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Highly	Efficient	Vinylic	Addition	Polymerization	of	5-Vinyl-2-
Norbornene	using	Benzylic	Palladium	Complexes	as	Precatalysts		
Ignacio	Pérez-Ortega	and	Ana	C.	Albéniz*	

In	 contrast	 with	 the	 parent	 norbornene,	 the	 vinylic	 addition	 polymerization	 of	 substituted	 norbornene	 derivatives	 is	

difficult	to	achieve.	We	have	found	that	benzylic	palladium	complexes	are	suitable	precatalysts	 in	the	challenging	vinylic	

addition	polymerization	of	5-vinyl-2-norbornene	(VNB).	A	mixture	of	[Pd2(µ-Br)2(η
3-C6H5CHCH2C6F5)2]	(1),	PCy3	and	NaBArF4	

leads	to	a	very	active	catalyst	that	homopolymerizes	VNB	leading	to	high	molecular	weight	polymers	where	the	exocyclic	

pendant	double	bond	 is	preserved.	Only	2	ppm	of	palladium	are	needed	 to	obtain	VA-PVNB	 in	high	yield.	The	order	of	

mixing	of	 the	components	of	 the	precatalyst	mixture	does	not	affect	 the	degree	of	polymerization	but	 it	 influences	 the	

initiation	step	which	occurs	by	insertion	of	VNB:	a)	into	a	Pd-H	bond	generated	from	the	neutral	complex	1	or	b)	into	a	Pd-
C(benzyl)	 bond	 when	 the	 cationic	 [Pd(η3-C6H5CHCH2C6F5)(PCy3)(L)]BAr

F
4	 is	 preformed.	 In	 either	 case,	 the	 easy	

transformation	from	η3-	to	a	σ-benzyl	opens	a	coordination	site	on	the	metal	that	favors	the	initiation.	The	nature	of	the	

counterion	 is	 important	 in	 the	 propagation	 of	 the	 polymerization	 and,	 among	 several	 low-coordinating	 anions	 tested,	

BArF4
–	is	the	most	efficient.	

Introduction	
The	 vinylic	 addition	 polymerization	 of	 norbornene	 attracts	 a	
lot	 of	 interest	 because	 of	 the	 robustness	 of	 the	 backbone	 of	
the	 resulting	 polymer	 (VA-PNB),	 formed	 by	 saturated	 bicyclic	
units	 (Scheme	1).	This	 skeleton	confers	 thermal	and	chemical	
stability	and	as	well	as	high	Tgs	and	transparency,	which	makes	
it	 suitable	 and	 attractive	 for	 many	 applications.1	 One	 of	 the	
main	drawbacks	of	the	VA-polymerization	of	norbornene	is	the	
low	 tolerance	 of	 the	 existing	 catalysts	 to	 the	 presence	 of	
substituents	in	the	monomer.2	As	a	result,	the	introduction	of	
functional	 groups	 anchored	 to	 the	 main-polymer	 skeleton	
relies	 on	 the	 post-polymerization	 functionalization	 of	 a	 few	
types	 of	 suitable	 precursor	 VA-PNBs,	 such	 as	 ω-bromoalkyl	
substituted	 VA-PNBs.3,4	 Therefore,	 the	 discovery	 of	 new	
catalysts	 for	 the	 efficient	 VA-polymerization	 of	 norbornene	
derivatives	is	still	a	challenge.	
Alkenyl	 norbornenes	 are	 attractive	 monomers	 for	 the	 VA-
polymerization	 of	 the	 norbornene	 moiety	 (Scheme	 1).	 A	
pendant	 double	 bond,	 specially	 a	 terminal	 one,	 in	 a	 VA-PNB	
scaffold	is	a	versatile	functional	group	for	easy	transformation	
in	other	functional	groups	by	addition	reactions,	oxygenation,	
etc.5–8	 5-Vinyl-2-norbornene	 (VNB),	 easily	 accessible	 and	
commercially	 available,	 is	 a	 good	 candidate	 but	 very	 few	
catalytic	 systems	 are	 capable	 of	 homopolymerize	 VNB	 by	 a	

