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FEAA BRI ATEATEAE B = B ) . Wang G835 T3R5 K
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Fig. 1 The copolymerization of LCTE/CO, by bifunctional porphyrin aluminum catalysts.
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(60 wt%). EALEG. 1,2- M2k, 1,3-IRHE
Fiv L4 R TR, L6-—ROkK. 1,5,7-=8%
XUIR[4.4.0125-5-15(TBD) 7-H3E-1,5,7-=F 4 —
IR[4.4.0]1%5-5-)%(MTBD). FAfL — 23R (AIELCI,
2 mol/L in hexane) %5 4 T % BUF TH B A R 2
A, HEEEA. & PR A T
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T DU SR IR AR, B .
1.2 EI{EE 5k &4
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(DMSO-dg). '"H-NMR 547 7% i€ b2 B ) g DY HY
FEHERE(TMS), 554k 22 A0 #2 (6): CDCl, 7.26
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5 J5 A B O A AT - 6 AT I TE] BT 3 (MALDI-
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IR ACINE , SRR, Pk R 5N I -2-
(3-(4-BUT Fk o Hk) -2- B BE -2 0 R 4 6 T —
(DCTB). ¥ DCTB (20 mg/mL) 1 #£ 5 (1 mg/mL)
P 11 MR LLIR A i e fE A ANEEM |, 2

Br. Br

o
DMF

m-L-4: n=4 p-L-4: n=4 m-L-3: n=3
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N, PLIE B IS K DMF B AR, i NS4k i
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TN 1,4- R T %2 (15.84 mmol, 3.42 g), 50 °C ]
MR8 h R H f5, HARREEH, A
FATVEAR, BEIE NN BT OKEEE, A YL
TR M 20 B (R Jie 100~200 H . BEBR BN &
Hobe: Ak = 3:1, RBLLL), USRS — 0T,
WA TR R OB Y m-Br-d, F=H
4 95%. 'H-NMR (500 MHz, CDCls, ¢): 8.89~8.84
(m, 8H), 8.23~8.20 (m, 6H), 4.19 (t, 2H), 3.52
(t,2H), 2.14 (m, 2H), 2.05 (m,2H), -2.78 (s, 2H).
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Fig. 2 Synthesis route to bifunctional porphyrin aluminum catalysts.



234 HTEAEAE: XU BE RIS AL — SRR 5 R B AR i SR A M 5 245

133 &Y m-L-4 106 %

FE 4 FRELTBD (0.78 mmol, 109.1 mg)
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1.3.4 WAEYIm-4 115K
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T T a8

2 SRS

21 EUEFIENRITSEMK
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LB 1 Al A0 5 TBD 2 [ N &7 5 2% i 7 5
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LRSI R R A YRR B A e 2585 1 Rk
FRIE A AT RE . I, B AL A 4 A0
P B9 2 B R R (R AR TR PR RO 0381, TR ERAT 13
o DA I B AR NN meso ZRIR EIIE, A5[H]
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RIES.
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FE S EZ IR N 5] N TBD 21, /548
A 2 B2 SRASHE B AL 7). T 24 — (CHL),—
FENR Ik meso R IR b A0AL L [BIALFIXT AL, it
G 3 AL R IE 53 il i 8 0-4 m-4 F p-4,
TPPAICUMTBD 1E Ay B A Ak &2, FH K
HhTE] A TG A RN A TR R R A R L R E AN
MALDI-TOF MS AL HL 73 75 B K S1~S18).

UTH fe N IR ER 8 16 77 1) TBD 25 [ F1 42 &
OB [RIAE 55 9 3 100 110 B 25 % 1) A OR8390, 3K
Tl 2 [) PR B b 1) 22 AE R i L PR 1 o A P A
WK 3R, 0-4. m-4Fp-4vh 50 JF 1A%
(1) CH, FERE T FALRE 730008 6=4.02. 4.25 FH
431, TBD b, ckbCH, FEJR FALAALEE 75
NO=1.72 f11.59. 1.91 11.73, LK 2.02~1.79 ,
LI TBD Hi 2 AL B H o-+ m-+ p-hikZe, 1k
AR R B A 0 IRA T e 2 F
WABLET S8, nhmke — AN RSEEfR R, TBD
B TE L B o-BL | p-Or S, TBD. ik 4]
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Fig. 3 Comparison of chemical shifts in bifunctional catalysts by 'H-NMR spectrum.

