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Abstract During the last two decades, group-IV metals-

based aminopyridinato complexes have attracted a

tremendous research interest because of immense industrial

needs for the catalyst which would be of higher activity and

selectivity with lower toxicity and lower cost. Chemistry of

titanium (Ti) and zirconium (Zr) complexes was more

extensively explored as compared to hafnium (Hf) com-

plexes. Direct synthesis, salt metathesis, amine elimination,

alkane elimination, silyl chloride elimination, hydrogen

chloride elimination and toluene elimination protocols

have been used for the synthesis of group-IV metal com-

plexes. Changes in ligand and complex design were made

to optimize these catalysts for olefin polymerization. Most

of these complexes have shown good catalytic activities

when activated with dry methyl aluminoxane. Ligand

transfer to aluminum was found in these complexes, par-

ticularly with less bulky ligands, and this ligand transfer

problem was overcome by tridentate ligands but the

activities of these complexes were not competitive to

complexes with bidentate aminopyridinato ligands.

Majority of these complexes produce high-molecular-

weight polymers with broader molecular weight distribu-

tions, and Hf-complexes produce longer chain polymers

than their comparative Ti and Zr aminopyridinato com-

plexes. It could be deduced that group-IV metals inherit the

potential for optimal polymerizing catalysts probably,

because of their almost vacant d-orbitals, these act as hard

acids which on combination with soft bases carry the

opportunity to design and develop polymerization catalysts

which could overcome the problems associated with

existing systems.
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Introduction

Polymer-based products have become critical necessities

ranging from household appliances to aerospace jets [1].

Global need for olefinic and other polymers is tremen-

dously growing every year, for example, consumption of

only polyethylene and polypropylene was 90,327 and

60,904 thousand metric tons, respectively, during the year

2014 [2]. Major industrial production of these polymers

primarily utilizes group-IV metal catalysts [3–6]. A revo-

lution was initiated by Zeigler and Natta by the discovery

of group-IV metal catalysts due to their enormous indus-

trial application which also inspired intensive research and

development of these catalysts for olefin polymerization

[4] that ultimately led to the development of group-IV

metallocene catalysts for olefins polymerization using Al-

alkyls as co-catalyst [7–26]. Following breakthrough

occurred in 1970 with the discovery of Cp2TiCl2/AlMe2Cl

and Cp2TiMe2/AlMe3 catalysts, but their catalyzing abili-

ties were low. The activity of Cp2TiCl2 enhanced to

424 kg PEcat mol-1 h-1 when small amount of water was

added due to the formation of methyl aluminoxane (MAO)

by the hydrolysis of Al-alkyls [27–50]. Industrial applica-

tions of metallocene-based catalysts have been tremen-

dous; however, their limitations, for example, very high

costs and inability to polymerize polar olefins, have forced

the researches for alternatives, and amido ligands have

& Muhammad Hafeez

smhafeezkhan@yahoo.com

1 Department of Chemistry, University of Azad Jammu and

Kashmir, Muzaffarbad 13100, Pakistan

123

Appl Petrochem Res (2016) 6:307–340

DOI 10.1007/s13203-016-0170-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s13203-016-0170-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13203-016-0170-1&amp;domain=pdf


been the most notable success because: (1) these ligands

make two bonds with the metal resulting into a four-

membered chelate ring system and (2) they enable the

incorporation of variety of functionality in remaining two

substituents on N-atom and hence to dictate variety in their

reactivity and selectivity (Scheme 1) [28, 29, 51–65].

Aminopyridinato ligands could be derived from deproto-

nated 2-aminopyridines, critical sub-class of amido

ligands, which could provide additional advantages due to

their binding modes flexibility. Synthesis of the majority of

group-IV metals catalysts utilizes salt metathesis, amine

elimination, alkane elimination, silyl chloride elimination,

hydrogen chloride elimination and direct synthesis [29].

Chemistry of Ti and Zr-complexes in terms of their

structural and olefin polymerization catalysis aspects has

been studied more extensively than Hf-complexes

[66–110]. Catalytic potential of Ti-complexes has been

explored in ethylene, propylene and styrene polymeriza-

tion, and copolymerization reactions. In the light of

industrial applications and scientific interest, we are pro-

viding the relevant updates on group-IV metals complexes

with aminopyridine ligands including general mechanism,

structural aspects and application in olefin polymerization

catalysis as well as other closely related relevant devel-

opments. We expect that it will serve the relevant scientific

community for further enhancements.

General mechanism of olefin polymerization using

MAO

Mechanism of polymerization catalyzed by group-IV metal

catalysts is schematically illustrated below in Scheme 2

which includes activation, propagation and termination

steps.

Titanium complexes

Kempe et al. have synthesized the first aminopyridinato Ti-

complex in 1996 and their further research resulted into

several Ti(IV) complexes [46, 47]. Some other researchers

such as Markku, Smithies’, Wheatley’s and Sakai group

have also synthesized the titanium complexes [42, 46]. The

main focus for the synthesis of titanium complexes was

their coordination/organometallic chemistry as well as

application in olefin polymerization and hydroamination

catalysis [45]. Mostly, the titanium precursor TiCl4 and

lithium/sodium/potassium salts of the respective ligands

have been employed and the mono/bis/tris/tetrakis-Ap-ti-

tanium complexes (depending upon the stoichiometric ratio

of ligand and metal salt) have been synthesized, but mono/

bis complexes contain two cis chlorides and, hence, are

more interesting for catalytic applications [42]. The neutral

Ti-complexes have been converted into cationic complexes

using methylaluminoxane (MAO) as co-catalyst [42]. The

MAO is synthesized from controlled hydrolysis of AlMe3;

however, all the molecules of AlMe3 are not converted into

MAO and its traces remain unreacted (these traces either

remain free in bulk of MAO or remain associated with

MAO formula units) [47]. The MAO is available com-

mercially in the form of its solutions in aromatic hydro-

carbons. Some researchers have used commercial form for

polymerization reactions, but the disadvantage of using this

MAO as in case of aminopyridinato-Ti-complexes is its

AlMe3 content which reacts with the active catalysts, and

these are converted into the Ap-aluminum complexes

which do not have the capability to polymerize olefins [44].

To reduce the free AlMe3 content (associated content could

not be removed under vacuum) of the commercial MAO,

some researchers have removed its volatiles (aromatic

hydrocarbon ? AlMe3) under vacuum, and the solid thus

obtained was named as dry methylaluminoxane (d-MAO).

Although through this method, the AlMe3 content of

commercial MAO could be minimized, its complete

removal is not possible [44].

Synthesis of Ti-catalysts with halogen-substituted

aminopyridines

Mono and bis(aminopyridinato) Ti-catalysts (1–3) con-

taining 2-(2, 6-difluoroanilino)pyridine and 2-(2-chloro-

anilino)pyridine ligands have been synthesized by Markku

and coworkers via salt metathesis (Scheme 3; Fig. 1) [42].

The reported yields of the complexes are 87–96 %, and

these higher yields are plausibly due to single-step reaction

with the formation of sodium chloride as the side product.

The sodium chloride is insoluble in the organic solvents

and could be easily separated resulting in the clean sepa-

ration of the products. The sodium and potassium salts of

the ligands are preferable for such synthesis because of the

easy separation of corresponding metal salts through fil-

tration. Instead, the use of lithium salts of ligands is less

advantageous as one has to do repeated filtrations for the

separation of the lithium chloride from the desired product.

Previously, the salt metathesis protocol employing n-BuLi

for synthesis of such complexes was considered less suit-

able because of the low yield of resulting complexes

probably due to the reduction of Ti(IV) into Ti(III) by the

lithiated ligand [47].
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Scheme 1 Binding modes of aminopyridinato (left) and amidinato

(right) ligands M = group 4 metal; R, R0, R00 = substituent)
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Ethylene polymerization with Ti-complexes 1–3

The aminopyridinato-Ti-complexes have been employed

for olefin polymerization. Different substituents such as

alkyl, phenyl and silyl have been introduced on the

aminopyridinato ligand, and each different substituent on

the ligand framework affects the catalytic activity of the

resulting complex [42, 47]. The ligand framework also

affects the molecular weight and molecular weight distri-

bution (polydispersity) of the resulting polymers [42]. The

silyl aminopyridinato-Ti-complexes when employed for

ethylene polymerization have shown moderate activities.

These complexes were also effective for the homopoly-

merization of propene and butene. Latter studies indicated

that alkyl and phenyl groups were superior for enhancing

catalytic activities as compared to silyl group [23].

Markku et al. have employed halogen (chloro or fluoro)-

containing phenylaminopyridinato-Ti-complexes (1–3) to
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Scheme 2 Mechanism of

group-IV metals catalysts

catalyzed polymerization
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catalyze ethylene polymerization with methylaluminoxane

(MAO) as co-catalyst [42]. The maximum catalytic activity

(640 kg PE molCat
-1 h-1) was found for dimeric Ti-complex

3 and minimum activity was observed for complex 2.

These results indicate that in case of dimeric-Ap com-

plexes, the fluoro substituent on ortho position has a ben-

eficial effect for ethylene polymerization. Normally,

electron-withdrawing groups at ortho position of the ligand

are less beneficial for the activity of the complexes [42].

The fluoro ligand is electron-withdrawing by inductive

effect and electron-donating by resonance effect, and might

be during catalytic reaction, the latter effect is more

operative to stabilize the active cationic metal center.

Bulky ligands are also advantageous for stabilizing cationic

metal center, but the steric bulk of the ligand in case of

complex 3 is small and, hence, could not be linked with the

observed catalytic activity [42]. However, a detailed the-

oretical and experimental investigation of such complexes

is required to explore a structure–activity relationship.

Complex 2 contains a chloro substituent on ortho position

of each ligand and is least active for ethylene polymer-

ization. The bis-Ap complex 1 was least active for ethylene

polymerization (Table 1) [42]. Interestingly, the complex 3

afforded very long chain polymer (Mw = 1,392,000 g

mol-1) when employed for polymerization at 80 �C, but
broader polydispersity (6.9) indicated that more than one

catalytically active species were present in the reaction

mixture. However, at lower temperature, the catalytic

activity of complex 3 is lower (61–378 kg PE molCat
-1 h-1),

but it behaves as a single-site catalyst at this temperature,

manifested by comparatively narrow molecular weight

distribution of obtained polymers [42]. The melting points

of all the polymers obtained with catalyst 1–3 are in the

range of 133–136.7 �C which are indicative of high-density

polyethylene (HDPE).

Synthesis of bis(alkylphenyl)titanium trichloride

complexes

The ligand framework controls the properties of a complex,

and change of substituents on ligand could change the

activity, selectivity, molar mass distribution as well as the

chain length of resulting polymer. The alkyl substituents on

aminopyridinato ligand could be beneficial for enhancing

catalytic activity as well as for getting high-molecular-

weight polymers [29, 46]. Markku et al. have synthesized

the alkyl-substituted aminopyridinato ligands and corre-

sponding Ti-complexes (4–7) by treating the respective

aminopyridinato ligand with NaH followed by reaction

with TiCl4 [46] (Scheme 4; Fig. 2). The authors did not

mention the yield of the ligands and complexes. As com-

pared to ligands used for the synthesis of complexes 1–3,

the ligands used for the synthesis of complexes 4–7 are

bulkier, and both mono- and bis-Ap complexes are

expected [46].

Ethylene polymerization with Ti-complexes 4–7

Ti-complexes 4–7 (Fig. 2) are mildly active for ethylene

polymerization in the presence of methylaluminoxane

(MAO) as a co-catalyst [46]. Mechanistically, alkyl sub-

stituent(s) near the Ti center restrict ethylene coordina-

tion, and hence, alkyl substituent(s) away from metal

center enhance(s) catalytic activity [46]. Alkyl-substituted

aminopyridinato Ti-catalysts were more active than non-

substituted ones, probably due to electron-donating effect

of alkyl groups which is helpful for stabilizing the

cationic metal center. Maximum catalytic activity

(48 kg PEcat mol-1 h-1, Table 1) was observed with cat-

alyst 6 but was lower than aminopyridinato complexes

with adamantyl and trialkyl-silyl ligands because the lat-

ter ligands are more bulky [42, 46]. Furthermore, it could

be deduced from the molecular structure of the complex 6

that bulky groups on the para position of the ligand

framework are advantageous for more catalytic activity as

well as for getting higher molecular weight polymers

(Mw = 500,000 g mol-1, Table 1) [46]. The alkyl sub-

stituents on the ligand also prevent the b-hydrogen
elimination which causes an enhancement in chain elim-

ination/termination ratio and thus giving long-chain

polymers. In addition to this, these alkyl groups also

lower the ethylene insertion transition state, and this

phenomenon is also beneficial for greater polymer chain

length [46]. The formation of polymers with higher

polydispersities were observed for alkyl(phenyl-

aminopyridinates) that could be rationalized to existence

of both mono and bis(amino-pyridinato) Ti-complexes in

the solution state, and possible ligand coordination with

aluminum of AlMe3 as well as electron donation from

amido nitrogen to Ti-metal center due to electron dona-

tion effect of alkyl groups [46]. Enhanced electron density

from amido nitrogen, weakens (even breaking of this

bond) the (pyridine)-N-Ti bond which produces mixture

of complex conformations in solution state, and ulti-

mately, this synthesizes polymers of various chain lengths

[46]. Ti-pyridine-N bond for such systems is not very

stable, and even during catalysis, this bond is broken and

the ligand rotates around the amido nitrogen bond. Such a

phenomenon has been explained by Kempe et al. in the

form of N-dissociation mechanism for bis-Ap complexes

[23, 29]. In addition, sodium salt of the ligand may

reduce the Ti(IV) into a mixture of Ti(III) which results

into a mixture of Ti(III) and Ti(IV) complexes which

produce polymer fractions of variable masses. Previously,

bridged phenyl-aminopyridinato Ti-catalysts where the

rotation around the pyridine nitrogen is blocked due to

310 Appl Petrochem Res (2016) 6:307–340
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peculiar structure of the ligand have been found to be

useful to control the polydispersity issue [14, 19].

