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a b s t r a c t

New fluorinated bis(phenoxy-imine)zirconium complexes bearing halogen substituents in the ortho
and para positions of the phenolate rings, bis[N-(3,5-dibromosalycilidene)-2,3,4,5,6-pentafluoroaniline]-
Zr(IV) dichloride (1) and bis[N-(3,5-dichlorosalycilidene)-2,3,4,5,6-pentafluoroaniline]-Zr(IV) dichloride
(2) have been synthesized and used as precatalysts in the polymerization of propylene and 1-hexene.
Their catalytic behaviour was compared with that of the analogous fluorinated zirconium complexes
bearing alkyl groups in the same positions of the phenolate rings to investigate the effects produced by
opolymer
unctionalization
henoxy-imine
olyolefins
irconium

the introduction of additional electron-withdrawing halogen substituents. Complexes 1 and 2 produce
stereoirregular, slightly syndiotactic enriched polypropylenes showing enhanced catalytic activities and
an improved primary regioselectivity. Both catalysts promote efficiently the oligomerization of 1-hexene
to atactic and regioregular oligomers. Interestingly for both the studied monomers it is possible to control
the molecular weights and the structures of end groups of the produced polymeric chains by an appropri-
ate choice of the cocatalyst. Functionalization reactions of the unsaturated polymeric chains selectively
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. Introduction

Remarkable advances have been recently made in the field
f non-cyclopentadienyl Group 4 complexes as homogeneous
lefin polymerization catalysts. [1] The development of “post-
etallocene” high-performance single-site catalysts allowed an

ccurate design of the polymer microstructures through a precise
ontrol not only of the stereochemistry of the polymerization, but
lso of the termination reactions (e.g., living polymerization) [2].

In this context extremely efficient and versatile catalysts are
ctahedral bis(phenoxy-imine) Group 4 complexes [3]. They dis-
layed high activities for ethylene polymerization [4] and a
ersatile behaviour in the polymerization of �-olefins that allowed
he synthesis of polymers with distinctive architectural features
3,5].

Numerous experimental studies have evidenced that the stereo-
nd regio-specificity of these catalysts in the polymerization of

ropylene are significantly affected by the ligand structure, the
ature of the metal centre and of the cocatalyst. Titanium com-
lexes bearing fluorinated N-aryl groups and bulky ortho-phenol
ubstituents, despite their C2-symmetry, promote the syndiospe-

∗ Corresponding author. Tel.: +39 089 969562; fax: +39 089 969603.
E-mail address: mlamberti@unisa.it (M. Lamberti).
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ific and living polymerization of propylene [6–8] via a chain end
echanism of steric control [9–11]. The stereoregularity of the

olypropylenes turns from syndiotactic (via chain end control) to
sotactic (via enantiomorphic site control) just introducing little
tructural modifications on the ligand skeleton of titanium com-
lexes, such as phenyl groups on the carbon atoms of the imine
oieties [12] or halogen atoms on the phenolate rings [13]. More-

ver, zirconium and titanium complexes bearing the same ligands
fforded prevailingly syndiotactic polypropylenes having very sim-
lar structures, but via opposite regiochemistries [14].

Several reports revealed that a fundamental role in the cat-
lytic behaviour of the phenoxy-imine complexes is played by
he halogen atoms on the phenoxy-imine ligands. For instance,
he bis-phenoxy-imine titanium complexes with perfluorophenyl
ubstituent groups on the imine nitrogen mediate living polymer-
zation of both ethylene and propylene allowing the synthesis of a

ide array of block copolymers [3,6].
Recently we disclosed that the presence of additional halogen

ubstituents on the phenolate rings of the ligand structure results
n an inversion of the sterospecificity of the corresponding tita-

ium catalyst [13]. Herein we report the synthesis of the related
uorinated bis(phenoxy-imine)zirconium complexes (complexes
and 2, Scheme 1) bearing halogen substituents on the pheno-

ate rings. The reactivity of these complexes in the polymerization
f propylene and 1-hexene by using different cocatalysts is also

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:mlamberti@unisa.it
dx.doi.org/10.1016/j.molcata.2008.09.002
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Scheme 1. Schematic representation of catalysts 1–3.

eported and compared with the reactivity of the fluorinated
is(phenoxy-imine)zirconium complex 3, carrying methyl groups

n the ortho positions of the phenolate rings. The polymeriza-
ion data revealed that the introduction of additional halogen
ubstituents in the ligand structure has beneficial effects on the
atalytic activity and on the regioselectivity of the catalyst. More
nterestingly, an appropriate choice of the cocatalyst allowed the
ontrol of the termination reactions and consequently of the molec-
lar weights and of the structures of the chain end groups of
he produced polymers. A study concerning the functionaliza-
ion of selectively produced unsaturated polymeric chains is also
eported.

