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Scheme 2 Synthetic routes to the bifunctional aluminum porphyrin catalysts
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BrukerAV400 Y 4% w4 PR AL ( B 1+ Bruker 2
7)), WA TMS; Bruker atuoflex T %Y (£ H
Bruker /N &) ) , I F &4 ; Waters 410 B 5 K B
BOTEAL (S E Waters 23 7 ), bRk N K L H,
TAWBEAEVENL , I 1 mL/min.

A R R B0 T Aldrich 23w 4 FHATA
YEAT fa] 4b B8, CH,Cl,, CHCl,, CH,CN, Nt 1% , 3 4
PEE(PO) , P14 3R O &e (CHO) SR H A A6 45 1 44
JEER AR T ARAEE AT, CO, SR Hy 1Y P {5t
SRA PR mI R AL, 4l B 99.999% .

1.2 BEEYHERK
L2.1 k&% 2 el

G 2 ¥ S 2 SOk [ 27 ] W77k G i ik
%} 87% . 'H-NMR (400 MHz, CDCIl,, &) : 9.98
(s, 1H), 7.81 (d, J=8.0 Hz, 2H), 7.38 (d, J
=8.0 Hz, 2H), 3.39 (t, J=6.4 Hz, 2H), 2. 87
(t, J=7.2 Hz, 2H), 2.19 (m, 2H) ;" C-NMR
(100 MHz, CDCl,, 8): 191.5, 147.7, 134.4,

129.7, 128.9, 33.8, 33.3, 32.5.
1.2.2 &% 3 1E

SRR 1| 1000 mL g 8RS = 1 B AR
YA 400 mL 28 T8 i — G b2 .0.43 (1.9
mmol) L5492 A1 0. 13 g(1.9 mmol) £+ & (1 it
M, R 2 i FHEHE 10 min J5HNA 0.37 mL =5 &
B, 1 h JEHA 0.9 ¢ DDQ (4 /L%
) AR 2L T HE 1 h, SRS 7R F 28 &
VERNARHML= W KL= W 28 (0 3 A 0 B8 ([ 2 4, op
PESEALSE I S A, V& W B ) /V(ah) it =
1:1, 7= ¥ ik % K 25%. 'H-NMR (400 MHz,
CDCL,, 8):8.86 (s, 8H; pyrr-H) , 8.17 (d, J =
8.0 Hz, 8H, Ar2,6-H), 7.61 (d, J=8.0 Hz,
8H, Ar-3,5-H), 3.41 (1, J=6.0 Hz, 8H, CH,-
Br), 3.10 (t, J=6.8 Hz, 8H, Ar-CH,), 2.46
(m, 8H, CH,), -2.75 (s, 2H, NH). " C-NMR
(100 MHz, CDCI,, &) : 140.00, 139.79, 134. 67,
131.03, 130.63, 126.78, 119.86, 35.97,
34.82, 6.27. MALDI-TOF: m/z it %8 ([ M +
H]" C, H,Br,N,) 1094.0, sll{f 1094.0.
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1.2.3 &% 4 5L

SERRYTR 1 50 mL AR = VRS i A
20 mL & 00 @ W e, RS TE VKR T A
1.09 g(1 mmol) k&%) 3,98 J5 22120 /m 1. 25 mL
EL AICI FIEC S (1 mol/L) | Fifi 5 2218 T i
FEER L IFEER T R 2 he [N 45 35 78 il E
T 2R R AR AT R . KL W) 4 A R O
CFEEAE, T B AL 8 s A, VA P B ) 7V
(FFEE) =10: 1, F=H i =k 95% . '"H-NMR (400
MHz, CDCl,, §): 8.85 ~8.89 (m, 8H, pyrr-H),
8.13~8.17 (m, , 8H, Ar-H), 7.55 ~7.60 (m,
8H, Ar-H), 3.45 (t, 8H, CH,-Br), 3.08 (t,
8H, Ar-CH,), 2.41 (m, 8H, CH,)."” C-NMR
(100 MHz, CDCL,, §) :147.36, 145.42, 140.22,
135.08, 129.86, 127.79, 126.74, 36.53,
35.42, 6.63. MALDI-TOF: m/z it & & ([ M-
Cl]* C, H, AlIBr,N,) 1118.5, scill{4 1118.5.
1.2.4 {45 1a 95 A%