vinylic	 addition	 route	 efficiently.	 Some	 catalysts	 used	 for	 the	
VA-polymerization	 of	 5-vinyl-2-norbornene	 are	 not	 selective	
and	 besides	 the	 addition	 polymerization	 of	 the	 endocyclic	
double	 bond	 they	 also	 bring	 about	 the	 insertion	 of	 the	
exocyclic	 one,	 eliminating	 the	 pendant	 functionality.9	 Besides	
the	 complications	 in	 chemoselectivity,	 the	 VA-polymerization	
of	 this	 diene	 has	 additional	 difficulties.	 VNB	 is	 a	 mixture	 of	
endo	 and	 exo	 isomers	 as	 a	 result	 of	 the	 Diels-Alder	 reaction	
involved	 in	 its	 synthesis.	 As	 for	 many	 other	 substituted	
norbornenes,	 the	 endo	 isomer	 (the	 major	 one)	 is	 the	 least	
reactive.10–12	Also,	both	endocyclic	and	exocyclic	unsaturations	
in	endo-VNB	are	perfectly	arranged	to	coordinate	to	the	metal	
in	 a	 chelating	 fashion,	 which	 could	 slow	 down	 the	
polymerization	 process.	 Even	 in	 a	 monodentate	 fashion	 the	
terminal	 double	 bond	 in	 VNB	 is	 a	 competing	 ligand.	 It	 is	
noteworthy	 that	 the	 isomeric	 5-ethylidene-2-norbornene	
(ENB)	 showing	 an	 internal,	 less	 coordinating	 double	 bond	
undergoes	 an	 easier	 polymerization	 and	 very	 active	 catalysts	
have	 been	 recently	 reported	 for	 the	 VA-homopolymerization	
of	ENB.13–15	
The	most	active	catalytic	mixture	for	the	homopolymerization	
of	 VNB	 was	 described	 by	 Wakatsuki	 et	 al.16	 They	 used	 the	
mixture	represented	in	Scheme	1	and	obtained	good	yields	of	
high	molecular	weight	VA-PVNB	with	an	amount	of	palladium	
catalyst	 as	 low	 as	 0.02	mol	%.	 Bermeshev	 et	 al.	 have	 used	 a	
Pd(II)-N-heterocyclic	 carbene	 complex	 as	 palladium	 source	
with	similar	results.13	This	activity	is	far	from	that	reached	with	
the	same	system	for	ENB	(efficient	polymerization	in	high	yield	
using	an	amount	of	catalyst	of	10–4	mol	%).	Claverie	used	the	
mixture	Pd2(dba)3:AgSbF6:PPh3	(0.02	mol	%	of	Pd)	to	obtain	a		
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Scheme	 1.	 Vinylic	 addition	 polymers	 of	 norbornene	 (NB),	 5-ethylidene-2-norbornene	

(ENB)	and	5-vinyl-2-norbornene	(VNB)	showing	the	precedent	catalytic	systems	for	the	

latter.	

low	molecular	 weight	 VA-PVNB.7	 Other	 reported	 precatalytic	
mixtures	 showed	 less	 efficiency,	 or	 led	 to	 oligomers.7,17	 VA-
copolymers	 of	 VNB	 with	 norbornene	 have	 also	 been	
synthesized	 using	 palladium	 or	 nickel	 catalysts	 with	 low	
incorporation	 of	 VNB.18	 The	 use	 of	 certain	 zirconocene	
derivatives	 allows	 to	 co-polymerize	 VNB	 and	 ethylene	 or	
propylene	 without	 the	 involvement	 of	 the	 exocyclic	 double	
bond	 of	 VNB;	 however	 the	 incorporation	 of	 VNB	 in	 the	
copolymers	is	low.19–21	
The	 efficient	 polymerization	 of	 norbornene	 with	 palladium	
complexes	 is	usually	accomplished	using	cationic	species	with	
easily	 available	 coordination	 sites	 on	 the	 metal.	 In	 this	 way,	
the	 coordination	 of	 the	 olefin	 and	 the	 subsequent	 insertion	
into	 the	 Pd-C	 bond	 are	 favored.	 We	 have	 been	 working	 for	
some	time	with	η3-benzylic	palladium	complexes	and	studying	
their	 structure	 and	 reactivity.22,23	We	 rationalized	 that	 in	 the	
context	 of	 the	 vinylic	 addition	 (VA)	 polymerization	 of	
norbornenes	these	complexes	might	be	ideal	precursors	since	
the	η3-benzyl	moiety	can	easily	interconvert	into	the	σ-benzyl	
form,	 leaving	a	 coordination	 site	available	and	 facilitating	 the	
subsequent	 initiation	 by	 coordination	 and	 insertion	 of	 NB.	
Because	of	 the	 easy	 transformation	 into	 the	σ-benzyl,	 driven	
by	the	recovery	of	the	aromaticity	of	the	ring,	these	complexes	
might	be	superior	precatalysts	than	the	more	commonly	used	
η3-allyl	 palladium	 complexes	 (Scheme	 2).	 It	 has	 been	 shown	
that	 the	 terminal	 double	 bond	 of	 the	 allyl	 fragment	 can	
coordinate	 after	 the	 first	 insertion	 of	 norbornene,	 slowing	
down	 the	 initiation	 step	 of	 the	 polymerization.24,25	 This	
chelating	organometallic	 fragment	would	not	be	formed	from	
a	 palladium	 benzyl	 (Scheme	 2).	 Only	 one	 example	 of	 the	
polymerization	 of	 norbornene	 with	 a	 benzylic	 precursor	 of	
nickel	has	been	reported	in	the	literature.26	
	

Scheme	2.	σ-η3	 interconversion	 for	 benzylic	 and	 allyllic	 complexes	 and	 reaction	with	

NB.	