. Experimental

.1. General remarks

All manipulations of air- and/or water-sensitive compounds
ere carried out under a dry nitrogen atmosphere using a
raun Labmaster drybox or standard Schlenk line techniques. All
olvents, purchased from Carlo Erba, were refluxed over sodium-
enzophenone and distilled under a nitrogen atmosphere before
se. Dichloromethane and dichloromethane-d2 were distilled over
alcium hydride and under a nitrogen atmosphere before use. 3,5-
ibromo-2-hydroxybenzaldeyde, 3,5-dichloro-2-hydroxybenzal-
ehyde (Lancaster products), 2,3,4,5,6-pentafluoroaniline,
rCl4·2THF, Al(iBu)3 (Aldrich products) and CPh3B(C6F5)4 (Boulder
PA Company product) were used as received. Methylaluminoxane
MAO, Euricen) was purchased as a 10 wt.% solution in toluene. A
ample of commercial MAO solution was dried by distilling off the
olvent and excess of trimethylaluminium, providing a solid white
owder (MAO*).

Polymerization grade propylene (SON, 99%) was used without
urther purification.

1-Hexene (Aldrich product) was distilled over calcium hydride
nder a nitrogen atmosphere before use.

The 1H and 13C NMR spectra were recorded on Bruker Avance
pectrometer at 400 MHz and 100.6 MHz, respectively. Chemical
hift (ı in ppm) are referenced vs. tetramethylsilane (TMS). 13C NMR
olymer spectra were recorded in 1,1,2,2-tetrachloroethane-d2
C2D2Cl4, TCDE at 100 ◦C) and referenced vs. hexamethyldisiloxane
HMDS).
Molecular weights (Mn and Mw) and polydispersities (Mw/Mn)
f polypropylenes were determined by high-temperature gel per-
eation chromatography (GPC) using PL-GPC210 with PL-Gel
ixed A Columns, a RALLS detector (Precison Detector, PD2040

t 800 nm), a H502 viscometer (Viscotek), a refractive detector

m
t
t
t
t

alysis A: Chemical 297 (2009) 9–17

nd a DM400 data manager. The measurements were recorded at
50 ◦C using 1,2,4-trichlorobenzene as solvent and narrow molec-
lar weight distribution polystyrene standards as reference. Other
igh-temperature GPC measurements were performed on Waters
PC-V200 RI detector at 135 ◦C using 1,2-dichlorobenzene as sol-
ent and Styragel columns (range 107–103).

The molecular weights and the molar mass distribution of poly-
-hexene samples were measured by GPC at 30 ◦C, using chloroform
s solvent, flow rate of eluant 1 mL/min, and narrow polystyrene
tandards as reference. The measurements were performed on a

aters 1525 binary system equipped with a Waters 2414 RI detec-
or using four Styragel columns (range 1000–1,000,000 Å). Every
alue was the average of two independent measurements.

Polymer melting points (Tm) were measured by differential
canning calorimetry (DSC) using a DSC 2920 TA instrument in
itrogen flow with a heating and cooling rate of 10 ◦C min−1. Melt-

ng temperatures were reported for the second heating cycle.

.2. Synthesis

.2.1. Synthesis of the ligands and of the complexes
Ligands 1 and 2 were synthesized as described in the literature

13].
Complex 1. To a stirred solution of N-(3,5-dibromosalicylidene)-

,3,4,5,6-pentafluoroaniline (3.3 g, 7.4 mmol) in anhydrous diethyl
ther (60 mL) at −78 ◦C was added a 2.5 M n-butyllithium/n-hexane
olution (3.0 mL, 7.4 mmol) dropwise over a 10-min period. The
olution was allowed to warm to room temperature and stirred for
h. The resulting solution was added dropwise to a THF (135 mL)

olution of ZrCl4·2THF (1.40 g, 3.7 mmol) at −78 ◦C. The mixture was
llowed to warm to room temperature and stirred for 15 h. Con-
entration of the reaction mixture under reduced pressure gave a
rude yellow product. Anhydrous CH2Cl2 (80 mL) was added to the
rude product, and the mixture was stirred for 15 min and then fil-
ered on celite to remove insolubles. The filtrate was concentrated
nder reduced pressure at 25 mL. Then 35 mL of hexane were slowly
dded to the solution, yellow brown crystals precipitated at room
emperature. The crystals were separated by filtration with a glass
lter, washed with hexane and dried in vacuo to give complex 1
1.214 g) as a yellow solid in 31% yield.

