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1. Introduction 

The development of single-site catalysts has led to great potentialities for fine-

tuning the microstructure of polyolefins and polydienes.  Both regioselectivity and 

stereoselectivity of the polymerization can be controlled, together with the growth of 

well-defined branches onto the macromolecular backbone. Various types of 

microstructures and architectures are now reachable, particularly under conditions 

where a living polymerization is occurring, i.e. one molecule of catalyst leads to the 

growth of only one macromolecular chain (Scheme 1a). In order notably to reduce the 

consumption of highly expensive transition metal based catalysts and to control the 

molecular weight of the polymer, strategies enabling the growth of several 

macromolecular chains per catalyst, such as Coordinative Chain Transfer 

Polymerization (CCTP), have been developed.
1-8 

CCTP involves the use of a single 

transition metal based catalyst and a chain transfer agent (CTA), usually in the form of a 

main group metal alkyl. In this case, the growing macromolecular chain is able to 

transfer from the catalyst (active species) to the chain transfer agent, which is usually 

considered as a dormant species in the course of the polymerization, via transalkylation. 

CCTP is thus a degenerative group transfer polymerization, i.e. a process involving a 

dynamical equilibrium between propagating and dormant species (Scheme 1b). In 

contrast with a classical living polymerization where each molecule of catalyst affords 

the growth of a single polymer chain (Scheme 1a), chain transfer from the catalyst to the 

CTA allows the growth of several polymer chains per catalyst molecule (Scheme 1b). 

The transfer has to be rapid vs. propagation, reversible, and other chain termination 

pathways, such as βH abstraction, must not occur, or occur in a negligible way. Narrow 

molecular weight distributions are obtained, and the macromolecular chains are end-

capped with the chain transfer metal, enabling further functionalization based on the 
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chemistry of the main group metal. This can be viewed, as proposed by Gibson
2
 and 

Kempe
5
, as a metal complex catalyzed Aufbaureaktion.

9
  If the chain transfer 

efficiency
10

 is high, i.e. most of the alkyl groups are involved in the transmetalation, the 

polymer appears to be growing on the main-group metal alkyl. These latter reactions 

involving fast and reversible transfer together with high transfer efficiencies and the 

non-occurrence of other chain termination pathways (i.e. CCTP with quantitative 

transfer efficiency vs. CTA) are conceptually close to controlled radical 

polymerization.
11

 They were given the name of Catalyzed Chain Growth (CCG).
2
 Note 

that this should not be confused with catalytic chain growth referring to metal-catalyzed 

olefin insertion into a growing alkyl chain. CCG reactions are interesting in terms of 

atom economy but also for the synthesis of block copolymers starting from the resulting 

polymer. For block copolymer synthesis, the chain transfer efficiency must be 

quantitative because, upon addition of the second monomer, the residual main group 

metal alkyls can lead to the growth of a homopolymer chain of the second monomer, 

resulting in a blend of block copolymer and homopolymer requiring purification work-

up in order to recover the block copolymer pure. 

In addition to the transfer efficiency, the ratio between the chain transfer agent and 

the catalyst is also a parameter of importance. Indeed, the higher this ratio and the 

higher the transfer efficiency, the higher the number of chains that can be grown per 

expensive catalyst molecules. This can be considered as a catalyst economy.   

CCTP and CCG reactions thus afford a controlled polymerization in the absence of 

termination pathways other than chain transfer to the CTA which is of particular interest 

for monomers such as ethylene that are scarcely polymerizable via anionic or radical 

polymerizations. The coordination of the monomer on the transition metal in the course 

of the polymerization gives access to a stereoselective polymerization. This is of 
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particular interest for monomers, such as olefins and dienes (e.g. 1,4-trans 

stereoselective polymerization of 1,3 conjugated dienes, syndiospecific polymerization 

of propylene, styrene, etc…), as the stereoselective character cannot be achieved by 

classical living polymerizations (i.e. anionic and controlled radical polymerizations). 

Early CCTP studies were motivated by the beneficial effect that can be expected in 

terms of catalyst economy, control over the molecular weight and end-functionalization 

of the resulting polymer. Studies conducted in the recent years were in turn oriented 

toward catalytic systems for CCTP able to finely control the microstructure and the 

architecture of the polymer, in order to access to original macromolecular enchainments 

exhibiting new properties. In a cutting-edge study, Arriola and coworkers reported the 

straightforward synthesis of a new class of thermoplastic elastomers.
3
 Multi-block 

ethylene/1-octene copolymers with sequential crystallizable (low 1-octene content) and 

non-crystallizable (high 1-octene content) statistical copolymer segments were 

synthesized via chain shuttling copolymerization (Scheme 2). Such an original 

microstructure results from the simultaneous presence in the reactive medium of chains 

growing on two different catalysts and of a chain transfer or chain shuttling agent. The 

co-monomer reactivity ratios are different for the two catalysts, leading to ethylene-rich 

and 1-octene-rich segments. The chains are able to growth in a sequential way on the 

two different catalysts via transfer to the chain shuttling agent. This concept referred to 

as Chain Shuttling Polymerization (CSP) has been highlighted in numerous perspective 

articles.
12

 

The present review will be devoted to CCTP with a focus on the factors enabling 

decreased occurrence of termination pathways other than transfer to the CTA such as 

βH abstraction and on the new concepts that can be derived for the control of the 

microstructure and the architecture of the resulting polymers. End-functionalizations 
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will not be dealt with, and interested readers are invited to consult other reviews on this 

subject.
13

 We will discuss the CCTP of single monomers, including ethylene, propylene 

and higher 1-alkenes, styrene and conjugated dienes. A particular emphasis will be 

given to the microstructure. As the CCTP of ethylene has been reviewed in 2007,
5
 we 

will focus on the work published after this period and briefly present the main earlier 

studies. We will further present the application of CCTP to statistical copolymerizations 

and the resulting new concepts that have been derived.
14

 The last part of this article will 

be devoted to chain shuttling polymerizations, including a brief discussion of the 

properties of the resulting polymers showing unprecedented microstructure and 

architecture. 

 

2. Coordinative chain transfer polymerization of single monomers 

2.1. Ethylene 

 The CCTP of ethylene has been reviewed in 2007.
5
 We thus present in this 

section a brief overview of the field, together with the studies published in the period 

2007-2012. The different pre-catalysts used for ethylene CCTP are presented in Figure 

1. Chain growth on a main group metal was first shown to proceed via a stepwise 

insertion of ethylene into the Al-C bonds at high temperature and pressure.
9
 Catalyzed 

versions of this reaction were proposed under smoother conditions with transition 

metals and rare earths using aluminum,
15-27

 zinc
2;28-31

 and magnesium alkyls
1
 as chain 

transfer agents. 

 The polyethylene chain transfer reaction using a main group metal and a 

transition metal based catalyst have been described in the patent literature to occur with 

AlEt3 as the chain transfer agent and activated hafnocenes
15

 leading to Schulz-Flory 

distributions of aluminium alkyl chains. Actinidocenes
16

 gave in turn rise to Poisson 
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distributions under similar conditions, but the transfer efficiency cannot be calculated 

using the reported data. Using the samarocene precatalyst 1a combined with 

dialkylmagnesium at 80 ºC and 1.01 bar ethylene, Mortreux et al.
1
 obtained with a 

100% efficiency long chain dialkylmagnesium Grignard type reagents with a narrow 

polydispersity (Scheme 3). The resulting narrow polymer molecular weight distribution 

was found to be described by a Poisson distribution. The analogous neodymocene and 

yttrocene complexes 1b and 1c, were found to behave similarly. It should be noted that 

chain transfer reactions were later observed between the neodymocene 1b and 

aluminum using an equimolar mixture of BuLi and AlH
i
Bu2 as co-catalyst, with the 

simultaneous occurrence of βH abstraction.26 

 Aminopyridine yttrium compounds were used by Kempe et al. for the ethylene 

CCTP between organoyttrium cations derived from 2 and aluminum 

(tetraisobutylaluminoxane) using 5 bar of ethylene pressure (Scheme 4).
21

 The stability 

of organoyttrium cations at 80 ºC allowed the synthesis of relatively long-chain Al-

terminated polyethylenes (Mn up to 4000 gmol
-1

) with a narrow molecular weight 

distribution (DM < 1.1). At higher temperatures (100 ºC), polymers with molecular 

weights up to 15600 gmol
-1

 could be obtained at the expense of the dispersity (DM ≈ 

1.4). This effect was caused by the increase in the solution viscosity and consequent 

polymer precipitation. More recently, a series of amidinate supported organoyttrium 

cations derived from 3 allowed, at 80 ºC and in combination with an excess of 

homoleptic trialkylaluminum compounds (AlR3, R = Et, 
i
Bu, n-Oct), a highly controlled 

ethylene CCTP, producing Al terminated polyethylenes (Mn up to 4200 gmol
-1

).
24

 

The chromium (III) precatalyst 4, when activated with B(C6F5)3, and in 

combination with methylaluminoxane (MAO) in toluene (Al/Cr = 1000, 23 ºC, 1.01 bar 

ethylene) produced low molecular weight ethylene oligomers.
17,18

 Despite the low 
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polymerization temperatures, no precipitation was observed. In the presence of 415 

equiv. of Al2Me6 in addition to the 1000 equiv. MAO, the GCMS (gas chromatography 

– mass spectroscopy) chromatogram revealed a shift in the distribution in favour of 

shorter alkanes which was accompanied by an overall activity decrease as well. This 

slower rate of ethylene consumption was explained by the formation of bridging species 

