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C22Q FROM THE CONTEXT TO THE CHALLENGES

10%

Fuels

Hydrocarbons, ‘
gas, coal s

Chemicals

95% of organic chemicals
derive from fossil feedstocks

-

80% of the world energy portfolio
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C2A coO,ASANENERGY VECTOR

CO, reduction: recycling to fuels

B CO, hydrogenation for hydrogen storage
CO, to formic acid HCOOH
CO, to methanol CH,OH

B CO, electro- and photoelectro- @
06\)0

catalytic reduction to CO, formic «®

acid, methanol, etc. = Methanol, DME
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C2Aa Cco,TOFUELS

Limited short terms opportunities

Hzo —_— H2 + 1/2 02

+CO,

> CH3OH + H,0

methanol
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DESIGN UNDER CONSTRAINT

The problem

Reduce CO, using a carbon-free
energy input while carbon fossil
resources are the cheapest and more
abundant energy source

The solution

Catalysis

The strategy

CO, to chemicals:
- develop efficient catalysts for CO,
reduction
- avoid the fuel sector
- convert CO, to high value products



INDUSTRIAL PROCESSES UTILIZING CO,

Industrial routes from CO,

B Bosch-Meiser process for urea production

O

fast /,O @ slow &

2NHz +CO, —— |HoN-C © NH;| ——> H,N" 7 NH, * H,O
160-200 °C ~ Urea
| 100-400 bars 120 Mtfy
B Inorganic carbonates
brines _ _ L
CO, > inorganic carbonates (M-CO,) for CCS applications

44 Mtly

B Synthesis of polycarbonates from CO./epoxide copolymerization

76 ktly Bimetallic mechanism
Coates Darensbourg



C2A co, TO VALUE ADDED CHEMICALS

Market opportunities with no significant impact on CO, emissions

2750 Gt CO, in the atmosphere Conversion of CO, to chemicals is NOT
a solution to the greenhouse effect
1000 Gt
BUT:
= CO, is a cheap, secured, renewable
100 Gt _ o
30 Gt anthropogenic CO, (annual) and well-distributed carbon feedstock

18.2 Gt CO, potentially usuable _
= CO, can replace toxic reagents

(phosgene, isocyanates, etc.)

10 Gt

3 Gt CO, actually usable

2 Gt CO, market = Short terms opportunities in bulk
potential chemicals to fine chemicals

1 Gt

100 Mt 150 Mt CO,, currently

utilized in the industry

(mostly urea)
10 Mt

' Multiple markets, multiple targets: |
need for multiple new processes
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Energy

Carbon oxidation state

H ' Fuels Large scales (> 1 Mt/y)

| : (very) Long term (>30 y) HH HH
SN T v ¢
' HY Y S :
H HITS H. _C_ _C
i H 5 § ¢ > >H
! 3 Petrochemistry /B ES
. OH i = HH HH
A I P — /A N
EH\‘VC\HE E’ ethers amines alkanes
a E /
o
(”3 i : acetals imines ketones
'H” H : \
5 i Lo
E (||) \(Gao‘\o -
5 : gV esters amides carboxylic
G pied — acids
H™ oWl /S — — =
""""""" o o Value added chemicals

—_—
o  Horizontal utilization | | Small markets (1-1000 kt/y)

C// R\O /C\O P HN /C\NH Short terms applications (5-10 y)

O// CO; Recycling carbonates (€) % urea (€)
| | | -
| | | Functionalization
c-0 C-N cc GO CNCC

bonds formation

Objective: develop efficient and viable catalytic processes



DESIGN UNDER CONSTRAINT

Two strong constraints: energy and resources availability

B carbon-free energy inputs
B high selectivity
B large kinetics

B low pressure, low temperature

high selectivity

use of earth abundant materials

B use of non-toxic materials
B tolerant to impurities (NO,, SO,, M, etc.)
B atmospheric pressure of CO,

B high temperature (niche app. with
cogeneration)
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PROOF-OF-CONCEPT: NEW CATALYTIC PROCESS

Proof-of-concept for the diagonal approach

Energy

Carbon oxidation state
4 HH HH
TR W 5%
vl \H‘ 5 \Q/ \C:/ ~H
Ho g 4 A
3 Petrochemistry
Cl)H = alkanes
L
1 H:?C\H E
(0]
0 g | acetals | imines
H > H /
(0] e :
I ; carboxylic
+l g esters ]/ [ am/des] b
H OH
(0] (0]
o Horizontal utilization I Il
awl & . ~o o N
o// CO, Recycling carbonlates (€) g ureali (€) < |
[ | I Functionalization
By B C-0, C-N, C-C

bonds formation

| Co-recycing CO,/PMHS (CEA/DSM technology) |

Angewandte
International Edition Ch e'm »L e
L= ;_’u?; #3 .201:—51/’1'

R 3

-Cover picture in
Angewandte Chemie

-Very Important Paper
(top 5%)

-Highlighted in Nature

Metal-free catalysts, room temperature, single step

o

formamide
12 N-methylformamide
R'R“NH DME

1 step

C02 - ]

formamides:
R'R2NCOH

Sans métal

oOood
T : ooooodd
wemree ([N o 125°0, 7000
________ : Une étape

ooooooo

World production: 500 kt)Arbhpil
Utilization as solvents and reactants

« CO, as an alternative to
petrochemistry
Utilization of an energy vector
(H, Si) coupled with a
functionalizing reactant

