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or more optional co-monomers. The reaction mixture may be processed after removal from the 

reactor to remove the polyethylene product from the diluent and the unreacted reactants, and the 

diluent and unreacted reactants are typically recycled back into the reactor. Alternatively, the 

reaction mixture may be sent to a second reactor, serially connected to the first reactor, where a 

second polyethylene fraction may be produced. Despite the research efforts in developing catalyst 

systems suitable for olefin polymerization, such as polyethylene or polypropylene polymerization, 

there is still a need to increase the efficiencies of catalyst systems that are capable of producing 

polymer with high molecular weights and a narrow molecular weight distribution. 

[0005] Additionally, there is a need to create catalysts that are capable of chain-shuttling 

technology.  The catalytic production of olefin block copolymers (OBC) is enabled by chain-

shuttling technology.  The catalyst technology involves two catalysts, catalyst 1, the “soft block 

catalyst”, that makes an amorphous poly(ethylene-co-monomer) copolymer, and catalyst 2, the 

“hard block catalyst”, that makes a higher-density copolymer containing far less comonomer than 

the soft block. The growing polymer chain is transferred between the two catalysts with a chain 

shuttling agent (CSA) to make a block copolymer containing alternating hard and soft blocks. The 

properties of such and OBC are improved over blends made of the separate soft and hard blocks.  

SUMMARY 

[0006] There is an ongoing need to create catalyst systems or metal−ligand complex with a 

high selectivity toward ethylene.  Additionally, the metal−ligand complex should have high 

catalyst efficiency, high reactivity (such that the efficiency is greater than 20,000 gram of polymer 

per gram of metal in the catalyst), and a versatile ability to produce polymers with a high or low 

molecular weight at high temperature (such as greater than 140 °C or approximately 190 °C). 

[0007] This disclosure includes a polymerization process.  The polymerization process 

includes polymerizing ethylene and optionally one or more α-olefins in solution in the presence 

of one or more catalyst systems and a chain transfer agent, wherein the catalyst system comprises 

a metal–ligand complex according to formula (I): 
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(I) 

[0007a] In one aspect, the dislosure includes a polymerization process comprising contacting 

ethylene and optionally one or more α-olefins in solution in the presence of one or more catalyst 

systems and a chain transfer agent, wherein the one or more catalyst systems comprises a metal–

ligand complex according to formula (I): 

 

(I) 

where: 

M is scandium, yttrium, or a lanthanide metal having an oxidation state of +3; 

X is a ligand chosen from (C1−C40)hydrocarbyl, 

(C1−C40)heterohydrocarbyl, -CH2Si(RC)3-Q(ORC)Q, 

−Si(RC)3-Q(ORC)Q, -OSi(RC)3-Q(ORC)Q, −CH2Ge(RC)3-Q(ORC)Q, 

−Ge(RC)3-Q(ORC)Q, −P(RC)2-W(ORC)W, −P(O)(RC)2-W(ORC)W, −N(RC)2, −NH(RC), 

−N(Si(RC)3)2, −NRCSi(RC)3, −NHSi(RC)3, −ORC, −SRC, −NO2, −CN, −CF3, 

−OCF3, −S(O)RC, −S(O)2R
C, −OS(O)2R

C, −N=C(RC)2, −N=CH(RC), −N=CH2, 

−N=P(RC)3, −OC(O)RC, −C(O)ORC, −N(RC)C(O)RC, −N(RC)C(O)H, 

−NHC(O)RC, −C(O)N(RC)2, −C(O)NHRC, −C(O)NH2, a halogen, or a hydrogen, 

wherein each RC is independently a substituted or unsubstituted 

(C1−C30)hydrocarbyl, or a substituted or unsubstituted 
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(C1−C30)heterohydrocarbyl, and each Q is 0, 1, 2 or 3 and each W is 0, 1, or 2; 