1H NMR (CD2Cl2, 400 MHz): ı 7.57 (d, J = 7.0 Hz, 2H, aromatic-
), 7.98 (d, J = 7.0 Hz, 2H, aromatic-H), 8.29 (s, 2H, N CH). 13C
MR (CD2Cl2, 100.6 MHz): ı 175.36 (N CH), 143.30, 139.73, 137.44,
34.61, 123.06, 112.89.

Anal. found (calcd.) for C26H6Br4Cl2F10N2O2Zr (%): C, 29.61
29.74); H, 0.43 (0.58); N, 2.53 (2.67).

Complex 2 was synthesized with the same procedure. Yield:
7%.

1H NMR (CD2Cl2, 400 MHz): ı 7.37 (d, J = 7.0 Hz, 2H, aromatic-
), 7.70 (d, J = 7.0 Hz, 2H, aromatic-H), 8.33 (s, 2H, N CH). 13C NMR

CD2Cl2, 100.6 MHz): ı 175.10 (N CH), 137.92 (C–O), 133.51, 126.26,
25.52, 122.84.

Anal. found (calcd.) for C26H6Cl6F10N2O2Zr(%): C, 35.68 (35.80);
, 0.78 (0.69); N, 3.15 (3.21).

.2.2. Polymerization procedure
Propylene polymerizations were performed in a glass reactor

100 mL) equipped with a mechanical stirrer and a temperature
robe. The reaction vessel was charged under nitrogen sequen-
ially with toluene, MAO or the proper cocatalyst mixture. The
ixture, thermostated at the required polymerization tempera-
ure, was stirred, the propylene gas feed was started and then
oluene solution of the precatalyst was added. After the prescribed
ime the reaction vessel was vented and the polymerization mix-
ure was poured into acidified methanol. The precipitated polymer
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as recovered by filtration, dried (80 ◦C, vacuum oven, overnight)
nd weighed.

1-Hexene polymerizations were carried out by charging the reac-
ion vessels sequentially with toluene, the opportune volume of
-hexene, MAO or the proper cocatalyst mixture and a toluene
olution of the precatalyst. Then the same procedure used for the
ropylene was followed.

Ethylene/1-hexene copolymerizations were performed using the
ame type of equipment as the propylene polymerization described
bove. A solution of the opportune volume of toluene and MAO was
repared and kept at 25 ◦C, than the ethylene gas feed was started
nd 1-hexene was introduced into the reactor and stirred under an
thylene atmosphere for 30 min. Then a 5 mM complex solution in
nhydrous toluene (3 mL) was added to the solution. After 5 min,
he reaction vessel was vented and the polymerization mixture was
oured into acidified methanol. The polymer was collected by fil-
ration, washed with methanol, and then dried in vacuo at 80 ◦C
vernight.

.2.3. Functionalization procedure
Hydroboration of poly(1-hexene). 3.1 g of polymer (run 9, Table 2)

ere dissolved in 30 mL of dry toluene in an inert atmosphere. The
olution was warmed up at 70 ◦C, and 9-borabicyclo[3.3.1]nonane
9-BBN) (0.387 g, 2.1 equiv. to the olefinic double bonds) in 20 mL
f dry tetrahydrofuran was added. The mixture was stirred at 70 ◦C
or 24 h. The solution was cooled to 40 ◦C, and NaOH (5.67 g) and a
0% H2O2 aqueous solution (4.3 mL) were slowly added. The resul-
ant mixture was stirred for additional 24 h at 40 ◦C, then poured
nto methanol (100 mL). The polymer was collected, washed with

ethanol (3 × 150 mL), and then dried in vacuo. In the 1H NMR spec-
rum (CDCl3, 25 ◦C), besides the main resonances attributable to
he polymer main chain, minor resonances at 3.55 and 3.66 ppm
–CHOH– and –CH2OH) were detected, attributable to hydroxyl-
unctionalized chain ends groups.

Hydroboration of polypropylene. Reaction was performed as
bove but using 3.0 g of atactic polypropylene (run 4, Table 1),
9 mg of 9-BBN, 1.45 g of NaOH and 1.1 mL of 30% H2O2 aque-
us solution. The polymer was collected, washed with methanol
3 × 150 mL), and then dried in vacuo. In the 1H NMR spectrum
CDCl3, 25 ◦C), besides to the main resonances attributable to
he polymer main chain, minor resonances at 3.39 and 3.51 ppm
–CH2OH) were detected, attributable to hydroxyl-functionalized
hain ends groups. In the 13C NMR spectrum (CDCl3, 100.6 MHz)
he diagnostic signal appears at 65.5 ppm (–CH2OH).
. Results and discussion

.1. Synthesis of complexes

Ligands L1–L3 were synthesized as previously reported [13,14].

