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Hybrid catalysis << Extension of
chemoenzymatic catalysis which is often a
multisequential approach

Intermediate

green synthesis approach CHALLENGES for combining chemo- and biocatalysis :

(coexistence of both (bio)catalyst) —> Reciprocal poison, need of co-factor/co-enzyme

= Incompatibility in reaction conditions
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Hybrid catalysis for racemization of secondary alcohols

OH
L Homogeneous Enzyme
- - == pPh Acetates
Pentaphenyl i and Metalcatalyst
cyclopentadieny! Ph 17°-PhsCpRu(CO),X, t-BuOK OAc
ruthenium complexes - 2
p Ph | ph enzyme, isopropenyl acetate  Ph” _
OC.\.-'RL\J—OY . Ru complex = hydrogenation by
| OC Hpp | o g Wi 95-99:6 yield organometallic H transfer
N : X=Cl, Br el Enzyme (lipase) = acetylation of only one
Ph” N of the enantiomers
Scheme 7. Proposed Mechanism for the Racemization of Alcohols Catalyzed by 1
Ph Ph L _
oh _~O~y—C~_ ph - OH Ph@O' Racemization mechanlsm for the. Ru catalyst 1
Ph’%Ph Pt o PRl Ph e ol P - !Droton at?stractlon = ruthenium hydride
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OCco o0 o¢ O%¢ - Reduction of ketone by ruthenium
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Ph ? Ph O 0
Ph
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s PH |
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Development of hybrid catalysis with physical Enzyme in microorganism

separation of (bio)catalysts
Homogeneous Enzyme

96% enantiomeric and Heterogeneous catalyst

©®m One-pot process

> CH,

MDQ

(S)-MTQ
1-methyi-3,4-dihydroisoquinoline

1-methyitetrahydroquinoline

1. Non selective hydrogenation by Pd-NPs on the cell surface = production of the 2 enantiomers (S)- and (R)-MTQ

2. E. Coli cells coated with Pd-NPs expressing a monoamine oxidase (enzyme engineering)
which catalyzes the deracemization of (S)-MTQ to the substrate MDQ gnit{lelrsité
e vmee 3+ Ho/0, cycles for process implementation with the two catalysts present simultaneously eHte
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Development of hybrid catalysis with physical separation of (bio)catalysts
FSSSS======) Membrane separation PDOMS merbrane

interior exterior

PdCl,
[:::I/ka MeOH / water
»
Cu(ll) / Cu(l)

oxygen
Styrene

Separation of the catalysts by PDMS membrane

1. Reactions conducted in aqueous media = enzyme deactivation by Cu ions
2. Reactions conducted through compartmentalization

3. Polydimethylsiloxane porosity enables diffusion of only the organic substrate

and product into the exterior where the enzymatic catalysis takes place Homogeneous Enzyme
. and Metalcatalyst
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OH 0 OH (0]
HO OH o_ I

HO OH g

L il
Fructose 5-HMF

HO™ O

Glucose

Limits : 1. Formation of humins
2. Inactivation of the isomerase by organic solvent even protected in the silica

3. Product recovery ?
= Physical separation of (bio)catalyst - COMPARTMENTALIZATION

Hua Huang et al., ACS Catalysis, 4(7), 2165-2168

Step 1: Simultaneous isomerization of Step 2: Back-extraction (BE) Step 3: Dehydration of
glucose and reactive-extraction (SIRE) of fructose from organic fructose to HMF with
of fructose to organic phase phase to ionic liquid (IL) in situ extraction
organic phase i 2 H .
immobilized Y .- I - 4 g Sequential approach
GXI column i ; 1 i
GF o[ organic w/ ABA ' . Low bp organic :
: fructose-rich ! i !
i —< F-ABA organic _' ‘_’ F-ABA F : HMF '
N ¥ Acidicll | i | | E2HM | = SIMULTANEOUS approach
i T=60"C | !i | T=50°C :
e i T P H
: i IR
o | aqueos ! . H | rscs 1 i g
.. : ucose —:—-= o | recycle i ! : : ;
R | Solution sugar-depleted R e S Université
e . medium | 5 I de Lille
Charles Viollette ——» fluid flow path  —-—. 9 add/withdraw material at a specific time




OUR GOAL...HYBRID CATALYSIS IN DESIGNED « H » REACTOR

ﬁphasic reactor for

Charles Viollette

Solvent

Y-B(OH),

Water
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0
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HOH,C

0
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: HOH,C . OH HOH,C . OH
5-HMF production 2 0 2.0
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Charles Viollette

/fphasm reactor for

Solvent

Water

CH,OH

0
OH

OH
OH OH

Glucose

(=

\-

5-HMF production

HOH,C  OH HOH,C  OH
HO
CH,OH CH,OH
OH ~ ¥ OH
Y-B(OH), Y -B(OH),
= =
Water
HOH,C , OH HOHzc OH
HO , 0
CH,0H c1-|20|-| o” { J ou
70°C, pH8.5 OH i
Fructose
; 80°C, pH3 H*/Fru 3/1
2 A
R s OH
Glucose Isomerase Catalyst _
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Extraction of fructose

Development of liquid membrane

- Solvent
o]
M 4-methylpentan-2-one (MIBK)
- Carrier (T)
HD\B/OH
23-DCPBA  35-DCPBA 3-TFMPBA
34-DCPBA 3-NPBA
¢ 35-BTFMPBA  24-DCPBA 4-M21HPBA

