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In this review, the key advances achieved over more than 10 years on the design and development of
(imino)pyridyl transition metal complexes as catalyst precursors for the transformation of ethylene,
higher a-olefins and cyclic olefins into either linear/branched homopolymers or oligomers are high-
lighted. Particular attention has been paid to the relationships between the catalytic activity exhibited
by the catalysts and their electronic and geometrical structure.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the independent discovery by Brookhart, Bennett and Gib-
son that five-coordinate 2,6-bis(arylimino)pyridyl metal dihalides
(basically Fe and Co complexes) (Scheme 1a), upon activation
with MAQO, are effective catalysts for the conversion of ethylene
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either to high-density polyethylene (HDPE) or to a-olefins with
a Schulz-Flory distribution [1], the design of new iminopyridyl-
based ligands has been a major research goal in polymerization
catalysis.

Among the possible structural variations of the (N3) 2,6-
bis(arylimino)pyridyl moiety, bidentate (N2) (imino)pyridines, in
conjunction with first and second row late transition metal
halides (Co, Ni, Pd, Fe, Cu), have shown excellent and, to a some
extent, unique results (Scheme 1b and Table 1). The lower coor-
dination number of (imino)pyridines vs 2,6-bis(imino)pyridines
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Table 1

(Imino)pyridyl late transition metal complexes for the catalytic conversion of olefins.

Complex Entry M n R R! R R? R R R* G X Y (z) Reference

/[G\ ()
~ R4
R TJTJ R ,
M R E1 Pd 1 H i-Pr  i-Pr H H H Me C-H d Me - [53]
\
Sy Rﬁm
R2 n

E2 Pd 1 H i-Pr  i-Pr H H H Me C-H CH3CN Me (BAry) [53]
E3 PAd 2 H i-Pr  i-Pr H H H Me C-H - - (BArz);  [53]
E4 Ni 2 H i-Pr  i-Pr H H H H C-H d cl - [59]
E5 Ni 2 H i-Pr  i-Pr H H H H C-H Br Br - [12,59]
E6 Co 2 H i-Pr  i-Pr H H H H C-H Br Br - [59]
E7 Co 2 Br i-Pr  i-Pr H H H Me C-H d Cl - [3,136]
E8 Ni 2 H Me Me H H H H C-H Br Br - [60]
E9 Ni 2 Me i-Pr  i-Pr H H H H C-H Br Br - [60]
E10 Ni 2 H i-Pr  i-Pr  H H H Me C-H Br Br = [60]
Ell Ni 2 H i-Pr  i-Pr H H H Ph  C-H Br Br - [60]
E12 Pd 1 H i-Pr  i-Pr H H H H C-H d cl - [60]
E13 Pd 1 H Me Me H H H H C-H da Cl - [60]
E14 Pd 1 Me i-Pr  i-Pr H H H H C-H d cl - [60]
E15 Pd 1 H i-Pr  i-Pr H H H H C-H CH3CN CH3CN (BF4); [60]
E16 Pd 1 Me i-Pr  i-Pr H H H H C-H CH3CN CH3CN (BF4), [60]
E17 Ni 1 H Me Me H H H H C-H Br Br - [19]
E18 Ni 1 H Me Me H H H Me C-H Br Br - [19]
E19 Ni 1 H i-Pr  H H H H H C-H Br Br - [19]
E20 Ni 1 H i-Pr  H H H H Me C-H Br Br = [19]
E21 Ni 1 H i-Pr  i-Pr H H H H C-H Br Br - [19]
E22 Ni 1 H i-Pr  i-Pr H H H Me C-H Br Br - [19]
E23 Ni 1 H i-Pr  i-Pr  H H H H C-H Br Br - [2]
E24 Ni 1 Me i-Pr  i-Pr H H H H C-H Br Br - [2]
E25 Ni 1 H i-Pr  i-Pr H H H H C-H Et;,0 Me (BArfy) 2]
E26 Ni 1 H i-Pr  i-Pr H H H H N Br Br - [2]
E27 Ni 1 Me i-Pr i-Pr H H H H N Et,0 Me (BArf4)  [2]
E28 Fe 2 H i-Pr  i-Pr H H H H C-H d Cl - [13]
E29 Ni 1 H H H H H OSiMe; H C-H Br Br - [20]
E30 Ni 1 H Me H H Me OSiMes H C-H Br Br = [20]
E31 Ni 1 Me Me H H Me OSiMe; H C-H Br Br - [20]
E32 Ni 2 H H H H H OH H C-H 1/2Br 1/2Br - [20]
E33 Ni - H i-Pr  i-Pr H H H H C-H Allyl = (BArf4)  [21]
E34 Fe 1 COCH3 i-Pr  i-Pr H H H Me C-H d cl - [31]
E35 Fe 1 COCH3 H H CF; H H Me C-H d Cl - [24]
E36 Fe 1 COEt Me Me H H H Me C-H cl = [25]
E37 Fe 1 COLEt Et Et H H H Me C-H d Cl - [25]
E38 Fe 1 CO,Et i-Pr  i-Pr H H H Me C-H d Cl - [25]
E39 Fe 1 CO,Et F F H H H Me C-H d cl - [25]
E40 Fe 1 CO,Et Cl Cl H H H Me C-H d Cl - [25]
E41 Fe 1 CO,Et Br Br H H H Me C-H d cl - [25]
E42 Co 1 CO,Et Me Me H H H Me C-H cl - [25]
E43 Co 1 CO,Et Et Et H H H Me C-H d Cl - [25]
E44 Co 1 CO,Et i-Pr  i-Pr H H H Me C-H d cl - [25]
E45 Co 1 CO,Et F F H H H Me C-H d Cl - [25]
E46 Co 1 CO,Et Cl Cl H H H Me C-H Cl - [25]
E47 Co 1 COjEt Br Br H H H Me C-H cl = [25]
E48 Ni 1 CO,Et Me Me H H H Me C-H d Cl - [32]
E49 Ni 1 CO,Et Et Et H H H Me C-H d Cl - [32]
E50 Ni 1 COEt i-Pr  i-Pr H H H Me C-H dl cl = [32]
E51 Ni 1 CO,Et F F H H H Me C-H Br Br - [32]
E52 Ni 1 CO,Et Cl Cl H H H Me C-H Br Br - [32]
E53 Ni 1 CO,Et Br Br H H H Me C-H Br Br - [32]
E54 Pd 1 CO,Et Me Me H H H Me C-H d cl - [26]
E55 Pd 1 CO,Et Et Et H H H Me C-H d Cl - [26]
E56 Pd 1 CO,Et i-Pr  i-Pr  H H H Me C-H d Cl - [26]
E57 Pd 1 COLEt Me Me H H Me Me C-H Cl - [26]
E58 Pd 1 CO,Et F F H H H Me C-H Br Br - [26]
E59 Pd 1 CO,Et Cl Cl H H H Me C-H Br Br - [26]
EG0 Pd 1 CO,Et Br Br H H Me Me C-H Br Br - [26]
E61 Pd 1 (CH2)0,CCH=CH, i-Pr i-Pr H H H H C-H d cl - [11]
E62 Co 1 (CH2)0,CCH=CH, i-Pr i-Pr H H H H C-H d cl - [11]
E63 Ni 1 (CHy)0,CCH=CH, i-Pr i-Pr H H H H C-H Br Br = [11]
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Complex Entry M R-Y R! RYZ RZ R3 X Reference
@i
> R
N™ R’
Yo h—Na 2 E64 Co Ph i-Pr i-Pr H Me a [3-6,8,10,52,111,112]
Xl X R 3 ~R2
E65 Fe Ph i-Pr i-Pr H Me a 3]
E66 Ni Ph i-Pr i-Pr H Me Cl [3]
E67 Co Ph Me Me H Me a 8]
E68 Co Ph Me H H Me a 8]
E69 Fe \fj/ i-Pr i-Pr H H a 130]
E70 Fe /]\?/\ i-Pr i-Pr H H a (30]
E71 pd \©/ i-Pr i-Pr H H a 130]
E72 Pd /K@* i-Pr i-Pr H H a (30]
E73 Ni \©/ i-Pr i-Pr H H a 130]
E74 Ni /?* i-Pr i-Pr H H a (30]
E75 Co \©/ i-Pr i-Pr H H a (30]
E76 Co J\?)\ i-Pr i-Pr H H Cl [30]
E77 Co 2-naph i-Pr i-Pr H Me Cl [3,5]
7\
E78 Co Q\/ i-Pr i-Pr H Me a [3-8,10,86,87]
E79 Co g i-Pr i-Pr H Me a (3,10]
A\
ESO Co Et/@\/ i-Pr i-Pr H Me a [3,5-7111,112]
7\
E81 Co 0 i-Pr i-Pr H Me Cl [3,5,6,8]
i . .
E82 Co 9-anth/Q/ i-Pr i-Pr H Me Cl [7136]
N . .
E83 Co - | i-Pr i-Pr H Me a [3-5,7-9,111,112]
E84 Co Q‘\f i-Pr i-Pr H Me a 3]
S
N . .
E85 Co S | i-Pr i-Pr H (CHz);0H a (7]
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Complex Entry M n R R! RZ X Y Reference
7
< M R?
R™ N i
I\!"I/N E86 Pd 1 H (CH3),CH3 H Cl Cl [16]
/\ R!
X n
E87 Pd 1 H (CH>)4CH; H cl cl [17]
E88 Pd 1 H (CH;)7CHs H cl cl [17]
E89 Pd 1 H (CH2)11CH3 H Cl Cl [14,17,44]
E90 Pd 1 H (CH»)CH=CH, H cl cl [16]
E91 Pd 1 H (CgHg4)-4-CH=CH, H cl cl [16]
E92 Pd 1 H Ph H cl a [16]
E93 Pd 1 H (CeHy)-4-OH H Cl Cl [16]
E94 Fe 1 H n-Propyl H cl Cl [13]
E95 Fe 1 H c-CgHyy H el c [13]
E96 Fe 1 H c-Ci2Has H Cl Cl [13]
E97 Fe 1 Me n-Propyl H Cl Cl [13]
E98 Fe 1 Me ¢-CiaHzs H c a [13]
E99 Ni 1 H 1-Naph H Br Br [19]
E100 Ni 1 H 1-Naph Me Br Br [19]
E101 Ni 1 H 8 H Br Br [15]
E102 Ni 1 Me ” H Br Br [15]
E103 Pd 1 H H cl al [15]
E104 Pd 1 H 2 H cl Me [15]
E105 Pd 1 Me ” H Cl Me [15]
v
E106 Ni 2 H l Fe H Br Br [15]
E107 Ni 2 Me ” H Br Br [15]
E108 Pd 2 H H Cl Cl [15]
E109 Pd 2 H ” H Cl Me [15]
|—cH2]
E110 pd 2 H |-H:00s, (CH2 H a a [14]
/N(CHmN\
a0 (CHaa|
Ell1 Pd 2 H H a cl [45]
E112 Cu 2 H n-Propyl H = - [58,130,134]
E113 Cu 2 H n-Propyl Me - - [130,131]
E114 Cu 2 H n-Butyl H - - [130,131]
E115 Cu 2 H i-Nutyl H = = [130,131]
E116 Cu 2 H 1-Methyl-propyl H - - [130,131]
E117 Cu 2 H n-Octyl H - - [130,134]
Complex Entry M R R! R2 R3 X Reference
1
R = i 92
N | R2 7 N = R3
RN M~n~
N E118 Fe N H Me cl [27]
M”’_/' ~R3 “ R2
/ .
E119 Co ” H Me ” Cl [27]
E120 Ni H Me Br [27]
E121 Zn ” H Me ” cl [27]
X
R3 \ R3
\N/“i'l'-.N’
E122 Fe | N H Me c [28]
\‘ = | R2
X
E123 Co H Me cl (28]
E124 Co H Me Br [28]
Cly Cl
A\ 3
RS ok R
\N”Cio“N/
E125 Fe ' H Me @ c [28]
‘\ — ‘ R2
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Table 1 (Continued )
Complex Entry M R R! R? R3 X Reference
E126 Ni ” H Me ” Br [28]
X X
Y':;\\ \ R3 —_
N,—M'—-. -
E127 Fe H I ,{, Me c [29]
. Z 2
Y I R
E128 Co H Me Cl [29]
Complex Entry M R R! RV X Reference
4
S\ : R
R ,Jq/N\@ E129 Ni H Me Me Br [19]
I
E130 Ni Me Me Me Br [19]
E131 Ni H i-Pr H Br [19]
E132 Ni Me i-Pr H Br [19]
E133 Ni H i-Pr i-Pr Br [219]
E134 Ni Me i-Pr i-Pr Br [19]
E135 Ni i-Pr i-Pr i-Pr Br [19]
Complex Entry M n R X Y Reference
| |
2 N\M N E136 Ni 1 Br Br 2]
g &
AR
E137 Ni 1 !e Br Br [15]
E138 Pd 1 @ cl cl [15]
E139 Ni 2 / !e Br Br [15]
E140 Pd 2 o cl cl [15]
E141 Pd 2 m cl Me [15]

(N2 vs N3), combined with the reduced steric protection of the
catalyst axial coordination sites, significantly influences both the
activity and selectivity, leading to very active catalysts for the con-
version of ethylene into low molecular weight polyolefins, low
molecular weight oligomers or mixtures thereof [2]. Indeed, several
(imino)pyridine Co' complexes exhibit unrivalled activity for the
oligomerization of ethylene to short-chain a-olefins (C4-C13) [3-8].

