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Carbon based products are at
the core of energy systems

What is the place of carbon products in the French energy system?

The consumption of primary energy in France (2900 TWh) relies for
40% on nuclear energy (for the production of electricity) and for 55%
on carbon fuels

A third (1/3) of the uses of carbon products cannot be substituted with
carbon-free alternatives such as electrification, H, or batteries
technologies

46 Mtoe of carbon-based products will need to be produced from

renewable energy and carbon sources to ensure services dealing with:

m Liquid fuels for long range transportation
m Production of materials (steel, cast iron, cements)
@ m Production of chemicals (plastics, agrochemicals, solvents, etc,)

Part carbonée
55.0

A e Pétrole
~Nucléaire

“.‘ &a-z 3

B Déchets non renouvelables (0.7%) [ Pétrole (28.97%)

B Charbon (3.8%) M Gaz(15.78%) [ Biomasse solide (4.4%)
Biocarburants (1.3%) [l Hydraulique (hors pompage) (1.7%)
B Pompes achaleur (0.9%) [ Eolien (0.8%) I Autres (1.5%)

B Nucléaire (40.16%)

Répartition de la consommation d’énergie primaire en
France, pour un total de 2900 TWh, en 2018. Données
exprimées en % (données non corrigées de variations
climatiques) ; ENR = énergies renouvelables ; d’apres «
Chiffres clés de I’énergie - Edition 2018 », données SDES;
Commissariat général au développement durable.



The circular carbon

economy appears in the
IPCC reports

“Carbon is a key building block in organic
chemicals, fuels and materials and will remain
important (high confidence).”

“There Is growing Interest in “circular
bioeconomy” concepts applied to bio-based and
even a ‘circular carbon economy”, wherein
carbon captured via CCU or CDR is converted
Into reusable materials, which is especially
relevant for the transitions of economies
dependent on fossil fuel revenue.”

Working Group Il contribution to the
Sixth Assessment Report of the
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A linear carbon economy assisted with carbon
capture and storage?

Storage <= < Energy
Capture
CCS: Carbon Capture & Storage A
Mineralization < Chemicals
Production of materials polymers, g
agrochemicals,o*-g~
cosmetics, ...
W
£l
Fuels @
methane,
methanol, @
hydrocarbons
Fossil resources
Oxidation natural gas
combustion, oil v
mineralization coal
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Our vision: a circular carbon economy

A circular carbon economy Photosynthesis

involves:

A collection of technologies able
to convert CO, and its
derivatives into useful products, ,

« Using low-carbon energies (incl. \
renewables and nuclear), Biomass

» To achieve carbon neutrality
with a positive environmental
and societal impact.
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Ressources are key in the implementation of e-fueis &
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Key challenges ...

- Accelerate the implementation of CCU products and in particular e-(bio)fuels by:
- Lowering production costs
Minimising losses in carbon and energy, and use biomass resources optimally

Minimising the overall environmental impacts of SAF/SMF
beyond the sole criterion of CO, emissions
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Our strategy: accelerate the emergence of
e-(bio)molecules through R&D

2020 2030 2040 2050 Losses Losses Losses Losses
Products

Intrants

(CO,, elec. (sustainable

light,...) fuels and
molecules)

A generation of production of sustainable fuels, based on revisited, optimised
and integrated conversion bricks, to optimize yields and energy efficiency

2020 2030 2040 2050 Losses Losses Losses Losses

Intrants Products
(CO,, elec. : ]Eﬁlélsgzrr::ble
o A molecules)

Optimized

A future generation of production of sustainable fuels based on disruptive and
innovative bricks, able to shorten value chains and maximize efficiencies

2020 2030 2i40 2050 Losses Losses Losses Losses

Intrants
(CO,, elec.

light,...)

Products
(sustainable
fuels and
molecules)

Support our industrial
partners with the
development of optimized
and integrated
technological bricks.

Intensify academic
research to propose
disruptive processes
capable of streamlining
and shortening value,,
chains.
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CO, stability

Frontier molecular orbitals

C-0:1.16 A

_— | UMO
21T

Entalpy of Formation [kJ/mol]
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o 28Y &
O—C=—7/—0
- Non-polar

- Electrophilic at C (Lewis acid)
- Nucleophilic at O (Lewis base)

-1207
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2 2

CO, stability: kinetics and thermodynamics

0

Redox potentials
Multi-electron reduction of CO, in water (pH=7) vs. SCE

C02 + e

CO,+2H"+2¢€"
CO,+2H"+2¢
CO,+4H*+4¢
CO,+6H"+6¢€
CO,+8H"+8¢"

Etot

SO

“\&\\\\\\\\\\\
\ A\

\\\\\\ \\\\\\t\\

\\\\\\\

CO,

CO + H,0O
HCOOH

HCOH + H,0

CH30H + H,0

CHy + 2 H,0

1604 kJ mol"!

1650.6 kJ mol™!

0Cco 225¢°

180° 1350

E°=-190V
E°=-0.76 V
E°=-085V
E°=-0.72V
E°=-0.62V
E°=-048V

o?%c b

A
a// \b 731

C& 2b,

4b,
0
m 6a,

1b,

a;& 3b,

0[0]8
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Chemical transformation of CO,

(" Physical energy
(electricity, light)

and / or

Exothermic
reaction

Chemical energy
(reactant:

H,, alkene, epoxide,
organometallics,
\- amine, etc.)