Synthesis of Ti-complexes with 2-phenylaminopyridine

ligands

The examples of the mono-ApTiCl3 complexes are rare.

The previous efforts for the synthesis of such complexes

were unsuccessful, and, instead of ApTiCl3 complex,

resulted into the formation of [ApH2]
?[ApTiCl4]

- salt

[42]. Recently, Markku et al. have synthesized Ap-trichloro

complex (8) by treating the ligand precursor 2-pheny-

laminopyridine and TiCl4 in equal molar ratio under HCl

Table 1 Ethylene and styrene polymerization activity of Ti-aminopyridinato complexes

Structure # Temp. (�C) Pressure (Bar) Activity (kg PE molCat
-1 h-1) Mw g mol-1 Mw/Mn Co-catalyst and ratio

1 60 5 133 604,000 4.5 MAO 3000

2 80 8 56 1,392,000 6.9 MAO 3000

3 60 5 640 344,000 12.4 MAO 3000

4 60 5 27 630,000 20.0 MAO 3000

5 60 5 47 390,000 20.3 MAO 3000

6 60 5 48 500,000 26.6 MAO 3000

7 60 5 30 390,000 22.9 MAO 3000

8 80 5 189 651,000 2.5 MAO 3000

9 60 5 95 239,000 2.4 MAO 3000

10 60 5 285 799,000 3.0 MAO 3000

11 80 5 1880 172,177 3.3 MAO 500

12 – – – – – –

13 30 5 2840 93,686 2.5 MAO 500

14 50 5 1320 67,190 2.3 MAO 500

15 50 5 960 89,093 2.7 MAO 500

16 50 5 880 63,716 2.9 MAO 500

17 80 2 540 1,275,000 12.1 MAO 500

17a 90 – 110 729,000 12.8 MAO 500

18 – – – – – –

19 80 2 620 482,000 11.6 MAO 500

19a 90 – 240 68,800 2.2 MAO 500

20 80 2 280 – – MAO 500

20a 90 – 76 68,200 2.0 MAO 500

21 80 2 380 729,000 12.8 MAO 500

21a 90 – 100 72,700 3.6 MAO 500

22 80 2 296 1,323,000 11.1 MAO 500

22a 90 – 90 66,100 3.7 MAO 500

23 – – – – – –

24 80 2 180 206,000 7.2 MAO 500

24a 90 – 46 49,500 4.0 MAO 500

25 30 2 28 – – MAO 500

26 60 10 124 2,030,000 10.7 MAO 2000

a Styrene polymerization
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Scheme 4 Synthesis of Ti-complexes 4–7; 4 (R1 = ethyl, R2 = R3

= R4 = R5 = H), 5 (R1 = R2 = R4 = H, R3 = R5 = methyl), 6
(R1 = R2 = R4 = R5 = H, R3 = n-propyl), 7 (R1 = R2 = R3 = R4

= H, R5 = t-butyl)

Appl Petrochem Res (2016) 6:307–340 311

123



elimination reaction (Scheme 5) [39]. To avoid the salt

formation, the ligand solution was added dropwise to the

TiCl4 solution, and in such addition method, first, the

pyridine part of the ligand coordinates with the metal fol-

lowed by the bond formation with amido nitrogen. How-

ever, removal of second chloride to synthesize a bis-Ap

complex with the same procedure was not possible. To

synthesize bis-Ap complex (9), the ligand was first

deprotonated using NaH, and then, sodium salt of the

ligand was reacted with TiCl4 (Scheme 5) [39]. Whereas

complex 10 was synthesized by reacting the TiCl4(THF)2
with two equivalents of MeLi and subsequent reaction with

sodium salt of aminopyridine ligand (Scheme 6) [39].

Crystal structure of complex 9 has no symmetry elements,

and the overall geometry of the complex is distorted

octahedral due to presence of two four-membered chelate

rings of the two aminopyridinato ligands (Fig. 3). Cl1-Ti1-

Cl2 angle (97.03�) is wider compared to similar angle in

Cp2TiCl2 (94.43�) and indicates a comparatively less-hin-

dered Ti-metal center in the latter [39]. Higher yield of

complex 8 (87 %) is attributed to clean elimination of HCl

gas unlike the poor yield of complex 9 (5 %) perhaps due

to the formation of side products (for example Ap3TiCl). A

better yield of the 9 could be achieved by adding TiCl4 in a

flask followed by the slow addition of ligand [39]. Poor

yield of complex 10 (14 %) is linked to the reduction of

Ti(IV) into Ti(III) during the reaction. The complex 8

could be synthesized at room temperature; however,

complexes 9 and 10 require very low temperature

(-78 �C) which limits the synthesis of these complexes on

large scale [39].

Ethylene polymerization with Ti-complexes 8–10

Cationic complexes were obtained using dry MAO as co-

catalyst for ethylene polymerization [39]. High-molecular-

weight polyethylene with narrow molecular weight distri-

bution was obtained. The open structure of these complexes

NN

N N

Ti ClCl

4 65 7

NN

N N

Ti ClCl

NN

N N

Ti ClCl

NN

N N

Ti ClCl

Fig. 2 Structures of Ti-complexes 4–7
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Scheme 5 Synthesis of Ti-complexes 8, 9
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Scheme 6 Synthesis of Ti-complex 10
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[because of wider angle (97.03�) between the chloro groups
attached to metal center] is not helpful for chain elimination,

and hence, it favors for obtaining the long-chain polymers

(Fig. 3). Higher polymerization activities were observed

compared to similar reported complexes [29]. Ti(III) catalyst

(10) was more active (285 kg PEcat mol-1 Ti-1 h-1) than

more electron-deficient Ti(IV) catalysts (8, 9) which could

be rationalized to comparatively low Lewis acidity of Ti(III)

complex (Table 1). In addition to this, complex 10 has two

coordinated THF which could be released during catalytic

reaction, and the resulting catalyst has more space for

incoming monomer, and hence, activity would be higher

[39]. The molecular weight distribution of the polymers is in

the range of (2.5–4.2) which indicates that catalysts 8–10

behave close to a single-site catalyst during polymerization.

This observation is contradictory to catalyst 1–7, where

broader molar mass distribution was observed. High

molecular weight (804,000 g mol-1) was obtained for

complex 8 when 5 bar pressure and 60 �C temperature were

employed. However, keeping the same pressure and

increasing the temperature to 80 �C decreased the molecular

weight (Mw = 651 000 g mol-1) of the polymer [39].

Hence, it could be inferred that high pressure and compara-

tively low temperature are beneficial for getting high-

molecular-weight polymers.

It is important to note that the polymerization activities

of Ap complexes, the molar masses and molar mass

distribution of the resultant polymers depend upon a

number of factors such as MAO/catalyst ratio, the free

trimethylamine content of the MAO and other important

factors such as temperature, solvent, stirring rate and size

of the reactor used for olefin polymerization [39, 42, 46].

So, it is suggested that the catalysts should be tested with

variation of these factors so that the real catalytic

potential could be evaluated. In addition to this, the group

(IV) complexes of these ligands, particularly Ti ones, are

highly air- and moisture-sensitive, and much care is

required to set the conditions that the particular catalyst

remains intact till the start of polymerization reaction

[29, 39, 42, 46].

Synthesis of Ti-complexes with bulky aminopyridine

ligands

The aminopyridinato ligands-based Ti-complexes had

certain limitations such as lower activity, broader molar

mass distribution of the polymers, ligand transfer to alu-

minum atom of AlMe3 and higher amount of co-catalyst

(MAO) required for the polymerization reaction

[29, 42, 46]. Kempe et al. assumed that increasing the steric

bulk of the aminopyridinato ligand could address these

problems and synthesized Ti-complexes with bulky Ap

ligands [37]. Such bulky Ap ligands could be synthesized

in higher yields by Pd(0)-catalyzed coupling reactions of

anilines with 2,6-dibromopyridines. Prior to complex for-

mation reaction, the ligands are converted into their

lithium/sodium/potassium salts by reacting the corre-

sponding ligand with n-BuLi or with sodium and potassium

hydride [37, 55]. Equimolar reaction of potassium salt of

aminopyridine [N-(2,6-diisopropylphenyl)-[6-(2,4,6-triiso-

propylphenyl)pyridin-2-yl-amine] and [TiCl4(THF)2] gave

the tetrahydrofuran ring-opening product 11 in 68 % yield

(Scheme 7) [37]. Plausibly, free chloride is generated

during reaction which attacks on the activated C–O bond of

THF causing ring-opening reaction, and such a reaction for

Ti was recently reported by Kempe et al., whereas previous

reports were based upon zirconium, boron, uranium and

yttrium complexes [48]. The literature has revealed that

lithiated aminopyridine or the lithium salt of the

aminopyridine ligand gave poor yield of the desired pro-

duct probably due to reduction of Ti(IV), and using

potassium salt of the ligand instead of lithium salt improves

the yield [29, 42, 46]. Main disadvantage of using potas-

sium salt is the ring-opening reaction of coordinated THF.

Also, using potassium salt of the aminopyridine ligand has

been proved to be an efficient method for the synthesis of

lanthanide complexes [56, 60, 61]. The coordinated THF

with the metal center enhances its reactivity as well as

solubility in organic solvents, and hence, use of TiCl4
(THF)2 is suggested for such reactions instead of TiCl4.

The synthesis of complex 12 was achieved by treating two

N

N
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Scheme 7 Synthesis of Ti-complexes (R1 = R2 = R3 = R4 = R5 = isopropyl)
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equivalents of benzylmagnesium chloride with 11 [37].

The yield of the complex 12 is only 47 %, and such a lower

yield is attributed to the formation of side products.

Aminopyridine ligand was reacted with dimethylamido-

titanium-trichloride to synthesize mono(aminopyridinat-

o)titanium trichloride complexes through amine elimina-

tion which gave complexes 13–16 in high yields

(Scheme 8). The liberated amine makes bond with the

proton released from ligand framework and again coordi-

nates with the metal center resulting into six coordinated

Ti-complexes and the examples of such complexes with

aminopyridinato ligands are rare [29, 39, 46].

Olefin polymerization with Ti-complexes 11–16

Ti-complexes (11–16, Fig. 4) were employed for ethylene

and propylene polymerization and copolymerization of their

monomers and found that mono(aminopyridinato)-Ti-com-

plexes remained stable for the whole reaction time (15 min)

with a slight decrease in activity over the time [39]. These

catalyst systems are less active when activated with com-

mercial MAO but activity improved by using dryMAO [39].

Temperature increase enhanced the activity

(2840 kg PE molcat.
-1 h-1) of Ti-complex 13 (having a

bulkier ligand), whereas its other complexes (14–16) with

less bulky ligands were comparatively less active [39].

Introduction of an alkoxy ligand (alkoxy ligand is the result

of ring-opening reaction of coordinated THF) in 11

decreased its activity (1880 kg PE molcat.
-1 h-1) as compared

to 13, probably due to steric crowding and electronic effects

of alkoxy group. Hence, with these catalyst systems, the

steric bulk of the ligand is a decisive factor for the olefin

polymerization activity. The catalysts 11 and 13 to 16 pos-

sess higher polymerizing ability than similar Ti-complexes

which is believed to be due to the steric bulk of the bulkier

ligands [39]. However, catalyst 13 showed less activity

(200 kg PE molcat.
-1 h-1) for propylene polymerization, but

its activity was enhanced (32,000 kg PE molcat.
-1 h-1) by the

addition of ethylene which produced a high-molecular-

weight polymer (Mw = 104,374 g mol-1) copolymer with

narrow molecular weight distribution (2.1) [39]. Replacing

propylene by 1-hexene did not afford 1-hexene-ethylene

copolymer, and, instead, enhanced the polymerization

activity (33,000 kg PE molcat.
-1 h-1) and its mechanism

investigation would be interesting. Catalyst 16 is less active

(14,600 kg PE molcat.
-1 h-1) for this copolymerization as

compared to 13, and such a behavior is attributed to less

steric bulk of the attached ligand. Also, cyclic olefin mono-

mers such as dicyclopentene, norbornene and 5-ethylidene-

2-norbornene have been used for copolymerization reactions

[39]. Introduction of 2-ethylidenenorbornene (ENB) to

ethylene using 13 with dry MAO resulted in a glassy trans-

parent polymer. The activity of 13 for this polymerization

was found 11,400 kg PE molcat.
-1 h-1. Terpolymerization

was achieved by reducing the amount of ENB and intro-

ducing propylene into the system which gave a rubber-like

polymer [39]. Although these catalysts have shown good

activities for ethylene homopolymerization, yet the resultant

polymers have low molecular weight as, for example, the

complex 13 produced polymer with Mw = 172,177 g

mol-1. The complexes 11–16 produced polymers with nar-

row molecular weight distribution (2.3–3.3). It is believed

that the catalysts having molar mass distribution equal to 2

are real single-site catalysts [4]. Keeping in mind this defi-

nition, the catalytic behavior of complexes 11–16 is close to
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single-site catalysts. Even further low molecular weight

distribution (1.9–2.4) was observed for ethylene–propylene,

ethylene–propylene–norbornene and propylene–norbornene

copolymers obtained from these catalysts [39]. Hence, it

could be inferred that these catalyst systems act as a single-

site catalyst for polymerizing comparatively bulky mono-

mers particularly in copolymerization reactions. The cata-

lysts 11–16 have the advantage that a lower catalyst-to-MAO

ratio (1:500) is required, whereas for similar reported cata-

lysts (1–10), a higher catalyst-to-MAO ratio was used for

ethylene polymerization.