B(RY)4, Al(RY)4, or Ga(RY)4, wherein each RY is –H, (C1−C30)hydrocarbyl, or 

halogen atom; 

each T is a Lewis Base;  

n is 0, 1, or 2, when n is 1, X and T are optionally linked, when n is 2, X and one of T are 

optionally linked; 

the metal–ligand complex is overall charge-neutral; 

each Z is independently chosen from −O−, −S−, −N(RN)−, or –P(RP)−, wherein the 

dotted line optionally defines a davtive bond; 

R1 and R16 are independently selected from the group consisting of (C1−C40)hydrocarbyl, 

(C1−C40)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, 

−NO2, −CN, −CF3, R
CS(O)−, RCS(O)2−, −N=C(RC)2, R

CC(O)O−, RCOC(O)−, 

RCC(O)N(R)−, (RC)2NC(O)−, or halogen; 

R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, R13, R14, and R15 are independently selected 

from −H, (C1−C40)hydrocarbyl, (C1−C40)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, 

−P(RP)2, −N(RN)2−ORC, −SRC, −NO2, −CN, −CF3, R
CS(O)−, RCS(O)2−, 

(RC)2C=N−, (RC)2P=N−, RCC(O)O−, RCOC(O)−, RCC(O)N(R)−, (RC)2NC(O)−, 

and halogen;  

provided that when M is yttrium or a lanthanide metal, R1 is not –H, phenyl or tert-butyl; 

and R16 is not –H, phenyl or tert-butyl; 

L is (C1−C40)hydrocarbylene or (C1−C40)heterohydrocarbylene; and 

each RC, RP, and RN in formula (I) is independently a (C1−C30)hydrocarbyl, 

(C1−C30)heterohydrocarbyl, or −H. 

[0008] In formula (I), M is scandium, yttrium, lanthanide metal or an actinide metal having 

an oxidation state of +3.  Subscript n of (T)n is 0, 1, or 2, and each T is a Lewis base. X is a ligand 

chosen from (C1−C40)hydrocarbyl, (C1−C40)heterohydrocarbyl, -CH2Si(RC)3-Q(ORC)Q, 

−Si(RC)3-Q(ORC)Q, -OSi(RC)3-Q(ORC)Q, −CH2Ge(RC)3-Q(ORC)Q, −Ge(RC)3-Q(ORC)Q, 

−P(RC)2-W(ORC)W, −P(O)(RC)2-W(ORC)W, −N(RC)2, −NH(RC), −N(Si(RC)3)2, −NRCSi(RC)3, 

−NHSi(RC)3, −ORC, −SRC, −NO2, −CN, −CF3, −OCF3, −S(O)RC, −S(O)2R
C, −OS(O)2R

C, 

−N=C(RC)2, −N=CH(RC), −N=CH2, −N=P(RC)3, −OC(O)RC, −C(O)ORC, −N(RC)C(O)RC, 

−N(RC)C(O)H, −NHC(O)RC, −C(O)N(RC)2, −C(O)NHRC, −C(O)NH2, a halogen, or a hydrogen, 

wherein each RC is independently a substituted or unsubstituted (C1−C30)hydrocarbyl, or a 
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substituted or unsubstituted (C1−C30)heterohydrocarbyl. Subscript Q is 0, 1, 2 or 3 and Subscript 

W is 0, 1, or 2.  When subscript n of (T)n is 1, X and T are optionally connected.  When subscript 

n of (T)n is 2, X and one of the two T groups are optionally connected. The metal–ligand complex 

is overall charge-neutral.  