Products ‘2
(fuels, etc.) 2
A '
Endothermic
reaction

Two energetic challenges: thermodynamic and kinetic

26



Chemical transformation of CO,

(" Physical energy
(electricity, light)

and / or
+< Chemical energy Exothermic
(reactant: reaction

H,, alkene, epoxide,
organometallics,
\-amine, etc.)

Products ‘2

(fuels, etc.) ‘2
A W
Endothermic
reaction

/ C02 ''''''''''''''''''''''''''''''''

Is CO, activation required? .



CO, Activation by transition metals

LUMO 8:?:8 __ o Lewisacid
0o (at C)
Cy3P\ e
Q 0 . Ni_
HOMO O=C=0 —> Lewis base Cy,P
O O (at O)
Aresta, 1975
O 0
! 0=C=0---M
M n'c n'o
CO,+M ——
M
75677 AN
e O .0
'’ AN
M 1’]20,0 C KZO,O

O
Ad, , Os. /-0
t-Bu \Q/\ t-Bu

t-Bu Meyer, 2004

. ) .
Bimetallic activation )

Cutler, 1986

28



CO, Activation by transition metals

Reaction chemistry of metal complexes with CO,

B Reduction and reductive coupling

R
\ R @ g W g
0 U\O *+ 8 CO2 ™ oiene dg-toluene \‘”O\C o—u = ug & \SQ/O ?
k%} -30 to 25 °C X} @ k} 0=R
R
10e + 8 CO, 4 COz% + C404% Cloke, 2009
B Insertion into reactive M-L bonds 0 A
Il c
H \ //C X (|)/ ~0
Ph2P—Pd—PPh — T Ph, P—Pd—PPh CO; _ Phy pm Pd -nPth __ PhyP—Pd—PPh,

cto ot olo oic

+ Reductant

lwasawa, 2008
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CO, Activation by organic compounds

B Activation by Frustrated Lewis Pairs (FLPS)

+CO, @

tBusP—>B(CFs)3 %fé’ tBusP + B(CeFs)s ~—= = BusPOs
80 °C, vacuum \f( g(C6F5)3

Lewis pair formation _CO O
prevented by sterics 2

Stephan, 2009

MessP—= AICI |
B Activation by nitrogen bases

®
Mes;P.__O_
|l 00, Mg Do SO
H

“NAICIS N

MeS3P + 2A|C|3 H _C-
] _ Ephritikhine, 2010 070

+ NH3BH, phritikhine, R
- H2
wos Bt Yool ()
— _ N

Stephan, 2010 essP—H, e OAch NN

H R B\ //C\
Cantat, 2013 25~ 7L
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A
Various opportunities to CO, recycling...

Energy
Carbon oxidation state

H Fuels Large scales (> 1 Mt/y)

A oo (very) Long term (>30 y) HH HH
wline>uls D
3 Petrochemistry i =
OH | = HH HH
| E s/ A
-1l H\\VC\H 5 ethers amines alkanes
H > /
' O ' 1
0 g : : acetals imines ketones
e SN
' H H: 5
; O i a(ii{\o“s \
+I1 I , 90“6\(6 esters amides carboxylic
H /C\OH: D2 — acids
> O 0 Value added chemicals
o  Horizontal utilization | I Small markets (1-1000 kt/y)
C// R. _C._ R _C_ Short terms applications (5-10 y)
V1 /~ co,Recycling o O H2N NH;
o 2 carbonates (€) urea (€)
| | | -
| | | Functionalization
Cc-0 C-N c-c  C-0.CN CC

bonds formation

Cantat et al., Angew. Chem. Int. Ed. 2012, 51, 187
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2 2

Available reductants for CO, conversion

E°(CO,/CH30H) = -0.38 V

H* + e H, R3SiH R,BH
Electrolysis Hydrogen Hydrosilanes Hydroboranes
E°is fully tunable E°(H*/Hy) =0.0 V E°(SiO,/SiH,) = -0.38 V E°(B(OH)3;/BH3) =-0.48 V

=-0.41V at pH=7 |

Electron transfer BDE(H-H) = 104 kcal/mol BDE(Si-H) = 92 kcal/mol BDE(B-H) = 78 kcal/mol

is critical
Fully renewable Renewable through water PMHS and TMDS are non-renewable
. (photo)electrolysis . disposable hydrosilanes
available on available on available on .
large scale 10-100 Mtons/year scale 10-100 ktons/year scale
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CO, electroreduction

Principle of CO, electroreduction

Multi-electron reduction of CO, in water (pH=7) vs. SCE

C02 + e —_— C02 E°=-190V

cat Kcat CO,
ker X COy,+2H"+2e ——> CO+H,0 E°=-0.76 V
) * T — °=._
ne cat" reduction products ~ CO2*t2H +2e HCOOH E°=-0.85V

CO,+4H*"+4e —— HCOH+HO E°=-0.72V

Electrode
NN N N NN

V (applied) E°(cat™0) E°(product/CO,) CO,+6H"+6e —— CH30H+H,O E®=-0.62V

CO,+8H"+8e ——> CH;+2H,O E°=-0.48V

2H " +2 e — H, E°=-041V

Review: Kubiak et al., Chem. Soc. Rev. 2009, 38, 89



CO, electroreduction to CO

+
C02+2H +2e — CO+H20 E°=-0.76 V
without CO,
Mechanistic scheme Example: -05 107 () A5 7 E(Vvs NHE)
5 co . T - -~
: M=
! M2+ 2e’ E m
5 % NH NH
| o | [ Ni2+J
: R ~
§H2O'%\ jo CO, | wr (b)
! M—X i Sauvage, 1984
: 2 H O |
H* with CO,
H\
2+ ,O +/ \
LNi—C LNI—C\\ IF‘ y
. Y o 200p------—-
7 N le |(uA)
H
+ :O o+ 29 - + Voltammogram for the electroreduction of CO, catalyzed by
LNi—C (LN )ags == LNI(CO) Ni(cyclam)?* ’