(Scheme 5), similar to binuclear neodymium-magnesium complexes initially suggested 

to account for the same behaviour upon increasing the Mg/Nd ratio in Mortreux’s 

studies.
1a

 Using the neutral chromium allyl 5 without any activator, the polymerization 

of ethylene proceeded with a rapid precipitation of the polymer in toluene, at room 

temperature and 1.11 bar of ethylene pressure.
19

 In the presence of AlEt3, the activity of 

the system decreased, and the resulting polymers were shorter (up to 500 gmol
-1

), 

indicating transmetalation reactions to the aluminum centre (Scheme 6). Similar results 

were observed using [Cp*Cr(C6F5)(Bn)(THF)] (Bn = benzyl) 6, in combination with an 

excess of AlEt3.
20

 

 Gibson and coworkers used the bis(imino)pyridine iron(II) dichloride complex 7 

in combination with MAO as cocatalyst and diethylzinc as chain transfer agent.
2,28

 This 

catalytic system allowed the first Catalyzed polyethylene Chain Growth on zinc 

(Scheme 7). The polymerizations were performed under much smoother conditions than 

those using rare-earth pre-catalysts, i.e., 1.0 bar of ethylene pressure at room 

temperature, affording molecular weights up to 3000 gmol
-1

 in transmetalation 

conditions. A detailed examination of the factors enabling this iron CCG led the authors 

to propose the key features for this process: i) relatively low steric hindrance around the 

zinc centre; ii) the monomeric nature of ZnEt2 in solution; iii) the relatively weak Zn-C 

bond; and iv) a reasonably close match in Zn-C and Fe-C bond strengths. Concerning i), 

a direct correlation between the size of the ligand on the main group metal and the 
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extent of the observed chain transfer to the CTA was noticed. Additionally, the data 

showed that the CTA having a monomeric nature in solution are more active. Relatively 

to iii) and iv), a fine balance between these factors was needed to generate a catalyst 

latent state which is stable, yet highly reactive. A later study proved these findings to be 

relevant.
29

 

 The methyl monocyclopentadienyl amidinate hafnium complex 8 in combination 

with a borate activator was found to be an efficient catalytic system for the CCTP of 

ethylene in the presence of various molar amounts of ZnR2 (R = Et or 
i
Pr; 20-200 

equiv.) in toluene at 25 ºC under ≈ 1.34 bar of ethylene pressure, producing 

polyethylene with molecular weights up to 670 gmol
-1

 (Scheme 8).
30

 Besides the non-

occurrence of chain termination by β-hydrogen transfer, the reversible transfer and 

living character of these reactions was supported by a kinetic study by GC, which 

revealed a narrow Poisson distribution.  

 A hafnium pyridyl-amide catalyst 9 was assessed for ethylene CCTP in 

combination with AlOct3 as CTA.
23

 Fairly constant polymer yields were obtained with 

increasing quantities of CTA. The dispersity values were lower than 2, and decreased 

monotonically with the addition of CTA. Concerning the chain transfer efficiency, less 

than half of the available Al sites were occupied by polymer chains. This indicated that 

polymeryl-polymeryl exchange is kinetically competitive with polymer-alkyl exchange 

in this system. 

 A series of new aminopyridinato ligand stabilized hafnium complexes were also 

assessed for ethylene polymerization.
25

 The catalyst giving the highest level of control, 

10, in the presence of high amounts of AlEt3, produces linear aluminum-terminated 

polyethylene without significant β-H abstraction. However, this first study showed that 
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the transfer was relatively slow in relation to chain growth which leads to a lack of 

control over the molecular weight distribution.  

The reversible chain transfer to Al in ethylene polymerization catalyzed by 

Cp*2ZrCl2 11 / MAO was also studied via comparison of the polymerization in the 

presence and absence of AlMe3 contained in commercial MAO.
27

 The molecular weight 

distributions of the products were found to be narrower in the presence of AlMe3 at low 

Al/Zr ratios. Dispersities of about 1.3 or lower were attainable at temperatures up to 70 

ºC. A fast to moderate reversible chain transfer between Cp*2ZrR
+
 and AlMe3 was 

suggested in order to explain the decrease of the dispersity. 

 

2.2.  Propylene  

Many of the pre-catalysts reported to afford chain transfer in the course of propylene 

polymerization are based on Zr.
32-39

 The first true CCTP of propylene was achieved 

recently by Sita and coworkers.
40

  

The influence of aluminum alkyl on the chain transfer polymerization of propylene 

was carried out in the presence of zirconium catalyst precursors (Figure 2, rac-

ethylenebis(indenyl)-zirconium dichloride 12, rac-dimethylenebis(indenyl)zirconium 

dichloride 13b and isopropylidene(cyclopendadienyl)(9-fluorenyl)zirconium dichloride 

14) in combination with triphenylcarbenium tetrakis(pentafluorophenyl)borate 

(Ph3CB(C6F5)4 or trityl borate) and AlEt3 or Al
i
Bu3.

36
 In the isospecific polymerization 

with 12 and 13b, the molecular weight of the resulting polymer was found to decrease 

with an increase in the molar ratio of AlEt3 vs. Zr catalyst. An effect of the Al
i
Bu3 

concentration on molecular weight was in turn not observed. The considerably higher 

chain transfer efficiency of linear alkyl groups vs. isobutyl groups was also observed by 

Gibson et al. in the course of the polymerization of ethylene using 7 in combination 
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with aluminum alkyls.
2
 The microstructure of the resulting polypropylene was studied 

by 
13

C NMR. An increase in the molar ratio of ethyl end groups (derived from chain 

transfer to AlEt3) to n-propyl end groups (derived from β-hydrogen transfer and 

consecutive insertion of propylene into the metal hydride) was observed with increase 

in the AlEt3/Zr molar ratio. Al
i
Bu3 was in turn found to lead to chain transfer when the 

polymerization was conducted with 14, but its chain transfer efficiency remained lower 

than that observed using AlEt3, confirming the aforementioned trend on linear vs. n-

propyl alkyl groups. The relative constants of chain transfer to aluminum alkyl vs. chain 

propagation ktr/kp were found to be 5 times higher for AlEt3 vs. Al
i
Bu3 in the course of 

the syndiospecific polymerization of propylene using 14 and (Ph3CB(C6F5)4). 

The aforementioned βH abstraction occurring using 13b could be suppressed using 

MAO containing AlMe3 instead of trityl borate / AlR3 as co-catalyst, and performing 

the reaction at low temperature (10 °C).
35

 It was shown that the relative frequencies of 

chain terminations via both β-hydride and β-methyl transfer reactions gradually 

decrease with the decrease of polymerization temperature. 

Propylene polymerization was also conducted using [3
.1

-tert-

butyl(dimethylfluorenylsilyl)amido]dimethyltitanium 15 combined with B(C6F5)3 or 

MAO as cocatalyst in the presence of various trialkylaluminum CTA (AlMe3, AlEt3, 

Al
i
Bu3 and AlOct3).

41
 Living polymerization was afforded at -50 ºC with B(C6F5)3  as 

cocatalyst and using AlEt3 as CTA, giving Al-terminated polymers. AlOct3 could act as 

an efficient CTA for high loadings only, while AlMe3 and Al
i
Bu3 produced only 

oligomers. When MAO was used as cocatalyst, the temperature needed to be increased 

to 40 ºC to observe a chain growth transfer which in this case strongly depends on the 

structure and electronic properties of the substituents on the CTA, which obviously 

must affect at least the rate of the first transfer step. 
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The isospecific zirconocene catalyst Me2Si(2-Me-4-
t
Bu-C5H2)2ZrCl2 16 was also 

used in combination with trimethylaluminum and MAO, and chain transfer of the 

growing polypropylene chains to aluminum was thus observed.
32

 The polymerizations 

were carried out in the presence of an excess of MAO ([Al]:[Zr] = 2000:1) to give 

highly stereoregular (95-99 % [mmmm]) and regioregular (100 % 1,2-insertions) 

polypropylene with DPn (number-average degree of polymerization) in the range 80-

150. 
13

C NMR studies of these polymers showed high contents of isopropyl end chains, 

proving that the growing polymer chains are transferred from Zr to Al. Using an excess 

of AlMe3 in addition to MAO (AlMe3:[Zr] ≈ 500-5000:1) generated even shorter 

polymer chains, as expected in a chain transfer mechanism (Scheme 9), and the activity 

was increased.  

The zirconocene catalyst 17 was used by Rieger et al. in combination with MAO 

or trityl borate in order to study the influence of reversible chain transfer in the 

polypropylene microstructure.
33

 When MAO was used, transmetalation reactions 

between the catalyst and the aluminum centre were observed, together with a change in 

the stereoselectivity of the reaction. The authors proposed that the reversible chain 

transfer to aluminum is involved in the stereoerror formation. As a consequence, a pallet 

of materials with crystalline and amorphous segments could be synthesized, allowing to 

envisage applications in terms of microstructure control. Using several techniques, such 

as NMR, differential scanning calorimetry (DSC), wide angle X-ray scattering (WAXS) 

and scanning force microscopy (SFM), the distribution of stereoerrors along the 

polymer chain could be identified. Using MAO, a statistical polymer was obtained with 

increasing amounts of longer isotactic sequences with crystallizable blocks consisting of 

23-32 monomers in isotactic sequences, which co-crystallized in different lamellae 
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phases. Better activities were obtained using oxygen-substituted asymmetric 

zirconocene dichlorides.
42

 

If chain transfer can play a role over the stereoselectivity of the reaction, the 

regioselectivity of the insertion of propylene can in turn influence the occurrence of 

chain transfer. Busico and coworkers
43

 observed that occasional regio-irregular 2,l 

insertions occurring in the course of the isotactic polymerization of propylene using 12a 

and 13a combined to MAO practically inhibit chain transfer to the monomer and to the 

aluminum alkyl cocatalyst.  