Synthesis of Ti-complexes with electron-rich bulky

ligands

Electron-rich bulky ligands were prepared by reacting 2,

6-dichloropyridine with respective aniline (2, 6-diiso-

propylaniline or 2, 4, 6-trimethylaniline) through in situ

generated Ni(0) catalyst, and that was followed by thermal

amination with corresponding N-heterocycle (piperidine,

morpholine and pyrrolidine) at elevated temperature

(180 �C) (Scheme 9; Figs. 5, 6) [44]. Ni(0)-catalyzed

reaction makes feasible the alkylation of 2,

6-dichloropyridine with corresponding aniline. Major

advantages of this reaction are cost-effective Ni(0) catalyst

and shorter reaction time, though poor yield (*45 %) is a

main disadvantage. However, thermal amination reaction

of chloroaminopyridine with respective N-heterocycle

afforded the corresponding aminopyridine ligands in higher

yields (83–89 %) [44]. Other advantages of such a syn-

thesis are the transition metal catalysts-free coupling of

N-heterocycle with the chloroaminopyridine and easy

separation of solid byproducts (ammonium salt of corre-

sponding N-heterocycle) by filtration.

Introduction of two amines on the pyridine ring enhan-

ces the electron-donating ability of the ligands

(Scheme 10) which has also been indicated through crystal

structure of complexes (17, 20, 23), and the sum of angles

around nitrogen of N-heterocycle is 353�–360� (for

example, the sum of bond angles in complex 20 = 360�,
Fig. 5) which reveals sp2 hybridization of N-atom. Lone

pair of nitrogen is involved in resonance with the p elec-

trons of pyridine ring and, hence, increases the electron-

donating capability of pyridine nitrogen [44].
1H-NMR studies at lower temperature indicated an

increased rotation barrier which is evidenced for higher

electron density between nitrogen of N-heterocycle

(piperidine, morpholine and pyrrolidine) and carbon of

pyridine fragment. Such higher electron density could be

expected with the involvement of lone pair of electron

present on N-heterocycle (for example piperidine) with the

carbon of pyridine ring to make a pi bond (one sigma and a

pi bond formation results in a double bond between these

atoms). The presence of such a double bond could be

confirmed by low-temperature proton NMR studies. In case

of single bond, the piperidyl fragment gives three signals

for protons due to its fast rotation around the piperidine-N–

N
R = O N  , N , N Ar = ,

i-Pri-Pr
Me

MeMeR N
Ar

H

Scheme 9 Electron rich

aminopyridine ligands
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C-pyridine bond. In case of formation of double bond

between piperidine-N and pyridine-C atom, the electron

could be delocalized and the double-bond character could

not be confirmed experimentally; however, such a delo-

calization could be stopped at lower temperature (-50 to

-40 �C). In such a situation, the piperidyl fragment could

not rotate due to double-bond formation (piperidine-N=C-

pyridine bond) and affords five signals for piperidyl frag-

ment. Phenyl-substituted aminopyridinato complexes of

group (IV) metals catalysts were found unstable when

activated with MAO for olefin polymerizetion and that is

believed to be due to the weaker pyridine-N-metal bond.

Authors hypothesized that increasing electron donation

capability of pyridine-N would result into more

stable group-IV metal complexes which could polymerize

the olefins in the presence of MAO [44]. Ti-complexes

(17–24) with electron-rich aminopyridine ligands were

synthesized by reacting the corresponding ligand with the

Et2NTiCl3 or TiCl4 at room temperature, and the molecular

geometry of these complexes was found to be distorted

trigonal bipyramidal by their single-crystal X-ray diffrac-

tion analysis (Fig. 5). Lower yields (45–49 %) were

observed for diethylamidotitanium trichloride complexes

and were rationalized to the simultaneous formation of

both Ap(Et2N)TiCl2 and ApTiCl3 complexes

(Ap = aminopyridine). That was also confirmed by react-

ing aminopyridine ligand with Et2NTiCl3 in the presence of

double amount of diethylamine and that resulted into

exclusive formation of ApTiCl3 complex (Scheme 10)

[44]. The selective and high yield (75 %) of the ApTiCl3
complex is also possible by reacting the Ap ligand with

TiCl4 in the presence of tri-ethylamine [44]. In such a

reaction, tri-methylamine acts as a stronger base and is

helpful for the abstraction of HCl and, thus, promoting the

complex formation. Main advantage of this synthesis is the

elimination of small molecule (diethylamine) as by-prod-

uct. However, long time required to remove the released

amine under vacuum and formation of two different Ti-

complexes [Ap(Et2N)TiCl2 and ApTiCl3] are disadvanta-

geous because their separation is a tedious job, in addition

to their poor yields. Importantly, selective formation of

ApTiCl3 could be achieved by using the double amount of

diethylamine (Scheme 10) [44].

Ethylene polymerization with Ti-complexes 17–24

The Ti-complexes 17–24 were employed for ethylene and

styrene polymerization. The ethylene polymerization was

made in small-sized reactor, while styrene polymerization

was carried out in glass bottles (100 mL each) inside the

glove box [44]. The Ti-complexes 17–24 were inactive for

ethylene polymerization in the presence of commercial

MAO (co-catalyst); however, moderate activities were

observed with dry methyl aluminoxane (dry-MAO) as co-

catalyst [44]. Inactivity of these catalysts was found to be

due to the use of commercial MAO (containing free

AlMe3) which induces ligand transfer from catalyst to Al-

atom of AlMe3 during polymerization [44]. Activity

increased with increasing steric bulk of the aminopyridi-

nato ligand as well as increasing temperature (Table 1).

The maximum ethylene polymerization activity

(620 kg PE molcat.
-1 h-1) was observed with complex 19. If

we see the molecular structure of this complex, there are

certain structural features which make this complex more

active. The ligand in case of this complex is bulkier and,

hence, is helpful to stabilize the cationic metal center and

gives higher activity. Although dry MAO has been

employed for these polymerization reactions, even small

traces of AlMe3 remain to be present in dry MAO as well.

This AlMe3 deactivates the catalyst by reacting with the Ap

ligand through pyridine nitrogen. However, in case of

complex 19, the additional binding site in the form of

morpholine oxygen is also present which could be helpful

for reacting with AlMe3, thus enhancing the catalyst life in

the reaction mixture and resulting into higher catalytic

activity [44]. These catalysts were active for ethylene

polymerization but were stable only for few minutes. The

nitrogen of N-heterocycle (piperidine, morpholine and

pyrrolidine) increases the electron-donating ability of

aminopyridinato ligand, but free trimethylaluminum of

MAO coordinates with this nitrogen as well. Resultantly,

the aminopyridinato-Ti-complex is converted into

aminopyridinato-Al-complex or heterobimetallic complex

which has been confirmed (NMR scale reactions) by the

formation of hetero-bimetallic complex by the reaction of

aminopyridinato ligand with trimethylaluminum [44].

Broader polydispersities of obtained polymers also indi-

cated the presence of several active species (presumably

due to the decomposition of catalyst) during the reaction

[42, 44]. The polymers obtained were of higher molecular
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weight than the polymers obtained with complexes con-

taining bulky aminopyridinato ligands (13–16); hence, it

could be inferred that more electron donation from ligand

to the metal center is beneficial for obtaining high-molec-

ular-weight polymer [39, 44]. The complex 17 gave very

high molecular weight polymer (Mw = 1,275,000 g

mol-1). However, some amounts of low-molecular-weight

fractions were also observed. 1H-NMR studies of the low-

molecular-weight polyethylene fraction indicated fully

saturated polymer, and this behavior is only possible when

the polymer chain is terminated with aluminum which,

upon hydrolysis, gives fully saturated material [44].

Styrene polymerization with Ti-complexes 17–24

The examples of the styrene polymerization with aminopy-

ridinato ligands are rare, and recently, Ti-aminopyridinato

complexes containing electron-rich ligands have been

applied for styrene polymerization and their catalytic activ-

ity increased as a function of temperature, and maximum

activity was observed at 90 �C [39, 42, 44], because increase

in temperature enhances the alkylation on catalyst from

MAO which is favorable for higher activity (Table 1). Their

catalytic activity also increased with increasing the steric

bulk of the ligand; however, their activities were lower than

closely related amidinate-Ti-complexes [48–51]. The max-

imum catalytic activity (240 kg PE molcat.
-1 h-1) was

observed with the Ti-catlayst 19. This catalyst was also quite

active for ethylene homopolymerization and its activity for

styrene polymerization is plausibly due to its stability in the

presence of AlMe3 [44]. Broader polydispersities of the

polymers were indicative of the presence of several cat-

alytically active species in the reaction medium. However,

interestingly, complexes 19 and 20 behaved as a single-site

catalyst as manifested by their comparatively narrow

molecular weight distribution values (2.2 and 2.0, respec-

tively). Though these catalysts were less active for styrene

polymerization, they synthesized polymers of high molec-

ular weight, for example, Ti-complex 17 produced polymer

having Mw = 729,000 g mol-1 [44]. Electron-donating

ligands stabilize the Ti-complexes which slow down the

chain transfer rate and, resultantly, produce longer chain

polymers. Tacticity of obtained polymers was found to be

syndiotactic when 1H and 13C-NMR (these spectra were

measured at 80 �C) spectra of the polymers were compared

with reported spectra of these polymers [48–51, 57, 60, 61].

The stability of Ti-complexes in the presence of MAO

The controlled hydrolysis of AlMe3 generates MAO, but it

cannot be fully hydrolyzed and its traces remain unreacted.

Rationally, free AlMe3 might be responsible for instability

of these complexes and, hence, for lower activity towards

olefin polymerization, because it fastly reacts with these

complexes and form aluminum aminopyridinato complex

or hetero-bimetallic complexes [15, 44]. To confirm this

hypothesis, 1H NMR scale reactions were made, in which

Ti-complexes reacted faster with AlMe3 resulting into the

corresponding methyl complexes (ApAlMe2) and hetero-

bimetallic species [44].

Ti-complexes with bulky tridentate ligands

The literature reports of Ap complexes with oxazoline-

functionalized ligands are rare, and recently, Ti-complex

25 was synthesized by treating oxazoline-functionalized

aminopyridinato ligand with Et2NTiCl3 in a moderate yield

(43 %) (Scheme 11) [33]. A plausible reason of low yield

for this complex is the formation of two types of com-

plexes: one in which Ap ligand may coordinate with its two

nitrogen atoms and one in which all the three nitrogen

atoms of the ligand are attached with the Ti metal center. It

could be hypothesized that the introduction of a third donor

atom in ligand framework (nitrogen atom of oxazoline

moiety) in the form of oxazoline moiety could overcome

the problem of ligand transfer from metal to Al atom of Al-

alkyl. Therefore, a tridentate aminopyridinato ligand,

instead of bidentate aminopyridinato ligand, in the pres-

ence of Al-alkyls, could result into more active Ti-catalysts

for ethylene polymerization [33].

Ethylene polymerization with Ti-complex 25

Catalyst 25 was found inactive for ethylene polymerization

when AlMe3-containing MAO was used for generation of

cationic species [33]. Activation of this catalyst with dry

MAO also gave moderate activity (28 kg PE molcat.
-1 h-1,

Table 1) similar to the other reported Ti-complexes con-

taining planar tridentate ligands [52, 53]. The planar

structure of the catalyst is supportive for ethylene coordi-

nation which enhances the formation of higher molecular

weight polymers. This catalyst was active for the entire

reaction time which indicated a less active but stable cata-

lyst. Mechanistically, third coordinating atom gives sta-

bility to the catalyst in the presence of Al-alkyls but,

probably, blocks the coordination site for ethylene insertion

and hence, less ethylene polymerization activity [33].
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Synthesis of Ti-complexes with aminosilyl-substituted

aminopyridinato ligands

Xin-E Duan et al. have reported the synthesis of Ti-com-

plexes with aminosilyl-substituted aminopyridinato

ligands. N-[(N,N-dimethylamino)dimethylsilyl]-2-pyrid-

ylamine was treated with n-BuLi to obtain N-[(N,N-

dimethylamino)dimethylsilyl]-2-pyridyl amidate which,

upon second reaction with n-BuLi, afforded the corre-

sponding lithium salt which, upon treating with TiCl4(-

THF)2, afforded dinuclear complex (26) with elimination

of two Me2NMe2SiCl molecules through a mechanism

similar to the removal of Me3Si group (Scheme 12) [35].

This elimination of Me2NMe2SiCl group is, perhaps,

because of small ionic radius of the Ti-cation and higher

Lewis acidity. Aminopyridinato ligands are coordinated to

Ti-metal center in typical g2 manner as well as in bridging

mode, giving a unique status to this molecule in the entire

class of Ti-aminopyridinates [29, 35].

Coordinating N-atoms and pyridyl rings in 26 were

found to be coplanar (distorted pentagonal bipyramidal

geometry of the molecule) which results in conjugation in

the entire molecule and is, presumably, responsible for

extra stability of the molecule [35]. The N–Ti bond lengths

in 26 are similar to already reported Ti-complexes with

aminopyridinato ligands, but coordination sphere of two

Ti-atoms in this complex is different (one Ti is seven-

coordinated, while second Ti is six-coordinated)

[29, 42, 46] (Fig. 7).

The yield of the complex (26) is moderate (48 %);

however, its synthesis involves multiple steps. In addition

to this, very low temperature (-78 �C) is required for

complex synthesis [33]. These shortcomings limit the

industrial-scale synthesis of these compounds. Some more

ligands containing substituted aminopyridines and corre-

sponding titanium complexes could be synthesized to

check the olefin polymerization potential of these com-

plexes. Careful choice of solvent, other reaction conditions

and handling practices could improve the overall yield of

the complexes.

