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IBrief history of radical polymerization

Conventional Controlled Cutting-edge
1950s - 1960s 1980s - 1990s 2020s - Today
|
i 1st-order kinetics: In Gl\l\:ll]](t)) = kopst State-of-the-art
|

1956 Szwarc

Landmark proposal of - -
living polymerization Living radical
polymerization

Photo-regulated polymerization

Enzyme-catalyzed ATRP

O,-initiation by novel initiators

1982 Otsu 1993 Georges 1995 1998 Rizzardo
Iniferter SFRP (NMP) ATRP & RATRP RAFT
v" Tolerance of H,O/impurities v" Various monomers

v’ Controllable molecular weight v" High degree of polymerization

Colombani, D. Prog. Polym. Sci. 1997, 22, 1649-1720. 5. A5/ 54 2006, 21, 11-14.
Moad, G.; Solomon, D. H. The Chemistry of Radical Polymerization (Elsevier Oxford, ed. 2) 2006, 1-9.




Why & what 1s GTRP? .

; Sequence design: @ e G

Undesired

chain transfer +
| - x\)\/ R AR
Fast

X . Chain propagation U
R L AAAR propag > XW‘ '
a-Olefins C2H4 + CoH, + )\CN /\\\ + A + SOZ

Challenge I: limited degree of Challenge II: precise synthesis
polymerization due to chain transfer of sequence-regulated polymer

By-reaction I: H
Group Transfer Radical Chain transfer X\)\(\/)/\Y/MG . WY/MG
. .- . I o 1-2 0-1
Polymerization (GTRP): Slow /\ /\
R' R? R' R?
. MG
MG X . MG  Group transfer Chain propagation
AT —— = ANy - Y > oy
/\ /\ Fast /\ Fast \
R' R? R' R? R' R? R
. . . A 102
Rational design for switchability: Controllable YR'R*MG

MG: inhibiting chain transfer ’ By-reaction II: = MG (72
cer L . . ) ) ) Undesired selectivity
R1/RZ?: facilitating chain propagation by tuning radical polarity 12 /Y\ co
1 2
Chain length: common ring intermediates R™ Rl y

rearranged unrearranged

Today’s focus: Substrate design & Mechanism insight unit unit

Zhu, C.; et al. Sci. Adv. 2024, 10, eadp7385.



IEarIy researches before GTRP proposal

Sato, 1988-1996 Previous reports Recent progresses
1,5-H migration (1988-2002) (2024-2026)
R' R? . R' R?
\/ X | \/ -
e o ~C Catalyst None, only initiator needed
X vl
R', R? = CN, COOR Oﬁ
R1ZG~R2 Monomer Terminal olefin

"""""""""""""""""""""""""""""""""""""" Migration 15. 1,4- | multi-step

Sato, 1999-2002 position ’ rearrangement

1,5-CN migration CN

{\é/'\ A5 Migration type S el C-C cleavage
Ao\ ASCN © X g J P C-S cleavage 9
. o)
X
or e or SCN _ o
o C Polymer chain Heteroatom-containing Carbon-backbone
CN O
/\OJI\/SCN ‘{\é/'\ JI\/S
O j an Chain lenath Low M.W. (<10,000) Higher M.W. (>40,000)
NP g Low n (<30) Higher n (>100)
SCN o
AAPCEE Relatively non-uniform Uniform (x/y > 20/1)

selectivity

Sato, T.; et al. J. Polym. Sci. Polym. Chem. ED. 1988, 26, 2839-2847. Sato, T.; et al. Macromolecules 1991, 24, 2963-2967. Sato, T.; et al. Eur. Polym. J. 1996, 32, 827-835.
Sato, T.; et al. Macromolecules 1999, 32, 4166-4172. Sato, T.; et al. J. Polym. Sci. A Polym. Chem. 2002, 40, 573-582.
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§ 1,4-Cyano migration

R" R3 AIBN (2 mol%)
- >
Li, 2024 /\KKSCN 1,4-dioxane or THF (2 M)
R2 80 °C, 12 h

1,4-dioxane or THF (2 M) Ethylene Representative examples (2 mmol scale)

|
|
|
|
AIBN (2 mol%) Acrylonitrile S atom :
mo o
|
NN W ¥ USRI cbtaiss oSO
|
|
|
|