Angewandte Chemie 2012, JACS 2012, WO2012137152



NOVEL PROCESSES
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CO, as a C, building block K e

O/’\/\ Z‘f \23 £3
. Complete deoxygenation Of COZ tO formamidineS "cut-and-paste” reaction for CO, recycling
NR3
_ Cu ('lJ
C02 + R1 RZNH + R3NH2 + R3SIH e R1 RZN/ \H Energy

Carbon reduction

Formamidines

Functionalization

Fertilizers, pesticides, fongicides

ChemCatChem 2013, ChemCatChem 2013, PCT/IB2013/054601, PCT/IB2013/059304



NEW PROCESS FOR THE CONVERSION OF

CO, TO METHYLAMINES

Goal: diagonal reactions with large slope (access to highly reduced compounds) %RAWS

Energy
I (LT
IV“ H\\yé\H . LN Methylamines are basic reagents in
U 3 PPN ) )
§ Petrochemistry HH  HH nltrogen Chemlstry
OH = alkanes ”
| 8 . =
Wy | 3 (etmers ) = _ 'amipes Production of MeNH,, Me,NH and energz=e
H > J o
o s e Me;N reaches 600,000 tons/year
0 H/(":\H "’?ceta/'s‘ ‘ imines ‘ ADEME
0o o “a\ ;;ac,(\"“s formaréyides . ( . . N\
wl Lo o ] Zinc catalysts designed @ CEA/DSM
H” SoH| /2 RN H
o) Horizonta/ utilization R E R E
7 N~ N AN
C .
v O// CO; Recycling carbonlates (€) Zl\l‘Jre? (€'SIH2 |
I I I Functionalizati;r
c-0 C-N c-C

European Research Council

Established by the European Commission

CEA technology

Novel catalytic reaction (2012)

B

—
SEVENTH FRAMEWORK
PROGRAMME

2N IPrZnCl, (5 mol%)  R{
CO;+ N—H +2PhSiH; - N—CHs
RZ/ 20 h, 100 °C Rfj
- siloxanes

®,
Chemical Science 2013, Catal. Sci. Tech. 2014, PCT/IB2013/054599 77 INSTITUT DE FRANCE



EFFICIENT REDUCTION OF C-O BONDS

ORGANOCATALYTIC REDUCTION OF
LIGNIN MODEL COMPOUNDS




LIGNIN AS A RENEWABLE CARBON FEEDSTOCK

Biomass to chemicals

Energy About 10-15% auto-consumption
Carbon oxidation state
H HH HH
A Ho G ‘cf
.C
RIVIRT 2L B ~c” > ¢” H
Ho g A5 dn
8 Petrochemistry
Cl)H = alkanes
2
-1l «C IS ethers
H\\l H ()
H >
@)
Biomass 0 y; acetals imines ketones
H™ H
@) eao{\O(\ X
| o2 esters amides carboxylic
| c o129 > acids
H” “OH
» O —  » O
o Horizontal utilization I I
7 R _C_R L
v L - 0~ ™0 HoN"  NH
O// CO; Recycling carbonlates (€) ureall (€) |
>
No possible auto-consumption | | | Functionalization
C-O C-N C-C C-0O, C-N, C-C

bonds formation



LIGNIN AS A RENEWABLE CARBON FEEDSTOCK

Lignin a source of aromatics

OH OH OH

=z =z z

. OH OH OH
\ p-Coumaryl alcohol Coniferyl alcohol  Sinapyl alcohol

O © © :
698

10-20 nm

Pentose
. %

Crystalline [
cellulose

From EM Rubin Nature, 2008, 454, 841



CHALLENGES

Lignin depolymerization to chemicals

B Avoid the fuel market and develop short term applications
in the conversion of lignin to chemicals (higher added
value)

L pea
SOt S8

B Increase the energy content of lignin
B Promote lignin depolymerization
B Lack of efficient technologies for the reduction of lignin

B Isolation of functional products: molecular phenols,
alcohols, aromatics

B Constraints: presence of impurities (H,O, O,, etc.), no
noble metals

Need for metal-free reductive cleavage of ethers

Chem. Commun. 2014, 50, 862



LIGNIN REDUCTION TO CHEMICALS

Lignin reductive depolymerization

B Biomass enables autoconsumption B Idea: convergent reduction of lignin

Energy

C?,’,‘??’,’, gg]datlon state
H Fueis Large scales (> 1 Mt/y) "{b "{ y 4-0-5 o
(!\' (very) Long term (>30 y) H\ /6\ /6\ Spirodienone -
VI HIS g £ " ’ o l OH OoH
3 AH KA '
3 Petrochemlstry —0 o 0
C|>H N aJk,a,nes O
£ o (o)
1t o C N ethers C O
wF © - o N
H —0
HO  OAr / OH
o
0 (”: ; l acetals ] l imines l ketones] p-1
N
H” H
o
arf | esters | [ amides | car bOX-V”C
PN — acids
H OH
"""""" o Value added chemicals
o Horizontal utilization I I Small markets ( 1]—10(?0 kt/y)
oY C// R__CL__R " N/C NH Short terms applications (5-10 y)
i 2! 2
o// €O, Recycling carbonlates € ureela €) |
| | ‘ Functionalization
co CN cc  COCNCC

bonds formation

B Proof-of-concept on molecular models:

of

HO £ _OH

OH

Sans métal
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Chem. Commun. 2014, 50, 862
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