 The first true CCTP of propylene was reported by Sita et al. using ZnEt2 as CTA 

and the hafnium catalyst 8 (Figure 1).
30;40

 NMR spectroscopy shows that chain 

termination pathways other than chain transfer to the CTA do not occur in the course of 

the polymerization. An efficient reversible chain transfer (Scheme 10) was evidenced by 

(i) a strictly linear relationship between molecular weights and the initial molar 

equivalents of main-group metal alkyl, and (ii) the narrow molecular weight 

distributions of all isolated polypropylene products. Higher molecular weights could be 

obtained in the presence of 5 and 10 equiv. ZnEt2 using larger volumes of toluene and 

longer reaction times (atactic polypropylene is soluble under these conditions). This 

contrasts with polyethylene, where the polymer precipitation begins to occur for 

molecular weights around 2000 g/mol.
1,21 

Recently, Sita et al. extended the catalytic system to the 8/ZnEt2/AlR3 (R = 

ethyl, n-propyl, isobutyl) combination.
44

 The CCTP of propylene using 

trialkylaluminum as the single chain transfer agent showed similar results when 

compared to those obtained with diethylzinc. When both are used together, 

trialkylaluminium plays the role of the CTA and diethylzinc acts as a chain transfer 

mediator, enhancing the rate of the transfer reaction between catalyst 8 and the 
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aluminum alkyl (Scheme 11). Attempts to scale up the CCTP in volume were 

successfully accomplished using 10 mol% of diethylzinc (relatively to tri-

isobutylaluminum) in toluene under smooth conditions (20 ºC, 1.34 bar) to produce 

atactic polypropylene with narrow molecular weight distributions. One key of this 

system is the possibility to use less of the more expensive Zn alkyl to get the same 

results. 

 

2.3. Higher 1-alkenes 

The application of CCTP to higher 1-alkenes is a rather emerging field. Using 

Cp*HfMe2[N(Et)C(Me)N(Et)] 8 as pre-catalyst and a borate activator 

[PhNHMe2][B(C6F5)4], in combination with ZnEt2, Sita et al. reported the CCTP of 1-

hexene in toluene at -10 ºC giving high yields of atactic poly(1-hexene) (Scheme 12).
30

 

The molecular weights were found to be dependent on the initial molar equivalents of 

the main-group metal alkyl employed as CTA. A kinetic analysis confirmed the living 

character of the reaction. 

Carpentier and Mortreux reported the use of the neodymium complexes [rac-

{Me2Si(η5
-2-SiMe3-4-t-Bu-C5H2)2}Nd(μ-Cl)2Li(THF)2] 18a, [rac-{Me2Si(η5

-2,4-

(SiMe3)2(C5H2)2}Nd(μ-Cl)2Li-(THF)2] 18b and [{Me2Si(η5
-2,4-(SiMe3)2C5H2)(η5

-3,4-

(SiMe3)2C5H2)}Nd(μ-Cl)2Li-(THF)2] 18c, in combination with a dialkylmagnesium 

cocatalyst for the polymerization of 1-octene (Scheme 13).
45

 Even if molecular weights 

decreased in the presence of higher amounts of dialkylmagnesium, the experimental 

molecular weights of the oligooctenes obtained are lower than the theoretical ones 

calculated assuming two growing chains per magnesium atom, suggesting significant 

βH abstraction. This assumption was confirmed by NMR analyses. 
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2.4. Styrene 

 The most commonly used CTA for styrene CCTP are based on magnesium
4;46-52

 

and aluminum alkyls.
53-54

 One of the problems associated with styrene CCTP is the 

need for high temperatures that leads to the occurrence of radical polymerization. For 

example, the chlorolanthanidocene 1b/ dialkyl magnesium system allowed when 

applied to styrene the simultaneous occurrence of radical and coordination 

polymerization (T = 105 ºC, Scheme 14).
46

 In the presence of n-butylethylmagnesium or 

n,s-dibutylmagnesium alone, styrene polymerization proceeded via thermal self-

initiation, but was accompanied by a reversible transfer to dialkylmagnesium to yield in 

turn oligostyrylmagnesium species. MALDI-TOF (Matrix Assisted Laser 

Desorption/Ionization - Time of Flight mass spectroscopy) analyses indicated the 

presence of ethyl and butyl headgroups, consistent with the transfer process. 

When combined with dialkylmagnesium, cerium (IV) alkoxides 19 and 20 

(Figure 3) oligomerized styrene at high temperature (105 ºC), providing chain transfer 

reactions to magnesium as evidenced by the decrease of molecular weights with the 

increase of Mg/Ce ratios.
47

 Transmetalation efficiencies were in the range 32-79 % and 

the authors proposed the existence of two concomitant pathways which enable styrene 

polymerization: (a) radical polymerization initiated by free radicals generated from the 

redox-active metal precursors (being this the major pathway) and (b) coordination / 

insertion polymerization based on in situ produced Ce(III)- and/or Ce(IV)-alkyl species. 

Using systems based on lanthanide trisborohydride complexes 21 the problem 

associated with high temperatures could be overcome since these catalysts are active in 

mild conditions for reactions times where the auto-initiated radical polymerization of 

styrene is nearly inexistant.
48,52

 Ln(BH4)3(THF)3 (Ln = Nd, La) afforded the transfer 
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polymerization of styrene with substantial transfer efficiencies and good yields, but with 

the simultaneous occurrence of βH  abstraction (Scheme 15). The occurrence of this 

undesirable termination pathway could further be overcome with a 

pentamethylcyclopentadienyl ligand in the coordination sphere of the rare earth metal. 

The electron donating ability of this latter ligand leads to a higher electron density 

around the metal centre that may disfavor agostic interactions. This may lead to less βH 

abstraction. The catalytic systems Cp*Ln(BH4)2(THF)2 22 / n-butylethylmagnesium (Ln 

= Nd, La) afforded, in this frame, the first example of a polystyrene CCG
4,52

 (Scheme 

16) by allowing (i) all alkyl groups to be involved in the chain transfer and (ii) a living 

character as evidenced by a continued chain growth after a second addition of monomer. 

The reaction was further found to be 85% syndioselective. Based on steric 

considerations, an analogy was drawn between lanthanidocene catalyzed polyethylene 

chain growth on magnesium and half-lanthanidocene catalyzed polystyrene chain 

growth on magnesium considering an interaction between the rare earth centre and the 

aromatic ring (Scheme 17). It was also evidenced that lanthanum based complexes lead 

to less βH abstraction than neodymium based complexes in the course of the 

polymerization of styrene. This may be attributed to steric considerations but also to the 

lower Lewis acidity of lanthanum vs. neodymium that may lead to a lesser extent of 

agostic interactions, and thus to a decrease of βH abstraction. The polymerization of 

styrene using LaCl3(THF)3 in combination with magnesium dialkyl was found to occur 

without βH abstraction in the presence of 1 to several equiv. magnesium dialkyl, and the 

quantitative transfer efficiency observed allowed to conclude that a CCG reaction is 

occurring using the latter combination. Other CCTPs of styrene reported in the literature 

were found to occur with lower chain transfer efficiencies. Syndioselective polystyrene 

CCTP to magnesium was reported by Carpentier et al. using an ansa-
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chloroneodymocene dimer, [(Cp-CMe2-Flu)Nd(μ-Cl)]2 23, combined to di-n-butyl and 

diallylmagnesium at 60 ºC (1-100 equiv. vs. Nd).
49

 Substantial decrease of the number 

average molecular weight with the amount of magnesium compound is observed, with 

yields of isolated polymers lower than 20%. The experimental values of molecular 

weights were found to be systematically higher than those calculated, reflecting a 

modest initiation together with a modest transfer efficiency (1-7%). The latter could be 

substantially increased using the neutral allyl neodymocene 24, highlighting 

interestingly a highly syndioselective and efficient CCTP (Scheme 18). Carpentier and 

coworkers also reported the first isoselective CCTP of styrene using the bis-indenyl 

yttrium pre-catalyst 25 combined to magnesium dialkyl, with dispersity in the range 

1.4-1.8 and high transfer efficiency in certain cases (Scheme 18).
50-51

 It is noteworthy 

that the growth of more than 200 macromolecular chains per yttrium centre can be 

achieved. 

Catalysts based on titanium leading to the syndiospecific polymerization of 

styrene were also been reported for CCTP.
53

 Using Ti(OEt)4 26 and CpTiCl3 27 with 

MAO combined with AlMe3, the weight average molecular weight decreased almost 

linearly with increasing amounts of the CTA. A very sharp decrease of the molecular 

weights was in turn observed by the addition of even moderate amounts of Al
i
Bu3. This 

was explained by the propensity of the CTA to prevent from β-hydride abstraction. A 

13
C NMR analysis of the polymer end-groups showed that the occurrence of β-hydride 

abstraction tends to decrease with the amount of AlMe3 introduced, and disappeared 

when Al
i
Bu3 was used as a chain transfer agent. Chain termination occurred exclusively 

by transfer to the aluminum centre in the latter case (Scheme 19). The transfer 

efficiency can unfortunately not be calculated from the reported values. It is noteworthy 

that this study reported the first example of a highly syndiospecific CCTP of styrene. 
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Syndiospecific styrene CCTP was also reported using Cp*Ti(OMe)3 28 / 

[C6H5N(CH3)2H][B(C6F5)4] combined to triethyl-, tri-n-propyl and tri-

isobutylaluminum.54 Substantial decreases of the weight average molecular weight with 

the amount of trialkylaluminium were reported. The transfer efficiency could be 

classified in the following order: AlEt3 > Aln-Pr3 > Al
i
Bu3. However, it is not possible 

to quantify the amount of aluminum end-capped syndiotactic polystyrene chains from 

the reported data. 

 

2.5. Conjugated dienes 

CCTP of conjugated dienes was mainly reported to be 1,4-cis stereoselective.
55-61

 

The transmetalation of a growing polydiene chain could be accompanied by a decrease 

of the 1,4-cis selectivity of the reaction. Rare earth trichloride adducts and versatate 

were among the most studied precatalysts in the presence of aluminum and zinc based 

chain transfer agents. The chain transfer efficiency was only moderate with these 

systems (2 – 14 %). A major drawback was the simultaneous change of polymerization 

rates, as observed by Friebe et al. for the ternary system neodymium versatate 29 

(Figure 4) / ethylaluminum sesquichloride / aluminum alkyl.
56,58

 This system allowed a 

reversible exchange of the living polybutadiene chains between neodymium and 

aluminum, however, the polymerization rate was highly decreased in transfer 

conditions. 