m

(
u
v

able 1
ropylene polymerization conditions and results

una Catalyst Cocatalyst Toluene (mL) Time (h

1 MAO* 40 1
1 MAO 40 2

c 1 Al(iBu)3/Ph3CB(C6F5)4 40 1
1 MAO* 80 0.5
2 MAO* 80 0.5
3 MAO 40 2
3 MAO* 40 2

c 3 Al(iBu)3/Ph3CB(C6F5)4 40 2

a General conditions: precatalyst = 25 �mol; cocatalyst: MAO = 7.25 mmol; [Al]/[Zr] = 15
b Activity = kg-polymer/(mol Zr atm h).
c [B]/[Zr] = 2; [Al]/[Zr] = 50.
alysis A: Chemical 297 (2009) 9–17 11

Complexes 1–3 (Scheme 1) were prepared, according to litera-
ure procedures [15], by reaction of 2 equiv. of the ligand lithium
alt with ZrCl4·2THF in tetrahydrofuran.

For all complexes 1H and 13C NMR spectra showed the presence
f a single isomer in dichloromethane-d2 solution at room tem-
erature. In agreement with the observed structures of previously
eported analogous zirconium complexes and on the basis of NMR
ata it is reasonable to assume a C2-symmetry for these complexes.

.2. Polymerization of propylene

Catalysts 1–3 were tested in the polymerization of propy-
ene in combination with different cocatalysts. Perusal of the
iterature data disclosed that the used cocatalyst can have an
nfluence on the polymerization performances of the bis(phenoxy-
mine)zirconium complexes. For instance, the production of
tactic oligomers of propylene is reported for the catalyst bis[N-
3-tert-butylsalicylidene)anilinato]zirconium(IV) dichloride/MAO
16], while the same precatalyst with Al(iBu)3/Ph3CB(C6F5)4 results
n the production of isotactic polypropylene [17].

The main polymerization data are summarized in Table 1.
Polymerization of propylene with complex 1 using MAO* as

ocatalyst was carried out under atmospheric pressure at room
emperature for 1 h (run 1, Table 1).

The 13C NMR analysis of the obtained polypropylene showed
hat it is a stereoirregular, slightly syndiotactic enriched
[mm] = 13%, [mr] = 51%, [rr] = 36%) polymer with a small amount
f regioirregularly arranged monomer units (<1%) as indicated,
.g., by the methyl resonances of the tail-to-tail units observed
etween 12.6 and 15.0 ppm from hexamethyldisiloxane (HMDS)
18].

In addition to the resonances due to the main chain carbon
toms, the spectrum displayed two peaks in the unsaturated region
at ı 142.9 and 109.3 ppm) and a signal at ı 20.5 ppm attributable,
ccording to the literature data [19] to vinylidene end groups
see Scheme 2). The 1H NMR analysis of the sample confirmed
his attribution [20]. Additional resonances in the 13C NMR spec-
rum, approximately of same intensity, attributable to n-propyl end
roups were also detected (see Scheme 2) [21]. The presence of
n equal amount of satured (n-propyl) and unsatured (vinylidene)
hain ends groups is easily explained hypothesizing terminations
teps which occur prevailingly by �-hydrogen elimination from pri-
ary growing chains and initiation steps by primary insertion of

ropylene on the Zr–H bonds (Scheme 2).
The high regioregularity of the polypropylene chains suggests,

onsequentially, a primary regiochemistry as main propagation

ode.
Similar results were obtained with the catalytic system 2/MAO*

run 5, Table 1): the produced polypropylene was a highly regioreg-
lar atactic polymer with a pairwise presence of n-propyl and
inylidene end groups.

) Yield (g) Activityb [rr] (%) Mw (×103) PDI

7.8 312 36 22.0 1.6
5.0 100 39 14.6 1.7
0.9 36 39 74.8 13
5.1 408 38 21.4 1.7
7.0 466 31 18.1 1.6
4.9 98 45 8.3 2.3
6.4 128 44 18.2 3.2
0.3 6 28 14.4 3.4

0; propylene pressure = 1 atm; T = 18 ◦C.
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ig. 1. Aliphatic region of the 13C NMR spectrum (C2D2Cl4, 100 ◦C) of polypropylene
run 2, Table 1). ı in ppm from hexamethyldisiloxane.

