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Moving: April 2016
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Towards increased transdisciplinarity Biotechnologies

Industrielles
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From biomass to biobased products industrielles
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Coverage and integration Of the Biotechnologies
entire Value Chain Industrielles

Direct extraction

TR Green chemistry
Biomass ngll(lji:(nsg Finished products
Biotechnology

Green chemistry/Fermentation
(synthetic biology, molecular biology)

Downstream processing (separation/purification/integration)
Analytical chemistry

16/03/2021 6
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(Bio)production and valorization of
p-hydroxycinnamic acids
from biomass
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from biomass

Enzymatic
bio-degradation

N

Separation
&
Purification

Enzymatic
bio-degradation

~
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Separation

© Can Stock Photo &

Purification
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Ferulic and sinapic acids extraction

CO,H

OMe
OH

Ferulic acid

CO.H
=

MeO OMe
OH

Sinapic acid

S. Dupoiron et al. Ind. Crops Prod. 2017, 105, 148
S. Dupoiron et al. Sep. Pur. Technol. 2018, 200, 75
J. Domingos et al. Sep. Pur. Technol. 2020, 242, 116755
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Production of bio-based ferulic/sinapic acids "%f(?tedmologies
‘ from lignin degradation products ndustrielles
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MeO OMe OH
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" Syringaldehyde
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Production of bio-based ferulic/sinapic acids
from Iignin degradation products

COZH
_0 malonic acid
piperidine
OX|dat|on u wave, 30 min.
G-units
OMe 0%
OH
Vanillin Ferulic acid
0
/) malonic acid COH
0 s - piperidine =
] wy @ Oxidation u-wave, 30 min.
S-units E—— —_—
92%
MeO OMe
MeO OMe OH MeO OMe
0 OH
\,.r"' . . . .
Syringaldehyde Sinapic acid

16/03/2021

L. Mouterde, F. Allais Frontiers Chem. 2018, 6, 426
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Production of bio-based ferulic/sinapic acids

Soro

from Iignin degradation products

COZH
_O proline
EtOH, 90 °C
OX|dat|on 16h
G-units
OMe 9%
OH
Vanillin Ferulic acid
S
_O proline ©O2H
o) T EtOH, 90 °C =
. ‘1’1/ 0 Oxidation 16h
S-units EE— —_— >
0,
MeO OMe 85% MeO OM
MeO OMe OH © ©
OH
o\£
Syringaldehyde Sinapic acid

C. Peyrot, A. Peru, L. Mouterde, F. Allais ACS Sustainable Chem. Eng. 2019, 10, 9422 11
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Ferulic and sinapic acids production using S
synthetic chemistry industrielles

FERMENTATION OPTIMIZATION
SEPARATION / PURIFICATION

T P

/ Modified

SYNTHETIC BIOLOGY

yeast ol b
oo MeO OMe
e . OH
CO.H
Bioreactor & membrane contactor Z
Micalis . Abolis
Mlgawlms 3 Metabollsm Archltects BlOtCChHOlOglCS A — OMe
E Industrielles % =8rorrilech OH

16/03/2021 Abolis, Patent pending 12




CO,H

MeO OMe

OH
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Chemo-enzymatic synthesis of ferulic/sinapic

Biotechnologies
Industrielles

INRAZ

acid-derived based macrobisphenols

COLH OH
_ i) HCI/EtOH, A O
DPAC H Meo:©/\)‘\o —._O\,(\)@(owm
- ° o)
OMe H?%LHS,’ZEK(;/OH "o
On o7 . HO\)Oi,OH

Synthesis: Pion, F.; Reano, A.; Ducrot, P.-H. and Allais, F. RSC Adv. 2013, 3, 8988
Purification — LCA analysis: A. Teixeira et al. React. Chem. Eng. 2017, 2, 406

Optimized OMe HOYeO NX-"0H
1) EtOH, HCI, reflux P using DOE MeO (e) HO
2) DIBAL, DCM (1accase, buffer) H 8 OH 0
> » HO - "'H + OMe
77% o OMe
MeO OMe MeO MeO OMe
OH OH

(+/-)-syringaresinol p-0-4

93% >2%

A. S. Jaufurally, L. Hollande, F. Allais and P. H. Ducrot ChemistrySelect 2016, 1, 5165 o




BPA substitutes in epoxy-amine resins
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Bisphenol-A (BPA)

Isosorbide diferulate (IDF)

Q H OH
MeO gj@
o+ / OMe

Syringaresinol (SYR)