SARAY R 18 50 mL Y RIS = IR R A
ZTEN S mL =& WM S mL ZEHW, AR5
A 1. 18 g(1 mmol)fb &4 4 F17. 4 g(40 mmol )
=T HE, 7€ 80 °CF [mIia 96 h. J [ 45 o Ji5 8 1 75
KA AN Z AR W RN B ) 7E 20 mL x 3 £
ke 45 0E 3 W LABR L Z R0 =T e, 7= Wi %
98% . 'H-NMR (400 MHz, CDCl,, 8): 8.78 ~
8.90(m,8H, pyrr-H),8.08 ~8.19 (m,8H, Ar-
H), 7.42 ~7.78 (m,8H, Ar-H), 3.21 ~3.56
(m,8H, Ar-CH,), 2.42 ~2.92 (m, 32H, N-
CH,), 1.50 ~1.89(m, 56H, CH,CH,), 0.95 ~
1.36 (m, 36H, CH,)."” C-NMR ( 100 MHz,
CDCl,, 8): 146.59, 140.86, 139.89, 132.03,
128.45, 127.08, 120.21, 57.63, 51.78, 24.69,
19.20, 13.79, 13.52. MALDI-TOF: m/z it & {4
([M-Br]* C,, H, AIBr,CIN,) 1815.9, 5zl {4
1815.9.
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it 0.5 h REAY R AR ¢ 2V, SR IE A 1.85 ¢
AL 1a, 7E RGN IR 12 h J5 3 g, U8 W
TEW R T 78 & 3 0, 15 i LR 1b, = 3R
98% .'H-NMR (400 MHz, CDCL,, 8): 8.76 ~
8.91(m,8H, pyrr-H),8.10 ~8.19 (m,8H, Ar-

H), 7.40 ~7.78 (m,8H, Ar-H), 3.20 ~ 3.56
(m, 8H, Ar-CH,), 2.40 ~2.90 (m, 32H, N-
CH,), 1.50 ~1.89(m, 56H, CH,CH,), 0.95 ~
1.36 (m, 36H, CH,)." C-NMR (100 MHz,
CDCL,, §): 146.58, 140.88, 139.90, 132.01,
128.45, 127.08, 120.19, 57.65, 51.77, 24.70,
19.18, 13.76, 13.52. MALDI-TOF: m/z i} & {H
([M-NO,]* C,y, Hs AIN, 0,,) 1792.2, 5zl {
1792. 2.
1.2.6 b5 1e 195 A

AT 100 mL f R = ORI o
AT 20 mL Z 1 20 mL @ WP e,
SRIGIA 1.22 g(6.25 mmol) DU IR 4R , 7% 40
CRHEFE 0.5 h FF DU G0 R 4R 58 &2 ¥ i, SR IS
A 185 g fEAL 7] 1a, 7E B BE FREE T 0y 12 h J5
U8 IR WA DR T 28 R I AT 1e,
% 98% . 'H-NMR (400 MHz, CDCL,, §): 8.77 ~
8.91(m,8H, pyrr-H),8.09 ~8.19 (m,8H, Ar-
H), 7.40 ~7.78 (m,8H, Ar-H), 3.22 ~3.56
(m, 8H, Ar-CH,), 2.41 ~2.90 (m, 32H, N-
CH,), 1.50 ~1.89(m, 56H, CH,CH,), 0.95 ~
1.35 (m, 36H, CH,)." C-NMR (100 MHz,
CDCL,, §): 146.60, 140.88, 139.90, 132.04,
128.46, 127.08, 120.20, 57.64, 51.77, 24.70,
19.18, 13.76, 13.52. MALDI-TOF: m/z caled
([M-BF,]" C,,,HAIB,F N,) 3% {4 1892.6,
SR 1892. 6.
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fHE KGR A CO, SEE — & W E 13
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BB HREH R A B A VKAKIB A H TR
s I B Y CO, AR, TF 22 IS S ™ 9.
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Table 1  Copolymerization® of CO,/PO catalyzed by catalysts 1a,1b,1¢
n(poly)/  Temperature P Time TOF¢ Selectivity” Carbonate Mnf
Entry  Catalyst X pDI'
n(cat. )" () (MPa) (h) (h7h) (% PPC) linkage® (% ) x10 3
1 1b 5000 25 3 12 25 92 99 15 1.11
2 1b 5000 70 2 5 315 78 99 25 1.10
3 1b 5000 70 3 5 331 80 99 26 1. 10
4 1b 5000 70 4 5 321 80 99 26 1.11
5 1b 5000 90 3 5 1152 68 98 42 1.12
6 1b 10000 90 3 5 1098 69 98 38 1.11
7 la 5000 70 3 5 398 72 99 28 1.12
8 1c 5000 70 3 5 322 81 99 27 1.12