[0009] In formula (I), R1 and R16 are independently selected from the group consisting of –H, 

(C1−C40)hydrocarbyl, (C1−C40)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, 

−SRC, −NO2, −CN, −CF3, RCS(O)−, RCS(O)2−, −N=C(RC)2, RCC(O)O−, RCOC(O)−, 

RCC(O)N(R)−, (RC)2NC(O)−, halogen, radicals having formula (II), radicals having formula (III), 

and radicals having formula (IV): 

 

(II) 

 

(III) 

 

(IV) 



















































































































 

 

 

60 

 

CLAIMS 

1. A polymerization process comprising contacting ethylene and optionally one or more 

α-olefins in solution in the presence of one or more catalyst systems and a chain transfer agent, 

wherein the one or more catalyst systems comprises a metal–ligand complex according to 

formula (I):  

 

(I) 

where: 

M is scandium, yttrium, or a lanthanide metal having an oxidation state of +3; 

X is a ligand chosen from (C1−C40)hydrocarbyl, 

(C1−C40)heterohydrocarbyl, -CH2Si(RC)3-Q(ORC)Q, 

−Si(RC)3-Q(ORC)Q, -OSi(RC)3-Q(ORC)Q, −CH2Ge(RC)3-Q(ORC)Q, 

−Ge(RC)3-Q(ORC)Q, −P(RC)2-W(ORC)W, −P(O)(RC)2-W(ORC)W, −N(RC)2, −NH(RC), 

−N(Si(RC)3)2, −NRCSi(RC)3, −NHSi(RC)3, −ORC, −SRC, −NO2, −CN, −CF3, 

−OCF3, −S(O)RC, −S(O)2R
C, −OS(O)2R

C, −N=C(RC)2, −N=CH(RC), −N=CH2, 

−N=P(RC)3, −OC(O)RC, −C(O)ORC, −N(RC)C(O)RC, −N(RC)C(O)H, 

−NHC(O)RC, −C(O)N(RC)2, −C(O)NHRC, −C(O)NH2, a halogen, or a hydrogen, 

wherein each RC is independently a substituted or unsubstituted 

(C1−C30)hydrocarbyl, or a substituted or unsubstituted 

(C1−C30)heterohydrocarbyl, and each Q is 0, 1, 2 or 3 and each W is 0, 1, or 2; 

B(RY)4, Al(RY)4, or Ga(RY)4, wherein each RY is –H, (C1−C30)hydrocarbyl, or 

halogen atom; 

each T is a Lewis Base;  

n is 0, 1, or 2, when n is 1, X and T are optionally linked, when n is 2, X and one of T are 

optionally linked; 

the metal–ligand complex is overall charge-neutral; 
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each Z is independently chosen from −O−, −S−, −N(RN)−, or –P(RP)−, wherein the 

dotted line optionally defines a davtive bond; 

R1 and R16 are independently selected from the group consisting of (C1−C40)hydrocarbyl, 

(C1−C40)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, −P(RP)2, −N(RN)2, −ORC, −SRC, 

−NO2, −CN, −CF3, R
CS(O)−, RCS(O)2−, −N=C(RC)2, R

CC(O)O−, RCOC(O)−, 

RCC(O)N(R)−, (RC)2NC(O)−, or halogen; 

R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, R13, R14, and R15 are independently selected 

from −H, (C1−C40)hydrocarbyl, (C1−C40)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, 

−P(RP)2, −N(RN)2−ORC, −SRC, −NO2, −CN, −CF3, R
CS(O)−, RCS(O)2−, 

(RC)2C=N−, (RC)2P=N−, RCC(O)O−, RCOC(O)−, RCC(O)N(R)−, (RC)2NC(O)−, 

and halogen;  

provided that when M is yttrium or a lanthanide metal, R1 is not –H, phenyl or tert-butyl; 

and R16 is not –H, phenyl or tert-butyl; 

L is (C1−C40)hydrocarbylene or (C1−C40)heterohydrocarbylene; and 

each RC, RP, and RN in formula (I) is independently a (C1−C30)hydrocarbyl, 

(C1−C30)heterohydrocarbyl, or −H. 

2. The polymerization process of claim 1, wherein the chain transfer agent is chosen from 

(C1−C40)hydrocarbyl)2Zn, ((C1−C40)hydrocarbyl)3Al, alkylaluminum halide, or modified alkyl 

aluminoxane.  

3. The polymerization process of claim 1 or 2, wherein a co-catalyst is absent from the one 

or more catalyst systems. 