Ethylene polymerization with Ti-complex 26

Ti-complex 26 was activated with MAO for polymeriza-

tion of ethylene, and the effect of various factors such as

temperature and MAO-to-metal ratio was studied, and

optimum activity (124 kg PE molcat.
-1 h-1) was observed at

60 �C [33]. Ti-catalyst 26 was found to be more active than

catalysts with less bulky ligands (catalysts 1–10 and 17–24)

[33]. However, the activity is still not good enough,

because a higher pressure of ethylene (10 bar) as well as a

higher catalyst-to-MAO ratio (1:2000) has been used.

Notably, for catalyst 26, the activity as well as molecular

weight of the polymer increased with increasing catalyst-

to-MAO ratio [33]. Catalyst 26 produced higher molecular

weight polymer (Mw = 11,600 g mol-1) than similar Ti

and Zr-catalysts and is attributed to its planar structure

which facilitates the co-ordination of ethylene [49–53].

However, broader polydispersities indicated the presence

of several catalytically active species in the reaction mix-

ture, and a detailed theoretical as well as experimental

investigation is required for enhancing the catalytic

N NH2

n-BuLi
0oC N N

H
Li

Me2NMe2SiCl
0oC N N

H
Si NMe2

ZrCl4
-78oC

Zr
Cl

Cl

Li(THF)2N
Si N

N

N

-78oC
TiCl4(THF)2

N

N
Ti

Ti Cl
Cl

O

Cl

26

31

THFTHF

N

n-BuLi
0oC

Cl

Me Me

N N
Si NMe2

Me Me

Li Me
MeMe

Me Cl

Cl
H

Scheme 12 Synthesis of Ti-

complexes 26, 31

Fig. 7 Molecular structure of complex 26

318 Appl Petrochem Res (2016) 6:307–340

123



potential of such complexes and to control the polydis-

persity index [33].

Synthesis of acetylene Ti-complexes stabilized

by aminopyridinato ligands

In the literature, there are examples of acetylene Ti-com-

plexes-stabilized cyclopentadienyl complexes, and such

examples of Ti-complexes with Ap ligands are rare

[29, 42, 46]. Recently, Kempe et al. have reported an

acetylene complex stabilized by Ap ligands. Complex 27

was synthesized by treating two equivalents of 2-[(2,

6-diisopropyl-phenyl)amino]pyridine ligand and one

equivalent of bis(dimethyl)amido titanium trichloride

(Scheme 13) [32]. This reaction proceeds with the elimi-

nation of diethylamine molecule and the major advantage

of this synthesis is the high yield (95.67 %) of the target

complex. [32]. Kempe et al. reported the first example of

aminopyridinato ligand-stabilized acetylenetitanium com-

plex. This complex was synthesized by treating complex 27

with bis(trimethylsilyl)-acetylene in the presence of mag-

nesium (Fig. 8). Such complexes were reported earlier for

cyclopentadienyl ligand [27]. In complex 27, aminopyrid-

inato ligand is coordinated with Ti in a strained fashion [N–

Ti–N angle = 64.22(18)�]. The acetylenic carbon atoms

and silicon atoms form a planar orientation (Fig. 8). The

bond length of coordinated acetylene [C:C (1.338 (13) Å]

is longer than the normal C:C bond (1.181 Å), and the

value is close to C=C bond length (1.331 Å). Average C–

Ti distance of the coordinated carbon atoms is 2.090 (7) Å.

Carbon–carbon–silicon bond angle is 138.9 (2)� and that is

indicative of an sp2-hybridized C-atom [32].

In this reaction, magnesium metal acts as a reducing

agent and reduces Ti(IV) complex to Ti(II) complex, and

during this reaction, magnesium chloride is produced as a

by-product. The reported yield for this complex is 45 %.

The low yield of the target complex shows the less

conversion of 27 to 28. In addition to this might be the

reaction proceeds with the formation of side products (for

example, aminopyridinato magnesium complex). Such

complexes were also reported earlier for cyclopentadienyl

ligand [27]. Catalyst 28 has shown insertion reaction with

acetone and afforded titanaoxacyclopentene as a product.

The major advantage of this reaction is the fast conversion

of reactants into the product at room temperature and high

yield of the resulting product. Reduction of compound 27

with KC8 afforded Ti-complex 29 containing three Ap

ligands. The overall yield of this compound was found to

be very low (only 12 %). This low yield of the complex

could be attributed to the formation of bis-Ap complex

(containing two Ap ligands). In addition to this, for such a

reduction reaction, KC8 is used in large excess [32]. This is

a porous material and it adsorbs a large amount of product.

Anyhow, the yield could be improved by washing the

residue several times with excess of n-hexane. Another

limitation of this reaction is the preparation of KC8. This

reaction proceeds by heating (80 �C) potassium metal and

graphite powder for several hours along with fast stirring
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and requires extreme care as potassium metal becomes

pyrophoric with heating [27, 32].

Ethylene polymerization with Ti-complexes 27–30

Cationic complex could be generated from complex 27

with the removal of chloride and, hence, could be used for

olefin polymerization [32].

Zirconium complexes

In recent years, the zirconium chemistry with regard to

aminopyridinato ligands has received much attention. The

main focus was on the synthesis of new complexes with the

variation of ligand steric bulk, and mono, bis, tris and

tetrakis(aminopyridinato) complexes have been synthe-

sized [20, 24, 26]. The main advantage for the synthesis of

such complexes was the development of coordination/

organometallic chemistry of these complexes and their

application in olefin polymerization. Different protocols

have been applied for the synthesis of Zr-complexes, and

salt metathesis and toluene elimination reactions were

found to be more advantageous due to the higher yield of

the resulting complexes [20, 24, 26, 30].

Synthesis of Zr-complexes with aminosilyl-

substituted aminopyridinato ligands

Recently, aminosilyl-substituted Ti and Zr-complexes were

synthesized and applied as polymerization catalysts to

tailor a variety of new polymers. Zr-complex 31 was syn-

thesized through a similar procedure applied for Ti-com-

plex 26 (Scheme 12) [35]. Complex 31 is mononuclear in

which aminopyridinato ligand is attached with Zr metal

center in a strained g2-coordination mode. Interesting

structural features of monoanionic tridentate ligand used

for the synthesis of complex 31 include: anionic g2 func-

tionality (g2-aminopyridinato) of this ligand and a neutral

donating amino group with three asymmetric nitrogen

atoms. Third nitrogen donor in case of tridentate ligands

gives additional stability to the metal complexes and cat-

alytic intermediates (Fig. 7) [35]. Unlike Ti-complex 26,

the Me2NMe2SiCl group remains intact in the ligand

structure which is probably due to larger ionic radius of Zr

and lower Lewis acidity [35]. Overall geometry of this

complex is distorted pentagonal bipyramidal, and coordi-

nated nitrogen, adjacent carbon, silicon atoms and pyridyl

ring are co-planar with Zr-metal center [35]. The yield of

this complex is lower (41 %), possibly due to the formation

of some side products. Very low temperature (-78 �C) for
the reaction and low yield are the main disadvantages of

this synthesis.

Ethylene polymerization with Zr-complex 31

Ethylene polymerization experiments were made by acti-

vating Zr-catalyst 31 with MAO, and catalytic activity

increased with temperature and catalyst-to-MAO ratio [35].

Maximum activity (152,000 kg PE molCat.
-1 h-1) was

observed at 70 �C using catalyst-to-metal ratio (1:2500),

and at this optimum temperature (70 �C), further increase
in catalyst-to-MAO ratio decreased the activity. Hence, it

could be inferred that catalyst is stable thermodynamically

up to 70 �C, and beyond this temperature, it decomposes

which lowers the catalytic activity. This catalyst system

gives high-molecular-weight (Mw = 1,380,000 g mol-1)

polymers which could be attributed to its planar structure,

and such a structure facilitates the chain propagation. The

broader polydispersities of the polymers are plausible due

to the presence of other catalytically active species and

poor solubility of the catalyst 31 in the reaction medium

[35].

Synthesis of dimeric Zr-complex with ansa-

bis(aminopyridinato) ligand

The group (IV) metal complexes bearing bridged

bis(amidinato) ligands proved to be the good polymeriza-

tion catalysts and attracted the other researchers to syn-

thesize similar bis-Ap ligands containing an alkyl-silyl

bridge and corresponding Zr-complexes [29, 33]. Such a

ligand system would be more electron-deficient and, when

attached with a metal center, could drag the electron den-

sity from metal resulting in an enhancement in its elec-

trophilic character (Fig. 9) [36]. Ligand precursor (H2L)

was synthesized by lithiation of 2-aminopyridine and

subsequent reaction with 1, 2-bis(chl-orodimethylsi-

lyl)ethane which was lithiated to give dilithium aminopy-

ridine salt that, upon treating with ZrCl4, afforded the

dimeric complex 32 (Scheme 14) [36, 54–56]. Each Zr-

atom in 32 is hepta-coordinated and is linked by chloro

bridges that results in a planar bimetallic core skeleton

similar to already reported complexes [29]. The main

limitation of this reaction is the very low temperature

(-78 �C), and hence, the complex could not be synthesized

on commercial scale. However, higher yield (81 %) of the

complex 32 is the main advantage of this reaction. In

addition to this, the compound 32 has shown luminescent

character under UV light, and further investigations are

required to find its applications in electroluminescence

field [36]. Catalyst 32 would be more active for ethylene

polymerization as compared to tris-(aminopyridinato)

complexes, because only one ligand containing four donor

atoms is attached with metal center (leaving more space for

monomer to reach the metal center), whereas in tris-

(aminopyridinato) complexes, six atoms are attached with
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metal center, consequently making the latter more steri-

cally hindered and, hence, less active for ethylene poly-

merization. [36].

Ethylene polymerization with Zr-complex 32

In previous studies, Kempe et al. have applied ansa-

bis(aminopyridinato)Ti complexes for ethylene polymer-

ization, and maximum activity (6.28 kg PE molCat.
-1 h-1)

has been reported with these complexes [47]. Catalyst 32

was also used for ethylene polymerization using MAO as

co-catalyst at room temperature and atmospheric pressure

[36]. Catalytic activity was 181 kg PE molCat.
-1 h-1 which

is lower than Cp2ZrCl2 (627 kg PE molCat.
-1 h-1) standard

but better than tris(aminopyridinatozirconium) complexes

(110 kg PE molCat.
-1 h-1), presumably because of less

coordinating atoms and less steric crowding on Zr-atom

in the former case [36, 47]. Dimeric complex (more

sterically crowded) breaks down into monomeric form

during the reaction that probably provides more space to

Zr-atom for ethylene coordination [36]. However, this

complex could be very interesting for ethylene poly-

merization studies with the variation of experimental

conditions. The complex could show better catalytic

performance by increasing the temperature as well as

catalyst-to-MAO ratio.

Synthesis of Zr-trialkyl complexes with bulky

aminopyridinato ligands

Tri-benzyl Zr/Hf complexes could be synthesized through

toluene elimination route which gives mono-amino-pyrid-

inato-Zr/Hf complexes unlike salt metathesis reactions that

produce bis-aminopyridinato complexes of these metals

[24, 30]. Furthermore, toluene elimination route is an

attractive choice because of higher yield of the complexes

and easy removal of by-product (toluene). Zr-complexes

(33–35) were synthesized by treating the corresponding

aminopyridine ligand with tetrabenzyl zirconium at room

temperature (Scheme 15) [30, 57]. Crystal structures of

these compounds showed that one of the benzyl is g2-co-
ordinated; however, in solution form, all the three benzyls

are equal and molecular geometry of all these complexes is

distorted octahedron [30]. Longer bond lengths of pyridine-

N-Zr and shorter ones of amido-N-Zr are indicative of

localized bonding. Anionic charge is localized on amido

nitrogen atom which results into a classic amido-Zr bond

rather than amidopyridinate form (Fig. 10). Zr-catalysts

(33–35) were reacted with B(C6F5)3 to synthesize zwitte-

rionic complexes (Scheme 16). 1H-NMR indicated that

phenyl ring of borate moiety is coordinated with Zr-metal

center, and these complexes have similar structures both in

solid (confirmed by crystal structure) as well as liquid

phase. Crystal analysis of compound 37 showed that

[ApZr(CH2C6H5)2]
? cation is p-coordinated to the BCH2-

C6H5 moiety of [B(CH2C6H5)-(C6F5)3]
- anion [30, 58].

Fig. 9 Molecular structure of Zr-complex 32
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Ethylene polymerization with Zr-complexes 33–38

Complexes (33–38) were studied for ethylene polymer-

ization and the effects of different co-catalysts were also

investigated [30]. Very low activity was observed for 33 at

50 �C upon activation with B(C6F5)3 probably because of

g6-coordination of phenyl ring of borane with the active

metal center and, hence, blocking the active site for ethy-

lene coordination. Also, addition of H2 to produce the

respective more active hydride species did not enhance the

activity. However, activating the catalyst 33 with tri-iso-

butyl aluminum (TIBA) before injecting into the reactor

and increasing the temperature to 80 �C, resulted an

increase in catalytic activity (120 kg PE molCat.
-1 h-1), and

a polymer of lower polydispersity (1.9) was obtained.

Increase in catalytic activity with increasing temperature

could be rationalized that at higher temperature, phenyl

ring of the borane moiety cannot bind with the active metal

center which is beneficial for better activity. This catalyst

system produced the polymer with higher molecular weight

(Mw = 1,256,000 g mol-1) [30]. Under similar conditions,

switching the co-catalyst to ammonium borate,

[R2(CH3)NH]
? [B(C6 F5)4]

- further enhanced the catalytic

activity (1080 kg PE molCat.
-1 h-1), plausibly due to faster

abstraction of the benzyl to generate the cationic species.