M1 o
80 °C, 12 h Me Bn
. Monomer: 2NN N
l X ** _________________________ : Z SCN SCN /\)\SCN
- )
~ . : ~d n
NSC 5 o X N CN : ' Polymer: W + \W + W +
,) g -exo-dig S X\)\/\S. 1,5-CN migration 1
X A : failed ) Con. >95%/92% Con. >95% Con. >95%
_ _ _ Sy 1 M, = 28700/29600 M, = 39000 M, = 19600
int1-1 int1-2 int1-3 ! D = 2.39/2.02 D =193 D =172
I 100 mmol scale
|
| 1CsH F EtOOC,
Key species: cyclic imine radical via 5-exo-dig radical addition I Monomer: SCN SCN
|
_ COOMe F
Innovation: !
. . . . . |
1,4-CN migration instead of 1,5-CN migration . CN  TCsHyq CN CN
) o I Polymer: s w % %
Higher degree of polymerization I - S S
_ o I COOMedn F F COOE
Tolerance of different substitution groups on monomer :
I Con. 86% Con. 61% Con. >92%
I M, = 22400 M, = 17700 M, = 4700
: D=154 D=1.61 D=E13.19

Li, Y.; et al. Angew. Chem. Int. Ed. 2024, 63, €202402511.



1,4-Cyano migration

CN R?
MCN AIBN or TBPA (2 mol%

Zhu, 2024 R®R* 65 or 100 °C, 12 h R3 R4
CN Acrylonitrile carbene I
Initiator (2-4 mol% — _._‘_‘_ I Representative examples (3 mmol scale)
65-100 °C, 12- 24h Ethyl [
M2 ylene | Monomer: M /\)\r MCN
" * ! CN COOMe
* | N Ph
| .
0 , Polymer: ‘[\/'\/\A' M ]
5C R 5-exo- dlg R I COOMe
e » int2-3 : 0 0 0
X | Yield 90% Yield 81% Yleld 70%
: M, = 115000 M, = 73500 M, = 54200
int2-1 int2-2 - - -
R = EDG l 2 /\EWG I 1090— 1.85I D=1.87 D =1.51
[ g scale e .
CN M2-co CN  P2-co | : P
: il : L Zovmal, Sonma
21n S : .0 mmo .U mmo !
int2-4 R EWGEWG Il Eocewe | Monomer: /W WN L conditi PAhBVN @ moi%e),
'+ Condition: mol%),
. Substituted Substituted : ONEt2 COOEt E NMP (02 mL), 75 OC, 24(;,] E
Acrylonitrile carbene  ethylene " CN MG ' CN :
First proposal of “GTRP” concept a0} ! oivmer: i :
) Ethylene Substituted I ymer: n noo 2f
Innovation: ethylene I CONEt, COOEt ; Ph CN !
. . . l . . E . :
C-C cleavage-induced radical migration I Yield 65% Yield 36% : Yield 68% :
o ) ] ! M,, = 69000 M, = 19600 v M, = 32000
Co-polymerization for complex polyolefin-type chain : D=138 D=108 : D=126 ;
I e et c e ccccccccceecee e .
! 9

Zhu, C.; et al. Sci. Adv. 2024, 10, eadp7385.



Dual 1,4-cyano migration

Acrylonitrile Carbene

S atom

Ethylene Ethylene

Li, 2026
SCN AIBN (2 mol%) CN
= > sd =
EtOOC CN M3 THF (2 M) n
60 °C, 24 h EtOOC CN P3
R f
CN CN *
X SCN 4 4cN X SCN 1,4-CN X s
—_— —_—
FOOC CN migration COOEt migration EtOOC CN
int3-1 int3-2 int3-3
Substrate scope (0.7 mmol scale)
SCN R 0
M(\/ SCN F SCN
Monomer: AN z
EtOOC CN F EtOOC CN
CN CN oN s
Polymer: S S ) ]
K CN " R Etood ©N " F FEtooc CN

R= COOEt, Con. >95%, M,, =46900, D =4.49 R'= Me, Con. >95%, M, = 45000, D = 2.47
R= COOMe, Con. >95%, M, = 10600, b = 3.51 R'= Ph, Con. >95%, M,, = 9500, b = 1.66
R=CN, Con. >79%, M,, = 28400, b = 7.32

Li, Y.; et al. Macromolecules 2026, 59, 418-425.