The comparison between the polymerization results obtained
ith 1 and 2 (see runs 1, 4 and 5, Table 1) and those obtained with

n analogous phenoxy-imine catalyst bearing methyl substituents
n the phenol rings (complex 3, run 7, Table 1) provided evidence
hat the introduction of halogen substituents on the ligand skeleton
as beneficial effects on the catalytic activity and on the regiose-

ectivity of the catalytic systems (% of vicinal methyl: <1% run 1
nd 3.5% run 7, respectively). In particular, the higher propensity
f catalysts 1 and 2 to polymerize propylene with primary regio-
hemistry has important consequences on the structures of the
hain end groups. In fact the polymers produced with bis(phenoxy-
mine)zirconium complexes with ortho-phenol alkyl substituents
how a mixture of different unsaturated end groups formed mostly
y a �-H hydrogen transfers following misleading 2,1 insertions
>90%) [16]. Differently, as a consequence of the increased regios-
lectivity, catalysts 1 and 2 exclusively produce vinyl-terminated
ow-molecular weight atactic polypropylenes which are interest-

ng precursors for the synthesis of the terminally functionalized
olypropylenes.

We also investigated the effect of the use of different cocatalysts
n the selective production of unsaturated PPs. Thus, a polymer-
zation run was performed by using complex 1 and a commercial

p
p
m
i
a

Scheme 2. Mechanisms for initiation and termination in the polymerization of
alysis A: Chemical 297 (2009) 9–17

AO solution as cocatalyst (run 2, Table 1). The polypropylene
btained under these conditions showed an analogous microstruc-
ure (in terms of composition of the methyl triads and percentage
f regioinversions) but lower molecular weights (Fig. 1).

The decrease of the molecular weights is imputable to the fact
hat, in addition to the already discussed termination reactions
ccurring by �-H transfer (described in Scheme 2), further termi-
ation reactions occur by chain transfer to Al(CH3)3 that is present

n the commercial MAO solution.
From the areas of the resonances of the end group carbons (n-

ropyl vs. isobutyl) and considering that the isobutyl end groups
re formed both in the initiation and in the termination steps (see
cheme 3) it is possible to conclude that when commercial MAO
olution is used as cocatalysts the polymeric chains are terminated
referentially (∼70%) by chain transfer to Al(CH3)3.

The effects of the use of Al(iBu)3/Ph3CB(C6F5)4 as cocatalyst on
he catalytic performances of complexes 1 and 3 have been also
nvestigated (see runs 3 and 8, Table 1).

The polypropylene sample obtained with complex 1 activated
ith Al(iBu)3 and Ph3CB(C6F5)4 (run 3, Table 1) showed the exclu-

ive formation of vinyl-terminated chains but having substantially
he same microstructure of the polymers produced with MAO. In
ddition GPC analysis showed higher molecular weights than those
btained with MAO* as cocatalyst, high value of the PDI and a
imodal distribution of the polymers molecular weights, thus sug-
esting that more than one catalytically active species are formed
n the polymerization process. Analogous results were obtained by
sing complex 3 activated by Al(iBu)3/Ph3CB(C6F5)4 (run 8, Table 1).

In order to verify if a structural modification of the ligand
ccurred during the polymerization, a mixture of 1 and Al(iBu)3
as hydrolyzed. The NMR analysis of the organic extracts revealed

hat the phenoxy-amine species, deriving by the reduction in situ
f the imine functionality, was the most abundant component.

Previous literature data showed that when the alkylaluminum
educes the imine moiety of the bis(phenoxy-imine)zirconium
ichloride complexes to amine-donor, an inversion of the catalyst
tereoselectivity is observed [7,22].

Nevertheless in our case the similarity of the microstruc-
ures of the polypropylenes obtained by 1/MAO* and 1/Al(iBu)3/
h3CB(C6F5)4, suggests an analogous behaviour of the phenoxy-
mine catalytic specie and of the related imine catalyst.

In conclusion the presence of halogen substituents in different

ositions of the ligands in bis(phenoxy-imine) zirconium com-
lexes induces an increase of the catalytic activity possibly due to a
ore electrophilic character of the metal centre, reasonably deriv-

ng from the electron-withdrawing properties of halogen atoms,
nd an improvement of the regioselectivity of the active species.

propylene by the catalytic systems 1/MAO* and 1/Al(iBu)3/Ph3CB(C6F5)4.
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Scheme 3. Mechanisms for initiation and termination in t

In addition, by an appropriate choice of the cocatalyst, it is pos-
ible to control the termination phenomena producing end groups
ith defined structures. The interesting aspect is that these com-
lexes, activated by MAO* or Al(iBu)3/Ph3CB(C6F5)4, revealed to be
ery active catalysts for the selective production, at room temper-
ture, of the vinyl-terminated PPs which are potential precursors
or chain-end functionalized PPs [23].