2.2 LCTE/CO,3tE TR AT O T3 FE E K S19).
T BRAE T RE NN IR EE AL I PERE, B4 # 1, entries 1~4 FRE A5 RERH, WIhhE

£ CO, |k /194 MPay IRENTS CCRIZZME T EHIm-4. o-4. p-4 FIUH 53 5%F BB 2H TPPAICY
1T LCTE/CO, 3L B 5256, JEHLEL T 0-4. m-4. p-  MTBD AL BO/CO, L5 (I Ak 3 P 43 731 9 138
4 F1TPPAICUMTBD 4 Fifi bk REOMEALTERE. 2L 83, 65M121 h! (B 4(a)), FEWEFNE TN
AR S AR BE R LU R 500001, NIEFTEA 97%. 94%-. 73% 1 77% (K 4(b)), HEA4R X
24 h, FEARFEAL R EALFIE M. REWIERME  RREILR RIE AR SR BT = T TPPAICY
AR EE oo & & Il e B R A MTBD, 534 d B TPPAICI 5, MTBD 7£AH ]

Table 1 Copolymerization of LCTE/CO, by bifunctional or binary catalyst systems .

Selectivity ¢ CU content ©

Entry  Cat.  Monomer T (°C) Time (h) Conv." (%) TOF °(h™") M, f (kg/mol) PDIf

(Wt%) (%)

m-4 BO 75 24 66 138 97 >99 27.4 1.21

2 0-4 BO 75 24 40 83 94 >99 21.9 1.20

p-4 BO 75 24 31 65 73 99 12.7 1.20

4¢  TPPAICI BO 75 24 10 21 77 >99 6.2 1.70
5 m-4 HO 75 24 43 90 90 >99 13.7 1.22

6 0-4 HO 75 24 15 31 74 >99 8.9 1.11

7 p-4 HO 75 24 5 10 17 66 ND ND

8¢ TPPAICI HO 75 24 2 4 13 91 ND ND
9 m-4 00 75 24 14 29 89 93 6.4 1.16

10 0-4 00 75 24 8 17 81 75 ND ND
11 p-4 00 75 24 28 58 22 17 ND ND
12 &  TPPAICI 00 75 24 17 35 10 80 ND ND
13 m-4 BO 60 48 64 67 99 >99 32.8 1.35
14 m-4 HO 60 48 48 50 97 >99 12.5 1.29
15 m-4 00 60 48 18 19 94 97 10.2 1.19
16 m-4 BO 50 120 75 31 99 >99 32.9 1.46
17 m-4 HO 50 144 57 20 99 >99 32.6 1.25

2 The polymerization reactions were carried out in neat monomer (5 mL) with the molar ratio of [monomer]:[Cat.] = 5000:1
under 4 MPa CO, pressure, unless otherwise specifically noted. ® Determined by 'H-NMR analysis of crude reaction mixture. ¢ The
TOF represents the conversion of BO to products per active center [Al] per hour. TOF = [monomer], X Conv. of monomer)/
([Cat.] x time). ¢ Weight selectivity of polymer over cyclic carbonate was calculated by '"H-NMR analysis. ¢ The content of
carbonate units in polymer was calculated by 'H-NMR analysis. f The molecular weight and polymer dispersity index of
polymers were determined by gel permeation chromatography in CH,Cl, at 35 °C, calibrated with polystyrene as standards.
¢ Adding MTBD as cocatalyst, [monomer]:[Cat.]:[MTBD] = 5000:1:1.
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KIS19~824). 534k, 145 R i H A VIAAAE 2 Fh
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CO,),,—BO—H], HI# & T 5 A xfk DLk 4 1
JREZK PTG R P2 A, T J5 38 2 B PR A5
ClLl [ & [ 51 11T T B 100,

