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SRR B T SR, DASEIE CO/M AL
AR A . DS 1B B AL TR R n kg
PR BN BISE F R HLFP 51 BH B 1 75 & e e
SRE A MESAE, BRI R
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Fig. 1 Copolymerization of CO, and epoxides catalyzed by aluminum porphyrin aromatic amide foldamer catalyst (Foldamer

catalyst model) and the control set tetraphenyl porphyrin aluminum chloride (TPPAICI).
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Fig. 2 Synthesis route of aluminum porphyrin aromatic amide foldamer catalyst (AAF).
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(s, 18H) (U M+ > 7 1E & & S1). MALDI-TOF
MS (m/z), CsHyN,OERiBfEH: 352.39, SZlME:
375.20 [M+Na*-H]C;;H2N,Oq;  SZ ¥l {E = 391.10
[M+K*-H]C,,H,4N,0¢ (WL L3 #7175 B S2).
1.3.2 b &% TPPNH, f & il

1G4 TPPNH, ¥ & i 2 I8 CL4IE 1) SCiHk it
ﬁféﬁi[ﬂ,ﬂ]'
133 WEM4KE K

FREUAL &40 3 (2.84 mmol, 1 g)5 TPPNH,
(3.41 mmol, 2.14 g)F 100 mL [ [ E K&+, N
A EDCI (3.41 mmol, 652.82 mg)#1 HOBT (1.14
mmol, 153.38 mg), XK FRE T3 R, I
A 20 mL DMF. ¥ J )% & F 50 °C F#ii#E 12 h. )&
MBS, HARREWER, N30 mL =& H Lk,
K258 F/K(10 mL)AEE 3 Ik, WR4i T 154 .
X R ) AT R JE AT 4 B (R Ji A 200~300 H
Ve V(DCM)/ V(MeOH) = 50/1), W45 = {4
WREEHY, R=03, TH&H, idhk
“W4, FEE 70%, 'H-NMR (500 MHz, CDCls,
5): 8.88(d, /=253 Hz, 8H), 8.38 (s, IH), 8.22(d,
J=6.4 Hz, 8H), 8.05 (d, J=8.1 Hz, 2H), 7.77 (dt, J=
13.8, 6.1 Hz, 11H), 6.71 (s, 2H), -2.77 (s, 2H)
(W HL 732 ¥5 45 BB S3). MALDI-TOF MS (m/z),
CoHs3N,Os FEAE M : 963.41, SZMME: 963.40 (A,
HLF 3RS B E S4).
1.3.4 WEMSHIE K

B4 4 (1.04 mmol, 1 gy T 10mL 1,4-—
AT, I 2 mLIRERER, IR FHEEE 30 min.
RLEEA, TN AR B S A R f, B S
IO 10 mL S e AT 2R 0L, R4 T H
JFEEHY, iIANEDS, % 99%,
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S FIE S5). MALDI-TOF MS (m/z), Cs;HyN,O
PG 763.91, SZIME: 763.30 (WL HLFSZFE
HES6)
1.3.5 HEM6 HIE K
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F 50 mL B+, I 20 mL oK 5 B
fiR, WIS 2218 N AIELC1 (0.7861 mmol, 1.57 mL)
W, TEIETHEE2 L RNGHR, H2REE
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0 °C T4+ 30 min. Jx 25 R fE ¥k REERE 2 F
B, AR ALK A BEYER (G0 mL),
JEDFIL PR, AFERRR T B IR LML), 12
AAF. 7 #.99%.
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AT BRAK I R R B8 K R 7%
HFEREE FRRRER KRR, AT
JE ST CO, Ff k4 i 5 min, SR it AR 82 H
FONEIE K AN CO, BB IR T . RN G
W N 224 H A8 = RIS BRI 4 CO,, FTTF
SN U B R T TH-NMR I, A7
TR T SR bt RS2 I 21 5 R 1) R RV
W, alifb 5 R AW E A TR T R g