 The impact of aluminum alkyl on the polymerization kinetics and on the control 

of molecular weights was further studied using di-isobutyl aluminumhydride and tri-

isobutylaluminum (Al
i
Bu3).

58
 The difference between these two aluminum compounds 

in terms of transfer efficiency was significant. AlH
i
Bu2 was eight times more effective 

than Al
i
Bu3, and the substitution probability of Al-H was approximately 22-fold higher 
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that of Al-isobutyl (transfer efficiency for AlH
i
Bu2 = 10-14 % and for Al

i
Bu3 = 1-2 %). 

This great difference reflects the importance of Al-based cocatalysts with Al-H 

moieties. The differences between their respective reaction rates and the equilibrium 

positions are schematically presented in Scheme 20. Although AlH
i
Bu2 exhibited higher 

transfer efficiency than Al
i
Bu3, only one third of the total amount of AlH

i
Bu2 was 

involved in the molecular weight control. This feature was further explained by the 

possible aggregation of AlH
i
Bu2, which could form trimers. 

Diethyl zinc was added to the previous ternary system (neodymium versatate / 

ethylaluminum sesquichloride / AlH
i
Bu2).

60
 On the one hand, the addition of ZnEt2 did 

not change the living nature of the polymerization and had limited impact on the 

polymerization rate. On the other hand, ZnEt2 did not only reduce the molecular weight, 

but lead also to a reduction of the dispersities. However, a decrease of the 1,4-cis 

content was observed, as it was already observed for AlH
i
Bu2, from 94 to 84% with 

increasing quantities of diethylzinc up to 30 equiv. vs. Nd in the presence of 20 equiv. 

AlH
i
Bu2. The influence of Al

i
Bu3 on the stereoselectivity was unfortunately not 

reported. In terms of molar mass control efficiencies, one can establish the following 

trend: AlH
i
Bu2 > ZnEt2 > Al

i
Bu3. 

The neodymium versatate 29 was also recently used in combination with 

dimethylchlorosilane (Me2SiCl2) and di-isobutylaluminum hydride for the CCTP of 

isoprene.
62

 The authors found out that only one third of the hydride moieties participates 

in the formation of the new polymer chains at a [Al-H]/[Nd] = 20, as already observed 

by Friebe.
58

 Since termination reactions are negligible using this system, a chain-end 

functionalization was performed by introducing carbon dioxide to the polymerization 

solution. After treatment of the resulting polymer, FTIR spectra showed the presence of 

the carboxylic acid, but quantification informations were not reported. 
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Chain transfer between neodymium and aluminum in the course of the 

polymerization of isoprene was also reported using 30 in combination with 

Al
i
Bu3/[Ph3C][B(C6F5)4]. This resulted in a broadening of the molecular weight 

distribution of the resulting 1,4-cis enriched polyisoprene.
63

 A ternary catalytic system 

composed of Nd(Oi-Pr)3 31a, [HNMe2Ph]
+
[B(C6F5)4]

-
 and Al

i
Bu3 also showed a 

decrease of molecular weights and a broadening of the dispersity in the presence of 

larger amounts of aluminum, together with a modest transfer efficiency (2-3%).
64

 The 

polymers were highly 1,4-cis with dispersities between 2-3. The optimal composition 

for this catalytic system was found to be [borate]/[Nd] = 1 and [Al]/[Nd] = 30. Chain 

transfer between neodymium and aluminum was also observed using Nd(2,6-di-tert-

butyl-OC6H3)3 32 combined with various amount of MAO and MMAO, yielding non-

stereoregular polyisoprenes.
65

 The neodymium isopropoxyde 31a was also used in 

combination with Me2SiCl2 and di-isobutyl aluminum hydride for the CCTP of 

isoprene.
66

 Quantitative yields together with dispersities in the range 1.2-1.5 were 

reported. Transfer efficiencies up to 12-14% were obtained, together with molecular 

weight up to 30 000 g/mol. It should be noted here that the molecular weight values of 

polyisoprene have to be divided by a factor of ca. 2 to get the true Mn, as polystyrene 

standards were used for the measurements of the Mn by size exclusion 

chromatography.
67-69

 This leads to transfer efficiencies as high as 24-28%, which are 

among the highest reported in the literature using aluminium based chain transfer 

agents. The living character of the CCTP was confirmed by a second isoprene feed, and 

the formation of polyisoprene-block-poly(ε-caprolactone) copolymers.  

The cationic borohydrido lanthanide complex [Nd(BH4)2(THF)5]
+
[B(C6F5)4]

-
, 

was found to be highly active towards isoprene polymerization upon activation with 

Al
i
Bu3.

70
 The in situ prepared ternary system Nd(BH4)3(THF)3 21 / 
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[HNMe2Ph][B(C6F5)4] / Al
i
Bu3 was less active but affords a higher cis-selectivity and a 

better control in terms of macromolecular data (Scheme 21). The amount of cocatalyst 

was found to be directly related to the selectivity and the molecular weight control. In 

the presence of a large excess of cocatalyst, lower molecular weights were obtained, 

showing transfer reactions between Nd and Al and confirming the role of Al as transfer 

agent; however the transfer efficiencies were quite low (4 – 6 %). The dispersity values 

remained narrow indicating a rapid exchange between Al and Nd, but with loss of both 

selectivity and activity. 

Isoprene CCTP was also reported using aminophenyl functionalized 

cyclopentadienyl rare-earth metal allyl mediated cationic systems ((C5Me4-C6H4-o-

NMe2)Gd(η3
-C3H5)2) 33 by Hou, Cui et al.

71
 The obtained polymers were found to be 

highly 1,4-cis regular, and a transmetalation between gadolinium and aluminum was 

observed with transfer efficiencies between 6-8 %.  

 If CCTP of 1,3 dienes is well documented for 1,4-cis stereoselective reactions, 

few examples were reported in the case of 1,4-trans stereoselectivity. A brief 

description of 1,4-trans stereoselective chain transfer oligomerization of butadiene was 

reported using Nd(O-2,6-t-Bu2-4-Me-Ph)3 combined to dihexylmagnesium (Mn 1100 

g/mol, 5 equiv. CTA).
72

 The first 1,4-trans stereospecific CCTP of isoprene was 

reported recently.
69,73

 A series of lanthanum and neodymium complexes 

(Ln(BH4)3(THF)3 21, Cp*Ln(BH4)2(THF)2 22, LaCl3(THF)3, NdCl3(THF)3, Ln(O
i
Pr)3 

31 and Nd(OC6H3-
t
Bu2-2,6)3) 32) were assessed for the CCTP of isoprene in 

combination with n-butylethylmagnesium.
69

 Among these catalysts, rare earth 

borohydrides were found to be the most efficient for isoprene CCTP. Lanthanum and 

neodymium trisborohydrides led to chain transfer efficiencies in the range 50 - 60%, 

while the half-lanthanidocenes led to chain transfer efficiencies close to 100%, 
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highlighting the first example of a polyisoprene CCG (Scheme 22a).  The 

polymerization activity was found to be higher for lanthanum vs. neodymium based 

catalysts. Lanthanum and neodymium chloride, isopropoxide and aryloxide were found 

to be poorly active under the same experimental conditions. One feature of these CCTP 

reactions is the fact that transmetalation was accompanied by a change in the selectivity 

of the reaction. Using increasing quantities of magnesium dialkyl, a gradual decrease of 

the 1,4-trans stereoselectivity of the reaction was observed at the benefit of 3,4-

selectivity. This is particularly interesting regarding the work that would be required for 

the synthesis of the different catalysts able to lead to the same array of polyisoprenic 

materials by classical coordination/insertion polymerization. The higher quantities of 

3,4 enchainments was proposed to be attributed to (i) steric hindrance induced by the 

presence of dialkyl or di-isoprenyl magnesium in excess, hindering the η4
 coordination 

mode of isoprene and leading to a η2
 coordination mode of the monomer and/or (ii) the 

propensity of magnesium-isoprene adducts to oligomerize isoprene in a 3,4-selective 

process.
74

 Inspired by the earlier work of Yasuda,
74

 it was shown that nBuMgEt was 

able to oligomerize isoprene without any additional transition metal based catalyst. The 

isoprenyl magnesium moieties formed in the course of a CCTP can thus no longer be 

considered as a dormant species, as usually accepted for a chain transfer agent metal – 

polymeryl moieties in the course of a CCTP. The reaction was thus considered to 

operate under a similar process to chain shuttling polymerization, however without the 

intervention of a third chain shuttling agent component. This is represented in Scheme 

23. The overall approach was extended to the CCTP of a natural conjugated diene from 

the terpene family, myrcene, using Nd(BH4)3(THF)3 in combination with n-

butylethylmagnesium.
75

 Similar trends were observed, i.e. a high transfer efficiency 

together with a modification of the regioselectivity of the polymerization of myrcene 
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from 1,4-cis to 3,4. n-Butylethylmagnesium was also found to oligomerize myrcene in a 

3,4 regioselective manner over long reaction times. 