“Copolymerization was carried out in neat PO (5 mL) , unless otherwise was specificly noted. " Molar ratio; “Turnover frequency of PO to products ;*

Selectivity for PPC over PC;“Determined by ' H-NMR spectroscopy ; 'Determined by gel permeation chromatography in CH, Cl, at 25 °C , calibrated

with polystyrene standards

(£ 1,Entry 1, 3, 5), M EH 25 CHEmE
70 C i, AL TE P ZUR T, TOF {25 h ™' F
A 331 h U ARN TR A e R 929% B
iK% 80% ; 4k Tt L I il £ % 90 °C, TOF {E 7
F 1152 h™' BA Yk PPt 4k 2L PR AR 5 68% .
EASTEE MR, 7 90 C T, i T PO # Ak ik i
=L RA YR 4 F & 0] 3k 42000, 37 (5 T
{18 XL 53 W WK 5 e AL 1R 3R (29 10000) . 2545 7% 18
AL A 16 M 5 A R B 78 LU I R R
ERE 70 CAE Ry R VIR . S %48 T CO, JE
XL TS T 52 R, 7E 70 C R 4r ST 2.0, 3.0
4.0 MPa [ JE Sy £ (% 1,Enury 2, 3, 4),
TOF {8 & /m 6 A — A e T i PR 7, 2R
ifii TOF {f 9 3% 2y 3 FEL &R 75 5% LA, vd W] 4 £k 39
XS R 7 1) 7 Ak LA AR G T 52

KT AR 5| K& H B4R I P 0 5,
FRATE TR AR AR | Y F R AR XL ) 1a HEAT
BUR % THALH 1b,1c. S T & & 1 i o
5 IR EELE 70 °C,3.0 MPa [ 2 W &4 F
PATEREG (F 1,Eny 3,7, 8) , BELREIR
fE3 1a 3 PEf @ (TOF =398 h™') SR R A4

BEPRMERE 2% (72% ) , AL F] 1b SR 1 T P 4 g
HEALIE M (TOF =331 h™') 5k £ (80% ) , fik 1k
i 1e SR H S AR 1b 2K R i 4 (TOF
=322 h ") SERE WL EE(81% ).

55 1) NI 45/ 25 e 2 A 2 7 A1 A 5 ok AR
G I, f A R T Rl 2 2k 250 1, X 2 PR 7 M vk
JET, B A6 7 BE B 43 rhCs A BE B9 R, 3 R F)
— IR ) R 4 1 L T LA G WAL i AR 1A R
—JEAE [ AR T/ AR ] < 1500 I AT IR R
57 . T 75 RUE REAL AL AR 2, oy T 2 et B 7
MIMORRTE A b, 8 I A4 £ ) 2 4 R 7 42 J P 11
JEL B 336 RE A A 0 A 14 300 6 AR Uk B R 23 14 1)
B 1 RO T LA B R — R T
(iR /[ A7 ] (BEJR EL) =5000 () 4 4 F if
A5, [0 ]/ HE AR ] B2 75 2 10000 [, 1K &
A5 B AT W 25 B3 P 3 2 WU RE AL AR R A L T
PEIRLY RIS SN L Wy

AN FRATIE K X 3 AL T 55— AR
AR (CHO) 55 CO, JE3 ok B 5% b ik R 2
Txf o A ALY 5 T AR i A AL
P, T A5 5206 45 S5 F 3 2.