ke
OH-_}\ /(e- Overpotential: n=0.55V (V=-1.31V)
.2 2+

m TurnOver Frequency: TOF = 1250 s

K) Sauvage et al. JACS, 1986, 108, 7460



CO, electroreduction to CO

State of the art catalysts and performances

+ - o
CO,+2H"+2e — > CO +H,0 E°=-0.76 V
n ron e g ; X
NH NH FC':"CNCCHI* /_L \ OH
N2t PCy, o ! N
[NQ ,.}Nj @ POy @ OC—}/I:n—Br @)
P—Pd—NCCH; {1~ OH
L N oC €O
PCy2 Ph Ar
Sauvage, 1984 Dubois, 1990 Savéant, 1994 Deronzier, 2011 Savéant, 2012
n(v) 06 0.8 0.9 0.5 0.5
logTOF (s') 2.2 0.7 2 0.1 3
logTOF, (s atn=0V  -7.1 7.5 14 8.4 4.6

B Concomittant H, evolution is observed for all the catalysts

B Fine management of the local concentration of H* is crucial

@ Savéant et al., Science 2012, 338, 90



CO, electroreduction to formic acid
CO,+2H*"+2e ——> HCOOH E°=-0.85V

B Molecular catalysts:

Mechanistic scheme

SR
i = HCOOH
H* + 2e H o
O X
M—H
M-0O M—-H

_______________________________________

Copper, rhodium and iridium complexes are good catalysts

Example with iridium: H,0 OH- + CO, <= HCO4~
—I +
+2e-, TH*
o YA ~CH4CN oo
FBngP—Ir——F’FBu}z {fBu‘JZP—Ir-—P{fBu‘JZ
CHyCN' NCCH H'NCCH,
+CH3CN
~HCOO- +C0;
(aq.)
Formic acid production at -1.45V i‘Bu P—lr—F'i*Bulz
0 |~u::a:';|-|3

with a Faraday efficiency of 85%
and a TOF of 20 s

High selectivity: Low contamination of the products with H, and CO
Brookhart, JACS 2012, 134, 5500

B Formate dehydrogenase (FDH) selectively reduces CO, to formate at the thermodynamic potential
with a TOF of ca. 280 st

B Industrial developments are underway, using modified copper(0) metal electrodes (Farady
efficiencies >90%, overpotential ~1V) 37



CO, electroreduction to methanol

A completely different story !
CO,+6H"+6e ——> CH30H +H,O E°=-0.62V

B Much more difficult because of multiple H* and e transfers to
synchronize

B Mostly observed as a side product in CO, electroreduction to
formates

38



CO, photoelectroreduction
The dream reaction

B CO, + H, + light = reduction

o,

B Artificial photosynthesis: N

__J N ~ W Starch+ 0,
/ » Fuels + Useful Compounds r 2

.y Photo Catalyst Particl
Mechanistic scheme 1 oto Catalyst Particle

hv E
e (in donor) @ e (high energy) reduction products E P: photocatalyst Reduction cat.

+ nv +C02

___________________________________________________________________________

Review: Meyer, Fujita et al., Acc. Chem. Res. 2009, 42, 1983
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CO, hydrogenation: thermodynamics

+IV +lI 0 -1l -1V
COz + H2 > CO + Hzo
CO, + H, ~ HCOOH

COZ + H2 + NH3 — HCOO™ + NH4+

CO + 2 H2 > CH3OH

COz + 3 H2 > CH3OH + Hzo

C02+4H2 > CH4+2H20

B Catalysts are required to facilitate H, and CO, activation (non polar
gases)

B Selectivity is less problematic than with electroreduction

2 2

AHzggk
kd/mol

+41.2
-31.2

-84.3

-91.1
-49.4

-165.0

AGoggk
kJ/mol

+28.6
+32.9

-9.5

-25.3
-3.3

-113.3

41



CO, hydrogenation to CO: RWGS reaction
CO, conversion to CO: Reverse Water Gas Shift

Enables the formation of syngas (CO/H, mixture) AHggsk AGoggk
kd/mol kd/mol
Cu-Zn catalysts for low temperature shift CO, + H, > CO+H,0 +41.2 +28.6

Fe-Cr catalysts for high temperature shift
Mechanistic scheme

Water removal is necessary to shift the equilibrium towards CO

i H
Rare molecular catalysts exist: e.g. Fe(CO): | ,}’—\ e




CO, hydrogenation to formates with iridium

AHggsk AGoggk

kd/mol kJ/mol
CO, + H, » HCOOH -31.2 +32.9
CO, + Hy + NH; —— HCOO™ + NH," -84.3 -9.5

cat K : N\
CO, + H, >  HCO,K |
KOH aq. Z

60 bar (1:1) / THF (50:1) | T,OCHO
Rgp?llr—PRg Rszllr PR,
cat. = n | N F# | NS
|
iPryP I_|/Ilr/|_| PiPr; % =
N w
| N
_ H,0 + HCOO™  OH

TON: 3,500,000 !

