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4 axes of improvment

PROJECT A

Qualité

3
Eco
impact

Compétit
ivité

[ Design safer and cleaner
processes with available equipments

Securité /
Pharma

Fluorination

PROJECT B

Quality

3
Competi Eco
tiveness impact

Safety

PROJECT C PROJECT D
lit lit
sgua ity ?()lua ity
Competi Eco Comp Eco
tiveness impact '
Safety || Safet
Cosmetics Spec. Chem
Crytallization

Manufacture eco friendly products
(renewable raw materials when possible)

O Save energy & costs to be competitive

n Monitor the quality of the chemical reaction with

adequate on line analytic tools

100 % green chemistry

volumes for equal

10 000 times
smaller reaction

productivity !
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MEPi jpp Achievements

Alternative Chemistry

Chemistries of interest

1

Organometallic (synthesis & reaction)
Nitrations (mono, di...; catalysts)
Amine deprotection, Hydrazine synthesis

Electrophilic and nucleophilic additions &
substitutions

Oxydations (H202, NaOCl,...HOF),

low T° reactions, Polymerisations,
Biocatalysed reactions,

Gas reaction (F2, HCL, H2...)
NaN3 chemistry,
New flow catalysis (H2, C-C couplings)

Photochemistry, Micro-wave like heating...

Epychlorohydrin, ionic liquids,
Effluent treatment , isolations,
Formulations, Emulsions
Crystallizations,

Liquid
Liquid / Liquid

Liquid /Gas

Liquid /Liquid / Gas
Solid/Liquid
Solid/Liquid/Gas
Anhydrous medium(S/S)
Viscous media
Solid generation

T : -40 to 180°C
P : up to 80 bars
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A large range of innovative technologles |

Synthesis :

Micro, meso, super meso HEX-reactors, reactive
extrusion, COBR, Spinning disc, Taylor Couette, static
mixers.

Separation :
Thin film evaporator, centrifugator, continuous
crystallization, sonocrystallization.

Alternative chemistry :
Sonochemistry, micro-waves, supercritical fluids,
photochemistry, On line Spectroscopy (Raman, UV, IR).

Materials :
Glass, SiC, Hastelloy, stainless steel, titanium, polymers......

e —

Media : Borrerptn .|
] - ] - - - £, ' ‘-:7 *

Mono, bi, tri-phasic ; liquid, gas, solid, ﬁi‘i‘fﬁﬁg ~

High viscosity products , (solid/solid). Mum“l'!ﬂ]"i !

Engineering : m EPi
Knowledge in milliplants set up design & operation oo




| = T ko e & - o = = amd y D e

ey parameters for equipment choice
Reaction kinetics : Residence times up to 15 mn /up to 2 h => type of reactor,
Heat generation & associated kinetics => type of reactor & heat exchange

materials,

Chemical corrosion => type of reactor / auxiliairies material,

Chemical stability => temperature range,

Type of media: Mono, bi, tri phasic
Gas /Liquid/ solid
Viscosity and evolution (pressure drop)
Type of high viscosity media (sticky, slurry...),

Initial Reaction conditions : Pressure,
Temperature range

Gas generation
Solid generation,

Industrial production volume & productivity expectations.

Assessment : Probability of success (go/no go), Preliminary study ? (batch
|:> Alternative chemistry : solvent, catalyst ?) Milliplant set up for
faiseability...
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Initial Process Intensified Process
v

Improve yields / selectivity (e.g. enantiomers ratios)
Control strong exothermic reactions

Good mixing necessary (incl. Formulations, extractions)
Handling unstable intermediates
Dealing with hazardous chemicals (free your mind !)

Work in easier T° range (cryogenic reactions) or higher T° to
speed up reaction (small residence time)

Fast heating or cooling down
Reduction of reagent excess, diluted processes

Avoid solvent use (distillation..)