We	 describe	 here	 the	 use	 of	 an	 α-substituted	 benzylic	
palladium	 complex	 as	 precatalyst	 in	 the	 challenging	
homopolymerization	 of	 5-vinyl-2-norbornene	 (VNB).	 The	
complex	generates	very	active	species	capable	of	polymerizing	
VNB	 in	 high	 yields	 affording	 high	molecular	 weight	 polymers	
(VA-PVNB)	 with,	 to	 our	 knowledge,	 the	 lowest	 amount	 of	
catalyst	 reported	 to	 date.	 We	 have	 studied	 in	 detail	 the	
species	 involved	 in	 the	 initiation	of	 the	polymerization	of	 this	
new	type	of	palladium	precatalyst.	

Results	and	discussion	
[Pd(µ-Br)(η3-C6H5CHCH2C6F5)]2	 (1)	 is	 an	α-substituted	benzylic	
derivative	 that	 can	be	easily	prepared	by	 insertion	of	 styrene	
into	 the	 Pd-C6F5	 bond	 of	 a	 suitable	 precursor	 in	 good	 yields	
(see	SI).	 It	can	be	handled	with	no	special	precautions	since	it	
is	moisture	and	air	stable	and	can	be	stored	for	long	periods	of	
time	at	-15	˚C.	The	neutral	benzyl	1	 is	not	active	 in	the	vinylic	
addition	 polymerization	 of	 norbornene	 so	we	 tested	 cationic	
derivatives,	synthesized	from	1,	 in	the	homopolymerization	of	
5-vinyl	2-norbornene	(VNB).	We	used	commercial	VNB	which	is	
a	mixture	 of	 endo:exo	 isomers	 in	 a	 80:20	 ratio.	 The	 isolated	
complexes	 [Pd(η3-C6H5CHCH2C6F5)(PPh3)2]X	 (X	 =	 BF4,	 BAr

F
4),

22	
do	 not	 polymerize	 VNB.	 However,	 analogous	 cationic	 species	
with	 a	 lower	 amount	 of	 phosphine	 generated	 in	 situ	 from	 a	
mixture	of	1/PPh3/NaBAr

F
4	(ratio	Pd:PPh3:BAr

F
4
–
	=	1:1:1)	led	to	

a	polymer	in	65%	yield	(entry	1,	Table	1).	A	short	screening	of	
phosphines	 revealed	 that	 tricyclohexylphosphine	 leads	 to	 the	
most	 active	 species	 and	 almost	 complete	 conversion	 was	
observed	 in	 the	 polymerization	 of	 VNB	 in	 5	 h	 (entries	 1-5,	
Table	1).	The	 lower	activity	of	PtBu3	when	compared	 to	PCy3,	
could	 be	 related	 to	 its	 larger	 size	 but	 also	 to	 its	 ability	 to	
undergo	 metalation	 processes	 which	 could	 open	 catalyst	
deactivation	 pathways.27	 Besides	 NaBArF4,	 other	 halogen	
scavengers	were	 tested.	The	polymerization	 is	more	effective	
for	the	larger,	less	coordinating	anions	and	the	yield	increases	
in	the	order:	BArF4

–	>	SbF6
–	>	BF4

–	(entries	5,	6	and	8,	Table	1).	
As	we	will	discuss	below	the	counterion	does	not	influence	the	
initiation	 step	 but	 rather	 the	 propagation	 of	 the	
polymerization.	 The	 similar	 results	 obtained	 for	 AgBF4	 and	
TlBF4	 rules	 out	 that	 silver	 is	 acting	 as	 a	 phosphine	 scavenger	
and	favoring	the	decomposition	of	naked	catalyst	species.	
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Table	1.	Effect	of	the	phosphine	and	the	anion	in	the	polymerization	of	VNB	with	the	

precatalyst	mixture	1/PR3/MBX4.
a	

	

Entry	 Phosphine	 MBR4	 Yield	(%)	 Mw	(x	10
–3)b	 PDIb	

1	 PPh3	 NaBArF4	 65%	 284.3	 2.9	

2	 P(o-tolyl)3	 NaBArF4	 35%	 69.6	 2.3	

3	 P(C6F5)3	 NaBArF4	 5%	 17.01	 1.6	

4	 PtBu3	 NaBArF4	 37%	 310.2	 2.9	

5	 PCy3	 NaBArF4	 95%	 1165.8	 3.1	

6	 PCy3	 AgBF4	 20%	 469.8	 2.6	

7	 PCy3	 TlBF4	 23%	 n.d.	 n.d	

8	 PCy3	 AgSbF6	 62%	 955.8	 3.3	

a	Reaction	conditions:	CH2Cl2,	 [VNB]o	=	3.8	M,	[Pd]	=	3x10-4	M,	 	25	ºC,	5	h,	ratio	
VNB:Pd	 =	 12.500:1,	 1	 equivalent	 of	 phosphine	 and	 NaBArF4	 per	 palladium.	 b	
Determined	by	GPC	in	CHCl3	using	polystyrene	standards;	Mw	in	Da.	