Cl

4-TFMeOPBA 2-TFMPBA  2-T5PBA

Glucose and fructose adducts formed with boronic acids
Affinity (34-DCPBA),, >> (34-DCPBA),,,
This complex induces the negative ion on the bore

lonic interaction with the couterion Aliquat336®
;= Formation of a lipophilic complex
W), Extraction in MIBK solvent

.
D L8

Charles Viollette

11093-11100(1996):

2-NNPBA HsC
4-B1nPBA 32-carboPBA

Phase agqueuse Phase
donneuse organique
o PH OH
i o HO—t5—0H
i OH RN
Transporteur
D-fructose B Contre-ion
OH
o}
H
/\ HOW
2H,0 O-g? RN
o R
Complexe

CHs
"
N
1

CH,
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/fphasm reactor for

. N

HOH,C , OH HOH,C 4
5-HMF production Ik 2 o
CH,0H CH,0H
T/coT 1/2 OH ~ ¥ OH
D-Fru/T 1/1
Solvent Y -B(OH), Y -B(OH),
o |
Water
CH,OH HOH,C , OH HOH,C  OH
0 HO HO 0
OJ":(H CH,0H CHZOH o” { J ou
OH oK or 5-HMF
Glucose Fructose
80°C, pH3 H*/Fru 3/1
VA e s OH
i Glucose | somerase Catalyst o
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Transport of fructose:

Reactor configuration

Reactor « H »:

- Bicompartmentalized

- Symmetrical

- Thermostated

- Insertion of stirring blade

58 mm 30 mm
4
ﬂ\_____.’- N
. cam{ i | @
E
]
________ E. L
SV I R
g
0 400 mL 40@ mL
S ]
....... . S W,
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Transport of fructose:

10
8
6
T
(o}
4
R 2
‘ 0
Charles Viollette

200 mL MIBK, 70,°C

[34-DCPBA]=

100 mM

[Aliquat336°]=200 mM

Complexe

fructose fructose
Compartment D: Compartment R:
V=200 mL V=200 mL
Tris-HCI 100 mM Citrate buffer
pH 8.5 100 mM pH 3
[D-Fru]i=100 mM
PP — PR— PO P . Without T/coT or without D-Fru
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pH unstable during the simultaneous
process

= Control of pH
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Transport of fructose:

® Influence of ApH and ionic strength of the buffer solutions on extraction yields:

50 —+
% Buffer 100 mM
1 = Buffer 300 mM
40 +— x Buffer 500 mM
g _
o 30 +
9
>
Z _
0
8 20 +
I
10 T X
O T T T I T T T I T T
0 1 2

Charles Viollette

- ApH= pH,-pH, ~4.5 -5

200 mL MIBK, 70,°C
[34-DCPBA]=100 mM
[Aliquat336®]=200 mM

fructose
Phase aqueuse donneuse

Compartiment D

Compartment D: Compartment R:
V=200 mL V=200 mL
Tris-HCI X mM Citrate buffer
pH 8.5 300 MM pH 3

[D-Fru]i=100 mM

- Need to control the pH in continuous during the process

- Yextraction (500 MM) < Y, tion (300 mM)
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200 mL MIBK, 70,°C
Transport of fructose: [34-DCPBA]=100 mM
[Aliquat336®]=209 mM

= Cycles of 34-DCPBA / Aliquat336© :

100 + _ g
90 | . |, - Y,.= 89%
80 L Lo . I Y,.= 88% .
e "o 16 30 regulated hours 2yt Compartment
70 _"_..:: cute L Tris-HCI 300 mM Citrate buffer
60 T 1s n - /n-=1/0.25 F;-I?r'j]i=100mM 300 mM pH 3
S T - D-Fru/ "7 .
z 50 T . +4 8
S 40 1 - extraction Amount of fructose extracted > Amount of fructose that
—+ release T3 could be extracted during 1 extraction cycle
e DpH 4 2
. I = 34-DCPBA - Aliquat336® pair is recycled during the
. + 1 experiment
| | ' ’ ' | ' 0 => This turnover also highlights the movement of the
20 30 40 50 60

Time (h) 34-DCPBA (T) and Aliquat336® (coT) molecules in
both directions
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200 mL MIBK, 70,°C
[34-DCPBA]=100 mM
[Aliquat336®]=200 mM

Hybrid catalysis process implementation

* Implementation of simultaneous catalysis in the « H » reactor:

100 +
ApH 4.5-5 _--*"*~"Extraction 96%
90 -+ . N
’,’ ""-.
) i
80 el s ) K 3
-+ L ",’ .- e-0-- . . ase aqueuse donn ase aqueuse réceptrice
P b e Isomerization 79% g
A Compartment D:  Compartment R:
ook T V=200 mL V=200 mL
LA e .
- R Tris-HCI 300 MM Citrate buffer
$ 6ot 4::‘,‘:::.-‘ ! pH 8.5 300 mM pH 3
< W / [D-Fru]i=100 mM
A U
[%2] ’ '
O st « /
@ |
>~ 1’ =
40 + 'l ’l.
1 .
o ! i - i 0,
ol 5 HMF production 30% Yo ,.u=30% at32h
| i » .
L - Conversion*=90%
204 Lo : =7Q0 0 i
b/ . Yield, . erization=79% (55% at thermo. equil.)
» ___4*’
10 .___.___.___..,-o-r‘.— ------
T T e e
.'.;-'0 10 o 30 Université
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Summary
9

o AT o, §
3 \
- Simultaneous (bio)catalytical reactions - Study of reactions in sequential approach
- Shifting of isomerization - Design of the reactor « H »
thermodynamic equilibrium (25%) - Optimization of D-Fru transport

- Implementation of (bio)catalysis in tandem in
the « H » reactor
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