OH
HO

Maiorana, A. et al. Green Chem. 2016, 18, 4961-4973

. & HO H o
@) Rensselaer (
INRA@ Sourcing Oil M Ferulic acid  Sinapic acid
" Inserm i i
Y Toxicity Endocrine disruptor “ N(.) endocrine & N(.) endocrine
activity activity
W M Ty =150 °C T4=85°C M Ty=126 °C
pd Mechanical a o o a o
<§( 9 properties M T,=166 °C T,=99°C VT, =157 °C
N E MTgeg = 326 °C Taeg =295 °C M Tgeg = 298 °C
S
i Dearadation [ No degradation V1 Degradable [ No degradation
9 (NaOH nor HCI) (NaOH and HCI) (NaOH nor HCI)
Janvier, M. et al. ChemSusChem 2017, 10, 738
16/03/2021 14
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Other applications in polymers/materials

« Additives » for PLA/PHA => shape-memory polymers w
Gallos, A. et al. Biomacromolecules 2021 asap

Monomers for polyesters, NIPUs, epoxy-amine resins...
Pion, F. et al. Macromol. Chem. Phys. 2014, 5, 431

Oulame, Z. et al. Eur. Polym. J. 2015, 63, 186

Ménard, R. et al. Ind. Crops Prod. 2017, 95, 83
Ménard, R. et al. ACS Sustainable Chem. Eng. 2017, 2, 1446
Janvier, M. et al. ACS Sustainable Chem. Eng. 2017, 10, 8648

Photo-crosslinkable monomers for self-healing materials

Sinah Roy, P. et al. submitted
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Synthesis of bio-based anti-UV
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and antioxidant additives
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Context

@ Sinapoyl malate (SM): plants’ natural sunscreen

(J
C

Disubstituted phenol conjugated
with an a,B-unsaturated ester
bearing a sterically hindered
malic acid
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2

PURDUE

UNIVERSITY.

J. C. Dean, R. Kusaka, P. S. Walsh, F. Allais and T. S. Zwier, J. Am. Chem. Soc. 2014, 136, 14780-14795

16/03/2021
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t-BuOH
CuCl

20d,rt
64%

sinapoyl malate (1/2)

(0]
Malic Acid CO,t-Bu
HN. =N CH:CL CO,t-Bu
. HO -
Ot-Bu 24d,rt o)
63%
urea
CDI, DMAP [ 14 d, rt, 84%
CH,Cl,
urea
@) O\[COOH O O\ECOZt-Bu
HCI 3M Xy “COOH  TFA (20 eq) X} CO,t-Bu
Acetone CH,ClI,
- ~——
16h reflux \O O/ 16h, rt \O O/

98% 93%

OAc OAc

Allais et al. Synthesis 2009, 21, 3571

OH

A greener and shorter synthesis of

AC2O
Pyridine
R
e ~
16h, rt
83%

Soro
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OH

Drawbacks
o Long an costly synthesis?

o Toxic reagents
o Need protectio

n and

deprotection steps
o Not industrially relevant

18




A greener and shorter synthesis of
sinapoyl malate (2/2)

O\
\O o/
OH
© O\(\COZH
X COH EtOH or AcOEt CO,H
HO solvent-free 2 Proline
SRS S
OMO COH 95°C,2h  HO 0”7 COLH Reflux 16h
~N 7
o) o)
OH
o 2 steps
G o No toxic reagents
@@ o No protection/deprotection steps
\\\f/ o Higher yield

16/03/2021

|

o Industrially relevant

Allais et al. Patent pending
Peyrot et al. Green Chem. 2020, 22, 6510
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Biomimetic dimerization of ethyl sinapate industrielles

@ Objective: to enhance UV-Visible properties by increasing conjugation via a sustainable and
industrially-relevant specific B-p dimerization of sinapic esters

CO,R
o~ B
1 Sustainable regioselective
2 6 . , ...‘
3 5 radical-mediated (- dimerization

MeO™ , OMe
OH

Extended conjugation within the entire molecule
(aromatic & olefinic C=C as well as esters C=0):

- enhanced anti-UV activity?
- enhanced antiradical activity?