Nozaki et al., JACS 2009, 131, 14168



2 2

CO, hydrogenation to formates with cobalt

CO,
|V|Pe2 H PMeZ HCOZ_
COy + H, Al . HCO, +BaseH" [eCox ]
Base Me Me
1-20 bar : 2 2
20 °C TON: 74000 @
[HBase]
+
R\ \NRR Me, Me_2|
cat. = Co(dmpe),H Base= N~

Base

Linehan et al., JACS 2013, 135, 11533 45



CO, hydrogenation to methanol

Hydrogenation of CO, to methanol

B Direct hydrogenation to methanol

cat.
C02 + 6 H2 — > CH3OH + Hzo cat. = CUO/ZﬂO/ZI"Oz/G8203/A|203
600 gcH3on/K9eat-Nr at 250 °C and 50 bar
(NIRE/RITE Process)

Commercial developments from CRI (Island) and Mitsui Chemicals (Japan)

B Dehydration of methanol to DME

zeolites

2 CH,0OH CH3OCH3 + H,0

DME
High energy density — diesel substitute

Quadrelli et al.,, ChemSusChem 2011, 4, 1194
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CO, hydrogenation to methanol

CO,+3H, ———> CH30H + H,0

cat.

CO, +H, > CH30H + H,O
10 bar 30 bar THF, 140 °C
+ EtOH
TONs = up to 221
cat. = Pth
F’th’-,,/\ [Ru(triphos)(tmm)]
thP-—’Ru\ ~ 2.5mol%

CH3SO3H or HNTf, 5 mol%

AHoggk AGoggk
kd/mol kd/mol
494 -3.3

EtOH enables the formation of the formate intermediate:

Klankermayer, Leitner et al., Angew. Chem. Int. Ed. 2012, 51, 7499
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Available reductants for CO, conversion

E°(CO,/CH;0H) = -0.38 V

o 4 o H, R3SiH RoBH
Electrolysis Hydrogen Hydrosilanes Hydroboranes
E®is fully tunable E°(H'/H)=0.0V | E°(SiO,/SiHy) = -0.38 V E°(B(OH)4/BH3) = -0.48 V

=-0.41V at pH=7

Electron transfer | BDE(H-H) = 104 kcal/mol | BDE(Si-H) = 92 kcal/mol | BDE(B-H) = 78 kcal/mol

is critical
Fully renewable Renewable through water PMHS and TMDS are non-renewable
(photo)electrolysis i disposable hydrosilanes
available on available on available on :
large scale : 10-100 Mtons/year scale 10-100 ktons/year scale
Renewable but "inert" reductants Disposable hydrides

48



Reduction with hydroboranes and hydrosilanes
Reduction of C-O bonds with R,BH and R;SIH

R3SiH R,BH
- - Hydrosilanes Hydroboranes
5 BR, [F |
.0 5 8 /2 BR>
R'2C// + RoB—H — H< 0 > H\C,O E°(SiO,/SiH,) = -0.38 V E°(B(OH)3/BH3) = - 0.48 V
R'2C R'2 :
High energy transition state BDE(Si-H) = 92 kcal/mol BDE(B-H) = 78 kcal/mol
; must be catalyzed ! f
PMHS and TMDS are |  non-renewable
R,B—H > R3Si—H disposable hydrosilanes
Hydroboranes are more Lewis acidic
and display an enhanced reactivity available on .
compared to hydrosilanes 10-100 ktons/year scale

Disposable hydrides
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Hydroboration of CO,

Reduction of CO, with R,BH

H O
H O\ ) N
CO,+ R,B—H \”/ BR, H BR; /O BR> + RoB. __BR,
o) O

P Hj O
+ R:B—H R,B + R,B—H
formoxyborane bis-boryl-acetal methoxyborane
C+II CO C-II
O _0
| : B—H B—H —T B-H -
Typical hydroboranes: , , BH3; THF
O @)
9-Borabicyclo[3.3.1]nonane catecholborane pinacolborane
(9-BBN) (catBH) (pinBH)

Review: Bontemps, Coord. Chem. Rev. 2016, 308, 117
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Hydroboration of CO,

Catalysts for the hydroboration of CO,

B A catalytic reaction discovered in 2010
B Most catalytic systems yield preferentially CH;OBR,
B Mild conditions: <100°C, <5 bars CO,

cat.
CO, + 3 R,B—H > Ry;B-0OCH;
- catB,O

cat.

CNﬁ
)\\
PC S © N" N

| Ho | H Rg)LO R, oM O/Q i
tBu,P—Ni—PtBu, H:Ru<H2 2\ | P<NH B

O O | 2 N—Ru PRz) O N
PCys X PN

N—""NH PPh, N~ N

I
TOF =10 h"’ — CHs
TOF =495 h' , TOF =0,1 h" TOF: 166 h™" TOF =32 h'
Sabo-Etienne, Bontemps, et al, )
ACIE, 2012, p. 1671 Fontaine et al, JACS
2013, p. 9326
Guan et al, JACS, 2010, p. 8872 Stephan et al, ACIE, 2012, p. 11343 Cantat et al, Chem. Eur. J.
2014, p. 7098