Con. 65%
M, = 8800
b =1.57

LS\/\J‘W
SCN

Ts

N S
Y-

CN
CN .
NC

Y =H, Con. 52%, M,, = 16100, D = 2.26
Y = Me, Con. 56%, M,, = 19000, b = 2.15
Y = Ph, Con. 76%, M, = 33500, D = 4.94

N o e o



IRing Introduction In polymer chain

Zhu, 2025
NC EWG TBPA (4 mol%) +  EWG tolerance (5 mmol scale)
> n ‘
Z N 140 °C, 24 h EWG
M4 l " NC * P4 ; EWG Con.(%) M, D EWG Con.(%) M, o)
* 5 CN 92 29100 1.70
NC EWG EWG ; o n=1 70 22500 1.38
' P(O)(OEt 73 20400 1.19 i
N _ . P(O)OEY), s LN
i int4-4 -
: n=2 44 20300 1.26
1401 NG x| SO,Ph 70 16400 1.12
X 5-exo-trig ‘
. '+ SO,Me 73 20400 1.13
NC, EWG 0 )NJ : o
5-exo-dig : COOEt 67 25000 1.38 n / \
i ; —C— 71 30100 1.36
intd-2 EWE —— EWG | $C-N ©
X x 4.3 i CONEt, 43 23100 1.30
11

Zhu, C.; et al. Angew. Chem. Int. Ed. 2025, 64, e202507557.



Ring introduction in polymer chain

Li, 2025 R Y. Substrate scope (0.4 mmol scale)
)\/Y SCN AIBN (2 mol%)
NN > g R Y R Con(%) M, b
M5 THF (2 M)
80-110 °C, 24 h CN n H 91 12100 1.36

Me >95 21900 1.56

R lx' “

E NTs
' Ph >95 24400 1.70
\ ; COOEt >95 14200 1.96
nts 2 S R :
S X . C(COOEt), COOEt >95 27000 1.42
NCS CN T ints-4
l5-exo-trig Y. E E /\(\/),I]S NN SCN 1,7-diene via E
' ' SR\ - :
NQ) Y. 5-exo-di : 7 6-exo-trig ring
\\ J > NY R : : -I[\—]S A SCN closure failed
S ' e '
int5-2 X int5-3 : : o CN R =CN, COOEt:
E : N\/W C-C cleavage
Y e z faled !

..........................................

Copolymerization attempt

(0.4 mmol scale) Co-monomer M5/co-m. Con.ys5(%) Con.com (%) M, b fus/Teo-m.
M5 Y = NTs, R = COOEt

Aph 11 >95 93 10300 1.81 -
A co0Buy 11 >95 >95 13900 1.59 55/45
A 0Ac 11 >95 <5 9700 1.63 -
@ 11 >95 23 8300 1.84 98/2
1/5 >95 - 4600 1.67 81/19 12

Li, Y.; et al. Macromolecules 2025, 58, 7406-7413.
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1,5-Hydrogen migration

Zhu, 2025
R, R2=EWG s Substituted
R' R2 R'R Ethylene ethylene
o
H 120 °C, 12 h Ethylene
M6 l X' 8 examples

R' R? “

R R2 R R2
) _ H 1, 5 H \)\/\)/
X\/\/\)<H . /\\—/ ; f
int6-1 ranster int6-2
X

Representative examples (4 mmol scale)

NC, COOMe NC, PO(OEt), NG, N O EtOOC COOEt
Monomer: /\/\)( /\/\)4 —/
z H =z H z H = H
NC COOMe NC, PO(OEt), NC H EtOOC COOEt
Polymer: M M \ /
n
Yield 95%/93% Yield 51% Yield 37% Yield 82%
M, = 18600 M, = 4300 M, = 6200 M, = 12200
D =1.96 D =1.62 D=1.37 D=1.62