Table 2 Copolymerization of CO,/CHO catalyzed by catalysts 1a,1b,1¢"

n(CHO)/ T P Time TOF* Selectivity" Carbonate Mt
Entry Catalyst ppIf
. ’ n(cat. )’ (c) (MPa) (h) (h™h) (% PPC) linkage® (% ) x 1073
1 la 5000 70 3 5 326 100 86 7.2 1.10
2 1b 5000 70 3 5 273 100 95 5.5 1.09
3 1c 5000 70 3 5 246 100 92 5.3 1.10
4 1a 10000 90 3 5 719 100 73 9.8 1.12
5 1b 10000 90 3 5 621 100 81 8.0 1. 10
6 1c 10000 90 3 5 584 100 77 8.4 1.11

*Copolymerization was carried out in neat CHO (5 mL), unless otherwise was specificly noted. " Molar ratio; “Turnover frequency of CHO to
products; ‘Selectivity for PCHC over CHC; “Determined by 'H-NMR spectroscopy; 'Determined by gel permeation chromatography in CH,Cl, at

25 °C, calibrated with polystyrene standards
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Fig. 1 '"H-NMR spectrum of PPC generated by catalyst 1b
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Fig. 2 '"H-NMR spectrum of PCHC generated by catalyst 1b

PE T AL A PERE , DI A 2 — B B 2R E R
VAR ORI R Dp- AL

3 &

BT — TR B BUE BE AL M A 0 9T
T CO,/PO 1 CO,/CHO HYHL B RN, %Ak A L
TR G UL MR AR AL R 2, R Hh T A
P A T 1 3 e ok e R B g 1 S il e FC A
T K B 51 Sz ik AT B4 Tl 2J 60 500 335 P 52 i)
R, Hoh NOS AR 51k S A1 B A & i A A 16 1
SR FEE. i T AT AT B 6 R 68 AR 8 I
O X — IR R — BB R % B A AR A 1Y
Tl A R R S5t

REFERENCES

Inoue S,Koinuma H,Tsuruta T.J Polym Sci,Part B:Polym Lett,1969,7.287 ~292

2 Inoue S,Koinuma H,Tsuruta T,Makromol Chem,1969,130:210 ~220

3 Wang Dongshan( EZ 1), Yu Aifang (4 % 55 ) , He Shujie (fi] # 7% ) , Yang Shuying (# #{#% ) , Chen Liban ( [ 57 3F ). Acta Polymerica
Sinica (&4 F ) ,1999,(2) :162 ~ 166

4 Zhang Nairong( 3 J3%) , Wang Xianhong( F k4T ) , Zhao Xiaojiang( #4 B 1T.) , Wang Fosong ( F M #4) . Acta Polymerica Sinica ( 545 T2
#i2),2005,(4) :571 ~573

5 Zhou Jian( Ji]'%%¢) ,Tao Youhua( Fij /2 4¢) , Wang Xianhong( E#k £ ) , Zhao Xiaojiang (X I T.) , Wang Fosong ( L # ). Acta Polymerica
Sinica (15 4 F 24k ) ,2007,(10) :913 ~917

6  Li Guofa(Z=[H¥E) ,Qin Yusheng( Z& EFt) , Wang Xianhong( FHRLL) , Zhao Xiaojiang(#XIBEVL) , Wang Fosong ( F i #3) . Acta Polymerica
Sinica( &4 24 ) ,2010,(1) ;107 ~ 113

7 Hu Yuxi(#] E4), Qiao Lijun (F%37 %2), Qin Yusheng( Z& % F+) , Wang Xianhong ( F ik £T.) , Zhao Xiaojiang ( #% B¢ VT.) , Wang Fosong
(FEf#S) . Acta Polymerica Sinica( &> 724k ) ,2011,(11) :1336 ~ 1340

8  Qin Yusheng(Z& £7}),Gu Lin(J#i#k) , Wang Xianhong( E#KZL ). Acta Polymerica Sinica( /& 4> T 44 ) ,2013,(5) :600 ~ 608

9 Moore D R, Coates G W. Angew Chem Int Ed,2004 ,43 ;5561 ~ 5573

10 Sugimoto H,Inoue S. Pure Appl Chem,2006,78 1823 ~ 1834

11 Darensbourg D J. Chem Rev,2007,107:2388 ~2410

12 Klaus S,Lehenmeier M W, Anderson C E,Rieger B. Coord Chem Rev,2011,255.:1460 ~ 1479

13 Lu X B,Darensbourg D J. Chem Soc Rev,2012,41.1462 ~ 1482



1022 =8 F % 2014 4

14 Lu Hongwei( %45 ), Qin Yusheng ( Z& £ F}) , Wang Xianhong ( F #k 21 ) , Zhao Xiaojiang ( #X B¢ VT ) , Wang Fosong ( £ # #3). Acta
Polymerica Sinica( &4 724k ) ,2012,(4) :446 ~452