@ B All the reduction products are observed: HCOOBR,, H,C(OBR,), and CH;OBR, 51



Hydrosilylation of CO,
Reduction of CO, with R;SIH

o B, S
C02+ R3S|—H S|R3 Hﬁ/ SIR3 /O SIR3 + R3S|\O/S|R3
O

+ R3Si—H R,Si” + RySi—H 3

Typical O/ O/ \O DOl Me H
hydrosilanes: EtO. H -OFEt St MesSi .Si. SiMes

H H
/\SI . " .
\/s|\/ tetramethyldisiloxane polymethylhydrosiloxane
§ (TMDS) (PMHS)
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Hydrosilylation of CO,
Catalysts for the hydrosilylation of CO,

th
[ N o
o o iy
7.1 mol%
COr + 3 _si_ 2 - HiCo SIS, *+ TMSOTMS
1par 1 Me 40°C, 14 days O e
b i '
enzene R. Eisenberg et al., Organometallics 1989, 8, 1822
CHj
g
«SiMeR,
(|r‘NCCH3
OSiMe3 oTi O OSIMe3
1.0 mol% | |
CO, + /Si\\ . - _C /SI\
sbar M W@SMes  25°c 6 days "0 gsive:

F. J. Fernéndez—AIvarez, L. Oro et al., Angew. Chem. Int. Ed. 2012, 51,

/\
N_N 12824
Ph N I|3h

| 0
co, + . 0.05 mol% HaC _Si_

1 bar N 25°C, 3 days, DMF ~o” \Ph

- siloxanes Y. Zhang, J. Y. Ying et al., Angew. Chem. Int. Ed. 2009, 48, 3322

\
C_O
Y
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Hydrosilylation and hydroboration: mechanisms

Different mechanistic schemes

______________________________________________

' M-H (metal hydride) | | Lewis base (LB)
CO, + EH | i | .
tBuzl'T’—Ni—I'T’tBuz (\)\\/j
! 0] 0] P! IT] N
cat. CH,
Y i
(I? Lewis acid (LA) \ Bifunctional catalyst |
C\ /E | P !
H O

EH = R3Si—H or R,B—H

. N
B(CeFs)3 | (N\)\\/Nj
Lo |




Hydrosilylation and hydroboration: mechanisms

Hydroboration via metal hydrides

M-H (metal hydride)

H
O |
R2B\O)kH tBUzFI)_NI_FI)tBU2
o) O CO,
Transmetallation CO. insertion
— — 2
BR, O i e ik
/%2 N ]
H O H C H
L/ 0 0l
O
tBu,P—Ni—PBu, I /
O O (|> H tBu,P—Ni—PBu,
R2BH tBu,P—Ni—PBu; O O
B B O O




Hydrosilylation and hydroboration: mechanisms

Hydroboration with Lewis bases and Lewis acids

Lewis base (LB) Lewis acid (LA)
@)
N R,BH CH, i

ReBo (\ )\\/j ? + ROSIEt B(CeFs)s EtsSIH

ITI N

CHs;
LD D e

N s | -
HXC? N)ZN@ N "N y C/O@R H—B(C4F5)3 Et3Si---H---B(CgF5)3
CHl CH; | " VR
H
@)
N /O\
‘Uc\ HsC™ 'R

e
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Hydrosilylation and hydroboration: mechanisms

Hydroboration/silylation with bifunctional catalysts

H
'<R28 H
<o b (X0
Elimination BR2 \\COZ activation

(1) fx@

BR, Hydroboration




Reduction of CO, to CO with diboranes

R,BBR, as a reductant for CO,

(IPr)Cu(Bpin)
CO, + By(pin), > CO + pinBOBpin

pinBOBpin IPrCu-Bpin

&2
Ba(pin), // 0

IPrCu-OBpin

NHC \Bpin
-CO /

IPrCu Oﬂ
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CO, conversion using
catalysis: reduction and
functionalization

Outline

|. CO, chemistry: back to basics

Il. CO, Transformation : Reduction
I1I.1. Electro- and photoelectro-reduction
I11.2. Hydrogenation
111.3. Hydrosilylation and hydroboration

lll. CO, Transformation:
functionalization

V. CO, transformation:
reductive Functionalization




A
Various opportunities to CO, recycling...

Energy
Carbon oxidation state

H Fuels Large scales (> 1 Mt/y)

A oo (very) Long term (>30 y) HH HH
wline>uls D
3 Petrochemistry i =
OH | = HH HH
| E s/ A
-1l H\\VC\H 5 ethers amines alkanes
H > /
' O ' 1
0 g : : acetals imines ketones
e SN
' H H: 5
; O i a(ii{\o“s \
+I1 I , 90“6\(6 esters amides carboxylic
H /C\OH: D2 — acids
> O 0 Value added chemicals
o  Horizontal utilization | I Small markets (1-1000 kt/y)
C// R. _C._ R _C_ Short terms applications (5-10 y)
V1 /~ co,Recycling o O H2N NH;
o 2 carbonates (€) urea (€)
| | | -
| | | Functionalization
Cc-0 C-N c-c  C-0.CN CC

bonds formation

Cantat et al., Angew. Chem. Int. Ed. 2012, 51, 187



Industrial processes utilizing CO,

Industrial routes from CO,

B Bosch-Meiser process for urea production

@]
fast /,O @ slow &
2NH3; +CO, —/—™> HzN—C\\SD NHsl —<—™ H,N"7°NH,* H,O
160-200 °C ~ Urea
100-400 bars
: 120 Mt/
B Inorganic carbonates Y
brines _ _ .
CO, > inorganic carbonates (M-CO5;) for CCS applications
: : : 44 Mtly
B Synthesis of cyclic and polymeric carbonates
@)
(I.“I, O 4
O t. N t. _—d —
/\ +CO, —>03 O O /\ +CO, ca O O C\
R >_/ R \
R R n
solvents for polycarbonates

Li-ion batteries
150 kt/y 65 ktly

61



CO, functionalization: general principles

Challenges and limitations:

O - Choice of the base
Nu—( +H,0 + Base - H,O release
+y Nu - Polarity mismatch
O
+ Base
NuH + CO, ~ Nu—4 °
O
BaseH® \ o
® @ - Stoechiometric amount of base
+E . .
Nu% + BaseH - Direct quenching of the

nucleophile with E*
NuH = ROH, R,NH, RH, etc.
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C-0 bond formation from CO,

O
lé Carbonic acid
RO~ “OH (unstable)
ROH
. Organic carbonates
Inorganic carbonates
, CaSiO, 2 ROH i
CaCO3 + S|02 C02 > C + HZO
dehydrating agent RO” TOR
Carbon mineralization with various 0O
minerals (Ca, Mg, Fe) / \ | Catalyst

R
Natural occurring processes

Solid and inert material that can be [| 0 R

used in concrete L I
= Large potential market 9) O or C
> / oo

Chem. Rev. 2014, 114, 1709 Cyclic vs polymeric carbonate
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C-0 bond formation from CO,
Direct synthesis of DMC from CO, and MeOH

B A reaction strongly limited by thermodynamics

0
C

2 CH3OH + COpy ——== H.co-Coch, *

H,0O
DMC

equilibrium concentration:

. . e < 2% @433K
B Strategy: dehydration to shift the equilibrium

Inorganic (e.g. zeolites) or organic traps (e.g. carbodiimides)

/CH3 CHg
R /H—O _—’O
RN=C=NR NR +CHsOH N’ +CO, R\N/H =0
E— /C\ —_— I —_— 1 —
+ CH,0H RN”~OCH, _C. /C ofe
’ ,'4 RN OCH, RN™~OCHj
H H

HsCO~

0
C

“OCHj
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C-0 bond formation from CO,

Carbonates from CO, and epoxides

@) R c.*V

Uy Cat o) Cat oo
\(O/C\O)\(}: COy, + /™A
R R' / \

R’ R R'

Uses: Binders, adhesives and coatings

L 0 CO,
Initiation M-X + / \

O
M—O)J\OR o
Propagation /\
CO, y O/\J?\ &
\/\O \Q_R -
(@]
Il Cyclic carbonate by back-biting
Chem. Comm. 2011, 47, 141-163 O/C\O

/

O
M—0" > \/\o)K
Ether linkage

Uses: High boiling Solvents,
Electrolytes, Reagents

'V'—O\/\X — - M_O)J\O/\/X

O

OR
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C-0 bond formation from CO,

Carbonates from CO, and epoxides: catalysts

I
0 . o) C
|| [Fe] 1% [Fe] 1% + [PPNICI "N
R - co, + .
o © . 10atm, 24 h, 80 °C 1 atm, 48 h, 80 °C >:<
tBu
® O
[PPNICI = [PhspzN:PPh3] ci
Chem. Comm., 2011, 47, 212
H H _
N Cl o Cl N2 Role of the chloride salt
NIPAANIPZ
JINTN 0
ZRZ I G IAN Fe l(l
H H ~o7 Mo cl

O
g
Bu 0 o” Mo
. _ Fe-Cl+ |l
Impact of the bimetallic structure, see: _C

Chem. Commun., 2011, 47, 212-214 @O\S/ cl

J. Am. Chem. Soc. 2011, 133, 17395
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C-N bond formation from CO,
CO, reactivity with amines and aziridines

@)
. L o K
i RN olyurethane
oxazolidinone N O or %N/C\O)\)/ poly
>—‘ | n
R R2 R?
l
N
VAR
R
I / \ O
C — K HO N I
R\N/ \O — g, N C

\ - C02 N (@] +H,0
RoC dehydrating agent >_/

CN R
©i Challenges remain for
NH

2 * the use of milder conditions
o) » decreasing the amount of wastes
that need to be recycled
NH -
/§ » extending the scope of products
N O

quinazoline Energy Environn. Sci., 2012, 5, 6602
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C-C bond formation from CO,

Different strategies based on the carbon nucleophile

R—C\
+ R'X O—-R
O
//
R-M + CO, - R-C
O-M
O
//
+ H @ R_C\
O—H

Use of an organometallic reagent (C-M bond)
Generation of a carbon nucleophile by oxidative addition in a C-X bond
Generation of a carbon nucleophile by C-H activation

Use of electron rich C=C bonds
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CO, to chemicals: C-C bond formations

Carboxylation reactions

B Carboxylation of organometallic compounds

R—M + COp; —— > R—CO,H M = Li, Mg, Cu, Mn, Zn, B, Sn
O cat. CuCl, ligand
/ Base aq. HCI lwasawa, 2008
@)

B Reductive carboxylation of benzyl halides

RZ R? cat. NiCl,(PCys), R R°
TBAI
N Zn (5 equiv.) N Martin, 2013
ri_L X . CO, > il COH

/ DMA, RT | /
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CO, to chemicals: C-C bond formations

Carboxylation of C-H bonds

B CO, insertion into activated C-H bonds
[Au] cat.

N _HCI N
R_“/ \>_H + co, KOH aq . R_l!/ \>—002H Nolan, 2010
L L

O 0
cat. CuCl, ligand
R—==—H + CO Base 2 ne Zhang, 2010
—=—=—-H + CO, > > OH ,
=7

R

B Synthesis of salicylic acid: Kolbe-Schmitt process

OH

CO, (100 atm) ” )J\ )k )k 0
NaOH, 125 °C lc,l
“OH
sto4

\\O Salicylic acid Acetylsalicylic acid = aspirin

T
©O\/4 e 65 Ktcooly
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C-C bond formation from CO,
Carboxylation of unsaturated compounds
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CO, conversion using
catalysis: reduction and
functionalization

Outline

|. CO, chemistry: back to basics

Il. CO, Transformation : Reduction
I1I.1. Electro- and photoelectro-reduction
I11.2. Hydrogenation
111.3. Hydrosilylation and hydroboration

lll. CO, Transformation:
functionalization

V. CO, transformation:
reductive Functionalization




A
Various opportunities to CO, recycling...