2 SRS
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= 5 R R A I B AR A% AT B A
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AN - EAF, XS R B
TP ERAIRGER RS E VEAAL S e, IOkt
R G0 T AL i AR L BRSSO 23 A7 AT
AL RE 2 18] 1) 9% & 2 it 17 A AL IR AT 7 1
GRS RN, HED R K6 TR R
5RO 1L ON T ST A I A B A AL
MR, DA DR AL I Fa bk fe 54 (1 2,
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2 h, @I HE PPNCI 5 AAF H 48 n bk (g 28 /K
FE IR 7k R AL BE . 25 R W, 24 PO/AV
PPNCI = 5000/1/1 (molar ratio)if, AAF {EALFIH
HEATEVE(TOR) AL 750 h™!, B Sk 78%,
BRBRHE FA 0 & 8N 57% (entry 1, £ 1). 24 PO/Al/
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Fig. 3 Characterization of AAF catalyst. (a) Gel permeation chromatography curve with polystyrene as standards (trichlorobenzene,
150 °C); (b) Circular dichroism curve (CHCls, 2x107¢ mol/L); (¢) Comparison of UV-Vis spectra for AAF and TPPAICI (DMSO,
107% mol/L, J-aggregation); (d) The thermal degradation temperature at 5% weight loss.
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Table 1 Copolymerization of CO,/PO catalyzed by AAF .
PO/AI/PPNCI®  Pressure T Time Conv.® CUY Polymer content® TOF f M, ¢ .
(molar ratio) (MPa) (°C) (h) (%) (%) (Wt%) (b (kg/mol)
1 5000/1/1 4 70 2 30 57 78 750 4.0 1.52
2 5000/1/0.5 4 70 2 26 40 85 650 5.1 1.48
3 5000/1/0 4 70 2 10 28 97 250 7.2 1.46
4n 5000/1/1 4 70 2 10 95 77 260 3.9 1.12
5h 5000/1/0.5 4 70 2 12 94 83 220 3.1 1.20
6h 5000/1/0 4 70 2 0 - - - - -
7 5000/1/0 1 70 2 12 23 92 300 5.8 1.51
8 5000/1/0 2 70 2 13 24 96 325 6.7 1.52
9 5000/1/0 6 70 2 12 29 99 300 43 1.72
10 5000/1/0 6 80 2 21 31 95 525 7.5 1.53
11 5000/1/0 6 90 2 19 37 91 475 8.7 1.41

2 The polymerization reactions were carried out in neat PO (5 mL) using AAF catalyst. ® The feed molar ratio of PO/AI/PPNCI.
¢ Determined by 'H-NMR analysis of crude reaction mixture. Conv. of PO = (Asgy7 + As3-30 T Ass + A3 733)/(Asgs7 + Asz30 +
Ays + A37.33 + Arg95). ¢ The content of carbonate units in polymer calculated by 'H-NMR according to CU = (45947 +

Ayz30 =2 X Ays)(Asgag + Aszz9 + A37.33 — 2 X Ays). © Weight percentage of polymer over cPC, polymer selectivity = [102 x
(Asgs7 + Aszz0 =2 X Ays) + 58 X A3753)/[102 X (Asg_s7 + Ay339 T Ass) + 58 X A3 _55]. f The TOF represents the conversion
of PO to products including both polymer and cPC per active center [Al] per hour. TOF = ([PO], x conv. of PO)/([Al] x time) =
([POI/[AL] X (Asg-a7 + Asz30 + Ags + A3733)/[(Asoa7 T Aszzo + Ags + A3733 T Az9.,) % time]. & The molecular weight
and polymer dispersity index (P) of polymers were determined by gel permeation chromatography in CH,Cl, at 35 °C,

calibrated with polystyrene as standards. ® TPPAICI was used for this reaction.

#&, fEJC PPNCLIA 1% &t T (PO/AV/PPNCI =
5000/1/0 (molar ratio)), AAF {1k FI4K SR (R 375 5
— 3 AL TG P (TOF = 250 h'Y), AWkt
BRI R 97%, WKIERER TS E N A 28%
(entry 3, #F 1). B J5, DL DY 2% J b mk &0 AL 45
(TPPAICHAE Xt A M4 57, BEAT T LR s .
WEFERIE, MPPNCUALN1EL0.50), AAF (L
(750, 650 h )T TPPAICI (260, 220 h™')
(entries 4 and 5, #* 1, 4(a)), —HHIREWIL
P HH 24 (AAF: 78%, 85%; TPPAICL: 77%,
83%) (Kl 4(b)). 122, T AAF {4k 77 £5 nh bk
S BRIAHEAR R, A6 25 G i A A S
A, BRI AAF {5 58 G Bk BR BE G & 2= 18
KT TPPAICI 44 % (50% versus 90%) (/& 4(c)).
DA S5 SER, 24 B R RE AL AT
TR T A s R AL, 5 SCRRRE ) “ w0
TR fEIREE I, Bl & o AR i1k
53 F PN RISk R G (8] A7 72 3 AH AR A R T PO
PRESIF AR, Y RS BR 5 A6 1 — Ak
FLI A s,

