Making Plastics from Carbon Dioxide:
Copolymerization of Epoxides and CO,

CO,

CO* ﬁV. C- ﬁjL

0)

At

Contents:
| Global warming
Il Utilization of CO,
lll Copolymerization of epoxides and CO,
a Background of copolymerization of epoxides and CO,
b First example of copolymerization of epoxides and CO,
¢ Salen metal complexe as catalysts
1 Cr salen complex
2 Co salen complex
d Zinc catalysts
1 Coates 's B-diiminate zinc catalysts
2 Asymmetric copolymerization using zinc catalysts
IV Outlook

Review:

1 Chem. Rew. 2001, 701, 953.

2 Angew. Chem. Int. Et. 2004, 43, 6618.

3 Chem. Rew. 2007, 107, 2388. 2008/3/12, Z. Chen (D1)



| Global warming!

Fig 1 sea-level rise caused by global warming
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Fig 2: Desertification

On the other hand,

since petroleum resources are predicted

to be exhausted within the next century

at the current rate of consumption, there

is a growing effort to develop new chemical
processes using biorenewable resources.
CO, is an abundant, inexpensive, and
nontoxic biorenewable resource.

CO, might be an attrative raw material!

a Situation in Japan: 1997 Kyoto Protocol; 2008 TOYAKO Summit Conference.

Fig 4 Immobilization of CO, in Japan

Let's concentrant on immobilization of CO, by chemical methods!
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b Reduction of CO,

Methods:

Electrochemical reduction;
Metal-catalyzed hydrogenation;
Photochemical reduction and so on

Scheme 1 Example of electrochemical reduction:

CO;+e —-CO; (E°= —214V) (1)

CO,+2e~ +2H" -=HCOOH (E°= —0.85V) (2)

CO,+2~ +2H*>CO+H,0 (E°=—0.76V) (3)

¢ Chemical transformation of CO,

Scheme 3 Chemical transformations of CO,
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(&)
CO,+8¢ +8H+ ->CH, +2H,0 (E°= —0.48YV)
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One of the most efficient way to
immobilize CO, is polymerzation of CO,
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So far it is very difficult!

Eq 2

Today let me introduce copolymeriztion of epoxides and CO5 to you.

Scheme 2 Example of metal catalyzed:

Cu/ZrO, heterogeneous catalytic hydrogenation
of CO, to methanol
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Example of chemical transfromation of COj,:
Mori miwako group, JACS 2002, 7124, 10008.

Novel Catalytic CO, Incorporation Reaction:
Nickel-Catalyzed Regio- and Stereoselective
Ring-Closing Carboxylation of Bis-1,3-dienes

Scheme 4 Ni-catalyzed ring-closing carboxylation

Nickel catalyst H §OaMe
TsNW PPhg (2 equiv to Nickel)
N~ CO,(1 atm), EtoZn (4.5 eq)
THF, 0 °C A __\NOE
1a a?
catalyst (mol %) time (h) yield (%)
Ni(cod)s (20) 35 75
Ni(acac), (5) 24 72
@ The product was isolated and characterized after treatment with
diazomethane.

Scheme 5 Possible reaction mechanism

i GO=ZnEt
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lll Copolymerization of epoxides and CO,

O QO 0O
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or
poly(cyclohexene carbonale)
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CHO: cyclohexene oxide

| O
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A+ gy ———— ‘4;0“-’/\‘0
X
PO

poly(propylene carbonate)
PPC

PO: propylene oxide

a Background of copolymerization of epoxides and

Scheme 6 The basic mechanism of epoxide and CO,

CO,

copolymerization and the formation of cycli carbonates
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Scheme 7 Qualitative, ideal free-energy profile depicting alternating
copolymerization of propylene oxide and CO,,
as well as potential side-reactions.

Scheme 8 Regiochemistry of PPC

regiochemistry
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——————> low temperature is better!

