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CO, fixation by its conversion to valuable chemicals

CO, as feedstock: carbon dioxide is produced in large amounts

from industrial processes and fuel combustion.
. . . . f d t k
L{) inexpensive, widely-available, renewable and (as Seaset ;
non-toxic (— green) C,-feedstock .

LD

* Power plants
*Cement industry
*Steel industry

——
—

* NH; production

Challenge:
Conversion of a thermodynamically highly stable molecule as CO,.

[Review: Green Chem., 2019, 21, 406]



CO, as feedstock

CH,
or
CH,OH H,
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Reaction of CO, with epoxides

Viable approach: reaction of CO, with high free energy compounds (H,, epoxides, amines)

AGO
[kJ/mol]
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Catalytic conversion of CO, to cyclic and polymeric carbonates

The reaction of epoxides with CO, is typically catalysed by a combination of:
» A nucleophile (X).

> A Lewis acid (LA) site

(a metal or a hydrogen bond donor) ,
cyclic carbonate
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X
S\ /X i nucleophilic
High selectivity towards co, T' attack

cyclic product if X > LA i ;
and/or if LA is not a metal.
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Metal-based vs. metal-free catalysts

Most catalysts for the conversion of CO, to cyclic and polymeric carbonates are
metal-based.

1 18
1A VIlIA
1A L 8A

1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 He
nnnnnnn A pr— 1A IVA VA VIA VIIA Helium
1.008 2A Sy 3 4A 5A 6A 7A 4.003
3 4 5 6 7 8 ° 10
Li Be Svmbol B C N (0] F | Ne
Lithium Benyllium | Boron | Carbon Nitroges Oxygen | Fluorine Neon
6.941 9.012 Name 10.811 12.011 14.007 15.999 18.998 20.180
1 s 14 15 16 17 18
Na Mg 3 4 5 6 7 8 9 10 1 12 Al Si P S Cl Ar
mmmmmmmmmmmm mf B VB vB viB viiB it 1B 1B | Auminum I sicon | Phosphorus | surr | cnorne | Argon
22080 | 24305 38 48 5B B 78 v 3 \ 18 28 ¥ 28085 || 3097. 32086 | 35453 [ 3008

19 20 21 5 3 3 5 & 32 33 34 35 36

K Ca Sc|TijJ V JCrjMn of NijC Ge As Se Br | Kr
Potassium Calcium ‘Scandium Titanium Vanadium ‘Chromium ‘Manganese iron M  Cobalt Nickel @  Copper Zinc Gallium ‘Germaniui Arsenic | Selenium Bromine Krypton
39.098 40.078 44.956 47.88 50.942 51.996 54.938 55. 58.693 5. .7 7261 | 74.922 78.09 79.904 84.80

37 38 39 41 42 43 44 46 47 48 49 50 51 52 53 54

Rb Sr Y | Zr{Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb|Te | | | Xe
Rubidum | Stontiom | Yurum | Ziconum f| Niobium  Molybdenum Technetum  Ruthenum  Rhodium  Paladiu m  siv&  caami m | nd m Tin Antimony | Telluri logine || Xenon
84.468 8762 88906 | 01224 J 2906 594 98907 10107 102906 10642  107.868 112411 | 114818 | 11871 | 121760 | 127.6 | 126904 | 131.29
55 56 57-71 |72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po| At | Rn
cesum | Barum Hamum  Tantal Tungsten  Rhemum  Osmum  dum  Plating God_ Merciwy | Thaliu Lead Bemuth | Polonum | Astatine | Radon
132.905 137.327 178.49 180.948 183.85 186.20 190.23 19222 195.08 196.96 200.59 204.383 207.2 208.980 | [208.982] | 209.98: 222,018
87 88 80-103 | 104 105 106 107 108 109 110 11 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut FI Uup Lv Uus Uuo
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn Sum  Bohum  Hassum  Meitnerium Damnstadtium Roentgeum Copemicium | Ununtium | Flerowum | Unanpentium| Livermorium | Ununseptium | Ununoctium
223020 | 226025 [261) 12621 2661 [264) 269] 1268) 1269 12721 {277 | unknown | [289] | unknown |  [298] | unknown | unknown

Advantage of metal-based catalysts:

high activity

Limitations of metal catalysts:

» Expensive

» Sensitive to moisture and air
» Possibly toxic

» Need for a co-catalyst

Can we develop metal-free catalysts for the conversion of CO,?



Homogeneous organocatalysts

First strategy

[Hopefully soon available as a publication]
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Homogeneous vs. heterogeneous catalysts

Second strategy

Can we have a similar combination of active sites in a metal-free heterogeneous
catalyst?
» A nucleophile (X).

» A hydrogen bond donor as (mild) Lewis acid (LA) site

<

Inexpensive, commercial anion-exchange resin beads

. AN——CH—CH,~ CH—CHy——

2EEE 2 OQ

Resin bead o .. .‘\. SN N——CH—CH—— v

Amb-OH-910-CI
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Resin beads as catalysts for the conversion of CO, to cyclic carbonates

Macroscopic porous Amberlite resin beads

Bead format = easy separation Porous structure = accessibility
to the active sites

TGA
100 -
g 75 —— Amb-0H-910-I
38 o Thermal stability well
% above the reaction T
2 25 -
0 T T T T T T T T 1

0 100 200 300 400 500 600 700 800 900
Temperature (°C)
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Resin beads as catalysts for the conversion of CO, to cyclic carbonates

The catalytic activity can be tuned by ion-exchange of the halide ion acting as
nucleophilic catalytic species.