.3. Polymerization of 1-hexene

The high activity observed in the polymerization of propylene
nduced us to investigate the catalytic behaviour of these com-
lexes in the polymerization of higher olefins. Literature data [24]
oncerning higher �-olefin polymerization promoted by phenoxy-
mine catalysts are quite scanty. Interesting results were recently
eported regarding a fluorinated phenoxy-imine titanium complex
hich, in combination with Al(iBu)3/Ph3CB(C6F5)4, and in n-
eptane solution, afforded high-molecular weight poly(1-hexene)
ith highly stereo- and regio-irregular structure [ultra-random
oly(1-hexene)] [25]. Differently, when activation of the same pre-
atalyst is performed with MAO and when toluene is used as solvent
he catalytic system revealed to be inactive.
Herein we report some results regarding polymerization of 1-
exene with 1 and 2 and a detailed analysis of the structure of the
hain end groups of the produced polymers.

The 13C NMR analysis of the poly(1-hexene) obtained by 1/MAO*

run 9, Table 2) clearly revealed a stereoirregular polymer with a

p
a
a

e

able 2
-Hexene polymerization conditions and results

una Catalyst Cocatalyst Toluene (mL) Tim

9 1 MAO* 5 60
10 1 MAO – 60
11 1 MAO 2 5
2 1b Al(iBu)3/Ph3CB(C6F5)4 12 60

13 2 MAO* 2 5

a General conditions: precatalyst = 15 �mol; cocatalyst: MAO = 7.5 mmol; [Al]/[Zr] = 500
b [B]/[Zr] = 2; [Al]/[Zr] = 50.
lymerization of propylene by the catalytic system 1/MAO.

ery small amount (∼2%) of regiomistakes calculated by the res-
nances of the characteristic signals in the regions 30.3–31.9 and
5.4–36.7 ppm [25] (Fig. 2).

The 1H NMR analysis (see Fig. 3) of the chain end groups reveals
he presence of two different type of unsaturated end groups
26]: vinylidene (ı 4.68 and 4.76 ppm) and vinylene end groups
ı 5.3 ppm) in 1/10 ratio deriving, respectively, from termination
eactions after 1,2 and 2,1 insertions as shown in Scheme 4.

The 13C NMR spectrum showed, in addition to the signals of the
arbons of the main chains, resonances of minor intensity assigned
o the saturated end groups formed in the initiation steps by at least
wo consecutive 1,2 insertion on the Zr–H bond (type A Scheme 4).
dditional resonances of low intensity (1/10 than that of the type A)
orresponding to saturated end groups of type B (Scheme 5) were
lso detected.

The molecular weights (Mn) calculated from the 13C NMR spec-
rum furnished a result (3.8 kDa) which is in good agreement with
he value measured by GPC (4.1 kDa). Considering that the end
roups of type B (see Scheme 5) are formed both in the initiation
teps (from, at least, two consecutive primary insertions on Zr–CH3
onds) and in the termination steps (from hydrolysis of Zr- or Al-
ound primary growing chain) it is possible to conclude that most

olymeric chains (>95%) are terminated by �-hydrogen elimination
nd that the termination reactions by chain transfer to aluminium
re sporadic phenomena.

This whole picture suggests that the following sequence of
vents occurs: the polymerization of 1-hexene with 1/MAO is

e (min) Monomer (mL) Yield (g) Mw (×103) PDI

5 6.3 6.5 1.6
15 9.1 3.6 1.7
15 7.7 7.0 1.4
15 5.3 12.1 1.5
15 8.0 7.1 1.4

; T = 18 ◦C.
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Fig. 2. Aliphatic region of the 13C NMR spectrum (C2D2Cl4, 100 ◦C) of poly(1-hexene)
(run 9, Table 2). ı in ppm from hexamethyldisiloxane.

Fig. 3. 1H NMR spectrum (C2D2Cl4, 100 ◦C) of poly(1-hexene) (run 9, Table 2). ı in
ppm from hexamethyldisiloxane.
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Scheme 4. Mechanisms for initiation and termination in the polymerization o
ig. 4. Aliphatic region of the 13C NMR spectrum (C2D2Cl4, 100 ◦C) of poly(1-hexene)
run 12, Table 2). ı in ppm from hexamethyldisiloxane.

nitiated almost exclusively by 1,2 insertion of the monomer on a
r–H bond and is terminated by a �-hydrogen transfer mostly fol-
owing a 2,1 insertion (90%); in fact the predominant formation of
inylene end groups indicates that the chain propagation becomes
luggish after a secondary insertion resulting in a chain release by
�-H transfer (see Scheme 4).

The identification of the structures of the end groups generated
n the initiation steps (type A and type B both derived by primary
nsertion of the monomer) and the regioregularity of the main chain
ndicate a prevailing primary regiochemistry of monomer insertion
uring the propagation of the polymeric chain.

To direct the polymerization process toward the production of
olymeric chains containing exclusively unsaturated end groups
e employed Al(iBu)3 as alkylating agent.