Regulated environment (FDA driven) &
MEPI
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Oxidations in continuous

H202
NaOCl
KMnO4
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EXAMPLE 1 — di oxygen bridge generation

—

Solvent  jr-r-rmmeoes :
--------------- i alpha-terpinene ascaridole
v . .
T % — Precursor (H2Q2_) N catalyst — Oxydizing agent
solution ( )— heater |— A + Oxidizing agent — Product
Catalyst
Oxydizing J @
agent .
precursor Pre- i | Res. Res. N
: heater Mixer Time [ Time W Storage tank
| Solvent --iom | ;

1 1
1 Sample |

No existing industrial batch process with these operating conditions:

Oxidizing agent lifetime < 1s
High exothermicity and fast kinetics — Safety issues

Continuous process :

« In situ generation and instantaneous comsuption of oxidizing agent.
« Exothermicity managment : isothermal behaviour
« Results : 60% conv. to the desired product in 10 seconds

MEP
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EXAMPLE 2 — Oxidation + Coupling

.............. -

SOIBNL b msmrm = m e e e e

\
Pre-
A heater ’ C
Oxydizing Mixer Res.
agent % Time

' Water L.o.oo.o.o i
1
LR : - | Res.
Mixer Time Storage tank

Water | V.o___

effluent : : sample |
neutralisation LD E

A + Oxidizing agent — B
B+ C—-D
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KMnO4 Oxidation

1
; !
KMnO, Solution Q

Mixer

Cooling

Residence Time

T <0°C

QUENCH
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Pierre Fabre

libragen

SANOFI vz

Enzyme catalysed continuous esterification

“54INSR
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Enzyme catalysed continuous esterification

/ > Cycloh /G
/ yclohexane /
—_— e
Ri—C + HG__EE —_— E1__C + HEG
Candida Antarctica \
OH Phosphate buffer pH 7,2 0—pR 2

Enzyme catalysed continuous esterification
Quality
Phase transfer catalyst 3
2
Organic Phase Aqueous Phase ! N
: : Competitiveness i Eco impact BIOCAT
Acid \
Y
Alcohol; g.,i Enzyme
: i Safety
Ester 4—/‘:":"’/
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http://fr.wikipedia.org/wiki/Fichier:Acide_alcohol_reaction.svg

Enzyme catalysed continuous esterification

Reaction constraints

Two phase reaction
o Phase transfer catalyst in order to reach high conversion level

o High interfacial area required (strong mixing performances)

Kinetics
o Important reaction time (* 5 h in batch)
o Intermediate regime (kinetic and diffusion regimes compete)

Process
o Define an alternative continuous process to classical batch and loop reactors

o Possibility to reach important productivity

MEP
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Enzyme catalysed continuous esterification

Design of continuous intensified process

Corning Advanced-FlowTM Reactor Chart Shimtec® Reactor

! exane  L.-. &
L im i im i m l & %\
1
i
Cyclohexane
Oleic acid 0,1M —%— DTR

i siaH | DTH |—| DTH |,..| DTH | DTH

Wat .
——————————— : | PPt
i
Phosphate buffer pH=7,2 % DTR
Candida Antarctica (1/50)

___________
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Enzyme catalysed continuous esterification

Design of continuous intensified process

o Feasibility demonstrated !

100 -
80 - .
—_ .
S .
< 60 - 100 -
4
a) ’
§ 40 ~ 80 -
S8 | . s |
R 4 <
20 1 o = 60 -
e 2
> @ |
0 T T T T T T T T T T 1 g 40
0 50 100 150 200 250 300 S
Time (min)
20
-
0 T T T T |
0 5 10 15 20

Residence time (min)

o PI: Definition of an alternative technology !