The facile tuning of the polymerization/oligomerization activ-
ity of (imino)pyridine metal complexes by simple modifications of
their ligand architecture, combined with the ease of preparation
and handling, make these systems advantageous over other types
of single-site metal catalysts (e.g., metallocenes or constrained-
geometry catalysts). Moreover, due to their good compatibility
with various early and late metal copolymerization catalysts,

@ | M Co,Fe

X ClI,Br

R N
N—M—N R alkyl, aryl groups
=
: X X I 1
R R R R

(imino)pyridyl metal complexes can be used as oligomerization
catalysts in tandem catalytic systems for the production in situ of
ethylene-olefin copolymers (LLDPEs) as well as in reactor blend-
ing to give PEs with controlled molecular weight distribution
[9-12].

In this article, we review the synthesis of (imino)pyridyl (N2)
metal complexes and their use as catalyst precursors for the
homopolymerization, oligomerization and copolymerization of
olefins in conjunction with various activators of the MAO family.

In an attempt of correlating structure and catalytic activity, a
great deal of attention has been focused on the many structural
variations exhibited by these ligands. To the best of our knowledge,
review articles covering this specific subject have not appeared
elsewhere.

M Co, Fe, Ni, Pd
X Cl,Br

T R R alkyl aryl groups
,M-.,J_ND\W H, Me, aryl or heteroaryl
X X
R R

Scheme 1. (a) General structure of the 2,6-bis(imino)pyridyl Fe'' or Co" dihalide complexes used by Brookhart and Gibson for ethylene polymerization/oligomerization on

activation with MAO. (b) General structure of (imino)pyridyl MII dihalide complexes.
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(@ R=H Me _
R'=H, Me < Il Rre
R=iPr,Me,H RN

NH;
R3 R®

RY RN

|
[H*], solv. alcohol N
R*=H, Me 0
R3 R4
(b) =~ | 1. EtOH, reflux Z | Z |
HO \N OH EtO \N + \
0 0 2. AcOEt, EtONa o o 5 o

N EtO,
R T NTTOR|, N" YT R
o!

o, X
R4 R2 R1 RZ

aniline \ [H*], solv. alcohol

ﬁY

\N 1

|

RO 0 NIRj
R R2 R? RZ

Scheme 2. Synthetic procedures to 2-iminopyridyl and 2-organyl-6-iminopyridyl ligands.

2. Synthesis of 6-organyl-2-iminopyridyl ligands

The vast majority of 2-organylimino-pyridyl ligands are straight-
forwardly prepared by condensing 2-acetyl or 2-formyl-pyridine
systems with an equivalent amount of the proper amine [13-18] or
aniline [2,3,5-7,16,19-30], possibly in the presence of an acid co-
catalyst (Scheme 2a). The synthesis of 6-organyl-2-iminopyridyl
ligands generally requires a more complex procedure and the
Schiff-base condensation step just concludes the synthetic path.
2-keto-6-iminopyridyl and 2-alkylcarboxylate-6-iminopyridyl lig-
ands have been synthesized by reacting 2,6-diacetylpyridine
[31] and 2-alkylcarboxylate-6-acetylpyridine [25,26,32], respec-
tively, with the proper alkyl substituted aniline. Isolation of
the pure 2-organyl-6-iminopyridyl ligands in moderate to good
yields, generally requires a careful purification of the reaction
mixture from either 2,6-bis(imino)pyridine byproducts or the 2,6-
diacetylpyridine precursor (Scheme 2b).

Palladium catalyzed C-C protocols are currently adopted for
introducing aryl or heteroaryl substituents on the sixth position
of the pyridine ring. Stille coupling [33,34] has been used for
preparing 6-heteroaryl-2-iminopyridyl ligands under mild condi-
tions from good to high yields. In general, 2-bromo-6-iminopyridyl
systems are reacted with a slight excess of the heteroaryl stannane
(Scheme 3a) [3-8]. Conversely, 6-phenyl or 6-naphthyl-containing
ligands can be conveniently synthesized by a Suzuki coupling
[34,35]. The reaction between 6-bromo-2-acetylpyridine and either
phenyl- or naphthyl-boronic acid, followed by the aniline conden-
sation affords the (imino)pyridine ligands in good yield (Scheme 3b)
[3-6,8].

The free ligands in Schemes 2 and 3 are shown in their (gener-
ally less favorable) s-cis configuration (or U-shaped configuration),
experimentally observed in their metal complexes (Scheme 1) [36],
with the iminoaryl groups lying orthogonal to the N=C—C=Np,,
plane.

Consistent with the important role played by the steric bulk
in late transition metal-mediated polymerizations [2,37-40], a
range of sterically demanding multidentate binucleating ligands
are effective supports for catalytically active binuclear Fe(II), Co(II),
Ni(Il) and Zn(II) catalysts. To date, however, due to the complex-

ity of the ligand design and synthesis, late metal centers tend
to be positioned at the extremities of the manifold ligand, thus
limiting any potential cooperative metal-metal interaction. Aimed
at forcing two late transition metal centers into close proximity,
novel molecular architectures, coupling two iminopyridyl moieties
(Scheme 4) [27], or combining and iminopyridyl fragment with
a bis(imino)pyridine unit (Scheme 5) [28,29], have been recently
proposed as effective scaffolds for the preparation of mono and/or
binuclear oligomerization/polymerization catalysts.

The diketone intermediate L1 has been prepared by Solan
and co-workers in a two step synthesis by pre-reacting 1,3-
dibromobenzene with two equivalents of 6-(n-butylstannyl)
pyridine derivative under standard Stille coupling conditions
[33,34], followed by acid deprotection [41]. Acid-catalyzed aniline
condensation gave the N4 bis(imino)pyridine ligand in moderate
yield (Scheme 4).

Bis-nickel and bis-cobalt complexes, supported by N4 ligands
have been screened as pre-catalysts for the ethylene oligomeriza-
tion even though with modest activities [27].

Scheme 5 illustrates the stepwise procedures proposed by
Bianchini and Giambastiani to prepare new symmetrical and dis-
symmetrical N5 ligands in good yield [28,29]. The symmetrical
triketone L? has been straightforwardly synthesized by reacting the
lithiated form of the bromo(pyridyl)ketal I with methylchlorofor-
mate, followed by acid cleavage of the 0,0-ketal groups [41]. L2
was ultimately converted into the desired SY™Nj5 ligand by formic
acid-catalyzed condensation with the appropriate aniline in MeOH
[28].

Shifting the (imino)pyridine fragment with respect to the cen-
tral imine group required a higher synthetic effort. A description of
this procedure is briefly given below. The intermediate Il was con-
veniently prepared in a three step synthesis by transformation of
2,5-dibromopyridine into the 5-bromo-2-trimethylsilyl acetylene
derivative via a regioselective Sonogashira’s protocol, followed by
a mercury(Il)-catalyzed hydrolysis and protection of the resulting
ketone as 0,0-ketal [29,41].

The coupling of the lithium derivative of I with the ethyl ester
building block IIl, in turn prepared by ethoxycarbonylation of II, fol-
lowed by acid hydrolysis [41], gave the dissymmetrical tris(ketone)
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-—

r N
e o) "Suzuki coupling” B N
NH,
R! R!
[Pd(O)]\ © [H"], solv. alcohol
RZ
=
ool NI |
e~ N Y R

R? R2

s B(OH),
~ y ,]r\:( =
‘ - J

. NH, )
(b) R R
=
|
NS
R? Br/(Nj\( R1
[H*], solv. alcohol Nt@\
RZ R3
X =S; R = H (thiophene)
X =8; R = CHy, (benzothiophene) X \SnMe3
X = §; R = Et (ethylthiophene) R‘j\\j
X =0;R =H (furane) (PO \ e
X = O; R = CHp, (benzofurane) hid
"Stille coupling"
4
X \N

Scheme 3. Synthetic procedures to 6-organyul-iminopyridyl ligands.

bis(pyridine) intermediate L3, which was transformed into the
bis(iminopyridyl)-ketone V by formic acid-catalyzed condensation
with 2,6-diisopropyl aniline in refluxing MeOH. Notably, the cen-
tral ketone group of V remains intact even by treatment with a large
excess of 2,6-diisopropyl aniline, irrespective of the solvent and the
reaction temperature. Likewise, aniline and other anilines such as
2,6-dimethyl-aniline did not react with V even when used as sol-
vents at reflux temperature. In contrast, a selective reaction occurs
with neat cyclohexylamine at 100 °C to give the target 915N5 ligand
in good yield.

Ferrocenyl-based ligands containing one or two iminopyridyl
fragments have been straightforwardly synthesized by Gibson et
al. as effective scaffolds for the preparation of mono and binu-
clear nickel pre-catalysts, respectively (Scheme 6a) [15]. Due to
the redox-active properties of the ferrocene unit, these N, and Ny4-
type ligands perturb the electronic properties (and therefore the
reactivity) of the transition metal centers to which they are bound
[42,43]. Iminopyridyl, bis(imino)pyridyl and tetra(imino)pyridyl
ligands featured by long alkyl chain substituents at the imino nitro-
gens have been prepared by Mapolie et al. [14,44,45], by reacting
a solution of pyridine-2-carboxaldehyde with the respective alkyl
amine(s) (Scheme 6b).

Unlike traditional ligands for olefin polymerization/oligo-
merization, (imino)pyridyl ligands can exhibit a rich chemistry
on their own, particularly on the nitrogen carbon centers of the
imine unit. Deprotonation of the ketimine group on highly con-
jugated iminopyridyl systems by strong non-nucleophilic bases,
such as Me3SiCH;Li or MelLi, followed by aqueous quenching, gives
vinylaniline derivatives in almost quantitative yields (Scheme 7a)
[46]. Nucleophilic attack of MeLi at the imine carbon of unsubsti-
tuted iminopyridyl ligands has been reported by Garcia-Herbosa
and co-workers (Scheme 7b) [47]. The treatment with an excess of
aluminum alkyls (Me3Al or Et3Al), followed by hydrolysis, results
in the complete reductive alkylation of the imine double bond

Br a. [Pd(0)], toluene, 90°C
= O b. HCI (4M), 80°C
o e Q3
Br  (nBu);Sn
L1

W

(Scheme 7c) [48]. Notably, the reaction of aminopyridine or a-
diimino ligands with AlMes in toluene at elevated temperatures
generates highly crystalline aluminum pyridynamido complexes
[49] whose molecular structures have been reported by Gibson et
al. [50] and more recently by Erker and co-workers [51].

Finally, it worth stressing that the (imino)pyridyl ligands bonded
to cobalt or iron are not modified by the activator (most com-
monly methylalumoxane, MAO or modified methylalumoxane,
MMADO), under catalytic conditions and the intact ligands have been
recovered quantitatively, following hydrolytic work-up, after the
oligomerization/polymerization. For cobalt systems, the dihalide
precursors are expected to follow a “traditional” activation path-
way, leading to a cationic alkyl propagating species [3,8,52].