. o SN N——CH—CH,— CH—CHy—— v\
—_—) ° ¢ \ . —_—
. g S CH active
. S e g e 2 site
Re5|n bead ° o .\ W_CH_CH_W
e Amb-OH-910-Cl

Wyield (%) [l selectivity (%)
100

10 bar CO, 801
80 °C 60 - halide (CI, Br, I)
18 h 40 - I I I I can be tuned
20 -
0

Amb-OH-910 in iodide form gives highest activity in the synthesis of cyclic carbonates.

[ACS Sustain Chem Eng, 2020, 8, 7993] 11



Glycerol carbonate

OH )k

HO\)\/OH + C02 E—— Q O + HZO ArGo >0

glycerol HO
glycerol carbonate

lubricants \
adhesives
surfactants
green solvent
monomer )

Direct carbonation is thermodynamically unfavourable.

Third strategy
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A thermodynamically viable alternative:

0O
)k Resin
@)
/\ + CO, — Q beads
catalysts

propylene oxide propylene carbonate

0
OH )k transcarbonation )k OH
® rotl_on ¢ O) P = - JO_/O v K _ou
HO

propylene glycol 12




Transcarbonation

Can we use an Amberlite resin bead to catalyse the transcarbonation reaction?

OH )k transcarbonation )k OH

HO\)\/OH + )_/ = HO\)_/ + )\/OH

Transcarbonation is a base-catalysed reaction:

Amb-OH-910-OH

v IN\N——--~CH— CH CH— CH—J\NV‘ N N——CH— CH CH— CH—J\/’UV‘

NaOH / H,0
Amb-OH-910-Cl N
| 4h/65°C

c
)
v
s
c
o
—
9
Y
(¢]
>
Z
G
—
o
2
c
=

601
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Yield 401 [ | eol . . .
%) propylene glyco Highest activity with
80 °C
201 5h Amb-OH-910 in
0 hydroxide form

Cl I OH hydrotalcite 13
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One-pot reaction

Can we perform the whole process in one pot?

Our initial strategy: combine the optimum catalyst for the cycloaddition of CO, to
the epoxide with the best catalyst for the transcarbonation.

Amb-OH-910-I Amb-0OH-910-OH

14



One-pot reaction

Reality is less conventional than our expectations...

. Catalytic system Yield (%)
> ngheSt glycerOI carbonate | : OH ratio Propylene Propylene Glycerol
yield with Amb-OH-910-I alone (%) carbonate  glycol carbonate
100:0 36 48 17
75:25 24 51 15
» Amb-OH-910-OH catalyses the >0:50 17 >1 13
_ _ 25:75 11 50 10
hydrolysis of propylene oxide 0:100 3 43 4

Reaction conditions: PO (20 mmol), aqueous glycerol (20 mmol), catalysts (95
mg), 115 °C, 20 bar CO,, 2h.
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Glycerol carbonate yield can be increased using higher propylene oxide : glycerol ratio

Yield (%)
PO:glycerol
Catalyst Propylene  Propylene Glycerol
(mmol:mmol)
carbonate glycol carbonate
Amb-OH-910-I 20:0 76 0 0
Amb-OH-910-I 20:5 67 23 69
Amb-OH-910-I 20:10 51 33 50
Amb-OH-910-I 20:20 36 48 17
Amb-0OH-910-I 20:40 32 53 8

Reaction conditions: glycerol: 115 °C, 20 bar CO,, 2h. 15
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One-pot reaction

How can we explain that Amb-OH-910-
is more active in the whole one-pot
process than in the second step alone?

Yield (%)
Catalyst Reactant Propylene  Glycerol
glycol carbonate
P I
Amb-OH-910-| ' OPYiene 23 69
oxide
P I
Amb-OH-910- ' OPYIene 7 28
carbonate

Reaction conditions: glycerol : propylene oxide (or carbonate) = 1: 4,
115 °C, 20 bar CO,, 2h.

16



One-pot reaction mechanism

How can we explain that Amb-OH-910-
is more active in the whole one-pot
process than in the second step alone?

Yield (%)
Catalyst Reactant Propylene  Glycerol
c glycol carbonate
£ Propylene
£ Amb-OH-910-1 ' °PY 23 69
S oxide
S Propylene
> Amb-OH-910-1 °PY 7 28
5 carbonate
()
2
:S Reaction conditions: glycerol : propylene oxide (or carbonate) = 1: 4,

115 °C, 20 bar CO,, 2h.

OH

Gly—0 = HO\)\/O_ = Glyceroxide

We propose a mechanism in which an
intermediate of the cycloaddition can
promote the transcarbonation reaction.

[ChemCatChem, 2021, 13, 475] 17



Conclusions

» The fixation of CO, into cyclic carbonates is an attractive route to convert a
waste gas into useful chemical products (global market: ~100 kton/year).

» Our group has developed active, selective, cost-effective, upscalable
catalysts for producing cyclic carbonates.
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18 [Curr. Opin. Green Sustain. Chem., 2021, 29, 100457]
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