

than	chloride	such	as	pyridine	or	lutidine	to	obtain	the	more	defined	mononuclear	complexes	
R(PO)PdMe(L).	 However,	 since	 pyridine	 or	 lutidine	 are	 rather	 strongly	 coordinating	 labile	

ligands	they	decrease	polymerization	activity	considerably.	The	more	active	dmso-coordinated	

complexes	 R(PO)PdMe(dmso)62	 are	 obtained	 via	 a	 different	 route	 starting	 from	 the	

protonated	 phosphinesulfonate	 R(PO)H	 and	 the	 Pd-precursor	 [Pd(tmeda)Me2]	 to	 obtain	 the	

tmeda-bridged	complex	[R(PO)PdMe]2(tmeda).	[R(PO)PdMe]2(tmeda)	is	suspended	in	dmso	

and	 evaporation	 of	 the	 solvent	 leads	 to	 R(PO)PdMe(dmso)	 as	 tmeda	 is	 coevaportated	with	

dmso	 and	 hence	 removed	 from	 the	 equilibrium.	 The	 protonated	 and	 deprotonated	

phosphinesulfonate	 can	 be	 interconverted	 by	 deprotonation	 with	 NaH	 or	 protonation	 with	

aqueous	HCl.	Depending	on	 the	coordination	ability	of	 the	 solvent	 [R(PO)PdMe(Cl)Li]n	can	

be	coordinated	by	solvent	molecules	in	varying	equivalents	which	can	be	determined	from	1H	

NMR	spectra.		Furthermore,	it	should	be	kept	in	mind,	that	these	complexes	tend	to	also	form	

multinuclear	 species	 beside	 the	 dinuclear	 ones	 which	 complicates	 characterization	 and	

reproducibility	of	the	solvation	behavior	of	these	complexes	in	some	cases.	

Since	 protonation	 of	 the	 phosphinesulfonates	 proves	 to	 be	 difficult	 for	 both	 the	 amine-	

and	 hydroxy-functionalized	 phosphinesulfonates,	 the	 route	 to	 the	 chloro-lithium	 or	 chloro-

sodium	 bridged	 complexes	 [R(PO)PdMe(Cl)M]n	 starting	 from	 R(PO)M	 and	 [Pd(cod)MeCl]	

was	followed	exclusively.	For	each	complex	synthesis,	a	NMR-scale	experiment	was	conducted	

in	 order	 to	 determine	 the	 exact	 equivalents	 of	 phosphinesulfonate	 and	 Pd	 precursor	 as	 an	

excess	of	the	latter	is	difficult	to	remove	from	the	product	complex.	Therefore,	the	theoretical	

stoichometric	 amount	 of	 phosphinesulfonate	 and	 Pd-precursor	 is	 reacted	 in	 acetone	 or	

methanol	 at	 room	 temperature	 and	 the	 exact	 equivalents	 of	 reacted	 Pd-precursor	 can	 be	

determined	from	unreacted	Pd(cod)MeCl	 from	the	 1H	NMR	spectrum	as	 illustrated	 in	Figure	

4-13.		



Towards	Phosphinesulfonato	Palladium	(II)	Complexes	with	Hydrogen	Bonding	Motifs	

	
101	

Scheme	4-7.	Synthetic	routes	to	phosphinesulfonato	Pd(II)	complexes.	

	

Complex	formation	leads	to	a	characteristic	shift	of	the	phosphine	phosphorus	resonance	

in	the	31P	NMR	spectrum	which	confirms	the	completeness	of	the	reaction.	

	

Figure	4-13.	Determination	of	[Pd(cod)MeCl]-precursor	equivalents	for	complex	synthesis	by	1H	NMR	
spectroscopy	(400	MHz,	25	°C,	d6-acetone).		
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Amine-Functionalized	Complexes	

The	 complex	 formation	 from	 mNMeTMS(PO)Li	 and	 [Pd(cod)MeCl]	 is	 followed	 by	 NMR	

spectroscopy	 (Figure	 4-14).	 In	 the	 1H	NMR	 spectra	 a	 characteristic	 shift	 from	 1.0	 ppm	 to	 0.7	

ppm	 of	 the	 Pd-CH3	 resonance	 is	 observed	 upon	 complex	 formation.	 Complex	 formation	 is	

complete	as	concluded	from	the	absence	of	the	phosphorus	signal	at	~	-	10	ppm	in	the	31P	NMR	

spectrum	which	is	characteristic	for	the	free	phosphinesulfonate.	[Pd(cod)MeCl]	is	completely	

converted	for	only	proton	signals	of	the	free	COD	are	observed	in	the	1H	NMR	spectrum.	

	

Figure	4-14.	1H	NMR	spectra	(400	MHz,	25	°C,	d6-acetone)	for	the	reaction	of	
mNMe(TMS)(PO)Li	with	

Pd(cod)MeCl	at	room	temperature	in	d6-acetone	(top)	and	
31P	NMR	spectrum	(bottom,	162	MHz,	25	°C,	

d6-acetone)	after	the	reaction	is	complete.		

As	 a	 note,	 synthesis	 of	 the	 amine-substituted	 phosphinesulfonato	 Pd	 (II)	 complexes	

seemed	 to	 be	 irreproducible	 at	 first	 as	 complex	 synthesis	 from	 phosphinesulfonate	 batches	

that	worked	before	lead	to	several	Pd-Me	and	phosphorus	species	upon	complex	formation	in	

later	experiments	as	shown	in	Figure	4-15.	Only	later	it	could	be	shown	that	the	TMS-protected	

amine-ligands	mN(TMS)2(PO)Li	 are	 not	 stable	 over	 time,	 even	 if	 stored	 under	 nitrogen,	 in	 the	

dark	 and	 at	 –	 20	 °C.	 However,	 the	 final	 deprotected	 complex	 is	 stable	 even	 under	 air	 and	
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therefore	 the	 TMS-protected	 amine-functionalized	 phosphinesulfonate	 is	 preferably	 directly	

reacted	to	the	corresponding	complex	for	storage	over	time.	

 
	

Figure	4-15.	1H	(bottom,	Pd-Me-region,	400	MHz,	25	°C,	d6-dmso)	and	31P	(top,	162	MHz,	25	°C,	d6-dmso)	
NMR	spectra	for	the	synthesis	of	[mNH2(PO)PdMe(Cl)Li]n	from	a	phosphinesulfonate	mN(TMS)2(PO)Li	

stored	under	nitrogen	for	over	a	month.	

Deprotection	of	the	complexes	is	conducted	in	acetone	with	the	addition	of	little	aqueous	

hydrochloric	acid	and	the	complex	is	precipitated	from	diethyl	ether	and	washed	with	diethyl	

ether	 and	 pentanes	 to	 remove	 SiMe3OSiMe3,	 which	 is	 formed	 under	 acidic	 conditions	 from	

HOSiMe3.	 Unfortunately,	 the	 solvation	 behavior	 of	 the	 lithium-chloro-complex	

[mNHMe(PO)PdMe(Cl)Li]n	 and	 also	 the	 [mNH2(PO)PdMe(Cl)Li]n	 is	 not	 reproducible	 but	

dependent	on	the	precipitation	and	solvation	media	used	before	which	might	be	ascribed	to	a	

change	 of	 the	 structure	 in	 the	 chloro-and-lithium	 bridges	 with	 an	 involvement	 of	 the	 free	

amine	groups	and	solvent	molecules.	For	that	reason,	 the	mononuclear	pyridine-coordinated	

complex	 mNHMe(PO)PdMe(pyr)	 was	 synthesized	 for	 characterization.	

[mNHMe(PO)PdMe(Cl)Li]n	 is	 dissolved	 in	 pyridine	 and	 the	 solution	 stirred	 at	 room	

temperature	for	about	an	1	h.	The	solvent	is	removed	in	vacuo	and	the	complex	washed	with	

little	methanol	 or	 acetone.	The	 1H	NMR	 spectrum	 is	 shown	 in	Figure	 4-16	and	 confirms	 the	

presence	of	the	methyl-amine	groups	in	meta-position	at	the	phosphine	aryls.		
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Figure	4-16.	1H	NMR	spectrum	(600	MHz,	25	°C,	d6-dmso)	of	complex	mNHMe(PO)Pd(pyr).	

Crystals	suitable	for	X-ray	analysis	were	grown	from	the	mononuclear	mNHMe(PO)Pd(pyr)	

from	 pentane	 layered	 with	 methanol	 at	 room	 temperature.	 The	 x-ray	 structure	 obtained	

thereof	 supports	 the	 structure	 elucidated	 by	 NMR-spectroscopic	 characterization	 (see	 also	

Chapter	 8).	 However,	 due	 to	 the	 quality	 of	 the	 dataset,	 which	 results	 in	 bond	 distance	

accurracies	 of	 about	 0,001	 Å,	 discussions	 about	 the	 bond	 lengths	 should	 be	 done	 with	

precaution	but	 are	 presented	 in	Table	 4-1	 for	 the	 sake	 of	 completeness.	 Further	 attempts	 to	

obtain	 crystals	 that	 are	 more	 suitable	 for	 x-ray	 diffractometry	 and	 analysis	 of	 complex	
mNHMe(PO)Pd(pyr)	were	not	successful.		
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Figure	4-17.	ORTEP	plot	of	the	molecular	structure	of	complex	mNHMe(PO)PdMe(pyr)	obtained	by	single	
crystal	x-ray	diffractometry.	Ellipsoids	are	shown	with	50	%	probability.	Hydrogen	bonds	are	omitted	for	

clarity.	

The	 procedure	 described	 for	 the	 comples	 synthesis	 from	 the	 MeNH-substituted	

phosphinesulfonate	 and	 [Pd(cod)MeCl]	 was	 also	 applied	 for	 the	 complex	 synthesis	 of	

[mNH2(PO)PdMe(Cl)Li]n	and	mNH2(PO)Pd(pyr)	from	the	NH2-substituted	phosphinesulfonate.	

The	1H	NMR	spectra	are	presented	in	Figure	4-18	and	Figure	4-19	and	confirm	the	structure	of	

the	m-NH2-substituted	complex.		

	

Figure	4-18.	1H	NMR	(top)	and	31P	NMR	(bottom)	spectra	(400	MHz,	25	°C,	d6-dmso)	of	the	isolated	
[mNH2(PO)PdMe(Cl)Li]n	complex.	

acetone
dmso

H2O
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Figure	4-19.	1H	NMR	spectrum	(600	MHz,	25	°C,	d6-dmso)	of	complex	mNH2(PO)PdMe(pyr).	

Crystallization	 of	 crystals	 suitable	 for	 single	 x-ray	 diffractometry	was	 only	 possible	 from	

the	 mononuclear	 mNH2(PO)Pd(pyr)	 from	 acetone	 at	 room	 temperature	 and	 supports	 the	

structure	elucidated	by	NMR-spectroscopic	methods	(see	also	Chapter	8).		

	

Figure	4-20.	ORTEP	plot	of	the	molecular	structure	of	complex	mNH2(PO)PdMe(pyr)	obtained	by	single	
crystal	x-ray	diffractometry.	Ellipsoids	are	shown	with	50	%	probability.	Hydrogen	bonds	are	omitted	for	
clarity.	A	total	of	59	electrons	from	0.5	equivalents	of	a	pentane	molecule	in	a	solvent	accessible	void	at	
the	position	0.500	0.219	1.000	and	0.500	0.274	0.500	with	a	total	volume	of	255	Å3	was	squeezed	by	the	

SQUEEZING	routine	from	PLATON	v1.16.132	

Selected	 bond	 distances	 and	 angles	 around	 the	 Pd-center	 of	 the	 complexes	
mNHMe(PO)PdMe(pyr)	and	mNH2(PO)PdMe(pyr)	are	all	in	the	expected	range	when	compared	

with	 the	 standard	 di-anisyl-substituted	 complex	 oMeO(PO)PdMe(pyr)	 (Table	 4-1	 and	 Table	

4-2).	
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Table	4-1.	Selected	bond	distances	(Å)	for	complexes	oMeO(PO)PdMe(pyr)133,	mNHMe(PO)PdMe(pyr)	and	
mNH2(PO)PdMe(pyr).	

	
	 oMeO(PO)PdMe(pyr)	 mNHMe(PO)PdMe(pyr)	 mNH2(PO)PdMe(pyr)	

Pd-CH3	 2.027(5)	 2.020	(9)	 2.026	(3)	

Pd-N	 2.108(3)	 2.119	(7)	 2.106	(2)	

Pd-P	 2.232(1)	 2.222	(2)	 2.221	(1)	

Pd-O	 2.165(3)	 2.180	(6)	 2.168	(2)	

	

The	 substituent	 at	 the	 phosphine	 aryls	 can	 have	 a	 great	 influence	 on	 the	 Pd	 bond	 lengths	

depending	 on	 the	 extent	 of	 electron-donating	 or	 -withdrawing	 properties	 of	 the	 respective	

subtituent56.	 -OMe,	 -NHMe	 and	 -NH2	 are	 all	 electron-donating	 groups	 (+M-effect)	 and	

increase	 the	 electron	density	 at	 the	phosphorus	 and	hence	weaken	 the	Pd-N	bond	 in	 trans-

position	 (trans-influence)	which	 results	 in	 an	 increase	of	 the	Pd-N	bond	with	an	 increase	 in	

the	electron-donating	properties	of	the	aryl-substituent.	Interestingly,	the	Pd-N	bond	for	both	
oMeO(PO)PdMe(pyr)	and	mNH2(PO)PdMe(pyr)	is	similar	in	length	with	2.108(2)	and	2.106(2)	Å	

concluding	 a	 similar	 electron-donating	 effect	 of	 the	 anisyl	 and	 aniline	 substituent.	 As	 steric	

hindrance	during	the	insertion	step	is	 less	pronounced	for	a	meta-substituted	P-aryl	than	for	

an	ortho-substituted	one,	complex	activities	sould	be	comparable	or	even	better	for	the	NH2-

substituted	 complex.	 Unfortunately,	 polymerization	 experiments	 with	 mNH2(PO)PdMe(pyr)	

could	not	be	exhibited	 to	 confirm	 these	conclusions	as	 the	purification	of	 larger	amounts	of	

the	complex	proved	to	be	challenging.	Although	bond	lengths	of	mNHMe(PO)PdMe(pyr)	should	

be	 considered	more	 carefully,	 the	 expected	 stronger	 electron-donating	 effect	 of	 the	 NHMe-

group	compared	to	the	NH2-group	may	be	concluded	from	the	slight	elongation	of	the	Pd-N	

bond	length	from	2.106(2)	to	2.119(7)	Å.	

Table	4-2.	Selected	bond	angles	(°)	for	complexes	oMeO(PO)PdMe(pyr)13,	mNHMe(PO)PdMe(pyr)	and	
mNH2(PO)PdMe(pyr).	

	
	 o-MeO(PO)PdMe(pyr)	 mNHMe(PO)PdMe(pyr)	 mNH2(PO)PdMe(pyr)	

N-Pd-CH3	 90.80(17)	 89.68(33)	 88.55	(11)	

N-Pd-O	 84.91(13)	 88.27	(24)	 88.06	(8)	

N-Pd-P	 172.73(11)	 176.76	(21)	 176.09	(7)	

CH3-Pd-O	 174.99(17)	 176.58	(34)	 175.47	(11)	

O-Pd-P	 94.63(8)	 93.83	(16)	 94.16	(5)	

CH3-Pd-P	 89.96(14)	 88.34	(28)	 89.40	(9)	
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Hydroxy-Functionalized	Complex	

For	 the	 synthesis	 of	 the	 hydroxy-functionalized	 complex	 small-scale	 NMR-experiments	

were	 conducted	 first,	 for	 the	 determination	 of	 the	 purity	 of	 the	 complexes	 (or	

phosphinesulfonates,	 respectively)	 and	 the	 deprotection	 conditions	 of	 the	 THP-protecting	

groups.	The	1H	and	31P	NMR	spectra	for	the	synthesis	of	[oCH2OH(PO)PdMe(CL)Li]2	are	shown	

in	Figure	4-21.		

	

Figure	4-21.	Stacked	31P	NMR	(left,	162	MHz,	25°C,	d6-acetone)	and	
1H	NMR	spectra	(right,	400	MHz,	25	

°C,	d6-acetone)	for	the	complex	synthesis	of	[oCH2OH(PO)PdMe(CL)Li]2	on	the	NMR-scale.	

Complex	formation	is	confirmed	by	a	characteristic	shift	of	the	phosphorus	signals	in	the	
31P	NMR	spectrum	from	~-31	ppm	to	14	ppm	and	the	shift	of	the	proton	signals	in	the	1H	NMR	

spectrum	for	 the	Pd-CH3-resonance	 from	1.00	ppm	to	0.42	ppm.	Since	 the	THP-group	 is	 still	

present	 the	 complex	 is	 obtained	 as	 a	mixture	of	 diastereomers,	 as	was	 also	observed	 for	 the	

ligand.	This	leads	to	several	signals	for	the	phosphines	in	the	31P	NMR	spectrum	and	to	several	

signals	 for	 the	 Pd-CH3	 in	 the	 1H	 NMR	 spectrum	 (centre	 spectra	 in	 Figure	 4-21).	 Upon	

deprotection	of	the	THP-group	only	one	signal	is	observed	for	the	phosphine	phosphorus	and	

the	 Pd-CH3	 protons	 in	 the	 31P	 and	 1H	NMR	 spectra	 (bottom	 in	 Figure	 4-21).	Deprotection	 is	

achieved	by	stirring	the	crude	complex	over	night	at	room	temperature	in	methanol	and	little	

triflic	acid.	Larger	scale	synthesis	of	[oCH2OH(PO)PdMe(CL)Li]2	was	performed	analogous	to	the	

procedure	described	above	and	the	1H	and	31P	NMR	spectra	for	the	purified	complex	are	shown	

in	Figure	4-22.	
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Figure	4-22.	1H	(400	MHz,	25	°C,	d6-dmso,	bottom)	and	31P	NMR	(162	MHz,	25	°C,	d6-dmso,	top)	spectra	
for	the	isolated	hydroxy-functionalized	phosphinesulfonato	Pd	(II)	complex	[oCH2OH(PO)PdMe(CL)Li]2.	

Characterization	of	the	complex	by	NMR-spectroscopic	methods	proved	to	be	challenging	

due	the	presence	of	chemical	exchange	for	the	–CH2OH-groups	elucidated	by	the	1H-1H	ROESY	

spectrum	(Figure	4-23).		

	

Figure	4-23.	1H-1H	ROESY	spectrum	(600	MHz,	25	°C,	d6-dmso)	for	the	hydroxy-functionalized	
phosphinesulfonato	Pd	(II)	complex	[oCH2OH(PO)PdMe(CL)Li]n.	Cross	peaks	of	the	same	sign	as	the	
diagonal	are	ascribed	to	chemical	exchange,	while	cross	peaks	of	reversed	sign	are	ascribed	to	dipolar	

coupling	as	a	consequence	of	spatial	proximity	of	the	nuclei.	
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The	chemical	exchange	is	likely	to	occur	in	the	intermediate	regime	as	concluded	from	the	

broad	proton	signals	 in	 the	 1H	NMR	spectrum	for	 the	CH2-resonances	at	4.05	and	5.56	ppm.	

Heating	of	the	sample	up	to	380	K	did	not	lead	to	a	simplification	of	the	spectra	(Figure	4-24).		

	

Figure	4-24.	Stacked	1H	NMR	spectra	(600	MHz,	d6-dmso)	for	[oCH2OH(PO)PdMe(CL)Li]n	at	the	
variation	of	temperature	from	300	to	380	K.	

Unfortunately,	 the	presumed	presence	of	chemical	exchange	between	the	position	of	 the	

CH2OH-groups	hampered	unambigious	assignements	for	the	same	in	1H-13C	HSQC	and	1H-13C	

HMBC	spectra.	The	1H-13C	HSQC	spectrum	(blue:	CH2	groups,	red:	CH	or	CH3	groups)	for	the	

resonance	 region	 of	 the	 -CH2OH	 group	 is	 shown	 in	 Figure	 4-25	 and	 clearly	 indicates	 the	

presence	of	several	-CH2OH	species	and	the	OH-proton	resonance	at	5.37	ppm.		

	

Figure	4-25.	1H-13C-HSQC	spectrum	(600	MHz,	25	°C,	d6-dmso)	for	the	hydroxy-functionalized	
phosphinesulfonato	Pd	(II)	complex	[o-CH2OH(PO)PdMe(CL)Li]n.	
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Nevertheless,	 1H-1H	 COSY,	 1H-13C	 HSQC	 and	 1H-13C	 HMBC	 confirm	 the	 presence	 of	 the	

benzene-sulfonate	ring	and	two	identical	ortho-substituted	aryls	at	the	phosphine.	

The	 synthesis	 of	 the	 mononuclear	 pyridine-coordinated	 complex	 did	 not	 lead	 to	 a	

simplification	of	the	spectra	(Figure	4-26)	which	might	be	ascribed	to	the	presence	of	residual	

coordinated	 LiCl-species	 still	 interacting	 with	 the	 hydroxyl	 groups.	 Furthermore,	 attempted	

crystallization	did	not	lead	to	crystals	of	the	oCH2OH(PO)PdMe(pyr)	complex	suitable	for	X-ray	

diffractometry	to	further	confirm	the	structure.	

	

Figure	4-26.	1H	NMR	spectrum	(400	MHz,	25	°C,	d6-dmso)	and	31P	NMR	spectrum	(162	MHz,	25	°C,	d6-
dmso,	inset)	for	the	oCH2OH(PO)PdMe(pyr)	complex.	

On	 that	 account,	 1H-DOSY	 spectroscopy	was	performed	 to	 clarify	 if	 the	 -CH2OH	groups	

are	connected	to	the	complex	(Figure	4-27).		

The	1H	DOSY	spectrum	confirms	one	diffusion	trace	for	the	resonances	of	the	phosphine-

aryl	 protons	 between	 7.98	 and	 6.95	 ppm,	 the	 CH2-resonance	 at	 5.07	 ppm	 and	 the	 Pd-CH3	

resonance	 at	 0.172	 ppm.	Unfortunately,	 the	 CH2-resonances	 in	 intermediate	 exchange	mode	

exhibit	very	broad	signals	and	are	hence	not	visible	 in	 the	 1H	DOSY	spectrum.	Furthermore,	

the	proton	resonance	of	the	hydroxy	proton	features	a	diffusion	coefficient	different	from	the	

complex.	However,	the	1H-1H	COSY	spectrum	in	Figure	4-28	clearly	reveals	a	scalar	coupling	of	

the	CH2-resonance	at	5.07	ppm	with	the	other	main	CH2-resonances	at	5.56	ppm	and	4.04	ppm	
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Figure 4-26. 1H NMR spectrum (400 MHz, 25 °C, d6-dmso) and 31P NMR spectrum (162 MHz, 25 °C, 
d6-dmso, inset) for the oCH2OH(PO)PdMe(pyr) complex. 

On that account, 1H-DOSY spectroscopy was performed to clarify if the -CH2OH groups are 

connected to the complex (Figure 4-27).  

The 1H DOSY spectrum confirms one diffusion trace for the resonances of the phosphine-

aryl protons between 7.98 and 6.95 ppm, the CH2-resonance at 5.07 ppm and the Pd-CH3 

resonance at 0.172 ppm. Unfortunately, the CH2-resonances in intermediate exchange mode 

exhibit very broad signals and are hence not visible in the 1H DOSY spectrum. Furthermore, the 

proton resonance of the hydroxy proton features a diffusion coefficient different from the 

complex. However, the 1H-1H COSY spectrum in Figure 4-28 clearly reveals a scalar coupling of 

the CH2-resonance at 5.07 ppm with the other main CH2-resonances at 5.56 ppm and 4.04 ppm 

and the hydroxyl-proton-resonance at 5.37 ppm and supports covalent bonds between the nuclei 

mediating the scalar coupling.  
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and	 the	 hydroxyl-proton-resonance	 at	 5.37	 ppm	 and	 supports	 covalent	 bonds	 between	 the	

nuclei	mediating	the	scalar	coupling.		

	

Figure	4-27.	1H	DOSY	spectrum	(400	MHz,	25	°C,	d6-dmso)	for	the	hydroxy-functionalized	
phosphinesulfonato	Pd(II)	complex	[o-CH2OH(PO)PdMe(CL)Li]n.	

The	assumed	complex	structure	for	[oCH2OH(PO)PdMe(CL)Li]n	was	furthermore	supported	

by	ESI-MS	spectra	(see	Chapter	9.4.	for	further	details).			

Unfortunately,	 it	was	not	possible	 to	elucidate	 the	mechanism	of	 the	chemical	exchange	

within	the	scope	of	this	work.	

	

Figure	4-28.	1H-1H	COSY	spectrum	(400	MHz,	25	°C,	d6-dmso)	for	the	region	between	6.2	and	3.6	ppm.	
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4.2.5 Towards	the	Postfunctionalization	of	Amine-	and	Hydroxy-Functionalized	

Phosphinesulfonates	and	the	Corresponding	Phosphinesulfonato	Pd	(II)	

Complexes	

Further	 functionalization	 of	 the	 amine-and	 hydroxyfunctions	was	 performed	 directly	 on	

the	 corresponding	 complexes.	 For	 this	 purpose,	 functionalization	 reactions	 possible	 at	mild	

conditions	were	necessary	due	to	stability	issues	of	the	complexes.	In	the	following,	urea-	and	

guanidine	functionalization	at	the	[mNH2(PO)PdMe(Cl)Li]n		complex	was	attempted	as	well	as	

the	 urethane	 functionalization	 at	 the	 [oCH2OH(PO)PdMe(CL)Li]2	 complex.	 For	 all	

functionalizations,	 model	 reactions	 were	 conducted	 with	 aniline	 and	 benzyl	 alcohol,	

respectively,	 as	model	 compounds.	As	a	note,	 for	all	 functionalizations	on	 the	dinuclear	and	

higher-bridged	chloro	complexes,	at	least	3	intermediate	species	can	be	formed,	the	mono,	di-

and	trifunctionalized	species	which	should	lead	to	several	intermediate	Pd-Me	and	phosphorus	

species	observable	in	the	1H	and	31P	NMR	spectra.	The	progress	of	the	reaction	was	monitored	

by	 1H	 and	 31P	 NMR	 spectroscopy.	 As	 an	 additional	 note,	 equivalents	 of	 reagents	 are	 always	

reported	in	relation	to	the	equivalents	of	functional	groups	in	the	complex,	i.e.	10	eq.	PhNCO	

correspond	 to	 10	 eq.	 per	 1	 eq.	 amine	 or	 hydroxy	 group	 and	 4o	 eq.	 per	 dinuclear	 complex	

[R(PO)PdMe(Cl)Li]2.		

Attempted	Guanidine-Functionalization		

Guanidine-functionalization	of	 the	complex	[mNH2(PO)PdMe(Cl)Li]n	was	attempted	with	

N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	 according	 to	 reported	 protocols	 with	

aniline.	128	The	reaction	is	favored	in	apolar-aprotic	media	such	as	CH2Cl2	but	still	rather	slow	

under	these	conditions	at	room	temperature	as	is	obvious	from	1H	and	19F	NMR	spectra	for	the	

model	 reaction	 of	N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	with	 aniline	 and	NEt3	

at	equimolar	ratios	(Figure	4-29	and	Figure	4-30).	

	



Results	and	Discussion	

	
114	

	

Figure	4-29.	Stacked	1H	NMR	spectra	(400	MHZ,	25	°C,	CD2Cl2)	for	the	model	reaction	of	aniline	
(A)(0.26	M,	1	eq.)	with	N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	(diboc-Gua-NTf,	0.26	M,	1	

eq.	)	in	the	presence	of	NEt3	(	1	eq.).
128	

The	 use	 of	 a	 large	 excess	 of	 N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	 is	

especially	 difficult	 for	 the	 functionalization	 of	 the	 phosphinesulfonato	 Pd	 (II)	 complexes	 as	

both	 starting	 materials	 are	 solids	 that	 exhibit	 a	 similar	 solubility	 behavior	 which	 excludes	

crystallization	and	washing	of	the	product	complex	to	remove	large	amounts	of	residual	N,N’-

Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	after	the	reaction.		

	

Figure	4-30.	Stacked	19F	NMR	spectra	(400	MHZ,	25	°C,	CD2Cl2)	for	the	model	reaction	of	aniline	with	
N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	and	NEt3.	
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Therefore,	 the	 reaction	was	performed	ar	 room	 temperature	and	equimolar	 ratios	of	 the	

reactants.	The	19F	NMR	spectra	for	the	reaction	progress	under	these	conditions	are	shown	in	

Figure	4-31.		

	

Figure	4-31.	Stacked	19F	NMR	spectra	(400	MHZ,	25	°C,	CD2Cl2)	for	the	attempted	reaction	of	
mNH2(PO)PdMe(pyr)(0.056	M,	1.0	eq.)	with	N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	(1.0	

eq.)	and	NEt3	(1.0	eq.)	in	CD2Cl2.	

mNH2(PO)PdMe(pyr)	forms	a	yellow	suspension	in	CD2Cl2	which	becomes	a	clear	solution	

upon	addition	of	N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	and	NEt3.	The	 reaction	

is	 extremely	 slow	 as	 observed	 by	 the	 increase	 of	 the	 resonance	 at	 -80.35	 ppm	 for	 the	 side	

product	NH2Tf	which	forms	upon	attack	of	the	amine	group	at	the	guanidine	carbon	C=N	of	

the	guanylation	reagent.	Over	time	a	grey	precipitate	forms	which	was	separated	and	analysed	

but	 consisted	mainly	of	unreacted	guanylation	 reagent	mixed	with	 several	different	 complex	

species	 that	 could	 not	 be	 analysed	 due	 to	 the	 low	 concentrations.	 It	 should	 be	 noted,	 that	

phosphinesulfonato	 Pd	 (II)	 complexes	 are	 very	 likely	 to	 decompose	 in	 chlorinated	 solvents	

over	several	days	which	can	be	observed	by	the	formation	of	palladium	black.	Heating	of	the	

reaction	mixture	to	reflux	of	the	solvent	only	leads	to	a	faster	decomposition	of	the	complexes	

but	did	not	increase	the	reaction	rate	significantly.		

Since	 the	 guanylation	 reagent	 bears	 a	 significant	 steric	 demand	which	 could	 hinder	 the	

attack	 at	 the	 complex,	 the	 postfunctionalization	 was	 also	 attempted	 at	 the	 sterically	 less	

demanding	 phosphinesulfonate	 mNH2(PO)Li	 instead	 of	 the	 complex.	 Unfortunately,	 the	

phosphinesulfonate	mNH2(PO)Li	is	not	soluble	in	CD2Cl2	or	other	aprotic	chlorinated	solvents.	

directly	after	addition

after	1	day

after	2	days

after	3	days
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On	 that	 account,	 the	 reaction	 of	mNH2(PO)Li	with	N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-

guanidine	 was	 attempted	 in	 d6-dmso	 at	 varying	 temperatures.	 The	 19F	 NMR	 spectra	 are	

presented	 in	 Figure	 4-32.	 As	 expected,	 the	 reaction	 rate	 is	 extremely	 low	 in	 polar	media	 as	

indicated	 by	 the	 neglectable	 increase	 of	 a	 resonance	 at	 -79.75	 ppm	 after	 even	 4	 weeks	 of	

reaction	time.	