3. Synthesis of 6-organyl-2-iminopyridyl late transition
metal complexes

The synthesis of late transition metal catalyst precursors
(mostly from the first transition row) is a straightfor-
ward process, which involves the plain addition of the
solid ligands to n-BuOH, THF, toluene or CH,Cl, solu-
tions of either anhydrous or hydrated dihalides (Scheme 8)
[1,2,9-12,14,15,20,21,25,26,32,33,37,38,47-49,53,54]. Irrespective
of the metal, the dihalides are sparingly soluble in aromatic
hydrocarbons, while they dissolve fairly well in polar solvents.
Improved solubilities in aromatic hydrocarbons are generally
exhibited by metal dihalide solvent adducts [13,55-57]. Gen-
erally, these compounds are microcrystalline air-stable solids,
whereas they decompose in solution either for prolonged times or
unless protected by an inert atmosphere. They can be isolated as
mononuclear complexes or, depending on both the metal halides
and degree of substitution of the pyridine ring, as centrosymmetric
dimers [13,20,22,28,53,58-60].

[H*], 160°C

Scheme 4. Synthetic procedure to the bis(iminopyridyl)benzene ligand Ng.
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Scheme 5. Synthetic procedures to ¥™Ns and %s5N5 ligands.

The IR spectra of all compounds show a red shift of v(C=N) by ca.
50-60cm~! as compared to the corresponding free ligand, which
reflects the coordination of the imine nitrogen atoms to the metal.

Tables 1-3 summarize the structure and catalytic activities of a
series of late transition metal complexes featured by (imino)pyridyl
ligands for the catalytic conversion of olefins.

3.1. Co'l complexes

All iminopyridyl Co'! complexes are straightforwardly prepared
by reacting the ligand with anhydrous Co!! dihalide in THF to give
green crystalline solids featured by ¢ values at room temperature
ranging from 4.6 to 5.1 BM, consistent with a d” high-spin Co" con-
figuration [3,6,25,27-29,61,62]. The coordination geometry at the
cobalt center is quite flexible, varying from tetrahedral to trigonal-
bipyramidal, with various degrees of distortion from the idealized
geometries, depending on the substitution pattern of the N-aryl
groups.

As shown by the molecular structures of CoCl,L (L=(2,6-
(i-Pr);CgH3N=CMe)-2-CsH3N) [22,23] and the 6-phenyl(pyridyl)
derivative [6] reported in Fig. 1, the presence of a rigid chelating
ligand causes important distortions from the idealized geometries.
In the former complex, the less sterically hindered ligand results in
the formation of a chloro-bridged dimer with a coordination geom-
etry which can be described as distorted trigonal-bipyramidal with

two equivalent half molecules in an overall C,-symmetric frame-
work, while the latter shows a remarkable distortion from a regular
tetrahedron. However, in no known case, these are so important to
favor spin pairing and give a doublet ground state (S=1/2). The sub-
stitution patterns determines therefore the molecular symmetry in
the crystal that may be Gy, or Gs.

The electronic visible-near-IR spectra of the mononuclear Co!!
complexes are similar to each other showing, both in solution and
in the solid state, three d-d absorption bands in the spectral regions
1800-1640,1430-1330,1050-990 nm, respectively, and three or two
higher intensity bands in the region 690-550 nm, consistent with a
high-spin tetrahedral coordination of the Co! ion (Fig. 2) [6,61,62].

The presence of three unpaired electrons (S=3/2) in each
complex molecule makes all Co!! compounds EPR silent at
room temperature in both the solid state and CH;,Cl, solution
[63,64]. Low-temperature X-band EPR studies have been reported
for the solid complexes containing 6-(thiophenyl)pyridyl and
2-bromopyridyl ligands (Fig. 3) [3]. At low temperature, the appear-
ance of a signal typical for an S=1/2 effective spin Hamiltonian with
largely anisotropic g values has been attributed to large zero field
splitting (ZFS) effects of the S=3/2 state [63-69].

Despite the paramagnetic nature of the bis-halide precursors,
TH NMR spectroscopy can provide valuable information on the
solution structure of the iminopyridyl Co!! dihalides. Fig. 4 com-
pares the 'H NMR spectra in CD,Cl, at room temperature of the
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(b)

Fig. 1. ORTEP drawing of (a) [CoCl,{2-(2,6-iPr,C¢H3N=CMe)CsH3N}], (hydrogen
atoms omitted) [22]. Selected distances (A) and angles (°): C;-Cs 1.482(2), Cs-N,
1.290(2), Co;-N; 2.093(1), Co;-N, 2.123(1), Co;-Cl; 2.3419(5), Co;-Cl, 2.2878(6),
Co;-Clyp 2.4589(5), N;—-Co;-N, 76.64(5), Cl;-Co;-Cl, 103.42(2), Cl;~Co;-Clyp
86.01(2). ORTEP drawing of (b) CoCl,{2-(2,6-iPr,C¢H3N=CMe)-6-(CsHs )CsH3sN}
(hydrogen atoms omitted) [6]. Selected distances (A) and angles (°): Co-N; 2.084(4),
Co-N; 2.049(4), Co-Cl; 2.206(2), Co—Cl, 2.205(2), N;-Co-N, 80.71, No—Co-Cl,
129.78.

Co derivative CoCl;L (L=2-(2,6-iPr,CgH3N=CMe)-6-(2-C3H,S-5-
C,Hs5)CsH3N) with that of its free ligand. All protons resonate at
chemical shifts significantly different from those of the correspond-
ing protons in the free ligand N,2TE which is consistent with the
presence of three unpaired electrons in the cobalt complex. Unam-
biguous signal assignment has been achieved on the basis of the
isotropic shifts, essentially attributable to a Fermi contact contri-
bution [70-72].

(b)’l,S
1,6 4
1,4 |
1,2 4
1,0 4

< 0,8 4
0,6 4
0,4 ]
0,2 ]

0,0 T T T T T T y )
250 400 600 800 1000 1200 1400 1600 1800

nm

Fig. 2. Diffuse reflectance spectra of CoCl,{2-(2,6-iPr,CsH3N=CMe)-6-(CsHs)
CsHsN} (figure was reproduced from ref. [3], with permission of the copyright
holders).

C)
1000 2000 3000 4000
B(G)
(b)
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B (G)

Fig. 3. X-band EPR spectra of the complexes CoCl,L, (a) L=2-(2,6-iPr,C¢H;N=CMe)-
6-(2-C3H3S)CsH3N, (b) 6-(2,6-iPr,CgH3N=CMe)-2Br-CsH3N as powders at 10K
(figures were reproduced from ref. [3], with permission of the copyright holders).

3.2. Nill and Pd" complexes

All Nil! dihalides are generally prepared by reacting the ligand
with NiBry(dme) or NiCl,-xH,O in THF or alcohols, respectively,
to give from green to orange-yellow solids. Ni'-dialkyl iminopy-
ridinate complexes have been also conveniently prepared in high

(a)
- 18l
(b)
i
60 55 50 45 10 5 0 -5 -10 -15 =20

(ppm)

Fig. 4. 'H NMR spectra (CD,Cl,, 22°C) of (a) CoCl{2-(2,6-iPr,CsH3N=
CME)—G—(Z—C3H25—5—C2H5 )C5H3 N)} and (b) 2—(2,6—ipl’z C6H3 N=CM€)—6—(2—C3 H25—5—
C,Hs5)CsH3N) (figure was reproduced from ref. [3], with permission of the copyright
holders).
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yelds by ligand exchange reactions starting from NiR,Py, pre-
cursors [73]. The coordination geometry at the nickel center is
quite flexible, varying from trigonal-bipyramidal to tetrahedral
with various degrees of distortion from the idealized geome-
tries, depending on the substitution pattern of the pyridine
ring. The molecular structures of several Ni'' derivatives have
been determined by single-crystal X-ray diffraction techniques
(Fig. 5) [2,20,22,27,28,32,60]. The coordination geometry around
the metal center determines also the magnetic properties of
the resulting complexes. While tetrahedral [2,15,19,20,27,32] and
trigonal-bipyramidal Ni!! complexes [22,59,60] have magnetic
moments [efr ranging from 2.8 to 3.4 BM, typical for paramagnetic

(a)

Fig. 5. ORTEP drawing of (a) [NiBr,{2-(2,6-iPr,C¢H3N=CMe)CsH3N}], (hydrogen
atoms omitted) [60]. Selected distances (A) and angles (°): Cs—Cs 1.452(8), Ni;-N;
2.069(5), Ni-N; 2.042(5), Ni-Bry 2.4759(12), Ni; -Br, 2.4139(18), Ni-Bry}, 2.5479(12),
N;-Ni;-Ny 79.4(2), Bry-Ni;-Br, 132.06(6), Bri-Ni;-Bry, 86.63(4). ORTEP draw-
ing of (b) NiBr,{2-(2,6-iPr, C¢H3N=CMe)-6-(iPr)CsH3N} (hydrogen atoms omitted)
[22]. Selected distances (A) and angles (°): Ni-N, 1.995(2), Ni-N; 1.994(2), Ni-Br;
2.3577(5), Ni-Br; 2.3169(5), N;-Co-N, 81.7(1), Br;-Ni-Br, 123.64(2).

(a) Q@X@\
a

Fig. 6. ORTEP drawing of (a) PdCl,{2-(2,6-iPr,C¢H3N=CH)CsH3N} (hydrogen atoms
omitted) [23]. Selected distances (A) and angles (°): Pd-N; 2.028(3), Pd-N,
2.022(3), Pd-Cl; 2.2809(11), Pd-Cl, 2.2768(10), C6-C; 1.457(5), C;-N, 1.279(4),
N;-Pd-N; 80.08(11), N;-Pd-Cl; 94.33(9), N;-Pd-Cl, 174.51(9). ORTEP drawing
of (b) Pd{2-(2,6-iPr,CsH3N=CMe)CsH3N}, (hydrogen atoms and (BArs)>~ omit-
ted) [53]. Selected distances (A) and angles (°): Pd-N; 2.054(4), Pd-N, 2.052(4),
N;-Pd-N; 78.3(2), N;-Pd-N; * = N,-Pd-N,* 180.00.

d® high-spin species [74], the square-planar Ni! derivatives [3,61]
are diamagnetic [75].

Pd!! complexes containing (imino)pyridine ligands are mononu-
clear, diamagnetic yellow-orange solids with a nearly ideal
square-planar coordination geometry [14,15,23,26,30,44,45,53,
60,73,76,77] (Fig. 6). Monocationic haloalkyl complexes maintain
the coordination geometry of their dihalides precursors with dis-
torted square-planar geometries around the metal center and a
favorable cis orientation of the alkyl group with respect to the imino
function [53,76]. Dicationic derivatives of the type [(N-N)Pd2*]X?~
(X2~ =2BF4~, 2BAr,4~ or 2Barf4; ™), obtained in a non-coordinating
solvent, can accommodate up to two iminopyrydil units with a
mutually trans arrangement of the two imino and two pyridyl nitro-
gens, the palladium atom lying, once again, on a crystallographic
symmetry center [53].
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Itis worth mentioning that ortho metalation, the potential fate of
any C-H-metal agostic interaction, is also a feasible reaction oppor-
tunity for Pd!! complexes with (imino)pyridine ligands, provided
there is a suitable organyl fragment on the ligand backbone [78]
(Fig. 7).

3.3. Fell complexes

Fell complexes supported by (imino)pyridine ligands are
straightforwardly prepared by reacting the ligand with the anhy-
drous iron-dihalide in THF or alcohols to give paramagnetic [74]
fromred to dark-brown crystalline solids with quite flexible coordi-
nation geometries around the metal center [13,22,24,25,27,30,31].
Typical coordination geometries spam from tetrahedral to trigonal-
bipyramidal, with various degrees of distortion from the idealized
geometries. Similarly to the Co!! derivatives (see infra) the use of less
bulky iminopyridyl ligands results in the formation of halo-bridged
dimers, each metal atom lying within a distorted trigonal-
bipyramidal structure [13,22], while more sterically demanding
ligands favor pseudo-tetrahedral coordination geometries [22]
(Fig. 8).