However, the molecular weight was decreased

(Mw = 16,100 g mol-1), and broader molecular weight

distribution was observed [30]. The addition of H2 did not

enhance the activity, rather, decreased the average molec-

ular weight of resultant polymer though H2 in this case

plays a significant role for the chain termination. Interest-

ingly, complexes 34/35 with less bulky ligands were found

to be less active for ethylene homopolymerization. Hence,

it could be deduced that very bulky Ap ligands are

advantageous for higher activity of the Zr-tribenzyl com-

plexes. Catalyst 33 was found to be less active for propy-

lene polymerization (100 kg PE molCat.
-1 h-1), but when

ethylene was introduced into the same reaction mixture, the

activity (6200 kg PE molCat.
-1 h-1) was significantly

enhancced [30, 59]. As a conclusion, tribenzyl Zr-com-

plexes are not very efficient catalysts for ethylene poly-

merization and are less active for propylene

homopolymerization but are active for ethylene–propylene

copolymerization. The zwitterionic complexes 36–38 were

also employed for ethylene homopolymerization, and on

activating the complex 36 with ammonium borate, the

maximum activity was 680 kg PE molCat.
-1 h-1. Higher

molecular weight (Mw = 455,000 g mol-1) polyethylene

with broader molecular weight distribution (102.9) was

observed. The broader polydispersity reflects the presence

of several catalytic species in the reaction mixture [30].

Synthesis of Zr-dichloride complexes with bulky

aminopyridinato ligands

Zr-complexes (39 and 40) were synthesized in a moderate

yield (54–56 %) by treating corresponding potassium salt
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Fig. 10 Structures of Zr-complexes 33–38
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Scheme 16 Synthesis of Zr/Hf zwitterionic complexes with bulky

ligands; 36/46 (R1 = R2 = R3 = R4 = R5 = isopropyl, R6 = H),

37/47 (R2 = R3 = methyl, R1 = R6 = H, R4 = R5 = isopropyl),
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36–38 (M = Zr), 46–48 (M = Hf)
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of ligand with ZrCl4(THF)2 (Scheme 17; Fig. 11) [26].

Based on lower yield of resulting complexes, the salt

metathesis is less attractive for synthesis of Zr-complexes

as compared to toluene elimination synthetic route [30].

However, such complexes could be interesting if these

could provide better catalytic activities and polymers with

some new properties. The moderate yield of these com-

plexes could be attributed to incomplete reaction at room

temperature and formation of other side products (for

example ApZrCl3) along with complexes 39 and 40 [26].

The further reaction of these complexes with MeLi affor-

ded complexes 41 and 42, respectively (yield 52–62 %,)

and lower yields of these complexes could be due to for-

mation of side products [26]. Also, previous reports of

lithium alkyls for synthesis of Ti-complexes revealed lower

yield, and hence, to increase the yield of 39/40, sodium

alkyls (for example CH3Na) or potassium alkyls (for

example CH3K) could be employed.

Olefin polymerization with Zr-complexes 39–42

Lower ethylene polymerization activities were observed

for complexes 39 and 40 at lower temperature; however,

higher molecular weight polymers with broader molecular

weight distribution were observed [26]. It has been

observed that though the steric difference of ligands in case

of 39 and 40 is very small, yet a huge difference in their

ethylene polymerization activity was observed when these

complexes were activated with MAO. Complex 39 is

highly active for ethylene polymerization at higher tem-

perature (at 80 �C, the activity of this complex was

2760 kg PE molcat
-1 h-1), and narrow molecular weight

distribution (2.0) indicates its single-site nature [26]. Such

an activity and molecular weight distribution are indicative

of a stable catalyst system in the presence of aluminum

alkyls. In contrast to catalyst 39, the activity

(280 kg PE molcat
-1 h-1) of the catalyst 40 was lower under

similar conditions. To investigate the catalytic behavior of

these complexes, 1H NMR scale reactions of 39 and 40

with dry MAO were made, and it was found that compound

40 decomposes to insoluble products immediately and

compound 39 reacts very slowly [26, 30]. Hence, it is

inferred that 40 is unstable in the presence of (aluminum

alkyls) of dry MAO and is converted into Ap-AlMe2 or

hetero-bimetallic complex and, thus, is less active for

ethylene polymerization. Complex 39 when activated with

dry MAO results in a single-site catalyst manifested by

narrow molecular weight distribution (polydispersity = 2,

Table 2) of the resulting polymers and its catalytic activity

increased with temperature. It may be deduced that its poor

catalytic activity at low temperature is due to poor acces-

sibility of MAO to chloride and, hence, less alkylation. In

addition, slow alkylation at lower temperature is also

responsible for broader molecular weight distribution [26].

However, slow alkylation could be overcome by premixing

of 39 with MAO prior to polymerization reaction. Catalyst

system based on 39 is robust and live even at higher

temperature (100 �C) for the entire reaction time (15 min-

s). Perfluoroborate activation protocol was employed to

address the issue of ligand transfer to aluminum (complex

40) and rate-limiting effect caused by slow alkylation [26].

Highly active catalyst systems were obtained when 41 and

42 were activated with ammonium perfluorotetraphenylb-

orate [R2N(CH3)H]
?[B(C6F5)4]

- (R = –C16H33–C18H37),

and their activities were 3160 and 1440 kg PE molcat
-1 h-1,

respectively. Catalyst 41 was more active than 42 when

activated with perfluoroborate and it gave long-chain a-
olefins. This trend may be because of favorable b-hydrogen
elimination [26]. In case of more sterically crowded 41, b-
hydrogen elimination is not favorable and gives higher

molecular weight polymers. Observed broader
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polydispersity may be rationalized to rapid precipitation of

polymer as a result of diffusion-controlled process which

could be avoided by reducing the catalyst concentration

[23, 26]. In addition, lowering the catalyst concentration

results into the living polymerization process with high

ethylene consumption. Catalysts 39 and 40 activated with

MAO and 41 and 42 activated with borate were inactive for

polymerizing a-olefins (propylene), and a similar behavior

is reported for the lanthanide complexes as well

[26, 55, 60, 61]. A large number of transition metal cata-

lysts become inactive in the presence of propylene, but

they get reactivated in the presence of ethylene affording

specific insertion sequences. The complexes 41 and 42

were employed for ethylene–propylene copolymerization

using ammonium borate as an activator [26]. The analysis

of the resultant polymer indicated ethylene homopoly-

merization instead of copolymerization, and content of

propylene in the resultant polymer was less than 1 %.

Furthermore, even applying higher pressure of propylene,

ethylene polymerizes selectively with these catalysts and

the ethylene polymerization activities for 41 and 42 were

5400 and 5700 kg PE molCat.
-1 h-1, respectively, and these

activities were found similar in the presence and absence of

propylene. Thus, highly selective polymerization of ethy-

lene is possible in a mixture of ethylene/propylene

probably due to both steric and electronic factors of these

complexes and this substrate selectivity is also similar to

zeolite-based catalysts [26]. It might also be deduced that

electronic factors dominate over steric factors since

selectivity was not observed for more sterically crowded

Zr-complexes [26].

Hafnium complexes

The pioneering work for the synthesis of Hf-complexes

was carried out by Polamo and synthesized these com-

plexes by adding the hafnium tetrachloride in the molten

ligand [24]. The chemistry of Hf-complexes with

aminopyridinato ligands has been less explored as com-

pared to Ti- and Zr-complexes of these ligands and only

homoleptic complexes were reported.

Synthesis of Hf-trialkyl complexes with bulky

aminopyridine ligands

Noor et al. have reported the first examples of the fully

characterized heteroleptic Hf-complexes (43–45, Fig. 12)

with aminopyridinato ligands. These complexes were

synthesized through toluene elimination pathway

Table 2 Ethylene/styrene polymerization activity of Zr- and Hf-aminopyridinato complexes

Structure # Temp. (�C) Pressure (Bar) Activity (kg PE molCat.
-1 h-1) Mw g mol-1 Mw/Mn Co-catalyst and ratio

31 70 10 152 1,380,000 553 MAO 2500

32 25 1 181 – – MAO 1000

33 80 5 1120 71,800 21.6 Ammonium borate 1.1

34 50 5 640 328,000 62.6 Ammonium borate 1.1

35 50 5 480 45,200 14.2 Ammonium borate 1.1

36 80 5 520 1,256,000 1.9 Ammonium borate 1.1

37 80 5 680 455,000 102.9 Ammonium borate 1.1

38 80 5 600 13,700 7.1 Ammonium borate 1.1

39 80 5 2760 5,355,000 2.0 MAO 500

40 80 5 320 675,000 14.6 MAO 500

41 80 5 3760 1,009,000 176.7 Ammonium borate 1.1

42 80 5 4440 967,000 1.9 Ammonium borate 1.1

43 80 5 1200 1,080,000 3.1 Ammonium borate 1.2

57a 75 – 1100 84,000 1.66 MAO 1500

58a 75 – 2980 30,000 1.94 MAO 1500

59a 75 – 5000 960,000 1.24 MAO 1500

73 50 2 5500 – – Ammonium borate 1.1

74 80 2 2600 5000 3.5 Ammonium borate 1.1

75 90 2 450 58,000 3.8 Ammonium borate 1.1

76 50 2 740 2500 2.5 Ammonium borate 1.1

77 50 2 140 36,000 27.6 Ammonium borate 1.1

a Styrene polymerization
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(Scheme 15), and their structural aspects are close to

already reported Zr-complexes [30]. The reported yields of

these complexes are from 60 to 96 %. Similarly, the syn-

thesis of zwitterionic complexes 46–48 has been described

in Scheme 16.

Olefin polymerization with Hf-complexes 43–45

The catalysts 43–45 have been employed for the ethylene

polymerization [30]. The maximum ethylene polymeriza-

tion activity (533 kg PE molCat.
-1 h-1) was observed for

complex 43 at 80 �C using ammonium borate as co-cata-

lyst; however, addition of tri-isobutylaluminum (TIBA) as

scavanger prior to catalytic reaction enhanced the activity

to 1200 kg PE molCat.
-1 h-1. This catalyst was inactive for

propylene polymerization. However, catalyst 43 was active

(4889 kg PE molCat.
-1 h-1) for copolymerization reaction of

ethylene with propylene when activated with ammonium

borate using TIBA as a scavenger. Higher molecular

weight (Mw = 94,600 g mol-1) polymer with narrow

molecular weight distribution was observed; however,

increasing the propylene pressure did not enhance the

activity; instead, a decrease in molecular weight

(Mw = 76,000 g mol-1) of the polymer was observed.

[30]. The catalyst 43 produced long chain

(Mw = 94,600 g mol-1) ethylene propylene copolymer in

comparison to 33 (Mw = 14,700 g mol-1) and this

behavior is plausibly due to less favorable b-hydrogen
elimination for 43. In addition to this, narrow molecular

weight distribution (2.4) was observed for 43. Ligand

frame work and polymerization conditions in both 33, 43

are same th-ough both have different metals, e.g. 33 has Zr

and 43 has Hf. It may also be deduced that Hf prefers to

produce longer chain polymer contrary to Zr [26, 30].

Higher copoymerization activity together with higher

molecular weight and narrow molecular weight distribution

of complex 43 indicates its potential to be further exploited

for polymeriztion studies.

Synthesis of Hf-trialkyl complexes with electron-rich

bulky ligands

Hf-complexes (49–56) with bulky and electron-rich

ligands were quantitatively synthesized under established

toluene elimination procedure (Scheme 18) with overall

distorted octahedral geometry (Fig. 13) and shorter ami-

do-N–Hf bond than the pyridine-N–Hf bond indicating

the location of negative charge on amido nitrogen atom

[34]. Zr-complexes (33–38) and Hf-complexes (43–48)

showed moderate activities for ethylene polymerization

which has been presumed due to poor stability in the

presence of aluminum alkyls [26, 30, 34]. Kempe et al.

hypothesized that diamine (containing an amine function

at two and six position of pyridine ring)-functionalized

ligands (electron rich-ligands) could enhance the stability

of complex, and, hence, synthesized Hf-complexes con-

taining electron-rich ligands through toluene elimination

route [34]. Molecular structure of 49 has very similar

crystallographic parameters compared to 43 but struc-

turally different from previous examples as all three

benzyls are g1-coordinated with Hf-metal center. Inter-

estingly, this molecule has a shorter bond length (C26-

N1 = 1.379 Å) which is less than a C–N single-bond

length (1.48 Å) and greater than a C=N double-bond

length (1.29 Å). The sum of angles around N1 is equal to

351� indicating an almost planar nitrogen atom. Shorter

N1-C26 bond length together with planar N1 indicates

that the lone pair of N1 is involved in bonding with C26,

and thus, enhancing the electron-donating capability of

amine-functionnalized ligand [34] (Fig. 14).
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Ethylene polymerization with Hf-complexes (49–56)

Hf-complexes 49–56 were inactive for ethylene polymer-

ization in the presence of trimethylaluminum-containing

MAO, while low activities were observed with dry MAO

[34] (Scheme 19). Researchers suspected that a fast reac-

tion is taking place between traces of AlMe3 of MAO and

the Hf-complexes, and this hypothesis was proved to be

true by reacting Hf-complexes with AlMe3 (NMR-scale

reactions) (Fig. 15). These proton NMR spectra indicate

that Ap-Hf-complex is fastly converted into aluminum-Hf-

hetero-bimetallic complex which is later converted into the

Ap-aluminum complex [34]. In addition, borate activation

in the presence of an aluminum scavenger did not improve

their activity, presumably due to ligand transfer from Hf to

Al during catalytic reaction, and Hf-complex without

aminopyridinato ligand was inactive [34]. Such ligand

transfer reactions were also observed in case of Ti-
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complexes with electron-rich ligands [33, 34, 44]. How-

ever, the rate of ligand transfer was found faster in case of

Hf-complexes than Ti-complexes, and in both cases, the

ligand framework is the same which concludes that more

electrophilic Ti(IV) catalysts are more stabilized by elec-

tron-rich ligands but complexes containing electron-rich

ligands with less electrophilic metal (Hf) are less

stable [34, 44]. Presumably, different ionic radius size of

Hf than Ti might also affect complex stability. Faster

ligand transfer observed upon treatment with AlMe3, gives

a rationale that more electron donating ligands might be

unsuitable to develop more active Hf-catalysts (Fig. 15)

[34]. Another important consideration for very low ethy-

lene polymerization of complexes 49–56 could be the less

bulky ligands as compared to the steric bulk of the ligands

in Hf-complexes 43–45. The catalytic potential of these

complexes could be further enhanced by making suit-

able adjustments in steric bulk of the ligands, and in this

regard, the introduction of isopropyl groups on pyridine

and phenyl rings could be advantageous (Table 3).