With the objective to preserve the 1,4-trans stereoselectivity along the chain 

transfer polymerization of isoprene, several CTAs based on aluminum, zinc and boron 

were assessed in combination with the active species derived from Cp*La(BH4)2(THF)2 

22b / 1 equiv. nBuMgEt that lead to the 1,4-trans stereoselectivity. Boron and zinc 

alkyls were found to be inefficient for the chain transfer polymerization. AlEt3 and 

Al
i
Bu3 lead to a transmetalation of the growing polymer chain, with efficiencies in the 

range 22-26% per aluminum atom. A similar behavior was observed using AlH
i
Bu2, 

with an efficiency of 19%. The catalyst was found to be poorly active using AlEt2Cl. It 

is noteworthy that using AlEt3, Al
i
Bu3 and AlH

i
Bu2 the polymerization remained 1,4-

trans stereospecific (96-98%, Scheme 22b), highlighting the first example of a 1,4-trans 

stereospecific CCTP of isoprene. It was proposed that the less pronounced ionic 

character of the metal-carbon bond in alkylaluminum vs. alkylmagnesium compounds 

does not allow to disturb the La – Mg bimetallic active species leading to the 1,4-trans 

stereoselectivity. 

 The rac-[{Me2C(Ind)2}Y(1,3-(SiMe3)2-C3H3)] 25 catalyst was used by 

Carpentier et al. to polymerize isoprene, either as a single-site component catalyst or in 

combination with a CTA.
77

 Using ZnEt2 or Al
i
Bu3, the CCTP of isoprene was achieved 

while maintaining a 1,4-trans stereoselectivity (87-90%). When Mg
n
Bu2 was used, the 

1,4-trans stereoselectivity gradually decreased with increasing quantities of this CTA at 

the expense of a 3,4-regioselectivity (1,4-trans: 53-78%), as already observed in the 

aforementioned studies. 

 Chain transfer within the course of a 3,4-selective polymerization of isoprene is 

rare. Modest chain transfer efficiencies were reported using nonmetallocene rare earth 
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metal bis(alkyl) by Cui et al.
76

 The scandium complex [(NPN
Ph

)Sc-(CH2SiMe3)2(THF)] 

(NPN
Ph

: N(Ph)PPh2=NC6H2Me3-2,4,6) 34 in combination with [PhNHMe2][B(C6F5)4] 

and Al
i
Bu3 provides high activity and 3,4-selectivity towards isoprene polymerization 

(up to 94.7 % at -40 ºC, Scheme 24). Interestingly, when increasing the [Al]/[Sc] ratio, a 

higher activity was observed, followed by a decrease of the molecular weights 

suggesting the occurrence of chain transfer reactions in the course of polymerization. 

 

 

3. Statistical Coordinative Chain Transfer co-Polymerizations (CCTcoP) 

 In a statistical Coordinative Chain Transfer co-Polymerization (CCTcoP) one 

catalyst and one chain transfer agent are used to afford a statistical copolymer (Scheme 

25). Chain transfer reactions in the course of copolymerizations have been assessed 

mainly for ethylene-based materials using transition metal catalysts in combination with 

alkylaluminum or alkylzinc CTAs. 

 The first synthesis of a poly(ethylene-co-comonomer) using the CCTP approach 

is reported for the copolymerization of ethylene with allylbenzene using rac-

ethylenebis(indenyl) zirconium dichloride 12a (Figure 2)/ MAO at 80 ºC in toluene at a 

constant ethylene pressure of 1.2 bar.
78

 The comonomer incorporation could be 

increased until 20 % changing the initial feed of allylbenzene. On the basis of end group 

analysis by NMR and the decrease of molecular weight of copolymers with the 

introduction of increasing amounts of trimethylaluminum, it was revealed that chain 

transfer to aluminum was the preferred chain transfer reaction during the 

copolymerization (dispersity 1.6 - 4.1). Chain termination through aluminum transfer 

was suggested to be induced by the allylbenzene unit incorporated in the propagating 

chain end. The introduction of increasing amounts of AlMe3 in the reaction medium did 
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not induce substantial changes of the allylbenzene incorporation in the copolymer. A 

complementary study using catalysts 35 (Figure 5) and 11 (Figure 1) has also been 

performed in order to infer about possible mechanisms.
79

 The catalysts structures were 

directly related to their ability to undergo β-H abstraction during the copolymerization. 

β-H abstraction was observed using Cp2ZrCl2 and (n-BuCp)2ZrCl2, while using (2-

MeInd)2ZrCl2 and Cp*2ZrCl2 chain transfer to aluminum was the preferred mechanism. 

This behaviour was rationalized in terms of the chain conformation for β-agostic 

interaction which is believed by many authors to stabilize the metal centre and favor β-

H abstraction.
80-83

 

 CCTcoP of ethylene (60 ºC, 1.5 bar) and propylene (50 ºC, 1.5 bar) with long-

chain amide and amine functional alkenes (Scheme 26) was assessed in the presence of 

the rac-ethylenebis(1-indenyl)zirconium dichloride 12a and rac-dimethylsilylbis(2-

methylindenyl)zirconium dichloride) 13b zirconocenes / MAO systems.
84

 The 

incorporation of the amide comonomer changed slightly with the amount of cocatalyst, 

remaining in the 0.24-1.3 mol % range with ethylene and in the 0.04-0.96 mol % range 

with propylene. The predominant end groups observed in 
13

C NMR spectra were 

saturated linear and isobutyl chain ends for ethylene and propylene copolymers, 

respectively, showing the chain transfer to the aluminum centre. 

 More hindered zirconocenes complexes, rac-dimethylsilylbis(2-methyl-4-

phenyl-1-indenyl) zirconium dichloride 36a and rac-dimethylsilylbis(2-isopropyl-4-

[3,5-dimethylphenyl] indenyl)zirconium dichloride) 36b were used for the CCTcoP of 

ethylene with propylene in combination with MAO (70 ºC, 1.5 – 5.0 bar).
85

 The most 

common termination pathway was chain transfer to aluminum for both catalysts, with 

however the occurrence of other chain termination reactions. Using 36a, βH transfer to 
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the monomer and to the metal were observed, while using the more hindered 36b leads 

to the occurrence of βH and β-methyl transfer to the metal. 

 The CCTcoP of ethylene with 1-alkenes was reported using pyridylamide Hf 9 

and bis(phenoxy- imine) Zr 37 catalysts used for chain shuttling copolymerization.
3;22-23

 

It is noteworthy that more than 200 growing chains per transition metal are observed in 

the presence of excess ZnEt2 as chain transfer agent for the former, and more than 2000 

for the latter. 37 combined to ZnEt2 led furthermore to linear Mn vs. yield plots 

indicative of CCTP. Ethylene/1-hexene copolymerization experiments conducted using 

9 and AlOct3 as CTA
23

 led to 13-16% 1-hexene in the copolymer. They were quenched 

with D2O after varied reaction times. A detailed deuterium labelling study revealed that 

chain transfer to aluminum is the dominant termination mechanism under these 

conditions. Interestingly, 
2
H and 

13
C NMR experiments indicated that chain transfer 

from 9 to AlOct3 occurs significantly faster after an ethylene insertion than after a 

hexene insertion. 

 Using {Cp*Hf(Me)[N(Et)C(Me)N(Et)]}[B(C6F5)4] (Cp* = η5
-C5Me5) or 

{Cp*Hf(Me)-[N(Et)C(Me)N(Et)]}[B(C6F5)3Me] 8 in combination with diethylzinc 

affords the CCTcoP of ethylene with α-olefins (1-hexene and 1-octene) and α,ω-

nonconjugated dienes (1,5-hexadiene) in toluene at 50 ºC.
30

 The decrease of molecular 

weights with increasing quantities of chain transfer agent evidenced the chain transfer 

reactions. The ethylene content in the copolymer remains unchanged, around 82-84%.  

 Polymer chain transfer in the course of norbornene / ethylene copolymerizations 

has been reported using the catalytic systems Me2C(Ind)(Cp)ZrCl2 38 / MAO or rac-

C2H4(2-
t
BuMe2SiO-Ind)2ZrCl2 12b / MAO in combination with aluminum or zinc alkyls 

(AlR3 or ZnR2, R = Me or Et).
86

  The resulting decrease of the molecular weights of 

norbornene-ethylene copolymers indicates that the growing polymeric chains are able to 
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transfer from the Zr catalyst to the Al or Zn centres by alkyl-polymeryl exchange. It is 

noteworthy that the norbornene content is increased by a factor of ca. 4 upon addition of 

modest amounts of chain transfer agent, but decreased to about one-third of its initial 

value when the chain transfer agent was added in larger excess. The use of Al
i
Bu3 as 

potential chain transfer agent led in turn to an increase of the molecular weight. The 

mononuclear, tricoordinate geometry of Al
i
Bu3 enforced by its bulky alkyl ligands leads 

in the presence of trimethylaluminum to the formation of mixed species, which can 

form stable dimers with bridging Me groups (Scheme 27).87 These latter species are 

probably too bulky to react with catalytically active alkyl zirconocene cations, 

explaining the increase in molecular weight observed.  

 The changes in comonomer incorporation with the amount of chain transfer 

agent are particularly interesting, especially if a more controlled character can be 

obtained. The CCTcoP of isoprene, styrene and hexene was studied in this frame using 

lanthanide based pre-catalysts in combination with magnesium or aluminum alkyls 

(Scheme 28).
73,88-89

 A series of lanthanum and neodymium borohydrido complexes, 

comprising the trisborohydrides Nd(BH4)3(THF)3 and La(BH4)3(THF)3 21 and the half-

lanthanidocenes Cp*Nd(BH4)2(THF)2 and Cp*La(BH4)2(THF)2 22, have been assessed 

for the CCTcoP of isoprene and styrene in the presence of butylethylmagnesium as 

CTA.
73,88

 For a monomer feed of 50 / 50 of styrene / isoprene, the amount of styrene 

inserted in the copolymer could be increased by a factor of 3.5 using 40 equiv. 

dialkylmagnesium vs. 1 equiv. in combination with 22 and the content of 3,4 isoprene 

units increased from 2 to 55 % at the expense of the 1,4 trans-selectivity. In addition, 

the number-average molecular weight of the copolymers decreased from 45200 to 3300 

g.mol
-1

, highlighting the occurrence of a transmetalation of the growing polymer chains. 

The resulting molecular weights were monomodal in all cases and the dispersities were 
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in the range 1.3 to 2.2 for a CCTP conducted in the presence of 2-40 equiv nBuMgEt. 