	

Figure	4-32.	Stacked	19F	NMR	spectra	(400	MHZ,	25	°C,	CD2Cl2)	for	the	attempted	reaction	of	
mNH2(PO)Li	with	N,N’-Di-Boc-N’’-trifluoromethanesulfonyl-guanidine	and	NEt3	in	d6-dmso.	

Further	attempts	with	other	guanylation	reagents	were	not	pursued	as	urea-	and	urethane-

functionalizations	were	more	 promising	 for	 the	 introduction	 of	 hydrogen-bonding	motifs	 at	

the	phosphinesulfonato	Pd	(II)	complexes	and	hence	these	routes	were	followed	instead.	
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Urea-Functionalization		

The	 model	 reaction	 of	 aniline	 with	 phenyl	 isocyanate	 in	 d6-dmso	 is	 fast	 at	 room	

temperature	 and	 already	 completed	 after	 15	min	 as	 concluded	 from	 1H	NMR	 spectra	 (Figure	

4-33).	

	

Figure	4-33.	Stacked	1H	NMR	spectra	(400	MHz,	25	°C,	d6-dmso)	for	the	model	reaction	of	aniline	(0.32	
M,	1.0	eq.)	with	phenylisocyanate	(1.2	eq)	to	diphenyl	urea.127	

As	the	complex	[mNH2(PO)PdMe(Cl)Li]n	 is	most	soluble	 in	dmso	and	the	urea	 formation	

from	 anilines	 and	 phenylisocyanate	 is	 favored	 in	 such	 polar	 media,	 all	 test	 reactions	 were	

performed	in	d6-dmso	at	varying	conditions	in	order	to	monitor	the	progress	of	the	reaction	by	
1H	and	31P	NMR	spectroscopy.	The	spectra	after	114	h	of	reaction	time	are	shown	in	Figure	4-34.	

		 	

Figure	4-34.	Stacked	1H	(400	MHz,	25	°C,	d6-dmso,	center	inset:	ppm-region	characteristic	for	NH-
resonances	in	carbamates.	right	inset:	aliphatic	region	characteristic	for	hydrogen	resonances	in	Pd-
CH3)	and	31P	NMR	spectra	(162	MHz,	25	°C,	d6-dmso)	for	the	reaction	of	[mNH2(PO)PdMe(Cl)Li]n	with	

phenylisocyanate	and	NEt3	(1.2	eq.)	at	varying	conditions	after	114	h.	The	equivalents	are	given	in	
relation	to	the	functional	group,	i.e.	4	equivalents	per	dinuclear	complex.	

phenylisocyanate

aniline

after	1	night	at	70	°C

~15	min	after	addition	

10	eq.	PhNCO,	55	°C

5	eq.	PhNCO,	55	°C

2	eq.	PhNCO,	55	°C

20	eq.	PhNCO,	25	°C

10	eq.	PhNCO,	25	°C

5	eq.	PhNCO,	25	°C
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The	 ratio	 of	 phenyl	 isocyanate	 (PhNCO)	 to	 functional	 groups	 in	 the	 complex	 and	 the	

reaction	temperature	were	varied	in	the	different	experiments.	The	best	results	were	obtained	

for	 10	eq.	of	phenyl	 isocyanate	and	a	 temperature	of	55	 °C.	Under	 these	conditions	 the	urea-

functionalization	is	almost	complete	after	114	h	without	decomposition	of	the	complex	(top	in	

Figure	4-34).	In	the	Pd-Me	region	of	the	1H	NMR	spectrum	(inset	on	the	right	in	Figure	4-34),	

one	main	 doublet	 resonance	 is	 observed	 as	 well	 as	 one	main	 phosphorus	 species	 in	 the	 31P	

NMR	spectrum	(inset	on	the	left	in	Figure	4-34).	Furthermore,	a	broad	singlet	increases	in	the	

region	 of	 9.70	 to	 9.80	 ppm	 in	 the	 1H	 NMR	 spectrum	 (inset	 in	 the	 middle	 in	 Figure	 4-34)	

characteristic	 for	 the	NH-resonance	 of	 the	 urea	 group	which	 does	 not	 further	 increase	 at	 a	

relative	 integral	 ratio	 of	 about	 4:3	 for	 the	 NH-to-Pd-CH3	 resonances	 which	 corresponds	 to	

complete	 urea-functionalization	 (Figure	 4-35).	 	 Higher	 temperatures	 lead	 to	 faster	

functionalization	 but	 also	 to	 already	 significant	 decomposition	 of	 the	 complexes	 before	

functionalization	is	completed.	This	was	observed	in	31P	NMR	spectra	by	the	increase	of	signals	

at	δ	<	0	ppm	which	can	be	ascribed	to	phosphinesulfonate	species	as	well	as	by	the	formation	

of	palladium	black	in	the	reaction	solution.		

Therefore,	urea-functionalization	was	performed	at	55	°C	in	dmso	with	1.2	eq	of	NEt3	and	a	

high	 excess	 of	 at	 least	 10	 eq.	 of	 phenyl	 isocyanate.	 After	 the	 reaction	 was	 complete,	 as	

confirmed	by	 1H	NMR	spectra,	 the	solvent	was	evaporated	 in	vacuo	at	55	 °C	and	 the	 residue	

was	dissolved	in	acetone	and	precipitated,	filtrated	and	washed	with	diethyl	ether.		

	

Figure	4-35.	1H	NMR	(400	MHz,	25	°C,	d6-dmso(bottom)	and	d6-acetone(top))	spectra	for	the	reaction	of	
[mNH2(PO)PdMe(Cl)Li]n	with	PhNCO	after	incomplete	reaction	(top)	and	after	complete	urea-

functionalization	of	the	amine	groups	(bottom).		
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Figure	4-36.	1H	DOSY	spectrum	(400	MHz,	25	°C,	d6-dmso)	of	[mNH2(PO)PdMe(Cl)Li]n.	The	selection	
marks	the	complex	diffusion	trace	which	confirms	that	the	resonance	at	9.5	ppm	corresponds	to	the	

NH-resonance	of	the	urea	group	connected	to	the	complex	and	that	diethyl	ether	is	coordinated	to	the	
complex	as	its	signals	at	3.03	and	1.18	ppm	share	the	same	diffusion	coefficient	with	the	complex.	

Unfortunately,	the	presence	of	the	urea	group	connected	to	the	complex	aryls	could	not	be	

clarified	by	1H-13C	HMBC	spectra	as	no	coupling	between	the	urea’s	NH	and	the	carbonyl	group	

could	 be	 observed	 even	 at	 different	 mixing	 times	 in	 the	 NMR	 experimental	 sequence.	

Furthermore,	 aryl	 impurities	 from	 the	 phenyl	 isocyanate	 could	 not	 be	 removed	with	 several	

precipitation	 attempts	 and	 washing	 stages	 of	 the	 complex,	 hampering	 unambigious	

assignments	by	NMR	spectroscopic	methods.	The	1H-1H	DOSY	spectrum	reveals	one	diffusion	

trace	for	the	NH-proton	resonance	at	9.5	ppm	indicating	the	presence	of	the	urea	group	in	the	

complex.	However,	the	broad	appearance	of	the	signal	at	9.5	ppm	hampers	a	clear	statement	

about	the	connection	of	the	urea	group	to	the	complex.		

Urethane-Functionalization		

The	 urethane-functionalization	 of	 the	 hydroxy-functionalized	 complexes	 was	 attempted	

with	 phenylisocyanate	 in	 d6-dmso	 in	 the	 presence	 of	 NEt3.	 The	model	 reaction	with	 benzyl	

alcohol	was	followed	by	1H	NMR	spectroscopy	for	which	the	spectra	are	shown	in	Figure	4-37.	

The	progress	of	the	reaction	can	be	followed	by	the	increase	of	the	characteristic	peaks	at	9.76	

ppm	and	5.22	ppm	which	can	be	ascribed	to	the	NH-proton	resonance	and	the	shift	of	 the	–

CH2-proton	resonance.	
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Figure	4-37.	Stacked	1H	NMR	spectra	(400	MHZ,	25	°C,	d6-dmso)	for	the	model	reaction	of	benzyl	
alcohol	(1.0	eq.,0.63	M))	with	phenyl	isocyanate	(1.0	eq.)	in	the	presence	of	NEt3	(0.3	eq.).

134		

Since	a	hydroxy-functionalized	phosphinesulfonato	Pd	(II)	complex	was	already	available	

in	the	group,	kindly	provided	by	Philipp	Wucher,	the	functionalization	directly	at	the	complex	

was	 tested	 with	 this	 precursor	 prior	 to	 the	 phosphinesulfonate	 and	 complex	 synthesis.	 The	

complex	available	served	as	a	model	compound	to	test	the	reaction	of	the	OH-groups	in	a	Pd-

phosphinesulfonate	 complex.	 This	 complex,	 however,	 was	 not	 further	 investigated	 as	 the	

hydroxy	 group	 is	 in	 para-position	 at	 the	 phosphine	 aryl	 and	 hence	 too	 far	 from	 the	 actual	

catalytic	 event	 for	 secondary	 interaction.	 Therefore,	 new	 hydroxy-functionalized	

phosphinesufonates	bearing	a	hydroxy-group	in	meta-position	and	a	–CH2OH-group	in	ortho-

position	were	synthesized	as	discussed	in	Chapter	4.2.2.	and	4.2.3.		

The	1H	NMR	spectra	for	the	test	reaction	with	the	already	available	hydroxy-functionalized	

phosphinesulfonato	 Pd	 (II)	 complex	 are	 shown	 in	 Figure	 4-38.	 and	 clearly	 indicate	 the	

successful	 urethane	 formation	 during	 the	 reaction.	At	 9.85	 ppm	 a	 singlet	 increases	which	 is	

characteristic	 for	 the	 resonance	 of	 the	NH-proton	 in	 urethanes.	 Furthermore,	 the	 singlet	 at	

4.60	ppm	decreases	in	intensity	while	a	new	singlet	increases	at	5.20	ppm.	Both	signals	can	be	

ascribed	 to	 the	methylene-protons	 in	 the	urethane-functionalized-	 and	 the	unfunctionalized	

complexes,	respectively.	Furthermore,	the	phosphorus	resonance	undergoes	a	significant	shift	

from	19.8	to	20.0	ppm	(inset	on	the	right	in	Figure	4-38).	It	should	be	noted,	however,	that	the	

model	 complex	bears	only	one	hydroxy-functionality	 at	only	one	of	 the	phosphine-aryls	 and	

was	 used	 in	 the	 mononuclear	 form	 of	 the	 pyridine-coordinated	 complex.	 The	 following	
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functionalization	 experiments	 were	 performed	 on	 the	 multinuclear	 chloro-and-lithium	

bridged	 complex	 bearing	 furthermore	 two	 hydroxy-functionalities	 per	 palladium	 center	 and	

hence	lead	to	several	intermediates	of	mono-,di-,tri-and	completely	functionalized	complexes.	

	

Figure	4-38.	Stacked	1H	NMR	(left,	400	MHz,	25	°C,	d6-dmso)	and	31P	NMR	spectra	(inset	on	the	right,	
162	MHz,	25	°C,	d6-dmso)	for	the	reaction	of	a	para-benzylalcohol-substituted	phosphinesulfonate	Pd	

(II)	complex	(1.0	eq.,	0.08	M)	with	phenylisocyanate	(1.o	eq.)	and	Et3N	(0.45	eq.)	in	d6-dmso	at	50	°C	and	
room	temperature.	

The	 31P	 NMR	 spectra	 for	 the	 screening	 of	 the	 reaction	 conditions	 for	 the	 urethane-

functionalization	 of	 the	 multinuclear	 complex[oOHCH2(PO)PdMe(Cl)Li]n	 with	 phenyl	

isocyanate	 and	 NEt3	 after	 120	 hours	 of	 reaction	 time	 are	 presented	 in	 Figure	 4-39.	 The	

stoichiometry	of	NEt3	was	1.2	eq.	for	each	experiment	while	the	phenyl	isocyanate	equivalents	

were	 varied	 as	 well	 as	 the	 temperature.	 Urethane-functionalization	 is	 completed	 after	 120	

hours	 for	 all	 reaction	 conditions	 tested.	 However,	 significant	 complex	 decomposition	 is	

observed	at	55	 °C	by	 the	 formation	of	palladium	black	 in	 the	reaction	mixture	as	well	as	 the	

increase	of	phosphorus	resonances	between	-24	and	-32	ppm	indicating	the	formation	of	free	

phosphinesulfonate	 species	 through	complex	decomposition.	For	 that	 reason,	 all	 further	 test	

experiments	were	conducted	at	25	°C	at	varying	phenyl	isocyanate	equivalents	and	monitored	

by	1H	and	31P	NMR	spectroscopy.	

complex

complex	+	phenyl	
isocyanate	
directly	after
addition

after	1	day	at	rt

after	6	h	at	50	°C
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Figure	4-39.	Stacked	31P	NMR	spectra	(162	MHz,	25	°C,	d6-dmso)	for	the	reaction	of	
[oOHCH2(PO)PdMe(Cl)Li]n		with	phenyl	isocyanate	in	the	presence	of	NEt3(1.2	eq.)	at	varying	equivalents	

of	complex	and	PhNCO	and	varying	temperatures	after	120	h	reaction	time.		

Complete	reaction	after	only	24	h	is	already	accomplished	with	5	eq.	of	phenyl	isocyanate.	

The	resonance	region	for	Pd-Me	in	the	 1H	NMR	spectra	and	the	 31P	NMR	spectra	at	different	

reaction	times	are	shown	in	Figure	4-40.	The	spectra	clearly	indicate	complete	conversion	after	

24	h	as	one	phosphorus	and	one	Pd-Me	species	is	formed	and	there	is	no	further	change	in	the	

spectra	with	 longer	 reaction	 times.	 The	 species	 responsible	 for	 the	 proton	 resonance	 of	 low	

intensity	 at	 0.225	 ppm	next	 to	 the	 doublet	 at	 0.275	 ppm	 in	 the	 1H	NMR	 spectrum	 could	 be	

removed	upon	complex	work	up.		

After	the	reaction	was	complete,	the	solvent	was	removed	in	vacuo	at	55	°C	and	the	residue	

was	 dissolved	 in	 acetone,	 filtered	 through	 a	 syringe	 filter	 and	 the	 complex	was	 precipitated	

from	 diethyl	 ether.	 The	 1H	 and	 31P	 NMR	 spectra	 for	 the	 isolated	 complex	

[oCH2O(CO)NHPh(PO)PdMe(CL)Li]n	are	shown	in	Figure	4-41.	

5	eq	PhNCO,	25	°C

10	eq	PhNCO,	55	°C

5 eq	PhNCO,	55	°C

2	eq	PhNCO,	55	°C
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Figure	4-40.	Stacked	1H	(400	MHz,	25	°C,	d6-dmso,	right)	of	the	Pd-Me	region	and	31P	(162	MHz,	25	°C,	
d6-dmso,	left)	NMR	spectra	for	the	reaction	progress	of	[oOHCH2(PO)PdMe(Cl)Li]n	with	PhNCO	(5	eq.)	

and	NEt3	(1.2	eq)	at	25	°C	in	d6-dmso.	

	

Figure	4-41.	.	1H	(400	MHz,	25	°C,	d6-dmso,	bottom)	and	31P	NMR	(162	MHz,	25	°C,	d6-dmso,	top)	spectra	
for	the	isolated	urethane-functionalized	phosphinesulfonato	Pd(II)	complex																																																					

[oCH2O(CO)NHPh(PO)PdMe(CL)Li]n.	
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As	 already	observed	 for	 the	hydroxy-functionalized	precursor,	 chemical	 exchange	 is	 also	

present	for	the	CH2-groups	in	[oCH2O(CO)NHPh(PO)PdMe(CL)Li]n	as	can	be	concluded	from	the	
1H-1H	ROESY	spectrum	in	Figure	4-42.	 	Elucidation	of	the	chemical	exchange	mechanism	was	

not	possible	within	the	scope	of	this	thesis.		

	

	

Figure	4-42.	1H-1H	ROESY	spectrum	(600	MHz,	25	°C,	d6-dmso)	for	the	urethane-functionalized	
phosphinesulfonato	Pd	(II)	complex	[o-CH2O(CO)NHPh(PO)PdMe(CL)Li]n.		

	

Figure	4-43.	1H-1H	COSY	spectrum	(600	MHz,	25	°C,	d6-dmso)	for	the	urethane-functionalized	
phosphinesulfonato	Pd	(II)	complex	[o-CH2O(CO)NHPh(PO)PdMe(CL)Li]n.	
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Figure	4-44.	1H	DOSY	spectrum	(25	°C,	400	MHz,	d6-dmso)	of	the	urethane-functionalized	
phosphinesulfonato	Pd(II)	complex	[oCH2O(CO)NHPh(PO)PdMe(CL)Li]n.	The	selection	corresponds	to	

the	diffusion	trace	for	the	complex.	

The	 complex	 was	 furthermore	 analyzed	 by	 ATIR	 spectroscopy.	 The	 ATIR	 spectrum	 of	

[oCH2O(CO)NHPh(PO)PdMe(CL)Li]n	in	solid	phase	is	shown	in	Figure	4-45.	

	

Figure	4-45.	ATIR	spectrum	for	[oCH2O(CO)NH(PO)PdMe(CL)Li]n	in	solid	phase.	
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At	1727	cm-1	and	1703	cm-1	a	doublet	band	is	observed	which	is	characteristic	for	N-mono-

aryl-substituted	 urethanes	 in	 solid	 phase	 and/or	 associated	 by	 hydrogen-bonding.	

Furthermore,	a	characteristic	band	of	medium	intensity	at	1599	cm-1	is	observed	for	secondary	

urethanes	(RNH-(CO)OR’)	in	general.	The	band	at	1539	cm-1	is	associated	with	the	CHN-group	

deformation	 in	 urethanes	 and	 also	 quite	 characteristic	 for	 this	 group.117	 The	 presence	 of	 the	

characteristic	vibrational	bands	for	(N-mono-aryl-)urethanes	in	the	ATR-IR	spectrum	of	solid	

[oCH2O(CO)NHPh(PO)PdMe(CL)Li]n	confirm	the	presence	of	the	urethane-group	in	the	complex.117	

Furthermore,	ESI-MS	spectra	reveal	urethane	functionalized	complex	species	(see	Figure	9-43	

and	Figure	9-44	in	Chapter	9.4).		

Hence,	 the	 results	 from	NMR-	 and	ATR-IR-	 and	 ESI-MS-spectroscopic	 data	 confirm	 the	

successful	 postfunctionalization	 of	 the	 hydroxyfunctionalized-complex	 to	 a	 urethane-

functionalized	complex.		

4.3 Summary	and	Conclusion	

Phosphinesulfonato	 Pd(II)	 complexes	 are	 outstanding	 in	 their	 ability	 to	 copolymerize	

ethylene	with	a	broad	range	of	polar	vinyl	monomers	to	 linear	 functional	polyethylenes.	The	

major	 drawbacks	 of	 these	 copolymerizations	 are	 attributed	 to	 the	 presence	 of	 reversible	

deactivation	equilibria	via	κ-X-coordination	of	the	functional	group	of	the	free	monomer	or	of	

the	polymer	backbone,	respectively,	to	the	metal	center.	Furthermore,	enhanced	propensities	

for	 chain	 transfer	 after	 the	 insertion	 of	 a	 polar	 monomer	 lead	 to	 a	 lowering	 of	 polymer	

molecular	weight	with	increasing	polar	monomer	content.	Conclusively,	intervention	on	these	

equilibria	might	influence	polymerization	activity	or	the	features	of	the	insertion	process	itself	

such	as	regiochemistry.		

To	 this	 end,	 a	phosphinesulfonato	Pd(II)	 complex	was	 equipped	with	hydrogen-bonding	

motifs	at	 the	phosphorus	aryls	which	should	be	able	to	 interact	with	the	functional	group	in	

the	 polar	monomer.	 The	 hydrogen	 bonding	motifs	 considered	 in	 this	 study	 were	 urethane,	

urea	 and	 guanidine	which	 are	 also	 important	 hydrogen-bonding	 structural	motifs	 in	 nature,	

e.g.	 in	 enzymes.	 For	 this	 purpose,	 a	 NH2-group	 and	 a	 NHMe-group,	 respectively,	 were	

introduced	at	the	phosphine	aryls	of	the	phosphinesulfonate	by	a	one-pot	procedure	starting	

from	the	respective	trimethylsilyl-protected	bromo-aniline	which	leads	to	multinuclear	chloro-

lithium-bridged	complexes.	These	 complexes	 could	be	 reacted	 to	 the	mononuclear	pyridine-

coordinated	complexes	from	which	x-ray	quality	crystals	could	be	obtained.		
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The	 NH2-equipped	 phosphinesulfonate	 mNH2(PO)Li	 serves	 furthermore	 as	 a	 modular	

phosphinesulfonate	 for	 the	 introduction	 of	 other	 hydrogen-bonding	 functionalities	 such	 as	

urea	or	guanidine	by	postfunctionalization	reactions.		

The	same	approach	was	used	for	the	introduction	of	a	urethane-group	by	the	synthesis	of	a	

hydroxy-functionalized	 phosphinesulfonate	 OHCH2(PO)Li	 first,	 which	 serves	 as	 a	 base	

phosphinesulfonate	for	postfunctionalizations.		

Unfortunately,	attempts	on	the	guanidine-functionalization	of	the	NH2-equipped	complex	

were	completely	hampered	by	extremely	low	conversion	rates	which	lead	to	very	long	reaction	

times	during	which	excessive	complex	decomposition	occurs.		

Postfunctionalization	 of	 the	NH2-and	OH-moieties	 to	 urea-	 and	urethane-groups	 is	 best	

performed	 on	 the	 complex	 instead	 of	 the	 free	 phosphinesulfonate.	 Hence,	 the	

postfunctionalizations	 were	 carried	 out	 at	 mild	 conditions	 (25	 °C,	 dmso)	 by	 employing	

phenylisocyanate	as	reactand	and	NEt3	as	a	base.		

However,	purification	and	characterization	of	especially	the	postfunctionalized	complexes	

proved	to	be	difficult	due	to	the	presence	of	inter-	and	intramolecular	hydrogen-bonds	via	the	

functional	groups	 in	 the	complex.	 In	 the	case	of	 the	urethane-functionalized	complex	NMR-

characterization	was	possible	while	for	the	urea-complex	NMR-spectra	indicate	a	conversion	of	

the	 NH2-group	 to	 the	 urea-group	 but	 unambigious	 assignments	 are	 hindered	 by	 impurities	

that	 could	 not	 be	 removed	 in	 several	 attempts.	 However,	 these	 observations	 suggest	 the	

bonding	motifs’	 ability	 for	 interactions	with	other	 functional	groups	as	e.g.	 in	 the	 functional	

vinyl	monomers.		
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5 Reactivity	of	Functionalized	Vinyl	Monomers	

in	Insertion	Copolymerization	

5.1 Introduction	

Insertion	copolymerization	of	ethylene	with	polar	vinyl	monomers	is	a	long	elusive	goal	as	

it	provides	access	to	functionalized	polyethylenes	with	controlled	microstructures	on	the	basis	

of	an	 industrially	accessible	monomer	feedstock	which	 is	not	amenable	by	other	approaches.	

Brookhart’s	seminal	work	on	the	basis	of	cationic	α-diimine	Pd(II)	complexes8,	69	has	had	a	vast	

impact	on	the	field.	In	the	past	few	years,	all	fundamental	monomers11,	39-40,	42,	44-46,	49	(with	the	

exception	of	methyl	methacrylate,	MMA135)	and		a	range	of	further	vinyl50-51,	136	and	related	allyl	

compounds41,	 53	have	been	demonstrated	 to	be	amenable	 to	 copolymerization,	 to	 form	 linear	

ethylene	 copolymers.	 This	 applies	 to	 electron-poor	 monomers,	 like	 acrylates11,	 62	 and	 many	

others,	and	electron-rich	monomers	like	vinyl	ethers49		alike.	The	complex	system	of	choice	for	

these	long	elusive	reactions	are	neutral	phosphinesulfonato	Pd(II)	complexes	first	reported	by	

Drent	 et	 al.11	 which	 enabled	 the	 copolymerization	 of	 even	 difficult	 vinyl	monomers	 such	 as	

acrylonitrile39,	 vinyl	 acetate40	 or	 vinyl	 acids44,	 51.	 Based	 on	 the	 prototypical	 o-

-(dianisylphosphine)benzenesulfonate	 ligand	 motif	 (Figure	 5-1),	 a	 large	 range	 of	 different	

Pd(II)	 catalyst	 structures10,	 13,	 15,	 26,	 38,	 55-56,	 66,	 137-139	 have	 been	 developed	 that	 are	 capable	 of	

copolymerizing	 ethylene	 and	 polar	 vinyl	 monomers	 in	 a	 linear	 fashion.	 However,	 the	 o-

-(dianisylphosphine)benzenesulfonate	 ligand	 motif	 still	 represents	 the	 workhorse	 system	 of	

choice	 regarding	 the	 combination	 of	 comonomer	 incorporation,	 polymer	 molecular	 weight,	

polymerization	activity	and	catalyst	lifetime.		

	

Figure	5-1.	o-dianisyl-phosphinesulfonato	Pd(II)	complex	first	reported	by	Drent	et	al.11for	the	
copolymerization	of	ethylene	with	polar	vinyl	monomers.	
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Extensive	modifications	 of	 the	 phosphinesulfonato	 ligand	motif	 have	 provided	 a	 deeper	

understanding	 of	 the	 electronic	 and	 steric	 influences	 of	 the	 bidentate	 ligand	 on	 the	

mechanistic	 features	 of	 the	 copolymerization.	 While	 electronics	 impact	 polymer	 molecular	

weight	and	polymerization	activity56,	steric	bulk	can	increase	polymer	molecular	weight38	and	

even	 invert	 the	 regiochemistry	 of	 the	 insertion	 steps	 of	 the	 comonomers.57,	 138	 Electron-poor	

monomers	 such	as	acrylates	prefer	2,1-insertion	electronically	but	 can	be	 forced	 to	 insert	 via	

1,2-insertion	more	preferentially	with	increasing	steric	bulk	on	the	phosphine	as	was	shown	for	

diazaphospholidine	Pd(II)	 complexes.57	A	 similar	picture	was	observed	 for	 steric	bulk	on	 the	

monomers.	Methyl	acrylate	affords	 insertion	into	the	Pd-Me	bond	of	the	complex	1-L	almost	

exclusively	by	2,1-insertion	(95	%)	while	tert-butyl	acrylate	exhibits	a	considerable	amount	of	

1,2-insertion	 (20	 %).137	 The	 underlying	 principle	 of	 these	 observations	 is	 that	 insertion	 is	

thought	 to	 occur	 from	 the	 Pd(II)-alkyl	 olefin	 complex	 with	 the	 olefin	 in	 cis	 position	 to	 the	

phosphine57,	66,	such	that	the	substituents	on	phosphorus	can	impact	the	regioselectivity	of	this	

step	by	steric	interaction	(Scheme	5-1).		

Scheme	5-1.	Schematic	illustration	of	the	steric	repulsion	between	the	olefin’s	substituent	and	
phosphine-bound	substituents	of	the	chelating	ligand	during	2,1-and	1,2-insertion,	respectively.	

	

However,	 a	 comprehensive	 mechanistic	 understanding	 of	 the	 reactivity	 of	 the	 different	

monomers	under	polymerization	conditions	is	still	missing.	Reported	copolymerization	data	is	

not	 uniform	 in	 terms	 of	 polymerization	 conditions	 and	 catalyst	 precursors	 employed	 and	

hence	has	hampered	a	comprehensive	discussion	on	relative	comonomer	reactivity	so	far.			

The	 following	 discussion	 will	 provide	 a	 complete	 picture	 of	 vinyl	 monomer	 reactivity,	

expressed	by	relative	reactivity	ratios	which	were	determined	by	pressure	reactor	experiments,	

with	respect	to	their	electronic	and	steric	nature.		
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5.2 Results	and	Discussion	

5.2.1 Determination	of	Reactivity	Ratios	in	Insertion	Copolymerization	

Reactivity	 ratios	 are	 very	 useful	 for	 the	 discussion	 of	 relative	 monomer	 reactivities	 in	

copolymerizations.	 However,	 their	 determination	 is	 elaborate	 for	 copolymerizations	 that	

follow	 the	kinetic	of	Markov	 statistics	of	higher	order	 as	 the	 former	 inserted	monomers	 can	

influence	 the	 following	 insertion	 and	 hence	 more	 than	 two	 reaction	 rates	 have	 to	 be	

considered.140	 However,	 under	 certain	 conditions	 higher	 order	 Markov	 statistics	 can	 be	

simplified	as	will	be	outlined	 in	 the	 following	 for	copolymerizations	of	vinyl	monomers	with	

ethylene	with	phosphinesulfonato	Pd	(II)	complexes.			

In	the	following	discussion,	relative	comonomer	reactivities	are	given	as	reactivity	ratios	rA	

=	kA/kB	 (Equation	 (1)).	They	 are	determined	 from	 the	molar	 incorporation	 ratios	of	 ethylene	

[A]X,polym	 and	 comonomer	 [B]X,polym	 in	 the	 final	 polymers	 and	 the	 initial	 monomer	

concentrations	of	ethylene	[A]0	and	comonomer	[B]0.		

!! =  !!!!
= [!]!,!"#$%
[!]!,!"#$%

∗ [!]![!]!
       (1)	

The	 reactivity	 ratios	 rA	 are	 concentration-independent,	 if	 the	 depletion	 of	 comonomers	

during	the	period	of	polymerization	is	small	or	negligible	and	the	polymerization	follows	zero	

Markov	statistics,	that	is,	the	insertion	of	a	monomer	is	not	influenced	by	the	last	incoporated	

monomer	 unit.	 First	 order	 Markov	 statistics	 are	 obviously	 more	 realistic	 for	 the	 insertion	

polymerizations	 studied	 here.	 If	 the	 monomers	 differ	 strongly	 in	 their	 reactivity	 and	 one	

monomer	 is	 incorporated	 preferentially	 such	 that	 it	 dominates	 the	 growing	 chain	 ends,	

consecutive	insertions	of	the	other	less	reactive	monomers	are	a	rare	event.	In	this	case,	which	

is	 fulfilled	 for	 the	 insertion	 copolymerizations	 studied	 here,	 the	 Mayo-Lewis	 Equation	 (2)	

simplifies	 to	 (1),	 with	 rA	 =	 kaA/kaB	 in	 the	 Markov	 first	 order	 denotation	 (A	 =	 ethylene,	 B	 =	

comonomer).	 That	 is,	 rA	 is	 the	 reactivity	 of	 ethylene	 (E)	 relative	 to	 the	 comonomer	 (C)	 and	

ethylene	 is	 considerably	 higher	 in	 reactivity	 than	 most	 comonomers	 and	 is	 therefore	

incorporated	preferably	 in	most	 ethylene	 copolymerizations	with	phosphinesulfonato	Pd	 (II)	

complexes.	 Hence,	 ethylene	 dominates	 the	 growing	 chain	 ends	 in	 the	 copolymerizations	

studied	here.	
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![!]
![!] =

1 + !(!) [!][!]
1 + !(!) [!][!]