16/03/2021 20




Soro
o o N N o N N Biotechnologies
Biomimetic dimerization of ethyl sinapate industrielles
| ) Challenges
2 —_— -~ —_— ~ + Oligomers ‘ o Yield
Selectivit
~o o~ ~o ! o~ ~o o~ 0 _ O O Selectvity
OH o}
L * J Eoc X o CO,E OH
I O
F. Allais et al. Patent pending
16/03/2021 ) i 21
M. Mention, A. L. Flourat, C. Peyrot, F. Allais Green Chem. 2020, 22, 2077-2085




Biomimetic dimerization of ethyl sinapate
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CO,R B-B dimers of ethyl sinapate:
4 \ o o as good as/better than fossil-based
1 Cu(l)Br (10%mol), pyridine (0.76 eq;) commercial antioxidants
2 6 .
5 . Cyrene™ (1.81 M) o absorb more UV than sinapoyl
MeO” OMe air, 51.5°C, 7 h malate
OH o cover both UV-A and UV-B
87-92%
F. Allais et al. Patent pending
16/03/2021

M. Mention, A. L. Flourat, C. Peyrot, F. Allais Green Chem. 2020, 22, 2077-2085
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Other phenolics-based applications

UV-filters-decorated nanocellulose

Mendoza, D. et al. ChemSusChem 2020, 13, 6552
Mendoza, D. et al. ACS Sustainable Chem. Eng. 2021, under review

Allais et al. Patents Pending

Molecular heaters for crops (BOOSTCROP FET Open H2020)

y'-7( B'FR = [ University of ?\%

Bundesinstitut fiir Risikobewertung BRISTOL g

3
WMine¥

Radboud Universiteit Nijmegen

Faculté
des Sciences
Aix:+Marseille Université

Anti-UV ingredients for cosmetic applications
Rioux et al. Antioxidants 2020, 9, 331
Horbury et al. Nature Commun. 2019, 10, 4748
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)

Soro
Biotechnologies
Industrielles

@ MONASH
University

Agence Nationale de la Recherche

FUNDING OPPORTUNITIES

o 2 -
h o

FUTURE & EMERGING
TECHNOLOGIES

23




URD

Sgro
BicC

Industrielles

AVgro ParisTech

UT DES SCIENCES ET INQUSTRIES DU WINANT T D€ [ENVIBONNEMENT
‘\4_ PARES WSTITUTE OF TEOYWOXOGY FOR LVE, FOOD AMD EWWNONMENTA SOENCES

isTech

kyﬁﬁlm

Sawdust Valorization:
From Levoglucosenone to High
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Cellulose

CIrca

16/03/2021

Building a new sustainable value-chain
from celulose-derived Levoglucosenone
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2
_,g UNIVERSITY of ;
©
(@)
2
Flash pyrolysis 0 Green chemistry o] Green chemistry
0] 0] o
locatatysis Rare sugars Surfactants
Levoglucosenone 4-Hydroxymethyl-butyrolactone
(LGO) (HBO) - 240 €/g
p———— |
Dairy lactone

25
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Chemical syntheses of HBO via
Baeyer-Villiger oxidation

(@)
0 aorb 0o oo
LGO

HBO FBO
A cord |

Koseki's procedure: a) MCPBA or AcOOH, Me,S, 48 h, rt
¢) MeOH, HCl, 45 °C, overnight
Paris' procedure:  b) metal-zeolite, 100 °C, 4to 48 h
d) Amberlyst-15, rt

Yields (HBO) = 80-90%

-

.

Koseki’s procedure drawbacks N 4 Paris’ procedure drawbacks

Large amount of peracids (explosive) Tin-based zeolites (toxicity)
Dichloromethane as solvent « High » temperature
Long reaction time (48 hours) ) \_ 1,4-dioxane as solvent

K. Koseki et al. US 4,9947,585 Feb. 19t, 1991
C. Paris, M. Moliner, A. Corma, Green Chem. 2013, 15, 2101
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An easier way to produce HBO Biotechnologies
Industrielles
+ + +
HBO FBO

T MeOH, HCI, 45 °C

Benefits o
0”5 H20; 0o
. . —»
o Reaction time : 8 hours / water HOA(J
o Yields ca. 80% LGO 40°C
0
o No enzyme o H,0,
> No organic solvent O >
. p . . . water
o Purification by distillation Cyrene 40 °C

CAL-B route: A. L. Flourat et al. Green Chem. 2013, 89, 67
A. R.S. Teixeira et al. Frontiers Chem. 2016, 4, 16
F. Allais et al. US2017152536
L0320 H,0,-route: I?onneau et al. Green Chem. 2018, 20, 2455
Allais, F. et al. Patent W02018007764

27
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Making Cyrene™ using biotechnology Flotechmologies
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Disadvantage

C@O H,, Pd/C, AcOEt; C@O
/ quant. o Cost
™
LGO Cyrene Benefits
o Metal-free process
o Organic solvent-free process
0 0 o Purification by distillation
@ OvE 26 24 bUﬁE @ o Suitable for high value added
Y quant. applications: drugs, food,
LGO Cyrene™ electronics...