The comonomer content and the percentage of 3,4-enchainments increase gradually 

with the amount of CTA introduced for the half-lanthanidocenes 22, highlighting 

attractive potential for microstructure control via CCTcoP. Concerning the metal nature, 

lanthanum affords narrower molecular weight distributions than neodymium, and the 

change in regioselectivity is less pronounced using the lanthanum trisborohydride 21b. 

It should also be noted that the half-lanthanidocenes 22 afford higher activities under 

CCTcoP conditions than the trisborohydrides 21.  

 Cp*La(BH4)2(THF)2 / 1 equiv. nBuMgEt in the presence of aluminum-based 

chain transfer agents allowed CCTcoP while maintaining the 1,4-trans stereoselectivity 

of the polymerization of isoprene (Scheme 28b). From the molecular weight values, it 

could be concluded that transfer reactions were occurring in the presence of aluminum 

alkyls, however, the transfer efficiency is again less significant than that observed using 

nBuMgEt as CTA, as already observed in the case of isoprene CCTP.
69

 The styrene 

incorporation is increased by a factor of 1.5 in the presence of aluminium based CTA 

with respect to the run without CTA. 

 The increasing quantities of 3,4-enchainments observed when nBuMgEt is used 

in excess can be explained on the same basis as that observed in the course of the 

homopolymerization of isoprene, i.e. (i) steric hindrance induced by the presence of 

magnesium dialkyl or di-isoprenyl and (ii) the ability of magnesium alkyls to 

oligomerize isoprene in a 3,4-regioselective manner. (i) could lead to sterically hindered 

associated species where the 4
 coordination mode of isoprene would be inhibited, 

leading to a 2
 coordination mode of the monomer. This hypothesis has also been also 

advanced by other authors.
90-94

 (ii) implies in turn a chain-shuttling like 

copolymerization, as discussed previously. The 1,4-trans stereoselectivity observed in 
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the presence of 1 equiv. nBuMgEt and excess aluminum alkyls may be attributed to a 

lower ionic nature of the metal-carbon bond in aluminum alkyls vs. magnesium alkys. 

The former may indeed not be able to disrupt the 1,4-trans stereospecific bimetallic 

active species formed using 1 equiv. nBuMgEt in combination with the borohydrido 

rare earth.  

 The observed change in the apparent reactivity ratio and comonomer content in 

the copolymer in the presence of excess magnesium alkyls has been attributed to two 

alternative pathways:  

i) A magnesium induced co-oligomerization of isoprene and styrene, leading to higher 

styrene content in the co-oligomer than that obtained using the Cp*La(BH4)2(THF)2 / 

nBuMgEt combination.
88

 Magnesium-based CTA may thus no longer be considered as 

dormant species, as observed for isoprene polymerizations.
69

 A kind of chain shuttling 

could be therefore operating between the rare earth and the magnesium-based catalysts 

in the course of the CCTP of isoprene and styrene, as represented in Scheme 29. 

ii) A steric effect, considering the change in regioselectivity. In this case, styrene may 

be able to compete more efficiently during the coordination step to the lanthanide centre 

with a 2
 coordinated isoprene monomer vs. a 4

 coordinated isoprene monomer. 

 When aluminum alkyls are used as CTA the situation is different since 

aluminum species (i) are not able to co-oligomerize isoprene and styrene when used 

alone,
88  

and (ii)
 
as observed and discussed for isoprene CCTP, they do not disturb in an 

important manner the Mg-La active species. As a consequence, the quantity of styrene 

inserted in the copolymer increases only slightly, and the 1,4-trans stereoselectivity of 

the polymerization of isoprene is maintained as CCTcoP is operating. 

 From these results, CCTcoP can be viewed as a new concept for the control over 

the comonomer apparent relative reactivity in the course of a statistical 
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copolymerization, and as a consequence for the control of the microstructure of the 

resulting copolymers. The Cp*La(BH4)2(THF)2 22b / n-butylethylmagnesium catalytic 

system was applied to the coordinative chain transfer polymerization of styrene and 

hexene (Scheme 28c).
89

 Copolymers with number-molecular weights up to 7600 g/mol 

were obtained with dispersities around 1.4-1.5. The concept could be successfully 

extended, as chain transfer induced an increase of the amount of hexene inserted in the 

copolymer by a factor 3 when increasing the quantity of nBuMgEt from 1 equiv. (8.6% 

hexene in the copolymer) to 10 equiv. (23.2% hexene in the copolymer). Finally, it is 

also noteworthy that this study reports the first example of a rare-earth-mediated 

copolymerization of styrene and hexene. 

 Changes in apparent comonomer relative reactivity / incorporation with the 

nature of the chain transfer agent have also been reported in the course of the 

copolymerization of ethylene with polar monomers such as 10-undecen-1-ol, 5-hexen-1-

ol and 3-buten-1-ol using vanadium(III) catalysts bearing bidentate [N,O] ligands.
95

 

Various alkylaluminums, such as Al
i
Bu3, AlEt3, AlMe3 and diethyl aluminum chloride 

were employed and the catalytic activity and monomer incorporation of the resulting 

copolymers were found to increase in the order: Al
i
Bu3 < AlEt3 < AlMe3 < diethyl 

aluminum chloride, in accordance with their increasing Lewis acidities. The activity of 

39 (Figure 5) was gradually improved with higher Al/V molar ratios (1000-4000) while 

the comonomer incorporation was found to be independent of the catalyst concentration 

under these experimental conditions. Chain transfer to aluminum was observed as the 

molecular weights of the polymers decreased with increasing quantities of 

alkylaluminum compounds. Moreover, the 
13

C NMR spectra did not show any traces of 

terminal vinyl signals. The highest incorporation of 10-undecene-1-ol (13.9 mol%) was 
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obtained for a functional α-olefin charge of 0.5 mol/L; however, the activity of 39 was 

considerably decreased.  

 From these works, it can be seen that CCTcoP enables a control over both the 

regioselectivity of the reaction and the comonomer apparent relative reactivity / 

composition of the copolymer and can be viewed as a simple and convenient tool for 

tuning the microstructure of statistical copolymers.  
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4. Chain Shuttling Polymerization (CSP) 

4.1. CSP combined to Chain Walking Polymerization 

 Besides statistical polymerizations, the chain shuttling approach was also 

applied to homopolymerizations. The synthesis of novel linear-hyperbranched 

multiblock polyethylene was reported via chain shuttling polymerization using 40 

(Figure 6) and 12a in combination with MAO and ZnEt2 as a chain shuttling agent.
96

 

The α-diimine Ni(II) bromide catalyst 40 produces branched polyethylene in the 

presence of MAO via chain walking polymerization,
97

 while the ansa-ethylenebis(1-5
 

indenyl) Zr chloride catalyst 12a produces linear polyethylene. Linear-hyperbranched 

multiblock polyethylene is formed as a result of the statistical exchange of the growing 

polymer chains between the two catalysts yielding polyethylene with different 

architecture via the chain shuttling agent, as represented in Scheme 30. 

 

4.2. CSP between enantiopure catalysts in a racemic mixture 

 Busico and coworkers smartly extended the CSP concept to the synthesis of 

isotactic stereoblock polypropylene using a racemic mixture of 9 in combination with 

MAO containing AlMe3 as the chain transfer agent.
98

 Isotactic stereoblock 

polypropylene (Scheme 31) is formed as a result of the statistical exchange of the 

growing polymer chains between the two active centres of opposite chirality via the 

chain shuttling agent. The chain shuttling was evidenced by the fact that, when single 

enantiomers were used, the stereoblock structure could not be observed. The synthesis 

of stereoblock polypropylene was also reported using Zr based catalysts
99

 16 and 41 

leading to isotactic and syndiotactic polypropylene, respectively. 
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4.3. Chain shuttling copolymerizations 

 In a cutting-edge study, Arriola and coworkers reported the straightforward 

synthesis of a new class of thermoplastic elastomers.
3
 Multi-block ethylene / 1-octene 

copolymers with sequential crystallizable (low 1-octene content) and non-crystallizable 

(low ethylene content) statistical copolymer segments were synthesized via chain 

shuttling copolymerization (Scheme 2).  Such an original microstructure results from 

the simultaneous presence in the reactive medium of chains growing on two different 

catalysts and of a chain transfer or chain shuttling agent. Pyridylamide Hf (9) and 

bis(phenoxy- imine) Zr  (37) complexes combined to ZnEt2 as chain shuttling agent 

have been selected for this purpose using high-throughput experiments. The co-

monomers reactivity ratios are different for the two catalysts, leading to ethylene-rich 

and 1-octene-rich segments respectively. The chains are able to growth in a sequential 

way on the two different catalysts via transfer to the chain shuttling agent. The transfer 

enables further control over the size and the relative amounts of the blocks are 

controlled by catalyst ratio, leading to shorter blocks as higher amounts of ZnEt2 are 

added in the reactive medium.
100

  

 The copolymers synthesized by Arriola et al. by chain shuttling are composed of 

crystallizable ethylene / 1-octene blocks with low 1-octene content and high melting 

temperature (hard blocks), and amorphous ethylene / 1-octene blocks with high 1-octene 

content and low glass transition temperature (soft blocks). Compared to statistical 

ethylene/1-octene copolymers, the new architecture leads to higher crystallization 

temperatures and rates, higher melting temperatures, and a better organized crystalline 

morphology, together with lower glass transition temperatures.
100;101

 The differences 

between the copolymers obtained by chain shuttling and those obtained by classical 
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statistical copolymerization become progressively more apparent as the total 1-octene 

content increases. 

 9 was also used for ethylene / 1-octene chain shuttling copolymerization in 

combination with Zr and Hf imine-amine catalysts 42-43 and ZnEt2 as chain shuttling 

agent.
102

 For a same feed, the nature of the catalyst enabled to tune the hard block, 

allowing one to make olefin block copolymers with control over melting point, 

crystallinity and solubility. 