Other key point of this reaction:
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b First example: Inoue group (aluminum catalysts)
Makromol. Chem. 1978, 179, 1377. Scheme 10 Other alumium catalysts:

Macromolecules 1982, 15, 682. 3: Aluminuim calix-4-arene (Kuran, 1998)

Scheme 9 Alumium porphyrins for copolymerization 4,5,6: Aluminum alkoxides complex (Beckman, 1999, 2000)
of epoxide and CO,

—_
N,

2

Ph
( ;\i\IJ‘CI
Nl NJ [(tpp)MX]
1a M=AlLX=Cl
[{tpp)AIC]] (1a) Ph Ph  1b: M= Al X=0Me

1c: M= Al X = Me
1d: M= Al X=0R
« o] 1e;: M = Mn, X = OAc

co,

l EtPh,PBr I Ph

Cocatalysts:

o]
’(O\ﬁo}% phosphonium salts

PPC
M, = 3500 20 °C, 8 atm CO,,

MJ/M, =109 0.3 h" TOF

+PC 5 6

C Salen metal complex:
1 Cr Salen complex
i Jacobsen group: JACS 1995, 117, 5897.

=N, N= T
C ‘ ,,,,,
O+ MeSiN 31 (@ mae), B0 HIN:’ Bu o’ (‘;:\0 Bu 1 ?’—’ F;"\ ‘3"'\1} * —{
: 2, CSA, MeOH R”™OH /

First example of copolymerization of Salen complex: Jacobsen PCTInt. Appl. WO00/09463, 2000.
ii Other groups developed the salen complex system with cocatalysts:

o md -

9a: R, R"=Ph, cis 10
9b: R, R' = Ph, trans

9c:R=Me, R =H

9d: R, R'=H

2001, Nguyen: Cat 9d/Melm 2002, Darensbourg: Cat 10/P'Bu; 2003, Rieger: Cat 11/DMAP

80°C, 55 atm CO,, 12 h™' TOF  80°C, 60 atm CO,, 32.2 h™" TOF,  75°C, 35 atm CO,, 226 h™' TOF,
100% carbonate linkages. 98% carbonate linkages.

iii Proposed mechanism with cocatalyst in the initiation step:

bimerallic (intermolecular) monometallic (intarmolecular)

X (Nuc) X (Nuc) X (Nuc)

>_\Nuc X) 5 '.“ 5
S é{D '—<T J\Iuc(X) >\/Nuc X)
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Nuc: cocatalyst




iv Intermolecular bimetallic pathway:

initiation:

propagation:

four-membered transition state

NN NN
N (\s"\ (\:\
N—-Crhq o+ | o
="t o 1)
Q Sfe!
10
‘ co,
Np @
\N?N*(* (\:IN)i Oyoz:}cl
dy
NR o)
s PJLO OF 2 PCHC
YOO

v Intarmolecular monometallic pathway:
Darensbourg; Chem. Rew. 2007, 707, 2388.

Scheme 11: X-ray structure of intermediate 4
Kim group: Angew. Chem. Int. Ed. 2000, 39, 4096.

|ozngr,| wommy B

L = pyridine or
substituted pyridine

dimeric pyridinium alkoxy
zinc derivatives

Scheme 12: The case in Cr-salen/DMAP system

N N
3 o | 3

—cl— /\ —Cr=

N
/+N

ring opened
by DMAP

Table 1 Effect of various phosphines on the rate of
copolymerization of cyclohexene oxide and CO,
catalyzed by Cr Salen complex:

phosphine cone angle (deg) TON? TOEF¢
P[C(CHs)s]s 182 1277 638
P(2.4,6-tri-CH3;0CgH;); 185 1417 354
P(CsHi1)s 170 1318 329
P(p-CH30CgH,)s 145 1293 323
P(0-CH30CgH,)3 153 1170 292
P(p-CH3CsHa)3 145 1301 325

Sterical phosphines are effective cocatalysts

Scheme 13 Activation of phosphines by formation of

phosphonium zwitterious

e = Ng or copolymer chain
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vi Cocatalyst as a turning tools:

Q0 0 O,
O catalyst \—>
+ Bo) < 0
A — X -
CHO poly(cyclohexene carbonale) : 2
PCHC =N N=
/Cr\
Bu ol {Bu
cl
(o} tBu 1Bu
catalyst
A ¢ co, —= O A
X
PO poly(propylene carbonate)
PPC

0.7
Table 2 Catalytic activity in the presence of

06 1 PPNX cocatalyst.