4. The polymerization process of any one of the preceding claims, wherein the chain 

transfer agent is modified methylaluminoxane. 

5.  The polymerization process of any one of claims 1 to 3, wherein the chain transfer agent 

is alkylaluminum dialkyl zinc or a combination. 

6. The polymerization process according to any one of the preceding claims, where R1 and 

R16 are chosen from radicals having formula (II), radicals having formula (III), and radicals 

having formula (IV): 
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(II) 

 

(III) 

 

(IV) 

where each of R31–35, R41–48, and R51–59 is independently chosen from –H, 

(C1−C40)hydrocarbyl, (C1−C40)heterohydrocarbyl, −Si(RC)3, −Ge(RC)3, 

−P(RP)2, −N(RN)2, −ORC, −SRC, −NO2, −CN, −CF3, R
CS(O)−, RCS(O)2−, 

(RC)2C=N−, RCC(O)O−, RCOC(O)−, RCC(O)N(RN)−, (RC)2NC(O)−, or 

halogen. 

7.  The polymerization process according to any one of the preceding claims, wherein at 

least one of R1 and R16 is a radical having formula (III). 

8.  The polymerization process according to claim 7, wherein R42 and R47 are 

(C1−C20)hydrocarbyl, –Si[(C1−C20)hydrocarbyl]3, or –Ge[(C1−C20)hydrocarbyl]3; or R43 and R46 

are (C1−C20)hydrocarbyl, –Si[(C1−C20)hydrocarbyl]3, or –Ge[(C1−C20)hydrocarbyl]3. 

9. The polymerization process according to claims 7 and 8, wherein optionally R42 and R43 

are linked to form a cyclic structure, and optionally R46 and R47 are linked to form a cyclic 

structure. 

10.  The polymerization process according to any one of the preceding claims, wherein at 

least one of R1 and R16 is a radical having formula (II) and R32 and R34 are (C1−C20)hydrocarbyl, 

–Si[(C1−C20)hydrocarbyl]3, or –Ge[(C1−C20)hydrocarbyl]3. 

11.  The polymerization process according to claims 1 to 5, wherein at least one of R1 and R16 

is a radical having formula (IV) and at least two of R52, R53, R55, R57, and R58 are 

(C1−C20)hydrocarbyl, –Si[(C1−C20)hydrocarbyl]3, or –Ge[(C1−C20)hydrocarbyl]3. 

12. The polymerization process according to any one of the preceding claims, wherein R8 

and R9 are methyl. 

13. The polymerization process according to any one of the preceding claims, wherein R6 

and R11 are not –H. 

14.  The polymerization process according to any one of the preceding claims, where L is 

chosen from –CH2−, –CH2(CH2)mCH2− where m is from 0 to 3, –CH2Si(RC)2CH2−, 

−CH2Ge(RC)2CH2−, −CH(CH3)CH2CH*(CH3), and −CH2(phen-1,2-di-yl)CH2−, where each RC 
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in L is (C1−C20)hydrocarbyl, and “C*” is a carbon atom from which a hydrogen atom is removed 

to form a secondary or tertiary alkyl radical. 

15. The polymerization process according to any one of the preceding claims, wherein X is 

−CH2Si[(C1−C20)alkyl]3. 

16  The polymerization process according to any one of the preceding claims, wherein n is 1 

or 2; and at least one T is (C1−C20)heterohydrocarbon, wherein the hetero atom of the 

heterohydrocarbon is oxygen. 

17.  The polymerization process according to any one of the preceding claims, wherein n is 1 

or 2; and at least one T is tetrahydrofuran, diethyl ether, or methyl tert-butyl ether (MTBE). 

18. The polymerization process according to any one of the preceding claims, wherein when 

M is yttrium or a lanthanide metal, at least one of R5−8 is not –H and at least one of R9−12 is not –

H. 

19. The polymerization process according to any one of the preceding claims, wherein the 

one or more catalyst systems further comprises an additive. 
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