R4 FIAAR I m-4 > 04> p-4>TPPAICY
MTBD %, XU REME A7 XU 531 2 1%
EE, B S REAE U I8 SR M R RN b b O
55 TBD R MR A A2 T+ 731 N Lewis BREBXT
W [ERSE . T m-4 > 0-4 > p-4 (AL 2850 AR B
TR, RIS IS I TH-NMR &5 3 p-
4. m-4 il o-4 &)@ H 0> 5 TBD 2] 1) 2% [ PR 255
RN, AR AN S0 S 1 5 U

160

(a) 727 m4
7 o0-4
120} B 4
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S wf n
N\ g
40} gg
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0 ?g B
BO HO 00
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100 1(©) oo, . ——1100
80 \\‘\\ ,/,. 186
S " o S
B R 172 §
z g E
S o
5 40t 158 35
75} Q
20t 144
0 E%%% 30
m-4 0-4 p-4  TPPAICI

Catalysts

H, X ANEE T 05 TBD 3 B B K &
T AN KA AR g P S A A A ) T 7 3 A K
TE SR APt R v 4y A 141,

IR A% (K 1, entries 5~12), HO B
00 5 CO,LER I, &AL 13 1356 B 1 B
(Bl 4(a)). LLm-4 AT, Bl A 1 3
K, HAELiEPEd 138 h! (BO)/ 5l R £ 490 h!
(HO)F129 h! (00), X H HLAAR AR & Rl 5 K
FE 386 K BT 7 AR R AL BH R S 5020, kA, R T
entry 11 #' p-4 (TOF: 58 h™")f 1k 00/CO, 31 T
B m-4 (TOF: 29 h™") e WLt 98 = (R 1%, 1X 2 T
B 22 0 R P 0 A R B R IR B S B
[F] LCTE #4k 5 CO, LM 5, HLER EWik#F
PERBRIREE e & &, B 20 m-4> o0-4 >
p-4 > TPPAICUMTBD AL RCR . 2% FATiR,
T m-4 I AR A e, BRIt T
BT R SR AL

WIHTSCHTR, AR AWk B el Kk
WA CO, MR B IR R CHE, =R E
Wik Bk A% O AE T H A 2 b PROIR B RR R 1 =
YA R . BT PR ER B 2 — Fh 4 ) =R e 7
Y, BRI RAT AR R IR S TR A 5L

100
oM oo -
198
94+ _
z 88 1% =
= =
3 lo4 S
< 82 94 S
2} @]
76 192
70 R 90
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Catalysts
100 100
(d) u
Ss ~ »
80+ AR = {80
3 60f g 160 2
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= . ) E
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Fig. 4 (a) The variation of TOF toward LCTE by different catalysts. The polymer selectivity and CU for (b) BO/CO,, (c¢) HO/
CO, and (d) OO/CO, copolymerization catalyzed by different catalysts.
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)[R S R R A, B A4 LCTE/CO, 355
SN R RS YiEEEE . tnER 1, entries 13~15 T
7~y RN 75 °CREIK AR 60 °CHY, AL m-
4 4k BO. HO 5 00 5 CO, 3t 5 i PE 43 7]
138, 90 A129 h" ! FREE 67, 50M119h!, HEAL
W FEE S N 9% 90% 1 89% I TH 25 99%.
97% F194%, [FII; CUME 735l F+ 22>99%. >99%
F197% (F4(b)s 4(c)M14(d)). [EHE—HHZ, 7
FIRIRE 50 °C N REfEH HO/CO, LR R A Wik
PEVEE— D3T3 99% (3R 1, entries 16, 17). B4k
I, m-4 BEALE 60 °CHI1 50 °C R 43 7 523 BO B, HO
5 CO, LR M m R AMIEREM99%), RN LRIE
KT 99% FiK R i 570 & & (WL HL 1 3R B A
S23 #1S24), & 1 nbmkiE R 5 CO,misdt R
1 B A T 9 L (OO HL T SRS 2 181 S25).