The	 polymers	 obtained,	 VA-PVNBs,	 show	 the	 typical	 broad	
signals	of	vinylic	addition	polynorbornenes	in	the	NMR	spectra,	
reflecting	 their	 complicated	 morphology	 and	 large	 size.	 Only	
the	 endocyclic	 double	 bond	 is	 involved	 in	 the	 polymerization	
of	VNB	and	the	chemical	shifts	of	the	olefinic	signals	in	the	1H	
NMR	 of	 the	 polymers	 indicate	 the	 presence	 of	 just	 the	
terminal	 double	 bond.	 The	 intensity	 of	 the	 alkene	 signals	 vs	
the	aliphatic	region	is	also	consistent	with	the	vinyl	group	not	
participating	in	the	polymerization	(Fig.	1).	Both	the	endo	and	
exo	 alkenyl	 arrangements,	 present	 in	 the	 monomer,	 can	 be	
observed	in	the	13C	NMR	of	the	VA-PVNBs,	as	well	as	the		

Fig.	1.	1H	NMR	(500.13	MHz,	CDCl3)	of	the	polymer	VA-PVNB	(entry	9,	Table	2).	*CHCl3.	

absence	 of	 signals	 around	 20	 ppm	 indicative	 of	 a	 2,3-exo	
enchained	 backbone	 (see	 ESI).	 The	 experiment	 in	 entry	 5,	
Table	 1,	 shows	 that	 this	 precatalyst	mixture	 leads	 to	 a	more	
active	 catalyst	 than	 those	 previously	 reported	 for	 the	
polymerization	 of	 VNB	 (maximum	 ratio	 used	 in	 the	 literature	
VNB:Pd	=	7000:1).	We	decided	to	probe	further	the	activity	of	
the	 mixture	 1/PCy3/NaBAr

F
4	 and	 Table	 2	 shows	 the	

polymerization	 results	 using	 a	 low	amount	of	 Pd	 (≤	 20	ppm).	
For	 a	 ratio	 Pd:VNB	 =	 1:50000	 (20	 ppm	 of	 Pd)	 at	 room	
temperature,	 only	 39%	 yield	 was	 obtained.	 The	 conversion	
does	not	increase	significantly	by	adding	an	excess	of	NaBArF4	
or	 an	 additional	 equivalent	 of	 PCy3	 (entries	 1-3,	 Table	 2).	
However	an	 increase	of	 the	 temperature	 to	45	˚C	 leads	 to	an	
efficient	polymerization	using	as	low	an	amount	of	catalyst	as	
10	 ppm	 of	 Pd	 (entry	 6,	 Table	 2).	 The	 polymerization	 can	 be	
carried	 out	 at	 75	˚C	 in	 1,2-dichloroethane	 and	 good	 yields	 of	
VA-PVNB	can	be	obtained	with	a	concomitant	 increase	of	 the	
VNB	 and	 catalyst	 concentration.	 Under	 these	 conditions	 the	
polymerization	 can	 be	 carried	 out	 in	 78%	 yield	 using	 just	 2	
ppm	of	Pd	(entry	11,	Table	2).		
	

Table	2.	Polymerization	of	VNB	with	the	system	1/PCy3/NaBAr
F
4.
a	

Entry	 T	(˚C)	 VNB:Pd	 Solvent	 time	 Yield	(%)	 Mw
b	 PDIb	

1	 25	 50000:1	 CH2Cl2	 5	h	 39%	 1070656	 3.1	

2c	 25	 50000:1	 CH2Cl2	 5	h	 47%	 1127977	 2.9	

3d	 25	 50000:1	 CH2Cl2	 5	h	 40%	 1057805	 2.7	

4e	 25	 50000:1	 CH2Cl2	 5	h	 45%	 987021	 3.3	

5f	 25	 50000:1	 CH2Cl2	 5	h	 39%	 1023283		 3.4	

6	 45	 50000:1	 CH2Cl2	 5	h	 92%	 998789	 3.1	

7	 45	 100000:1	 CH2Cl2	 5	h	 80%	 1016062	 3.2	

8	 75	 100000:1	 1,2-dichloroethane	 2	h	 94%	 839270	 3.3	

9	 75	 500000:1	 1,2-dichloroethane	 12	h	 55%	 868339	 3	

10	 75	 2000000:1	 1,2-dichloroethane	 3	h	 40%	 677527	 3.8	

11g	 75	 500000:1	 1,2-dichloroethane	 3	h	 78%	 728005	 3.2	

12h	 75	 500000:1	 1,2-dichloroethane	 20	min	 80%	 500024	 3.7	

a	Reaction	conditions:	Pd:PCy3:NaBAr
F
4	=	1:1:1	mol	ratio,	[VNB]0	=	3.8	M,	VNB	and	1	were	mixed	followed	by	the	addition	of	PCy3	and	NaBAr

F
4	unless	otherwise	noted.	

b	
Determined	by	GPC	in	CHCl3	using	polystyrene	standards;	Mw	in	Daltons.	

c	Pd:PCy3:NaBAr
F
4	=	1:1:10	mol	ratio.	d	Pd:PCy3:NaBAr

F
4	=	1:2:1	mol	ratio.	e	1,	PCy3	and	NaBArF4	

were	mixed	followed	by	the	addition	of	VNB.	f	Complex	4-BArF4	was	used	as	precatalyst.	g	[VNB]o	=	6.8	M.	h	ENB	instead	VNB;	[ENB]o	=	6.8	M.	