15 Qin Yusheng(Z L7} ) , Wang Xianhong( E#KZL ) , Zhao Xiaojiang (#X BEVT.) , Wang Fosong( L #4 ). Acta Polymerica Sinica ( & 4> T 2
#i2),2011,(7) :784 ~790

16 Noh E K,Na S J,Sujith S,Kim S W,Lee B Y.J Am Chem Soc,2007,129 :8082 ~ 8083

17 Sujith S,Min J K,Seong J] E,Na S J,Lee B Y. Angew Chem Int Ed,2008,47.7306 ~7309

18 Ren W M,Liu Z W,Wen Y Q,Zhang R,Lu X B.J Am Chem Soc,2009,13:11509 ~ 11518

19. Dengler ] E,Lehenmeier M W, Klaus S, Rieger B. Eur J Inorg Chem,2011,3.336 ~343

20 Ema T,Miyazaki Y,Koyama S,Sakai T. Chem Commun,2012,48.4489 ~4491

21 Kember M R,Knight P D,Reung P T R, Williams C K. Angew Chem Int Ed,2009,48.:931 ~933

22 Kember M R, White A J P, Williams C K. Inorg Chem ,2009,48.9535 ~9542

23  Buchard A,Kember M R,Sandeman K G,Williams C K. Chem Commun,2011,47:212 ~214

24  Kember M R, Williams C K.J Am Chem Soc,2012,134.15676 ~ 15679

25 Nakano K,Kobayashi K, Nozaki K. ] Am Chem Soc,2011,133.10720 ~ 10723

26 Nakano K,Kobayashi K, Ohkawara T,Imoto H,Nozaki K.J Am Chem Soc,2013,135.:8456 ~ 8459

27 Wu W,Qin Y S,Wang X H,Wang F S.J Polym Sci,Part A:Polym Chem,2013,51:493 ~498

Bifunctional Aluminum Porphyrin Catalysts for Copolymerization
of CO, and Epoxides

Wei Wu'?, Yu-sheng Qin'* |, Xian-hong Wang'* , Fo-song Wang'
(' Key Laboratory of Polymer Ecomaterials, Changchun Institute of Applied Chemistry ,
Chinese Academy of Sciences, Changchun 130022)

(* University of Chinese Academy of Sciences, Beijing 100039)

Abstract Due to the concern on residue toxic metal in biodegradable polycarbonate , environmental friendly
aluminum complexes, i. e, bifunctional aluminum porphyrin complexes were prepared by anchoring quaternary
ammonium salts to the porphyrin ligand framework. The structures of all the complexes were confirmed by
'"H-NMR,"”C-NMR and MALDI-TOF analysis. These catalysts exhibited enhanced activity and selectivity for
the copolymerization of CO, and propylene oxide (PO) compared with the aluminum porphyrin/quaternary
ammonium salt binary catalyst system. Using complex 1b as catalyst, the influence of reaction conditions such
as CO, pressure, reaction temperature and [ PO ]/[ cat. | ratio etc, on copolymerization behavior was
investigated. The TOF (turnover frequency of epoxide to products) of catalyst 1b can reach 1152 h ™" in 5 h at
90 °C under 3. 0 MPa,while the resultant copolymer showed a carbonate linkage of 98% and number average
molecular weight (M, ) of 42 x 10°,though the PPC selectivity was 68% . When the copolymerization of CO,
and cyclohexene oxide (CHO) was conducted by using catalyst 1b at the same reaction condition,a TOF as
high as 621 h ™' was reached, the carbonate linkage of the obtained copolymer was 81% and the number
average molecular weight was 8. 0 x 107, while the polymer selectivity was 100% . Additionally , our work also
indicates that variation of the quaternary ammonium anion and the axial ligand had dramatic effects on the
catalytic activity of resultant complex.

Keywords Bifunctional catalyst, Aluminum-porphyrin, Carbon dioxide, Epoxide, Carbon dioxide copolymer
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