4. Principal activators of iminopyridyl M" dihalides catalyst
precursors

MAO and MMAO, commonly with 20-25% Al(i-Bu)sz, are the
most widely used activators of iminopyridyl Co!, Fell, Ni'l and Pd"
dihalides in olefin oligomerization and polymerization reactions.
For the sake of simplicity, MAO is commonly referred to as lin-
ear chain or cyclic rings [-Al(Me)-O-], containing three-coordinate
aluminum centers, yet the true structure of MAO is still a mat-
ter of debate [79]. It may be a dynamic mixture of linear-, ring-
and cage-complexes, all formed from methyl aluminoxane subunits
during the controlled hydrolysis of trimethyl aluminum [80-82].
Some proposed structures for MAO include one-dimensional
linear chains and cyclic rings containing three-coordinate Al cen-
ters, two-dimensional structures, and three-dimensional clusters
(Scheme 9) [83]. A three-dimensional structure has been recently

Fig.7. ORTEP drawing of PdCl{2-(2,6-iPr,CsH3N=CMe)-6-(CsH4)CsH3N} (hydrogen
atoms and CH,Cl,-0.5C;Hg, omitted) [78]. Selected distances (A) and angles (°):
Pd;-N; 1.955(5), Pd;-N; 2.156(6), Pd;-Cly 2.295(2), Pd1-Cy 1.970(7), Ny-Pd;-N;
77.7(3), N1 -Pd;-C; 81.6(3), C;-Pd;-Cl; 97.6(2), N;-Pd;-Cl; 177.9(2).

Fig. 8. ORTEP drawing of (a) FeCl,{2-(2,6-iPr,CsH3N=CH)-6-(iPr)CsH3N} (hydrogen
atoms a THF molecule omitted) [22]. Selected distances (A) and angles (°): Fe-N;
2.108(3), Fe-N, 2.111(3), Fe-Cl; 2.209(1), Fe—Cl, 2.223(1), C2-C7 1.479(5), C;-N,
1.271(5), Ny-Fe-N; 77.3(1), Cl;-Fe—Cl, 118.68(5). ORTEP drawing of (b) [FeCl,{2-
(2,6-iPr,CsH3N=CMe)CsH3N}], (hydrogen atoms omitted). Selected distances (A)
and angles (°): Fe-N; 2.126(7), Fe-N, 2.201(6), N;-Fe-N, 74.8(2), Cl;-Fe-Cl,
105.3(1), Cl;-Fe—Cl;* 84.9(1).

suggested by Sinn on the basis of structural similarities with tert-
butylaluminoxanes [84] which form isolable cage structures [85].

Heterogeneous co-catalysts such as silica gel supported
PHT (partially hydrolyzed trimethylaluminum) [19] or physico-
chemical supported methylalumoxanes [86,87] (s-MAO or s-
MMADO; see also cfr 6.2) have been also proposed as activators
for iminopyridyl dihalide complexes. However, MAO and MMAO
remain the most active and used co-catalysts in ethylene polymer-
ization/oligomerization.

5. Ethylene polymerization by (imino)pyridyl group 8-10
metal catalysts

In contrast to the high molecular weight polymer formed by
either sterically demanding a-diimine or bis(imino)pyridine cata-
lysts, the polymer materials generated by (imino)pyridine systems
are essentially low molecular weight, branched polyethylenes. The
polymerization studies with (imino)pyridine metal catalysts show
that the reduced ligand environment and the subsequently reduced
steric protection of the catalyst axial coordination sites, signifi-
cantly influences both the activity and selectivity (Table 2). The
obtainment of low molecular weight polyethylenes is likely due to
the fact that (imino)pyridine ligands provide only half of the ortho
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Polymerization activities of the main (imino)pyridyl late transition metal complexes.
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Table 2 (Continued )

Notes
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Prevalently actives for linear low
molecular weight a-olefins (C4—Cg).

Inactive to 1250

Inactive to 0.59

CyHy

Co

E42-E47

Me, Et, iPr, F, Cl, Br

R'=

aryl steric protection (compared to symmetric a-diimine ligands),
thus increasing the chain transfer rate [2]. Finally, (imino)pyridine
systems, lacking sufficient steric bulk in the ortho aryl positions, can
be more easily deactivated through the interaction with alkylalu-
minum reagents [88].

Dinuclear or mononuclear (imino)pyridyl Nil' dihalides of the
type showed in Scheme 10 exhibit, upon activation by MAO, from
moderate to fairly good activity in the ethylene polymerization (up
to 21 kg of PE (g of Ni x h x bar)~1), generating branched waxy poly-
olefin materials, with predominating methyl branches [2,21,59,60].
The extent of branching as well as the polymer molecular weight are
function of temperature, ethylene pressure and catalyst structure.
Although highly dependent on the polymerization temperature,
the molecular weight of the materials produced by these Ni'l com-
plexes (M, in the range 300-45000) remains remarkably lower
than that obtained with analogue a-diimine systems under similar
conditions [89].

The dominant factor in controlling the molecular weight,
besides the reaction conditions, seems to be the reduced axial steric
bulk offered by the (imino)pyridine systems which might favor the
chain transfer (vide infra). Furthermore, (imino)pyridines contain-
ing alkyl or aryl substituents on the 6-position of the pyridine ring,
lying on the N, plane, show reduced activities, which can ulti-
mately result in a complete catalyst deactivation [19,60]. The effect
of the ligand environment can be rationalized looking at the extent
of polymer branching. Although polymerization temperature still
plays animportant role, decreasing the steric bulk on the ortho posi-
tions of the aryl ring (isopropyl groups vs methyl groups) gives more
linear polymers. The introduction of a bulky group (H vs Me vs Ph) at
the imino carbon leads, in turn, to an increase of branching as hap-
pens with the analogue a-diimine catalysts [90]. The predominant
methyl branching (9-70 per 1000 carbon atoms) indicates that the
polymerization catalysts are able to isomerize the produced metal-
alkyls via a chain-walking mechanism as occurs for Ni'! and Pd"
a-diimines [90].

Reducing the number of substituents on the ortho positions
affects both the activity and selectivity of the catalytic system. As
a result, complex mixtures of olefins in a Schulz-Flory distribu-
tion can be obtained together with hyper-branched low molecular
weight PEs with low to moderate TOFs [20]. Although the origin of
this dual activity remains still unclear, it is most likely attributable
to the dissymmetrical nature of the catalyst precursors [91].

The reactions are commonly carried out in toluene at tempera-
tures ranging from —10 to 40 °C. Beyond the latter temperature the
catalysts undergo irreversible decomposition.

A similar trend is not valid for Co"-based (imino)pyridyl cat-
alysts. For example, the dinuclear ortho diisopropyl-susbtituted
derivative shows only negligible polymerization activity upon
treatment by MAO (Scheme 10) [59].

Mononuclear (imino)pyridyl Pd" dihalides complexes, activated
with MAO, form active catalysts for the bicycle [2,2,1] hept-2-ene
(norbornene, NB) polymerization whereas their dicationic counter-
parts, prepared from neutral palladium species by treatment with
AgBF,, provide poorly active polymerization systems [60].

Mono, binuclear and tetranuclear Pd!! complexes with medium-
long alkyl chain substituents at the imino nitrogen have been
scrutinized for the ethylene polymerization to linear high molecu-
lar weight polyolefins with moderate productivities (up to 0.4kg
(g of Pd x hxbar)~1) [14,17,44,45]. Activities up to 1.3kg (g of
Pd x h x bar)~! have been obtained, under similar conditions, for
systems containing p-styryl or p-phenol groups at the imino nitro-
gen [16].

Except for palladium catalysts employed for the NB polymer-
ization [26], Ni'l [32], Pd!! [26] and Co!! dihalide [25] complexes
with 2-alcoxycarbonyl-6-(imino)pyridyl ligands generate modest
catalysts for the ethylene polymerization, often providing com-
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Scheme 9. Principal structures proposed for aluminoxanes.

plex mixtures of olefins and PE. Due to the bonding versatility
of the carboxylate substituent in the ligands, the coordination
geometry around the metal centers, in solution, is quite unpre-
dictable. As a result, clear structure/selectivity relationships can
be hardly outlined. Fe!! species stabilized with 2-alcoxycarbonyl-
6-(imino)pyridyl ligands exhibit higher activities in the ethylene
polymerization with turnover frequencies up to 1.7 kg of PE (g of
Fe x h x bar)~!, yielding mixtures of linear low molecular weight
vinyl end-capped polyolefins with short-chain «-olefins in a
Schulz-Flory distribution [25]. Interestingly, activities up to 236 kg
of PE (g of Fe x h x bar)~! have been also reported for a Fe!' dihalide
complex stabilized with an analogue 2-acetyl-6-iminopyridil lig-
and that gives branched PEs [31,92]. From a perusal of the literature,
it is clear that such a difference in catalyst productivity cannot be
simply attributed to the substitution of the alcoxycarbonyl group
with a keto group. Most likely, this result is due to a poor purifica-
tion of the precursors. Indeed, the presence of undetectable amount
of 2,6-bis(imino)pyridyl ligands [1] may be well responsible of the
high polymerization activities.

6. Ethylene oligomerization and polymerization by
(imino)pyridyl group 8-10 metal catalysts

a-Olefins are currently produced at a rate of more than
2 x 106 tons/year predominantly through the oligomerization of
ethylene. These linear oligomers are extensively used for the
preparation of detergents, plasticizers and, most importantly, as
comonomers in the polymerization of ethylene to give linear low-
density polyethylenes (LLDPE).

Earlier work by Keim has showed that Ni!l complexes stabilized
by chelating monoanionic P,0-ligands are effective homogeneous

M = Ni, Co
X=Cl, Br

R' = Me, i-Pr

R? = alkyl, H
R3=Me, H, (CH)
Y=CH,N
n=1,2

MAO

Branched PEs
Z Toluene (-10/40 °C)

Scheme 10. Branched PE by (imino)pyridyl Ni" and Co" catalysis.

catalysts for the ethylene oligomerization (SHOP process), afford-
ing a-olefins in the industrially desirable C4—Cyg range [93-97].
Oligomers are produced as a consequence of a highly competi-
tive chain transfer process relative to chain propagation [96]. The
chain termination rate is retarded by using sterically demanding
bis(arylimino)pyridyl or a-diimine complexes, which block the cat-
alyst axial coordination sites, thus favoring the obtainment of high
molecular weight oligomers or polymers. Therefore, asymmetrical
(imino)pyridines-type complexes can represent a valid alternative,
in terms of both activity and selectivity, to known late transition
metal catalysts for the production of light oligomers (Table 3).
Pd" imino-pyridine complexes of this series (Scheme 11, type I)
have been reported to catalyze the oligomerization of ethylene
with productivities of light oligomers (C4-Cy) up to 160g (g of
Pd x h x bar)~! [53]. The selectivity in linear products is quite low
and the reaction mixtures mainly contain hyper-branched inter-
nal olefins. Ni'! complexes modified with aldimine ligands from
the same series [20] (Scheme 11, type II) still produce branched
olefins, yet as mixtures with insoluble PEs, while the catalyst activ-
ities are much lower than those predicted for analogous ketimine
Pd catalysts. Carbosilane dendritic compounds containing up to 16
terminal pyridylimine Ni! complexes of this type have been also
scrutinized, in combination with methylalumoxane, for the produc-
tion of mixture of branched oligomers that follow a Schulz-Flory
distribution and highly branched low molecular weight PEs
(Mw =2000-177000) [20].