Energy
Carbon oxidation state

H Fuels Large scales (> 1 Mt/y)

A oo (very) Long term (>30 y) HH HH
wline>uls D
3 Petrochemistry i =
OH | = HH HH
| E s/ A
-1l H\\VC\H 5 ethers amines alkanes
H > /
' O ' 1
0 g : : acetals imines ketones
e SN
' H H: 5
; O i a(ii{\o“s \
+I1 I , 90“6\(6 esters amides carboxylic
H /C\OH: D2 — acids
> O 0 Value added chemicals
o  Horizontal utilization | I Small markets (1-1000 kt/y)
C// R. _C._ R _C_ Short terms applications (5-10 y)
V1 /~ co,Recycling o O H2N NH;
o 2 carbonates (€) urea (€)
| | | -
| | | Functionalization
Cc-0 C-N c-c  C-0.CN CC

bonds formation

Cantat et al., Angew. Chem. Int. Ed. 2012, 51, 187



A
New diagonal transformations for CO, utilization

Catalysts:
R1 Me H O E\N/j
\ \ / 1
N—H + CO, + 2 MesSi|__5i-| _SiMe, 2" = RY-Cn N/)\I\ll
R2 N - siloxanes | H

R2
PMHS (3€/kg)

TBD
j-_l
i-Pr [/ \ i-Pr NN
'S} -
i-PrT i-Pr
IPr

R’ _Zn__ IPrznCl R’
Cl Cl o
N—H + CO, + 2 PhSiH, S.0mol% | \N—CH3
é - siloxanes é
R THF R For a Ru cat., see:
100 °C, 20 h Beller et al. Angew. Chem. Int. Ed. 2013, 52, 9568

Angew. Chem. Int. Ed. 2012, 51, 187
J. Am. Chem. Soc. 2012, 134, 2934

Chem. Sci. 2013, 4, 2127
Q ChemCatChem 2013, 5, 117




New diagonal transformations for CO, utilization

RC Me  H t ﬂ
N—H + CO, + 2 Me;Si__Si-| _SiMe; — 2" = RY-Cn
R2 O n - siloxanes |
R2

PMHS (3€/kg)

/\

Pr /—\ i-P N_ N
i-PrT i-Pr

IPr

R’ _Zn__ IPrznCl R’
\ Cl Cl 5.0 mol% \
N—H + CO, + 2 PhSiH, _ > >~  N—CH,4
é - siloxanes é
R THF R For a Ru cat., see:
Energy 100 °C, 20 h Beller et al. Angew. Chem. Int. Ed. 2013, 52, 9568
I~ /C\H
5.0 mol% I
y CO, + R'R2NH + R3NH, + R3SiH to2n” O H
o R'R“N
100°C
- siloxanes

Functionalization

ChemCatChem 2013, 5, 117
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CO, conversion alkyl compounds

B Methylation of C-H bonds with CO,

S cat. CHj;
R—I + COy + Hy R + H,0
F 20 bar 60 bar  THF

\

150 °C, 8 h
cat. : Ru(acac)z (2 mol%) examples:
triphos (3 mol%)
AI(OTf); (5 mol%) OMe OH
PPh,
triphos = PPh2 MeO OMe MeO OMe
PPh,

Beller et al. Angew. Chem. Int. Ed. 2014, 53, 10476
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Conclusions
Multiple pathways available depending on the reagents and the catalyst

| E=H, R'3Si, R,B | %(N&NH + RH

c-V CH,
+EH I?
EOE . C
B H7 H
E R P H
(l)/ (|3/ P 'T‘Rz
-l C o C
c H7 H H7 > i H7 “H
H H i H
+ EH l?
-EOE | C
. H7 "R
o " o NR :
HE 2
| | . |
0 C E C R i C
c aed H7 S07 i1 H7 “NR,
H H o H
B Q
+ EH i C
: P HTR
5 O 8 o O
cHi ; I o [ . I
CO H/C\O/E H/C\O/R H/C\NRZ
| [ 1 0
+ E-E + EH 0 o) Cc
c*\v i -ECE 2 R g R ” HoT R
5 CO, LN TN RzN/ \NRQ




Conversion of CO,
Coupling electrocatalysis and
thermocatalysis




H, as a ‘power molecule’

>

35
QS
5 S
o
= CH,OH
A
Low carbon energies
CO, H,O
Electrocatalysis
- 7

Thermocatalysis

H, as a ‘power molecule’
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CO and HCO,H: key molecules for the
construction of C-C bonds

Carbonyl Branch Methyl Branch

————————————————————————————————————————————————————————————————————————

X < enzyme

H* + e 9 ; :: 992_ o 20 HCOOH : Formamide
€O, —> _C. .H : g )& |
H3C O [ S \ 1 !