KA AR i A SF A S PR L 1 5 A58
0 0 B T AN AR R (T MR 9 B BAE T
FEAHIZ PBC, PHC HIZRERKIR F 1A lR(POC) 73 15
(20 kg/mol~30 kg/mol) & 43 -F- & 43 47 (1.15~1.25)
N F A 7R ZE A E OO & MR T, PBC.
PHC #1 POC HJ T, %3 il 4 10.78 °C, -6.28 °CAll
-43.16 °C (W.H ¥ 3 #7152 & S26), TR R&1)
T M T =i, F HRMEMIEK S m, 7, 23
TR, X TR AL S (R A
FIVRINTIT P2 A2 R PN 16 BRI
2.3 EAFIEBRL

W ESCR, AT m-4 REEUAS Fe A AL
ROR, I FR AT T meso ZEFA ] 7 33F — 25 H1 24
R —(CHy),— MK E (=2, 3, 6), AT i

W m-2 m-3 Mim-6, LAEFERNHIR T 4@
05 TBD JE [ 1) 2 1) 85 5 S48 A 7009 1k P 52
a3 ) A4 5 A0 7R B JR B 5000:1, 76 CO, JE 7
94 MPa. 60 °CIF&1F N %48 h, FFELE m-2.
m-3 m-4 Flm-6 PUFRE AR A PERE . 0k 2,
entries 1~4 flT7~, 184K BO 5 CO, LRI, #IE
Fig & B HRAE 98% LA b, m-2 Al m-3 {8 AL 75) fR 3 1
J975 bt W& T m-4 (70 hY), {HEEENE H m-4
f 99% 3 il B 25 93% A1 94%;  m-4 {4k 57 % 1
R AWk TR T m-6. F 4, HOAMENIE
HARE CO, LRI, [FIFE 2 m-4 407 e I H A
AL R (R 2, entries 5~8). BEAK K B m-4
AL R DL S AT R AL MR, X R B T4
J& 0y 5 TBD 5 [ 4538 (1) 25 [A) BE 3 0 4 7R
N R E SRR, BE BT sl i # e ] 4
TP FE I 5 S A 77 3R B PR RE IR T B3,
24 REFHNFHRR

N T RERS T IR N M XU Th RE IR (AL
FLCTES CO, LTI L,  FRATTHRI A iAo 21 4b
FEVE AT X m-4 AL R 11 BO/CO, FE
BAT RIS T 5 9. BARRL, 43 AR TT T Ak
WL AT BRI CO, B J0) S NI URE 2 R,
DL % NS 8 0k RS e (L T SRR (R R
#S2), FHt—HHHENHS RN RE . A
TR GGG LR R, DL R RS
WG TRz, W R AL e TR 10%
FE A4S T R e B B R BRI 1) C=O i
AEPRBNIEE(~1750 em™") )AL (K] 5(a)) AT BLTHERE SR
EP A R, T A W% 2 B 4 B )

Table 2 Copolymerization of BO or HO and CO, with bifunctional catalysts .

Selectivity ¢ CU content ¢

Entry Cat. Monomer 7 (°C) Time (h) Conv.®(%) TOF ¢ (h™") M, ° (kg/mol) PDI®
(Wt%) (%)

1 m-2 BO 60 48 72 75 93 98 44.8 1.14
2 m-3 BO 60 48 72 75 94 99 38.3 1.34
3 m-4 BO 60 48 64 67 99 >99 32.8 1.35
4 m-6 BO 60 48 38 40 96 >99 35.1 1.19
5 m-2 HO 60 48 43 45 88 99 20.1 1.24
6 m-3 HO 60 48 26 27 88 98 12.5 1.29
7 m-4 HO 60 48 45 47 97 >99 12.5 1.29
8 m-6 HO 60 48 21 22 95 >99 18.5 1.21

2 The molar ratio of [monomer]:[Cat.] was 5000:1 under 4 MPa CO, pressure, unless otherwise specifically noted. ® Determined

by 'H-NMR analysis of crude reaction mixture. ¢ TOF = [Monomer], * Conv. of monomer)/([Cat.] x Time). ¢ Weight selectivity of

polymer over cyclic carbonate and the molar content of carbonate units in polymer were calculated by 'H-NMR analysis. ¢ The

molecular weight and polymer dispersity index of polymers were determined by gel permeation chromatography.
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Fig. 5 (a) In situ FTIR spectra monitoring the formation of polycarbonate (~1750 cm™) and cyclic carbonate (~1810 cm™) at
60 °C. Reaction conditions: [BO]/[Cat.] = 5000/1, solvent free, 4 MPa of CO,. Order in concentration of (b) BO, (¢) CO,

pressure and (d) m-4.
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PEL T BO 5 CO 4L 5, Frff I S(d)+ 1)
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T AL B 1 3R AE . BT & 2, 1T
REMEALTRIAR 55 1 NIk 2R & R SR BRI TR 114 . FH Y
il ORERIT A1 AL R 1 2 18] 43 A AN [ B
FEAR TP R F 22 St T — R