 ≈ ! ! !
!                          (2)	

The	Mayo-Lewis	equation140	(2)	is	derived	from	first	order	Markov	statistics	where	the	last	

inserted	 monomer	 unit	 influences	 the	 next	 monomer	 insertion.	 rA	 = !(!")
!(!")	 is	 the	

copolymerization	parameter,	where	kaA	is	the	rate	constant	for	the	insertion	of	ethylene	after	

an	already	inserted	ethylene	unit	and	kaB	is	the	rate	constant	for	the	insertion	of	a	comonomer	

after	an	already	 inserted	ethylene	unit.	 If	 rB	=	
!(!")
!(!")	 	 is	very	small,	which	 is	 the	case	 for	most	

copolymerizations	of	ethylene	with	phosphinesulfonato	Pd	(II)	complexes	due	to	kbA		>>		kbB,		

the	denominator	equals	almost	1	due	to	rB	
!
! ~ 0.	Since	rA	is	>>	1	,	1 + !(!) [!][!]		is	approximately	

! ! !
!  . With	 the	 ethylene	 concentration	being	 constant	when	constant	pressure	 is	 ensured	

and	if	comonomer	conversion	is	moderate	to	a	point	that	it	has	neglectable	influences	on	the	

determined	reactivity	 ratio,	 the	actual	monomer	concentrations	during	copolymerization	 [A]	

and	 [B]	 approximately	 equal	 starting	 concentrations	 [A]0	 and	 [B]0,	 respectively,	 and	 can	 be	

considered	constant.	In	that	case	d[A]	and	d[B]	represent	the	actual	and	therefore	the	overall	

copolymer	composition	with	d[A]	≈	[A]x,polym	for	the	incorporation	ratio	of	ethylene	and	d[B]	≈	

[B]x,	 polymer	 for	 the	 incorporation	 ratio	 of	 the	 comonomer.	These	 simplifications	 lead	 again	 to	

equation	(1):		

 

r A = ! !"
! !" ≈ ! !

! ! =  ! ∗ !    (1)    

 

	

with	R	=	[A]x,polym/[B]x,	polymer	and	C	=	[B]0/[A]0.		

Determination	 of	 reactivity	 ratios	 in	 this	 fashion	 (1)	 is	 complicated	 by	 the	 fact	 that	 for	

some	comonomers	their	propensity	for	insertion	into	the	Pd-Me	bond	and,	in	particular,	into	

Pd-H	 bonds,	 is	 different	 and	 much	 higher	 compared	 to	 their	 reactivity	 for	 the	 in-chain	

incorporation	by	 insertion	 into	a	Pd-polymeryl.	However,	 the	 latter	 is	 the	value	sought	here.	

The	 first	 two	 reactions	 correspond	 to	 the	 initiation	 of	 a	 new	 chain	 upon	 activation	 of	 the	

catalyst	 precursor,	 or	 after	 chain	 transfer	 by	 β-H	 elimination,	 respectively.	 Saturated	 chain	

ends	are	formed	through	these	reactions	(Figure	5-2,	depicted	in	red	for	the	insertion	products	

1	and	2	and	the	copolymer	structures	3,	4	and	5	derived	from	these	species).		
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Figure	5-2.	Overview	on	the	chain	initiation	by	insertion	of	a	polar	vinyl	monomer	into	either	Pd-Me	or	
Pd-H	and	their	influence	on	polymer	microstructure.	

In	the	following	analysis,	these	pathways	and	resulting	end	groups	were	considered	in	the	

quantitative	analysis	of	the	copolymer	structure.	

5.2.2 Reactivity	Ratios	of	Fundamental	and	Selected	Vinyl	Monomers	

As	 already	noted	 earlier,	 reported	polymerization	data	did	not	 allow	 for	 a	 calculation	of	

the	 reactivity	 ratios	 according	 to	 the	 considerations	 above	 (Equation	 1),	 and	much	 less	 for	 a	

comparison	 between	 different	 monomers.	 Polymerization	 reaction	 conditions	 were	 not	

uniform	in	terms	of	temperature	or	catalyst,	and	suitable	polymerization	and	polymer	analysis	

data	was	not	always	available	for	a	given	monomer.	On	that	account,	copolymerizations	with	

complex	1-L	(Figure	5-3)	were	performed	at	95	°C	in	toluene	and	at	ethylene	pressures	of	3,	5,	

10	or	20	bar.	Ethylene	saturation	concentrations	under	these	conditions	were	determined	via	a	

gravimetric	method	(see	Chapter	9).		

	

Figure	5-3.	Catalyst	precursor	employed	for	the	copolymerization	of	vinyl	comonomers	with	ethylene.	
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Note	that	the	nature	of	 the	 labile	 ligand	(L)	and	its	ability	 for	dissociation	affect	catalyst	

activity	 but	 not	 the	 relative	monomer	 reactivities	 and	 copolymer	 compositions,	 as	 the	 same	

catalytically	active	species	is	formed.62	

Table	5-1.	Reactivity	ratios	rE	=	kE/kC	(E	=	ethylene,	C	=	comonomer)	for	selected	acrylic	monomers	in	
insertion	copolymerization	with	ethylene	with	1-L	as	catalyst	precursor	at	95	°C	in	toluene.	

Entry	 Comonomer	 Reactivity	
ratio	rE

a,b	 Entry	 Comonomer	 Reactivity	
ratio	rE

a,b	

1	 	
acrylic	acid	

15:1	 8	 	
n-butyl	acrylate	

19:1	

2	 	
methyl	acrylate	

18:1	 9	 	
iso-butyl	acrylate	

22:1	

3	 	
2-hydroxyethyl	

acrylate141	

20:1	 10	 	
tert-butyl	acrylate	

38:1	

4	 	
Mono	glycol	

acrylate	

18:1	 11	 	
glycidyl		

acrylate141-142	

20:1	

5	
	

2-(2-methoxy-
ethoxy)	ethyl	
acrylate141	

19:1	 12	 	
2-ethyl	hexyl	
acrylate141-142	

25:1	

6	 	
glycol	acrylate141	

21:1	 13	 	
3-(trimethoxysilyl)	
propyl	acrylate141-142	

24:1	

7	 	
nitrile	acrylate141	

14:1	 14	 	
furfuryl	acrylate141	

19:1	

a	 reactivity	 ratios	 were	 determined	 from	 in-chain	 incorporation	 of	 the	 comonomers	
determined	 by	 quantitative	 13C	 and	 1H	 NMR	 spectra	 (400	 MHz,	 130	 °C,	 C2D2Cl4)	 and	
initial	monomer	concentrations.	For	 further	details	see	Chapter	9.b	Reactivity	ratios	were	
determined	 on	 the	 assumption	 that	 ethylene	 concentration	 is	 not	 considerably	 affected	
by	the	presence	of	comonomers	in	the	reaction	mixture.	

These	studies,	outlined	in	more	detail	in	Chapter	9,	afforded	reactivity	ratios	rA	for	various	

acrylic	(Table	5-1)	and	other	vinyl	monomers	(Table	5-2	and	Table	5-3).	Intriguingly,	reactivity	

ratios	 for	 the	 acrylates	 only	 vary	 to	 a	 moderate	 extent	 between	 rE	 =	 15	 and	 25.	 The	 only	

exception	 is	tert-butyl	acrylate	with	a	value	of	rE	=	38.	This	 is	not	expected	a	priori	 since	the	

acrylate	 alcohol	 components	 vary	 significantly	 in	 size.	 Especially,	 the	 virtually	 identical	

reactivity	 for	 the	 glycol	 ester	 derivatives	 in	 Entries	 3	 to	 6,	 with	 the	 number	 of	 glycol	 units	

varying	between	one	 and	up	 to	nine,	 is	notable.	 For	 all	 acrylates,	 except	 for	 again	 tert-butyl	
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acrylate,	 the	 electronically	 preferred	 2,1-insertion	 into	 the	 Pd-Me	 bond	 of	 1-L	 strongly	

predominates.141-142	Theoretical	studies	showed	that	migratory	insertion	in	phosphinesulfonato	

Pd(II)	 complexes	 occurs	 from	 the	 isomer	 with	 the	 olefin	 in	 cis-position	 to	 the	 phosphine	

donor.66	That	is,	the	olefin	is	in	spatial	proximity	to	the	phosphine-bound	aryls	in	the	case	of	

2,1-insertion,	and	the	olefin	substituent’s	size	becomes	relevant	as	illustrated	in	Scheme	5-1.		

Reasonably	assuming	similar	electronic	properties	for	all	esters	listed	in	Table	5-1,	the	data	

suggests	that	the	 ‘length’	of	a	substituent	does	not	 influence	reactivity	strongly	and	indicates	

that	long,	unbranched	and	flexible	substituents	such	as	n-alkyl	chains	arrange	during	the	2,1-

insertion	process	to	minimize	steric	interaction	with	the	chelating	ligand.	These	assumptions	

are	 further	 confirmed	 by	 the	 reactivity	 ratios	 of	n-butyl	 acrylate,	 iso-butyl	 acrylate	 and	 tert-

butyl	acrylate	(Entries	8	to	10).	rE	increases	from	19	to	38	upon	increase	of	the	steric	bulk	from	

n-butyl	 acrylate	 to	 tert-butyl	 acrylate.	 In	 addition,	 the	 steric	 contribution	 of	 the	 bulky	 tert-

butyl	 group,	 also	 leads	 to	 a	 partial	 inversion	 of	 the	 electronically	 preferred	 2,1-insertion	

towards	 the	 sterically	 less	 encumbered	 1,2-insertion.	 This	 was	 observed	 by	 NMR	 insertion	

studies	of	1-L	with	tert-butyl	acrylate	and	was	further	confirmed	by	theoretical	 investigations	

on	 the	 corresponding	 transition	 states.137	 Finally,	 more	 bulky	 groups	 such	 as	 gycidyl,	 furyl,	

trimethoxysilyl	and	ethyl	(Entries	11	to	14)	bound	to	the	carboxy	O-atom	through	one	or	more	

methylene	spacers	impact	reactivity	only	moderately	compared	to	linear	groups.		
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By	comparison	to	acrylates,	other	electron-poor	monomers	are	considerably	 less	 reactive	

with	rE	values	of	41	to	85	(Entries	15	to	22	in	Table	5-2).	

Table	5-2.	Reactivity	ratios	rE	=	kE/kC	(E	=	ethylene,	C	=	comonomer)	for	selected	vinyl	monomers	in	
insertion	copolymerization	with	ethylene	with	1-L	as	catalyst	precursor	at	95	°C	in	toluene.	

Entry	 Comonomer	 Reactivity	
ratio	rE

a,b	 Entry	 Comonomer	 Reactivity	
ratio	rE

a,b	

15	 	
vinyl	phenyl	
sulfonate	

36:1	 19	 	
phenyl	vinyl	sulfone	

79:1	

16	 	
vinyl	neopentyl	

sulfonate	

41:1	 20	 	
methyl	vinyl	sulfone	

58:1	

17	 	
acrylo	nitrile	

15:1	 21	 	
vinyl	phosphonic	

acid	

69:1	

18	 	
dimethyl	
acrylamide	

51:1	 22	 	
vinyl	diethyl	
phosphonate	

85:1	

a	 reactivity	 ratios	 were	 determined	 from	 pure	 in-chain	 incorporation	 of	 the	
comonomers	 determined	 by	 quantitative	 13C	 and	 1H	 NMR	 spectra	 (400	 MHz,	 130	 °C,	
C2D2Cl4)	 and	 monomer	 starting	 concentrations.	 For	 further	 details	 see	 supporting	
informationb	 Reactivity	 ratios	 were	 determined	 on	 the	 assumption	 that	 ethylene	
concentration	is	not	considerably	influenced	by	the	present	comonomers.	

	The	only	exception	to	these	observations	is	acrylonitrile,	with	a	reactivity	comparable	to	

acrylic	 acid	 (Entry	 17	 in	 Table	 5-2	 vs.	 entry	 1	 in	 Table	 5-1).	 Vinyl	 phosphonic	 acid	 and	 vinyl	

diethyl	phosphonate	are	exceptionally	unreactive	with	rE	values	of	69	and	85,	respectively.		

For	propylene,	3-methyl-1-pentene	and	allylic	monomers,	reactivity	is	even	lower	with	rE’s	

of	69	to	140	(Entries	23	to	28	in	Table	5-3).		
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Table	5-3.	Reactivity	ratios	rE	=	kE/kC	(E	=	ethylene,	C	=	comonomer)	for	selected	vinyl	monomers	in	
insertion	copolymerization	with	ethylene	with	1-L	as	catalyst	precursor	at	95	°C	in	toluene.	

Entry	 Comonomer	 Reactivity	
ratio	rE

a,b	 Entry	 Comonomer	 Reactivity	
ratio	rE

a,b	

23	 	
allyl	acetate	

79:1	 26	 	
propylene	

69:1c	

24	 	
allyl	succinyl	
anhydride	

108:1	 27	 	
3-methyl-1-pentene	

140:1	

25	 	
allyl	diethyl	
phosphonate	

104:1	

28	 	
ethyl	vinyl	ether	

520:1	

29	 	
vinyl	acetate	

416:1	

30	 ethylene/acrylic	
acid/propylene	 64:3:1	 31	 ethylene/methyl	

acrylate/propylene	 64:3:1	

a	 reactivity	 ratios	 were	 determined	 from	 pure	 in-chain	 incorporation	 of	 the	
comonomers	 determined	 by	 quantitative	 13C	 and	 1H	 NMR	 spectra	 (150/400	MHz,	 130	 °C,	
C2D2Cl4)	 and	 monomer	 starting	 concentrations.	 For	 further	 details	 see	 Supporting	
Information.b	 Reactivity	 ratios	 were	 determined	 on	 the	 assumption	 that	 ethylene	
concentration	 is	 not	 considerably	 influenced	 by	 the	 present	 comonomers.	 c	 propylene	
concentration	was	determined	by	a	gravimetric	method	(See	Chapter	9.7).	

For	the	1-olefins,	propylene	and	3-methyl-1-pentene,	a	low	electronic	effect	of	the	nature	of	

the	alkyl	group	is	reasonably	assumed.	The	much	lower	reactivity	found	for	3-methyl-1-pentene	

(Entry	27),	rE	=	140,	compared	to	propylene,	rE	=	69,	should	be	mainly	attributed	to	the	much	

higher	steric	repulsion	of	the	sec-butyl	substituent	compared	to	the	methyl	group.	Concerning	

the	 regioselectivity	of	 insertion,	 stoichiometric	NMR	studies	of	 the	 insertion	 into	 the	Pd-Me	

bond	of	the	catalyst	precursor	as	a	qualitative	model	of	chain	growth	are	instructive.	While	for	

propene	both	1,2-	and	2,1-insertion	into	the	Pd-Me	moiety	is	observed,	insertion	of	3-methyl-1-

pentene	into	Pd-Me	exclusively	occured	by	1,2-insertion	(see	Chapter	9.3.1). 

The	 rather	 electron-rich	 ethyl	 vinyl	 ether	 and	 vinyl	 acetate	 (Entries	 29	 and	 30)	 exhibit	

extraordinarily	 high	 rE	 values	 of	 about	 500.	 Since	 the	 steric	 demand	 of	 these	 monomers	 is	

limited,	the	low	reactivity	must	be	attributed	to	the	different	electronic	nature	of	insertion	in	

these	cases.	These	findings	indicate	a	dominating	electronic	influence	on	monomer	reactivity	

and	a	much	higher	reactivity	for	electron-poor	monomers.		

In	 addition	 to	 the	 determination	 of	 reactivity	 ratios	 from	 copolymerizations,	

terpolymerizations	 of	 ethylene	 and	 propylene	 with	 acrylic	 acid	 and	 methyl	 acrylate,	

respectively,	were	performed	to	validate	if	they	reflect	the	ratios	observed	in	copolymerizations	

(Entries	31	and	32	in	Figure	5-3).	Indeed,	the	ratios	obtained	for	both	co-	and	terpolymerization	
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are	comparable	and	reflect	the	relative	reactivity	trends	and	again	confirm	the	assumption	that	

rA	 =	 kaA/kaB	 ≈	 kA/kB	 is	 sufficient	 to	 describe	 the	 relative	 reactivity	 for	 vinyl	 monomers	 in	

copolymerizations	where	ethylene	incorporation	dominates.		

5.2.3 Quantitative	Descriptors	for	Electronic	and	Steric	Properties	of	Vinyl	

Monomers	and	their	Impact	on	Relative	Monomer	Reactivity	in	Insertion	

Copolymerization	with	Ethylene	

To	 rationalize	 the	 relative	monomer	 reactivities,	 quantitative	 descriptors	 of	 the	 intrinsic	

electronic	and	steric	properties	of	the	monomers	are	required.	

A	well-established	descriptor	for	the	electronic	influence	of	a	substituent	is	the	Hammett	

constant	 σ.143-144	 	 However,	 limited	 data	 is	 available	 for	 the	 substituents	 of	 interest.	 It	 was	

reported,	 though,	 that	 the	Hammett	 constants	 can	 be	 linearly	 correlated	with	 the	 13C	NMR	

chemical	shift	δCβ	of	the	β	carbon	atom	in	the	vinyl	bond.	The	13C	NMR	chemical	shift	δCβ	is	a	

measure	 for	 the	polarity	 induced	 in	 the	 vinyl	 bond	by	 a	 substituent	 and	hence	 a	 reasonable	

and	practicable	description	for	relative	electronic	influences	of	various	substituents.145		

A	 description	 of	 sterics	 is	 less	 straightforward	 as	 they	 depend	 on	 the	 conformation	 and	

rotational	 freedom	 of	 a	 given	 substituent.	 The	 two	 most	 widely	 applied	 quantitative	

descriptors	of	 sterics	 are	 the	Taft-based	Charton	parameters	v146and	 the	Sterimol	parameters	

introduced	by	Verloop.147	While	Charton	described	the	sterics	of	 substituents	on	the	basis	of	

their	Van-der-Waals	radii	with	only	one	parameter,	this	might	by	 inadequate	for	asymmetric	

and	 very	 large	 substituents.	 Therefore,	 Verloop	 introduced	 five	 parameters,	 the	 length	

parameter	 L	 and	 the	 width	 parameters	 B1-B4
147,148

,	 as	 a	 compromise	 for	 a	 more	 realistic	

description	of	steric	demand	in	non-spherical	substituents.	The	length	parameter	L	describes	

the	length	of	a	substituent	along	the	bond	axis	to,	e.g.	the	vinyl	bond	(green	in	Figure	5-4).	

	

Figure	5-4.	Sterimol	length	and	width	parameters,	L	and	B1-B4,	introduced	by	Verloop
147	schematically	

illustrated	for	the	ester	subtituents	R.		
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	The	 width	 parameters	 (red	 in	 Figure	 5-4)	 are	 orthogonal	 to	 each	 other	 and	 in	 a	 plane	

orthogonal	 to	 L.	 They	 are	 given	 with	 increasing	 steric	 demand	 along	 the	 rotational	 L-axis	

starting	from	the	minimum	width	B1	and	increasing	from	B2	to	B3	and	finally	to	the	maximum	

width	 B4.	 Therefore,	 the	 opposite	 pair	 of	 parameters	 (o.p.)	 can	 vary	 between	 different	

substituents	 depending	 on	 its	 specific	 dimensions.	 The	 latter	may	be	 of	 importance	 if	 steric	

interaction	can	be	avoided	by	a	conformational	arrangement	of	the	substituent	which	is	mostly	

possible	 if	 its	steric	demand	is	constricted	to	one	face	(compare	tert-butyl	versus	 iso-butyl	 in	

Figure	5-4).		

A	 comparison	 of	 reactivity	 ratios	 determined	 for	 selected	 vinyl	monomers	 and	 their	 13C	

NMR	chemical	shifts	of	the	β	vinyl	carbon	and	their	steric	demand	described	by	both	Charton	

and	 Sterimol	 parameters	 is	 instructive.	 Note	 that	 for	 acrylates	 (Table	 5-4),	 the	 steric	

parameters	 refer	 to	 the	 substituent	at	 the	carboxy	O-atom	while	 for	other	monomers	 (Table	

5-5)	they	describe	the	substituents	directly	attached	to	the	vinyl	bond.	In	both	cases,	we	find	

excellent	correlations	with	the	reactivity	ratios.	

	

Table	5-4.	Reactivity	ratios	rE	for	selected	acrylic	monomers	obtained	from	copolymerization	with	
ethylene	and	their	corresponding	13C	NMR	chemical	shifts	of	the	β	vinyl	carbons.	The	corresponding	
Charton	and	Sterimol	steric	parameters	describe	the	substituent	attached	to	the	ester	group	at	the	

carboxy	O-atom.	

Entry	 Comonomer	 rE	
δCβ

a	

/ppm	 Vb	 Lc	 B1
c	 B2

c	 B3
c	 B4

c	 o.p.d	

1	 tert-butyl	acrylate	 38	 130.33	 1.24	 4.11	 2.59	 2.86	 2.86	 2.97	 1-4	
2	 iso-butyl	acrylate	 22	 130.23	 0.98	 5.05	 1.52	 1.90	 3.16	 4.21	 1-3	
3	 n-butyl	acrylate	 19	 130.21	 0.68	 6.17	 1.52	 1.90	 1.90	 4.42	 1-4	
4	 methyl	acrylate	 18	 130.52	 0.52	 3.00	 1.52	 1.90	 1.90	 2.04	 1-4	
5	 acrylic	acid	 15	 133.04	 0	 2.06	 1.00	 1.00	 1.00	 1.00	 -	

a	 13C	NMR	chemical	 shift	 for	 the	βC	atom	 in	 the	vinyl	bond	(25°C,	CDCl3,	 150	MHz).	 b	
Taft-based	 Charton	 steric	 parameter146 , 	 149.	 c	 Sterimol	 parameters	 introduced	 by	
Verloop147.	 	 d	o.p.	 -	opposite	pair	of	B	parameters,	 i.e.	 1-4	means	B1	and	B4	are	 in	opposite	
directions	(see	Figure	5-4).	

The	very	similar	13C	NMR	chemical	shifts	for	the	β	carbon	atoms	of	the	alkyl	esters	(Entries	

1	 to	 4	 in	 Table	 5-4)	 justify	 the	 assumption	 of	 comparable	 electronic	 properties	 for	 all	 esters	

examined.	 This	 simplifies	 the	 discussion	 to	 an	 exclusive	 steric	 contribution	 here,	 for	 which	

both	 Charton	 and	 Sterimol	 parameters	 are	 suitable	 descriptors.	 The	 reactivity	 of	 the	

comonomer	decreases,	 i.e.	rE	 increases,	with	an	increasing	Charton	parameter.	Regarding	the	
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Sterimol	description,	as	anticipated,	the	length	of	the	substituent	L	has	no	strong	influence	on	

the	 reactivity:	methyl	 acrylate	 and	n-butyl	 acrylate	 are	 comparable	 in	 reactivity	with	 greatly	

different	 substituent	 lengths	 L	 but	 comparable	 width	 parameters	 B1	 to	 B3.	 With	 increasing	

branching,	 the	 values	 B2,	 B3	 and	B4	 become	more	 important	 as	 the	width	 of	 the	 substituent	

going	 from	n-butyl	acrylate	 to	 iso-butyl	and	 finally	 to	tert-butyl	acrylate	becomes	dependent	

on	the	rotational	conformation	along	the	bond	axis.	Tert-butyl	acrylate	exhibits	large	values	for	

all	opposite	width	parameter	pairs	and	the	lowest	reactivity	for	all	esters	investigated	as	steric	

interaction	can	not	be	avoided	or	limited	by	conformational	arrangements	anymore.	Note,	that	

the	 neglection	 of	 electronic	 influences	 for	 esters	 or	 other	 vinyl	 monomer	 derivatives	 is	

evidently	only	reasonable	for	comparable	electronic	contributions	of	the	substituents	e.g.	only	

alkyl	susbtituents.	Since	all	substituents	of	the	esters	investigated	in	this	study	are	either	alkyls	

or	attached	to	the	ester	carboxy	group	via	a	methylene-linker	this	approximation	is	reasonable.	

This	picture	may	be	complicated,	however,	if	inductive	or	mesomeric	contributions	are	present	

which	might	also	influence	the	rotational	freedom	due	to	resonance	effects.	
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R

R = CN
COOH
COOMe
CON(CH3)2
SO2CH3
CH3
SO2Ph
sec-butyl
OAc
OC2H5 	

Table	5-5.	Reactivity	ratios	rE	for	selected	vinyl	monomers	obtained	from	copolymerization	with	
ethylene	and	13C	NMR	chemical	shifts	of	the	β	vinyl	carbons.	The	corresponding	Charton	and	Sterimol	

steric	parameters	describe	the	substituent	directly	attached	to	the	vinyl	bond.	

Entry	 Comonomer	 rE	
δCβ

a	

/ppm	 Vb	 Lc	 B1
c	 B2

c	 B3
c	 B4

c	 o.p.d	

1	 ethyl	vinyl	ether	 534	 86.34	 0.48	 4.92	 1.35	 1.90	 1.90	 3.36	 1-4	
2	 vinyl	acetate	 416	 97.46	 -	 4.87	 1.35	 1.90	 1.90	 3.68	 1-4	

3	 3-methyl-1-
pentene	 140	 114.31	 1.02	 5.05	 1.90	 2.76	 3.16	 3.49	 1-3	

5	 phenyl	vinyl	
sulfone	 79	 127.86	 -	 5.86	 2.11	 2.67	 2.67	 6.01	 1-4	

6	 allyl	acetate	 79	 118.03	 -	 5.46	 1.52	 1.90	 1.90	 4.46	 1-4	
7	 propylene	 69	 115.9150	 0.52	 3.00	 1.52	 1.90	 1.90	 2.04	 1-4	

8	 methyl	vinyl	
sulfone	 58	 129.22	 -	 4.37	 2.11	 2.67	 2.67	 3.15	 1-4	

9	 dimethyl	
acrylamide	 51	 126.81	 -	 4.61	 1.90	 2.18	 3.53	 3.83	 1-3	

10	 methyl	acrylate	 18	 130.52	 -	 4.85	 1.90	 1.90	 2.36	 3.36	 1-2	
11	 acrylic	acid	 15	 133.04	 -	 3.91	 1.60	 1.60	 2.36	 2.66	 1-2	
12	 acrylonitrile	 15	 137.24	 0.40	 4.23	 1.60	 1.60	 1.60	 1.60	 -	
a 	 13C	 NMR	 chemical	 shift	 for	 the	 βC	 atom	 in	 the	 vinyl	 bond	 (25°C,	 CDCl3,	 150MH).	 b 	

Taft-based	 Charton	 steric	 parameter146	 c 	 	 Sterimol	 parameters	 according	 to	 Verloop	 et	
al. 147	 	 d	 o.p.	 -	 opposite	 pair	 of	 B	 parameters,	 i.e.	 1-4	 means	 B1	 and	 B4	 are	 in	 oppposite	
directions.	 e	 extended	 chain	 values	 for	 sterimol	 parameters	 as	 they	 show	 minimum	
internal	energy.	

Extending	 the	 discussion	 to	 vinyl	 monomers	 beyond	 acrylates,	 electronics	 and	 sterics	

should	be	considered	 for	 their	 influence	on	 reactivity.	Acrylonitrile	 (Entry	 10,	Table	5-5)	and	

ethyl	vinyl	ether	 (Entry	 1)	 represent	 the	extremes	 regarding	 their	 relative	 reactivity	of	 rE	=	 15	

and	534,	respectively.	Acrylonitrile	exhibits	a	very	high	 13C	NMR	chemical	shift	 for	 its	β	vinyl	

carbon	of	137.24	ppm	and	is	therefore	extremely	electron-poor	in	character	while	for	ethyl	vinyl	

ether	 the	 opposite	 is	 the	 case.	 Interestingly,	 their	 steric	 demand	 is	 similar	 with	 Charton	

parameters	of	0.48	and	0.40,	respectively,	as	well	comparable	Sterimol	parameters,	underlining	

that	 reactivity	 in	 these	 cases	 is	 most	 likely	 dominated	 by	 an	 electronic	 contribution.	 This	

observation	 of	 a	much	 lower	 relative	 reactivity	 for	 incorporation	 of	 electron-rich	monomers	

versus	electron-poor	vinyl	compounds	 is	 further	underlined	by	the	rE	values	 for	vinyl	acetate	

and	acrylic	 acid	 (Entries	 2	 and	9).	Reactivity	 values	differing	 from	 the	ones	 expected	 from	β	

vinyl	 carbon	chemical	 shifts	are	partly	 justified	by	a	 steric	 consideration	as	 is	 the	case	 for	 3-
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methyl-1-pentene	 (Entry	 3)	 which	 is	 considerably	 less	 reactive	 than	 propylene	 despite	 their	

comparable	 electronic	 properties	 with	 δCβ	 (propylene)	 =	 115.9	 ppm	 and	 δCβ	 (3-methyl-1-

pentene)	=	114.31	ppm.		

5.2.4 General	Picture	of	Monomer	Reactivity	in	Insertion	Copolymerizations	

For	a	conclusive	discussion,	all	monomers	studied	(Table	5-1,	Table	5-2	and	Table	5-3)	are	

categorized	with	their	greatly	varying	steric	demand	into	three	categories	of	low,	moderate	and	

high	 steric	 demand	 according	 to	 the	 data	 listed	 in	 Table	 5-4	 and	 Table	 5-5,	 and	 on	 data	

available	 for	 comparable	 groups	 (e.g.	 values	 for	 phosphonates	 are	 not	 available	 but	 for	

phosphine	oxides). Steric	demand	was	divided	into	categories	1,	2	and	3	(Table	5-6). 

Table	5-6.	Requirements	for	a	simplified	categorization	of	the	steric	demand	of	the	vinyl	substituents	
based	on	Charton	and	Sterimol	parameters.	

Category	 Relevance	 Requirements	
Charton-Parameters	 Sterimol-Paramters	

1	 Low	steric	demand	 v	<	1	
	

B1-B3	<	2	if	o.p.	are	B1-B4	
or	

B1-B2	<	2	if	o.p.	are	B1-B2	
	

2	 Moderate	steric	
demand	

1	<	v	<	2	
	

2	<	B1-B3	>	4	
	

3	 High	steric	demand	 v	>	2	
	

At	least	3	width-
parameters	Bn	>	4	

	

	

Consequently,	long	but	unbranched	and	flexible	substituents	such	as	n-butyl	ester	or	octyl	

are	comparable	with	small	substituents	such	as	ethyl	ether	or	acetate	and	exhibit	a	low	steric	

demand	as	they	can	arrange	accordingly.	All	other	monomer	substituents	were	categorized	as	

moderate	 in	 their	 steric	 demand	 due	 to	 literature	 data	 except	 for	 phosphonates	 which	 are	

comparable	to	phosphine	oxides	and	are	hence	very	high	in	steric	demand	(e.g.	-P=O(Ph)2	:	B1	

=	2.68,	B2	=	4.68,	B3	=	5.48	and	B4	=	6.19).	