EAFERM AR, SFIRZLHL7) TPPAICIE TS
PPNCUMA M A4 T, AT AL PE (entry 6,

% 1), 1M AAF £ PPNCI I A TS L N KSR B A
1 75 1 3% P (TOF=250 h~t) Al 28 & %) 3%k #% 1%
(97%), #H—LRE T BMAFIPIRE . KT
AAF 75 TG BIHEAG TR T AR B AT (A 3% 1 1 il 8
FAVE M AT G2 BT X4 R A LB ™= 2 B H A
RN T BT, IE A A S5 AH R4 S E A AL
FB83NLL K Merrified B S 471 25 1 22 o0 48 i bk
TR, ISR AR 35 R DAAE TG By R A5 PR A7 40
TR BT IS Y E R R A YR B s
A CO, 17, FATHEAT 7 1 entries 7, 8
S, AR, ZMEAA R ELEES
CO E1TER, MHALRFFAE300 h™! 7e 43 (Kl 4(d))
MR A WIRFNE92%, 96%, 97%, 99%)FITKRES
Fig BT & B (23%, 24%, 28%, 29%)fE CO, %/
IR (1. 24 4. 6 MPa) 1Ak | 2 Th w3 (K
4(e) R 4(D)). B SN B2 T i 22 80 °C, R ILMEAL
T 70 °CHI 300 h™! FF i 42 525 ht, fEBE#E 5R
BN FTEH 99% TR A 95%, BRIREE A ITH &
1 29% FH 15 2 31% (entries 9, 10, # 1). MG
FoRUE, XAFE AT SR RS B R R R
P, [RI 3 miR EA R T R AR« R
BT, ST FBCR AR N Fm
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Fig. 4 Comparison of the CO,/PO copolymerization performance for systems catalyzed by AAF catalyst and control catalyst
TPPAICI under different conditions. (a) TOF, (b) polymer selectivity and (c) carbonate units versus AI/PPNCI ratios. (d) TOF,
(e) polymer selectivity and (f) carbonate units versus CO, pressure. (g) TOF, (h) polymer selectivity and (i) carbonate units

versus reaction temperature.

BENAEFT E bk “iEib-HaAN" S8 . b
Ja, BATHE 0N I N R AR 90 °C, AR
HEALTEE A R EE 475 0! (entry 11, £ 1), X5
BAVZ AT iRkIE P EhA I SR B E-TE
MR 5 R AFDGT 270, 2R B 55 B B R T 2 A AL 77
AR B “KEg” MREL —MEE S (B 4(g),
e E R MERERE P TR E 1% (K
4(h)), BREREE G E BT R R 37% (K 4(30)).
23 S BRI C LR
BATHE— B 2R T AAF 18 L — A AL Bk

55 1R 3R i BAAIR S PA O e S R U THI A AL R
(#%2). B4, f£ CHO/AI/PPNCI = 5000/1/1 (molar
ratio), AEALHRIE /1504 MPa, 80 °CHIZ 14T,
HARTEM N 150 bty TRA Wk P AR R G 5
JCE RN 99%, 47N 3.0 kg/mol (entry 1,
#2). G, [EEHERPFEAE, 7T IRE
ARY AL 14 BE I 520 (entries 2~5, 3 2), TR
J&% 9 80~160 °C G Py, HAELEMEH 150 h!
FEFE A 1000 h! (Bl 5()), HEKEREE o0& = 1h
LARFFLE99% LA b, RAMEBENELE 80, 100 A
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Table 2 Copolymerization of CO,/CHO catalyzed by AAF 2.