250 [T M S 2025 4F
REFERENCES

1 Zhu, Y. Q.; Romain, C.; Williams, C. K. Sustainable polymers from renewable resources. Nature, 2016, 540(7633), 354-362.

2 Wang, X. H. Biodegradable polymers, history tells polymer science’s fortune. Chinese J. Polym. Sci., 2022, 40(5),

10

11

12

13

14

15

16

17

18

19

20

21

22

431-432.

Wang, Z.; Zheng, W. Y.; Yue, S. C.; Chen, K. H.; Ling, J.; Ni, X. F. Random terpolymer of carbon dioxide, butadiene and
epoxides: synthesis, functionalization and degradability. Chin. J. Chem., 2024, 42(14), 1630-1636.

Zhou, Z. X.; Wang, Y. C.; Bao, Y. J.; Yang, H. Y.; Li, J.; Chang, C. R.; Li, S. G.; Gao, P. Nickel-modified In,O; with
inherent oxygen vacancies for CO, hydrogenation to methanol. Sci. China Chem., 2024, 67(5), 1715-1728.

Liu, Y.; Lu, X. B. Current challenges and perspectives in CO,-based polymers. Macromolecules, 2023, 56(5), 1759-1777.
Xu, J. Y.; Zhong, G. Q.; Li, M. J.; Zhao, D.; Sun, Y.; Hu, X. D.; Sun, J. F.; Li, X. Y.; Zhu, W. J.; Li, M.; Zhang, Z. Q.;
Zhang, Y.; Zhao, L. P.; Zheng, C. M.; Sun, X. H. Review on electrochemical carbon dioxide capture and transformation
with bipolar membranes. Chin. Chem. Lett., 2023, 34(8), 108075.

Wang, J. L.; Cao, J. P.; Zhu, Y. H.; Wang, Q.; Li, N. F.; Fan, X. R.; Mei, H.; Xu, Y. Four unprecedented V14 clusters as
highly efficient heterogeneous catalyst for CO, fixation with epoxides and oxidation of sulfides. Sci. China Chem., 2023,
66(1), 107-116.

Inoue, S.; Koinuma, H.; Tsuruta, T. Copolymerization of carbon dioxide and epoxide with organometallic compounds.
Makromol. Chem., 1969, 130(1), 210-220.

Qin, Z. Q.; Thomas, C. M.; Lee, S.; Coates, G. W. Cobalt-based complexes for the copolymerization of propylene oxide
and CO,: active and selective catalysts for polycarbonate synthesis. Angew. Chem. Int. Ed, 2003, 42(44), 5484-5487.
Sujith, S.; Min, J. K.; Seong, J. E.; Na, S. J.; Lee, B. Y. A highly active and recyclable catalytic system for CO,/
propylene oxide copolymerization. Angew. Chem. Int. Ed, 2008, 47(38), 7306-7309.

Wu, G. P;; Wei, S. H.; Ren, W. M.;; Lu, X. B.; Xu, T. Q.; Darensbourg, D. J. Perfectly alternating copolymerization of
CO, and epichlorohydrin using cobalt(III)-based catalyst systems. J. Am. Chem. Soc., 2011, 133(38), 15191-15199.
Deng, J. Y.; Ratanasak, M.; Sako, Y.; Tokuda, H.; Maeda, C.; Hasegawa, J. Y.; Nozaki, K.; Ema, T. Aluminum
porphyrins with quaternary ammonium halides as catalysts for copolymerization of cyclohexene oxide and CO,: metal-
ligand cooperative catalysis. Chem. Sci., 2020, 11(22), 5669-5675.