The group of Sun has recently proposed a series of 2-
alcoxycarbonyl-6-(imino)pyridyl ligands for the preparation of
late transition metal catalyst precursors for the effective ethy-
lene oligomerization/polymerization (Scheme 12). Neutral Pd!
dihalides complexes stabilized by these ligands generate, upon
activation with MAO, ethylene dimers with oligomerization activ-
ities up to 180g (g of Pd x h x bar)~!, yet in mixture with PEs
[26]. Productivities up to 5kg (g of Nix h x bar)~! of branched
light oligomers (C4—Cg) in a non-Schulz-Flory distribution, always
as mixtures with insoluble PEs, have been obtained with the
isostructural 2,6-dihalogen(aryl) substituted Ni'l dihalide complex
under similar reaction conditions [32]. It is worth noting that
higher activities (over 13kg (g of Nix hxbar)~!) and selectivi-
ties towards oligomerization products (low-order carbon number
oligomers are produced without PEs), have been obtained with
the latter Ni' complexes when PPh; is used as an auxil-
iary ligand. Although the role of PPh; is not yet clear, the
coordination of the auxiliary ligand to the vacant site formed
by the action of MAO seems to contribute to the stabiliza-



Table 3
Oligomerization and co-oligomerization activities of the main (imino)pyridyl late transition metal complexes.
Entries from Table 1 Ligand structure Metal Monomer Activity range (TOFs) Activity range (TOFs) Notes
kg (oligomers) mol (monomer converted)
(g(M) x h x bar)~! (mol (M) x h x bar)~!
7 N
E103-E105; E108-E109 R. Fe R=HMe pd CoHy Inactive Inactive -
& Sy
E138; E140-E141 Pd CoHy Inactive Inactive -
=
I .
|
E1-E3 Pd CyHy <0.16 <608 Branched light oligomers (basically
C4—Cy0). Possible ethylene-alkyl
acrylate copolymers (up to 9.3 mol% of
the polar monomer incorporated).
| S
EtO. =
N | R
6] N
E54-E60 Pd CoHy <0.18 <684 Ethylene dimers in mixtures linear PEs.
R! R?
R' = Me, Et, iPr, F, Cl, Br
RZ=H, Me
i R'=H, Me
RN RY R" = H, Me
E29-E32 N R%=H, Me Ni CHy <0.09 <186 Oligomers in a Schultz—Flory
R* = OSiMe;, OH distribution with a values ranging
R! R3 from 0.45 to 0.70 in mixture with
branched PEs.
| =
= R1
RENTTY) R'=H, Me
E66; E73-E74; E120 N R? = Ph, Aryl. heteroary! Ni CoHy Inactive to 2.66 Inactive to 5576 Light branched oligomers.
E137; E139 Fe Ni CoHy 0.78 to 1.23 1635 to 2557 Dimers + traces of trimers.
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E48-E53

E101-E102; E106-E107;

E65; E69-E70; E118

E35

E36-E41

E42-E47

E7; E64; E67-E68; E75-E84; E119

EtOO N -
RI

R!= Me, Et, iPr, F, Cl, Br

7\

R' =Me, iPr
R?=H, Me
R? = Ph, Aryl. heteroary!

R' =Me, iPr. H
r!" R'=Me, iPr H

|
N RZ=H, Me
R? = Ph, Aryl, heteroaryl, Br
R1

Ni

Fe

Fe

Fe

Co

Co

CyHy

CyHy

CyHy

CHg

CyHy

CyHy

CyHy

C3He
1-hexene
Norbornene

NB-OH
NB-COOH

<3.63

1.6 t0 9.25

Inactive to 0.04

<125

0.61 to 22.91

6.18 to 88

0.11 to 1.15
<0.3
0.06 to 32

<0.06
<0.02

<7609

3354 to 19390

Inactive to 80

1097

<2493

1284 to 48220

13000 to 185220

225 to 2415
<634
134 to 67388

<137
<41

Light branched oligomers with
non-Schulz-Flory distribution (C4—Cg)
sometimes in mixture with branched
low molecular weight polyolefins.

Dimers + traces of higher oligomers

Light oligomers.

Linear low molecular weight a-olefins
(basically C4—Cg) sometimes in mixture
with linear PEs.

Linear low molecular weight a-olefins
(basically C4—Cg) sometimes in mixture
with linear PEs.

Highly linear low molecular weight
a-olefins in a Schultz-Flory
distribution (« values ranging from
0.06 to 0.20).

Basically propylene dimers.
Basically hexene dimers.
Quantitative and highly selective
norbornene conversion.

High and selective NB-OH conversions
High and selective NB-COOH
conversions.
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Scheme 11. Oligomerization by (imino)pyridyl Pd" an Ni" catalysis.
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2 _
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Scheme 12. Oligomerization by 2-alcoxycarbonyl (imino)pyridyl Pd", Ni', Fe!' and
Co'' catalysis.

tion of the electron-deficient transition state for the migratory
insertion.

Analogous 2-alcoxycarbonyl iron and cobalt complexes have
been reported as active pre-catalysts for the simultaneous ethylene
oligomerization and polymerization [25]. While the iron systems
show higher activities for the polymerization as compared to the
oligomerization, an opposite trend was found for the isostruc-
tural cobalt pre-catalysts. Iron complexes provide C4-Cg oligomers
in a Schultz-Flory distribution with high percentages in 1-olefins
(>99%) and TOFs over 1.2 kg (g of Fe x h x bar)~1. The isostructural
cobalt systems give oligomers in Schultz-Flory distribution (almost
exclusively dimers) with high percentages in linear a-olefins (up to
98%) and TOFs over 23 kg (g of Co x h x bar)~1.

Activities up to 1.5kg (g Fe xhxbar)~! for the production
of light oligomers in the C4-Cig range with a Schultz-Flory
distribution have been obtained with 2-acetyl-6-(imino)pyridyl
Fell-complex bearing a trifluoromethyl-substituted phenyl ring at

@—N/_QR

d, Br NIy

r Nl’\Br
@
butenes
TOFs 2 Kg (g x h)! éolqu:Ai

Br—Ni—N
WS

the imino moiety. The presence of an electron withdrawing group
(m-CF3) on the aryl system affects the oligomeric distribution thus
making the formation of shorter olefins (maily butenes and hex-
enes) predominant [24].

Ethylene dimers with productivities up to 9kg (g Ni x h x bar)~!
are produced with mononuclear Nil! pre-catalysts stabilized by
iminopyridyl ligands containing a ferrocenyl substituted imino
nitrogen [15]. Compared to other systems containing bulky ortho-
substituted aryl groups at the arylamine unit that produce branched
oligomers and PEs or mixture thereof [2,19,20,59,60], these Nil!
catalysts give almost exclusively ethylene dimers. Apparently, the
reduced steric protection offered by the ferrocenyl unit favors 3-H
transfer over chain propagation. Noteworthy, the mononuclear sys-
tems showed the best activities with TONs over four times higher
than those measured for the binuclear ones (Scheme 13).

6.1. Olefin oligomerization and co-oligomerization by
6-aryl-2-(imino )pyridyl complexes

Co'' complexes with (imino)pyridine ligands bearing aryl or het-
eroaryl substituents on the 6-position of the pyridine ring represent
a particularly attractive class of catalyst precursors for the highly
efficient and selective oligomerization and co-oligomerization of
ethylene, propene and norbornene. Bianchini and co-workers have
demonstrated that tetrahedral dichloride Co!! complexes of the
type shown in Scheme 14 are effective catalyst precursors for
the Schulz-Flory oligomerization of ethylene [3,5,6]. On activation

X

ITJ/ ] / MAO

Fe

butenes + (Cg and Cg traces)

toluene TOFs 9 Kg (gn x h)"

Scheme 13. Ethylene dimerization by (ferrocenylimino)pyridyl Ni" catalysis.
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cat 2 >>’
CoCl,N, F“ CoCl,N,PP

cat1/ MAO
25 °C, toluene
TOF 88 Kg (gce X h x bar)™!

a-olefins (C4-C12)

ethylene

CoCl,N,Naph CoCl,N,3™

cat2/ MAO
butenes

25 °C, toluene
TOF 17 Kg (gco x h x bar)™!

Scheme 14. Ethylene oligomerization by tetrahedral Co" 6-aryl substituted imino-pyridine complexes.

chain propagation

= (CH2)mCH,

R'= (CH;)mCH3

chain transfer

Scheme 15. Fastening-unfastening of the sulfur atom in the thien-2-yl activated species.

with methylalumoxane (MAO), these Co!' complexes promote the
conversion of ethylene into short-chain a-olefins with turnover fre-
quencies (TOFs) as high as 88 kg (g of Co x h x bar)~! and selectivity
in 1-olefins up to 95%.

Under conditions analogous to those of the N,2™, N,2ThE and
N,2BT catalysts (Scheme 14, cat 1), Co'! precursors bearing groups
of comparable steric size in the pyridine 6-position, yet with no
pendant thienyl group (furanyl, phenyl, naphthyl or 3-thiophenyl)
are five times less active and also selective for ethylene dimerization
(Scheme 14, cat 2) [3,5,6].

Apparently, the superior activity of the thiophenyl-substituted
catalysts is not determined by steric reasons (Scheme 14,
CoClyN22™ ys CoCl,N,3™h), but by the presence of the sulfur atom
in the 2-thienyl group [3]. In situ EPR experiments and DFT cal-
culations on the MAO-activated species have made the authors
confident of a decisive role exerted by the 6-organyl group and,
in particular, by the position of the sulfur atom in the thienyl

cat1

N
\ Co

.

Hexenes
25°C
TOF 1.7 Kg (gco X h x bar)™
Cg: 82-94%, Linear Cg: up to 88%

s ©I'}lj\(
“o—N Co—~N
el /MAO o 0'7,6 / MAO
CoCloN,2™ P CoCIpoN,Ph

(neat)

ring in steering the ethylene oligomerization activity. Indeed, the
fastening-unfastening of the sulfur atom to the cobalt center of
the propagating alkyl species would, on one hand, stabilize the
electron-deficient transition state for migratory insertion retard,
on the other hand, the chain transfer by destabilizing the transition
state to the a-olefin elimination (Scheme 15).

In contrast, Co'! complexes bearing heteroaryl groups of compa-
rable steric size on the 6-position of the pyridine ring, but featured
by a greater o-ligating character (as 2-pyridyl groups) result com-
pletely inactive for olefin oligomerization [3].

Both classes of catalyst precursors (cat 1 and cat 2) shown in
Scheme 14 generate active species for the regioselective dimeriza-
tion of propylene to hexenes (Scheme 16) [4]. From the results of
the ethylene oligomerization it has been revealed that the nature
of the substituent in the 6-position of the pyridine ring influences
both the selectivity and catalytic activity. The presence of a thien-
2-yl group apparently promotes the selective formation of linear

cat2

A

P

Hexenes

25°C
TOF 0.2 Kg (gco X h x bar)"
Cg: 97%, Linear Cg: up to 52%

Scheme 16. Propylene dimerization by tetrahedral Co" 6-aryl substituted imino-pyridine complexes.
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Scheme 17. Ethylene-norbornene hetero-trimerization protocol catalyzed by Co" imino-pyridine complexes.
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Scheme 18. Ethylene-norbornene hetero-trimerization protocol catalyzed by Co" imino-pyridine complexes on NBs containing polar functional groups.

dimers, while the phenyl derivative gives a high level of methyl
branched pentenes with only 52% of linear dimers.

Neither the tetrahedral high-spin d® Fell catalysts (FeCl,N,h
and FeCl;N,2™) nor the square-planar diamagnetic d8 Nil
derivatives (NiCl,N,PP and NiCl,N,2™) catalyze the oligomeriza-
tion/polymerization of ethylene on treatment with MAO under the
typical experimental conditions used for the cobalt systems [3].

Co!! systems for the highly selective dimerization of ethylene
and propylene (Scheme 14, cat 2) catalyze the enchainment of one
norbornene molecule (NB) with two ethylene molecules to give
exo-2,exo-3 ethyl-vinyl norbornane with high activity (up to 107 kg
(g Cox hxbar)~! and complete diastereoselectivity (Scheme 17)
[8,52].

Complexes containing a thien-2-yl moiety (Scheme 14, cat
1) generate more efficient systems for the NB conversion into
the ethyl-vinylated derivatives (over two times more active),
although they are significantly less selective for the 2ethylene-
1NB hetero-trimerization due to the greater ability of the 6-thienyl
complexes to oligomerize ethylene to «-olefins higher than
1-butene [8].

The 2-ethylene-1NB hetero-trimerization reaction has been also
accomplished with NBs bearing polar substituents such as nor-
bornenemethanol and norbornenecarboxylic acid with activities up
to0.2 kg (gofCo x h x bar)~! and complete diastereoselectivities. To
this purpose, a less sterically demanding complex (CoCl,N,Ph/Me2)
is used as catalyst precursor (Scheme 18) [8].