Group-IV mixed ligand complexes

N-trimethylsilylamido complexes for styrene

polymerization

For the synthesis of silylamido ligands, 6-(2-(diethylbo-

ryl)phenyl)pyridin-2-amine was reacted with n-BuLi at

50 �C to afford the corresponding lithium salt which upon

reaction with trimethylsilyl chloride gave compound 2a

(85 % yield) [63]. This compound was lithiated at -37 �C
with n-BuLi and its subsequent reaction with Cp*TiCl3
afforded complex 57 in 45 % yield (Scheme 20, Fig. 16).

The yield of the ligand is good enough; however, the yield

of the complex is lower [63–65].

The complexes 58 and 59 were synthesized with a

similar procedure (Scheme 20) used for complexes 64/65

except that trimethylsilyl chloride is used instead of

chloro(cyclopenta-2,4-dienyl)dimethylsilane for introduc-

tion of tri-methyl silyl group here [63].

Syndiotactic polystyrene (SPS) is an important polymer

with broad range of applications due to its high melting

point. This polymer is resistant to water. In addition to this,

syndiotactic polystyrene is also resistant to many organic

compounds at room temperature [66, 67]. The pioneering

work in this field was accomplished by Ishihara et al. using

Ti-catalysts, and later on, Zambelli et al. have used tetra-

benzyl Ti-complexes to obtain syndiotactic polystyrene.

Recent studies have shown that zirconocenes are less

effective for SPS polymerization [66].

Homopolymerization of styrene was achieved by non-

bridged half titanocene complexes (57) bearing an

aminoborane moiety and aminoborane-free complexes (58,

59) using MAO as co-catalyst [66]. In addition, using

similar conditions with complexes 57, 58 and 59 (catalyst:

co-catalyst: styrene = 1:1500:15,000, T = 75 �C) gave

good activity (1100, 2980 and 5000 kg molcat
-1 h-1,

respectively), and increase in temperature increased cat-

alytic activity but decreased the number-average molecular

ppm (t1) 0.01.02.03.04.05.06.07.0

Fig. 15 1H NMR spectra

(C6D6, 26 �C, 0–8 ppm) of

complex 51; bottom to top

(2a = complex 51),

2a ? 30 eq. TMA after 5 min

and after 16 h, 3c = formation

of aluminium complex
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weight (Mn) because temperature enhances the activity of

catalytic species but electronic and steric factors of

cyclopentadienyl become less favorable for higher molec-

ular weight polymers [63]. The catalytic species become

more active at higher temperature because of more

favorable alkylation by MAO. However, the decrease in Mn

of resulting polymers is due to the cyclopentadienyl ligand

in complex 58 which on electronic and steric grounds is

less favorable for getting high-molecular-weight polymers,

and thus, Mn is decreased [63]. It can be deduced that

methyl groups on cyclopentadienyl ligand in complex 59

enhance the electron-donating effect of the ligand which by

stabilizing the complex results into the formation of higher

molecular weight polymers. Furthermore, catalysts 58 and

59 (both free of aminoborane moiety) showed much higher

activity than the complexes having aminoborane moiety

(complex 57). Low polydispersities of the polymers were

observed which indicate the single-site nature of these

catalysts. Higher Mn obtained for complexes 57 and 59

could be explained by steric hindrance due to the methyl

Table 3 Activities of Ti- and Hf-complexes (copolymerization)

Structure # Temp (�C) Pressure (Bar) Activity (kg PE molCat
-1 h-1) Mw g mol-1 Mw/Mn Co-catalyst and ratio

Ethene Propene

13 50 – 5 200 – – MAO 500

13 50 5 2 32,000 104,374 2.1 MAO 500

14 50 5 2 29,600 103,502 2.0 MAO 500

15 50 5 2 30,600 120,954 2.1 MAO 500

16 50 5 2 14,600 87,162 1.9 MAO 500

13a 50 5 2 33,000 133,287 2.4 MAO 500

13b 50 5 – 11,400 – – MAO 500

13c 50 5 2 14,600 56,261 1.9 MAO 500

33 80 – 5 100 – – Ammonium borate 1.1

33 80 5 3 6200 14,700 11.6 Ammonium borate 1.1

33 80 5 4 5000 14,300 8.0 Ammonium borate 1.1

41 80 10 5 57,000 755,700 113.1 Ammonium borate 1.1

42 80 10 5 54,000 8960 2.2 Ammonium borate 1.1

43 80 – 5 110 – – Ammonium borate 1.1

43 80 5 3 4889 94,600 2.4 Ammonium borate 1.1

43 80 5 4 4889 76,000 2.4 Ammonium borate 1.1

a 10 mL of 1-hexene
b 10 mL of ENB
c 1 mL of ENB

NH2

B(C2H5)2
n BuLi

(CH3)3SiCl

NH

B(C2H5)2

Si

2) Cp*TiCl3 N

N

B(Et)2

Ti
Si Cl

Cl

57

1) n BuLi

Scheme 20 Structures of Ti-

complexes 57–59 [41a]

N
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Fig. 16 Structures of Ti-complexes 58–59 [41a]
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groups on Cp ligand which mimics the b-hydride elimi-

nation resulting into the formation of long-chain syndio-

tactic polystyrene [63, 66, 74]. Decrease in ligand steric

bulk decreased the activity as well as Mn, and thus, it could

also be inferred that cationic catalyst is better protected

with sterically bulky ligands. Although the aminoborane

ligand is a bulky one, itis not involved in the protection of

active metal center and results in a poor activity for com-

plex 57. Activities of complexes 57, 58 and 59 are far

better than analogous ansa-bridged Ti-complexes

[29, 63, 66]. In all these polymerizations, almost 90 %

polymer content was syndiotactic which indicates the

greater potential of these catalysts for producing syndio-

tactic polystyrene.

Imido-pyridine Ti(IV) complexes

Mixed ligand complexes of Ti(IV) complexes have been

synthesized by reacting the pro ligands 2-amino-3-pi-col-

ine and 2-amino-5-picoline with n-BuLi which upon sub-

sequent treatment with [TiCl3(g
5-C5Me5)] afforded

complexes 61–64 as the final product (Fig. 17) [65]. For

the synthesis of complexes 61 and 62, ligand and Ti-pre-

cursor were reacted in 2:1, while for complexes 63 and 64,

this ratio was 4:1 (Scheme 21). The main shortcoming of

this synthesis is the lower yield (32–43 %) of the resulting

complexes which could be attributed to the formation of

side products. However, novel structural features of these

complexes are interesting; for example, geometry of Ti–Li-

hetero-bimetallic compound (33) was found to be with

piano stool structure which is analogous to Ti-complexes

with Cp ligands [66, 67]. In addition to this, these com-

plexes have applications in ring-opening metathesis,

industrial production of acrylonitrile, small molecules

activation and for olefin polymerization [68, 69]. We could

suggest that substituted picoline might also be worth

investigating. These structurally interesting complexes

have broad spectrum of applications ranging from synthesis

of organometallic compounds to small organic molecules,

and such picolines could also be applied for olefin

polymerization [68]. Similar complexes containing amino-

pyridine ligands have been reported by Dow/Symx and

were active in olefin polymerization [69].

Mixed-ligand Ti-catalysts for simultaneous ring-

opening metathesis polymerization

For ligand synthesis, m-bromoaniline was reacted with

phenyl boronic acid to afford a 3-biphenylamine (85 %

yield), and the reaction was catalyzed by Pd(PPh3)4. The

3-biphenylamine was further reacted with n-BuLi to afford

its lithium salt which on reacting with chloro(cyclopenta-

2,4-dienyl)dimethylsilane resulted into the ligand 2a in

84 % yield (Scheme 22) [73]. This ligand was treated with

n-BuLi in 1:2, and the resulting lithium salt was reacted

with TiCl3.3THF to synthesize the complex 64 (65 %

yield). The main advantage of this synthesis is the higher

yield of ligand precursors and a moderate yield of complex

64. The main disadvantage of this reaction is the multistep

synthesis and use of costly palladium catalyst. In addition

to this, the palladium catalyst could not be fully separated

from the ligand precursor and may act as an impurity in the

further catalytic reactions. Moreover, the n-BuLi used for

the ligand and complex synthesis needs very low temper-

ature and limits the scope of this reaction for large-scale

synthesis of ligands and complexes of this type [73].

The Pd(0)-catalyzed reaction of 2-bromo-6-pyridine

amine with 2-bromopheylboronic acid resulted into 6-(2-

Bro-mophenyl)pyridin-2-amine in 53 % yield, and its fur-

ther ZnI2-catalyzed reaction with 1, 10-Ethylenebis(N,N0-
1,1-tetramethylsilanamine) resulted into ligand 2b [73].

The subsequent reaction of ligand 1 with n-BuLi in the

presence of diethylmethoxyborane resulted into 6-(2-(Di-

ethylboryl)phenyl)pyridin-2-amine which was again reac-

ted with n BuLi followed by reaction with Cp*Me2SiCl

resulting into ligand 2. This ligand was deprotonated with

n-BuLi and was reacted with TiCl3 3THF to afford com-

plex 65 in 38 % yield (Scheme 23). In this reaction, PbCl2
was used as an oxidizing agent to convert Ti(III) into

Ti(IV) [73].

Polymerization reactions such as ring-openingmetathesis

polymerization (ROMP) of cyclic olefins, copolymeriztion

of cyclic olefins with ethylene and homopolymerization

reactions of cyclic olefins are used to produce poly-olefins on

commercial scale. Copolymerization reactions are more

desirable as more valuable properties (molecular weight,

tacticity, mechanical strength) of the resulting polymers

could be fine-tuned by suitable design of ligands and corre-

sponding complexes [66–69, 73]. Formation of both vinyl

insertion polymerization (VIP) and ring-opening metathesis

polymerization (ROMP)-derived polymeric structures from

a cyclic olefin has attracted much interest in recent years

[73]. In addition, copolymerization of a cyclic olefin with an
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acyclic one to architect a high-molecular-weight polymer

having both ROMP- and VIP-derived structures in the same

polymer backbone is highly desirable [73]. Such structural

changes for ROMP-derived polymers make them stable in

the presence of oxygen. These types of polymers offer fur-

ther functionalization through halogenation, epoxidation

and vicinal dihydroxylation. Recently, Buchmeiser and

coworkers have synthesized the amine/borane-containing

half sandwich-Ti complexes (64–65) [73]. Among them, 65

has the capability to abstract a proton and accomplish a-
hydrogen elimination through a six-membered transition

state and its boryl group is in competition for free lone pair of

electrons which makes the a-hydrogen elimination process

temperature-dependent. Calatyst 65 catalyzed the

homopolymerization of NBE with MAO (Ti: MAO:

NBE = 1:1000:1000) and gave Poly(NBE)ROMP at 50 �C,
but, upon increasing NBE concentration to 10,000 equiva-

lents, produced themixture of both ROMP- and VIP-derived

poly(NBE), and both ROMP and VIP sequences occurred in

the same polymer. An increase in temperature resulted into a

decrease in Mn and an increase in PDI and this trend is

attributed to a higher fraction of pyridyl moiety which is

responsible for an increase in a-elimination [73]. This a-
elimination shortens the chain length of polymers as well as

Mn. Further increase in NBE concentration at the same

temperature resulted into poly(NBE)ROMP fraction in the

polymer (up to 71 %). Also, it has been found that increase in

MAO concentration stabilizes the cationic metal center and

thus increases the activity, lowers PDI and increases poly(-

NBE)ROMP content, and this trend is related to a-elimination

which results into pyridiniummoieties that react irreversibly

with MAO to produce methane and Ti-alkylidene to react

with ethylene, and the polymer chain is cleaved from metal

center [73]. This results into a polymer with higher

poly(NBE)ROMP but a lower Mn value. 13C-NMR (mea-

surement was made at 80 �C) data of the polymeric mass

when compared with the literature, were indicative of

poly(NBE)ROMP-alt-poly(NBE)VIP sequences, and these

studies indicate the incorporation of poly(NBE)ROMP units

into main polymer chain. Hence, NMR studies exclude the
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formation of two polymers, poly(NBE)ROMP and poly-

(NBE)VIP-co-poly (E) as well as formation of vinyl termi-

nated polymer then what really happens is then depicted in

Scheme 24 [73]. Reaction of cationic (VIP active species)

with NBE, followed by (a-elimination) results into a di-

substituted species (Ti-alkylidene) and its formation is more

probable as compared to the formation of mono-substituted

alkylidene under a-elimination after ethylene insertion.

Furthermore, it has also been revealed that the proton stays at

pyridine nitrogen for a certain time and could be donated

back to Ti-alkylidene to reestablish the VIP active species.

Providing higher concentration of NBE, another monomer

could be inserted followed by the insertion of ethylene.

Through the above-mentioned mechanism, the proposed

structure of the polymer is poly(NBE)ROMP poly(NBE)VIP-

co-poly (E). Aminoborane-free Ti-complex 64 was also

synthesized to study the effect of boryl moiety in the poly-

merization, and this complex produced the polymer of the

type poly(-NBE)vip-co-poly(E) with no poly-(NBE)ROMP

sequences [73].