Additionally,	the	regioselectivity	of	insertion	should	to	be	considered.	Amongst	other,	for	

a	 given	 class	 of	 monomers,	 changes	 in	 regioselectivity	 due	 to	 bulky	 substituents	 in	 the	

monomer	will	also	impact	the	rate	of	incorporation	due	to	the	different	nature	of	1,2-	vs.	a	2,1-

insertion	 (migration	of	 the	growing	 chain	 to	 the	 less	 electrophilic	 carbon	atom	 for	 electron-

poor	 monomers).	 With	 respect	 to	 the	 regioselectivity	 of	 insertion	 into	 Pd-Me	 bonds	 in	

stoichioimetric	 NMR	 experiments	 at	 room	 temperature,	 monomers	 were	 assigned	 to	 three	

categories	 of	 <	 75	 %,	 25-75	 %	 and	 <	 25	 %	 1,2-insertion.	 This	 differentiation	 into	 only	 three	
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categories	 also	 accounts	 for	 the	difficulty	 to	determine	exact	 insertion	mode	 ratios	 for	 some	

monomers	as	 for	 some	 insertion	products	elimination	 is	very	 fast	compared	to	 insertion	and	

limits	the	accuracy	of	determination.	These	results	(Table	5-7)	are	graphically	 illustrated	in	a	

3D	scatter	plot	in	Figure	5-5.	

Table	5-7.	Reactivity	ratios	rE	in	copolymerization	of	ethylene	with	vinyl	monomers	versus	qualitative	
steric	demand,	13C	NMR	chemical	shifts	of	the	β	vinyl	carbons	of	the	comonomer,	and	the	dominating	

insertion	mode	observed	for	the	insertion	into	Pd-Me	of	1-L.	

Entry	 Comonomer	 rE
	a	

δCβ
c	

/ppm	

1,2-	Insertion	

/%b	

Steric	

demand	

1	 ethyl	vinyl	ether	 534	 86.34	 >	7549	 1	

2	 vinyl	acetate	 416	 97.46	 25-75	 1	

3	 3-methyl-1-pentene	 140	 114.31	 >75	 2	

4	 allyl	diethyl	phosphonate	 104	 119.52	 25-75	 2	

5	 vinyl	diethyl	phosphonate	 85	 135.37	 25-7551	 3	

6	 allyl	acetate	 79	 118.03	 25-75	 1	

7	 phenyl	vinyl	sulfone	 79	 127.86	 <	2550	 2	

8	 propylene	 69	 115.9150	 25-75	 1	

9	 vinyl	phosphonic	acidd	 69	 136.15	 >7551	 3	

10	 methyl	vinyl	sulfone	 58	 129.22	 <	2550	 2	

11	 dimethyl	acrylamide	 51	 126.81	 <	2546	 2	

12	 vinyl	neopentyl	sulfonate	 41	 132.52	 <	25141	 2	

13	 tert-butyl	acrylate	 38	 130.33	 <	25137	 2	

14	 vinyl	phenyl	sulfonate	 36	 132.21	 <	25141	 2	

15	 2-ethyl	hexyl	acrylate	 25	 130.18	 <	25142	 1	

16	 iso-butyl	acrylate	 22	 130.23	 <	25	 1	

17	 n-butyl	acrylate	 19	 130.21	 <	25	 1	

18	 methyl	acrylate	 18	 130.52	 <	2511,	62	 1	

19	 acrylic	acid	 15	 133.04	 <	2544	 1	

20	 acrylonitrile	 15	 137.24	 <	2539	 1	

a 	Reactivity	 ratios	were	obtained	by	comparison	of	monomer	 insertion	ratios	 to	 inital	
monomer	 concentrations	 accordinh	 to	 Equation	 1.	 Reactivity	 ratios	 were	 determined	 on	
the	assumption	that	ethylene	concentration	is	not	considerably	influenced	by	the	present	
comonomers.	b 	 Insertion	ratio	of	1,2-vs.	2,1-insertion	into	the	Pd-Me	of	1-L 	determined	by	
1H	 NMR	 spectroscopy	 at	 400	 MHz	 and	 25	 °C	 in	 CD2Cl2.	 Already	 published	 data	 on	 the	
insertion	mode	 is	 cited.	For	unpublished	experimental	details	 see	Chapter	9.3.	 c	 13C	NMR	
chemical	 shift	 for	 the	 β 	 carbon	 atom	 in	 the	 vinyl	 bond	 was	 determined	 at	 150	MHz	 and	
25°C	 in	 CDCl3.	

d	 due	 to	 solubility	 issues	 insertion	 studies	 with	 vinyl	 phosphonic	 acid	
were	 performed	 in	 d8-thf	 instead	 of	 CD2Cl2	 which	 might	 influence	 insertion	 mode	
preferences.	
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Figure	5-5.	3D	scatter	plot	of	reactivity	ratios	rE	versus	steric	demand	(low	=	1,	moderate	=	2	and	high	=	
3)	and	electronic	nature	of	the	vinyl	monomer	(a	low	δCβ	corresponds	to	electron-rich	monomers	while	
high	δCβ	correspond	to	electron-poor	monomers).	The	dominating	insertion	mode	into	the	Pd-Me-bond	

of	1-L	is	indexed	by	the	color	code.	Data	was	not	gridded.	

A	coherent	picture	of	monomer	reactivity	evolves.	As	anticipated,	the	electronic	nature	of	

the	 monomer	 has	 the	 most	 pronounced	 impact.	 The	 more	 electron-rich	 the	 monomer	 the	

lower	the	reactivity	in	copolymerization.	Thus,	electron-poor	monomers	such	as	acrylates	and	

acrylonitrile	are	amongst	the	most	reactive	monomers	while	electron-rich	monomers	such	as	

vinyl	acetate	and	ethyl	vinyl	ether	are	extraordinarily	unreactive.	Furthermore,	 the	 impact	of	

the	 monomers’	 steric	 demand	 follows	 clear	 trends:	 an	 increasing	 steric	 bulk	 reduces	 the	

copolymerization	reactivity.	At	the	same	time,	the	regiochemistry	of	insertion	can	be	inverted	

for	 electron-poor	monomers	 from	 the	 usual	 2,1-insertion	mode	 to	 1,2-insertion.	 This	 is	most	

clearly	 illustrated	 by	 the	 very	 electron-poor	 phosphonates	which	 furthermore	 exhibit	 a	 very	

high	steric	demand.	For	instance,	vinyl	diethyl	phosphonate	exhibits	a	β	vinyl	carbon	chemical	

shift	 of	 135.37	 ppm	 which	 is	 in	 the	 range	 for	 acrylic	 acid	 and	 acrylonitrile	 which	 show	 the	

highest	reactivities	in	this	study	with	rE’s	of	15.	However,	the	steric	demand	of	the	phosphonate	

group	 leads	 to	 a	 strongly	decreased	 reactivity	with	 an	 rE	 value	of	85	 and	an	 inversion	of	 the	

electronically	 preferred	 2,1-insertion	 mode	 to	 a	 2:1	 ratio	 versus	 the	 sterically	 preferred	 1,2-

insertion.	
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Consequently,	steric	crowding	of	electron-rich	monomers	that	insert	exclusively	or	

predominantly	by	1,2-insertion	should	lead	to	a	much	less	pronounced	decrease	in	reactivity	

than	is	found	for	electron-poor	monomers.		

5.3 Summary	and	Conclusion	

Since	the	first	report	of	the	o-(dianisylphosphine)-benzensulfonate	ligand	motif	by	Drent	

et	 al.	 a	 variety	 of	 these	 phosphinesulfonate-based	 ligand	 motifs	 have	 been	 developed	 and	

studied	 in	 detail	 regarding	 their	 steric	 and	 electronic	 influences	 on	 the	 copolymerization	 of	

ethylene	 and	 polar	 vinyl	monomers	 and	 resulting	 copolymer	microstructures.	 However,	 the	

monomer’s	 electronic	 and	 steric	 properties	 and	 their	 influences	 on	monomer	 reactivity	 and	

insertion	regiochemistry	had	not	been	systematically	studied	and	understood.	

The	study	of	the	reactivity	of	functionalized	vinyl	monomers	in	insertion	copolymerization	

with	ethylene	by	a	phosphinesulfonato	Pd(II)	complex	under	comparable	conditions	provides	

a	 conclusive	 picture	 of	 the	 vinyl	monomer’s	 electronic	 and	 steric	 influences	 on	 its	 reactivity	

and	insertion	mode	preferences.		

Relative	comonomer	reactivity	was	discussed	in	terms	of	reactivity	ratios	rE	=	kE/kCM	with	

the	copolymerization	rate	constants	kE	and	kCM	for	ethylene	and	the	comonomer,	respectively.	

The	 reactivity	 ratios	 were	 determined	 by	 an	 experimental	 approach,	 from	 copolymer	

composition	 and	 monomer	 starting	 concentrations	 in	 pressure	 reactor	 experiments,	 by	 the	

application	 of	 zero-order	 Markov	 statistics.	 Zero-order	 Markov	 statistics	 were	 shown	 to	 be	

appropriate	for	the	description	of	copolymerization	kinetics	for	the	polymerizations	studied.			

The	 13C	 NMR	 chemical	 shift	 δCβ	 of	 the	 monomer’s	 β	 carbon	 atom	 is	 an	 appropriate	

descriptor	 of	 the	 vinyl	 bond’s	 polarity	 induced	 by	 the	 substituent.	 Electron-deficient	 vinyl	

monomers	 exhibit	 high	 δCβ	 values	 (e.g.	 δCβ(methyl	 acrylate)	 =	 130.52	 ppm	 and	 δCβ(vinyl	

diethyl	phosphonate)	=	135.37	ppm)	while	electron-poor	monomers	exhibit	low	δCβ	values	(e.g.	

δCβ(vinyl	 acetate)	 =	 97.46	 ppm	 and	 δCβ(ethyl	 vinyl	 ether)	 =	 86.34	 ppm).	 Sterics	 can	 be	

described	by	both	Charton	(based	on	the	Van-der-Waals-radii,	one	value	for	each	subtituent)	

and	 Sterimol	 parameters	 (5	 descriptors	 for	 each	 substituent,	 length	 parameter	 L	 and	 width	

parameters,	 B1-4	 )	 which	 are	 available	 from	 reported	 data	 for	 a	 broad	 range	 of	 substituents.	

However,	for	asymmetrical	substituents	Sterimol	parameters	were	found	to	be	superior	to	the	

Charton	 parameter	 as	 the	 latter	 does	 not	 account	 for	 the	 anisotropic	 expanse	 of	 the	

substituent	which	proved	to	be	crucial	in	the	reactivity	discussion	of	the	comonomers.		
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In	general,	the	results	confirm	that	electron-deficient	comonomers	such	as	acrylates	(rE	~	

20)	are	much	more	reactive	than	electron-rich	ones	such	as	vinyl	acetate	or	ethyl	vinyl	ether	(	

rE	~	500).	Intriguingly,	long	flexible	substituents	such	as	2-ethyl	hexyl	or	n-butyl	exhibited	only	

a	 minor	 influence	 on	 monomer	 reactivity	 (e.g.	 rE(methyl	 acrylate)	 =	 18,	 rE(2-ethyl	 hexyl	

acrylate)	 =	 25	 and	 rE(n-butyl	 acrylate)	 =	 19)	 while	 bulky	 substituents	 such	 as	 tert-butyl	 or	

diethylphosphonate	 (e.g.	 rE(tert-butyl	 acrylate)	 =	 38	 and	 rE(vinyl	 diethyl	 phosphonate)	 =	 85)		

decreased	 monomer	 reactivity	 significantly	 along	 with	 a	 change	 in	 the	 regiochemistry	 of	

insertion.	 These	 observations	 are	 attributed	 to	 the	 fact	 that	 long	 flexible	 and	 only	 slightly	

branched	 substituents	 can	conformationally	arrange	accordingly	during	 the	 insertion	 step	 to	

prevent	steric	interaction	with	the	ligand’s	phosphine	substituents,	which	is	crucial	during	2,1-

insertion,	however	negligible	during	1,2-insertion.	

While	for	electron-deficient	comonomers	2,1-insertion	dominates	over	1,2-insertion	due	to	

electronic	 reasons,	 the	 sterically	 beneficial	 1,2-insertion	 can	 be	 favored	 to	 a	 varying	 extent	

based	on	the	steric	nature	of	the	monomer’s	substituent	as	was	observed	for	e.g.	vinyl	diethyl	

phosphonate	 (2,1-	 vs.	 1,2-insertion,	 2:1).	 This	 effect	 is	 less	 significant	 for	 electron-rich	 vinyl	

monomers	as	they	favor	1,2-insertion	already	from	an	electronic	point	of	view.	

From	 the	 quantitative	 analysis	 of	 a	 range	 of	 monomers,	 categories	 can	 be	 derived	

classifying	reactivity	versus	steric	bulk	and	electronic	structure	that	should	also	allow	for	the	

prediction	of	the	behavior	of	other	vinyl	compounds	in	insertion	copolymerization.	

The	 experimental	 results	 discussed	 in	 this	 study	 are	 based	 on	 the	 prototypical	 o-

(dianisylphosphine)-benzensulfonate	 ligand	 motif	 and	 apply	 as	 such	 only	 to	 this	 catalytic	

system.	However,	this	 ligand	motif	bears	general	relevance	in	terms	of	qualititive	discussions	

on	relative	monomer	reactivity	for	other	ligand	motifs.	Furthermore,	the	electronic	and	steric	

nature	 of	 the	 ligand	 should	 influence	 the	 extent	 of	 the	 monomer’s	 electronic	 and	 steric	

influences.	 Steric	 bulk	 of	 the	 ligand	 will	 render	 the	 steric	 bulk	 at	 the	monomer	 even	more	

decisive	 regarding	 insertion	 preferences	 and	 reactivity,	 for	 example.	 Mutual	 electronic	

influences	 of	 the	 catalyst’s	 ligand	 framework,	 and	 monomer,	 might	 also	 be	 enforced	 by	

employing	cationic	or	anionic	complex	derivatives	instead	of	neutral	complexes.		





	

	
147	

6 General	Summary	

Polyolefins	such	as	polyethylene	and	polypropylene	represent	one	of	 the	most	 important	

industrial	 polymers	 with	 an	 annual	 production	 of	 over	 100	 million	 tons.	 However,	 non-

functionalized	polyolefins	are	apolar	in	nature	which	limits	their	application	where	functional	

moeities	are	crucial	for	the	required	polymer	properties	such	as	adhesion.	

While	apolar	polyolefins	are	produced	on	a	large	scale	by	early	transition	metal	catalysis,	

functional	polyethylenes	require	a	different	approach	due	to	the	high	oxophilicity	of	the	early	

transition	 metal	 catalysts,	 which	 renders	 them	 inactive	 in	 the	 presence	 of	 polar	 vinyl	

monomers.	 For	 that	 reason,	 functional	 polyethylenes	 are	 synthesized	 industrially	 by	 free	

radical	 copolymerization	 of	 ethylene	 with	 polar	 vinyl	monomers	 at	 high	 pressures	 of	 about	

1000	 bar	 and	 high	 temperatures.	 Hence,	 free	 radical	 copolymerization	 is	 technically	 and	

economically	more	 challenging	 and,	 furthermore,	 does	 not	 allow	 for	 a	 control	 over	 polymer	

microstructure.	 Unfortunately,	 other	 catalytic	 approaches	 for	 the	 synthesis	 of	 functional	

polyethylenes	 with	 controlled	 microstructures,	 such	 as	 ROMP	 or	 ADMET,	 are	 mainly	

constricted	to	academic	research	due	to	the	elaborate	synthesis	and/or	protection	schemes	of	

the	monomers	required.	

Therefore,	 the	 synthesis	 of	 functional	 polyolefins	 by	 the	 means	 of	 catalytic	

(co)polymerization	of	a	readily	available	polar	monomer	feedstock	represents	one	of	the	most	

anticipated	 developments	 in	 the	 field	 of	 polymer	 synthesis.	 In	 the	 past	 few	 years	 the	 long	

elusive	 goal	 of	 insertion	 copolymerization	 of	 ethylene	 with	 polar	 vinyl	 monomers	 such	 as	

acrylates	 has	 become	 accessible	 by	 mainly	 two	 catalytic	 systems	 based	 on	 late	 transition	

metals,	 the	 cationic	 α-diimine	 Pd(II)	 (Brookhart-type)	 and	 the	 neutral	 phosphinesulfonato	

Pd(II)	 (Drent-type)	complexes,	 respectively.	Defined	phosphinesulfonato	Pd(II)	 complexes	 in	

particular,	 allowed	 for	 the	 unprecedented	 copolymerization	 of	 all	 fundamental	 vinyl	

monomers	 with	 ethylene	 to	 give	 the	 respective	 highly	 linear	 functionalized	 polyethylenes.	

Acrylates	as	well	as	more	challenging	monomers	 such	as	acrylonitrile,	vinyl	acetate	or	acidic	

monomers	give	highly	linear	copolymers	with	ethylene	and	even	the	homooligomerization	of	

methyl	acrylate	could	be	achieved.	

Open	 challenges	 are	 overcoming	 limitations	 of	 productivity	 and	 polymer	 molecular	

weights	in	the	polymerization,	as	well	as	an	identification	of	concrete	potential	applications.	
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Limited	 performance	 of	 these	 catalysts,	 are	 traced	 to	 reversible	 and	 irreversible	

deactivation,	 limiting	 their	 application	 on	 a	 larger	 scale.	 Reversible	 deactivation	 by	 κ-X-

coordination	of	a	functional	group	to	the	metal	center	limits	activity	(Figure	6-1).	

	

Figure	6-1.	Reversible	activity-limiting	deactivation	equilibria	by	κ-X-	coordination	of	the	functional	
moeity	in	the	free	monomer	or	growing	polymer	chain	to	the	free-coordination	site	of	the	metal	center.	

The	κ-X-coordination	can	occur	either	by	 the	 functional	group	of	a	 free	monomer	or	an	

already	inserted	polar	monomer.	The	latter	leads	to	chelates	that	need	to	be	opened	for	the	π-

coordination	of	further	vinyl	monomer	as	a	prerequisite	for	chain	growth.	Furthermore,	chain	

transfer	 is	 highly	 favored	 after	 a	 polar	 monomer	 unit	 is	 inserted,	 leading	 to	 a	 decrease	 in	

polymer	molecular	weights	with	 increasing	polar	monomer	 content.	One	 exception	 to	 these	

drawbacks	 generally	 observed	 for	 polar	 vinyl	 monomers	 are	 functionalized	 norbornene	

derivatives	such	as	norbornene	anhydride.	Their	tendencies	 for	chain	transfer	are	even	lower	

than	 the	 ones	 observed	 for	 ethylene	 (Figure	 6-2).	 Thus,	 high	 polymer	 molecular	 weight	

copolymers	with	reactive	anhydride	groups	can	be	obtained	with	good	catalyst	productivity.		

In	 Chapter	 3,	 the	 advantages	 of	 norbornene	 anhydride	 in	 ethylene	 insertion	

copolymerization	 are	 utilized	 for	 the	 introduction	 of	 anhydride	 functionalities	 into	 the	

ethylene	 backbone	 by	 a	 catalytic	 approach	 at	moderate	 pressures	 and	 temperatures	 for	 the	

synthesis	of	polyamide	6.6	impact	modifiers.	Impact	modifiers	are	inevitable	to	obtain	valuable	

high-performance	 materials	 based	 on	 polyamides.	 These	 modifiers	 are	 often	 based	 on	

functional	 polyethylenes	 obtained	 from	 free	 radical	 copolymerization	 of	 ethylene	with	 polar	

vinyl	monomers	such	as	acrylates,	acrylic	acid	and	maleic	anhydride.	

The	anhydride	functionality	is	required	for	reactive	extrusion	of	the	polar	polyamide	and	

the	 apolar	 polyolefin	 to	 increase	 compatibility	 between	 the	 immiscible	 phases	 by	 building	 a	

covalent	 imide-linkage	 (Figure	 6-2).	 The	 processing	 and	 mixing	 of	 the	 phases	 is	 further	



General	Summary	

	
149	

improved	by	additional	functional	groups	in	the	polyolefin	such	as	carboxylic	acids	and	alkyl-

esters.	

	

Figure	6-2.	Mechanistic	steps	for	the	copolymerization	of	norbornene	anhydride	and	ethylene	with	
phosphinesulfonato	Pd(II)	catalysts.	Reaction	of	the	anhydride-functionalized	polyethylenes	obtained	by	

this	approach	with	the	amine	end	groups	in	polyamides	to	give	imide	bonds	across	the	immiscible	
polymer	interphases.	

The	best	results	regarding	impact	improvement	of	the	polyamide	were	obtained	for	modifiers	

based	 solely	 on	 ethylene	 and	 norbornene	 anhydride	 as	 an	 appropriate	 functionality	 content	

can	be	combined	with	a	moderate	to	high	polymer	molecular	weight.		

The	 postpolymerization	 modification	 of	 the	 anhydride-substituted	 polyeythylenes,	 by	

nucleophilic	 opening	 with	 different	 alcohols	 to	 the	 corresponding	 half	 esters,	 exhibited	 a	

significant	 influence	 on	 the	 impact	 performance	 of	 the	 polyamide	 compounds	 obtained	

thereof.	 Intriguingly,	 the	 impact	 performance	was	 increased	with	 an	 increase	 in	 alkyl	 chain	

length	 and	 branching	 of	 the	 alcohol	 component	 in	 the	 order:	 methanol	 >	 n-butanol	 >	 n-

octanol	>	2-ethyl	hexanol.	However,	a	partial	opening	of	the	anhydride	functionalities	proved	

to	be	superior	to	a	complete	opening	of	the	anhydrides	to	half	esters	or	compared	to	diacids	or	

diesters.	

These	 results	 imply	 that	 a	 partial	 opening	 with	 long	 and	 branched	 alcohols	 leads	 to	 an	

optimum	 concentration	 ratio	 between	 anhydride	 and	 half	 ester	 groups	 at	 the	 mixing	

interphases	 during	 compounding	 with	 the	 polyamides.	 While	 anhydride	 functionalities	 are	

necessary	for	compatibilization	of	the	immiscible	phases	they	can	lead	to	chain	scission	of	the	

polyamides	 if	 too	 high	 in	 concentration,	 which	 again	 decreases	 the	 impact	 strength	 of	 the	

resulting	compounds.		
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At	 compounding-temperatures	 the	 anhydride	 functionalities	 can	 be	 obtained	 from	 the	 half	

esters	by	elimination	of	the	alcohol	component.	However,	this	process	seems	to	be	dependent	

on	 the	 nature	 of	 the	 alcohol	 component	 and	 seems	 to	 favor	 the	 anhydride	 functionality	 for	

alcohols	with	 smaller	 alkyl	 residues	 such	 as	 in	methanol.	 Furthermore,	 this	 process	was	not	

reversible	anymore	upon	complete	esterification	of	the	half	ester	to	the	diester	(Figure	6-3).	

	

Figure	6-3.	Opening	of	norbornene	anhydride	to	half	esters	and	diesters	with	alcohols.	During	the	melt	
compounding	of	the	functional	polyolefin	with	the	polyamide,	the	anhydride	is	partially	closed	due	to	

the	high	temperatures	present	leading	to	an	equilibrium	between	the	open	and	closed	form.	

In	summary,	it	was	possible	to	obtain	impact	modifiers	for	polyamide	6.6	by	the	means	of	

insertion	copolymerization	of	ethylene	with	norbornene	anhydride	at	moderate	temperatures	

(60-80	°C)	and	pressures	(5	-	15	bar)	with	established	phosphinesulfonato	Pd(II)	catalysts.	The	

polyamide	6.6	compounds	exhibited	impact	performances	comparable	to	those	obtained	from	

established	 impact	 modifiers	 based	 on	 functionalized	 polyethylenes	 that	 are,	 however,	

obtained	from	free	radical	copolymerization	at	high	pressures	and	temperatures.		

Scanning	electron	microscopy	images	of	the	fracture	surfaces	after	impact	testing	show	a	

good	 dispersion	 of	 the	 linear	 functional	 polyolefin	 modifier	 in	 the	 compound	 and	 its	 good	

interfacial	adhesion	to	the	polyamide	matrix	(Figure	6-4).		

	

Figure	6-4.	SEM	images	of	the	fracture	surface	of	CP3	(acn=	13.7	kJ	m
-2)	which	exhibits	a	good	impact	

strength	at	23	°C.	This	is	ascribed	to	the	high	deformations	and	the	formation	of	microcrazes	(magnified	
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in	the	section	on	the	left	top)	visible	throughout	the	fracture	surface	as	they	serve	as	energy	dissipating	
mechanisms.		

In	Chapter	4,	the	reversible	and	hence	activity-limiting	κ-X-coordination	is	approached	by	
equipping	 the	 phosphine	 aryls	 in	 the	 phosphinesulfonato	 Pd	 (II)	 complexes	with	 hydrogen-

bonding	motifs	which	might	 serve	 as	 alternative	 Lewis	 acids	 preventing	 coordination	 of	 the	

polar	moiety	to	the	metal	center	(Figure	6-5).		
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Figure	6-5.	Possible	interactions	of	the	phosphine	aryls	with	hydrogen-bonding	motifs	such	as	urea	or	
urethane	in	phosphinesulfonato	Pd	(II)	complexes	with	free	and	inserted	functional	vinyl	monomers,	

respectively.	

The	concept	of	creating	a	secondary	interaction	sphere	at	a	metal	complex	has	recently	been	

established	 in	 the	 field	 of	molecular	 recognition	 by	 the	 introduction	 of	 common	 hydrogen-

bonding	motifs	such	as	urea,	guanidine	or	amide	into	the	ligand	framework	of	some	selected	

catalysts	for	small	molecule	catalysis.	108,	110,	112		

In	 this	 work,	 amine-	 and	 hydroxy-functionalized	 phosphinesulfonates	 were	 synthesized	 as	

base	 ligand	 motifs	 in	 a	 one-pot	 procedure	 and	 functionalized	 to	 urea	 and	 urethane	

functionalities	 respectively.	However,	 functionalization	at	 the	phosphinesulfonates	proved	 to	

be	difficult	and	was	 therefore	performed	exclusively	at	 the	 respective	complexes	 (9	and	 11	 in	

Figure	6-1).		
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Scheme	6-1.	General	route	that	was	followed	in	this	work	to	obtain	multi	(9)-	and	mononuclear	(11)	
phosphinesulfonato	Pd	(II)	complexes	equipped	with	amine-groups.	

For	 that	 purpose,	 the	 hydroxyl-	 or	 amine-functionality,	 respectively,	 in	 the	 particular	

complexes	was	reacted	with	phenyl	isocyanate	under	mild	conditions	(10	in	Scheme	6-1).		

The	 single	 crystal	 x-ray	 structure	 of	 the	 amine-functionalized	 mononuclear	

phosphinesulfonato	complex	supports	the	structure	elucidated	by	NMR	spectroscopic	analysis	

(Figure	6-6).	
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Figure	6-6.	ORTEP	plot	of	the	molecular	structure	of	complex	mNH2(PO)PdMe(pyr)	obtained	by	single	
crystal	x-ray	diffractometry.	Ellipsoids	are	shown	with	50	%	probability.	A	total	of	59	electrons	from	0.5	
equivalents	of	a	pentane	molecule	in	a	solvent	accessible	void	at	the	position	0.500	0.219	1.000	and	0.500	
0.274	0.500	with	a	total	volume	of	255	Å3	was	squeezed	out	by	the	SQUEEZING	routine	from	PLATON	

v1.16.132	

The	characterization	and	purification	of	 the	urethane	complex	was	complicated	 likely	by	the	

presence	of	inter-	and	intramolecular	hydrogen-bonds	between	the	hydrogen-bonding	motifs	

which,	however,	support	their	desired	ability	 for	 interaction	with	the	functional	group	in	the	

monomers.	 The	 presence	 of	 the	 urethane	 group	 and	 the	 complete	 conversion	 of	 the	 OH-

functionalities	could	be	confirmed	by	NMR-spectroscopic	analysis	and	was	further	supported	

by	 ATIR	 and	 ESI-MS	 spectra.	 Unfortunately,	 for	 the	 attempted	 urea-complex,	 urea-

functionalization	could	not	be	proven	unequivocally.		

Nevertheless,	 the	 concept	of	 introducing	hydrogen-bonding	motifs	 at	 the	phosphine-aryls	 in	

phosphinesulfonato	Pd(II)	complexes	could	be	realized	by	the	synthesis	and	characterization	

of	the	NH2-,	OH-	and	urethane-functionalized	complexes.	

Beyond	 secondary	 interaction	 principles,	 ligand	 design	 with	 respect	 to	 electronic	 and	 steric	

properties	is	a	crucial	key	to	govern	catalytic	performance	of	metal-organic	catalysts.	Whereas	

for	 phoshinesulfonato	 Pd(II)	 complexes	 the	 electronic	 and	 steric	 influences	 of	 the	 ligand	

framework	 on	 reactivity	 have	 been	 studied	 in	 detail	 with	 a	 broad	 range	 of	 specific	 ligand	

designs,	profound	considerations	on	the	 influences	of	 the	monomer’s	 intrinsic	properties	are	

incomplete	and	lack	a	conclusive	general	picture	on	monomer	reactivity.		

On	this	account,	a	broad	range	of	polar	vinyl	monomers	were	copolymerized	with	ethylene	

with	 the	 phosphinesulfonato	 Pd	 (II)	 complex	 1-L	 under	 comparable	 conditions	 in	 pressure	

reactor	 experiments.	 Relative	 monomer	 reactivity	 was	 discussed	 on	 the	 behalf	 of	 reactivity	

ratios	rE	=	kE/	kCM	 in	the	Zero-Order	Markov	statistics	denotation	which	was	shown	to	be	an	
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appropriate	description	for	the	polymerizations	studied	where	ethylene	dominates	the	growing	

polymer	chain	ends.		

Reactivity	 ratios	 were	 discussed	 with	 respect	 to	 the	 electronic	 and	 steric	 nature	 of	 the	

monomer’s	 substituent	 and	 completed	 by	 taking	 ino	 consideration	 the	 regiochemstry	 of	

insertion	into	the	Pd-Me	bond,	representing	a	model	for	the	growing	Pd-polymeryl	species.	

The	 13C	 NMR	 chemical	 shift	 of	 the β-carbon	 atom	 in	 the	 vinyl	 bond	 is	 an	 appropriate	

descriptor	 for	 the	 electronic	 influence	 of	 the	 substituent	 as	 it	 linearly	 correlates	 with	 the	

Hammett	 constant σ,	 however,	 it	 is	more	 readily	 available	 compared	 to	 the	 limited	 set	 of	 σ	

values.	 Sterics	 were	 described	 based	 on	 the	 Charton	 and	 Sterimol	 parameters	 available	 in	

literature.		