> =
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Enzyme catalysed continuous esterification

Benchmark of mass transfer performances
o Comparison of the ability to create interfacial area

AM Technology CORNING

Engineering Chemistry T

40-

‘\
2 Tole )

35

7:,3 -

5‘6‘

301
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‘11‘:,'.& f

4 " -,\';w ;
7, D,

Conversion (%)

54 4 Nitech

12 16 20

0 4 8
Energy dissipation rate (W/kg)
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Continuous elemental fluorination

of an API intermediate
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Continuous elemental fluorination of an API intermediate

Direct fluorination of 1,3-dicarbonyl compound

)J\)\ Enolisation
Continuous elemental fluorination of an APl intermediate

)J\)\ Quality
3
j A\_THR )‘\(K Fluoration
/T H .

F
L Competitiveness

Eco impact

Safety

Objectives
o Prove feasibility of a continuous production process at pilot scale
o Screening of optimal operating conditions in term of solvent and catalyst

o Check possibilities of a flexible industrial unit

MEPI
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Continuous elemental fluorination of an API intermediate

Reaction constraints

No existing data related to the application

o No existing procedure for synthesis or extraction
- Thermo-kinetics (Safety !)
- Solvents, catalysts

o No analytical standard available for the desired product

Mixing
o Two phase reaction (Liquid / Gas)
o Strong gas hold-up (fluorine could be only purchased diluted in Nitrogen from 5 to 20%)

Safety
o Handling of a hazardous reagent (Fluorine)

o Corrosion (HF generation during reaction)

MEP
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Continuous elemental fluorination of an API intermediate

Design of continuous intensified process

Thermal performances

o Absorb any heat generated by the reaction to avoid thermal runaway

Mixing + Mass transfer performances
o Liquid-gas system
o Strong gas hold-up

Pressure resistance

Corrosion resistance

One single reactor ?
n—) Combination of different technologies ?

MEPi [P
Alternative Chemistry ' 20




Continuous elemental fluorination of an API intermediate

Design of continuous intensified process

Di-carbonyl +
catalyst EZSE] i
i

E Solvent ;_._._.!
i (rinsing) 1 —O|[ O © o
............ olloll o >
e olloll o o . Gas phase <
Nitrogen | oll oll o 4z >
| (insing) 7773 o <
| I |
: e 7
n
Fluorine =%= I
(20% max )
gee
ek = \ NaOH
0
X 10%
Storage l
Storage
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Continuous elemental fluorination of an API intermediate

Design of continuous intensified process

AV :
MEPT | pp
flternative Chemistry -4.




Continuous elemental fluorination of an API intermediate

Definition of the optimal operating conditions

o Results of the screening study

Solvent nature

Solvent nature  Catalyst nature Molar ratios / Di-carponyl Tempoerature GC results
Catalyst Fluorine (°C) (based on peak area)
ACN Ni(NO3), 0.2 3.1 0 Partial conversion
50/50 solution Ni(NO3), 0.2 3.1 5 Full conversion
Acetic acid Ni(NOs), 0.2 3.1 20 Partial conversion
Catalyst nature
Solvent nature  Catalyst nature Molar ratios / Di-carponyl Tempoerature GC results
Catalyst Fluorine (°C) (based on peak area)
acetonitrile / Ni(NO3), 3.1 100 %
acetic acid Cu(NOs), 0.20 3.1 5 96 %
mixture
(50/50 w.) CH;COONa 3.2 48 %

Maximum Productivity = 200 g/h

MEP
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Continuous elemental fluorination of an API intermediate

SA N O F l @J p“g;Durham

University

Route scouting

Flucytosine and related pharmaceuticals

F HO_  OH F
i A it N
| | OH
\ o ‘N N O N. _N 0
N NH | /u\ \n/
N~ O (0]
O H S
F
Flucytosine 1 Capecitabine 2 Emtricitabine 3
Current manufacturing process for Flucytosine
X X X L X
HN" ONH F2  HN” °NH  POCl N“SN  NH; N/‘*N H'. HO  N“SNH
)\/ Z 85 % 7 79 % %% 7
(@) (@) 9 Cl ® HyN HoN
F F F
This work )OL ji Advantages
0
N~ “NH 10% F in N, HCOOH N SNH G s e sess
- - L High yield, simple purification
H,N Continuous flow production H,N API purity
F Scaleable