100 gram scale

14
Zhu, C.; et al. Angew. Chem. Int. Ed. 2025, 64, €202418350.



1,5-Cyano migration

R!R? TBPB (2-4 mol%) M —

120 °C, 12 h P6' " Acrylonitrile Substituted
Mé l N 3 examples ethylene
R' R? *
R1 R2 *CN R1 R2
: — CN 1,5-CN
X\/\/\)QCN = . /\\-/ — X :
int6-1" migration int6-2"
I X
R' R?
N) 1
N : R
6-exo-di Q
. \_//\"/\N J r X R2
Another probable mechanism
X int6
Substrate scope (4 mmol scale) gommEmEmEmmmmmmmmmmmEEEEE )
: EtOOC, Me :
NC Me NC O EtOOC Me ! "
Monomer: /\/\)4 /\/\)<_C /\/\)( 7 \ S :
Z CN = CN = CN i N :
CN  NC Me CN  NC o) CN Et0OC Me . E
Polymer: M M ; MGEtoOC Me !
n n n E M .
: o
Yield 60% Yield 30% Yield 41% ' Yield 11% E
M, = 7500 M, = 4700 M, = 3900 : M, = 3600 :
b =1.32 b=1.22 b =1.32 : b=1.22 E
N e m m m m m m m m m m m m m mmm m memm omm ’ 15

Zhu, C.; et al. Angew. Chem. Int. Ed. 2025, 64, €202418350.



§ Content

2. Key strategies in GTRP

2.3 Smiles rearrangement

16



Smiles rearrangement

Substituted

MG
Zhu, 2025 TBPB (3.6 mol%) ethylene SO,

MG
BEt; (3.0 mol%) _._‘_‘_
/\e%m/\//\\o 3 (o} W/S\j $ G @

DMF (3 M) * , ethylene (7+1 examples)
* m

1
M7 40-60 °C, 24 h 2, /\ (7 examples)

l X.
o, MG
G0, o S . >X\)\@/\éo
\/\H) MG m 2

m

int7-1 int7-2 X

MG tolerance (0.6 mmol scale)
N m = 1, Con. >95%, M, = 82300, b = 1.96 N m = 1, Con. >95%, M, = 58800, D = 1.29
\ n \
s> 3 m = 2, Con. >95%, M, = 91700, B = 1.61 > $ m = 2, Con. >95%, M,, = 49000, D = 1.34 [\>_§ Con. >95%
o) M, = 101800
m=1 BDH=264
N\ m =1, Con. 77%, M, = 45900, B = 1.60 A m = 1, Con. >95%, M, = 168000, D = 1.61
N> 3 m = 2, Con. >95%, M, = 199200, D = 1.63 5 m = 2, Con. 64%, M, = 30300, B = 1.57
M
© < \>—§ Con 94%

m = 1, Con. >95%, M,, = 24500, O = 1.59 m = 1, Con. >95%, M,, = 27400, D = 1.54 = 55300
t — ’ ) n ) — ) ) n ’
Bu——=—+4 m =2, Con. 75%, M, = 13800, =120 P o7 — : m = 2, Con. 58%, M, = 9100, D = 1.29 m_z 9_1.42

17
Zhu, C.; et al. Angew. Chem. Int. Ed. 2025, 64, €202500153.
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Conclusion & Outlook: Switchable GTRP

By-reaction |I:
Group Transfer Radical Chain transfer x\)\M/\Y/ N WY/
Polymerization (GTRP): [ Slow > 1-2/ 0-1

MG
MG X X . MG  Group transfer X Chain propagatlon
AT —m = NN T > >y
"7\ 27\ Fast VAN Fast
R1 R2 R1 R2 R1 R2 R1 R2

Substrate smart design for switchability: Controllable

MG: inhibiting chain transfer By-reaction Il- MG (7
e ) . . . . Undesired selectivity Y
RY/R2: facilitating chain propagation by tuning radical polarity 2N\ co
1 2
Chain length: common ring intermediates R R, y

rearranged unrearranged
unit unit

YR'R2MG

Current status Future prospects

* Reaction: 1,4-CN, 1,5-H/CN, Smiles rearrangement * New reaction: based on small molecules’ chemistry 19
e MG: -CN -H -heteroarvl e MG librarv



ISeminar

Thanks for attention!
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