0.5 1 X TOF?
L]
2 N. 608
<04 - 3
8 cl 494
Sizo | Br 420
803 I 360

. OAc 350

HCO; 280
0.1 1 @ The carbonate content of all copolymers isolated was greater than
99%. ® Mol of epoxide consumed/mol of catalyst h.
0.0 ¥—o- T T T T
0 100 200 300 400 500

Time (Minutes)

Figure 22. Comparison of m situ infrared profiles of copolymer

production from CO, and cyclohexene oxide utilizing catalyst 1

and the three classes of cocatalysts: PPNTC1~ (¥), PCy; (O), and PPNCI: (CgHs)3P=N(CI)=P(CgH5)3
N-Melm (@). N-Melm: N-methylimidazole

Fig 4: Cocatalyst loading

) Reason:
Fl’olymer Backbiti
OY 0 ackbiting
0 Fl’olymer

OYO
[ Nu lTlu + O}\'
—_ (l:r —_— _— Cllr — ):o ) 0
X OJ(

0]

Equivalents 10 Nu = cocatalyst

2 Co (lll) Salen complex:

Competition of data in carbonate linkages, TOF, pressure, temperature and so on. 6/11



i 2003: Coates group (Co Salen complex only), Angew. Chem. Int. Ed. 2003, 42, 5484.

[ Q
0. O)LOJ\/O\W Head-to-head
(HH) * 1{mPa = 145 psi

L “n

[ o]
0. Tail-to-tail
\ﬁo O/Yo\g () K 2
L =n

o R =N NS N=
o N Head-to-tail R O/C|O\O A
o} o/\l/o \([j( (HT) Ohc
- -n
Q. co, Bu B (salcy)Co OJ\,O Me
u\ [Co{salcy-1)OAc]; R = Br o

[Co(salcy-2)OAcl R=H n

[Co{salcy-3)0Ack: R = Bu
Entry  Catalyst Epoxide [POJ:[Cat] Pressure Temp Time TOFY  Selectivity Carbonate M, PDI

[psi LA W ] %PPOT  Linkages %] [gmol]  (W,/N,)
1 [Co(salcy—1)OAc]  rac-PO 500 800 25 3 81 >99 95 15300 1.22
2 [Co(salcy—1)OAc]  rac-PO 500 600 25 3 19 >99 94 3100 2.60
3 [Co(salcy—1)OAc]  rac-PO 500 800 40 3 17 >99 90 5600 1.21
4 [Co(salcy—1)OAc]  rac-PO 500 800 30 3 69 >99 94 12200 1.26
5 [Co(salcy—1)OAc]  rac-PO 500 800 20 3 42 >99 95 8000 1.44
6 [Co(salcy—1)OAc]  rac-PO 500 800 15 3 31 >99 95 7600 1.51
7 [Co(salcy—1)OAc]  rac-PO 200 800 25 3 51 >99 95 8200 1.25
8 [Co(salcy—1)OAc]  rac-PO 2000 800 25 8 38 >99 95 21700 1.41
9 [Co(salcy—2)OAc]| rac-PO 200 800 25 3 51 >99 96 6600 1.21
10 [Co(salcy—2)OAc]| rac-PO 500 800 25 3 66 >99 96 9000 131
1 [Co(salcy—3)OAc]| rac-PO 200 800 25 3 42 >99 99 5700 1.28
12 [Co(salcy—3)OAc]| rac-PO 500 800 25 3 59 >99 99 8100 1.57
13 [Co(salcy—3)OAc]  (S)-PO 500 800 25 3 al >99 99 6900 1.58
14K [Zn(BDI)OAc] mc-PO 2000 300 25 2 184 87 99 35900 1.11
150 [Cr(salph)Cl] rac-PO 1500 490 75 4 160 N 98 16700 1.38

[a] All of the polymerizations were carried out in 3.5 mL of neat propylene oxide (PO). [b] Turnover frequency of PO to PPC. [c] Determined by using
'H NMR spectroscopy. [d] Determined by gel permeation chromatography in tetrahydrofuran at 40°C, calibrated with polystyrene standards.
[e] Reference [14]. [f] Reference [16].

ii 2004: Lu group (with quaternary amminium salts), Angew. Chem. Int. Ed. 2004, 43, 3574.