Since hydroxyl and carboxylic acid groups react with MAO and
may compete with the monomer for coordination to the cobalt cen-
ter, these NBs are protected by treatment with aluminum alkyls
such as TIBA [98-101]. In this way, the catalyst deactivation is much
slower even when a high concentration of the polar comonomer is
used.

(Imino)pyridines Co' and Ni!!l complexes bearing sterically
demanding groups on the 6-position of the pyridine ring have
been recently described by Kempe and co-workers as efficient
catalyst precursors for the ethylene oligomerization to short-
chain a-olefins (mainly butenes) with activities up to 8 kg (g of
Co x h x bar)~! (Scheme 19) [30].

Compared to similar Co!' systems (Scheme 14, cat 2), the intro-
duction of bulky groups on the 6-position of the pyridine ring
does not influence the nature of the products formed, yet small
amounts of polymeric materials are formed depending on the co-
catalyst used. Activation with triethylaluminum (Et3Al), instead
of methylaluminoxane (MAO), leads to reduced activity but sup-
presses the formation of polymeric byproducts, increasing, at the
same time, the selectivity towards ethylene dimers (over 95%).
While Fe!l complexes turned out virtually inactive towards ethylene
oligomerization/polymerization, Pd! counterparts provided only
polymeric materials with activities comparable to those reported
for less sterically hindered congeners [14,17,44,45].

M = Ni, Co
R'=Me, iPr
MAO
= (C4-Cg) + polymer (traces)

toluene (30 °C)

Scheme 19. Ethylene oligomerization by sterically demanding (imino)pyridyl Ni"
an Co" complexes.
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low-molecular weight olefins

toluene (r.t.)

Scheme 20. Ethylene oligomerization by binuclear Ni'' an Co" complexes.

Binuclear Co'' and Ni'! (imino)pyridyl systems featured by a
novel sterically demanding bis(iminopyridyl) ligand framework
(Scheme 20) have been prepared by Solan and co-workers with
the intent of forcing two late metal centers into close proximity
[27]. In this way, cooperative metal-metal interactions might be
favored. Both complexes, once activated with MAO, show fairly
low activities (up to 0.7kg (g of M x h x bar)~! for the ethylene
oligomerization. The Co systems forms mainly mixtures of linear
a-olefins and internal isomers, while the Ni systems additionally
promote the formation of methyl branched structures. The exact
nature of the cooperative effects between the two active centers, if
any, remains still unclear.

6.2. (Imino)pyridine Ni'l and Co" complexes as efficient tools for
the synthesis of branched polyethylenes via tandem catalysis

Polyethylene with short-chain branches, known as linear
low-density polyethylene (LLDPE) is commonly produced on indus-
trial scale by the copolymerization of ethylene with «-olefin
comonomers such as 1-butene, 1-hexene and 1-octene in the
presence of a Zigler-Natta or homogeneous single-site catalysts
[102-104]. The discovery of half-sandwich group 4 metal catalyst,
known as constrained-geometry catalysts (CGCs), has offered the
possibility of efficiently incorporating a-olefin macromonomers,
separately synthesized or directly formed in situ, into the polyethy-
lene backbone to give polyethylenes with more or less long-chain
branches [105-107].

Tandem copolymerization catalysis, using two or more dif-
ferent single-site catalysts in the same reactor, is a relatively
recent technique for the production of branched polyethylene (PE)

X
| P / MMAO
N
l\|li/N 7
Br/ Br

from ethylene stock [108-110]. By this way a great variety of
combinations of late and early metal catalyst precursors, in dif-
ferent experimental conditions, have been successfully employed
in tandem processes to prepare LLDPE and even ultra low-density
polyethylene (ULDPE).

Dibromo(imino-pyridine) Ni!! pre-catalyst in combination with
silica-supported linked cyclopentadienyl-amido Ti'V complexes,
activated with MMAO, have been recently proposed by Okuda and
co-workers as a tandem copolymerization approach to the prepa-
ration of moderately branched polyethylenes (up to 21 br/1000 C)
with controlled microstructures (Scheme 21) [12]. In spite of a rela-
tively high activity of the oligomerization catalyst to give branched
1- and 2-olefins in about 1:7 ratio (non-Schulz-Flory distribution
was observed), only the former were incorporated in the growing
polymer chain.

Highly selective and efficient Co!! iminopyridyl-based oligomer-
ization catalysts for the production of linear a-olefins in a
Schulz-Flory distribution (see cfr 6.1), in combination with the
CGC, TiCly[(n°-CsMey4)SiMe,(tBuN)], generate, upon activation
with MAO, a new class of homogeneous tandem systems for the
effective conversion of ethylene into a variety of materials, span-
ning from LLDPE to rubbery PE with an excellent control on both
number and type of branches in the polyethylene microstructures
[9,111,112]. By an appropriate choice of catalysts and experimental
conditions, polyethylene with C;-Cg branches (over 250 br/1000 C),
with Tg as low as —60°C, have been produced for the first time
by tandem copolymerization catalysis with productivities as high
as 32kg (g of Ti x h x bar)~! (Scheme 22) [9]. The DSC analysis of
the copolymers showed melting points between 111 and 105°C
for the semicrystalline materials containing macromolecules with
lower branching. The glass transition temperatures varied between
—60 and —54°C. Unlike a-olefin incorporation and branching,
the molecular weight of the copolymers decreases by increas-
ing the oligomerization molar fraction (xco), from 570 kg mol~!
for the homopolymer obtained with Ti complex alone down to
147 kg mol~! for the copolymer prepared in the presence of a Co
molar fraction ( xc,) of 0.5.

LLDPEs with exclusively ethyl branches (up to 56 C, br/1000 C),
and higher turnover frequencies (over 139 kg (g of Zr x h x bar)~1)
have been also prepared by means of a tandem protocol involv-
ing the same Co'! oligomerization catalysts in combination with
the more efficient and selective copolymerization system, Cp,ZrCl,
[10]. All the LLDPEs produced by the Co'/zr"V tandem catalysis
are semicrystalline off-white solids and exhibit melting points

—0SiMe;

T Ogj — Me
X+ /W -—O/SI ---- /'® \‘
W ) ) : ) \ /N /TI\ /SI Me

(nery 7

MeN

|
MeMao® R

R = tBu: long-chain branched PE

R = Me: methyl branched PE

TOFs up to 11 Kg (gr x h x bar)™

Scheme 21. Ni"/Ti"V tandem copolymerization catalysis.
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Scheme 22. Co"/Ti"V tandem copolymerization catalysis.
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Scheme 23. Left: Active species generated at the CNT surface, right: In situ tandem copolymerization catalysis.

between 87 to 121°C accompanied by moderately high heats
of fusion (AH=82-107]/g vs 170]/g for commercial HDPE pro-
duced by Ziegle-Natta, Cr or metallocene catalysis). The molecular
weights are generally low (Myy in the range 64-143 kgmol~!) and
decrease when increasing the molar fraction of the oligomerization
catalyst while the polydispersity, My /My, is in the range from 2.1
to 3.7.

Textured surface coating of multi-walled carbon nanotubes
(MWCNTs) with LLDPEs has been successfully achieved by
Giambastiani and co-workers combining the tandem copolymer-
ization protocols with the polymerization filling technique (PFT)
[86,87]. This method can be conveniently described as a four-
step process which involves (i) the physico-chemical anchoring
of the co-catalyst, MMAO, onto the CNT surface, (ii) the addi-
tion of the oligomerization and copolymerization pre-catalysts
and their subsequent activation at the surface of the nanofillers
(Scheme 23, left), (iii) the surface-initiated tandem copolymeriza-
tion of ethylene and a-olefins and, (iv) the growth and precipitation
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of LLDPE onto the CNTs leading to their coating (Scheme 23,
right).

This protocol, which is actually a variation of the PFT orig-
inally developed for Ziegler-Natta polymerization [113,114] and
more recently applied in metallocene catalysis in conjunction
with a large variety of micro and nanofillers [115-118], allows for
the complete deaggregation of the native MWCNT bundles and
provides an effective way to control the branching in the PEs
produced at the nanotube surface (from 3.5 br to 34.5 br/1000
0).

TEM micrographs of the composite materials prepared by this
technique show an interesting dependence of the PE-coating mor-
phology on the experimental parameters of the tandem system [87].

Osakada and co-workers have recently developed an efficient
and clean method to prepare new heterobinuclear early-late tran-
sition metal catalysts where the late and early metals are in close
proximity to each other (Scheme 24) [11,119]. The target was
to increase the catalytic efficiency of the “intramolecular” tan-

MAO, toluene
branched polyethylenes

TOFs over 4 Kg (gz x h x bar)™

Scheme 24. Tandem copolymerization catalysis initiated by binuclear complexes.
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Scheme 25. Cu' iminopyridyl complexes for the synthesis of a-hydroxy terminally functionalized PMMA from ATRP.
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Scheme 26. Cu' iminopyridyl catalyzed Huisgens/LRP reaction.

dem system [120-123] as well as achieve better control on the
PE microstructure and morphology by varying the nature of the
oligomerization site (late transition metal). The selectivity and pro-
ductivity of the heterobinuclear early-late precursors have been
compared to those provided by mixtures of independent mononu-
clear complexes thus showing the existence of a synergistic effect
between the two metal centers.

6.3. Cu! and Fe! (imino)pyridine complexes for atom transfer
radical polymerization (ATRP)

Atom transfer radical polymerization (ATRP) appears to be one
of the most universal and widely applicable examples of free rad-
ical pseudo-living polymerization of vinyl monomers (styrenic,
methacrylic, acrylic) to give a variety of polymeric materials
with controlled M, and narrow molecular weight distributions
[124-127].

A number of transition metal complexes have been utilized to
catalyze this process, but Cu! halides stabilized by bidentate nitro-
gen containing ligands seems to be the most effective and widely
studied systems. Of these, pyridyl-2-aldimine ligands are the most
promising, because of their capability of stabilizing metals in their
low oxidation state [128] as well as producing soluble Cu' species
for homogeneous processes.

Pyridyl-2-(N-propyl-aldimine) Cu! complexes, in conjunction
with ethyl 2-bromoisobutyrate as initiator, have been introduced
by Haddleton and co-workers for the efficient ATR polymeriza-
tion of methyl methacrylate (MMA) in both homogeneous [129,130]
or heterogeneous phase (silica or polystyrene supported catalysts)
[18]. Catalysts containing n-alkyl substituents at the imine group
are more efficient than those containing branched alkyl groups,
the latter resulting in a loss of control of the polymerization pro-
cess manifested by a slowing of the reaction rate and a broadening
of the polydispersity index (PDI) [131]. The same complexes have
also demonstrated how a-hydroxy functional PMMAS can be con-
veniently produced by the Cu' catalyst precursors using an alkoxy
containing alkyl bromide system as initiator with no apparent effect
on the control of the molecular weights (M) and polydispersities
(Scheme 25) [58].

As a further extension of the previous study, Mantovani
and Haddleton have also shown how Cul-catalyzed azide-alkyne
cycloaddition (Huisgens type reaction) and living radical polymer-
izations (LRP) can share the same CuBr-(imino)pyridine catalytic
system in a spectacular and sequential one-pot process for

the synthesis of functional molecular materials (Scheme 26)
[132,133].

A variety of pyridyl-2-(N-alkyl-aldimine) Cu! complexes with
increasing lengths of the ligand alkyl chains and solubility have
been investigated for the ATR polymerization of styrene by Amass
et al. [134]. Increasing both the length of the ligand alkyl chain
(from propyl to octyl) and the solvent polarity increases the catalyst
solubility narrowing the molecular weight distribution of the poly-
merization products, while the polymerization rate is decreased.

Relatively fast and well controlled ATR polymerizations of
styrene and MMA promoted by mononuclear or binuclear Fell
iminopyridyl complexes has been recently proposed by Gibson et
al. [13]. Relatively bulky substituents at the imino group generally
stabilize binuclear species in both solution and solid state and, as a
consequence, are relatively slow ATRP catalysts. Mononuclear Fe!l
pre-catalysts obtained with bulky imine substituents, along with
methyl groups on the 6-position of the pyridine ring, generate rela-
tively fast catalysts for the well controlled polymerization of styrene
and MMA.