Pd
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H
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+ PR3 + MBX4 + 12500
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Figure 1. 1H NMR (500.13 MHz, CDCl3) of the polymer VA-PVNB (entry 9, Table 2). *CHCl3. 
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The	 system	 is	 also	 useful	 for	 the	 polymerization	 of	 the	more	
active	 monomer	 5-ethylidene-2-norbornene	 (ENB,	 entry	 12,	
Table	2).	Other	 solvents	or	 solvent	mixtures	were	also	 tested	
but	 the	 chlorinated	 solvents	 proved	 to	 be	 superior	 (see	 ESI).	
Mixtures	[PdClMeL]n/NaBAr

F
4	(L	=	P

tBu3,	n	=	1;	L	=	PCy3,	n	=	2)	
were	also	 tested	 for	 comparison,	but	 the	methyl	precatalysts	
showed	a	poorer	performance	(see	ESI).		
As	 shown	 in	 Tables	 1	 and	 2,	 the	VA-PNBs	obtained	 are	 quite	
polydisperse	 (PDI	 values	 around	 3)	 and	 show	 high	 Mw,	 as	
determined	by	GPC	using	polystyrene	 standards,	 close	 to	 106	
Da	 for	 the	1/PCy3/NaBAr

F
4	 precatalyst	mixture.	 This	was	 also	

checked	 by	 determining	 the	 viscosity	 of	 two	 high	 molecular	
weight	 polymer	 samples	obtained	 for	 different	VNB:Pd	 ratios	
(entry	5,	Table	1	and	entry	6,	Table	2),	which	showed	the	same	
value	(inherent	viscosity	=	4	for	solutions	of	concentration	0.5	
g/dL).	Fig.	2	shows	a	plot	of	the	molecular	weight	(Mn)	of	the	
VA-PVNBs	 vs	 conversion	 using	 the	 same	 monomer/catalyst	
ratio	(VNB:Pd	=	12500:1,	see	ESI	for	details).	A	steady	increase	
of	molecular	weight	with	conversion	is	observed	at	 low	yields	
but	 as	 the	 reaction	 progresses	 the	 growth	 of	 the	 polymer	
slows	down	and	the	size	of	the	VA-PVNB	reaches	a	maximum.	
This,	 along	 with	 the	 high	 polydispersity	 indicates	 that	 the	
polymerization	 is	 not	 living	 and	 a	 termination	 mechanism	
starts	 to	 dominate	 over	 the	 propagation	 when	 the	 polymer	
reaches	 a	 large	 size.	 Since	 the	 polymerization	 yield	 still	
increases	without	a	concomitant	 increase	of	average	polymer	
size,	 it	means	 that	 the	 termination	 leads	 to	 palladium	 active	
species	capable	of	producing	new	polymer	chains	till	the	initial	
monomer	 is	 almost	 consumed.	 The	 result	 is	 a	 highly	 active	
polymerization	 system	 that	 allows	 to	 synthesize	 high	
molecular	weight	VA-PVNBs	(around	5-10	x105	Da).		
	

Fig.	2.	Plot	of	 the	VA-PVNB	molecular	weight	 (Mn)	vs	yield	 (initial	mol	 ratio	VNB:Pd	=	

12500:1).	

In	order	to	find	out	about	the	species	involved	in	the	initiation	
of	 the	 polymerization,	 the	 reactions	 of	 complex	 1	 with	 PCy3	
and	 the	 bromide	 scavenger	 NaBArF4	 were	 explored.	 The	

formation	 of	 the	 monomeric	 complex	 2	 occurs	 when	 one	
equivalent	of	PCy3	per	palladium	reacts	with	1	(Scheme	3).	
Complex	 2	 is	 a	 η3-benzylic	 derivative,	 as	 shown	 by	 the	
characteristic	chemical	shift	of	Cα	at	53	ppm,22	and	it	is	stable	
only	 at	 very	 low	 temperature.	 As	 it	 is	 observed	 for	 most	
benzylic	 phosphine	 complexes	described	here,	2	 undergoes	 a	
fast	syn-anti	interconversion	in	solution	even	at	195	K	probably	
via	 a	 suprafacial	 sigmatropic	 rearrangement	 (see	 ESI	 for	
details).	Complex	2	does	not	coordinate	an	additional	molecule	
of	the	bulky	PCy3	(Fig.	S1).	When	2	was	treated	with	NaBArF4	in	
CD2Cl2	a	mixture	of	complexes	was	formed	in	solution	at	low	T,	
which	 undergo	 a	 fast	 exchange	 as	 the	 temperature	 is	 raised	
(Fig.	 S2	 and	 S3).	At	 243	K,	 two	 species	were	present	 and	 the	
NMR	spectra	of	 this	solution	are	consistent	with	a	mixture	of	
η3-benzylic	 species	 (Cα	at	54	ppm,	 in	 the	 13C	NMR	spectrum).	
These	 species	 can	 be	 depicted	 as	 3	 and	 the	 empty	
coordination	site	represented	in	Scheme	3	could	be	as	such,	or	
it	could	be	a	solvent	molecule	or	adventitious	water.	Different	
stereoisomers	 are	 also	 possible	 for	 any	 composition.	 The	
addition	of	a	small	amount	of	acetonitrile	(Pd:NCMe	=	1:4	mol	
ratio)	 led	 to	 the	 clean	 and	 complete	 transformation	 of	 the	
mixture	into	complex	4-BArF4,	which	supports	the	formulation	
of	 3	 as	 a	 mixture	 of	 η3-benzylic	 isomers	 or	 derivatives	 with	
weakly	coordinated	 ligands	 (Scheme	3	and	Fig.	S4	and	S5).	4-
BArF4	was	isolated	and	its	molecular	structure	is	shown	in	Fig.	
3,	 a.	 The	 analogous	 complex	 4-BF4	 was	 also	 prepared	 and	
crystallographically	 characterized	 (Fig.	 3,	 b).	 Both	 complexes	
show	the	same	cation	structure:	an	anti	benzylic	fragment	η3-
coordinated	to	palladium	and	a	cis-PCy3-Cα	arrangement.		