Ta: X =0,CCH;
1h: X =0,CCCly

|c-x:u-©-m

NO,

uH 1d: X = O@NO?
=N _ —
:j ;: NO:
leX= o NO;

O r R
+ o, (IR, 2ZRH(fBu),SaleyCoX] (1) /K/O
o)
R | nBuyNY
R =CH,, C,Hs, CH, —I L Oln

/

Enty 1 Y Epoxide tlh] P[MPa] TOFM[h"]  Selectivity?  Carbonate M9 [gmol™]  PDI(M/M,) K
[%6PPC] linkages [%6]"
1 ag Br PO 3 2.0 228 3 >99 y - 3.9
2 b | Br PO 3 20 264 6 >99 - -~ 4.7
3 dl Br PO 3 20 289 78 >99 23500 1.29 3.2
4 d d PO 3 2.0 257 99 >99 30400 1.36 3.4
5 d | PO 3 2.0 272 69 >99 22100 1.34 2.8
6 d oal pro 3 2.0 167 99 >99 18200 1.23 3.1
7 c PO 3 20 185 96 >99 21000 1.48 29
8 e PO 3 20 248 99 >99 27500 1.43 3.0
9 d - PO 24 2.0 2 95 >99 i —f =
10 I - d PO 24 2.0 <1 0 - y - -
1 d «d PO 3 0.2 130 98 >99 18200 1.29 3.2
12 d PO 3 0.4 190 99 >99 28300 1.31 3.5
13 d «d PO 3 1.0 243 99 >99 29900 1.41 3.3
14 d PO 3 4.0 219 99 >99 28700 1.42 3.3
15 d d PO 3 6.0 173 99 >99 25500 1.33 3.4
1681 d < PO 3 4.0 371 99 >99 24000 137 2.8
17 d 1,2-Bul 6 20 61 99 >99 11600 1.26 i
188! d 1,2-HOB 8 20 438 98 >99 7300 iHii) =

[a] The reaction was carried out with neat epoxide (14 mL, 200 mmol; catalyst/co-catalyst/epoxide =1:1:2000) at 25 °C, unless otherwise noted.
[b] Turnover frequency of epoxide to products (pelycarbonate and cyclic carbonate). [c] Determined by using 'H NMR spectroscopy. [d] Determined by
means of gel permeation chromatography in THF at 35 °C, calibrated with polystyrene standards. [e] K, =In[1-¢(1 +ee)]/In[1-c(1-ee)]; c=conversion,
ee=enantiomeric excess of unconverted epoxide. [f] Not applicable. [g] 40°C. [h] 1,2-Butene oxide. [] 1,2-hexene oxide. 7/11



iii 2006: Nozaki group (with a piperidinium end-capping arm)
Angew. Chem. Int. Ed. 2006, 45, 7274.

Scheme 14 Catalyst design to suppress the production

of cyclic carbonate
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Scheme 15: Synthesis of a block terpolymer

CO, {1.4 MPa) sampling
cat. 1 (0.20 mol%) )k J— /
) DME, 28 h, 25 °C o

conv, of PO: >99% (selectivity: =99%)
M, =10,000 (g * mol™)
CO, (1.4 MPa) M, /M, =112

Bu

b SRS S
41h,25°C o Ojn—?(-/ko O’)n

conv. of 1-hexene oxide: 89% (selectivity: >99%}
yield (NMR): 1st block, 98%; 2nd block, 88%

M, = 16,900 (g » mol™")