Intriguingly,	 a	 conclusive	picture	 of	monomer	 reactivity	 and	 insertion	mode	preferences	

arises	(Figure	6-7).	

	

Figure	6-7.	3D	scatter	plot	reactivity	ratios	rE	vs.	steric	demand	(low	=	1,	moderate	=	2	and	high	=	3)	and	
electronic	nature	of	the	vinyl	monomer	(a	low	δCβ	corresponds	to	electron-rich	monomers	while	high	

δCβ	correspond	to	electron-poor	monomers).	The	dominating	insertion	mode	into	the	Pd-Me-bond	of	1-
L	is	indexed	by	the	color	code.	Data	was	not	gridded.	

Electronics	 govern	monomer	 reactivity	 with	 electron-poor	monomers	 like	 acrylates	 and	

acrylonitrile	being	among	the	most	reactive	monomers	with	rE’s	of	about	15-25,	while	electron-

rich	monomers	such	as	ethyl	vinyl	ether	and	vinyl	acetate	are	extraordinarily	unreactive	with	rE	

values	among	500.	

While	 electron-poor	 monomers	 prefer	 2,1-insertion	 for	 electronic	 reasons,	 electron-rich	

monomers	prefer	the	sterically	less	constrained	1,2-insertion	from	an	electronic	point	of	view,	
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i.e.	 the	 polymer	 chain	migrates	 in	 both	 cases	 to	 the	more	 electrophilic	 carbon	 atom	 in	 the	

monomer’s	vinyl	bond.		

However,	sterics	can	complicate	the	picture	of	reactivity	and	regiochemistry	of	 insertion.	

For	acrylates,	comparable	reactivities	of	rE	=	15-25	are	observed	despite	strongly	varying	ester	

substituents	such	as	methyl	or	2-ethyl	hexyl.	In	these	cases,	where	the	ester	substituent	is	long	

but	 flexible	 and	 only	 slightly	 branched,	 steric	 interaction	with	 the	 phosphine’s	 substituents,	

which	 is	 crucial	 during	 2,1-insertion,	 can	 be	 limited	 by	 conformational	 arrangements.		

However,	 if	 the	 substituent’s	 interaction	with	 the	P-substituents	during	2,1-insertion	can	not	

be	lowered	by	conformational	changes	such	as	in	tert-butyl	acrylate,	reactivity	is	considerably	

decreased	(rE	=	38	for	tert-butyl	acrylate	versus	rE	=	18	for	methyl	acrylate)	and	1,2-insertion	is	

observed	to	some	extent	(20	%	for	 tert-butyl	acrylate	versus	5	%	for	methyl	acrylate).	Similar	

tendencies	 were	 confirmed	 by	 the	 results	 for	 the	 very	 electron-poor	 but	 sterically	 very	

demanding	vinyl	diethyl	phosphonate	which	exhibits	a	reactivity	ratio	of	rE	=	85.	According	to	

its δCβ	value	of	 135.37	ppm,	which	lies	 in	the	range	of	acrylonitrile	with	δCβ = 137.24	ppm,	 it	

should	 be	 as	 reactive	 as	 acrylonitrile	 with	 rE	 =	 15	 if	 sterics	 were	 ignored.	 Therefore,	 steric	

influences	seem	to	be	much	more	of	an	issue	for	electron-poor	monomers	where	2,1-insertion	

dominates.		

From	 this	 quantitative	 analysis	 of	 a	 range	 of	 monomers,	 categories	 can	 be	 derived	

classifying	reactivity	versus	steric	bulk	and	electronic	structure	that	should	also	allow	for	the	

prediction	 of	 the	 behavior	 of	 other	 vinyl	 compounds	 in	 insertion	 copolymerization	 with	

phosphinesulfonato	Pd(II)	catalysts.	

	

	

.	
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7 Experimental	Section	

	

7.1 General	Considerations	

7.1.1 Materials	and	Synthetic	Methods	

	

All	polymerizations	and	manipulations	of	complexes	or	monomers	were	carried	out	under	

an	inert	gas	atmosphere	using	standard	glovebox	or	Schlenk	techniques	if	not	noted	otherwise.	

Glassware	 was	 flame-dried	 under	 vacuum	 prior	 to	 use.	 Toluene,	 diethyl	 ether	 and	

tetrahydrofurane	 were	 distilled	 from	 sodium.	 Dichloromethane	 was	 distilled	 from	 CaH2.	

Triethylamine	 and	N,N,N',N'-Tetramethylethylendiamine	were	 distilled	 from	KOH.	 Ethylene	

(99.95%)	supplied	by	Praxair	and	propylene	(99.95	%)	supplied	by	BASF	were	used	as	received.	

All	chemicals	were	purchased	by	either	Sigma	Aldrich,	Acros	Organics	or	abcr.	All	deuterated	

solvents	 were	 supplied	 by	 Eurisotop.	 All	 monomers	 were	 degassed	 with	 freeze-pump-thaw-

cycles	and	stored	under	inert	gas	atmosphere	and	with	exclusion	of	light	for	some	monomers.	

Acrylic	acid	was	dried	over	MgSO4,	distilled	and	stored	under	inert	gas	atmosphere	with	added	

3,5-Di-tert-butyl-4-hydroxytoluol	 at	 4	 °C.	Allyl	 acetate	was	 dried	 over	 MgSO4	 and	 distilled.	

Ethyl	 vinyl	 ether	was	distilled	over	CaH2.	 	 1-CH3-dmso62	and	 tBu/(OMe)3(PO)PdMe(dmso)56	 as	

well	 as	 the	 Pd-precursor	 complexes	 [PdCl2(tmeda)]151,	 [PdMe2(tmeda)]151,	 [PdCl2(cod)]152	 and	

[PdMeCl(cod)]153	were	synthesized	by	known	procedures.		

7.1.2 Analytical	Procedures	

NMR	spectra	were	recorded	on	a	Varian	Unity	INOVA	400	or	a	Bruker	400	spectrometer.	
1H	and	13C	NMR	chemical	shifts	were	referenced	to	the	solvent	signals	and	31P	NMR	spectra	to	

their	 corresponding	 1H	 NMR	 spectra	 as	 an	 absolute	 reference.	 High	 temperature	 NMR	

measurements	 of	 copolymers	 were	 performed	 in	 1,1,2,2-tetrachloroethane-d2	 at	 130	 °C.	 Data	

was	 postprocessed	 with	 software	 by	 MestReNova.	 Molecular	 weights	 Mn	 and	 degrees	 of	

polymerization	DPn	were	determined	by	1H	NMR	spectroscopy	from	the	integral	of	the	repeat	

units	 versus	 the	 integral	 of	 the	 olefinic	 end	 groups	 under	 the	 assumption	 that	 every	

unsaturated	end	group	corresponds	to	one	aliphatic	end	group.	The	multiplet	structures	were	
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assigned	with	either	singulet	(s),	doublet	(d),	triplet	(t),	quartet	(q),	broad	(br),	multiplet	(m)	

or	e.g.	doublet	of	a	doublet	(dd).	Differential	scanning	calorimetry	(DSC)	was	performed	on	a	

Netzsch	DSC	204	F1	instrument	at	a	heating	rate	of	10	K	min-1.	The	samples	are	heated	in	closed	

alumina	pans	 (40	μl)	under	 a	nitrogen	atmosphere.	DSC	data	 reported	 are	determined	 from	

the	second	heating	scan.	Crystallinities	were	determined	assuming	a	melt	enthalpy	of	293	J	g-1	

for	100	%	crystalline	polyethylene.	

Gel	Permeation	Chromatography	(GPC)	was	performed	at	160	°C	in	1,2,4-trichlorobenzene	

at	 a	 flow	 rate	 of	 1	 mL/min	 on	 a	 Polymer	 Laboratories	 220	 instrument	 with	 Olexis	 columns	

equipped	 with	 differential	 refractive,	 index-,	 viscosity-	 and	 ligh	 scattering	 detectors.	 Data	

reported	are	determined	against	a	PE	standard	and	with	refractive	index	detection.	

Single	Crystal	X-ray	diffraction	was	perfomed	on	a	STOE	IPDS-II	diffractometer	at	 100	K	

with	 a	 graphite	 monochromated	 radiation	 source	 (Mo-Kα,	 λ	 =	 0,71073	 A).	 The	 crystal	 was	

placed	 on	 a	 glass	 fiber	 with	 silicon	 grease.	 The	 structures	 were	 solved	 and	 refined	 using	

SHELXS-97154,	 SHELXL-97155	 and	 Platon132	 software.	 The	 drawn	 ellipsoids	 represent	 50	 %	

probability.	

Attenuated	 total	 reflection	 infrared	 spectroscopy	 (ATIR)	 was	 executed	 on	 a	 PERKIN	

ELMER	Spectrum	100	FT-IR	spectrometer	equipped	with	a	PERKIN	ELMER	Universal	ATR-unit	

and	transmission	data	is	given	in	wave	numbers	[ν]	=	cm-1.			

Melt	 extrusion	 for	 the	 preparation	 of	 standrad	 DMA	 specimens	 was	 performed	 on	 a	

Thermo	Scientific	HAAKE	MiniJet	II	under	air.		

Dynamic	 mechanical	 analysis	 (DMA)	 was	 performed	 on	 a	 Triton	 technology	 dynamic	

mechanical	analyzer.	

SEM measurements were performed on a Zeiss NEON 1540EsB at 3.5 kV acceleration 

voltage. The fracture surfaces were sputtered with a gold layer of 10 nm thickness.	
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7.2 Synthetic	Procedures	

7.2.1 Synthesis	of	Building	Blocks	

2-((2-bromobenzyl)oxy)tetrahydro-2H-pyran	

	

25	 g	 (134	mmol)	 of	 (2-bromophenyl)methanol	 and	 18.1	 mL	 (1.5	 eq.)	 	 of	 3,4-dihydro-2H-

pyran	were	suspended	in	80	mL	of	DCM	and	catalytic	amounts	of	para-toluene	sulfonic	acid	

were	added.	The	reaction	mixture	was	stirred	at	room	temperature	and	after	24	h	K2CO3	was	

added	and	the	reaction	mixture	was	stirred	for	another	15	min.	500	mL	of	diethyl	ether	were	

added	to	the	black	solution	and	the	mixture	was	washed	twice	with	50	mL	of	brine,	dried	over	

MgSO4	and	 the	 solvent	was	avaporated	under	vacuum.	The	product	was	obtained	as	 a	 clear,	

light	brown	oil	in	a	crude	yield	of	41.5	g.	20	g	of	the	oil	were	filtered	over	a	small	silica	column	

in	pentan:	EE	(10:1)	to	obtain	the	product	as	a	colorless	oil	in	86	%	yield	(17.2	g).		

1H	NMR	resonances	agree	with	reported	data.156	

1H	NMR	(	400	MHz,	25	°C,	CDCl3)	:	δ	[ppm]	=	7.51	(m,	2H,	1-and	4-H),	7.29	(m,	1H,	2-H),		

7.11	(m,	1H,	3-H),	4.82	(d,	1H,	5-H),	4.77	(t,	1H,	6-H),	4.57	(d,	1H,	5-H),	3.91	(m,	1H,	10-H),	3.55	

(m,	1H,	10-H),	1.45-1.95	(m,	6H,	7-,8-and	9-H).	

2-(3-bromophenoxy)tetrahydro-2H-pyran	

	

	

	

The	synthesis	was	performed	similar	to	a	procedure	described	by	Crisp	and	Bubner.157	

3-Bromophenol	(24.54	g,	141.8	mmol,	1	eq)	was	degassed	three	times.	3,4-dihydro-2H-pyran	

(25.2	g,	 300	mmol,	 2	eq)	and	pyridinium	para-toluene	 sulfonate	 (0.25	g,	 1	mmol)	was	added.	
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The	 solution	 was	 stirred	 for	 21	 h.	 3,4-dihydro-2H-pyran	 was	 removed	 in	 vacuo.	 Reaction	

control	 by	 thin	 layer	 chromatography	PE:EE	 (5:1)	 showed	no	 remaining	 educt.	A	 solution	of	

NaHCO3	(200	ml)	was	added	and	stirred	for	30	minutes.	The	aquatic	phase	was	extracted	two	

times	with	DCM.	The	organic	phase	was	then	washed	with	water	and	dried	with	Na2SO4.	The	

solvent	was	removed	to	yield	31.4	g	(86	%)	of	a	yellow	liquid.	

1H	NMR	(400	MHz,	25	°C,	CDCl3):	δ	[ppm]	=7.15	(m,	1H,	1-H),	7.03	(t,	1H,	2-H),	7.02	(s,	1H,	

4-H),	6.89	(dt,	1H,	3-H),	5.30	(t,	1H,	5-H),	3.78	(ddd,	1H,	9-H),	3.51	(ddt,	1H,	9-H),	1.45-1.95	(m,	

6H,	6-,7-and	8-H).	

N-(3-bromophenyl)-1,1,1-trimethyl-N-(trimethylsilyl)silanamine	

	

	

The	synthesis	was	performed	similar	to	a	procedure	described	by	Thames	et	al.129	

20.8	g	(120.9	mmol)	of	3-bromo	aniline	were	dissolved	in	150	ml	of	thf	and	the	mixture	was	

cooled	 to	 0	 °C.	 The	 colorless	 solution	was	 stirred	while	 111.3	ml	 of	 n-butyllithium	 (2.5	M	 in	

hexanes,	 278.1	mmol)	 were	 added	 dropwise.	 After	 the	 addition	 the	 color	 changed	 to	 green-

brown.	The	mixture	was	allowed	to	reach	room	temperature	while	it	adopted	a	red-brownish	

color.	 3	 hours	 after	 the	 addition	 it	 was	 again	 cooled	 to	 0	 °C	 and	 28.24	 g	 (259.9	 mmol)	 of	

trimethyl	silyl	chloride	were	added	dropwise	while	stirring.	The	ice	bath	was	removed	and	the	

mixture	was	stirred	overnight.	After	17	h	of	stirring	the	dark	suspension	was	filtered	over	celite.	

The	filter	cake	was	washed	thrice	with	20	ml	of	thf.	The	filtrate	was	collected	and	the	solvent	

removed	 in	vacuo.	The	dark	liquid	was	distilled	using	a	Vigreux	column	at	 12	mbar	to	obtain	

the	product	fraction	as	a	colorless	liquid	at	138	°C	and	a	yield	of	21.3	g	(56	%).	

1H	NMR	(400	MHz,	25	°C,	CDCl3):	δ	[ppm]	=	7.21	(ddd,	1H,	1-H),	7.05-7.09	(m,	3H,	2-H	and	

4-H),	6.83	(ddd,	1H,	3-H),	0.083	(s,	18	H,	5-H).	
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N-(3-bromophenyl)-N,1,1,1-tetramethylsilanamine	

	

	

The	synthesis	was	performed	similar	to	a	procedure	described	by	Thames	et	al.129	starting	

from	 3-bromo-N-methylaniline.	 The	 compound	 was	 already	 available	 in	 the	 group	 by	

preceding	work	by	Samir	Chikkali.	

1H	NMR	(400	MHz,	25	°C,	CDCl3):	δ	[ppm]	=	7.42	(m,	1H,	1-H),	7.29	(m,	1H,3-H),	7.18	(m,	

2H,	4-H	and	2-H),	3.25	(s,	3H,	5-H),	1.46	(s,	9H,	6-H).	

N,N'-Di-Boc-N''-trifluoromethanesulfonyl-guanidine128	

	

6.61	g	(25.49)	mmol	of	N,N'-Di-Boc-guanidine	were	dissolved	in	160	ml	CH2Cl2	and	2.66	g	

(26.26	mmol)	of	triethylamine	were	added.	The	colorless	solution	was	cooled	to	-78	°C	with	an	

isopropanol	 bath	 and	 dry	 ice	 and	 4.50	 ml	 (26.76	 mmol)	 of	 triflic	 anhydride	 were	 added	

dropwise	 while	 stirring.	 The	 color	 changed	 to	 deep	 yellow	 and	 the	 reaction	 mixture	 was	

allowed	 to	 reach	 room	 temperature.	After	 19	h	of	 stirring	at	 room	 temperature,	 the	 reaction	

was	quenched	with	200	ml	of	saturated	NaHSO4	solution	and	the	phases	were	s	eparated.	The	

aqueous	phase	was	extracted	three	times	with	20	ml	CH2Cl2.	The	organic	phases	were	united	

and	dried	with	MgSO4,	filtered	and	the	solvent	was	removed	in	vacuo.	9.98	g	of	a	pale	orange	

solid	were	obtained.	The	crude	product	was	purified	by	recrystallization	from	n-heptane	at	80	

°C.	This	resulted	in	colorless	crystals,	which	were	dried	in	vacuo.	Yield:	4.21	g	N,	N'-Di-Boc-N''-

triflylguanidine	(37	%).	

1H	NMR	data	is	in	accordance	with	literature.	19F	NMR	chemical	shifts	were	not	reported.	

1H	NMR	(400	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	11.04	(s,	2H,	H-2),	1.46	(s,	18H,	H-3).	

19F	NMR	(400	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	-79.12		
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7.2.2 Synthesis	of	Phosphinesulfonates		

The	 synthesis	 of	 the	 phosphinesulfonates	 was	 accomplished	 according	 to	 a	 procedure	

described	by	Goodall	et	al.36	In	a	flask	A	the	bromo	aryl	compound	is	lithiated	with	1	equivalent	

of	 n-butyl	 lithium	 in	 thf	 at	 -78	 °C.	 In	 flask	 B	 benzene	 sulfonic	 acid	 is	 deprotonated	 and	

lithiated	in	ortho-position	with	2	equivalents	of	n-butyl	lithium	in	thf	at	0	°C.	Flask	B	 is	then	

very	 slowly	 added	 to	 a	 third	 flask	 C	 containing	 PCl3	 in	 thf	 at	 -78	 °C	 to	 obtain	 lithium	 2-

(dichlorophosphanyl)	 benzenesulfonate.	 Flask	 A	 is	 finally	 added	 to	 flask	 C	 to	 obtain	 the	

lithium	salt	of	the	phosphinesulfonate.		

	

Lithium-2-(bis(2-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)	

phosphanyl)benzenesulfonate					

	

10	g	 (37	mmol)	of	2-(tetrahydro-2H-pyran-2-yloxymethyl)brombenzene	were	dissolved	 in	

100	mL	of	 thf	 in	 flask	A.	 23	ml	 (1	 eq.)	 of	n-butyl	 lithium	 (1.6	molar	 in	 hexanes)	were	 slowly	

added	 and	 the	 solution	 was	 kept	 stirring	 at	 -78	 °C	 for	 3h.	 In	 flask	 B,	 2.92	 g	 (18	 mmol)	 of	

benzene	sulfonic	acid	were	dissolved	in	100	ml	of	thf	and	23	ml	of	n-butyl	lithium	(1.6	molar	in	

hexanes)	were	 slowly	 added	at	0	 °C	upon	which	a	white	precipitate	 formed.	The	 suspension	

stirred	for	1	h	at	room	temperature.	

In	 flask	C,	2.53	g	 (18	mmol)	of	PCl3	were	dissolved	 in	80	ml	of	 thf	at	 -78	 °C.	Flask	B	was	

slowly	added	to	flask	C	and	stirred	for	30	min	at	-78°C.	Flask	A	was	added	to	flask	C	and	the	
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clear	reaction	mixture	was	stirred	over	night	at	room	temperature.	The	solvent	was	evaporated	

in	vacuo	and	9.8	g	(94	%)	of	an	off-white	solid	were	obtained.	

The	 product	 is	 obtained	 as	 a	 mixture	 of	 diastereomers	 and	 hence	 the	 complex	 NMR	

spectra	were	 not	 further	 assigned.	 The	 purity	 of	 the	 phosphinesulfonate	was	 determined	 by	

complex	 synthesis	 and	deprotection	 in	 a	NMR	 scale	 experiment	which	 yielded	NMR	 spectra	

with	a	single	phosphorous	and	Pd-Me	resonance.	

31P	{1H}	NMR	 (162	MHz,	25	°C,	d6-acetone):	δ[ppm]	=	-30.2	(broad	s),	 -30.5	(s),	 -31.0(s),	 -

31.5(s).	

lithium	2-(bis(3-(bis(trimethylsilyl)amino)phenyl)phosphanyl)benzenesulfonate	

	

N,N-bis(trimethylsilyl)-m-bromoanilin	(10.18	g,	32.2	mmol)	was	dissolved	in	dry	thf	(70	ml)	

and	cooled	to	-78	°C	in	flask	A.	n-Buthyllithium	(20.1	ml,	32.2	mmol)	was	added	dropwise.	The	

resulting	solution	was	bright	orange.	The	solution	was	stirred	at	-78	°C	for	4h.	Benzenesulfonic	

acid	 (2.54	 g,	 16.1	mmol)	was	dissolved	 in	dry	THF	 (100	ml)	 and	 cooled	 to	0	 °C	 in	 flask	B.	n-

Buthyllithium	(20.1	ml,	32.2	mmol)	was	added	drop	wise.	After	half	the	amount	of	nBuLi	was	

added	 the	 formerly	 colorless	 solution	 turned	 bright	 yellow.	After	 all	 the	nBuLi	was	 added	 a	

white	 solid	 precipitated.	 The	 solution	was	 then	 cooled	 to	 -78°C.	 In	 flask	C,	 PCl3	 (2.21	 g,	 16.1	

mmol)	 was	 dissolved	 in	 THF	 (100	 ml)	 at	 -78	 °C.	 The	 solution	 of	 lithium(2-

sulfonatophenyl)lithium	(flask	B)	was	added	drop	wise	to	flask	C	and	stirred	for	1h	at	-78	°C.	

The	solution	of	flask	A	was	added	slowly	and	in	small	portions	to	the	solution	of	flask	C	while	

the	 color	 changed	 from	 bright	 yellow	 to	 bright	 orange.	 The	 solution	 was	 stirred	 at	 room	

temperature	 overnight.	 The	 solvent	 was	 removed	 under	 vacuum.	 The	 resulting	 brown	 solid	

was	dissolved	 in	diethyl	 ether	and	 lithium	salts	were	 removed	by	centrifugation.	Removal	of	

the	solvent	yielded	11.07	g	of	a	pale	brown	solid.	

1H	NMR	(400	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	8.09-6.69	(m,	12H,	Ar-H),	0.06	(s,	36H,	

Si(CH3)3).	
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31P	{1H}	NMR	(162	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	-12.83	

lithium	2-(bis(3-(methyl(trimethylsilyl)amino)phenyl)phosphanyl)benzene-	

sulfonate	

	

In	 flask	 A	 1.7	 g	 (6.58	 mmol)	 of	 N-(3-bromophenyl)-N,1,1,1-tetramethylsilanamine	 were	

dissolved	in	20	ml	of	thf	at	-78	°C	and	4.11	ml	(6.58	mmol)	of	n-butyl	lithium	(1.6	M	in	hexanes)	

were	slowly	added.	The	reaction	mixture	was	stirred	for	1	h	at	-78	°C.		In	flask	B,	3.29	mmol	of	

benzene	sulfonic	acid	were	dissolved	in	20	ml	of	thf	at	0	°C	and	6.58	mmol	of	n-butyl	lithium	

were	added	upon	which	a	white	precipitate	formed.	The	suspension	was	stirred	for	1	h	at	room	

temperature	 and	 then	 cooled	 to	 -78	 °C.	 Flask	B	was	 added	 slowly	 to	 flask	C	 containing	 3.29	

mmol	of	PCl3	in	thf	at	-78	°C.	Flask	A	was	then	added	to	flask	C	and	the	reaction	mixture	was	

stirred	over	night	at	 room	temperature.	The	solvent	was	evaporated	 in	vacuo	and	 the	brown	

solid	 residue	 was	 dissolved	 in	 diethyl	 ether	 to	 remove	 lithium	 salts	 by	 centrifugation.	

Evaporation	of	the	solvent	yielded	1.4	g	(2.5	mmol,	76	%)	of	the	phosphinesulfonate.		

1H	NMR	(400	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	8.09	-6.65	(m,	12H,	Ar-H),	2.81	(s,	6H,	N-

CH3),0.25	(s,	18H,	Si(CH3)3)	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	-7.3	ppm	

7.2.3 Synthesis	of	Complexes	

For	all	syntheses	of	complexes	small	scale	NMR	experiments	were	carried	out	in	order	to	

determine	the	exact	equivalents	of	palladium-precursor	[Pd(cod)MeCl]	since	an	excess	of	the	

precursor	can	not	be	removed	afterwards	and	[Pd(cod)MeCl]	is	prone	to	decomposition	after	

some	time	even	stored	at	-20	°C.	

For	 that	 purpose,	 1	 equivalent	 of	 [Pd(cod)MeCl]	 was	 added	 to	 1	 equivalent	 of	

phosphinesulfonate	and	the	amount	of	unreacted	[Pd(cod)MeCl]	was	determined	by	1H	NMR	

spectroscopy	from	the	integrals	of	the	free	and	complex-cod.	
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Bis{{(κ2-P,O)-2-(bis(3-(bis(trimethylsilyl)amino)phenyl)phosphanyl)	

benzenesulfonate}palladium(II)-methyl-chloro-μ-Li}	([mN(TMS)2	(PO)PdMe(Cl)Li]2(n))	

	

2.26	 g	 (3.40	 mmol)	 of	 lithium	 2-(bis(3-(bis(trimethylsilyl)amino)phenyl)phosphanyl)	

benzenesulfonate	were	dissolved	 in	30	ml	of	 acetone.	0.600	g	 (2.26	mmol)	of	 [Pd(cod)MeCl]	

were	added	and	the	reaction	solution	was	stirred	for	1	h	at	room	temperature.	The	solvent	was	

evaporated	 in	 vacuo	 and	 the	 solid	 brown	 residue	 was	 dissolved	 in	 diethyl	 ether	 to	 remove	

insoluble	 lithium	 salts	 by	 centrifugation.	 Evaporation	 of	 diethyl	 ether	 yielded	 2.28	 g	 (1.33	

mmol,	 79	 %)	 of	 product.	 The	 complex	 was	 directly	 deprotected	 without	 further	

characterization.	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	25.55	

Bis{{(κ2-P,O)-2-(bis(3-aminophenyl)phosphanyl)benzenesulfonate}palladium(II)-

methyl-chloro-μ-Li}([mNH2	(PO)PdMe(Cl)Li]2(n))	

	

1.5	g	(0.88	mmol)	of	mN(TMS)2-chloro	were	dissolved	in	14	ml	of	acetone	and	3	drops	of	1	

M	HCl	(aq)	were	added.	The	reaction	mixture	was	stirred	for	1	h	at	room	temperature	and	the	

solution	was	precipitated	 in	200	ml	of	diethyl	ether,	 filtrated	and	washed	with	diethyl	ether.	

The	 residue	 was	 washed	 twice	 with	 little	 acetone	 and	 dried	 in	 vacuo	 to	 yield	 910	mg	 (0.81	

mmol,	92	%)	of	the	product	complex.		
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1H	NMR	(600	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	7.95	(dd,	1H,	2-H),	7.60	(t,	1H,	3-H),	7.50	(t,	

1H,	4-H),	7.11	(dt,	2H,	11-H),	7.07	(d,	1H,	5-H),	6.80	(d,	2H,	3JPH	=13.71	Hz,	8-H),	6.72	(d,	2H,	10-

H),	6.55	(dd,	2H,	12-H),	5.58	(s	(br),	4H,	NH2),	0.34	(s,	3H,	Pd-CH3).	

13C{1H}	NMR	(600	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	148.84	(d,	2JPC	=	13.42	Hz,	1-C),	148.02	

(s,	9-C),	134.88	(s,	5-C),	130.92	(s,	3-C),	130.00	(d,	3JPC	=	6.64	Hz,	4-C),	129.98	(d,	1JPC	=	54.95	Hz,	

7-C),	128.89	(d,	3JPC	=	6.64	Hz,	11-C),	128.53	(d,	1JPC	=	44.61	Hz,	6-C),	127.09	(d,	3JPC	=	7.28	Hz,	2-

C),	121.55	(s,	12-C),	119.29	(s,	8-C),	117.08	(s,	10-C),	1.54	(s,	14-C).	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	25.84	

{(κ2-P,O)-2-(bis(3-aminophenyl)phosphanyl)benzenesulfonate}palladium(II)-

methyl–pyridine}([mNH2(PO)PdMe(pyr)])	

	

1.33	 g	 of	 Bis{{(κ2-P,O)-2-(bis(3-aminophenyl)phosphanyl)benzenesulfonate}palladium(II)-

methyl-chloro-μ-Li}	were	dissolved	in	7	ml	of	pyridine	and	stirred	at	room	temperature	for	1	h.	

The	 solvent	 was	 evaporated	 in	 vacuo	 and	 washed	 with	 little	 acetone	 to	 yield	 the	 product	

complex	 quantitatively.	 X-ray	 quality	 crystals	 were	 obtained	 from	 acetone/diethyl	 ether	 at	

room	temperature.	

1H	NMR	(400	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	8.68	(d,	2H,	15-H),	7.96	(m,	2H,	2-H	and	17-

H),	7.57	(m,	4H,	16-H,	3-H	and	4-H),	7.10	(m,	3H,	11-H	and	5-H	),	6.79	(d,	2H,	8-H	),	6.68	(d,	2H,	

10-H	),	6.55	(dd,	2H,	12-H	),	5.38	(s,	4H,	13-H),	0.43	(s,	3H,	14-H).	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	30.05		
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Bis{{(κ2-P,O)-2-(bis(3-(methylamino)phenyl)phosphanyl)benzenesulfonate}	

palladium(II)-methyl-chloro-μ-Li}	}([mNHMe(PO)PdMe(Cl)Li]2(n))	

	

350.6	 mg	 (0.637	 mmol)	 of	 lithium	 2-(bis(3-

(methyl(trimethylsilyl)amino)phenyl)phosphanyl)	benzenesulfonate	were	dissolved	in	5	ml	of	

acetone.	85.3	mg	of	Pd(cod)ClMe	were	added	and	the	yellow	suspension	was	stirred	for	3	h	at	

room	 temperature.	 Thereafter,	 it	 was	 filtered	 under	 inert	 gas	 atmosphere	 and	 the	 solid	was	

dried	in	vacuo.	The	red-brownish	filtrate	was	kept	at	3	°C	overnight	while	crystals	precipitated,	

which	were	rinsed	with	Et2O.	The	dilution	of	the	filtrate	with	1	ml	of	Et2O	resulted	in	an	orange	

slime.	The	 solvent	was	 removed	 in	 vacuo	 and	 the	 remaining	 solid	was	 dissolved	 in	 acetone,	

which	 resulted	 in	 an	 orange	 suspension.	After	 centrifugation,	 the	 supernatant	was	 decanted	

and	 dried	 in	 vacuo.	 The	 resulting	 orange	 solid	 was	 suspended	 in	 Et2O,	 sonicated	 and	 the	

supernatant	 removed.	 This	 procedure	 was	 repeated	 with	 Et2O,	 n-pentane	 and	 little	 acetone	

and	the	complex	was	directly	deprotected	in	acetone	with	little	1	M	HCl.	The	suspension	was	

completely	precipitated	in	diethyl	ether,	washed	and	dried.	