MEP]
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https://www.dur.ac.uk/

Continuous elemental fluorination of an API intermediate

2

SANOFI Y | ‘;Durham

University
Flucytosine:MEPI / SANOFTI / University of Durham (uk)

O

o)
0
1/ HCOOH )k )k
microreactor N NH N H
N NH 10°C | N |
+1.03HF +0.27 F2
)l\) +13F2 —> =
H,N RN HN OH

F F F

87% 8%

Organic Process Research & Development, Feb. 2017
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Continuous elemental fluorination of an API intermediate

Design of continuous intensified process

ique

Acide Form
(ringage)

L ®.
HCOOH + %@MCEP I GP
Cytosine 3
D, &
Fe (10%vol) - || 1 o r-y CP
Azote %] T—P'
D, ;
? il
Azote | ) g |
{rin;::agz]z A e —— I
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Corning G1 S1C flow reactor

' | Heat Exchange Fluid Inlet

e

Liquid Phase Inlet

Gas Phase Inlet =

Module to module transfer tubes [ :
— | Heat Exchange Fluid Oltlet

MEPI ips
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Continuous carbonate synthesis

U.S. Food and Drug Administration
EA_ Pr g

otecting and Promoting Your Health

CORNING =

KAarser
OFPFTICAL FYST EMS, INC.

A ANRREL TN LIS SR
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Continuous carbonate synthesis

Addition of Chloroformate on a diol

(o] OH - o
Pyridin  Toluene . .
R )J\ + \( R )J\ )\/OH Main reaction
\o cl OH o o

10-15°C

A B

10-15°C

o
\ )J\ )v \(; Pyridin_Toluene Toluene R )J\ )vo o—
¢ o \H/
o

P B S

P

Side reaction

Objectives
o Prove feasibility of a continuous production process
o Improve selectivity (Impurity < 2%)
o Estimate the benefits related to PI technologies

Continuous carbonate synthesis

Quality
3

2

Campetitiveness

Safety

MEPI
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Continuous carbonate synthesis

Reaction constraints

Two phase system (Liquid-Liquid)
o Chloroformate, Carbonate, Impurities — Toluene Phase
o Diol = Non miscible

Selectivity
o Necessity to slow down the main reaction (moderate temperature, reactant feeding)
o Large excess of Diol

o Constraint of less than 2% of dimer

Viscosity

Few data available
o No information on thermo-kinetics

o No data on solubility and phase equilibria

o Operating batch data at the production scale

MEP
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Continuous carbonate synthesis

Benefits of the proposed PI process
Present Process Intensified process

uench
(I J
| e | AR,
Nt I - - }
e e ——
s T e I \J
- : e,
) | 7 A
" ) Py T ¥ - 1 v -
|
2= s |
: VY S LA AL AN
i 4 4 4 | L by 4
i

WLl i L
e | SV AV
; ‘

Increase of selectivity
Decrease of reactant excess
Decrease/removal of solvent

* Reactor volume : 4 m3 * Reactor volume : 100 mL

* Conversion > 95 % * Conversion : > 95 %

* Selectivity : = 2.3 % * Selectivity : in average 1.5 %, best 0.99 %
* Excess of B : 10 equivalents * Excess of B : 4 to 5 equivalents

* Temperature : 15-20°C (1 atm) * Temperature : 60°C (3;5 bar)

* Operating duration : 4h (A feeding: 2h) * Operating duration : 2 min

* Production : 20 T/y * Production : 17,5 T/y (= 40 g/min)

* Analysis : at the end: GC * Analysis : on-line : Raman Spectroscopy

MEPI
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Continuous carbonate synthesis FDA study

FDA collaboration : demonstrate the concept of QbD

o Demonstrate the benefits of improved reactor design, effective
sampling and online analytics to increase process understanding