E CHO/AI/PPNCI®  Pressure T Conv. © CU¢  Polymer content® TOFf M, ¢ .
n (molar ratio) (MPa) (°C) (%) (%) (Wt%) (b  (kg/mol)

1 5000/1/1 4 80 3 99 99 150 3.0 1.36

2 5000/1/1 4 100 4 99 99 200 29 1.29

3 5000/1/1 4 120 11 99 99 550 24 1.17

4 5000/1/1 4 140 15 99 97 750 2.5 1.20

5 5000/1/1 4 160 20 99 95 1000 2.5 1.23

6 5000/1/2 4 120 12 99 99 600 3.5 1.29

7 5000/1/3 4 120 21 99 99 1050 5.1 1.24

8 5000/1/4 4 120 23 99 96 1150 33 1.28

9 5000/1/3 1 120 11 99 99 550 23 1.15

10 5000/1/3 2 120 14 99 99 700 23 1.15

11 5000/1/3 3 120 17 99 99 850 2.7 1.27

12 5000/1/3 5 120 22 99 99 1100 6.0 1.29

13 5000/1/3 7 120 25 99 99 1250 6.5 1.32

2 The polymerization reactions were carried out in neat CHO (5 mL) using aluminum-porphyrin based aromatic amide foldamer
as catalyst. ® The feed molar ratio of [CHOJ/[AI]/[PPNCI]. ¢ Conversion of CHO, determined by '"H-NMR analysis of crude

reaction mixture. ¢ The content of carbonate units in polymer calculated by 'H-NMR. ¢ Weight percentage of polymer over CHC.

f The TOF represents the conversion of CHO to products including both polymer and CHC per active center [Al] per hour.

¢ The molecular weight and polymer dispersity index (D) of polymers were determined by gel permeation chromatography in

CH,Cl, at 35 °C, calibrated with polystyrene as standards.
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120 °C F¥J 9 99%, 140 °C R E & Wik FIEE =
97%, 1E160 °C T R-EMLFENE T IE 2 95%, X
Al BESE BT I = T BT PR R R IR 1) A R
BEJ5, LA 120 °CAHE N S fE IR B2, AT 1
PPNCI1 H & XA PEBE 521 (entries 6~8, 3R 2).
WA B, 24 A/PPNCI HI 1/1 43 5 2 78 & 1/2.
173+ 1/48F, AL H 550 h-' 23 BIFE T+ 42 600
1050 A1 1150 h™' (& 5(b)). 24 A/PPNCI Lt 5]
U1y 1724 173 8 R &Pl #1060 2R FR1E 99%,
24 A/PPNCI LA 1/4 1, RBEWEFENE FEE
96% (P 5(c)), B J& LL AI/PPNCI = 1/3 (molar ratio)
VENTRAELA], LL120 °CHE N AERSE, #1T T
CO, JE IR PE RS2 ) SE G . B TRk B, JL
R G W £ AR IR IR R G B I IR R LE 99%
PLE EE 412, AAF i1k CO,/CHO 3L 5K
(A TS 1 B — AR R DT (. 24 34 4.
5. 7 MPa) i i& ¥ F+ = (550 700~ 850, 1050
1100. 1250 h™') (entries 7, 9~13, %2, K 5(d)),
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Research Article

Aluminum Porphyrin Foldamer Catalyst Enables Efficient
Copolymerization of CO,/Epoxides

Zhen-zhen Zhou'?, Shun-jie Liu'-?*, Tao-tao Lang'?, Feng-xiang Gao', 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 Foldamer catalysts have been extensively applied in the synthesis of small molecules due to the
“enzyme-like” secondary structure, while their contributions in polymer synthesis were rarely reported. Based on
the polycondensation reaction of aluminum bis-aminoporphyrin and 2,5-diacylchloropyridine, we reported an
aluminum porphyrin aromatic amide foldamer catalyst (AAF), and its foldamer structure was verified by the circular
dichroism spectrum. The foldamer catalyst AAF effectively (turnover frequency, TOF=300-1250 h™') catalyzed
the copolymerization of carbon dioxide and epoxides with high polymer selectivity (99%). It is worth mentioning
that, this catalyst can realize the copolymerization of carbon dioxide and propylene oxide even in the absence of
cocatalyst with a TOF of 525 h™! and polymer selectivity of 95%, which also exhibits an enzyme-like optimum
temperature of 80 °C. Additionally, it could also catalyze the copolymerization of carbon dioxide and cyclohexane
oxide, the catalytic activity (TOF=550-1250 h!) was linearly positively correlated with carbon dioxide pressure
(1-7 MPa), and the polymer selectivity and carbonate units were all over 99%. Herein, we reported an aluminum
porphyrin based aromatic amide foldamer catalyst, which broadens the application of foldamer catalysis in
polymers and opens up new avenues for the study of aromatic amide foldamers in the field of catalysis.
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CO,

Al porphyrin

O
* \ Al porphyrin k E >r\n( a;
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v' High activity (300-1250 h™1) v High polymer selectivity (99%) v Free of cocatalyst
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