	

1H	NMR	(400	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	8.04	(dd,	1H,	Ar-H),	7.56	(t,	1H,	Ar-H),	

7.46	(t,	1H,	Ar-H),	7.36	(m,	1H,	Ar-H),	7.17	(m,	4H,	Ar-H),	6.85	(dt,	2H,	Ar-H),	6.70	(m,	3H,	Ar-

H),	3.93	(s,	6H,	N-CH3),	0.61	(d,	3JPH	=	3.0	Hz,	3H,	Pd-CH3).	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-acetone):	δ[ppm]	=	28.2	
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{(κ2-P,O)-2-(bis(3-(methylamino)phenyl)	 phosphanyl)	 benzenesulfonate}	

palladium(II)-methyl	–pyridine}(([mNHMe(PO)PdMe(pyr)]))	

	

395	mg	of	mNHMe-chloro	were	dissolved	in	7	ml	of	pyridine	and	stirred	for	2	h	at	room	

temperature.	Pyridine	was	evaporated	in	vacuo	and	the	residue	was	washed	once	with	6	ml	of	

and	twice	with	2	ml	of	methanol	and	dried	in	vacuo.	The	product	was	obtained	as	an	off-white	

powder	in	a	yield	of	176	mg.	X-ray	quality	crystals	were	obtained	from	methanol/pentane.	

1H	NMR	(600	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	8,65	(d,	3JHH	=	4.37	Hz,	2H,	16-H),	7,95	(dd,	

1H,	2-H),	7.92	(t,	1H,	18-H),	7.60	(t,	1H,	3-H),	7,19	(dt,	2H,	17-H),	7,09	(t,	1H,	4-H),	7.50-7.55	(m,	

4-H	and	17-H),	7.19	(dt,	2H,	11-H),	7.09	(t,	 1H,5-H),	6.73	(d,	 3JPH	=	13.86	Hz,	2H,	8-H),	6,63	(d,	
3JHH	=8.17	Hz,	2H,	10-H),	6,58	(dd,	2H,	12-H),	5,97	(q,	3JHH	=	4.91	Hz,	2H,	14-H),	2,61	(d,	3JHH	=	4.91	

Hz,	6H,	13-H),	0,43	(d,	3JPH	=	1.53	Hz,	3H,	15-H).	

13C	{1H}	NMR	(151	MHz,	d6-dmso):	δ	[ppm]	=	149.8	(16-C),	 149.6.	(d,	 3JPC	=	13.95	Hz,	9-C),	

148.9	(br,	 1-C),	 	 137.5	(18-C),	 134.8	(5-C),	 130.9	(3-C),	 130.1	(4-C),	 130.0	(d,	 1JPC	=	53.07	Hz,	7-C),	

129.1	(d,	3JPH	=	12.31	Hz,	11-C),	128.5	(br,	6-C),	127.1	(d,	3JPC	=	7.45	Hz,	2-C),	124.7	(17-C),	120.5	(d,	
2JPC	=	11.48	Hz,	12-C),	117.3	(d,	2JPC	=	15.27	Hz	,	8-C),	113.2	(10-C),	29.4	(13-C),	0.6	(15-C).	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	29.7	
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Bis{{(κ2-P,O)-	 2-(bis(2-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)phosphanyl)	

benzenesulfonate	}palladium(II)-methyl-chloro-μ-Li}	([oOTHPCH2	(PO)PdMe(Cl)Li]2(n))	

	

	

	Lithium	 2-(bis(2-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)phosphanyl)	

benzenesulfonate	 	 (2.96	g,	5.13	mmol)	was	dissolved	 in	 14	ml	of	acetone.	 1.01	g	 (3.8	mmol)	of	

Pd(COD)(Cl)Me	were	added.	The	solution	was	stirred	for	1h	before	the	solvent	was	removed	in	

vacuo.	 The	 remaining	 solid	 was	 suspended	 in	 DCM	 and	 the	 insoluble	 lithium	 salts	 were	

removed	 by	 centrifugation.	 The	 solvent	 was	 poured	 into	 diethyl	 ether	 and	 the	 formed	

precipitate	was	removed	by	filtration,	washed	three	times	with	DCM	and	dried	to	yield	2.01	g	

(1.34	mmol,	71	%)	of	a	white	solid.		

The	product	is	obtained	as	a	mixture	of	diastereomers	and	was	not	further	characterized.	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-acetone):	δ	[ppm]	=	-30.08	(s,	br),	-30.43	(s),	-30.87	(s),	-

31.43	(s)	

Bis{{(κ2-P,O)-2-(bis(2-(hydroxymethyl)phenyl)phosphanyl)benzenesulfonate}	

palladium(II)-methyl-chloro-μ-Li}([oOHCH2	(PO)PdMe(Cl)Li]2(n))	
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2.01	 g	 (1.34	 mmol)	 of	 [oOTHPCH2(PO)PdMe(Cl)Li]n	 were	 dissolved	 in	MeOH	 and	 TFA	 (2	

drops)	were	added.	The	progress	of	the	reaction	was	followed	by	 in	situ	 31P	NMR	and	after	1h	
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more	TFA	 (8	drops)	was	added.	The	 solution	changed	 to	a	dark	green	color	and	 the	 solvent	

was	removed	in	vacuo.	The	solid	was	dissolved	in	acetone,	Pd	black	was	removed	by	a	syringe	

filter	 and	 the	 clear	 colorless	 solution	 was	 precipitated	 in	 diethyl	 ether.	 The	 precipitate	 was	

filtrated	and	washed	with	diethyl	ether	to	yield	1.1	g	(0.97	mmol,	72	%)	of	a	white	solid.	

1H	NMR	(600	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	7.93 (s, br, 1H, 2-H), 7.79 (s, br, 2H, 10- or 

12-H), 7.61 (s, br, 1H, 3-H), 7.54 (s, br, 2H, 11-H), 7.46 (s, br, 1H, 4-H), 7.23 (s, br, 4H, 9-H and 10-

or 12-H), 7.05 (s, br, 1H, 5-H), 5.57 (s, br, 1H, 13-H), 5.37 (s, br, 2H, 14-H), 5.09 (d, 2H, J = 14.42 

Hz, 13-H), 4.03 (s, br, 1H, 13-H), 0.17 (s, br, 3H, 15-H). 

13C	{1H}	NMR	(151	MHz,	d6-dmso):	δ	[ppm]	=	149.2 (1-C), 146.3 (d, 1JPC = 166 Hz , 7-C), 134.0 

(d, 2JPC = 236 Hz, 8-C), 133.5 (5-C), 131.0 (3-C), 130.6 (11-C), 129.8 (d, 3JPC = 6.2 Hz, 4-C), 127.5 (2-

C and 6-C), 126.5 (br, 12-C and 10-C), 126.2 (d, 3JPC = 9.3 Hz, 9-C), 61.3 (13-C), -0.7 (15-C). 

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	9.87	(s)	

Bis{{(κ2-P,O)-2-(bis(2-(((phenylcarbamoyl)oxy)methyl)phenyl)phosphanyl)	

benzenesulfonate}palladium(II)-methyl-chloro-μ-Li}([NHoOCH2	(PO)PdMe(Cl)Li]2(n))	

	

510	mg	(442	μmol)	of	complex	[oCH2OH(PO)PdMe(Cl)Li]n	were	dissolved	in	10	ml	of	dmso	

and	1.10	g	(8.84	mmol)	of	phenyl	isocyanate	and	220	mg	(2.12	mmol)	of	NEt3	were	added	upon	

which	the	clear	colorless	solution	darkened	sligthly	to	a	brownish	color.	The	reaction	mixture	

was	stirred	for	24	hours	at	25	°C.	The	solvent	was	then	evaporated	 in	vacuo	at	55	°C	and	the	

residue	was	dissolved	in	acetone,	filtered	over	a	syringe	filter	and	the	complex	was	precipitated	

from	diethyl	ether.	After	washing	with	diethyl	ether,	the	complex	was	dried	in	vacuo	to	yield	

604	mg	of	an	off-white	powder.		

1H	NMR	(600	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	9.80 (br, 2H, 14-H), 7.94 (dd, 3JHH = 7.9 Hz, 
4JPH = 4.1 Hz , 1H, 2-H), 7.6-6.9 (m, 17H, 3-H, 4-H, 5-H, 9-H, 10-H, 11-H, 12-H, 16-H, 17-H, 18-H, 
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overlay of signals hampers unambigious assignments), 6.30 (br, 1H, 13-H), 6.00 (br, 1H, 13-H), 5.60 

(br, 1H, 13-H), 5.00 (br, 1H, 13-H), 0.25 (d, 3JPH = 3.3 Hz, 3H, 15-H). 

13C	{1H}NMR	(151	MHz,	d6-dmso):	δ	[ppm]	=	127.3	(2-C),	63.5	(d,	3JPC	=	130.52	Hz,	13-C), -1.2 

(15-C).	

31P	{1H}	NMR	(162	MHz,	25	°C,	d6-dmso):	δ	[ppm]	=	10.72	(s)	

7.2.4 Polymerizations	

All	 polymerizations,	 except	 the	 larger	 scale	 polymerizations	 from	 Chapter	 3.2.10,	 were	

carried	 out	 in	 a	 250	mL	BÜCHI	 stainless	 steel	 reactor	 equipped	with	 a	magnetic	 stirrer	 at	 a	

stirring	 rate	 of	 1000	 rpm.	 The	 reactor	 was	 repetitively	 heated	 under	 vacuum	 and	 backfilled	

with	 argon	 prior	 to	 polymerization.	 Temperature	 was	 contolled	 by	 a	 thermocouple	 dipping	

into	the	polymerization	mixture	and	adjusted	by	a	heating/cooling	jacket	supplied	thermostat.	

Ethylene	 pressure	 was	 constantly	 applied	 during	 all	 polymerizations	 and	 controlled	 by	 a	

pressure	transducer.		

The	large-scale	polymerizations	for	the	polymers	in	Chapter	3.2.10.	were	carried	out	in	a	1	L	

BÜCHI	stainless	steel	reactor	equipped	with	a	magnetic	stirrer	at	a	stirring	rate	of	1000	rpm.		

Standard	 procedure:	 Toluene	 or	 a	 solution	 of	 monomer(s)	 in	 toluene	 was	 canula	

transferred	into	the	reactor.	A	solution	of	catalyst	precursor	dissolved	or	suspended	in	CH2Cl2,	

was	added	while	stirring	and	ethylene	pressure	was	applied.	After	the	desired	reaction	time	the	

reactor	was	rapidly	vented	and	the	polymer	was	precipitated	from	methanol.	The	polymer	was	

washed	with	methanol	several	times	and	dried	at	20	mbar	at	50	°C	for	at	least	24	h.	

(1R,2S,3R,4S)-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic	acid	

	

7	g	of	5-endo-2,3-norbornene	dicarboxylic	anhydride	were	refluxed	in	170	mL	of	water	for	3	

h.	 After	 30	min	 the	 suspension	 becomes	 clear.	 The	 reaction	mixture	 was	 cooled	 to	 4	 °C	 to	

crystallize	 the	 product	 in	 thick	 white	 needles	 which	 were	 filtered	 and	 washed	 with	 little	

acetone	and	dried	 in	vacuo.	The	complete	opening	of	 the	anhydride	was	confirmed	by	ATIR	

spectroscopy.	
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7.2.5 Preparation	of	Polyamide/Polyolefin	Compounds	and	Test	Specimens	

The	 small	 scale	 discontinuous	 process	 of	 polymer	 compounding	 was	 performed	 on	 a	

corotating	 twin-screw	 microcompounder	 of	 15	 mL	 volume	 by	 DSM	 Xplore.	 	 The	 melt	

temperature	 was	 285	 °C	 and	 compounding	 was	 performed	 for	 3	 min	 at	 80	 rpm.	 Injection	

molding	was	accomplished	on	a	DSM	Xplore	12	mL	micro	injection	molder.	The	compound	was	

melted	 at	 285	 °C	 and	 formed	 at	 90	 °C.	 For	 each	 experiment	 and	 compound	 10	 specimens	

according	to	ISO	179-2/eA(F)	were	produced	and	notched	by	milling.		Impact	strength	testing	

was	performed	according	to	ISO	179-2/eA(F)	of	the	dried	samples	specimens	at	v	=	2.9	m/s	and	

at	23	or	-30	°C,	respectively.	

The	 large-scale	 compounds	 in	 3.2.10.	 were	 compunded	 in	 a	 continuous	 process	 on	 a	

conical	 twin-screw	 extruder	 Haake-Rheomex	 CTW	 100	 QC	 at	 100	 rpm	 and	 a	 melting	

temperature	of	 285	 °C.	 Injection	molding	was	 accomplished	on	 an	Arburg	Allrounder	 270	S.	

The	cylinder	was	kept	at	275-285	°C,	the	extrusion	die	was	heated	to	285	°C	and	the	specimen	

was	formed	at	60	°C.	Injection	time	was	2s	and	the	time	of	a	cycle	40	s.	6	tensile	bars	in	accord	

with	ISO	527-2,	type	A	were	produced	for	each	compound	and	tensile	testing	was	performed	

according	 to	 ISO	 527-2:2012.	 6	 charpy-notch	 bars	 were	 produced	 from	 the	 tensile	 bars	

according	 to	 ISO	 179-2/eA(F)	 and	 notched.
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8 Crystallographic	Appendix	

	

Figure	8-1.	ORTEP	plot	of	the	molecular	structure	of	complex	mNHMe(PO)PdMe(pyr)	obtained	by	single	
crystal	x-ray	diffractometry.	Ellipsoids	are	shown	with	50	%	probability.	Hydrogen	bonds	are	omitted	for	

clarity.	

Table	8-1.	Crystallographic	data	of	complex	mNHMe(PO)PdMe(pyr).		

CCDC	Number	 1547856	
Empirical	formula	 C26H28N3O3PPdS	
Formula	weight	 599.98	

Crystal	description	 Orange,	needle	
Temperature	 100	K	
Wavelength	 0.71073	

Crystal	system	 Monoclinic	
Space	group	 P21/C	

Unit	cell	dimensions	
a	=	10.8997	(9)	Å,	α	=	90	°	

b	=	9.7705	(6)	Å,	β	=	102.317	(7)°	
c	=	24.277	(2)	Å,	γ	=	90	°	

Volume	 2525.9(4)Å	
Z	 4	

Density	(calculated)	 1.58	g/cm3	
Absorption	coefficient	 0.92	mm-1	

F(000)	 1224.0	
Crystal	size	 0.3·0.5·0.5	

Theta	range	for	data	collection	 1.72-27.71°	
hkl	range	 -14/14,-12/12,-32/31	

Reflections	collected	 39885	
Independent	Reflections	 11994	
Completeness	to	data	 98.8	%	
Absorption	Correction	 Integration	

Max.	and	min.	transmission	 0.4350	and	0.7531	
Refinement	method	 Full-matrix	least-squares	on	F2	

Data/restraints/parameters	 11994/0/325	
Goodness-of-fit	on	F2	 0.927	
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Final	R	indices	[I	>	2sigma	(I)]	 R1	=	0.0790	,	wR2	=	1.622	
R	indices	(all	data)	 R1	=	0.1524,	wR2	=	0.1992	

Largest	difference	peak	and	hole	 0,773	and	-1.206	eÅ-3	
Diffractometer	 STOE	IPDS	2T	

Structure	solution	 SHELXS-97	
Structure	refinement	 SHELXL-2016/4	

Remarks	 	

	

	

Figure	8-2.	ORTEP	plot	of	the	molecular	structure	of	complex	mNH2(PO)PdMe(pyr)	obtained	by	single	
crystal	x-ray	diffractometry.	Ellipsoids	are	shown	with	50	%	probability.	A	disordered	pentane	molecule	

in	a	solvent	accessible	void	was	squeezed	by	the	SQUEEZING	routine	from	PLATON	v1.16.132.	

Table	8-2.	Crystallographic	data	of	complex	mNH2(PO)PdMe(pyr).		

CCDC	Number	 1547857	
Empirical	formula	 C24H24N3O3PPdS·0.5C5H11	
Crystal	description	 Orange,	platelet	
Formula	weight	 571.89	
Temperature	 100	K	

Wavelength	(Mo-Kα)[mm-1]	 0.71073	
Crystal	system	 Monoclinic	
Space	group	 P21/C	

Unit	cell	dimensions	
a	=	11.3739	(15)	Å,	α	=	90	°	

b	=	13.695	(3)	Å,	β	=	91.624	(10)°	
c	=	17.433	(2)	Å,	γ	=	90	°	

Volume	 2714.5	(7)	Å3	
Z	 4	

Density	(calculated)	 1.399	g/cm3	
Absorption	coefficient	 0.85	mm-1	

F(000)	 1160	
Crystal	size	 0.3	x	0.25	x	0.22	mm3	

Theta	range	for	data	collection	 1.791	to	25.802°	
hkl	range	 -13/13,-16/16,	-21/21	

Reflections	collected	 34238	
Completeness	to	data	 98.7	%	
Absorption	Correction	 Integration	

Max.	and	min.	transmission	 0.7249	and	0.8627	
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Refinement	method	 Full-matrix	least-squares	on	F2	
Data/restraints/parameters	 5126/0/299	

Goodness-of-fit	on	F2	 1.037	
Final	R	indices	[I	>	2	sigma	(I)]	 R1	=	0.0300,	wR2	=	0.0759		

R	indices	(all	data)	 R1	=	0.0378,	wR2	=	0.0785	
Largest	difference	peak	and	hole	 0.881	and	-0.561	eÅ-3	

Diffractometer	 STOE	IPDS	2T	
Structure	solution	 SHELXS-97	

Structure	refinement	 SHELXL-2016/4	

Remarks	

A	total	of	59	electrons	from	0.5	
equivalents	of	a	pentane	molecule	in	a	

solvent	accessible	void	at	the	position	0.500	
0.219	1.000	and	0.500	0.274	0.500	with	a	total	

volume	of	255	Å3	was	squeezed	by	the	
SQUEEZING	routine	from	PLATON	v1.16.132	
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9 Analytical	Appendix	

9.1 Analytics	and	Postpolymerization	Functionalization	of	

the	Impact	Modifiers	

Determination	of	Norbornene	Anhydride	Incorporation	

Assignment	 of	 the	 signals	 in	 the	 norbornene	 anhydride	 ethylene	 copolymers	 was	

supported	by	1H-13C-gHSQC,	1H-13C	gHMBC	and	1H-1H	gCOSY	spectra.		

	

	

Figure	9-1.	Determination	of	norbornene	anhydride	incorporations	in	ethylene	copolymers	by	1H	NMR	
spectroscopy	(400	MHz,	130	°C,	C2D2Cl4).	
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Figure	9-2.	1H-13C	gHSQC	spectrum	of	a	norbornene	anhydride	ethylene	copolymer	(400	MHz,	130	°C,	
C2D2Cl4).	

	

Figure	9-3.	1H-1H	gCOSY	spectrum	of	a	norbornene	anhydride	ethylene	copolymer	(400	MHz,	130	°C,	
C2D2Cl4).	

2JCH =10.48 Hz
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Figure	9-4.	1H-13C	gHMBC	spectrum	of	a	norbornene	anhydride	ethylene	copolymer	(400	MHz,	130	°C,	
C2D2Cl4).	

Half	Ester	and	Diester	Formation	from	Anhydrides	

The	re-formation	of	the	anhydride	moiety	from	the	open	forms	under	NMR	conditions	has	

to	be	taken	into	consideration	for	NMR	analysis	as	the	ratio	of	anhydride	to	half	ester	 in	the	

NMR	 spectra	 does	 not	 respresent	 the	 actual	 ratio	 in	 the	 unheated	 polymer.	 However,	 the	

actual	 ratio	 can	be	 calculated	 from	 the	 amount	 of	 the	 eliminated	 alcohol	 component	 in	 the	

NMR	spectra.	The	alcohol	was	assigned	by	an	added	excess	of	the	corresponding	alcohol	to	the	

polymer	solution	in	the	NMR	tube	as	chemical	shifts	of	the	pure	alcohol	in	the	NMR	solvent	

differed	from	the	ones	in	the	polymer	solution	and	could	not	be	used	as	a	reference.		

	

Figure	9-5.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	of	polyethylene	functionalized	with	5.8	mol	%	
norbornene	anhydride	which	was	reacted	to	the	methanol	half	ester.		



Analytics	and	Postpolymerization	Functionalization	of	the	Impact	Modifiers	

	
180	

	

Figure	9-6.	Stacked	1H	NMR	spectra	(400	MHz,	130	°C,	C2D2Cl4)	for	the	assignment	of	the	methanol	
signal	in	the	polymer	solution.	In	the	bottom	spectrum	methanol	was	added	for	reference.	

	

	

Figure	9-7.	1H	NMR	spectra	(400	MHz,	130	°C,	C2D2Cl4)	for	the	opening	of	the	anhydride	functionality	
(5.8	mol	%)	in	polyethylene	with	n-butanol	to	the	corresponding	half	ester.	
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Figure	9-8.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	for	polyethylene	functionalized	with	5.8	mol	%	
norbornene	anhydride	which	was	quantitatively	postfunctionalized	to	the	n-butanol	half	ester	(bottom	

spectrum	in	Figure	9-7).	

	

Figure	9-9.	1H-1H	gCOSY	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	for	the	opening	of	the	anhydride	in	
functionalized	polyethylene	with	n-butanol	to	the	half	ester	and	diester,	respectively.	

	



Analytics	and	Postpolymerization	Functionalization	of	the	Impact	Modifiers	

	
182	

	

Figure	9-10.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	of	polyethylene	functionalized	with	3.0	mol	%	
norbornene	anhydride	which	was	reacted	to	the	n-octanol	half	ester.	

	

	

Figure	9-11.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	of	polyethylene	functionalized	with	5.1	mol	%	
norbornene	anhydride	which	was	reacted	to	the	2-ethylhexyl	half	ester	with	2-ethyl	hexanol.	
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Figure	9-12.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	of	polyethylene	functionalized	with	5.1	mol%	
norbornene	anhydride	which	was	reacted	to	the	2-ethylhexyl	diester.	An	excess	of	2-ethyl	hexanol	was	

added	to	the	NMR	tube	mixture	for	signal	assignment.	

	

Figure	9-13.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	of	polyethylene	functionalized	with	5.1	mol	%	
norbornene	anhydride	which	was	reacted	to	the	2-ethylhexyl	diester	with	2-ethyl	hexanol.	Closing	to	the	

anhydride	was	not	observed	under	NMR	conditions	even	over	longer	times	of	heat	exposure.	
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Figure	9-14.	ATIR	spectra	of	polyethylene	functionalized	with	5.1	mol	%	norbornene	anhydride	which	
was	reacted	to	the	2-ethylhexyl	half-	and	diester,	respectively,	with	2-ethyl	hexanol.		

9.2 DSC-Traces	of	the	Polyamide/Polyolefin	Compounds	

	

	

	

Figure	9-15.	Heating	and	cooling	DSC	traces	for	CP1.	There	are	two	melting	points	due	to	microphase	
separation	of	the	polyolefin	and	the	polyamide	phases.	
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Figure	9-16.	Heating	and	cooling	DSC	traces	for	CP2	which	exhibits	only	one	melting	point	at	263	°C	for	
the	polyamide	matrix.	

	

	

	

Figure	9-17.	Heating	and	cooling	DSC	traces	for	compound	CP3	which	exhibits	only	one	melting	point	
for	the	polyamide	matrix	and	the	modifier.	
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Figure	9-18.	Heating	and	cooling	DSC	traces	for	compound	CP4	which	exhibits	only	one	melting	point	
for	the	polyamide	matrix	and	the	modifier.	

	

	

	

Figure	9-19.	Heating	and	cooling	DSC	traces	for	compound	CP5	which	exhibits	two	melting	points	for	
the	polyamide	matrix	and	the	modifier.	
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Figure	9-20.	Heating	and	cooling	DSC	traces	for	the	core	of	a	specimen	of	CP6a	which	exhibits	two	
melting	points	for	the	polyamide	matrix	and	the	modifier.		

	

9.3 Insertion	studies	

9.3.1 Insertion	Study	of	3-Methyl-1-Pentene		

3-methyl-1-pentene	was	studied	in	a	NMR	experiment	for	its	ability	to	insert	into	the	Pd-

Me	bond	of	1-dmso.	A	NMR	tube	was	charged	with	1-dmso	(65	mM)	in	CD2Cl2	at	25	°C	and	3-

methyl-1-pentene	 (4.5	 eq.)	 was	 added.	 1H	 NMR	 spectra	 were	 acquired	 periodically	 every	 10	

minutes.	Insertion	takes	place	as	can	be	seen	in	Figure	9-21.	from	the	decrease	of	the	resonance	

of	 the	methyl	 group	protons	 in	Pd-Me	 at	 δ	 =	 0.33	 ppm	and	 the	 consumption	 of	 3-methyl-1-

pentene	as	its	proton	signals	at	4.9	ppm	and	5.73	ppm	are	decreasing.	Almost	all	Pd-Me	species	

seem	to	be	initated	by	insertion	since	only	small	traces	of	methane	can	be	observed	at	δ	=	0.22	

ppm	(although	it	should	be	kept	in	mind	that	quantification	of	methane	is	difficult	due	to	its	

rapid	loss	to	the	NMR	head	tube	space.	The	increasing	doublet	at	δ	=	0.40	ppm	corresponds	to	

1,2-insertion	 into	 the	 Pd-methyl-bond.	 	 Furthermore,	 after	 almost	 all	 Pd-Me	 is	 consumed,	

another	multiplett	signal	arises	in	the	region	characteristic	for	internal	3-substituted	olefins	at	

δ	=	5.2	ppm.	 Internal	olefins	are	only	 formed	by	2,1-insertion	 into	either	 the	Pd-Me	or	Pd-H	

species	and	subsequent	β-hydride	elimination.	Since	all	Pd-Me	is	consumed	at	that	time	and	

the	 signal	 increases	 even	 further	 after	 the	 kinetic	 experiment,	 the	 internal	 olefin	 originates	

from	β-hydride	elimination	after	2,1-insertion	into	the	Pd-H	species.		
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Figure	9-21.		1H	NMR	(400	MHz,	25	°C,	CD2Cl2)	stacked	spectra	of	the	reaction	of	1-dmso	(65	mM)	with	
4.5	equivalents	of	3-methyl-1-pentene.	

This	 assumption	 could	 be	 confirmed	 by	 1H-1H	 gCOSY	 and	 1H-13C	 gHSQC	 spectra	 of	 the	

resulting	reaction	mixture	(Figure	9-22	and	Figure	9-23)	as	no	disubstituted	internal	olefins	are	

formed.	Over	the	course	of	the	experiment	3-methyl-1-pentene	is	therefore	 isomerized	to	the	

trisubstituted	 internal	olefins	B	and	vinylidene	C	(Scheme	9-1).	 1,2-insertion	 into	Pd-H	could	

not	be	confirmed	as	β-hydride	elimination	leads	again	to	3-methyl-1-pentene.	
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Figure	9-22.		1H-1H-gCOSY	spectrum	(400	MHz,	25	°C,	CD2Cl2)	for	the	reaction	of	1-dmso	(65	mM)	with	
4.5	equivalents	of	3-methyl-1-pentene.	

	

Figure	9-23.		1H-13C-gHSQC	spectrum	(400	MHz,	25	°C,	CD2Cl2)	for	the	reaction	of	1-dmso	(65	mM)	
with	4.5	equivalents	of	3-methyl-1-pentene.	
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Scheme	9-1.		Insertion	modes	observed	for	the	insertion	of	3-methyl-1-pentene	into	the	Pd-Me	bond	of	1-
dmso	(grey:	pathway	is	not	observed).	

	

	

	

9.3.2 Insertion	Study	of	Allyl	Acetate		

A	NMR	tube	was	charged	with	 1-dmso	 (65	mM)	 in	CD2Cl2	at	25	 °C	and	6	equivalents	of	

allyl	acetate	were	added.	1H	NMR	spectra	were	acquired	periodically	every	10	minutes	(Figure	

9-24).	 The	 decrease	 of	 the	 Pd-Me	 signal	 at	 δ	 =	 0.32	 ppm	 indicates	 insertion	 to	 occur.	 The	

increasing	 doublet	 at	 δ	 =	 0.57	 ppm	 results	 from	 1,2-insertion	 into	 the	 Pd-Me	 bond	 and	 the	

triplet	 resonance	 at	 δ	 =	 0.71	 ppm	 results	 from	 2,1-insertion	 into	 the	 Pd-Me-bond	which	was	

confirmed	by	a	1H-1H	gCOSY	spectrum	(Figure	9-25).	The β-hydride	elimination	product	from	

the	 2,1-insertion	 can	 be	 identified	 as	 the	 doublet	 of	 doublet	 at	 δ	 =	 1.66	 ppm.	The	β-hydride	

elimination	 product	 from	 the	 1,2-insertion	 is	 not	 assignable	 due	 to	 the	 overlap	 with	 other	

signals	in	this	region.		
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Figure	9-24.		1H	NMR	(400	MHz,	25	°C,	CD2Cl2)	stacked	spectra	of	the	reaction	of	1-dmso	(65	mM)	with	
6	equivalents	of	allyl	acetate.	

	

Figure	9-25.		1H-1H	gCOSY	(400	MHz,	25	°C,	CD2Cl2)	for	the	reaction	of	1-dmso	(65	mM)	with	6	
equivalents	of	allyl	acetate.	
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9.3.3 Insertion	Study	of	Vinyl	Acetate		

A	NMR	tube	was	charged	with	1-dmso	(67	mM)	in	CD2Cl2	at	rt	and	15	equivalents	of	vinyl	

acetate	were	added.	1H	NMR	spectra	were	acquired	periodically	every	10	minutes	(Figure	9-26	

and	Figure	9-27).	The	signal	for	the	methyl	group	protons	in	Pd-Me	at	δ	=	0.32	ppm	decreases	

through	2,1-insertion	and	1,2-insertion	of	vinyl	acetate	into	the	Pd-Me-bond.	The	triplet	at	δ	=	

0.65	ppm	corresponds	to	the	resonance	of	the	methyl	protons	of	the	product	complex	of	the	

first	2,1-insertion	(Figure	9-29).	The	doublet	at	1.15	ppm	can	be	ascribed	to	the	resonance	of	the	

methyl	protons	of	the	first	1,2-insertion	product.	After	4	days	at	room	temperature,	the	doublet	

at	 1.15	 ppm	 had	 vanished	 completely	 while	 the	 triplet	 at	 0.65	 ppm	 was	 still	 present	 in	

considerable	amounts	due	to	the	stability	of	the	5-ring	chelate	formed	by	the	first	2,1-insertion	

product	 via	 intramolecular	 bonding	 of	 the	 carbonyl	 group	 to	 palladium.	 The	 stable	 ring-

chelate	 formed	 by	 the	 first	 2,1-insertion	 product	 prevents	 β-hydride	 elimination	 to	 propenyl	

acetate	which	was	not	observed	in	the	1H	NMR	spectra	(pathway	in	grey	in	Figure	9-26).	The	

doublet	 of	 a	 triplet	 at	 1.73	 ppm	was	 ascribed	 to	 the	methyl	 group	 protons	 of	 propylene	 and	

confirmed	 by	 reference	 spectra	 and	 a	 1H-1H	 1D-TOCSY	 spectrum	 (Figure	 9-28).	 Propylene	 is	

formed	by	β-OAc-elimination	of	 the	 first	 1,2-insertion	product	 into	 the	Pd-Me	bond.	Hence,	

vinyl	acetate	inserts	both	in	a	1,2-	and	a	2,1-fashion	into	the	Pd-Me	bond.	Quantification	of	1,2-	

vs.	2,1-insertion	products	 is	not	possible	due	 to	 the	 rapid	β-hydride	elimination	observed	 for	

the	 1,2-insertion	 product.	 However,	 integral	 analysis	 of	 the	 periodically	 acquired	 1H	 NMR	

spectra	shows	a	much	faster	increase	for	the	1,2-insertion	product	and	the	propylene	formation	

compared	 to	 2,1-insertion	 indicating	 a	 preference	 for	 1,2-over	 2,1-	 insertion	 into	 the	 Pd-Me	

bond.			
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Figure	9-26.		1H	NMR	(400	MHz,	25	°C,	CD2Cl2)	stacked	spectra	between	0.2	and	1.8	ppm	of	the	reaction	
of	1-dmso	(67	mM)	with	15	equivalents	of	vinyl	acetate.	