Gao, F. X.; Cai, Y.; Liu, S. J.; Wang, X. H. High-performance biodegradable PBAT/PPC composite film through reactive
compatibilizer. Chinese J. Polym. Sci., 2023, 41(7), 1051-1058.

Zhang, Y. Y.; Yang, G. W.; Lu, C. J.; Zhu, X. F.; Wang, Y. H.; Wu, G. P. Organoboron-mediated polymerizations. Chem.
Soc. Rev., 2024, 53(7), 3384-3456.

Cao, H.; Qin, Y. S.; Zhuo, C. W.; Wang, X. H.; Wang, F. S. Homogeneous metallic oligomer catalyst with multisite
intramolecular cooperativity for the synthesis of CO,-based polymers. ACS Catal., 2019, 9(9), 8669-8676.

Lu, X. B.; Shi, L.; Wang, Y. M.; Zhang, R.; Zhang, Y. J.; Peng, X. J.; Zhang, Z. C.; Li, B. Design of highly active binary
catalyst systems for CO,/epoxide copolymerization: polymer selectivity, enantioselectivity, and stereochemistry control.
J. Am. Chem. Soc., 2006, 128(5), 1664-1674.

Nakano, K.; Kamada, T.; Nozaki, K. Selective formation of polycarbonate over cyclic carbonate: copolymerization of
epoxides with carbon dioxide catalyzed by a cobalt(Ill) complex with a piperidinium end-capping arm. Angew. Chem.
Int. Ed, 2006, 45(43), 7274-7277.

Qin, Y. S.; Wang, X. H.; Zhang, S. B.; Zhao, X. J.; Wang, F. S. Fixation of carbon dioxide into aliphatic polycarbonate,
cobalt porphyrin catalyzed regio-specific poly(propylene carbonate) with high molecular weight. J. Polym. Sci. A Polym.
Chem., 2008, 46(17), 5959-5967.

Ren, W. M.; Liu, Z. W.; Wen, Y. Q.; Zhang, R.; Lu, X. B. Mechanistic aspects of the copolymerization of CO, with
epoxides using a thermally stable single-site cobalt(Ill) catalyst. J. Am. Chem. Soc., 2009, 131(32), 11509-11518.

Xia, Y. N.; Zhang, C. J.; Wang, Y.; Liu, S. J.; Zhang, X. H. From oxygenated monomers to well-defined low-carbon
polymers. Chin. Chem. Lett., 2024, 35(1), 108860.

SRR, XA, BEHEVE, e RO, ERRAL . AR nh kT B M ARG — AR E A AL T L. & o F 5 3k, 2024,
55(4), 396-406.

Bree B, BRE SR, AR, FRAE, B/, sRaCH, KRB, KE, T4 . AR TR ARRE. 59T FR,
2019, 50(10), 1068—-1082.



23

HTEAEAE: XU BE RIS AL — SRR 5 R B AR i SR A M 5 251

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Chen, P.; Zhou, H.; Cao, H.; Zhuo, C. W.; Liu, S. J.; Wang, X. H. Polymeric catalyst with polymerization-enhanced
Lewis acidity for CO,-based copolymers. Chin. Chem. Lett., 2023, 34(12), 108630.

Zhang, R. Y.; Kuang, Q. X.; Cao, H.; Liu, S. J.; Chen, X. S.; Wang, X. H.; Wang, F. S. Unity makes strength:
constructing polymeric catalyst for selective synthesis of CO,/epoxide copolymer. CCS Chem., 2023, 5(3), 750-760.
Thorat, S. D.; Phillips, P. J.; Semenov, V.; Gakh, A. Physical properties of aliphatic polycarbonates made from CO, and
epoxides. J. Appl. Polym. Sci., 2003, 89(5), 1163-1176.

Zhang, X. H.; Wei, R. J.; Zhang, Y. Y.; Du, B. Y.; Fan, Z. Q. Carbon dioxide/epoxide copolymerization via a nanosized
zinc—cobalt(III) double metal cyanide complex: substituent effects of epoxides on polycarbonate selectivity, regioselectivity
and glass transition temperatures. Macromolecules, 2015, 48(3), 536-544.

Lu, X. B.; Wang, Y. Highly active, binary catalyst systems for the alternating copolymerization of CO, and epoxides
under mild conditions. Angew. Chem. Int. Ed, 2004, 43(27), 3574-3577.