7. Conclusions

In this article, we have reviewed the state-of-the art of
(imino)pyridyl metal complexes and, specifically, their use as cata-
lyst precursors for the homopolymerization, oligomerization and
copolymerization of ethylene and other linear or cyclic olefins,
including monomers containing polar functional groups. Like
for 2,6-bis(imino)pyridyl metal complexes and metallocenes, a
substantial contribution to the success of (imino)pyridyl metal
catalysts in polymerization reactions is due to the availability of
MAQO. Indeed, without MAO and related activators, no apprecia-
ble activity in insertion polymerization would be exhibited by any
(imino)pyridyl metal complex and only atom transfer radical poly-
merization reactions would be catalyzed by these systems.

The success of (imino)pyridyl metal catalysts for the polymer-
ization/oligomerization of olefins is largely attributable to their
molecular and electronic structure. Indeed, the facile tuning of the
(imino)pyridine framework by simple modification of the ligand
architecture and insertion of various substituents, together with
the ease of preparation, storage and handling, make these late tran-
sition metal catalysts advantageous over other types of single-site
catalysts for the conversion of olefins into different types of macro-
molecules.
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The reduced steric protection of the axial coordination sites
of the coordinated metal center is an apparent drawback which
favors the chain transfer rate over the propagation rate, yet this
feature has been exploited to generate (imino)pyridyl cobalt cata-
lysts with unrivalled activity and selectivity in the oligomerization
and co-oligomerization of ethylene. Moreover, due to their good
compatibility with various early and late metal copolymerization
catalysts, (imino)pyridyl metal complexes can be used as oligomer-
ization catalysts in tandem catalytic processes for the production of
branched PE, nanocomposites and nanohybrids with unique struc-
tures.

Acknowledgments

Prof. F. Ciardelli and Dr. E. Passaglia are gratefully thanked
for useful discussions. Thanks are also due to the European
Commission (NoE IDECAT, NMP3-CT-2005-011730), the Min-
istero dell'Istruzione, dell'Universita e della Ricerca of Italy
(NANOPACK - FIRB project no. RBNEO3R78E) and FIRENZE
HYDROLAB project by Ente Cassa di Risparmio di Firenze
(http://www.iccom.cnr.it/hydrolab/) for financial support.

The crystal structures were retrieved from the Cambridge
Structural Database [135] (CSD version 5.30 November 2008) of
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge, CB2 1EZ, UK.

References

[1] C. Bianchini, G. Giambastiani, I. Guerrero Rios, G. Mantovani, A. Meli, A.M.
Segarra, Coord. Chem. Rev. 250 (2006) 1391.

[2] G.J.P.Britovsek, S.P.D. Baugh, O. Hoarau, V.C. Gibson, D. Wass, A.J.P. White, D.J.
Williams, Inorg. Chim. Acta 345 (2003) 279.

[3] C.Bianchini, D. Gatteschi, G. Giambastiani, . Guerrero Rios, A. Ienco, F. Laschi,
C. Mealli, A. Meli, L. Sorace, A. Toti, F. Vizza, Organometallics 26 (2007) 726.

[4] C.Bianchini, G. Giambastiani, I. Guerrero Rios, A. Meli, A.M. Segarra, A. Toti, F.
Vizza, J. Mol. Catal. A: Chem. 277 (2007) 40.

[5] C.Bianchini, G. Giambastiani, G. Mantovani, A. Meli, D. Mimeau, J. Organomet.
Chem. 689 (2004) 1356.

[6] C. Bianchini, G. Mantovani, A. Meli, F. Migliacci, Organometallics 22 (2003)
2545.

[7] C. Bianchini, A. Sommazzi, G. Mantovani, R. Santi, F. Masi, Polimeri Europa
SpA, US 6,916,931 B2 (2005).

[8] A.Toti, G. Giambastiani, C. Bianchini, A. Meli, L. Luconi, Adv. Synth. Catal. 350
(2008) 1855.

[9] C.Bianchini, M. Frediani, G. Giambastiani, W. Kaminsky, A. Meli, E. Passaglia,
Macromol. Rapid. Commun. 26 (2005) 1218.

[10] C. Bianchini, G. Giambastiani, A. Meli, I. Guerrero Rios, A. Toti, E. Passaglia, M.
Frediani, Top. Catal. 48 (2008) 107.

[11] J. Kuwabara, D. Takeuchi, K. Osakada, Chem. Commun. (2006) 3815.

[12] K. Musikabhumma, T.P. Spaniol, J. Okuda, J. Polym, Sci: Part A: Polym. Chem.
41 (2003) 528.

[13] V.C. Gibson, R.K. O'Reilly, D.F. Wass, A.J.P. White, D.J. Williams, Dalton Trans.
(2003) 2824.

[14] R. Chen, S.F. Mapolie, J. Mol. Catal. A: Chem. 193 (2003) 33.

[15] V.C. Gibson, C.M. Halliwell, N.J. Long, PJ. Oxford, A.M. Smith, A.].P. White, D.J.
Williams, Dalton Trans. (2003) 918.

[16] . Cloete, S.F. Mapolie, J. Mol. Catal. A: Chem. 243 (2006) 221.

[17] R. Chen, ]. Bacsa, S.F. Mapolie, Polyhedron 22 (2003) 2855.

[18] D.M. Haddleton, D. Kukulj, A.P. Radigue, Chem. Commun. (1999) 99.

[19] A. Koppl, H.G. Alt, J. Mol. Catal. A: Chem. 154 (2000) 45.

[20] J.M. Benito, E. de Jests, ].F. de la Mata, ].C. Flores, R. Gbmez, P. Gémez-Sal,
Organometallics 25 (2006) 3876.

[21] L.Johnson,]. Feldman, K.A. Kreutzer, S.J. McLain, A.M.A. Bennett, E.B. Coughlin,
D.S. Donald, J.L.T. Nelson, A. Parthasarathy, X. Shen, W. Tam, Y. Wang, E. I.
DuPont de Nemours and Company, Wilmington, Del., US 5,714,556 (1998).

[22] K. Nienkemper, V.V. Kotov, G. Kehr, G. Erker, R. Frohlich, Eur. J. Inorg. Chem.
(2006) 366.

[23] T.V. Laine, M. Klinga, M. Leskeld, Eur. ]. Inorg. Chem. (1999) 959.

[24] ML.E. Bluhm, C. Folli, M. Déring, J. Mol. Catal. A: Chem. 212 (2004) 13.

[25] W.-H. Sun, X. Tang, T. Gao, B. Wu, W. Zhang, H. Ma, Organometallics 23 (2004)
5037.

[26] W.Zhang, W.-H. Sun, B. Wu, S. Zhang, H. Ma, LY. Chen, P. Hao, ]. Organomet.
Chem. 691 (2006) 4759.

[27] Y.D.M. Champouret, ]. Fawcett, W.]. Nodes, K. Sing, G.A. Solan, Inorg. Chem. 45
(2006) 9890.

[28] P. Barbaro, C. Bianchini, G. Giambastiani, I. Guerrero Rios, A. Meli, W. Ober-
hauser, A.M. Segarra, L. Sorace, A. Toti, Organometallics 26 (2007) 4639.

[29] C. Bianchini, G. Giambastiani, I. Guerrero Rios, A. Meli, W. Oberhauser, L.
Sorace, A. Toti, Organometallics 26 (2007) 5066.

[30] T.Irrgang, S. Keller, H. Maisel, W. Kretschmer, R. Kempe, Eur. J. Inorg. Chem.
(2007) 4221.

[31] S.Fernandes, R.M. Bellabarba, A.E.G. Ribeiro, P.T. Gomes, J.R. Ascenso, J.F. Mano,
A.R. Dias, M.M. Marques, Polym. Int. 51 (2002) 1301.

[32] X. Tang, W.-H. Sun, T. Gao, ]. Hou, J. Chen, W. Chen, ]. Organomet. Chem. 690
(2005) 1570.

[33] P. Espinet, A.M. Echavarren, Angew. Chem. Int. Ed. 43 (2004) 4704 (and refer-
ences cited therein).

[34] J. Tsuji, in: John Wiley & Sons Ltd. (Eds.), Palladium Reagents and Catalysts:
Innovation in Organic Synthesis, vol. 1, New York, 1996, p. 560.

[35] For a review on Palladium-Catalyzed Cross-Coupling Reactions of
Organoboron Compounds see: N. Miyaura, A. Suzuki, Chem. Rev. 95
(1995) 2457.

[36] For a recent paper on the isomerism of related 2,6-bis(arylimino)pyridyl lig-
ands and complexes see: J. Campora, M.A. Cartes, A. Rodriguez-Delgado, A.M.
Naz, P. Palma, C. Pérez, D. del Rio, Inorg. Chem. 48 (2009) 3679.

[37] V.C. Gibson, D.F. Wass, Angew. Chem. Int. Ed. 38 (1999) 419.

[38] S.D. Ittel, LK. Johnson, M. Brookhart, Chem. Rev. 100 (2000) 1169.

[39] S. Mecking, Angew. Chem. Int. Ed. 40 (2001) 534.

[40] V.C. Gibson, S. Spitzmesser, Angew. Chem. Int. Ed. 103 (2003) 283.

[41] PJ.Kocienski, in: Georg Thieme Stuttgart (Eds.), Protecting Groups, vol. 1, New
York, 2000, p. 679.

[42] A.M. Allgeier, C.A. Mirkin, Angew. Chem. Int. Ed. 37 (1998) 894.

[43] IM. Lorkovic, J.R.R. Duff, M.S. Wrighton, J. Am. Chem. Soc. 117 (1995)
3617.

[44] R. Chen, ]J. Bacsa, S.F. Mapolie, Inorg. Chem. Commun. 5 (2002) 724.

[45] G.Smith, R. Chen, S.F. Mapolie, ]. Organomet. Chem. 673 (2003) 111.

[46] G. Giambastiani, C. Bianchini, I. Guerrero Rios, A. Meli, unpublished results.

[47] ]J. Gémez, G. Garcia-Herbosa, J.V. Cuevas, A. Arndiz, A. Carbayo, A. Mufioz, L.
Falvello, P.E. Fanwick, Inorg. Chem. 45 (2006) 2483.

[48] D.M. Lyubov, G.K. Fukin, A.V. Cherkasov, A.S. Shavyrin, A.A. Trifonov, L. Luconi,
C. Bianchini, A. Meli, G. Giambastiani, Organometallics 28 (2009) 1227.

[49] G. van Koten, J.T.B.H. Jastrzebski, K. Vrieze, ]. Organomet. Chem. 250 (1983)
49.

[50] V.C. Gibson, C. Redshaw, A.J.P. White, D.J. Williams, J. Organomet. Chem. 550
(1998) 453.

[51] K. Nienkemper, G. Kehr, S. Kehr, R. Frohlich, G. Erker, J. Organomet. Chem. 693
(2008) 1572.

[52] C.Bianchini, G. Giambastiani, A. Meli, A. Toti, Organometallics 26 (2007) 1303.

[53] S.P. Meneghetti, PJ. Lutz, ]. Kress, Organometallics 18 (1999) 2734.

[54] B.L. Small, M. Brookhart, Macromolecules 32 (1999) 2120.

[55] EA. Cotton, R.L. Luck, K.-A. Son, Inorg. Chim. Acta 179 (1991) 11.

[56] R.J. Kern, J. Inorg. Nucl. Chem. 24 (1962) 1105.

[57] L.M. Vallarino, W.E. Hill, ].V. Quagliano, Inorg. Chem. 4 (1965) 1598.

[58] D.M. Haddleton, C. Waterson, PJ. Derrick, C.B. Jasieczek, A.]. Shooter, Chem.
Commun. (1997) 683.

[59] T.V. Laine, K. Lappalainen, J. Liimatta, E. Aitola, B. Léfgren, M. Leskeld, Macro-
mol. Rapid. Commun. 20 (1999) 487.

[60] T.V. Laine, U. Piironen, K. Lappalainen, M. Klinga, E. Aitola, M. Leskeld, ].
Organomet. Chem. 606 (2000) 112.

[61] EA. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann (Eds.), Advanced Inor-
ganic Chemistry, vol. 1, 6th ed., Wiley, New York, 1999, p. 814.

[62] R. Morassi, L. Sacconi, J. Chem. Soc. A (1971) 492.