 Ethylene / alkene chain shuttling copolymerization was further reported by Sita 

et al. using 8 in combination with two different co-catalysts, the borate 

[PhNHMe2][B(C6F5)4] and the borane B(C6F5)3 and ZnEt2 as chain shuttling agent.
103

 

The reactivity of ethylene and 1-hexene co-monomers vs. a tight and a loose ion pair 

generated in situ was found to be different, allowing a chain shuttling copolymerization 

similar to that reported by Arriola and coworkers
3
 with the use of a single transition 

metal based catalyst and three co-reagents. The inexistence of irreversible chain 

termination reactions together with a kinetic study allows to classify this 

copolymerization as living. Rytter et al. also advanced a possible ethylene / 1-hexene 

chain shuttling copolymerization using 11 and 44 combined to MAO in order to explain 

the presence of ethylene rich and 1-hexene rich blocks in the microstructure of the 

formed copolymers.
104

   

 The scandium based pre-catalysts 45-47 were further used by Hou et al. for the 

styrene-isoprene chain shuttling copolymerization in combination with Al
i
Bu3 as chain 

shuttling agent.
105

 In contrast with the previous chain shuttling copolymerization, a 

multiblock microstructure of pure homopolymers was obtained (Scheme 32). The chain 

shuttling process induces this particular microstructure, as catalyst 45 when used alone 

is known to copolymerize efficiently isoprene and styrene, leading to a mixture of 1,4- 
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and 3,4- polyisoprene microstructure.106 Interestingly, the polymerization remains 

highly regioselective and stereoselective in chain shuttling conditions. Using 45 and 46, 

the multiblock is composed of syndiotactic polystyrene and poly(1,4-cis isoprene), 

while with 45 and 47, poly(3,4-isoprene) blocks are obtained together with syndiotactic 

polystyrene. The styrene / butadiene / isoprene terpolymerization is finally reported, 

affording an unprecedented syndiotactic polystyrene / poly(1,4-cis isoprene) / poly(1,4-

cis butadiene) multiblock microstructure. 

 It is noteworthy that, in order to reach a multiblock microstructure via CSP, the 

transfer rate must not be too fast vs. propagation in order to allow sufficient chain 

growth on each of the catalysts. Fast transfer rates would in turn result in a 

homogeneous microstructure, as observed in isoprene chain shuttling-like 

polymerization promoted by Cp*Ln(BH4)2(THF)2 and n-butylethylmagnesium.
73

 

Kinetic studies
107

 show further that a chain-shuttling rate constant that is too fast can 

alter the active-centre composition in a continuous stirring tank reactor, leading to 

different polymerization behaviour from that in the absence of the chain shuttling agent. 

It is also possible to observe a changing polymerization behaviour when a large amount 

of a chain shuttling agent allowing a moderate transfer rate is used. 

 

5. Concluding comments and perspectives 

 CCTP can be considered as an approach of upmost importance considering the 

extension of the range of new polyolefin materials that can be obtained, using, many 

times, a single pre-catalyst. The versatility of chain transfer polymerization together 

with its ease of use relative to the synthetic effort required for the synthesis of different 

catalysts leading to the same pallet of materials or the difficulties encountered by other 

routes to reach an architecture control in polymerization makes this methodology an 
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attractive and promising field for the future of coordination polymerization. In 

comparison with other controlled polymerization techniques such as anionic or 

controlled radical polymerizations, CCTP can additionally afford a stereoselective 

character to the polymerization, leading to stereoregular polymeric microstructures and 

architectures under living conditions. Moreover, CCTP affords not only control over the 

regio- and stereo-selectivity of polymerizations, but also on the comonomer apparent 

relative reactivity in the course of statistical copolymerizations and thus on the 

composition of statistical copolymers. The combination of two or more CTA is of 

particular interest in this regard, allowing to play on the active species in a subtle 

manner in certain cases. The search for suitable CTA combinations can result in 

interesting and unexpected applications in the field of CCTP. CTA combinations can 

however lead to bulky mixed species that are not prone to induce transmetallation.  

 The search for fruitful precatalyst / CTA couples remains in turn a difficult task, 

owing to the numerous factors governing a synergistic combination. A deeper 

understanding of the factors favouring propagation and transfer vs. βH abstraction may 

certainly help in this regard,
2;29;52

 as well as high throughput techniques.
3
 The different 

metal combinations reported for CCTP in the literature are summarized in Table 1. If 

numerous transition metals and rare earths have been assessed as catalysts, CTAs are 

essentially based on aluminium, magnesium and zinc. The quest for CTAs based on 

other metals may open the way to new findings. A fine tuning of the ligand environment 

around the transition metal is certainly the major factor allowing the reversible process 

at a rate that allows the transfer reaction to occur more rapidly than the propagation, and 

with a total transfer efficiency (CCG reactions). These latter conditions have been 

presently fulfilled essentially using dialkylmagnesium and zinc, but not yet with 

aluminium alkyls; this may be due to the fact that the chain transfer reaction between 
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the transition metal and the aluminum alkyl is sterically more demanding for the three 

aluminium carbon bonds to grow concomitantly, especially at higher levels of 

oligomerization/polymerization. This requirement does not seem to be necessarily a 

prerequisite for industrial applications: this concept has already been claimed in early 

patents related to the synthesis of higher α-olefins or alcohols using catalytic amounts of 

hafniumocene
15

 or actinidocene
16

 based catalysts to provide chain growth on aluminium 

alkyls in the presence of MAO, in which cases Schultz-Flory as well as Poisson 

distributions of the oligomeric chains were obtained, respectively.  

 The nature of the active species in CCTP, with numerous metals – pre-catalyst, 

co-catalyst, CTA in excess – involved, which is surrounded by uncertainties, should be 

discussed. Proposals have been made by several authors to clarify this point. 
1f;2;21;26;108-

109
 The in situ formation of heterobimetallic complexes, [TM](-R)2[MGM] (TM being 

a transition metal or a lanthanide and MGM a main group metal) depending on the co-

catalyst is usually advanced (Scheme 33). The propagating species is in turn supposed 

to be a monometallic [TM]-R alkyl deriving from the dissociation of the 

afforementionned bimetallic complex (Scheme 33). In the presence of three metals, an 

equilibrium between bridged bimetallics like [Fe](-R)2[Zn] and [Fe](-R)2[Al] was 

advanced (Scheme 34). This may also be the case in Chain Shuttling Processes, where 

two metal catalysts interact each on their own side with the same metal-CTA.  

 Most of the efforts have been directed till now toward the quest for suitable 

catalysts/CTA combinations. Progress has certainly to be made in the conception of 

chain transfer agents. The design of chain transfer agents allowing a controlled or 

targeted transfer rate to the transition metal catalyst may, for instance, allow a better 

control over the length of the blocks in multiblock structures. The combination of the 

transalkylation function of the chain transfer agent with an ability to influence the 
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selectivity of the reaction and/or the apparent co-monomer relative reactivity may be 

considered as a new paradigm for tuning (co-)polymer structures and even architectures 

via CCTP. This may take the form of a catalytic activity or an ability to play on the 

steric hindrance around the transition metal active species, among many others 

possibilities. 

 CCG reactions have been reported for various monomers, such as ethylene, 

styrene, and conjugated dienes. One of the challenges remaining is to find catalytic 

systems enabling perfect alkenes CCG, in which case the stereoselectivity has also to be 

addressed. If efficient isotactic and syndiotactic styrene CCTP have been reported, the 

1,4-trans and 1,4-cis stereoselective CCTP of conjugated dienes occur with a modest 

transfer efficiency (2  to 15% and 10 to 26%, respectively). On the other hand, the CCG 

reported for conjugated dienes occurs with a gradual increase of 3,4 enchainments at the 

detriment of 1,4 enchainments. An objective to fulfill is clearly to reach highly 1,4-cis 

and 1,4-trans stereoselective and 3,4 regioselective  and eventually isotactic or 

syndiotactic CCG for conjugated diene polymerizations. Noteworthy is that CCG being 

a process by which all polymer chains are linked to Al, Mg or Zn, further chemistries 

are still going on and may be exploited for the synthesis of chain end functionalized 

polymers via direct functionalization or block copolymerizations with suitable 

comonomers for the synthesis of new diblock copolymers. 

 A promising feature of CCTP lies in CSP. This process involving two catalytic 

sites in a sequential way enables the facile one pot synthesis of multiblock 

microstructures and architectures. Interestingly, these copolymers are now produced on 

an industrial scale since 2006, available as INFUSE
TM

 olefinic block copolymers.
12d

 

The extension of chain shuttling copolymerization to other co-monomers combinations 

may afford the facile synthesis of a great variety of new thermoplastic elastomers.  The 
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one pot synthesis of stereoblock polymers exhibiting a multiblock architecture is also 

very attractive and needs to be extended to other monomers and stereoconfigurations. 

The transposition of the CSP concept to the ring-opening polymerization of cyclic esters 

by Cui and Chen represents a smart example of what can be done.
110
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CTA Cat. Monomers
a 

Transfer efficiency
b 

Copo Ref. 