As already observed in the polymerization of propylene,
he poly(1-hexene) produced by complex 1 in combination

i
ith Al( Bu)3/Ph3CB(C6F5)4 showed the same microstructure but
lightly higher molecular weights (see Fig. 4) than the sample
btained using MAO as activator. Since, under the polymerization
onditions used, the termination reactions occurred exclusively by
-H transfer, all the polymeric chains had unsaturated end groups,

f 1-hexene by the catalytic system 1/MAO* and 1/Al(iBu)3/Ph3CB(C6F5)4.
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he polymerization of 1-hexene by the catalytic system 1/MAO.
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Table 4
13C NMR characterization of ethylene/1-hexene copolymers

Run Triad distributionsa

[HHH] [EHH] + [HHE] [EHE] [HEH] [EEH] + [HEE] [EEE]

16 0.006 0.002 0.048 0.012 0.037 0.895

c

w
e
a
h

1
(
3
m
a

T
E

R

Scheme 5. Mechanisms for initiation and termination in t

s confirmed by the excellent agreement between the polymer
olecular weight calculated by NMR spectra (8400) and the mea-

ured value by GPC (8200).
As expected, increasing the amount of Al(CH3)3 in the cocat-

lytic system, for example using a commercial solution of MAO, a
ignificant reduction of the molecular weights of the polymers was
bserved (run 11, Table 2). The analysis of the saturated end groups
n the 13C NMR spectrum revealed an inverted ratio between the
ype A and the type B structures (B/A = 4:1).

.4. Ethylene 1-hexene copolymerization

To gain further insight into the reactivity of phenoxy-imine
irconium complexes bearing halogen substituents on olefin poly-
erization, the ethylene/1-hexene copolymerization behaviour of

omplex 2 was investigated. The results of these copolymerizations
re reported in Table 3.

Analysis of the copolymers was carried out by 13C NMR in TCDE
t high temperature (100 ◦C), the microstructure was assessed fol-
owing previous work reported by Hsieh and Randall [27]. The

opolymer compositions and triad distributions [27] are reported
n Table 4.

An ethylene/1-hexene copolymerization was performed with
monomer feed ratio Xe/Xh = 0.14 and at 1 atm of ethylene (run

4). The obtained copolymer showed a monomodal molecular

I
o
(
i
p

able 3
thylene/1-hexene copolymerization conditions and results

una Toluene (mL) 1-Hexene (mL) Xe/Xh
b Yield (g)

14 20.0 5.0 0.14 3.2
15 24.3 0.7 1.00 1.1
16d 24.7 0.35 2.04 0.2
17d 20.6 1.4 0.49 0.3

a General conditions: precatalyst 2 = 15 �mol; cocatalyst: MAO* = 7.5 mmol; [Al]/[Zr] = 5
b Initial monomer feed ratio: Xe = mol fraction of ethylene, Xh = mol fraction of 1-hexen
c Productivity = kg-polymer/(mol Zr h).
d Precatalyst 2 = 7.5 �mol, MAO = 3.7 mmol; [Al]/[Zr] = 500.
17 0.008 0.023 0.085 0.035 0.121 0.766

a Triads do not sum 1.00 for all entries. This reflects the experimental error in the
alculation of triads from 13C{1H} NMR.

eight distribution (Mw/Mn = 2.4), but it was compositionally het-
rogeneous and was separated into fractions containing different
mounts of ethylene and 1-hexene by solvent extraction in n-
exane at room temperature.

The fraction of polymer insoluble in hexane (HI) accounted for
0 wt.% of the entire sample and contained ∼93% of ethylene. The
HI) fraction showed a 13C NMR spectrum with signals at 38.1 and
4.5 ppm attributed to the methine and methylene (S��+) of the
ain-chain carbons, respectively, and signals at 34.1, 29.3, 23.4,

nd 14.3 ppm attributed to the carbon atoms in the butyl branch.

n addition, the lack of any peaks at 40 ppm (indicating the absence
f poly-1-hexene blocks within the copolymer) and at 24 ppm
indicative of alternating sequences of monomers) supports the
dea of isolated incorporations of 1-hexene monomer unit into
olyethylene chains (% n-butyl branches = 6.9). The hexane soluble

Productivityc Hcopolymer (%mol) Tm Mw (×103) PDI

2560 – – 7.4 2.4
960 16 107 65 2.1
320 8 114 85 2.4
480 15 94 74 2.3

00; T = 18 ◦C, Pethylene = 1 atm, reaction time = 5 min.
e.
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HS) fraction is a mixture formed prevailingly by poly-1-hexene
nd polyethylene with n-butyl branches.