(QbD)

o Improve reaction development and optimization through the use
of continuous flow reactors, NeSST and online analytics

U.S. Food and Drug Administration
FDA 9

Protecting and Promoting Your Health

KAISER B {
S  MEPI [ [
N Alternative Chemistry L~ = |

LT T

MEP
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Continuous carbonate synthesis FDA study

In-line analysis - Supervision and control of the production process

NeSSI Sampling and Raman Probes

MEPT | pp
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Continuous carbonate synthesis FDA study

In-line analysis - Supervision and control of the production process

GC Results (%) Ch 1

Test |R-OH| 2EHCF | R-Cl [Carbonate| Dimer . &
Q 216 | 3584 | 032 5142 0.59
I3 117 | 000 | 0.26 9617 2,40

‘hloroformate

Toluene

" 479 4n002¢m-1
cm-1
~ o cm3?9.40002cm 1
ocm-1 ghift (em )
Raman

MEPI
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saltigo

Industrial production of

a Di-Nitrated compound
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Industrial production of a Di-Nitrated compound

Di-Nitration reaction

NO.

R R R R R
HNO, / H,S0, HNO; / H,SO,
o I
Isooctane Isooctane
R R
AT, = 60°C AT, = 105°C
Objectives

o Prove feasibility of a continuous production process

o Estimate the benefits related to PI technologies
o Check possibilities of increasing Productivity

NO.
’ NO.
R
R R
HNO;/ H,S0,
-
NO. Isooctane
S O.N NO,
R
R
Di-Nitration
Quality
3
2
1
Competitiveness « 0 Eco impact
Safety

MEPI
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Industrial production of a Di-Nitrated compound

Design of continuous intensified process: Reaction constraints

Accurate management of reactive medium temperature

o T < 35°C during feeding to avoid thermal runaway

o T> 60°C during reaction to avoid solid generation (Di-Nitro compound)
% Fed-Batch process - Operating time of 14h |

Selectivity
o Excess of sulpho-nitric acids

o Strong influence of water contents
% Use of high purity acids (HNO; = 99%, H,SO,4 = 98%)

Mixing
o Two phase reaction

o Strong difference of density (aqueous d = 1.7, organic d # 0.7)

Corrosion

MEP
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Industrial production of a Di-Nitrated compound

Design of continuous intensified process : Batch reaction at lab-scale

Beginning of dropwise End of dropwise Beginning of contact End of contact time
addition (35°C) addition (35°C) time (65°C) (65°C)

o Poor thermal control o Low kinetics

)

o Poor mixing o Poor selectivity

64 % max. of Di-Nitro after 4h

MEPI

Alternative Chermistry
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Industrial production of a Di-Nitrated compound
Design of continuous intensified process

Thermal performances

o Estimation of the minimum required (UA/V)

o Estimation of the mixing time required
o Determination of flow-rates and injections design
o Solid handling (?)

Corrosion

)

One single reactor ?

Combination of different ’rechnolog}ﬁg P

Alternative Chemistry '. 39




Industrial production of a Di-Nitrated compound
Design of continuous intensified process

Transposition to continuous : "One pot” process

i
_____________ : |sooctane

: ________________________
v
% RM  Isooctane
l solution
Syri [1
Vringe pump
= o]
Nitric Acid olloll o o
olloffell~N LI U N | T Voo
o i ; !
(? all e i Sampling i
Syringe pump i @ [
Sulfuric Acid T

@ Injection Point | Collecting drum l€¢—————————————— |
|

O o o o] Mixing Structure
Co_ o] Mixing and residence time Struture

[ —— 1 Residencetime Structure
Longresidence time Structure

MEPi [P
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Industrial production of a Di-Nitrated compound

Design of continuous intensified process

Transposition to continuous : "One pot" process

MEPi [P
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Industrial production of a Di-Nitrated compound

Design of continuous intensified process

Transposition to continuous : "One pot” process
e ™
N 3 \

. ¢
) - (|
RN I
’f{ 4= I & | l
- "' || ‘ll
- p - %
o |® ‘ oy ‘ |

99 % of Di-Nitro obtained in 2 min

MEPI [P
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Industrial production of a Di-Nitrated compound

Design of continuous intensified process

Alternative solution : "2 steps” di-nitration process

Feasibility demonstrated !