[63] A. Bencini, D. Gatteschi, in: B.N. Figgis, G. Melson (Eds.), Transition Metal
Chemistry, vol. 8, M. Dekker, 1982.

[64] J.R. Pilbrow (Ed.), Transition Ion Electron Paramagnetic Resonance, vol. 1,
Clarendon Press, Oxford, 1990.

[65] A.Abragam, B. Bleaney (Eds.), Electron Paramagnetic Resonance of Transition
Ions, vol. 1, Dover, New York, 1970.

[66] R.L. Carlin (Ed.), Magnetochemistry, vol. 1, Springer-Verlag, Berlin, 1986.

[67] R.S. Drago (Ed.), Physical Methods for Chemists, Saunder College, New York,
1992.

[68] E.E.Mabbs, D. Collison (Eds.), Electron Paramagnetic Resonance of d Transition
Metal Complexes, vol. 16, Elsevier, Amsterdam, 1992.

[69] J.E. Wertz, ].R. Bolton (Eds.), Electron Spin Resonance: Elementary Theory and
Practical Applications, vol. 1, McGraw-Hill, New York, 1972.

[70] R.H. Holm, W.D. Phillips, B.A. Averill, J.J. Mayerle, ].J. Herskovitz, ]. Am. Chem.
Soc. 96 (1974) 2109.

[71] J.P. Jesson, in: G.N. La Mar, W.D. Horrocks, R.H. Holm (Eds.), NMR of Param-
agnetic Molecules: Principles and Applications, vol. 1, Academic Press, New
York, 1973.

[72] H.M. McConnell, Proc. Natl. Acad. Sci. U.S.A. 69 (1972) 335.

[73] J. Campora, M. del Mar Conejo, K. Mereiter, P. Palma, C. Pérez, M.L. Reyes, C.
Ruiz, ]. Organomet. Chem. 683 (2003) 220.

[74] For magnetic measurements on iminopyridyl Fe!' complexes see refs. [27] and
[61].

[75] For paramagnetic high-spin octahedral (imino)pyridine-based complexes see
refs. [3] and [20].

[76] R.E. Riilke, ]J.G.P. Delis, A.M. Groot, CJ. Elsevier, PW.N.M. van Leeuwen, K.
Vrieze, K. Goubitz, H. Schenk, ]. Organomet. Chem. 508 (1996) 109.

[77] A.Bacchi, M. Carcelli, C. Pelizzi, G. Pelizzi, P. Pelagatti, S. Ugolotti, Eur. J. Inorg.
Chem. (2002) 2179.

[78] C. Bianchini, G. Lenoble, W. Oberhauser, S. Parisel, F. Zanobini, Eur. J. Inorg.
Chem. (2005) 4794.


http://www.iccom.cnr.it/hydrolab/

C. Bianchini et al. / Coordination Chemistry Reviews 254 (2010) 431-455 455

[79] M. Hackmann, B. Rieger, CATTECH 1 (1997) 79 (and references cited therein).

[80] P.L. Bryant, C.R. Harwell, A.A. Mrse, E.F. Emery, G.Z.T. Caldwell, A.P. Reyes, P.
Kuhns, D.W. Hoyt, L.S. Simeral, RW. Hall, L.G. Butler, J. Am. Chem. Soc. 123
(2001) 12009.

[81] S.S.Reddy, S. Sivaran, Prog. Polym. Sci. 20 (1995) 309.

[82] H. Sinn, W. Kaminsky, Hoker (Eds.), Alumoxanes; Macromolecular Symposia
97, vol. 1, Hutig & Wepf, Heidelberg, Germany, 1995.

[83] E.Y. Chen, TJ. Marks, Chem. Rev. 100 (2000) 1391.

[84] H. Sinn, Macromol. Symp. 97 (1995) 27.

[85] M.R. Mason, .M. Smith, S.G. Bott, A.R. Barron, J. Am. Chem. Soc. 115 (1993)
4971.

[86] S.Bredeau, D. Bonduel, M. Alexandre, L. Boggioni, I. Tritto, G. Giambastiani, A.
Toti, A. Meli, C. Bianchini, P. Dubois, Polym. Preprints 49 (2008) 289.

[87] A.Toti, G. Giambastiani, C. Bianchini, A. Meli, S. Bredeau, P. Dubois, D. Bonduel,
M. Claes, Chem. Mater. 20 (2008) 3092.

[88] G.J.P. Britovsek, S. Mastroianni, G.A. Solan, S.P.D. Baugh, C. Redshaw, V.C.
Gibson, AJ.P. White, D.J. Williams, M.R,J. Elsegood, Chem. Eur. J. 6 (2000)
2221.

[89] T.V. Laine, M. Klinga, A. Maaninen, E. Aitola, M. Leskeld, Acta Chem. Scand. 53
(1999) 968.

[90] LK. Johnson, C.M. Killian, M. Brookhart, J. Am. Chem. Soc. 117 (1995) 6414.

[91] C.Bianchini, G. Giambastiani, I. Guerrero Rios, A. Meli, E. Passaglia, E. Gragnoli,
Organometallics 23 (2004) 6087.

[92] A. Sommazzi, B. Milani, A. Proto, G. Corso, G. Mestroni, F. Masi, Enichem
S.p.A(I), WO10875 (2001).

[93] P.Braunstein, Y. Chauvin, S. Mercier, L. Saussine, A. De Cian, J. Fischer, J. Chem.
Soc. Chem. Commun. (1994) 2203.

[94] W. Keim, Angew. Chem. Int. Ed. 29 (1990) 235.

[95] G.V. Parshall, S.D. Ittel (Eds.), Homogeneous Catalysis: The Applications and
Chemistry of Catalysis by Soluble Transition Metal Complexes, vol. 1, New
York, 1992, p. 68.

[96] ]. Skupinska, Chem. Rev. 91 (1991) 613.

[97] D.Vogt, in: B. Cornils, W.A. Herrmann (Eds.), Applied Homogeneous Catalysis
with Organometallic Compounds, vol. 1, VHC, New York, 1996, p. 245.

[98] R. Goretzki, G. Fink, Macromol. Chem. Phys. 200 (1999) 881.

[99] J. Turunen, T.T. Pakkanen, B. L6fgren, J. Mol. Catal. A: Chem. 123 (1997) 35.

[100] R.A. Wendt, G. Fink, Macromol. Chem. Phys. 201 (2000) 1365.

[101] R.A. Wendt, G. Fink, Macromol. Chem. Phys. 203 (2002) 1071.

[102] D.E.]James, in: H.F. Mark, N.M. Bikales, C.G. Overberger, G. Menges (Eds.), Ency-
clopedia of Polymer Science and Engineering, vol. 6, Wiley-Interscience, New
York, 1985, p. 429.

[103] J.C. Stevens, in: J.W. Hightower, W.N. Delgaa, E. Iglesia, A.T. Bell (Eds.), Studies
in Surface Science and Catalysis, vol. 101, Elsevier Science, Amsterdam, 1996.

[104] B.M. Weckhuysen, R.A. Schoonheydt, Catal. Today 51 (1999) 215.

[105] S.Y. Lai, J.R. Wilson, G.W. Knight, ].C. Stevens, Dow Chemical, U.S. 5,665,800
(1997).

[106] S.Y.Lai, J.R. Wilson, G.W. Knight, ].C. Stevens, PW.S. Chum, Dow Chemical, U.S.
5,272,236 (1993).

[107] WJ. Wang, D. Yahn, S. Zhu, A.E. Hamielec, Macromolecules 31 (1998) 8677.

[108] R.W. Barnhard, G.C. Bazan, J. Am. Chem. Soc. 120 (1998) 1082.

[109] ZJ.A. Komon, G.C. Bazan, Macromol. Rapid. Commun. 22 (2001) 467.

[110] C. Bianchini, H. Miller, F. Ciardelli, in: F. Ciardelli, S. Penczek (Eds.), Com-
binations of Transition Metal Catalysts for Reactor Blending, vol. 1, Kluwer
Academic Publishers, The Netherlands, 2004, p. 15.

[111] M. Frediani, C. Bianchini, W. Kaminsky, Kinet. Catal. 47 (2006) 207.

[112] M. Frediani, C. Piel, W. Kaminsky, C. Bianchini, L. Rosi, Macromol. Symp. 236
(2006) 124.

[113] N.S. Enikolopian, USSR Patent 763,379 (1976).

[114] E.G. Howard, US 4,097,447 (1978).

[115] M. Alexandre, E. Martin, P. Dubois, M. Garcia-Marti, R. Jerome, Macromol.
Rapid. Commun. 21 (2000) 931.

[116] M. Alexandre, E. Martin, P. Dubois, M. Garcia-Marti, R. Jerome, Chem. Mater.
13 (2001) 236.

[117] M. Alexandre, P. Pluta, P. Dubois, R. Jerome, Macromol. Chem. Phys. 202 (2001)
2239.

[118] W. Kaminsky, H. Zielonka, Polym. Adv. Technol. 4 (1993) 415.

[119] C.Bianchini, G. Giambastiani, A. Toti, Chem. Tracts Inorg. Chem. 20 (2007) 107.

[120] G.P. Abramo, L. Li, T.J. Marks, J. Am. Chem. Soc. 124 (2002) 13966.

[121] H.Li, L. Li, D.J. Schwartz, M.V. Metz, T.J. Marks, L. Liable-Sands, A.L. Rheingold,
J. Am. Chem. Soc. 127 (2005) 14756.

[122] L. Li, M.V. Metz, H. Li, M.-C. Chen, T.J. Marks, L. Liable-Sands, A.L. Rheingold, J.
Am. Chem. Soc. 124 (2002) 12725.

[123] J. Wang, H. Li, N. Guo, L. Li, C.L. Stern, T.J. Marks, Organometallics 23 (2004)
5112.

[124] M. Kato, M. Kamigaito, M. Sawamoto, T. Higashimura, Macromolecules 28
(1995) 1721.

[125] K. Matyjaszewski, ].-S. Wang, Macromolecules 28 (1995) 7901.

[126] V. Perced, B. Barboui, Macromolecules 28 (1995) 7970.

[127] V. Perced, B. Barboui, A. Neumann, J.C. Ronda, M. Zhao, Macromolecules 29
(1996) 3665.

[128] G. van Koten, K. Vrieze, Adv. Organomet. Chem. 21 (1982) 157.

[129] D.M. Haddleton, C.B. Jasieczek, M.J. Hannon, AJ. Shooter, Macromolecules 30
(1997) 2190.

[130] D.M. Haddleton, University of Warwick (GB), WO 9747661 (A1), 1997.

[131] D.M.Haddleton, D.J. Duncalf, D. Kukulj, M.C. Crossman, S.G. Jackson, S.A.F. Bon,
AJ. Clark, AJ. Shooter, Eur. J. Inorg. Chem. (1998) 1799.

[132] ]. Geng, ]. Lindqvist, G. Mantovani, D.M. Haddleton, Angew. Chem. Int. Ed. 47
(2008) 4180.

[133] G. Mantovani, V. Ladmiral, L. Tao, D.M. Haddleton, Chem. Commun. (2005)
2089.

[134] AJ. Amass, C.A. Wyres, E. Colclough, I. Marcia Hohn, Polymer 41 (2000) 1697.

[135] EH. Allen, Acta Crystallogr. Sect. B 58 (2002) 380.



	Olefin oligomerization, homopolymerization and copolymerization by late transition metals supported by (imino)pyridine ligands
	Introduction
	Synthesis of 6-organyl-2-iminopyridyl ligands
	Synthesis of 6-organyl-2-iminopyridyl late transition metal complexes
	CoII complexes
	NiII and PdII complexes
	FeII complexes

	Principal activators of iminopyridyl MII dihalides catalyst precursors
	Ethylene polymerization by (imino)pyridyl group 8-10 metal catalysts
	Ethylene oligomerization and polymerization by (imino)pyridyl group 8-10 metal catalysts
	Olefin oligomerization and co-oligomerization by 6-aryl-2-(imino)pyridyl complexes
	(Imino)pyridine NiII and CoII complexes as efficient tools for the synthesis of branched polyethylenes via tandem catalysis
	CuI and FeII (imino)pyridine complexes for atom transfer radical polymerization (ATRP)

	Conclusions
	Acknowledgments
	References