Scheme	3.	Reactions	of	complex	1	with	PCy3	and	NaBAr
F
4.	
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Fig.	3.	Molecular	structures	of	4-BArF4	(a)	and	4-BF4	(b).	ORTEP	plots	(50%	probability)	
are	shown.	Some	of	the	hydrogen	atoms	are	omitted	for	clarity.	

As	 expected,	 the	 Pd-C	 distances	 show	 a	 Pd-Cα	 bond	 length	
(2.049(4),	 4-BArF4	 and	 2.059(5),	 4-BF4)	 shorter	 than	 the	 Pd-
C(aryl)	bond	distances	(Pd-Cipso	2.215(4)	and	2.206(5);	Pd-Cortho	
2.441(6)	and	2.404(6)	for	4-BArF4	and	4-BF4	respectively).	
The	addition	of	PCy3	 to	complex	4-BArF4	does	not	 lead	 to	 the	
formation	of	a	cis-diphosphino	η3-benzylic	complex	but	to	the	
decomposition	of	4-BArF4	by	β-H	elimination	 leading	to	trans-
[PdH(NCMe)(PCy3)2]BAr

F
4	 (5-BAr

F
4,	 Pd-H	 at	 -15.2	 ppm,	 2JP-H	 =	

6.7	 Hz).	 The	 same	 behavior	 was	 observed	 for	 the	
tetrafluoroborate	 analogue	 and	 the	 hydride	 5-BF4	 was	
detected	(see	ESI).	
Both	 the	mixture	1/PCy3/NaBAr

F
4,	 independently	of	 the	order	

of	mixing	 of	 the	 components,	 and	 complex	 4-BArF4	 have	 the	
same	 catalytic	 activity	 in	 the	 VA-polymerization	 of	 VNB	 (cf.	
entries	 1,	 4	 and	 5,	 Table	 2).	 However,	 the	 initiation	 step	
showed	interesting	differences.	The	VA-polymerization	of	VNB	
can	 be	 carried	 out	 by	 mixing	 complex	 1	 and	 the	 monomer,	
followed	by	the	addition	of	PCy3	and	NaBAr

F
4	(A	in	Scheme	4).	

This	 is	 the	 method	 used	 in	 the	 most	 of	 the	 experiments	
collected	in	Tables	1	and	2.	A	follow	up	of	the	reaction	by	19F	
NMR	shows	that	upon	addition	of	VNB	to	the	neutral	complex	
1	 a	 fast	 and	 complete	 β-H	 elimination	 occurs	 on	 the	 benzyl	
moiety	 leading	 to	 pentafluorostilbene	 and	 a	 putative	
palladium	hydride	that	undergoes	insertion	of	VNB	into	the	Pd-
H	 bond	 (Fig.	 S8).	 No	 polymer	 was	 observed	 unless	 PCy3	 and	
NaBArF4	 are	 added	 leading	 to	 a	VA-PVNB	with	no	 fluorinated	
end	groups.	 If	1,	PCy3	and	NaBAr

F
4	are	mixed,	generating	 the	

mixture	3	(Scheme	3),	before	the	addition	of	the	monomer	(B,	
Scheme	 4),	 the	 initiation	 occurs	 mostly	 by	 insertion	 of	 VNB	
into	the	Pd-C(benzyl)	bond	leading	to	polymers	that	contain		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Scheme	4.	Initiation	reactions	for	the	system	1/PCy3/NaBAr
F
4	and	VNB.	