Chiarioni, G.; van Duin, M.; Pescarmona, P. P. Novel elastic rubbers from CO,-based polycarbonates. Green Chem.,
2023, 25(19), 7612-7626.

Kim, I; Yi, M. J; Byun, S. H.; Park, D. W.; Kim, B. U.; Ha, C. S. Biodegradable polycarbonate synthesis by
copolymerization of carbon dioxide with epoxides using a heterogeneous zinc complex. Macromol. Symp., 2005, 224(1),
181-192.

Mo, W. J.; Zhuo, C. W.; Cao, H.; Liu, S. J.; Wang, X. H.; Wang, F. S. Facile aluminum porphyrin complexes enable
flexible terminal epoxides to boost properties of CO,-polycarbonate. Macromol. Chem. Phys., 2022, 223(13), 2100403.
Yang, L. H.; Liu, S. J.; Zhou, Z. Z.; Zhang, R. Y.; Zhou, H.; Zhuo, C. W.; Wang, X. H. Aggregate catalysts: regulating
multimetal cooperativity for CO,/epoxide copolymerization. Macromolecules, 2024, 57(1), 150-161.

Villiers, C.; Dognon, J. P.; Pollet, R.; Thuéry, P.; Ephritikhine, M. An isolated CO, adduct of a nitrogen base: crystal and
electronic structures. Angew. Chem. Int. Ed, 2010, 49(20), 3465-3468.

D’Souza, F.; Deviprasad, G. R.; El-Khouly, M. E.; Fujitsuka, M.; Ito, O. Probing the donor-acceptor proximity on the
physicochemical properties of porphyrin-fullerene dyads: “tail-on” and “tail-off” binding approach. J. Am. Chem. Soc.,
2001, 123(22), 5277-5284.

Zhuo, C. W.; Qin, Y. S.; Wang, X. H.; Wang, F. S. Temperature-responsive catalyst for the coupling reaction of carbon
dioxide and propylene oxide. Chin. J. Chem., 2018, 36(4), 299-305.

Sheng, X. F.; Wu, W.; Qin, Y. S.; Wang, X. H.; Wang, F. S. Efficient synthesis and stabilization of poly(propylene
carbonate) from delicately designed bifunctional aluminum porphyrin complexes. Polym. Chem., 2015, 6(26), 4719-4724.
Wu, W.; Sheng, X. F.; Qin, Y. S.; Qiao, L. J.; Miao, Y. Y.; Wang, X. H.; Wang, F. S. Bifunctional aluminum porphyrin
complex: soil tolerant catalyst for copolymerization of , and propylene oxide. J. Polym. Sci. Part A Polym. Chem., 2014,
52(16), 2346-2355.

R, ZETE, EERLL, AL . BB BERNRERTC S AL AR S AN SIS . &2 T 5, 2014, (7),
1017-1022.

Sheng, X. F.; Wang, Y.; Qin, Y. S.; Wang, X. H.; Wang, F. S. Aluminum porphyrin complexes via delicate ligand design:
emerging efficient catalysts for high molecular weight poly(propylene carbonate). RSC Adv., 2014, 4(96), 54043-54050.
Yang, G. W.; Zhang, Y. Y.; Xie, R.; Wu, G. P. Scalable bifunctional organoboron catalysts for copolymerization of CO,
and epoxides with unprecedented efficiency. J. Am. Chem. Soc., 2020, 142(28), 12245-12255.

Darensbourg, D. J. Copolymerization of epoxides and CO,: polymer chemistry for incorporation in undergraduate
inorganic chemistry. J. Chem. Educ., 2017, 94(11), 1691-1695.

Lehenmeier, M. W.; Kissling, S.; Altenbuchner, P. T.; Bruckmeier, C.; Deglmann, P.; Brym, A. K.; Rieger, B. Flexibly
tethered dinuclear zinc complexes: a solution to the entropy problem in CO,/epoxide copolymerization catalysis? Angew.
Chem. Int. Ed, 2013, 52(37), 9821-9826.