Group-4 silylamido complexes

Y. Zou et al. have synthesized Zr- and Hf-complexes, and

upon activation with MAO, these complexes were active

for ethylene polymerization and complex 66 produced

160 kg molcat
-1 h-1 bar-1 polyethylene [81]. This complex

produced very linear PE with higher melting points in the

range of 134–139 �C which indicate high-density poly-

ethylene (HDPE). Hf-catalyst 67 was less active

(40 kg molcat
-1 h-1 bar-1) for the ethylene polymerization

but produced very high molecular weight polyethylene

(UHMWPE) with Mn = 4,700,000 g mol-1 and molecular

weight distribution = 1.3 [75–81]. Presumably, the greater

ionic radius and less electrophilicity of electron-deficient

Hf-centre in 67 is helpful for getting very high molecular

weight polymer. Whereas smaller ionic radius and greater

electrophilicity in case of Zr-complex 66 enhances its

activity but produces polymers of lower molecular weight

which might be attributed to the faster chain transfer rate in

case of 66 [72–74, 81].

Copolymerization of ethylene was achieved with CPE

catalyzed by 66, and when this reaction was carried out in

toluene at 25 �C, activity was 360 kg molcat
-1 h-1 bar-1

(catalyst:co-catalyst:CPE = 1:2000:1000) [81]. 1H-NMR

studies of the resultant polymer did not show CPE incor-

poration into polymer chain. However, upon increasing the

temperature (50 �C) and CPE concentration (200,000), the

activity increased to 8100 kg molcat
-1 h-1 bar-1 (cata-

lyst:co-catalyst:CPE = 1:2000:200,000). 1H-NMR studies

of the resultant polymers also indicated that hardly

0.1 mol% CPE is incorporation in the polymer chain.

Further increase in temperature (to 65 �C) resulted in a

decrease in activity and Mn as a consequence of dominant

elimination reaction. Plausibly, the role of CPE in such a

polymerization is the chain-stabilizing ligand; it serves as a

chain transfer agent having reversible coordination to

cationic Zr-metal center [81]. During the chain growth,

most probably, the last alkene unit is replaced by the CPE

unit which gets inserted into the Zr–H bond and that starts

the growth of a new polymer chain. Interestingly, narrow

molecular weight distribution (1.4–1.8) was observed for

polymers obtained from complexes 66 and 67. The com-

plex 66 was active (3040 kg molcat
-1 h-1 bar-1) for

N BEt2

Ti
Cl
ClH2Si

MAO

N BEt2

TiH2Si + R

N

TiH2Si + R

Et2B

N

TiH2Si +

Et2B

R

H N

TiH2Si

Et2B

R

N

TiH2Si

Et2B

H
+

H N

TiH2Si

Et2B

H
+

H

Rn

N

TiH2Si

Et2B

H

H
+

H

Rn

+

VIP of E, NBE

Scheme 24 Proposed

mechanism for 65 catalyzed

formation of poly(NBE)ROMP-

co-poly(NBE)VIP-co-poly(E)

Appl Petrochem Res (2016) 6:307–340 331

123



ethylene–norbornene copolymerization using a higher NBE

concentration (catalyst:cocatlyst: NBE = 1:2000:2000)

and behaved as a single-site catalyst for this polymerization

(PDI = 1.2). The NMR studies of copolymer obtained

have shown 18 mol% incorporation of NBE in the polymer

chain [81]. Notefully, catalytic activities of 66 and 67 are

due to the presence of aminoborane ligand [81]. The model

compounds synthesized without aminoborane moiety were

quite less reactive for polymerization reactions. The

researchers focused only on aminoborane complexes of Zr

and Hf for polymerization of ethylene and copolymeriza-

tion of ethylene with CPE and NBE. It could be proposed

that the syntheses of similar Ti-complexes as well as and

their activity comparison with Zr and Hf complexes might

be of great importance. In addition, some more monomers

such as propylene could also be considered for polymer-

ization reactions, and the set of conditions employed for

ethylene polymerization (500 mL reactor and ethylene

pressure = 4 bar) are less suitable for such polymerization

reactions. Furthermore, large-sized reactor and higher

ethylene pressure may give better results [78–81].

Synthesis of mixed-ligand (Cp*-Ap) Hf-complexes

Kempe et al. have synthesized mixed-ligand Hf-complexes

(68–72) by reacting the corresponding Ap ligand with

Cp * HfMe3 in toluene at room temperature (Scheme 25,

Fig. 18) [31]. The main purpose for the synthesis of these

complexes was their application in ethylene polymerization

and coordinative chain transfer polymerization (CCTP).

The polymers obtained in this polymerization possess

contain a main group metal at one end of the chain which

could be further functionalized to get valuable products.

For example, this polymerization affords long-chain alu-

minum alkyls which upon oxidation could be converted

into long-chain aliphatic alcohols [31]. These alcohols have

wide range of applications such as in metal/polymer/leather

processing, in paints and industrial coating materials. Such

alcohols could even be more beneficial if their chain length

is greater than 22 carbon atoms [80]. Long-chain aluminum

alkyls and, hence, long-chain aliphatic alcohols could be

conveniently produced by the process of coordinative chain

transfer polymerization (CCTP). For the process of CCTP,

a metal catalyst and a chain transfer agent (CTA) is used,

and so far, many transition/rare earth metals complexes in

combination with magnesium, zinc and aluminum alkyls

(as chain transfer agent) have been used [81].

Ethylene polymerization with mixed-ligand (Cp*-Ap) Hf-

complexes 68–72

Hf-complexes (68–72) were employed for ethylene poly-

merization using MAO as co-catalyst [31]. Catalyst 68 was

active for ethylene polymerization with polydispersity

index less than 2, whereas catalysts 69–72 were not active

under the applied conditions (50 �C, 15 min reaction time);

however; they were more active on increasing temperature

and reaction time plausibly because, reaction time and

temperature speeds up the reaction between catalyst and

MAO which is beneficial for activity enhancement [31].

Cationic Hf-complex 68 was most active for ethylene

polymerization. Complex 68 has more favorable distinct

structural features than complexes 68–72, for example, it

has one unsubstituted ortho position which facilitates

ethylene access to the metal center, whereas on the other

hand, aminopyridinato ligand on it stabilizes the cationic

metal center, and thus, these structural features of 68

enhance its catalytic activity.

Coordinative chain transfer polymerization (CCTP)

by complex 68

The CCTP is advantageous to control the architecture and

microstructure of polymers. In contrast to living polymer-

ization where only one catalytic species produces one

polymer chain, in CCTP, several polymer chains could be

grown on one catalyst species and molecular weight of the

resulting polymer could also be controlled [81]. CCTP

involves a transition/rare earth metal complex and a chain

transfer agent (CTA). Mostly, the main group alkyls are

used as CTA. In this polymerization, metal catalyst acts as

an active species, while CTA acts as an inactive (dormant)

species. In this way, several polymer chains could grow on

one catalyst molecule; however, the chain termination

process during this polymerization should be negligible

[80–82]. Thus, polymers of approximately equal chain

length with narrow molecular weight distribution are

obtained. The polymer chain ends up with the main group

metal used, and further functionalization of this group

could provide valuable products. A faster chain transfer

reaction ensures the occurrence of chain growth reaction on

the main group metal [80]. In previous studies, Kempe

et al. have reported the application of yttrium aminopy-

ridinato complexes for CCTP and obtained aluminum-
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terminated polyethylene having Mn = 15,600 g mol-1

with lower polydispersity index (1.4). In following studies,

Kempe et al. have employed complexes 68–72 for ethylene

polymerization studies, and only complex 68 has shown

good activity, and this complex was subjected to CCTP

using triethyl aluminum as chain transfer agent, and the

effect of different parameters such as temperature, catalyst/

CTA ratio, ethylene pressure and reaction time has been

investigated [31]. The activity of the complex 68 was low

at 50 �C and 2 bar ethylene pressure but increased to

1960 kg molcat
-1 h-1 when activated with ammonium borate

at 80 �C, but the resultant polymer had a broader molecular

weight distribution. It has been noticed that resulting

polymer gets precipitated out during the reaction which

inhibits the chain transfer rate; however, it can be over-

come by increasing the temperature [55b]. Also, a bimodal

distribution and substantial amount of precipitated polymer

was found [31]. Higher pressure has a pronounced effect on

activity, molecular weight and polydispersity. Increasing

the pressure to 5 bar at 50 �C reduced the activity to

700 kg molcat
-1 h-1 but decreased the molecular weight

distribution equal to 2. Normally, in CCTP, the chain

transfer and catalyst ratios range from 50 to 100 except for

n-butylethyl magnesium/samarocene system with a ratio of

1–1000 and diethyl zinc/zirconocene dichloride with a ratio

of 1–2800 were used. Hf-catalysts with higher tri-ethyla-

luminum/hafnocene ratio (500) have shown increase in

polymerization activity because of more alkylation. Chain

transfer agent affects the molecular weights and polydis-

persity of the polymers. Narrow polydispersity and low

molecular weights were obtained with higher amounts of

chain transfer agent, while broader polydispersity and high

molecular weights were observed with less amount of

chain transfer agent [31]. Catalyst 68 and CTA were added

in different ratios, and catalyst-to-CTA ratio (1:500) gave

the maximum activity (5500 kg molcat
-1 h-1) and polydis-

persity index was found to be 1.5.

Hafnium aminopyridinate-F1 hybrid catalysts

Fujita and coworkers pioneered the synthesis of phenox-

imine (F1 ligands)-based group-IV complexes (F1 catalysts)

which proved to be very good olefin polymerization catalysts

[99]. Recently, Kol et al. have combined F1 ligands with

other ligands to synthesize half salan and half salen-type

ligands and prepared corresponding Ti-complexes and they

proved to be very efficient catalysts for 1-hexene and

propylene polymerization (For example, complex 73) [100].

These catalysts are also active for isospecific polymerization

of 1-hexene (Fig. 19). Catalyst 73 was employed for

1-hexene polymerization usingB(C6F5)3 as a co-catalyst and

its activity was found to be 154 kg molcat
-1 h-1 at 65 �C.

Though this is a low activity, yet higher than that of similar

reported catalysts. Very low polydispersity value (1.04)

indicated the living polymerization by 73 and very high

molecular weight (Mw = 13,200,000) indicated the partial

activation of 73. Catalyst 73 has the bulkiest adamantyl

group which resulted into the poly-1-hexene polymer with

highest tactictiy [mmmm] = 88 % and similar trend for

adamantyl group has already been reported for other

unsymmetrical ligands. The similar catalyst with less bulky

ligands resulted into lower tacticity of the polymer. Such

catalyst systems are advantageous because of their simple

synthetic procedures and are beneficial for living polymer-

ization of 1-hexene. Bulkier groups such as adamantyl on

ligand framework are good for impressive catalytic activity

and for obtaining the polymer of required tacticity. However,
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further modifications are required in the ligand design to

enhance the catalytic activity [99, 101].

Group-IV metal complexes bearing

the aminoborane motif

Ligand precursor 1c was synthesized and treated with n-

BuLi to get the corresponding lithium salt which upon

treatment with ZrCl4�2THF and HfCl4�2THF resulted into

the corresponding Zr and Hf-catalysts 74 and 75

(Scheme 26) [102]. The main advantage of this synthesis is

the synthesis of new complexes which have applications in

ring-opening metathesis and vinyl insertion polymeriza-

tion. However, the synthesis of ligand involves multiple

steps. Although the synthesis of complexes is single step,

yield is very low. The reported yield of Hf-complex is only

9.2 %, whereas the yield of Zr complex is only 18 % [102].

The poor yields of these complexes could be attributed to

the reduction to Zr(IV) and Hf(IV) to Zr(III) and Hf(III) by

the lithium salt of the ligand. The complexes have been

synthesized by adding the lithium salt of the ligand into the

solution of Zr/Hf tetrachloride salt solution. It is suggested

that instead of this, addition of metal salt solution to the

lithiated ligand might be helpful for getting better yield.

The reaction for the synthesis of these complexes has been

carried out at a low temperature (-35 �C). It is suggested
that a very low temperature (-78 �C) might be favorable to

obtain better yield [102].