	

Figure	9-27.	1H	NMR	(400	MHz,	25	°C,	CD2Cl2)	stacked	spectra	of	the	reaction	of	1-dmso	(67	mM)	with	
15	equivalents	of	vinyl	acetate.	

     b                    
c           
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Figure	9-28.	1H-1H	1D-TOCSY	(400	MHz,	25	°C,	CD2Cl2,	excitation	frequency	of	1.737	ppm)	confirming	
the	formation	of	propylene	during	the	reaction	of	1-dmso	(67	mM)	with	15	equivalents	of	vinyl	acetate.	

	

Figure	9-29.	1H-1H	gCOSY	(400	MHz,	25	°C,	CD2Cl2)	for	the	reaction	of	1-dmso	(67	mM)	with	15	
equivalents	of	vinyl	acetate.	

9.3.4 Insertion	Study	of	Allyl	diethyl	phosphonate		

A	NMR	tube	was	charged	with	1-dmso	(72	mM)	in	CD2Cl2	at	25	°C	and	30	equivalents	of	

allyl	 diethyl	 phosphonate	 were	 added.	 1H	 and	 31P	 NMR	 spectra	 were	 acquired	 directly	 after	

addition,	after	2	h	and	after	20	h.	Insertion	of	allyl	diethyl	phosphonate	into	the	Pd-Me	bond	

proceeded	 rather	 slowly.	 After	 20	 h	 the	 reaction	 was	 complete	 as	 evidenced	 by	 the	

A1 A2 A2‘ A3 
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disappearance	 of	 the	 Pd-CH3	 resonance	 in	 the	 1H	 NMR	 spectrum	 (Figure	 9-30).	 Insertion	

occured	by	both	1,2-	and	2,1-insertion	in	a	1:1	ratio.	The	triplet	at	0.26	ppm	can	be	ascribed	to	

the	 methyl	 proton	 resonance	 (A1,	 red	 in	 Figure	 9-31	 and	 Figure	 9-32)	 in	 the	 2,1-insertion	

product	and	the	doublet	of	a	doublet	 (A1,	blue	 in	Figure	9-31	and	Figure	9-32)	 to	 the	methyl	

proton	 resonance	 in	 the	 1,2-insertion	 product.	 β	 hydride	 elimination	 was	 not	 observed	

indicating	the	presence	of	stable	chelates	via	coordination	of	the	P=O	group	to	the	Pd	as	also	

observed	 for	 vinyl	 diethyl	 phosphonate.51	 Furthermore,	 dmso	 and	 free	 allyl	 diethyl	

phosphonate	is	removed	upon	work	up	of	the	complexes	supporting	the	assumption	of	present	

intramolecular	coordination	of	the		P=O-motifs.	

	

Figure	9-30.	Stacked	1H	NMR	specta	(400	MHz,	25	°C,	CD2Cl2)	for	the	insertion	of	allyl	diethyl	
phosphonate	(30	eq.)		into	1-dmso	(72	mM).	

The	insertion	products	were	worked	up	by	precipitation	of	the	reaction	mixture	in	diethyl	

ether	which	yielded	about	 15	mg	of	a	 1:1	mixture	of	 the	 1,2-and	2,1-insertion	products	 (Figure	

9-31).	The	same	insertion	ratio	was	determined	before	work	up	of	the	reaction	mixture	hence	

no	insertion	product	is	lost	upon	work	up.	
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Figure	9-31.	1H	NMR	spectrum	(top)	and	1H{31P}	NMR	spectrum	(bottom)	(400	MHz,	25	°C,	CD2Cl2)	for	
the	isolated	insertion	products	of	allyl	diethyl	phosphonate	into	1-dmso.	

	

Figure	9-32.	31P	NMR	spectrum	(162	MHz,	25	°C,	CD2Cl2)	of	the	1,2-	and	2,1-insertion	products	for	the	
reaction	of	allyl	diethyl	phosphonate	with	1-dmso.	
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Figure	9-33.	1H-31P	HMBC	spectrum	(400	and	162	MHz,	25	°C,	CD2Cl2)	of	the	1,2-	and	2,1-insertion	
products	for	the	reaction	of	allyl	diethyl	phosphonate	with	1-dmso.	

	

Figure	9-34.	1H-1H	COSY	spectrum	(400	MHz,	25	°C,	CD2Cl2)	of	the	1,2-	and	2,1-insertion	products	for	the	
reaction	of	allyl	diethyl	phosphonate	with	1-dmso.	
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Figure	9-35.	1H-13C	HSQC	spectrum	(400	MHz,	101	MHz,	25	°C,	CD2Cl2)	of	the	1,2-	and	2,1-insertion	
products	for	the	reaction	of	allyl	diethyl	phosphonate	with	1-dmso.	

9.3.5 Insertion	Study	of	iso-Butyl	Acrylate		

A	NMR	tube	was	charged	with	1-dmso	(77	mM)	in	CD2Cl2	at	25	°C	and	36	equivalents	of	is-

butyl	 acrylate	 were	 added.	 After	 already	 10	min	 the	 clear	 solution	 turned	 yellow.	 After	 one	

hour	 a	 1H-1H	 gCOSY	 spectrum	was	 acquired	 revealing	 complete	 consumption	 of	 the	 Pd-Me	

species	by	 iso-butyl	acrylate	 insertion	into	the	Pd-Me	bond	which	is	afforded	by	2,1-insertion	

solely	(green	in	Figure	9-36).		

	

Figure	9-36.	1H-1H-gCOSY	spectrum	(400	MHz,	25	°C,	CD2Cl2)	for	the	insertion	of	iso-butyl	acrylate	(36	
eq.)	into	the	Pd-Me	of	1-dmso	(76	mM).	
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9.4 Functionalized	Complexes	

ESI-MS	Spectra	

	

Figure	9-37.	Simulated	isotope	pattern	for	C42H42ClLiO10P2Pd2S2.	

	

	

Figure	9-38.	Isotope	pattern	found	for	C42H42ClLiO10P2Pd2S2.	
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Figure	9-39.	Simulated	isotope	pattern	for	C42H42Cl2Li3O10P2Pd2S2.	

	

	

Figure	9-40.	Isotope	pattern	found	for	C42H42Cl2Li3O10P2Pd2S2.	
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Figure	9-41.	Simulated	isotope	pattern	for	C42H42LiO10P2Pd2S2.	

	

Figure	9-42.	Isotope	pattern	found	for	C42H42LiO10P2Pd2S2	
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Figure	9-43.	Simulated	isotope	pattern	for	C40H36LiN3O7PPdS.	

	

Figure	9-44.	Isotope	pattern	found	for	C40H36LiN3O7PPdS.	
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9.5 Polymerizations	

Terpolymerizations	

	

	

Table	9-1.	Terpolymerization	of	ethylene	with	propylene	or	methyl	acrylate	(MA)	and	acrylic	acid	(AA),	
respectively,	with	1-dmso.	

Entry	 p(E)c	
/bar	

p(P)b	
/bar	

Yield	
/mg	

[AA]	
/mol	L-1	

[MA]	
/mol	L-1	

AA/MAe	
content	
/mol	%	

Pe	
content	
/mol	%	

Tm
	/°C		

(χd/%)	 DPn
e	

1	 3	 3	 512	 -	 0.1	 3.2	 7.1	 69	°C	(46	%)	 122	
2	 3	 3	 155	 -	 0.3	 7.7	 4.8	 56	°C	(26	%)	 101	
3	 3	 3	 n.p.	 -	 0.6	 n.m.	 n.m.	 n.m.	 n.m.	
4	 3	 3	 173	 0.1	 -	 3.1	 5.9	 82	°C	(44	%)	 133	
5	 3	 3	 n.p.	 0.3	 -	 n.m.	 n.m.	 n.m.	 n.m.	

a 	 polymerization	 conditions:	 100	mL	 toluene;	 95	 °C	 reaction	 temperature,	 20	μmol	 1-
dmso , 	 polymerization	 time:	 15	 min.	 b	 propylene	 pressure	 was	 applied	 once	 at	 the	
beginning	 of	 the	 experiment	 until	 saturation.	 It	 should	 be	 kept	 in	mind	 that	 during	 this	
period	 insertion	 into	 the	 catalyst	 already	 takes	 place	 to	 some	 extent	 leading	 to	 some	
propylene	 oligomers	 which	 are	 removed	 during	 work	 up.	 	 c 	 ethylene	 pressure	 was	
constantly	 applied	 during	 polymerization.	 d	 determined	 by	 differential	 scanning	
calorimetry	at	a	heating	rate	of	10	K	min-1	 e	determined	by	 1H	NMR	spectroscopy	at	130	°C	
in	C2D2Cl4.	n.p.	no	polymer	isolable.	
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Figure	9-45.	13C	NMR	spectrum	(inverse	gated	decoupled,	150	MHz,	130	°C,	C2D2Cl4)	of	an	ethylene	
propylene	methyl	acrylate	terpolymer	with	3.2	mol	%	methyl	acrylate	and	7.1	mol	%	propylene.	

	

.	

	

Figure	9-46.	1H	NMR	spectrum	(400	MHz,	130	°C,	C2D2Cl4)	of	an	ethylene	propylene	methyl	acrylate	
terpolymer.	
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Figure	9-47.	13C	NMR	spectrum	(inverse	gated	decoupled,	150	MHz,	130	°C,	C2D2Cl4)	of	an	ethylene	
propylene	acrylic	acid	terpolymer	with	3.1	mol	%	acrylic	acid	and	5.9	mol	%	propylene.	

	

Figure	9-48.	13C	NMR	spectrum	(150	MHz,	130	°C,	C2D2Cl4)	of	an	ethylene	3-methyl-1-pentene	copolymer	
with	0.2	mol	%	3-methyl-1-pentene	incorporation.	
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Figure	9-49.	1H	NMR	spectrum	(400	MHz,	C2D2Cl4,	130	°C)	of	an	ethylene	3-methyl-1-pentene	copolymer	
with	0.2	mol	%	3-methyl-1-pentene	incorporation.	
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9.6 Reactivity	Ratios	

Table	9-2.	Reactivity	of	selected	polar	and	apolar	vinyl	monomers	(comonomer	-	CM)	in	insertion	copolymerization	with	ethylene	with	1-L	at	95	°C	in	toluene	and	3-
20	bar	ethylene	pressure.	

Copo	
p(E)	
/bar	

p(P)	
/bar	

[E	]a	
/mol	L-1		

[1-olefin]a	
/mol	L-1	

[CM]	
/mol	L-1	

Polymer	
Yield	
/g	

Eb	

incorp	
/mol%	

	

CMb	
incorp
/mol	
%	

1-olefinb	
incorp.	
/mol%	

	

Incorp.	
ratio	
E:CMb	

Reactivity	
ratio	

E:CMb,g	

Comonomer	
consumption	

(g/%)	

E/MAf	 5	 -	 0.24	 -	 0.60	 0.30	 87	 13	 -	 7:1	 18:1	 0.100/2	
E/MA	 5	 -	 0.24	 -	 0.60	 1.50	 88	 12	 -	 7:1	 18:1	 0.443/8.5	

average	 	 	 	 	 	 	 	 	 	 	 18:1(±0)	 	
E/nBuAc		 5	 -	 0.24	 -	 0.30	 2.00	 93.4	 6.6	 -	 14:1	 18:1	 0.488/25	

	
5	 -	 0.24	 -	 0.60	 1.33	 88.9	 11.1	 -	 8:1	 20:1	 0.483/13	

	
5	 -	 0.24	 -	 0.90	 0.95	 82.9	 17.1	 -	 5:1	 19:1	 0.461/8	

average	 	 	 	 	 	 	 	 	 	 	 19:1(±1)	 	
E/iBuAc		 5	 -	 0.24	 -	 0.30	 2.24	 94.4	 5.6	 -	 17:1	 21:1	 0.477/25	

	
5	 -	 0.24	 -	 0.60	 1.65	 89.7	 10.3	 -	 9:1	 23:1	 0.568/15	

	
5	 -	 0.24	 -	 0.90	 1.02	 84.6	 15.4	 -	 6:1	 23:1	 0.463/8	

average	 	 	 	 	 	 	 	 	 	 	 22:1(±1)	 	
E/tBuAc		 5	 -	 0.24	 -	 0.30	 2.11	 96.5	 3.5	 -	 28:1	 35:1	 0.300/16	

	
5	 -	 0.24	 -	 0.60	 1.10	 94.0	 6.0	 -	 16:1	 40:1	 0.248/6	

	
5	 -	 0.24	 -	 0.90	 0.80	 91.0	 9.0	 -	 10:1	 38:1	 0.249/4	

average	 	 	 	 -	 	 	 	 	 	 	 38:1(±2)	 	
E/EHAc		 5	 -	 0.24	 -	 0.30	 2.35	 95.2	 4.8	 -	 20:1	 25:1	 0.585/21	
E/FurAc		 5	 -	 0.24	 -	 0.30	 0.13	 93.9	 6.1	 -	 15:1	 19:1	 0.034/1.5	
E/GAc		 5	 -	 0.24	 -	 0.50	 0.76	 88.7	 11.3	 -	 8:1	 17:1	 0.280/8.6	

	
5	 -	 0.24	 -	 0.25	 1.35	 93.6	 6.4	 -	 15:1	 16:1	 0.325/20	

	
5	 -	 0.24	 -	 0.1	 3.01	 97.9	 2.1	 -	 47:1	 20:1	 0.274/42	

average	 	 	 	 	 	 	 	 	 	 	 18:1(±2)	 	
E/HEAc		 5	 -	 0.24	 -	 0.50	 0.25	 89.6	 10.4	 -	 8.6:1	 18:1	 0.081/2.8	

	
5	 -	 0.24	 -	 0.75	 0.04	 86.8	 13.2	 -	 7:1	 22:1	 0.016/<<1	
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average	 	 	 	 	 	 	 	 	 	 	 20:1(±3)	 	
E/GlycAc		 5	 -	 0.24	 -	 0.60	 0.21	 88.6	 11.4	 -	 8:1	 20:1	 0.078/2	

	
5	 -	 0.24	 -	 0.10	 0.91	 97.9	 2.1	 -	 47:1	 20:1	 0.081/13	

average	 	 	 	 	 	 	 	 	 	 	 20:1(±0)	 	
E/EEEAc		 5	 -	 0.24	 -	 0.10	 3.57	 98.0	 2.0	 -	 49:1	 20:1	 0.403/46	

	
5	 -	 0.24	 -	 0.25	 1.30	 94.1	 5.9	 -	 16:1	 17:1	 0.364/17	

	
5	 -	 0.24	 -	 0.50	 0.61	 90.0	 10.0	 -	 9:1	 19:1	 0.250/5.7	

average	 	 	 	 	 	 	 	 	 	 	 19:1(±2)	 	
E/	

OOPCAc		
5	 -	 0.24	 -	 0.10	 4.31	 98.1	 1.9	 -	 52:1	 22:1	 1.00-0.9/37-46	

	
5	 -	 0.24	 -	 0.25	 3.57	 94.7	 5.3	 -	 18:1	 19:1	 1.68-1.75/28-32	

average	 	 	 	 	 	 	 	 	 	 	 21:1(±2)	 	
E/	

TMSPAc		
5	 -	 0.24	 -	 0.25	 1.64	 95.8	 4.2	 -	 21:1	 22:1	 0.440/15	

	
5	 -	 0.24	 -	 0.50	 0.94	 92.7	 7.3	 -	 13:1	 27:1	 0.373/6	

	
5	 -	 0.24	 -	 0.75	 0.61	 87.1	 12.9	 -	 7:1	 22:1	 0.337/4	

average	 	 	 	 	 	 	 	 	 	 	 24:1(±3)	 	
E/CEAc		 5	 -	 0.24	 -	 0.10	 0.40	 97.8	 3.2	 -	 31:1	 13:1	 0.051/8.2	
E/CEAc	 5	 -	 0.24	 -	 0.200	 0.10	 96.8	 6.2	 -	 16:1	 13:1	 0.023/2	
E/CEAc	 5	 -	 0.24	 -	 0.3	 0.06	 92	 8.0	 -	 12:1	 15:1	 0.017/0.9	
average	 	 	 	 	 	 	 	 	 	 	 14:1(±1)	 	
E/VDPc		

	 -	 	 -	 0.40	 0.24	 98.4	 1.6	 -	 62:1	 103:1	 0.021/0.6	

	 	 -	 	 -	 0.30	 0.55	 98.5	 1.5	 -	 66:1	 83:1	 0.045/1.8	

	 	 -	 	 -	 0.20	 0.87	 98.8	 1.2	 -	 82:1	 68:1	 0.058/3.5	
average	 	 	 	 	 	 	 	 	 	 	 85:1(±17)	 	
E/VPAc		

	 -	 	 -	 0.50	 0.52	 96.8	 3.2	 -	 30:1	 62:1	 0.059/2.2	

	 	 -	 	 -	 0.30	 0.23	 98.0	 2.0	 -	 49:1	 62:1	 0.017/1.0	

	 	 -	 	 -	 0.10	 0.66	 99.5	 0.5	 -	 199:1	 83:1	 0.019/3.5	
average	 	 	 	 	 	 	 	 	 	 	 69:1(±12)	 	
E/AlDPc		 5	 -	 0.24	 -	 0.10	 0.59	 99.6	 0.4	 -	 250:1	 104:1	 0.015/1.7	
E/AlDPc	 5	 -	 0.24	 -	 0.30	 0.23	 98.8	 1.2	 -	 82:1	 103:1	 0.016/0.6	
average	 	 	 	 	 	 	 	 	 	 	 104:1(±1)	 	
E/AA	 10	 -	 0.67	 -	 0.60	 0.320	 94.6	 5.4	 -	 18:1	 16:1	 0.040/0.9	
E/AA	 20	 -	 1.43	 -	 1.20	 0.650	 94.4	 5.6	 -	 17:1	 14:1	 0.086/1.0	
E/AA	 5	 -	 0.24	 -	 0.30	 0.353	 92.6	 7.4	 -	 13:1	 16:1	 0.060/2.8	
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average	 	 	 	 	 	 	 	 	 	 	 15:1(±1)	 	
E/P	 3	 3	 0.12	 0.55	 -	 8.41	 93.6	 -	 6.4	 15:1	 69:1	 0.782/34	

E/P/MA	 3	 3	 0.12	 0.55	 0.10	 0.51	 89.7	 3.2	 7.1	 28:1:2	
E:MA:P	

64:3:1	
E:MA:P	

0.052(P)/2	
0.047(MA)/6	

E/P/AA	 3	 3	 0.12	 0.55	 0.10	 0.17	 91.0	 3.1	 5.9	 28:1:2	
E:AA:P	

64:3:1	
E:AA:P	

0.014(P)/0.6	
0.076(AA)/10	

E/AlAc	 5	 -	 0.24	 -	 0.30	 0.032	 98.5	 1.5	 -	 66:1	 83:1	 0.0017/<<1	
E/AlAc	 5	 -	 0.24	 -	 0.10	 0.076	 99.5	 0.5	 -	 199:1	 83:1	 0.0013/0.1	
E/AlAc	 5	 -	 0.24	 -	 0.050	 0.149	 99.7	 0.3	 -	 332:1	 70:1	 0.0016/0.3	
average	 	 	 	 	 	 	 	 	 	 	 79:1(±7)	 	
E/AlSAe		 5	 -	 0.24	 -	 1.0	 0.270	 96.3	 3.7	 -	 26:1	 108:1	 0.043/3.1	

E/3M1P	 20	 -	 1.43	 0.40	 -	 9.45	 99.8	 0.2	 -	 499:1	 140:1	 0.057/1.7	

E/MVSd		 5	 -	 0.24	 -	 0.60	 0.54	 95.2	 4.8	 -	 20:1	 50:1	 0.114/4.5	
	 5	 -	 0.24	 -	 1.1	 0.33	 92.8	 7.2	 -	 12:1	 55:1	 0.086/1.8	
	 5	 -	 0.24	 -	 1.2	 0.06	 93.2	 6.8	 -	 14:1	 70:1	 0.013/0.2	

average	 	 	 	 	 	 	 	 	 	 	 58:1(±10)	 	
E/PVS	d	 5	 -	 0.24	 -	 1.0	 0.26	 95.0	 5.0	 -	 19:1	 79:1	 0.062/0.9	
E/DMAA	 20	 -	 1.43	 -	 0.22	 1.40	 99.72	 0.28	 -	 356:1	 55:1	 0.014/0.6	

	 10	 -	 0.67	 -	 0.20	 0.568	 99.36	 0.64	 -	 155:1	 46:1	 0.012/0.6	
average	 	 	 	 	 	 	 	 	 	 	 51:1(±6)	 	
E/ANc		 5	 -	 0.24	 -	 0.1	 0.070	 97.4	 2.6	 -	 37:1	 15:1	 0.0034/1.2	
E/EVE	 5	 -	 0.24	 -	 0.6	 0.503	 99.6	 0.4	 -	 249:1	 622:1	 0.005/0.1	
E/EVE	 5	 -	 0.24	 -	 1.0	 0.293	 99.3	 0.7	 -	 142:1	 592:1	 0.005/<<1	
E/EVE	 5	 -	 0.24	 -	 1.5	 0.203	 98.4	 1.6	 -	 62:1	 388:1	 0.008/<<1	

average	 	 	 	 	 	 	 	 	 	 	
534:1	
(±127)	 	

E/N	 5	 -	 0.24	 -	 0.1	 12.01	 97.8	 2.1	 -	 47:1	 20:1	 0.805/86	
E/Nf	 5	 -	 0.24	 -	 0.1	 4.73	 93.3	 6.7	 -	 14:1	 6:1	 0.919/98	
E/N	 5	 -	 0.24	 -	 0.31	 7.71	 82.7	 17.3	 -	 4.8:1	 6:1	 3.18/>100	
E/N	 5	 -	 0.24	 -	 0.58	 6.44	 69.6	 30.4	 -	 2.3:1	 6:1	 3.83/70	
E/N	 5	 -	 0.24	 -	 1.1	 18.42	 65.5	 34.5	 -	 1.9:1	 9:1	 11.8/>100	
E/VA	 5	 -	 0.24	 -	 0.2	 0.097	 99.8	 0.2	 -	 500:1	 417:1	 0.0005/<<1	
E/VA	 5	 -	 0.24	 -	 0.3	 0.030	 99.7	 0.3	 -	 332:1	 415:1	 0.0003/<<1	

average	 	 	 	 	 	 	 	 	 -	 	 416:1(±1)	 	
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E/VPSc		 5	 -	 0.24	 -	 0.1	 1.31	 99.0	 1.0	 -	 99:1	 41:1	 0.081/8.8	
E/VPSe	 5	 -	 0.24	 -	 0.3	 0.174	 96.2	 3.8	 -	 25:1	 31:1	 0.036/1.6	
average	 	 	 	 	 	 	 	 	 	 	 36:1(±7)	 	
E/VNeoSc		 5	 -	 0.24	 -	 0.3	 1.49	 97.1	 2.9	 -	 33:1	 41:1	 0.238/8.9	

	

a	 concentration	 in	 neat	 toluene	 at	 95	 °C	 b	 in-chain	 incorporation	 (also	 includes	 unsaturated	 chain	 ends)	 vs.	 initiating	 saturated	 chain	 end	 of	

comonomer	 is	 taken	 into	 account.	 The	 comonomer	 incorporations	 and	 reactivity	 ratios	 determined	 thereof	 are	 given	 for	 the	 pure	 in-chain	

incorporation.	The	in-chain	incorporations	of	the	comonomers	were	determined	from	either	inverse	gated	decoupled	13C	NMR	spectra	or,	if	possible,	

also	 from	 1H	NMR	spectra	 from	 the	 resonances	 reported	 in	 literature:	MA11,	nBuA11,	 iBuA11,	 tBuA11,	 EHA142,	 FurA141,	GA141,	HEA141,	GlycA142,	MEEA141,	

OOPCA141,	TMSPA142,	CEA141,	VDP51,	VPA51,	AlDP141,	AA125,	AlAc41,	AlSA141,	3M1P158,	MVS50,	PVS50,	DMAA46,	AN39,	EVE49,	N48,	VA40,	VPS141,	VNeoS141.	c	50	

mL	 total	 volume.	 	 d	 40	mL	 total	 volume.	 	 e	 10	ml	 total	 volume.	 f	 10	min	 polymerization	 time.	 g	 incorporation	 ratio	 (E:CM)	 =	 [E]x,polym/[CM]x,polym.	

Standard	deviation	is	given	in	brackets	

Abbreviations:	ethylene	(E),	methyl	acrylate	(MA),	n-butyl	acrylate	(nBuA),	 iso-butyl	acrylate	(iBuA),	tert-butyl	acrylate	(tBuA),	2-ethylhexyl	

acrylate	 (EHA),	 furfuryl	 acrylate	 (FurA),	 glycol	 acrylate	 (GA),	 hydroxyethyl	 acrylate	 (HEA),	 glycidyl	 acrylate	 (GlyA),	 2-(2-methoxyethoxy)ethyl	

acrylate	 (MEEA),	 2-	 2,5,8,11,14,17,20,23-octaoxapentacosan-25-yl	 acrylate	 (glycol	 acrylate	with	 8-9	 glycol	 units)	 (OOPCA),	 3-(trimethoxysilyl)propyl	

acrylate	 (TMSPA),	 2-cyanoethyl	 acrylate	 (nitrile	 acrylate)	 (CEA),	 vinyl	 diethyl	 phosphonate	 (VDP),	 vinyl	 phosphonic	 acid	 (VPA),	 allyl	 diethyl	

phosphonate	(AlDP),	acrylic	acid	(AA),	propylene	(P),	allyl	acetate	(AlAc),	allyl	succinyl	anhydride	(AlSA),	3-methyl-1-pentene	(3M1P),	methyl	vinyl	

sulfone	 (MVS),	 phenyl	 vinyl	 sulfone	 (PVS),	N,N-dimethyl	 acrylamide	 (DMAA),	 acrylonitrile	 (AN),	 ethyl	 vinyl	 ether	 (EVE),	 norbornene	 (N),	 vinyl	

acetate	(VA),	vinyl	phenyl	sulfonate	(VPS),	vinyl	neopentyl	sulfonate	(VneoS),	comonomer	(CM).		
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9.7 Gas	Solubility	Determination	

The	 concentration	 of	 propylene	 in	 toluene	 at	 3	 bar	 and	 at	 95	 °C	 was	 determined	 by	 a	

gravimetric	 method.	 A	 100	 mL	 stainless	 steel	 reactor	 was	 kept	 at	 95	 °C	 in	 an	 oil	 bath	 and	

saturated	 with	 propylene	 until	 a	 constant	mass	 was	 achieved.	 For	 the	 determination	 of	 the	

amount	of	propylene	gas	in	the	head	space	of	the	reactor,	the	liquid	phase	was	mimicked	via	

glass	beads	of	the	same	volume.	The	same	procedure	was	applied	to	determine	the	solubility	of	

ethylene	in	toluene	at	95	°C	and	at	3,	5,	10	and	20	bar	ethylene	pressure.	Measurements	were	

repeated	3	times	for	each	data	point.	

Table	9-3.	Gas	solubility	determination	results	of	ethylene	in	toluene	at	95	°C	and	3	bar.	

Experiment	 m1/g	 m2/g	 m2-m1/g	

1	 3805.75	 3806.00	 0.25	
2	 3806.20	 3806.45	 0.25	
3	 3806.45	 3806.70	 0.25	

average	
	 	

0.25	(±0.00)	

m1	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	
m2	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	+	ethylene	equilibrated	at	95	

°C	and	20	bar	
m2-m1	–	ethylene	in	reactor	head	space	and	liquid	phase	
	

Experiment	 m3/g	 m4/g	 m4-m3/g	

1	 3871.55	 3871.70	 0.15	
2	 3873.65	 3873.75	 0.10	
3	 3873.45	 3873.55	 0.10	

average	
	 	

0.12	(±0.03)	

m3	-	mass	of	reactor	and	glass	beads	which	correspond	to	40	mL	fluid		
m4	 -	 mass	 of	 reactor	 and	 glass	 beads	 which	 correspond	 to	 40	 mL	 fluid	 +	 ethylene	

equilibrated	at	95	°C	and	20	bar	
m4-m3	-	ethylene	gas	in	head	space	of	reactor	
	

ethylene	in	liquid	phase:	0.130	g	(±	0.030	g)	à	0.0046	mol	in	0.04	L	toluene		

à[ethylene]95°C,	3bar,	toluene	=	0.12	mol	L-1	(	±	0.029	mol	L-1)	(xethylene	=	0.012)	
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Table	9-4.	Gas	solubility	determination	results	of	ethylene	in	toluene	at	95	°C	and	5	bar.	

Experiment	 m1/g	 m2/g	 m2-m1/g	

1	 3805.75	 3806.20	 0.40	
2	 3806.20	 3806.70	 0.50	
3	 3806.45	 3806.95	 0.50	

average	
	 	

0.47	(±0.05)	

m1	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	
m2	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	+	ethylene	equilibrated	at	95	

°C	and	20	bar	
m2-m1	–	ethylene	in	reactor	head	space	and	liquid	phase	
	

Experiment	 m3/g	 m4/g	 m4-m3/g	

1	 3871.55	 3871.80	 0.20	
2	 3873.65	 3873.85	 0.20	
3	 3873.45	 3873.65	 0.20	

average	
	 	

0.20	(±0.00)	

m3	-	mass	of	reactor	and	glass	beads	which	correspond	to	40	mL	fluid		
m4	 -	 mass	 of	 reactor	 and	 glass	 beads	 which	 correspond	 to	 40	 mL	 fluid	 +	 ethylene	

equilibrated	at	95	°C	and	20	bar	
m4-m3	-	ethylene	gas	in	head	space	of	reactor	
	

ethylene	in	liquid	phase:	0.270	g	(±	0.05)	à	0.0096	mol	in	0.04	L	toluene			

à[ethylene]95°C,	5bar,	toluene	=	0.24	mol	L-1	(±	0.098	mol	L-1)	(xethylene	=	0.024)	

	

Table	9-5.	Gas	solubility	determination	results	of	ethylene	in	toluene	at	95	°C	and	10	bar.	