My, I M, =117

Table 3: Copolymerization of epoxides with CO,
catalyzed by cobalt complex 1

R cat. 1
o™ co,

R O
Aot -

o solvent
2
Entry R Solvent t[h] Yield of  2/3" M, [gmol ]9 M, /M0
243 6™
1 Me — 3] 38 99:1 12600 1.13
2 Me - 121 77 99:1 23900 1.14
3 Me - el 79 96:4 33700 1.28
4 Me — 1] 34 90:10 7100 1.22
5 Me DME 6 53 99:1 13200 1.10
6 Me DME 48 >99 97:3 26500 1.10
79 Me DME 20 95 95:5 5100 1.06
8 Et | DME 48 89 97:3 31000 112
9 Bul DME 48 89 98:2 34300 1.14

[a] Reaction conditions: epoxide (14.3 mmol in entries 1, 2, and 4-9;
47.2 mmol in entry 3), 1 (epoxide/1=2000 in entries 1, 2, and 4; 6500 in
entry 3; 1000 in entries 5-9), CO, (initial pressure: 1.4 MPa), DME
(1.0 mL in entries 5-9), at 25°C (entries 1-3 and 5-9) or 60°C (entry 4).
[b] Determined on the basis of 'H NMR spectroscopy of the crude
product by using phenanthrene as an internal standard. [c] Determined
by size-exclusion chromatography analysis using a polystyrene standard.
[d] Methanol (20 equivalents based on 1) was added.
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d Zinc catalysts:
1 Coates 's B-diiminate zinc catalysts

i High-activity Zn(ll)-based catalysts for the copolymerization of

CO, and cyclohexene oxide.

Scheme 16 X-ray crystal structure of the dimer of
B-diiminate zinc catalyst 1

JACS 1998, 120, 1101

8.

JACS 2001, 123, 8738.

Scheme 17 Synthesis of B-diiminate zinc catalyst

A
1) EtOH / HCI N
2) Base

s

T

MU ML S

v A

2 ArNH,

Q 0
PN

\I”Z/ 1) n-BuLl

2) Zn(OAc), _ oA

Table 4 Results of copolymerization of CO, and cyclohexene oxide

temp pressure reaction % carbonate M, (x1073) My/M, TOF¢
catalyst (°O) (psig) length (h) linkages (GPC) (GPC) TON? ™
1 20 100 2 95 213 1.07 270 135
1 50| 100 2 96 31.0 1.11 494 247
1 80 100 2 95 25.7 17 412 206
2 50 100 2 95 19.1 1.07 449 224
3“'| 80 800 69 91 38.0 4.5 173 25
4¢ 100 2000 24 93 17.0 6.4 216 9.0

 All of the reactions were performed in neat CHO. ® Moles of CHO consumed per mole of zine. € Moles of CHO consumed per mole of zinc
per hour. ¢ Data from ref 12 for (2,6-PhyCsH;0),Zn(Et,0), (3). @ Data from ref 13 for HO,CCH=CHCOy(CH;),CsF13/Zn0 (4).

ii Proposed copolymerization mechanism using pB-diiminate zinc catalyst:

Scheme 18 Insertion reaction of CO,

AN
/, \Q,o;&/

N .
i CO, (100 psi \
2 C Zn—oPr 0, (100psh_ ;

Scheme 19 Insertion reaction of CHO

JACS 2003, 7125, 11911.

NC Zi'l Zr"l/ ) CN
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Scheme 20 Proposed copolymerization mechanism and

epoxide ring-opening transition state:

~P CHO
a) o b)
- -t
e N 9
N._/ N o-P
Gz 2y o=
0~© 0 NI
Is) P )k ( ,Z'n Zn )
b o~ "o NTT SN
co, 3 oY .fo
Nu,Z, \\Z ..N) o
N My N P~ |
cHO O\fo
/ -0
=3
Z(N' zn \>—0
NT \P\_’/
cO,

Scheme 21 Unsymmetrical, electron-deficient g-di-zinc complex for the copolymerizaiton of pr)opylene oxide and CO,

9
i
2\

46

Fs n

+ CO,

&\ FsC\éQ’

JACS 2002, 124,

(yodlde

+xPC

living polymerization
(PDI =11, M, =40 kg mol ™}

J

Scheme 22 Alternating copolymerization of limonene oxide

and carbon CO,
JACS 2004, 126, 11404.

o 2
2:}; F.C A
12/ 0
LA T60.,_ (s}

R Sod S er
@ : ﬁ\ o=
Y

46

14284.