acetic acid

|1 "activated” | ’ N I
o o) Lo N H :
Reductant: L ¢ Y kY ﬁ) |
TTTTTTTTTTTTTTTT T ; ' 'H3C” “coenz. (|:H3 Y v :
I (0] ! ! \"_II_I_/_-I_-I_I ----- " Col tetrahydrofolat (FH,) formyl-FH, (+II) :
i NHz | i i
: | | ! ' coenzyme protein I
! N : : \
' & NADPH | | | |
' | 1=~ =~.enzyme Co :
B REEREREEEEES ' co, 22 co Lo Rr
N2t 26 | 3C - |
1\ :: H !
| :E %Z/Nw) !
| methyl-FH4 (-I1) |
| ; methylen-FH, (0) 5
Methylamine Aminal

Formamidine
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H,, CO and HCO,H as ‘power molecules’

13< —>
S 2 Functionalization
T % CH, (redox neutral)
= CH,OH
A
CO —> chemicals
HCO,H =—> chemicals
Low carbon energies T
co, H,O CO, CO,
Electrocatalysis
) - s ) - 7
’ Thermocatalysis
H, as a ‘power molecule’ CO and HCO,H as ‘power

molecules’

= .




Coupling electrocatalysis with thermocatalysis

Marc Fontecave’s group

Carbonylation

82



CO production by electrocatalysis

Cco,

CO

Electrolysis

83




8%

59%

8.5 bar

CO,
4 co, )
+ cO
8 bar H,
0,
H,0
g J
Electrolysis

 Cathode : Zn dopped with 9,4 % Ag
 Anode : Graphite
* Electrolyte : 0,1 m CsHCO;,

@ Lamaison, S.; Wakerley, D.; Blanchard, J.; Montero, D.; Rousse, G.; Mercier, D.; Marcus, P.; Taverna, D.; Giaume, D.; Mougel, V.; Fontecave, M. Joule 2020, 4 (2), 395-406.

A
Coupling electrocatalysis with thermocatalysis

100 30
g 80 7 ., . . 20
| |
) 20
§ 60 | #
= 15
> 40
> .
s .10
o
& 20 7] . 5 . [ .
L.
0 1 1 L} 1 1 1 1 1 o
0 1 2 3 4 5 6 7 8 9

Reaction time (h)

(Joww) uononpoud seo

= CO
oH2

= CO
o H,

Constant current -0.2 A.cm™2. 0,1 m CsHCO, under 8 bar CO,

84



Thermocatalytic carbonylation of propylene oxide

CO

> i >
A =

—

Carbonylation
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Thermocatalytic carbonylation of propylene oxide

o [TPPCH[COo(CO),] (1mol%) o—c”o 0--0<_0 O
> + ¢ C +)J\ +  oligomers
A= CO: : (5.4 bar CO) /—‘ )—/
DME (1 mL), 2 h, 50 °C B-BL AmS

[TPPCr][Co(CO]4

ChemSusChem, 2021, 14, 2198
@ Schmidt, J. A. R.; Mahadevan, V.; Getzler, Y. D. Y. L.; Coates, G. W. Org. Lett. 2004, 6 (3), 373-376 86



Coupling electrocatalysis with thermocatalysis

- 6%
m CO Cco,

H2
) H +0,5%0,
59% ? + water traces 43% €O,
" CO
45,2 mmol ( COZN 8.5 bar 4 ) 27 b
CO, —— co > i
8 bar H,
0,
)
\ J _ J
Electrolysis Gas transfer > > v
O 0-¢”
Purification (20h, 70°C) /A /_1
4A MS, P,0; \ /
Cuon C .
Carbonylation
CO produced by CO, electroreduction o 5
o) [(TPP)CH(THF),IICo(CO)] (1 mol%)  o-¢” , Os¢m =0 . O | Oligomers
DME, 2 h, 50 °C /—‘ )—/ P
80 % 9 % 7% 4 %

E Ponsard L. et al., ChemSusChem, 2021, 14, 2198 87



Coupling electrocatalysis with thermocatalysis

8%

6%

m CO Cco,

H2
. H +0,5% 0,
59% ? + water traces 43% CO,
mCO
45,2 mmol ( COZN 4 )
8.5 bar 27 bar
CO, —— co >
8 bar H,
0,
)
- J \_ J
Electrolysis Gas transfer > > >
O 0-¢”
Purification (20h, 70°C) /A /_1
4A MS, P,O. \ )
Cuon C .
Carbonylation
/O //o /O\
//C/ . O_c - O:C C$O
o /_1 )_/
1,7 %
45,2 mmol 0,8 mmol of CO incorporated

E Ponsard L. et al., ChemSusChem, 2021, 14, 2198 88




Coupling electrocatalysis with thermocatalysis:

Lessons learned, what is needed?

» Better CO, conversions
» Devices for high pressure electrolysis
» Suppress O, pollution in the output gas

» Robust catalysts, able to work

with pollutants
» Low pressure carbonylation catalysts
» New carbonylation reactions

,0
,c”O _ o-¢ Os¢-Oc=0
o’ /_‘ )_/
1,7 %
45,2 mmol 0,8 mmol of CO incorporated

E Ponsard L. et al., ChemSusChem, 2021, 14, 2198 89



A new carbonylation reaction

o
/7

\)kOH —_— O\V\jo

CO/H, 95:5 (16 bar)
[Co,(CO)g] (5 mol%)

o) dcpe (5 mol%) 070
\)kOH Toluéne, 90 °C,6h V
0,5 mol-L™" 96 %

1 mmol

Patent filed 2021 - n°FR2111996

(a) Synthetic approach

§ +co M O
s A, )
AA SA

H SA
@) @)
[M]NOH ﬁ)k
[M] OH
(0] H H
coO

Pietraru M.-H. et al. ChemCatChem 2023, 15, e202300720
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