the	fluorinated	benzyl	group	in	their	structure	(broad	signals	in	
19F	NMR	 corresponding	 to	 the	 C6F5	 group	 at	 –142.5	 (Fortho),	 -
158	 (Fpara),	 -163	 (Fmeta),	 Fig.	 S56).	 The	 same	 outcome	 is	
observed	when	the	isolated	4-BArF4	was	used	as	precatalyst	(C,	
Scheme	4).	Only	about	5-10%	of	the	palladium	benzylic	moiety	
in	 reaction	 routes	 B	 and	 C	 (Scheme	 4)	 decomposes	 by	 β-H	
elimination,	 and	 this	 can	 be	 quantified	 by	 the	 amount	 of	
pentafluorostilbene	formed.	This	shows	that,	in	contrast	to	the	
neutral	complex	1,	the	insertion	of	VNB	into	the	Pd-C	bond	of	
the	 cationic	more	 electrophilic	 palladium	 complexes	 is	 faster	
that	the	β-H	elimination.	This	behavior	in	the	initiation	step	is	
also	consistent	with	the	high	activity	of	the	cationic	species	in	
the	 propagation	 of	 the	 polymerization	 where	 multiple	
insertions	 into	 the	 Pd-C	 bond	 of	 the	 growing	 polymer	 are	
required.	 It	 is	noteworthy	 that	at	 low	VNB:Pd	 ratio	and	short	
reaction	times	the	insertion	of	VNB	into	the	Pd-C(benzyl)	leads	
to	 two	 different	 sets	 of	 C6F5	 resonances	 in	 the	

19F	 NMR.	
Besides	 the	 broad	 pentafluorophenyl	 resonances	 attached	 to	
the	 polymer	 as	 mentioned	 above,	 other	 C6F5-containing	
species	are	formed	that	evolve	to	the	final	VA-PVNB	(Fig.	4	a,	
b).	 We	 could	 not	 characterized	 these	 species	 but	 their	
transformation	 to	 the	 final	 polymer	 with	 fluorinated	 end	
groups	seems	to	indicate	that	they	are	organometallic	species	
formed	after	one	or	several	VNB	insertions	that	undergo	slow	
chain	 growth.	 These	 species	 are	 not	 observed	when	 a	 higher	
VNB:Pd	 ratio	 is	 used	 (Fig.	 4,	 c).	 These	 observations	 indicate	
that	 the	 initiation	 is	 not	 fast	 enough	 to	 provide	 a	 controlled	
polymerization	 and	 it	 is	 consistent	 with	 the	 polydispersity	
values	observed.	
Complex	 4-BF4	 reacts	 with	 VNB	 in	 the	 same	 way	 described	
above	 for	 4-BArF4	 and	 the	 insertion	 of	 VNB	 into	 the	 Pd-
C(benzyl)	bond	was	observed	(see	Fig.	S13	and	S14).	Therefore,	
the	counterion	has	no	significant	 influence	 in	 the	 initiation	of	
the	polymerization.	However	4-BF4	leads	to	less	active	species	
and	the	polymerization	with	this	complex	 in	the	conditions	of	
entry	 5,	 Table	 1	 led	 to	 a	 VA-PVNB	 in	 only	 19%	 yield.	 The	
influence	of	the	anion	was	also	patent	in	the	results	of	Table	1	
(cf.	entries	5-8).	
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Fig.	 4.	 Reaction	of	 complex	4-BArF4	with	5-vinyl-2-norbornene:	 a)	mol	 ratio	VNB:Pd	=	

125:1	after	15	min;	b)	sample	a	after	3	h;	c)	mol	ratio	VNB:Pd	=	1000:1	after	15	min.	

The	beneficial	effect	of	large	non-coordinating	anions	in	metal-
catalyzed	 polymerization	 reactions	 is	 known	 and	 it	 has	 been	
studied	mostly	in	the	context	of	group	4	metal	catalyzed	olefin	
polymerization,28,29	 but	 also	 in	 palladium	 catalyzed	
processes.30–32	 The	 association	 of	 the	 counterion	 to	 the	
cationic	complex	is	important	since	it	can	hinder	the	access	of	
the	 monomer	 to	 the	 metal.	 Looking	 at	 the	 molecular	
structures	of	4-BArF4	and	4-BF4,	it	can	be	clearly	seen	how	the	
bulky	BArF4

–	is	far	form	the	palladium	center	whereas	the	small	
BF4

–	is	placed	on	top	of	the	palladium	coordination	plane,	not	
too	far	from	the	metal	(Fig.	3,	b	and	Fig.	S16;	Pd…FBF3,	3.55	Å	
average	 for	 the	 closest	 F).	 Although	 in	 solution	 the	 situation	
will	 be	 different,	 the	 solvents	 used	 in	 the	 polymerization	
(CH2Cl2	 and	 dichloroethane)	 do	 not	 exclude	 cation-anion	
pairing,	which,	 in	 the	 case	of	BF4

–,	 could	make	 the	monomer	
coordination	 more	 difficult	 and	 therefore	 slow	 down	 the	
polymer	growth.	
The	 plausible	 active	 species	 in	 the	 propagation	 of	 the	
polymerization	 is	 a	 cationic	 monophosphino	 palladium	
complex	 [Pd(alkyl)(PCy3)Lm]BAr