An ethylene/1-hexene copolymerization was performed with a
igher initial monomer feed ratio Xe/Xh = 1 (run 15) and at 1 atm
ressure of ethylene. Under these reaction conditions a homoge-
ous polymeric sample was obtained and the incorporation of
-hexene into the copolymer was almost quantitative (97%). The
3C NMR analysis of the copolymer revealed that it appears to be
ormed exclusively by long chains of polyethylene with isolated
nits of hexane (% n-butyl branches = 16). No peaks indicating the
resence of poly(1-hexene) blocks within the polymer and of alter-
ating sequences of monomers were detected.

In runs 16 and 17 the ethylene/1-hexene copolymerization reac-
ions were performed with different initial monomer feed ratios
Xe/Xh = 2.04 and 0.49, respectively) and started by disconnecting
he ethylene feed. In both cases polyethylenes containing prevail-
ngly n-butyl branches were obtained. The different concentrations
f 1-hexene in the initial compositions of the reaction systems were
oherently reflected in the triads distributions observed for the two
opolymers.

This initial screening for the ethylene/1-hexene copolymer-
zation shows that complex 2 exhibited high propensity for
-hexene insertion during copolymerization. An analogous abil-

ty was observed for ethylene/propylene polymerization behaviour
f bis(phenoxy-imine)Zr and Hf complexes possessing perfluo-
ophenyl substituents [28].

.5. Polymer end-groups functionalization

The inert nature of polyolefins while constitutes the strength
oint of these materials, at the same time represents a significant

imit for their uses, particularly those in which interaction with
ifferent materials is necessary. As matter of fact, polyolefins often

ack in adhesion, dyeability, paintability, printability, or compati-
ility with other functional polymers. Therefore functionalization
f polyolefins has been a research subject for many decades. Var-
ous synthetic strategies have been reported, including the direct
opolymerization of ethylene or propylene with functionalized pro-
ected monomers [29] or the postpolymerization functionalization
f unsaturated polymers [30].

The presence of unsaturated chain ends of the obtained
olypropylene and polyhexene samples allowed their functional-

zation. In order to obtain hydroxyl-terminated polymer chains,
e performed a hydroboration followed by oxidative work up.

n the 1H NMR spectrum of the treated polypropylene besides
o the polymer chain main resonances, minor resonances at
.39 and 3.51 ppm attributable to the hydrogen atoms of a pri-
ary alcohol (–CH2OH) were detected. The corresponding carbon

ppeared at 65.5 ppm (–CH2OH) in the 13C NMR spectrum (CDCl3,
98 K). The same hydroboration reaction was performed on a
oly(1-hexene) sample, which was analyzed by 1H NMR. The disap-
earance of the unsaturated end groups signals and the detection of
inor resonances at 3.55 and 3.66 ppm attributable to secondary

nd primary alcohol functionalities (–RCHOH and –CH2OH) indi-
ated that, also on these substrates, the reaction was successfully
erformed.

. Conclusions

New bis(phenoxy-imine) zirconium complexes bearing halogen

ubstituents in the ortho and para positions of the phenolate rings
ave been synthesized and tested as precatalysts for the polymer-

zation of propylene and 1-hexene.
Both complexes, in combination with different cocatalytic sys-

ems (Al(iBu)3/Ph3CB(C6F5)4 or MAO), resulted in the production

[

[

alysis A: Chemical 297 (2009) 9–17

f stereoirregular, slightly syndiotactic enriched, highly regioreg-
lar and low-molecular weight polypropylenes. The presence of
he halogen substituents has beneficial effect on the catalytic activ-
ty of the complexes if compared with the one observed with the
nalogous compound 3 having alkyl substituents. This behaviour
s imputable to the more electrophilic character of the metal cen-
re derived by the electron-withdrawing properties of the halogen
toms.

End groups NMR analysis of the polypropylene samples suggests
hat the regiochemistry of monomer insertion in the initiation, ter-

ination and propagation steps is 1,2.
Interestingly, in combination with appropriate cocatalysts these

omplexes are able to produce exclusively vinyl-terminated low-
olecular weights PPs with high efficiency at room temperature.
nalogous results have been observed in the polymerization of 1-
exene. In this case, a detailed NMR analysis of the oligomers of 1-
exene obtained promoting specific termination reactions allowed
n accurate attribution of the 13C NMR resonances corresponding
o the carbons of the different formed end groups. In addition in
he ethylene/1-hexene copolymerization the described complexes
xhibited an enhanced incorporation ability for the higher olefin,
ffering the possibility to produce copolymers in a very large range
f compositions.

The vinyl-terminated, vinylene and vinylidene-terminated poly-
ers were successfully functionalized, demonstrating thus a

urther potentiality of this family of catalysts.
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