In these both complexes, one THF molecule is coordi-

nated to the respective metal center affording pentagonal

bipyramidal geometry to the respective complex. In the

previously reported other similar complexes, the fluorenyl

moiety is coordinated with the metal center in an g5-

coordination mode, but it is coordinated in an g1-coordina-
tion in the present examples [102]. The g1-coordination
instead of g5-coordination is probably due to the coordina-

tion of other donor groups prior to fluorenyl group coordi-

nation and such a bonding mode provides less electron

density to electrophilic Zr atom which thus makes a com-

pensation of electron density from pyridine ring and hence

reducing electron density on pyridine nitrogen which makes

pyridine nitrogen unable to coordinate with B atom. The Zr

complex76 upon activationwithMAOhas been found active

for copolymerization of ethylene with norborn-2-ene (NBE)

via ring-opening polymerization and vinyl insertion poly-

merization (VIP) (Fig. 20) [19, 28]. Double bonds in the

copolymers could also be further functionalized [87]. Cata-

lysts 74 and 75, activated with MAOwere found to be active

for homopolymerization of NBE. Catalyst 74was less active

(6 kg molcat
-1 h-1 at 65 �C) but produced high molecular

weight polymer (Mn = 160,000 g mol-1) with narrow

molecular weight distribution, possibly due to more steric

congestion on the Zr metal center. Catalyst 74 was more

active (48 kg molcat
-1 h-1 at 65 �C) and polymers obtained in

this polymerization afforded both ring-opening metathesis

polymers (ROMP) and vinyl insertion polymers (VIP). Some

other Zr and Hf catalysts with no 6-[2-(R2B)phenyl]pyrid-2-

ylamido motif were also synthesized and applied for NBE

polymerization, but they were not effective for ROMP pro-

cess. Hence, it could be concluded that 6-[2-(R2-

B)phenyl]pyrid-2-ylamido motif in the ligand framework

has a decisive role in making Zr and Hf catalysts ROMP-

active. Catalyst system 74/MAO was also applied for

copolymerization of NBE with ethylene and found that the

activity of catalyst decreases with increasing concentration

of NBE; however, this effect was counter-balanced with

N

NH
Si

BEt2 N

N

BEt2

Si Li2n-BuLi O

N

N

BEt2

Si Zr

N

N

BEt2

Si Hf

ZrCl 4
.2THF

ZrCl4 .2THF

Cl

Cl

Cl
O

Cl
O 74

75

Scheme 26 Synthesis of

complexes 74–75
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increasing ethylene concentration. 13C-NMR of copolymers

is indicative of both alternating and isolated monomer

sequences (Table 4) [102]. These copolymers did not show

ROMP-derived poly(NBE); however, copolymer obtained

from 81/MAOVIP-derived poly(NBE) was observed but the

catalyst system 81/MAO was found less active than 74/

MAO. Catalytic activities of catalyst 76 were found higher

(73 kg PE molCat.
-1 h-1) for ethylene-NBE copolymerization

than catalyst 74 (activity = 55 kg PE molCat.
-1 h-1) although

both catalysts afforded polymers of the same molecular

weight (Mn = C6,000,000 g mol-1). If we compare the

structures of complexes 74 and 76, both the complexes

contain Zrmetal with the same ligand framework except that

in 76, isopropyl group is introduced instead of [(Et)2B–

where Et = ethyl] group. Hence, it could be inferred that in

such complexes, electron-donating groups (isopropyl) are

more beneficial for higher activity as compared to electron-

withdrawing groups [(Et)2B-].

Group-IV amido complexes with pendant

aminoborane ligands

Recently, Xu et al. have synthesized mixed amido Ti-com-

plexes with cyclopentadienyl ligand and employed them for

copolymerization of ethylene with norborn-2-ene using

MAO as co-catalyst (Fig. 21) [72, 78]. Previous examples of

such copolymers have resulted into functional poly-olefins

[78]. These catalysts were found to be active for such

copolymerization reactions, but polymer yields were lower.

When catalyst 78was used for the copolymerization reaction

(cat:MAO:NBE = 1:2000:20,000) using 4 bar ethylene

pressure at 50 �C, a low polymer yield (25 kg mol-1 h-1

bar-1) was obtained. Using similar conditions (cat:-

MAO:NBE = 1:2000:20,000) and changing the tempera-

ture to 70 �C, the polymer yield decreased to

20 kg mol-1 h-1 bar-1 however, further increasing tem-

perature to 90 �C, there was no further decrease in polymer

yield [78]. With this catalyst system, there is a decrease in

catalyst activity with increasing temperature and keeping all

other conditions constant. Therefore, it could be inferred that

this catalyst is becoming less stable at higher temperature

and increasing NBE concentration reduces the activity pri-

marily, because the active site gets blocked with NBE. Also,

increasing steric bulk of the ligand decreases the catalyst

activity because of blocking active sites. Polydispersity

index of the obtained polymer at different temperatures is

near to 2 which indicates that 78 is a single-site homogenous

catalyst. Catalyst 77 was employed for ethylene–NBE

(cat:MAO:NBE = 1:2000:10,000, ethylene = 4 bar, T =

65 �C) copolymerization when activated by MAO and

afforded copolymer yield (75 kg molCat.
-1 h-1). Increasing

temperature to 80 �C, polymer yield increased to

140 kg molCat.
-1 h-1 whereas increasing NBE concentration

(1:2000:20,000) decreased the polymer’s yield to

100 kg molCat.
-1 h-1 [78]. Thus, higher temperature (80 �C)

is beneficial but higher NBE concentration is a limiting

factor for higher polymer yield. Activity of this complex and

similar complexes is lower due to coordination of NBE with

active metal center and that could be enhanced with

increasing catalyst and co-catalyst concentration.

Group-IV metals hydroamination
and hydroaminoalkylation catalysts

2,6-bis(phenylamino)pyridinato titanium catalyst

Complex 79 was synthesized in 80 % yield with the

reaction of N2, N6-diphenylpyridine-2,6-diamine with

Ti(NMe2)4 at room temperature and it proved to be an

efficient catalyst for the hydroaminoalkylation of styrene

N

N
Si
Zr

THF

76

Fig. 20 Molecular structure of

Zr-complex 76

Table 4 NBE homo and NBE–ethylene co-polymerization

Structure

#

Activity

(kg PE molCat.
-1 h-1)

Temp.

(�C)
Catalyst:

MAO:NBE

74 5a 50 1:2000:10,000

74 6a 65 1:2000:10,000

75 42a 50 1:2000:10,000

75 18a 65 1:2000:10,000

74 55b 50 1:2000:10,000

74 45b 50 1:2000:10,000

76 73b 50 1:2000:10,000

76 68b 50 1:2000:10,000

a Homopolymerization
b Copolymerization

N

N
Ti

Si Cl
Cl

B(C2H5)2

N
B Et

Et

N
Zr
Si

Cl Cl
N

77 78

Fig. 21 Zr and Ti-complexes 77–78
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and (E)-1-phenyl-1, 3-butadienes with a variety of sub-

strates (Scheme 27) [105]. Reactions of styrene with dif-

ferent secondary amines were made; however, yields were

dependent on the steric bulk of amines (less sterically

hindered amines were more reactive, while more sterically

hindered were less reactive).

2-Aminopyridinate Ti-complexes for the catalytic

hydroamination of primary aminoalkenes

Among group-IV metals MNMe2 [M=Ti, Zr, Hf] com-

plexes, Ti-complexes have shown higher catalytic activity

than Zr and Hf complexes but Ti and Zr-complexes have

drawback of giving hydroaminoalkylation product in

addition to desired hydroamination product. However, Ti-

complexes are advantageous for the hydroamination of

alkynes because of their low cost, very low toxicity, good

stability and better functional group tolerance [106]. The

updated research on the application of Ti-complexes for

hydroamination catalysis evidenced that chelating ligands

attached to the metal center play a decisive role to control

the regio-selectivity (Fig. 22) [106]. Most of these ligands

have hard donor functionalities such as N and O which

presumably, fine-tune the metal center for exclusive for-

mation of regioselective product. Also, metallocene cata-

lysts are helpful for getting anti-Markonikov product and

pyrrolyl/imidazole ligands-based catalysts are suitable for

Markonikove products. Imidazole ligand-based Ti-com-

plexes have recently been used by Yang Zho et al. for

intermolecular hydroamination of alkynes with amines

which gave impressive results, for example, complex 80

produced 99 % Markonikove product with hydroamination

reaction of 1-octyne with 2, 4-chloroaniline and 100 %

Markonikove product with hydroamination reaction of

1-octyne and ani-line [106].

There is an immense need for the ligands which could

enhance the chemoselectivity of Ti-complexes for

hydroamination products and chelating ligands containing

a hard donor O or N moiety always remain a preferable

choice for hydroamination catalysis [87, 105, 106].

Recently reported catalyst 81 was found to be more active

than [TiNMe2]4 for the hydroamination reaction of 2,

2-diphenyl-5-hexenyl-1-amine at room temperature

(Scheme 28) [69]. Room temperature activity of group-IV

metal complexes is rare and recent examples for such

catalysis have been reported for Zr-complexes which are

very much similar to 81 [106]. Complex 81 has been found

to be active at broad range of temperature and, also, is

more active than a vast range of other Ti-complexes.

Catalyst 81 made achievable the hydroamination of most

challenging substrates such as the selective formation of

azepane. Catalyst 81 was found active for various substi-

tuted piperidines and primary amines but inactive for other

secondary amines. Synthesis of complex 81 is simple, one-

step, and high yielding; however, the complete removal of

released diethylamine remains a challenge with this syn-

thesis. It might be deduced that the change of steric bulk of

the ligand and making variation in electron-donating ability

of the ligands (with different substituents on the phenyl

groups and substituting the phenyl ring with a heterocycle)

could give more prominent results for hydroboration

catalysis [106] (Table 5).

Hydroaminoalkylation using Ti-catalysts

High-yielding synthesis of amines is an important area both

because of its economic value as well as application in

medicines, and till now, Ru, Ir, Ti, Zr, catalysts are the

NN
H

N
H

2 + Ti(NMe2)4
NN

H
N

Ti
Me2N NMe2

2

Ether
RT, 15hr

79

Scheme 27 Synthesis of Ti-

complex 79

N N
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N

N
Me
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N

N
Me

Ti
NMe2
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N

N N
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NMe2

Me2N NMe2

80 82 83
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Fig. 22 Ti-complexes 80–83
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Scheme 28 Screening of complex 81 for hydroamination reaction
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major players [95, 105–107]. However, these catalysts are

associated with certain limitations; for example, Zr-catalyst

Ind2TiMe2 predominantly gives branched product by the

reaction of 1-alkenes and secondary amines (N-methy-

laniline) [107–110]. Hydroaminoalkylation reactions of

group IV metals-based complexes are rare and are active

for styrene polymerization, but they produce branched

products instead of desired linear hydroaminoalkylated

products of alkenes which are industrially more important.

Dolfer’s group has utilized 2-aminopyridinato Ti-com-

plexes 82 and 83 to prepare hydroaminoalkylation products

in 55 and 10 % yields, respectively, using in situ generated

complex (10 mol% TiNMe4 and 10 mol% 2-Me ApH, 15 h

stirring at room temperature) followed by the addition of

styrene and N-methylaniline at 105 �C for 96 h in toluene

(Scheme 29) [105]. Its yield was further optimized by

elevating the temperature to 140 �C, and increasing cata-

lyst loading (20 mol%) also enhanced the yield of linear

product. Regioselectivity for linear product is dependent on

the steric bulk of N-alkyl substituent on aniline nitrogen

and optimal regioselectivity was obtained with N-pro-py-

laniline and N-benzylaniline (91:9 for linear product).

Catalysts 82 and 83 are also effective for hydroamino-

alkylation reaction of dialkyl amines with styrene

(Scheme 30). Also, electronic and steric properties of the

substituted styrenes affect the hydroaminoalkylation reac-

tion, para-substituted OMe group prevents hydroamination

reaction, whereas CF3 group enhances the yield of para

product [105] (Table 6).

Conclusion

Immense need for the improved olefin-polymerizing cata-

lysts has attracted extensive research with prime focus

upon group-IV metals and variety of aminopyridinato

ligands. Many and diverse ligand systems have been uti-

lized to prepare variety of Ti-complexes for olefins

homopolymerization and copolymerization. The mainly

focused Ti-aminopyridinato complexes have also been

applied for hydroamination and hydroaminoalkylation

catalysis which provided impressive results. Aminopyridi-

nato/mixed ligands Ti-complexes have also been found

active for polymerrizing 1-octene, 1-hexene and ethylene

norbornene which are generally difficult to polymerize.

Also, many Zr- and Hf-complexes have been designed and

synthesized which generally give lesser catalytic activities,

but Hf-complexes high-molecular-weight polymers. Also,

hafnium mixed-ligand complexes (Ap and Cp ligands)

have shown impressive results for coordinative chain

polymerization (CCTP). Though Ti-complexes have been

much more investigated, Zr- and Hf-complexes are more

stable to air and moisture. Still, it is a challenge to develop

catalysts which would have cost-effective synthesis, very

high activity/selectivity and higher temperature tolerance.

The catalysts developed (with various ligand systems) for

homo- and co-polymerization give moderate to high

activities, but the higher polydisperisities of the resultant

polymers are the crucial problems which could be

rationalized with weaker pyridine metal bond and are still

Table 5 Group-IV catalysts for hydroamination catalysis

Catalyst Yield (%)a(HA:HAA)

81 86 (1:0)

Ti(NMe2)4 50 (9:1)

Zr(NMe2)4 27 (1:0)

Hf(NMe2)4 2 (1:0)

HA hydroamination, HAA hydroamination alkylation
a Yield determined by proton NMR

NH
R2

R1
+

Ph   83 (10 mol % )

N
R1 R2

Ph
H

N
H

Ph
R1

R2

+
n-hexane, 140 oC

96 hr

Scheme 29 Hydroaminoalkylation of styrene

N
H

Ph +
R 83 (10 mol %)

H
N R

N
H

R
R1

+
n-hexane, 140 oC

96 hr

Ph

Scheme 30 Hydroaminoalkylation of various alkenes

Table 6 Hydroaminoalkylation of alkenes

Catalyst Substrate Product Condition Yield % 
1 

NH2

Ph Ph

N
H

Rt 
12 hrs 

93 

2 
NH2

Ph Ph

NH

60 oC 
4 hrs 

94 

3 
NH2

Ph Ph

NH

Ph Ph 110 oC 
80 hrs 

89 
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unresolved. In addition, catalytic activities of these group-

IV metal-based amido complexes are not high enough

which may be connected to the poor complex stability,

primarily in the presence of aluminum alkyl (even in tra-

ces) that breaks the metal ligands bond to insert itself.

Suitable changes in the ligand to fine-tune the electronic

and steric properties could be critical since electron-do-

nating groups on the ligand decrease the catalytic activity

and increase the polymer chain length; thus, electron-

withdrawing groups could enhance the polymer chain

length. Mixed-ligand complexes such as aminopyridinato

and phenolato ligands-based catalysts could be synthesized

and utilized for olefin polymerization. Ti-complexes have

also been found useful for the activation of small mole-

cules. This could be proposed that metal–ligand nitrogen

(M–N bond) strengthening could stabilize the catalysts

against traces of Al-Alkyls and that might be possible

through optimization of N-containing ligand systems.

Furthermore, stability of these complexes against moisture

and air should also be investigated.
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