Darensbourg, D. J.; Yarbrough, J. C.; Ortiz, C.; Fang, C. C. Comparative kinetic studies of the copolymerization of
cyclohexene oxide and propylene oxide with carbon dioxide in the presence of chromium salen derivatives. /n situ FTIR
measurements of copolymer vs cyclic carbonate production. J. Am. Chem. Soc., 2003, 125(25), 7586-7591.

Nakano, K.; Hashimoto, S.; Nozaki, K. Bimetallic mechanism operating in the copolymerization of propylene oxide with
carbon dioxide catalyzed by cobalt-salen complexes. Chem. Sci., 2010, 1(3), 369-373.

Cao, H.; Zhang, R. Y.; Zhou, Z. Z.; Liu, S. J.; Tao, Y. H.; Wang, F. S.; Wang, X. H. On-demand transformation of carbon
dioxide into polymers enabled by a comb-shaped metallic oligomer catalyst. ACS Catal., 2022, 12(1), 481-490.

Yang, G. W.; Xu, C. K; Xie, R.; Zhang, Y. Y.; Zhu, X. F.; Wu, G. P. Pinwheel-shaped tetranuclear organoboron catalysts
for perfectly alternating copolymerization of CO, and epichlorohydrin. J. Am. Chem. Soc., 2021, 143(9), 3455-3465.



252 P M S-S 3 2025 4F

46  Ghosh, A.; Reddy, G. N.; Siddhique P K, M.; Chatterjee, S.; Bhattacharjee, S.; Maitra, R.; Lyubimov, S. E.; Arzumanyan,
A. V,; Naumkin, A.; Bhaumik, A.; Chowdhury, B. Fabrication of a hollow sphere N, S Co-doped bifunctional carbon
catalyst for sustainable fixation of CO, to cyclic carbonates. Green Chem., 2022, 24(4), 1673-1692.

47 Huang, R.; Rintjema, J.; Gonzalez-Fabra, J.; Martin, E.; Escudero-Adan, E. C.; Bo, C.; Urakawa, A.; Kleij, A. W. Deciphering
key intermediates in the transformation of carbon dioxide into heterocyclic products. Nat. Catal., 2019, 2, 62-70.

48  Jutz, F.; Buchard, A.; Kember, M. R.; Fredriksen, S. B.; Williams, C. K. Mechanistic investigation and reaction kinetics
of the low-pressure copolymerization of cyclohexene oxide and carbon dioxide catalyzed by a dizinc complex. J. Am.
Chem. Soc., 2011, 133(43), 17395-17405.

Research Article

Bifunctional Porphyrin Aluminum Catalyzed Copolymerization of Carbon
Dioxide and Long Chain Terminal Epoxide

Ke-gong Liu'2, Shun-jie Liu'?", Pei-xin Fan'2, Ruo-yu Zhang'2, Xue-si Chen'?, Xian-hong Wang'->*
(!Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun 130022)
(?School of Applied Chemistry and Engineering, University of Science and Technology of China, Hefei 230026)

Abstract Long chain terminal epoxide (LCTE), due to the existence of large steric hindrance side groups, is
more difficult to achieve high selectivity in obtaining polymers with high carbonate unit content through
copolymerization with carbon dioxide (CO,). This work reported bifunctional catalysts with large steric hindrance
organic base 1,5,7-triazo bicyclic [4.4.0] decane-5-ene (TBD) introduced into the meso-benzene ring of porphyrin,
aiming to regulate the spatial synergistic effect between the anchored TBD and aluminum centers. Among them,
the catalyst m-4 with TBD anchored at the meso-benzene ring’s meso-position exhibited the best catalytic
activity, which could selectively (99%) catalyze the alternating copolymerization of 1,2-epoxybutane or 1,2-
epoxyhexane with CO,. Catalyst m-4 could prepare polymers with molecular weight higher than 32 kg/mol. The
obtained polymer’s glass transition temperature was lower than room temperature. /n situ FTIR kinetic studies
demonstrated the intramolecular synergistic effect in the designed catalysts. In summary, this work probed
differences in the spatial distribution of intramolecular catalytic sites in bifunctional catalysts and the resulting
synergistic effect, providing a way of efficiently synthesizing polycarbonate for LCTE/CO, copolymerization.
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