UF [FLORIDA

Allais, F.; Mouterde, L.M.M; Stewart, J.D. Patent US62/478430 o8
Allais, F.; Mouterde, L.M.M; Stewart, J.D. Green Chem. 2018, 20, 5528-5532




From the bench to the production plant

biomasse: moteur de I'économie circulaire

2
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by MorolarisTech
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16/03/2021
https://wholesaleinvestor.com.au/circa-group-has-announced-it-is-leading-the-consortium-for-the-new-eu-project-resolute/
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Valorization of resveratrol
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Production for vine cell culture Rintechmglngies

Industrielles
W

UNIVERSITE
DE REIMS
CHAMPAGNE-ARDENNE

‘ HO O X 37.6 g.kg* of cell (fresh biomass)

OH

Vs.

Vine shoots
250 mg kgt

16/03/2021
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One chemo-enzymatic step: three benefits! i cconologics

Industrielles

Piceid (Resveratrol 3-O--D-glucopyranoside)

=» 10 times more soluble than resveratrol (hydrophilic)

-» Stabilization of resveratrol (no oligomerization)

HO
Enzymatic a-glycosylation of resveratrol’
T o = 60 times more soluble than resveratrol
Hﬂm on  (hydrophilic) = improved bioavailability
or ) L
O -» Stabilization of resveratrol
OH =» Surfactant properties

16/03/2021 1 P. Torres et al., Adv. Synth. Catal. 2011, 353,1077 32




An improved glycosylation procedure

OH
OH
HO C
OH
_n HO
— OH 4 . + polyglycosides

OH
OH
Torres et al.! Our procedure?
=» Co-solvant: DMSO, MeOH, AcOEt, Acetone -» Co-solvant: none
=» Enzyme: CGTase (Cyclodextrin > Enzyme: CGTase

glucanotransferase)

-» Substrate: cyclodextrin

-» Substrate: starch

16/03/2021

| Procedure  Yield (%) Our procedure s:

Soro
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W

UNIVERSITE
DE REIMS
CHAMPAGNE-ARDENNE

_ 40 24 As efficient in terms of yield, faster (12-

_ 35 2 fold), organic solvant-free

' P. Torres et al., Adv. Synth. Catal. 2011, 353,1077
2 T. Marié et al. ACS Sustainable Chem. Eng. 2018, 6, 5370

33
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Scale-up of the glycosylation Biotechmplegies

Industrielles

ges % \O“ | W

polyglycosides DE REIMS
CHAMPAGNE-ARDENNE

OH
Scaling-up

S
E

| ]
X 10 e X 25
— NG

V=4mL V =40 mL V=1L
[resveratrol] = 1 g/L [resveratrol] =1 g/L [resveratrol] = 1 g/L
Yield = 35% Yield = 30 - 36% Yield = 30 - 34%
16/03/2021 34

T. Marié et al. ACS Sustainable Chem. Eng. 2018, 6, 5370
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Optimization through the coupling industrielles
of bioconversion and extraction

W

UNIVERSITE
DE REIMS
CHAMPAGNE-ARDENNE

ﬂ Resveratrol-
cyclodextrine complex
/,,-—F
T |
ok | \é‘ S
N~ $ Glycosides
mixture
Glycosylation \j’ e
HO. '
CPC separation 06 “IoH HO:CfOH O oH
Continuous glycosides extraction using membrane filtration o - O ° ® N
displaces the reaction equilibrium =»increase the reaction — O I
yield from 35% to ca. 60% OH
16/03/2021 35

l. loannou et al. Pharmaceuticals 2021, under review




Conclusion

Noro
Biotechnologies
Industrielles

Vanillin, syringaldehyde, ferulic and sinapic acids are valuable biobased building blocks
and can be readily derivatized using (bio)catalysis to prepare renewable BPA substitutes,

UV-filters, antioxidants, antiradicals, monomers and polymers...

Cellulose-based LGO can be derived into (1) the green solvent Cyrene™ using OYE 2.6
enzyme, and (2) HBO, a valuable chiral chemical platform, via lipase- or H,O,-mediated
Baeyer-Villiger oxidations (BVO), greener and more efficient alternatives to peracid- and

zeolite-based BVO.

The combination of biotechnology and biocatalysis allow the production of potent

glycosides of resveratrol with enhanced biological properties

Combining green chemistry, biotechnology and downstream process is a great asset.
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