F
4	 where	 L	 =	 VNB	 and	 alkyl	 =	

growing	 polymer.	 This	 is	 supported	 by	 the	 influence	 of	 the	
anion,	 which	 points	 to	 a	 cationic	 complex.	 Moreover,	 the	
observed	reluctant	coordination	of	a	second	PCy3	to	palladium	
(Scheme	3)	and	the	little	influence	in	the	polymerization	of	an	
excess	 of	 PCy3	 (entries	 1,	 3,	 Table	 2)	 supports	 a	
monophosphino	 species.	 The	 initiation	of	 the	polymerization,	
either	 via	 insertion	 into	 a	 Pd-H	 or	 a	 Pd-C	 bond,	 has	 no	
influence	 in	 the	 final	 polymer	 yield	 and	 size.	 The	 high	
molecular	 weight	 of	 the	 polymers	 and	 the	 presence	 of	 the	
vinyl	 group	 did	 not	 allow	 to	 identify	 any	 terminal	 group	 that	
could	give	information	about	the	chain	transfer	mechanism	of	
the	 polymerization.	 The	 involvement	 of	 the	 terminal	 double	
bond	in	the	termination	step	of	the	VA-oligomerization	of	VNB	
has	 been	 proposed	 before.9	 If,	 eventually,	 the	 insertion	 of	 a	

terminal	double	bond	into	the	Pd-C(Pol)	bond	takes	place,	a	β-
H	elimination	 in	 the	new	Pd-alkyl	 formed	could	occur	 leading	
to	 an	 olefin	 terminated	 polymer	 chain	 and	 a	 Pd-hydride	 that	
could	 re-enter	 the	 polymerization	 catalytic	 cycle.	 This	 could	
also	be	operating	here	 since,	as	mentioned	before,	when	 the	
molecular	weight	of	the	obtained	polymers	are	compared	with	
the	 initial	 VNB:Pd	 ratio	 and	 the	 yield,	 it	 is	 clear	 that	 much	
larger	 polymer	 chains	 could	 in	 principle	 be	 obtained.	
Therefore,	 each	 palladium	 center	 must	 be	 involved	 in	 the	
growth	of	more	than	one	polymer	chain.		

Conclusions	
A	 very	 efficient	 palladium	 catalyst	 for	 the	 polymerization	 of	
the	reluctant	5-vinyl-2-norbornene	(VNB)	has	been	developed.	
The	 active	 species	 is	 a	 cationic	 palladium	 complex	 with	 a	
coordinated	 PCy3	 and	 a	 non-coordinating	 counterion,	 i.e,	
[Pd(alkyl)(PCy3)Lm]BAr

F
4	 (alkyl	 =	 growing	 polymer).	 The	

activities	 found	 are	 the	 highest	 described	 so	 far	 for	 this	
alkenylnorbornene	 derivative.	 The	 catalytic	 species	 are	
generated	from	a	palladium	η3-benzylic	complex,	[Pd(µ-Br)(η3-
C6H5CHCH2C6F5)]2	 (1),	 which	 has	 proved	 to	 be	 an	 excellent	
precatalyst	 and	does	not	need	 the	addition	of	 an	alkyl	donor	
(such	as	MAO	or	other	organometallics).	Moreover,	no	excess	
of	 ligands	 or	 a	 halide	 scavenger	 are	 required	 and	 just	 one	
equivalent	 of	 PCy3	 and	NaBAr

F
4	 per	 palladium	 are	 necessary.	

The	 η3-benzylic	 precursor	 provides	 an	 easy	 path	 for	
coordination	of	the	monomer	and	insertion	into	the	Pd-R	bond	
due	to	the	easy	interconversion	to	the	σ-benzylic	coordination	
mode.	Complex	1,	PCy3,	NaBAr

F
4	and	VNB	can	be	mixed	in	any	

order	 leading	 to	 the	 same	 catalytic	 species	 and	 the	 same	
catalytic	activity.	However	the	initiation	reaction	of	the	neutral	
complex	1	with	VNB	involves	a	β-H	elimination	and	insertion	of	
the	monomer	 into	 a	 Pd-H	 bond.	 The	 subsequent	 addition	 of	
PCy3	 and	 NaBAr

F
4	 generates	 the	 active	 cationic	 complex.	 In	

contrast,	 the	 reaction	 of	 VNB	 with	 a	 preformed	 cationic	
complex	 [Pd(η3-C6H5CHCH2C6F5)(PCy3)L]BAr

F
4	 	 (3,	 4)	 leads	 to	

insertion	 of	 VNB	 into	 the	 Pd-C(benzyl)	 bond	 and	 the	
incorporation	 of	 the	 benzyl	 moiety	 in	 the	 polymer.	 This	 is	 a	
good	example	 that	 shows	how	the	cationic	palladium	species	
favor	the	1,2-olefin	insertion	vs.	a	β-H	elimination.	
The	 vinylic	 addition	polymerization	of	 the	 readily	 available	 5-
vinyl	2-norbornene	gives	interesting	polymers	with	an	aliphatic	
backbone	 and	 pendant	 terminal	 double	 bonds	 amenable	 to	
further	functionalization	leading	to	a	variety	of	new	polymers.	
However	 it	 has	 been	 a	 tough	 substituted	 norbornene	 to	
polymerize.	 The	 catalytic	 system	 described	 here	 allows	 to	
obtain	VA-PVNB	in	high	yields	and	high	molecular	weights	with	
just	2	ppm	of	Pd.	
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