 

 

 

 

 

 

Al 

Cr E nd - 
17-20 

Fe E Low to High - 
2 

Gd I (cis) Low - 
71 

Hf E, P (atactic & iso) Low to High CSP 
25;44;98 

Nd E, B (cis), I (cis & trans), copo I/S, E/B Low to High IRR 
26;56;58;60;62-70;69;78 

Sc I (3,4), Copo I (cis or 3,4) /S (syndio), I (cis)/ B (cis)/ S(syndio)  Low CSP 
76;105 

Th E High - 
16 

Ti P, S (syndio) Medium to High - 
41;53-54 

V Copo E/-olefin Low  
95 

Y E High - 
21;24 

Zr E, P (iso), Copo E/P, E/H, Et/N, Et/allylbenzene, Et/functional alkene, 

Pr/functional alkene 

Low to High IRR-CSP 
27;32-33;35-36;43;78-

79;84-85;99;104 

 

 

Mg 

Ce S Medium to High - 
47 

La I, S(syndio), Copo S/H, I/S Medium to High-CCG IRR 
4;48;52;73;88-89 

Nd E, O, S (syndio),  I, Myrcene, Copo I/S Medium to High-CCG IRR 
1;4;45-46;48-

49;52;69;75;88 

Sm E High-CCG - 
1 

Y E, S (iso), I High-CCG - 
1;50-51;77 

 

 

 

Zn 

Fe E High-CCG  
2;28-29 

Hf E, P (atactic), H, O, 1,5-hexadiene 

Copo E/-olefin 

Low to High IRR-CSP 
3;30;40-44;103 

Nd B Medium - 
60 

Zr E, Copo E/O, Et/N Low to High IRR-CSP 
3;86;96 

Ni E Low CSP 
96 

Y I (trans) High - 
77 

Pb,Sn Fe E Low - 
2 

Ga Medium to High-CCG 
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Table 1. Metal combinations used for CCTP. 
a
 E=ethylene, P=propylene, H=1-hexene, O=1-octene, S=styrene, B=butadiene, I=isoprene, 

N=norbornene; 
b
 Transfer efficiency rating : low 0-33%, medium 33-66%, high >66%, CCG 100% or close to; 

c
 when copolymerization 

is concerned, CSP=chain shuttling polymerization; IRR=increase in comonomer reactivity ratio 
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Scheme 1. Classical coordinative polymerization (a) vs. Coordinative Chain 

Transfer Polymerization (b) 
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Scheme 2. Chain shuttling copolymerization.
3
 Mi represents transition metals 

allowing propagation, Li  ligands, and CTA the chain transfer or chain shuttling 

agent. 

 

 

Scheme 3. Lanthanide catalyzed polyethylene chain growth on magnesium 

(CCG)
1
; reaction conducted at 80 ºC producing up to 2000 g/mol polyethylene. 

  

CTA

M1

L1

L1

M2

L2

L2

Microstructure 1: Low 1-octene content

Crystallisable

Microstructure 2: Low ethylene content

Non crystallisable

Multiblock microstructures 1-2-1-2

Thermoplastic elastomer
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Scheme 4. Ethylene CCTP using organoyttrium cation derived from 2 and 

Al
i
Bu3

21
; reaction conducted at 80 ºC producing up to 4000 g/mol polyethylene. 

 

 

 

 

Scheme 5. Bridging species that could be formed during the polymerization of 

ethylene using 4 and MAO
17,18

 

 

 

Scheme 6. Ethylene CCTP using catalyst 5 and AlEt3
19

; reaction conducted at 25 

ºC producing up to 500 g/mol polyethylene.  
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Scheme 7. Iron catalyzed polyethylene chain growth on zinc (CCG)
2,28

; reaction 

conducted at room temperature producing up to 3000 g/mol polyethylene. 

 

 

 

Scheme 8. Ethylene CCTP between the catalyst 8 and ZnR2
30

; reaction conducted 

at 25 ºC producing up to 670 g/mol polyethylene. 
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Scheme 9. Propylene CCTP using catalyst 16 and AlMe3;
32

 reaction conducted at 

40 ºC producing up to 2100 g/mol 95-99% [mmmm] polypropylene. 

 

 

 

 

Scheme 10. Propylene CCTP using 8 and ZnEt2;
30,40

 reaction conducted at 0 ºC  

producing up to 33300 g/mol atactic polypropylene with PDI  1.1. 
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Scheme 11. Propylene ternary CCTP using 8 as the active chain-growth initiator, 

AlR3 (R = ethyl, n-propyl, isobutyl) as the chain transfer agent (CTA) and ZnEt2 as 

chain transfer mediator (CTM).
44

 Polymer* represents a growing polymeric chain. 

KpHf and Kt are the rate constants for propagation on the hafnium and reversible 

transfer, respectively. 

 

 

 

Scheme 12. Hexene CCTP using Hf based complex 8 and ZnEt2;
30

 reaction 

conducted at -10 ºC  producing up to 6650 g/mol atactic polyhexene. 
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Scheme 13. Octene polymerization using neodymocenes and dialkylmagnesium 

showing the simultaneous occurrence of β-H elimination.
45

 

 

 

Scheme 14. Polymerization of styrene by chlorolanthanidocene/dialkyl magnesium 

system
46

; S = styrene monomer and R, R’ = Bu and Et. 
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Scheme 15. Styrene polymerization using Ln(BH4)3(THF)3 and nBuMgEt;
48

 

reaction conducted at 50 ºC producing up to 19200 g/mol atactic polystyrene with 

81% chain transfer efficiency; S = styrene monomer. 

 

 

Scheme 16. Half-lanthanidocene catalyzed polystyrene chain growth 

polymerization on magnesium (CCG);
4,52

 reaction conducted at 50 ºC producing 

up to 16000 g/mol 85 % syndiotactic polystyrene with ≈ 100 % chain transfer 

efficiency; R = Bu or Et and S = styrene monomer. 
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Scheme 17. Analogy between lanthanidocene mediated polyethylene CCG and 

half-lanthanidocene mediated polystyrene CCG. 

 

 

 

Scheme 18. Styrene polymerization using the allyl ansa-lanthanidocenes 24 and 25 

and nBuMgBu;
51

 reaction conducted at 80-100 ºC producing syndiotactic or 

isotactic polystyrenes, respectively.  
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Scheme 19. Syndiotactic polystyrene CCTP using titanium complexes and 

AliBu3;
53

  reaction conducted at 60 ºC producing up to 400000 g/mol highly 

syndiotactic polystyrene; S = styrene monomer. 

 

 

 

 

Scheme 20. Transfer reactions with a) AlH
i
Bu2; b) Al

i
Bu3

58
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Scheme 21. Cationic 1,4-cis isoprene polymerization using 21 in combination with 

Al
i
Bu3;

70
 reaction conducted at 20-50 ºC producing up to 120000 g/mol of high cis-

polyisoprene with 4-6% chain transfer efficiency; I = isoprene monomer. 

 

 

Scheme 22. Isoprene CCTP reactions using (a) nBuMgEt and (b) nAl(alkyl)3 or  

nAlH
i
Bu2 as CTA

69,73
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Scheme 23. Chain shuttling-like polymerization of isoprene using lanthanide based 

pre-catalysts and a magnesium dialkyl chain transfer agent able to co-oligomerize 

the monomers.
69,73

 Polymer* represents a growing polymeric chain, M the metal 

allowing propagation, L a ligand, and CTA the chain transfer agent. kpLn,  kpMg 

and kt are the rate constants for propagation on the lanthanide, propagation on 

magnesium and reversible transfer respectively. 

 

 

 

Scheme 24. 3,4 selective polymerization of isoprene using a Sc complex in 

combination with Al
i
Bu3;

76
 reaction conducted at -60-20 ºC; I = isoprene monomer. 
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Scheme 25. Statistical copolymerization, where M = catalyst and CTA = chain 

transfer agent 

 

 

 

 

Scheme 26. Amide and amine functional alkenes. R1-4 = H, alkyl or benzyl. 

 

 

 

 

Scheme 27. Formation of stable dimers with bridging Me groups between AlMe6 

and AliBu3
87 

CTA

+

M1

L1

L1

M1

L1

L1

+   CTA + +
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Scheme 28. Coordinative chain transfer copolymerizations of (a) Styrene and 

isoprene using nBuMgEt as CTA;
73,88

 (b) Styrene and isoprene using 1 equiv. 

nBuMgEt  and Al(alkyl)3 as CTA
73,88

 and (c) Styrene and 1-hexene using nBuMgEt 

as CTA
89
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Scheme 29. Chain shuttling-like copolymerization of isoprene and styrene using  

lanthanide based pre-catalysts and a magnesium dialkyl chain transfer agent able 

to co-oligomerize the monomers.
73,88

 Polymer* represents a growing polymeric 

chain, M the metal allowing propagation, L a ligand, and CTA the chain transfer 

agent. kpLn,  kpMg and kt are the rate constants for propagation on the lanthanide, 

propagation on magnesium and reversible transfer respectively. 

 

 

 

Scheme 30. Ethylene chain shuttling homopolymerization.
96

 Mi represents 

transition metals allowing propagation, Li  ligands, and CTA the chain transfer or 

chain shuttling agent 

M1

L1

L1

CTA

M2

L2

L2

Microstructure 1 – Linear polyethylene

Crystallisable

Microstructure 2 – Hyperbranched polyethylene

Non crystallizable

Multiblock microstructures 1-2-1-2
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Scheme 31. Isotactic stereoblock polypropylene synthesized via chain shuttling 

polymerization
98

 

 

 

Scheme 32. Isoprene / styrene chain shuttling copolymerization leading to a 

multiblock microstructure of stereospecific homopolymers.
105

 Mi represents the 

scandium metal allowing propagation, Li  ligands, and CTA the AliBu3 chain 

transfer or chain shuttling agent. 

 

 

 

 

Scheme 33. Bimetallic active species involved in CCTP. TM represents a transition 

metal, MGM a main group metal, L a ligand and R, R’, R’’ alkyl groups or 

macromolecular chains. 
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Scheme 34. Equilibrium between bridged bimetallics
2
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Figure 1. Pre-catalysts used for ethylene CCTP 
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5 6 87

10 119
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Figure 2. Pre-catalysts used for propylene and higher 1-alkenes CCTP 
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Figure 3. Pre-catalysts used for styrene CCTP 
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Figure 4. Pre-catalysts used for conjugated dienes CCTP 
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Figure 5. Pre-catalysts used for coordinative chain transfer copolymerizations 
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Figure 6. Pre-catalysts used for Chain Shuttling polymerization 
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