MEPI |} >
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Crossed expertises
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Chemical reagtions ‘Pharmaceuticals
Crystallyzations grochemicals
Distillations Temperature|  fine chemicals

Extractibns control Specialty chemicals
utraceuticals

Isolati!‘)n ;] Flavour &
: i Mixin
In line ana‘WS'S 9 I’ Fragrances
\\ ,1 Cosmetics
Formulations ./ %al-emc
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Quality
3

Continuous formulations

Emulsification in continuous with mixers

@ CFP @ o
> f\ <1J Process robustness

Eco
impact

Competi
tiveness

Phase B
New organoleptic properrties

Formulation optimizations

COOLER 9 Emulsion

)
0
0
©
l
-0

QC__* ) { MIXER
Mixer Cooler
Volume (mL) 1-20 Volume (mL) 8-20
Residence time (s) 1-50 Residence time (s) 6 - 50
Phase A :
Temperature (°C) 25 -90 Temperature (°C) 25

Inlet : Phases Outlet : Emulsion

Flowrate (g.min1) 20 - 80 Appearances Cream, Gel

Viscosity (cP) Until 15 000

Temperature (°C) 25 - 60

Viscosity (cP) 1-300

MEPTTID —p
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@ Continuous formulations

Favorite mixing devices :
T types (1/4 or 1/16 ") IMM Micro mixers

SMX (Sulzer) static mixers % SCaterpillar

A3

"

B e el Arao d Svserd o)

<= d~=10 mm
V=8 mL

mwghegﬂr! "» T 46




Continuous formulations

IMM Caterpillar Micro mixers




Road to Industrial Production Set up

Specialty
chemicals

Technical Offer Range

>
0.5to 101/h

Rencwable C

Chemistry

Route Scouting Costing Plant set up.

. RN
. MEPi  pp
Tra I n I n g PRODUCTION fAlternative Chemistry ! -
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Market trends (%)

MATURITY

Technology
Push

D

INDUSTRIALIZATION

LEARNING

CURIOSITY

RISING
AWARDNESS

/

R2008

R2013

E2018

E2023

E2028
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Chemical Factory of the Future : A flexible aproach

-
.t‘ =
. - -

. TiieE | :*‘:
‘1‘ -T E.m r:z:{' ﬂiup“
~—

\

-

vvvvv

Implementation
strategies

Average expected Savings :

Capex reduction up to 40%

Opex reduction up to 20%

Reduction in energy consumption up to 30%
Solvent reduction up to 100%

Footprint reduction up to 50%

mEPl
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Publications

Chemistry Today, July 2012 issue:
« Direct fluorination of 1,3-dicarbonyl compound in a continuous flow reactor at
industrial scale”

Chemistry Today, Nov-Dec 2013 issue:
« Two-phase enzymatic reaction using Process Intensification technologies »

Specialty Chemicals Magazine, June 2014 issue :
« From batch to continuous for a selective nitration »

Chemistry Today, Sept/Oct 2015 issue :

“‘Photochemistry at industrial scale”
http://www.teknoscienze.com/articles/chimica-oggi-chemistry-today-flow-photochemistry-a-meso-scale-
reactor-for-industrial.aspx

Organic Process Research and Development, Feb. 2017 issue :

“One-Step Continuous Flow Synthesis of Antifungal WHO Essential Medicine Flucytosine Using
Fluorine »
https://www.acs.org/content/acs/en/pressroom/presspacs/2017/acs-presspac-february-1-2017/cheaper-way-to-
make-who-designated-essential-medicine.html

For further articles, visit our website :
http://www.mep1.{fr/en/news/
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