Experiment	 m1/g	 m2/g	 m2-m1/g	

1	 3805.60	 3806.75	 1.15	
2	 3806.20	 3807.40	 1.20	
3	 3806.85	 3808.10	 1.25	

average	
	 	

1.20	(±0.05)	

m1	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	
m2	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	+	ethylene	equilibrated	at	95	

°C	and	20	bar	
m2-m1	–	ethylene	in	reactor	head	space	and	liquid	phase	
	

Experiment	 m3/g	 m4/g	 m4-m3/g	

1	 3871.35	 3871.80	 0.45	
2	 3873.65	 3874.05	 0.40	
3	 3873.45	 3873.95	 0.50	

average	
	 	

0.45	(±0.08)	
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m3	-	mass	of	reactor	and	glass	beads	which	correspond	to	40	mL	fluid		
m4	-	mass	of	reactor	and	glass	beads	which	correspond	to	40	mL	fluid	+	ethylene	saturated	

at	95	°C	and	20	bar	
m4-m3	-	ethylene	gas	in	head	space	of	reactor	
	

ethylene	in	liquid	phase:	0.750	g	(±	0.23	g)	à	0.027	mol	in	0.04	l	toluene		

à[ethylene]95°C,	10bar,	toluene	=	0.67	mol	L-1	(±	0.20	mol	L-1)	(xethylene	=	0.067)	

	

Table	9-6.	Gas	solubility	determination	results	of	ethylene	in	toluene	at	95	°C	and	20	bar.	

Experiment	 m1/g	 m2/g	 m2-m1/g	

	 	 	 	
1	 3806.20	 3808.70	 2.50	
2	 3806.45	 3809.00	 2.55	
3	 3806.85	 3809.35	 2.50	

average	
	 	

2.52	(±0.03)	

	 	 	 	
m1	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	
m2	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	+	ethylene	equilibrated	at	95	

°C	and	20	bar	
m2-m1	–	ethylene	in	reactor	head	space	and	liquid	phase	
	

Experiment	 m3/g	 m4/g	 m4-m3/g	

1	 3871.35	 3872.20	 0.85	
2	 3873.65	 3874.50	 0.85	
3	 3873.45	 3874.40	 0.95	

average	
	 	

0.88	(±0.06)	

m3	-	mass	of	reactor	and	glass	beads	which	correspond	to	40	mL	fluid		
m4	 -	 mass	 of	 reactor	 and	 glass	 beads	 which	 correspond	 to	 40	 mL	 fluid	 +	 ethylene	

equilibrated	at	95	°C	and	20	bar	
m4-m3	-	ethylene	gas	in	head	space	of	reactor	
	

ethylene	in	liquid	phase:	1.64	g	(±	0.09g)	à	0.059	mol	in	0.04	L	toluene		

à[ethylene]95°C,	20bar,	toluene	=	1.43	mol	L-1	(±	0.08	mol	L-1)	(xethylene	=	0.147)		
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Figure	9-50.	Solubility	of	ethylene	in	toluene	at	95	°C	determined	gravimetrically.	Error	bars	represent	
the	standard	deviation.	

Table	9-7.	Gas	solubility	determination	results	of	propylene	in	toluene	at	95	°C	and	3	bar.	

eExperiment	 m1/g	 m2/g	 m2-m1/g	

	 	 	 	
1	 3805.20	 3806.30	 1.10	
2	 3805.15	 3806.30	 1.15	
3	 3805.05	 3806.20	 1.15	

average	
	 	

1.13	(±0.03)	

	 	 	 	
m1	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	
m2	-	mass	of	40	mL	toluene	+	reactor	+	magnetic	stirring	bar	+	propylene	equilibrated	at	95	

°C	and	3	bar	
m2-m1	–	propylene	in	reactor	head	space	and	liquid	phase	

Experiment	 m3/g	 m4/g	 m4-m3/g	

1	 3872.60	 3872.80	 0.20	
2	 3872.50	 3872.70	 0.20	
3	 3872.50	 3872.70	 0.20	

average	
	 	

0.20	(±0.00)	

m3	-	mass	of	reactor	and	glass	beads	which	correspond	to	40	mL	fluid		
m4	 -	 mass	 of	 reactor	 and	 glass	 beads	 which	 correspond	 to	 40	 mL	 fluid	 +	 propylene	

equilibrated	at	95	°C	and	3	bar	
m4-m3	-	propylene	gas	in	head	space	of	reactor	

propylene	in	liquid	phase:	m2-m1-(m4-m3)	=	0.93	g	(±	0.03	g)	à	0.022	mol	in	0.04	L	toluene		

à[propylene]95°C,	3bar,	toluene	=	0.55	mol	L-1	(±	0.02	mol	L-1)	(xpropylene	=	0.055)		

0 5 10 15 20
0,0

0,5

1,0

1,5
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][
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9.8 Determination	of	Reactivity	Ratios	rA	via	a	Fineman-

Ross	Approach	

	

To	 probe	 wether	 rA	 values	 determined	 in	 Table	 9-2	 are	 sufficient	 to	 describe	 insertion	

copolymerizations	 of	 ethylene	 with	 1-dmso.	 Fineman-Ross	 plots	 were	 also	 determined	 for	

selected	vinyl	monomers	(allyl	acetate,	acrylic	acid,	tert-butyl	acrylate,	iso-butyl	acrylate	and	n-

butyl	acrylate).		

The	 plots	 were	 determined	 according	 to	 the	 following	 equation	 with	 R	 =	 [A]x,polym/[B]x,	

polymer	 and	 C	 =	 [B]0/[A]0	 which	 are	 reasonable	 approximations	 at	 the	 low	 conversions	 of	 the	

comonomers	and	continuous	ethylene	flow	applied.	

	

!(! − 1)
! = !!

!!
! −  !!	

	

rA	and	rB	are	determined	as	gradients	and	y-intercepts	of	the	linear	plots,	respectively.	Note	

that	 rB	 values	 determined	 are	 not	 very	 meaningful	 due	 to	 low	 incoporations	 of	 the	

comonomers	 and	 corresponding	 low	 values	 of	 rB.	 Deviations	 of	 rA	 determined	 according	 to		

Table	9-2	 from	rA	determined	by	Fineman-Ross-Plots	are	 reasonable	and	 trends	 for	different	

comonomers	 (exemplified	 by	 the	 acrylates)	 are	 indicative.	 These	 results	 justify	 the	

simplifications	made	in	Chapter	5.2.1.	

	

	



Determination	of	Reactivity	Ratios	rA	via	a	Fineman-Ross	Approach	

	
216	

	

Figure	9-51.	Fineman-Ross	plot	for	ethylene	allyl	acetate	copolymerizations.	

	

	

	

Figure	9-52.	Fineman-Ross	plot	for	ethylene	acrylic	acid	copolymerization	
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Figure	9-53.	Fineman-Ross	plot	for	ethylene	n-butyl	acrylate	copolymerizations.	

	

	

	

	

Figure	9-54.	Fineman-Ross	plot	for	ethylene	iso-butyl	acrylate	copolymerizations.	
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Figure	9-55.	Fineman-Ross	plot	for	ethylene	tert-butyl	acrylate	copolymerizations.



	

	
219	

	

10 References	

1. Baier, M. C.; Zuideveld, M. A.; Mecking, S., Angew. Chem., Int. Ed. 2014, 53, 9722-

9744. 

2. Boffa, L. S.; Novak, B. M., Chem. Rev. 2000, 100, 1479-1494. 

3. Boaen, N. K.; Hillmyer, M. A., Chem. Soc. Rev. 2005, 34, 267-275. 

4. Lehman, S. E.; Wagener, K. B.; Baugh, L. S.; Rucker, S. P.; Schulz, D. N.; Varma-

Nair, M.; Berluche, E., Macromolecules 2007, 40, 2643-2656. 

5. Bauch, C. G.; Wagener, K. B.; Boncella, J. M., Makromol. Chem., Rap. Commun. 

1991, 12, 413-417. 

6. Mutlu, H.; de Espinosa, L. M.; Meier, M. A. R., Chem. Soc. Rev. 2011, 40, 1404-1445. 

7. Keim, W., Angew. Chem., Int. Ed. 2013, 52, 12492-12496. 

8. Johnson, L. K.; Mecking, S.; Brookhart, M., J. Am. Chem. Soc. 1996, 118, 267-268. 

9. Guan, Z.; Cotts, P. M.; McCord, E. F.; McLain, S. J., Science 1999, 283, 2059-2062. 

10. Nakamura, A.; Ito, S.; Nozaki, K., Chem. Rev. 2009, 109, 5215-5244. 

11. Drent, E.; van Dijk, R.; van Ginkel, R.; van Oort, B.; Pugh, R. I., Chem. Commun. 

2002, 744-745. 

12. Schultz, T.; Pfaltz, A., Synthesis 2005, 2005, 1005-1011. 

13. Skupov, K. M.; Marella, P. R.; Simard, M.; Yap, G. P. A.; Allen, N.; Conner, D.; 

Goodall, B. L.; Claverie, J. P., Macromol. Rapid Commun. 2007, 28, 2033-2038. 



References	

	
220	

14. Piche, L.; Daigle, J.-C.; Poli, R.; Claverie, J. P., Eur. J. Inorg. Chem. 2010, 2010, 

4595-4601. 

15. Piche, L.; Daigle, J.-C.; Rehse, G.; Claverie, J. P., Chemistry – A European Journal 

2012, 18, 3277-3285. 

16. Gott, A. L.; Piers, W. E.; Dutton, J. L.; McDonald, R.; Parvez, M., Organometallics 

2011, 30, 4236-4249. 

17. Gutsulyak, D. V.; Gott, A. L.; Piers, W. E.; Parvez, M., Organometallics 2013, 32, 

3363-3370. 

18. Anselment, T. M. J.; Wichmann, C.; Anderson, C. E.; Herdtweck, E.; Rieger, B., 

Organometallics 2011, 30, 6602-6611. 

19. Kim, Y.; Jordan, R. F., Organometallics 2011, 30, 4250-4256. 

20. Chen, C.; Anselment, T. M. J.; Fröhlich, R.; Rieger, B.; Kehr, G.; Erker, G., 

Organometallics 2011, 30, 5248-5257. 

21. Liu, S.; Borkar, S.; Newsham, D.; Yennawar, H.; Sen, A., Organometallics 2007, 26, 

210-216. 

22. Hearley, A. K.; Nowack, R. J.; Rieger, B., Organometallics 2005, 24, 2755-2763. 

23. Shen, Z.; Jordan, R. F., Macromolecules 2010, 43, 8706-8708. 

24. Alfrey, T.; Price, C. C., J. Polym. Sci. 1947, 2, 101-106. 

25. Nakamura, A.; Kageyama, T.; Goto, H.; Carrow, B. P.; Ito, S.; Nozaki, K., J. Am. 

Chem. Soc. 2012. 

26. Carrow, B. P.; Nozaki, K., J. Am. Chem. Soc. 2012, 134, 8802-8805. 

27. Weng, W.; Shen, Z.; Jordan, R. F., J. Am. Chem. Soc. 2007, 129, 15450-15451. 



References	

221	
	

28. Shen, Z.; Jordan, R. F., J. Am. Chem. Soc. 2010, 132, 52-53. 

29. Garcia Suarez, E. J.; Ruiz, A.; Castillon, S.; Oberhauser, W.; Bianchini, C.; Claver, C., 

Dalton Trans. 2007, 2859-2861. 

30. Bettucci, L.; Bianchini, C.; Claver, C.; Suarez, E. J. G.; Ruiz, A.; Meli, A.; 

Oberhauser, W., Dalton Trans. 2007, 5590-5602. 

31. Anselment, T. M. J.; Anderson, C. E.; Rieger, B.; Boeddinghaus, M. B.; Fassler, T. F., 

Dalton Trans. 2011, 40, 8304-8313. 

32. Kochi, T.; Yoshimura, K.; Nozaki, K., Dalton Trans. 2006, 25-27. 

33. Perrotin, P.; McCahill, J. S. J.; Wu, G.; Scott, S. L., Chem. Commun. 2011, 47, 6948-

6950. 

34. Sauca, S. N.; Asua, J. M., Chem. Eng. J. 2011, 168, 1319-1330. 

35. Cai, Z.; Shen, Z.; Zhou, X.; Jordan, R. F., ACS Catalysis 2012, 2, 1187-1195. 

36. Allen, N.; Goodall, B.; McIntosh, L. H. US7833927(B2), 2010. 

37. Jian, Z.; Wucher, P.; Mecking, S., Organometallics 2014, 33, 2879-2888. 

38. Ota, Y.; Ito, S.; Kuroda, J.-i.; Okumura, Y.; Nozaki, K., J. Am. Chem. Soc. 2014, 136, 

11898-11901. 

39. Kochi, T.; Noda, S.; Yoshimura, K.; Nozaki, K., J. Am. Chem. Soc. 2007, 129, 8948-

8949. 

40. Ito, S.; Munakata, K.; Nakamura, A.; Nozaki, K., J. Am. Chem. Soc. 2009, 131, 

14606-14607. 

41. Ito, S.; Kanazawa, M.; Munakata, K.; Kuroda, J.-i.; Okumura, Y.; Nozaki, K., J. Am. 

Chem. Soc. 2011, 133, 1232-1235. 



References	

	
222	

42. Skupov, K. M.; Piche, L.; Claverie, J. P., Macromolecules 2008, 41, 2309-2310. 

43. Daigle, J.-C.; Piche, L.; Claverie, J. P., Macromolecules 2011, 44, 1760-1762. 

44. Rünzi, T.; Fröhlich, D.; Mecking, S., J. Am. Chem. Soc. 2010, 132, 17690-17691. 

45. Leicht, H.; Göttker-Schnetmann, I.; Mecking, S., Angew. Chem., Int. Ed. 2013, 52, 

3963-3966. 

46. Friedberger, T.; Wucher, P.; Mecking, S., J. Am. Chem. Soc. 2011, 134, 1010-1018. 

47. Borkar, S.; Newsham, D. K.; Sen, A., Organometallics 2008, 27, 3331-3334. 

48. Ravasio, A.; Boggioni, L.; Tritto, I., Macromolecules 2011, 44, 4180-4186. 

49. Luo, S.; Vela, J.; Lief, G. R.; Jordan, R. F., J. Am. Chem. Soc. 2007, 129, 8946-8947. 

50. Bouilhac, C.; Rünzi, T.; Mecking, S., Macromolecules 2010, 43, 3589-3590. 

51. Rünzi, T.; Baier, M. C.; Negele, C.; Krumova, M.; Mecking, S., Macromol. Rapid 

Commun. 2015, 36, 165-173. 

52. Nozaki, K.; Kusumoto, S.; Noda, S.; Kochi, T.; Chung, L. W.; Morokuma, K., J. Am. 

Chem. Soc. 2010, 132, 16030-16042. 

53. Daigle, J.-C.; Piche, L.; Arnold, A.; Claverie, J. P., ACS Macro Letters 2012, 1, 343-

346. 

54. Guironnet, D.; Caporaso, L.; Neuwald, B.; Göttker-Schnetmann, I.; Cavallo, L.; 

Mecking, S., J. Am. Chem. Soc. 2011, 133, 2329-2329. 

55. Neuwald, B.; Falivene, L.; Caporaso, L.; Cavallo, L.; Mecking, S., Chemistry – A 

European Journal 2013, 19, 17773-17788. 

56. Wucher, P.; Goldbach, V.; Mecking, S., Organometallics 2013, 32, 4516-4522. 



References	

223	
	

57. Wucher, P.; Roesle, P.; Falivene, L.; Cavallo, L.; Caporaso, L.; Göttker-Schnetmann, 

I.; Mecking, S., Organometallics 2012, 31, 8505-8515. 

58. Johnson, L. K.; Killian, C. M.; Brookhart, M., J. Am. Chem. Soc. 1995, 117, 6414-

6415. 

59. Neuwald, B.; Caporaso, L.; Cavallo, L.; Mecking, S., J. Am. Chem. Soc. 2012, 135, 

1026-1036. 

60. Rünzi, T.; Guironnet, D.; Göttker-Schnetmann, I.; Mecking, S., J. Am. Chem. Soc. 

2010, 132, 16623-16630. 

61. Neuwald, B.; Ölscher, F.; Göttker-Schnetmann, I.; Mecking, S., Organometallics 

2012, 31, 3128-3137. 

62. Guironnet, D.; Roesle, P.; Rünzi, T.; Göttker-Schnetmann, I.; Mecking, S., J. Am. 

Chem. Soc. 2009, 131, 422-423. 

63. Skupov, K. M.; Hobbs, J.; Marella, P.; Conner, D.; Golisz, S.; Goodall, B. L.; 

Claverie, J. P., Macromolecules 2009, 42, 6953-6963. 

64. Guironnet, D.; Caporaso, L.; Neuwald, B.; Göttker-Schnetmann, I.; Cavallo, L.; 

Mecking, S., J. Am. Chem. Soc. 2010, 132, 4418-4426. 

65. Haras, A.; Anderson, G. D. W.; Michalak, A.; Rieger, B.; Ziegler, T., Organometallics 

2006, 25, 4491-4497. 

66. Noda, S.; Nakamura, A.; Kochi, T.; Chung, L. W.; Morokuma, K.; Nozaki, K., J. Am. 

Chem. Soc. 2009, 131, 14088-14100. 

67. Szabo, M. J.; Jordan, R. F.; Michalak, A.; Piers, W. E.; Weiss, T.; Yang, S.-Y.; 

Ziegler, T., Organometallics 2004, 23, 5565-5572. 

68. von Schenck, H.; Strömberg, S.; Zetterberg, K.; Ludwig, M.; Åkermark, B.; Svensson, 

M., Organometallics 2001, 20, 2813-2819. 



References	

	
224	

69. Mecking, S.; Johnson, L. K.; Wang, L.; Brookhart, M., J. Am. Chem. Soc. 1998, 120, 

888-899. 

70. Braunstein, P.; Frison, C.; Morise, X., Angew. Chem., Int. Ed. 2000, 39, 2867-2870. 

71. Agostinho, M.; Braunstein, P., Chem. Commun. 2007, 58-60. 

72. Fujita, T.; Nakano, K.; Yamashita, M.; Nozaki, K., J. Am. Chem. Soc. 2006, 128, 

1968-1975. 

73. Liu, S.; Borkar, S.; Newsham, D.; Yennawar, H.; Sen, A., Organometallics 2006, 26, 

210-216. 

74. Skupov, K. M.; Marella, P. R.; Hobbs, J. L.; McIntosh, L. H.; Goodall, B. L.; Claverie, 

J. P., Macromolecules 2006, 39, 4279-4281. 

75. Jurkowski, B.; Pesetskii, S. S., Functionalized Polyolefins and Aliphatic Polyamide 

Blends: Interphase Interactions, Rheology, and High Elastic Properties of Melts. In Polyolefin 

Blends, John Wiley & Sons, Inc.: 2008; pp 527-599. 

76. Duin, v. M.; Borggreve, R. J. M., Blends of polyamides and maleic-anhydride-

containing polymers: interfacial chemistry and properties. In Reactive modifiers for polymers, 

Springer Netherlands: 1997; pp 133-162. 

77. Rünzi, T.; Tritschler, U.; Roesle, P.; Göttker-Schnetmann, I.; Möller, H. M.; Caporaso, 

L.; Poater, A.; Cavallo, L.; Mecking, S., Organometallics 2012, 31, 8388-8406. 

78. Nuyken, O., Angew. Chem. 1997, 109, 1173-1175. 

79. Jorgensen, W., Science 1991, 254, 954-955. 

80. Fischer, E., Chem. Ber. 1894, 27, 2985-2993. 

81. Das, S.; Brudvig, G. W.; Crabtree, R. H., Chem. Commun. 2008, 413-424. 

82. Meeuwissen, J.; Reek, J. N. H., Nat Chem 2010, 2, 615-621. 



References	

225	
	

83. Sawamura, M.; Ito, Y., Chem. Rev. 1992, 92, 857-871. 

84. Carboni, S.; Gennari, C.; Pignataro, L.; Piarulli, U., Dalton Trans. 2011, 40, 4355-

4373. 

85. Crabtree, R. H., New J. Chem 2011, 35, 18-23. 

86. Horner, L.; Siegel, H.; Büthe, H., Angew. Chem., Int. Ed. 1968, 7, 942-942. 

87. Knowles, W. S., Angew. Chem., Int. Ed. 2002, 41, 1998-2007. 

88. Knowles, W. S.; Sabacky, M. J., Chem. Commun. 1968, 1445-1446. 

89. Armin, B.; Natalia, A.; Vasil, A., P-ligands with Additional Functional Groups - 

Concepts of Secondary Interaction and Hemilability. In Phosphorus Ligands in Asymmetric 

Catalysis, WILEY-VCH: 2008; pp 886-914. 

90. Raynal, M.; Ballester, P.; Vidal-Ferran, A.; van Leeuwen, P. W. N. M., Chem. Soc. 

Rev. 2014, 43, 1660-1733. 

91. Zhao, B.; Han, Z.; Ding, K., Angew. Chem., Int. Ed. 2013, 52, 4744-4788. 

92. Dydio, P.; Reek, J. N. H., Chemical Science 2014, 5, 2135-2145. 

93. Conley, B. L.; Pennington-Boggio, M. K.; Boz, E.; Williams, T. J., Chem. Rev. 2010, 

110, 2294-2312. 

94. Ohkuma, T.; Ooka, H.; Hashiguchi, S.; Ikariya, T.; Noyori, R., J. Am. Chem. Soc. 

1995, 117, 2675-2676. 

95. Noyori, R., Angew. Chem., Int. Ed. 2002, 41, 2008-2022. 

96. Noyori, R.; Hashiguchi, S., Acc. Chem. Res. 1997, 30, 97-102. 

97. Ikariya, T.; Murata, K.; Noyori, R., Organic & Biomolecular Chemistry 2006, 4, 393-

406. 



References	

	
226	

98. Samec, J. S. M.; Backvall, J.-E.; Andersson, P. G.; Brandt, P., Chem. Soc. Rev. 2006, 

35, 237-248. 

99. Brammer, L., Dalton Trans. 2003, 3145-3157. 

100. Siegbahn, P. E. M.; Eisenstein, O.; Rheingold, A. L.; Koetzle, T. F., Acc. Chem. Res. 

1996, 29, 348-354. 

101. Crabtree, R. H.; Loch, J. A.; Gruet, K.; Lee, D.-H.; Borgmann, C., J. Organomet. 

Chem. 2000, 600, 7-11. 

102. Hayashi, T.; Mise, T.; Mitachi, S.; Yamamoto, K.; Kumada, M., Tetrahedron Lett. 

1976, 17, 1133-1134. 

103. Hayashi, T.; Kumada, M., Acc. Chem. Res. 1982, 15, 395-401. 

104. Hayashi, T.; Mise, T.; Kumada, M., Tetrahedron Lett. 1976, 17, 4351-4354. 

105. Das, S.; Incarvito, C. D.; Crabtree, R. H.; Brudvig, G. W., Science 2006, 312, 1941-

1943. 

106. Usui, I.; Schmidt, S.; Keller, M.; Breit, B., Organic Letters 2008, 10, 1207-1210. 

107. Šmejkal, T.; Breit, B., Angew. Chem., Int. Ed. 2008, 47, 311-315. 

108. Šmejkal, T.; Breit, B., Angew. Chem., Int. Ed. 2008, 47, 3946-3949. 

109. Šmejkal, T.; Gribkov, D.; Geier, J.; Keller, M.; Breit, B., Chemistry – A European 

Journal 2010, 16, 2470-2478. 

110. Breuil, P.-A. R.; Patureau, F. W.; Reek, J. N. H., Angew. Chem., Int. Ed. 2009, 48, 

2162-2165. 

111. Hoke, T.; Herdtweck, E.; Bach, T., Chem. Commun. 2013, 49, 8009-8011. 

112. Zhai, F.; Jordan, R. F., Organometallics 2014, 33, 7176-7192. 



References	

227	
	

113. Teets, T. S.; Labinger, J. A.; Bercaw, J. E., Organometallics 2014, 33, 4107-4117. 

114. Kohan, M. I.; Mestemacher, S. A.; Pagilagan, R. U.; Redmond, K., Polyamides. In 

Ullmann's encyclopedia of industrial polymers, Wiley-VCH Verlag GmbH& Co. KGaA: 

Weinheim, 2007. 

115. Ide, F.; Hasegawa, A., J. Appl. Polym. Sci. 1974, 18, 963-974. 

116. Epstein, B. N. Tough Thermoplastic Nylon Compositions. US 4 174 358 (A), 1977. 

117. Socrates, G., Infrared and  Raman Characteristic Group Frequencies: Tables and 

Charts. John Wiley & Sons, Inc.: 2004. 

118. Wucher, P. Methyl Acrylate Insertion Selectivity in Soluble and Immobilized 

Phosphine Sulfonato Palladium (II) Copolymerization Catalysts. PhD Thesis, University of 

Konstanz, 2014. 

119. Meyers, M. A.; Chawla, K. K., Mechanical Behavior of Materials. Cambridge 

University Press: Cambridge, 2008. 

120. Weißbach, W., Werkstoffkunde. Vieweg+Teubner: Wiesbaden, 2010. 

121. Göttker-Schnetmann, I.; Wehrmann, P.; Röhr, C.; Mecking, S., Organometallics 2007, 

26, 2348-2362. 

122. Younkin, T. R.; Connor, E. F.; Henderson, J. I.; Friedrich, S. K.; Grubbs, R. H.; 

Bansleben, D. A., Science 2000, 287, 460-462. 

123. Connor, E. F.; Younkin, T. R.; Henderson, J. I.; Hwang, S.; Grubbs, R. H.; Roberts, 

W. P.; Litzau, J. J., J. Polym. Sci. A-1 2002, 40, 2842-2854. 

124. Mülhaupt, R., Macromol. Chem. Phys. 2003, 204, 289-327. 

125. Rünzi, T.; Fröhlich, D.; Mecking, S., J. Am. Chem. Soc. 2010, 132, 17690-17691. 



References	

	
228	

126. Chapman, N. B.; Dack, M. R. J.; Newman, D. J.; Shorter, J.; Wilkinson, R., J. Chem. 

Soc., Perk. Trans. 2 1974, 962-971. 

127. Shi, Y.-L.; Shi, M., Adv. Synth. Catal. 2007, 349, 2129-2135. 

128. Feichtinger, K.; Zapf, C.; Sings, H. L.; Goodman, M., J. Org. Chem. 1998, 63, 3804-

3805. 

129. Pratt, J. R.; Massey, W. D.; Pinkerton, F. H.; Thames, S. F., J. Org. Chem. 1975, 40, 

1090-1094. 

130. Kühl, O., Phosphorus-31 NMR Spectroscopy. Springer Berlin Heidelberg: 2008. 

131. Wucher, P.; Schwaderer, J. B.; Mecking, S., ACS Catalysis 2014, 4, 2672-2679. 

132. Spek, A., J. Appl. Cryst. 2003, 36, 7-13. 

133. Newsham, D. K.; Borkar, S.; Sen, A.; Conner, D. M.; Goodall, B. L., Organometallics 

2007, 26, 3636-3638. 

134. Griffin, R. J.; Evers, E.; Davison, R.; Gibson, A. E.; Layton, D.; Irwin, W. J., Journal 

of the Chemical Society, Perkin Transactions 1 1996, 1205-1211. 

135. Rünzi, T.; Guironnet, D.; Göttker-Schnetmann, I.; Mecking, S., J. Am. Chem. Soc. 

2010, 132, 16623-16630. 

136. Jian, Z.; Baier, M. C.; Mecking, S., J. Am. Chem. Soc. 2015, 137, 2836-2839. 

137. Neuwald, B.; Caporaso, L.; Cavallo, L.; Mecking, S., J. Am. Chem. Soc. 2013, 135, 

1026-1036. 

138. Wucher, P.; Caporaso, L.; Roesle, P.; Ragone, F.; Cavallo, L.; Mecking, S.; Göttker-

Schnetmann, I., Proc. Natl. Acad. Sci. U. S. A. 2011. 

139. Contrella, N. D.; Sampson, J. R.; Jordan, R. F., Organometallics 2014, 33, 3546-3555. 



References	

229	
	

140. Mayo, F. R.; Lewis, F. M., J. Am. Chem. Soc. 1944, 66, 1594-1601. 

141. Rünzi, T. Generation of Novel Polymeric Materials and Catalyst Deactivation 

Pathways in Polar Vinyl Monomer Insertion Copolymerization. PhD Thesis, Konstanz, 2014. 

142. Rünzi, T.; Mecking, S., Adv. Funct. Mat. 2014, 24, 387-395. 

143. Hammett, L. P., J. Am. Chem. Soc. 1937, 59, 96-103. 

144. Hansch, C.; Leo, A.; Taft, R. W., Chem. Rev. 1991, 91, 165-195. 

145. Dhami, K. S.; Stothers, J. B., Can. J. Chem. 1965, 43, 510-520. 

146. Charton, M., Steric Effects in Drug Design. Springer-Verlag: Berlin Heidelberg, 1983; 

pp 57-91. 

147. Verloop, A.; Hoogenstraaten, W., Drug Design. Cambridge University Press: 

Cambridge, 1976; Vol. VII, pp 165-206. 

148. Liljefors, T.; Krogsgaard-Larsen, P.; Madsen, U., Textbook of Drug Design and 

Discovery, Third Edition. Taylor & Francis: 2002. 

149. Charton, M., J. Org. Chem. 1976, 41, 2217-2220. 

150. Shapiro, M. J., J. Org. Chem. 1976, 41, 3197-3201. 

151. De Graaf, W.; Boersma, J.; Smeets, W. J. J.; Spek, A. L.; Van Koten, G., 

Organometallics 1989, 8, 2907-2917. 

152. Chatt, J.; Vallarino, L. M.; Venanzi, L. M., J. Chem. Soc. 1957, 3413-3416. 

153. Rulke, R. E.; Ernsting, J. M.; Spek, A. L.; Elsevier, C. J.; van Leeuwen, P. W. N. M.; 

Vrieze, K., Inorg. Chem. 1993, 32, 5769-5778. 

154. G.M., S. SHELXS-97, Program for Crystal Structure Analysis; 1997. 



	

	
230	

155. Sheldrick, G. M., Universität Göttingen, Germany 1997. 

156. Lee, W. Y.; Sim, W.; Choi, K. D., Journal of the Chemical Society, Perkin 

Transactions 1 1992, 881-885. 

157. Crisp, G. T.; Bubner, T. P., Tetrahedron 1997, 53, 11899-11912. 

158. Kakinuki, K.; Fujiki, M.; Nomura, K., Macromolecules 2009, 42, 4585-4595. 

	

	
 