Scheme 23 Ring opening of 1a and 1b during copolymerization

and hydrolytic cleavage to give diaxial diol 13

iii Fromation of nanoparticles by intramoleucar cross-linking:

following the reaction progess of single polymer chains

Scheme 24 Synthesis of alkene crossing-linked
polycarbonate nanoparticles

O . ®¥+ co, _LEDNZI0NG, { Hé{j g
@ﬁ

Intramoleculary crosslinked
nanopeiticie (3)

Hh
2 of L_Pr
PC¥s (2 mol%)

Vinyl functionalized poiymer (1)

Axial
) An‘la.':k _CO,P _ 0Of2)
\\-'7‘ \\]’"“ & - T
NG v Poed o
1a O‘ h™
Zn(BDI) W
OH" e
P = Polymer -ray oi1)
\ O/./,’n(BUU
.0 X o & _OH
>;Lf\7 - o Yo
1B axial Ocop 13 O
Altack
JACS 2007, 129, 11350.
time My? % vinyls T¢
entry (h) (g/mol) MM cross-linked® (°c)
1 0 54 100 1.20 0 114
2 0.25 45 700 1.34 42 157
3 0.50 39500 1.26 59 167
4 2.0 33000 1.19 70 185
5 4.0 31500 1.19 76 194

@ All reactions were run with 2 mol % of Ru catalyst at 22 °C with 1.0
mg polymer/mL toluene. ? Determined by GPC in THF at 40 °C versus
polystyrene standards. ¢ Determined by 'H NMR spectroscopy. ¢ Determined
by differential scanning calorimetry (second heat).

Figure 1. AFM height images for the nanoparticles in Table 1: (a) entry
1, (b) entry 2, (c) entry 3, (d) entry 5. (e) The plot presents the square of
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2 Zinc catalysts for asymmetric CHO-CO, copolymerizaiton

i Nozaki Group: JACS 1998, 721, 11008.

Scheme 25 Synthesis of complex 2a and it's structure

Scheme 26 Asymmetric alternating
copolymerization of CHO and 002

Ph
D__(,Ph
N
H OH Ph
1a-H . D—%Ph
recrystalli-

N
Et7 taH zation H \Zn/O\Zn/Et
t. + 1a- J
2ch THF Hexane e ol Nf
60°C,2h -20 °C
Ph
Ph
2a

cat. EtoZn/1a-H

%),

toluene, 40°C

hydro\ysm
Ph
MPh
N R
H OH HO" N7  T0%ee
1a-H OH

Fig 5 MALDI-TOF mass specrtum to determine
the end group

counts
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Scheme 28 Proposed mechanism

h
r.o0 St
O, Et P 0. Et
&

22 2w, w i,
B ol NN B O N
P ) P
Ph Ph
|
control of
stereochemistry
7
O, Et
Zn/ Zn/

—_—

copolymer |

(P = polymer chain)

Scheme 27 Proposed structure of copolymerization

Ph2
copolymer |
O—-Phg Q I n
C. . copolymer
N o) 0. .O/-H
H \nf n

| | L1
252.3 142.2n 1.0

Each signal =
142.2n (repeating unit) + 252.3 (1a) + 1.0 (H) + 23.0 (Na™ ion)

ii Coates group: Chem. Commun. 2000, 2007.

\‘)“
o/ﬁ
| SiMe,

/Zn—N

o /%\ \SiMe3

52

IV Outlook:

Remained task:
1 Completely controlled asymmetric
CHO-CO; copolymerizaiton

*

2 Polymerzation of CO,
o lo_ _OR
M< W% i
oMo

=N_ N= How about?
M
BUAQ:O/ \ob—ta d
Mz
tBu But \

Metal Salen complex
(Efficient catalysts for copolymerization
of epoxides and CO.)

Bimetallic Schiff
base complex
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