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1 | Mechanisms and selectivities
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2 | Guiding corrective actions
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3 | High activity/toxicity compounds
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4 | Predicting feasibility

Prior Art Computational T&E
intelligence

T/P compatibility

P,\ —AH,, (1 1
In{—)|=——*|7—=
P, R T, T,

Multiple synergies are possible

Is my reaction suitable for flow ?

O

) :
= RT Eyrin

If 95% conv.:
¥
AG'(keal | 5 39 35 20 25 30
mol?)
1t 0.1 M, | <1 <1 <1 2 6 73
25 °C sec sec sec min days years
1t 0.5M, | <1 <1 <1 2 6 73
25 °C sec sec sec min days years
1t 0.1 M, | <1 <1 <1 <1 1 min 20
100 °C sec sec sec sec 30s hours
2r 0.1M, | <1 <1 117 376 4766
o 2 sec .
25 °C sec sec min days years
2 0.5M, | <1 <1 <1 23 75 953
25 °C sec sec sec min days years
2nd 0.1M, | <1 <1 <1 53

100 °C sec  sec sec SEES 1Ll

days
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A priori computational intelligence

Minimizing chemical exposure, reducing waste and guiding flow experiments

Estetrol (E,) API CWA neutralization Discovery
Thermolysis Ozonolysis Electrophilic aminations

AUt
CIEED |
lIchemistry,

Synthetic)
AL
chemistry

Goals Goals Goals
= Lower production costs ® Find the best simulant = Fast prediction
= |ncrease productivity = Assess suitability = Suitable for libraries
= Minimize contacts with = Avoid overoxidation =  General approach?

hormonal compounds
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Thermolysis of a steroid sulfoxide derivative
Accelerate batch-to-flow transposition toward intensification

Mithra

Women’s Health

4 May 2023 | Estetrol

Mithra and the University of Liege

Secure Proof-of-Concept for Novel
Manufacturing Process of E4

estetrol

“Mithra and CiTOS will continue their development G}:‘ 5% gen contraceptive
. .. . . FDA/EMA approved
work, with initial commercial production by a
CDMO using the enhanced manufacturing process
expected in 2026/27”

React Chem Eng, 2023, 8, 1565
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Thermolysis of a steroid sulfoxide derivative

Accelerate batch-to-flow transposition toward intensification
 Computational routine

First-order kinetics
In[4a] = In[4a], - k*t

Timeframe? S( )AR
re S
AG AGt
k — Kk T ( RT ) T {kca]! tgg%zzonv.
h (°C)  mol) (min)

25 | 28.0 | 379527620
100 | 27.7 16526

T/P compatibility w/

N s IWN|-=

150 | 27.6 145
reactor setup
200 | 27.4 3
Py —AHyqp 1 1 250 | 27.3 0.2 sulf-4a (R = H), 3 min $$
In = — % |—— = sulf-4b (benzothiazole), 11 min §
Py R T; T sulf-4c (R = Me), 15 min $$$%

B3LYP-GD3BJ/6-31+G*//MO8HX/6-311++G** (SMD = toluene, 413 K)
TOP 3

React Chem Eng, 2023, 8, 1565 among 22 potential candidates
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Thermolysis of a steroid sulfoxide derivative
Accelerate batch-to-flow transposition toward intensification
* Translation into an intensified flow process at pilot scale

e

\ 210°Cand 3 min » :.
STY: 1.13 kg L-l h -1 1.1 mtper year
' several million doses

(15 mg E,)

DMAD (1.5 equiv.)
in toluene

10 bar 210 °C 10 oC
3 min 1a (91%)
TBSO V=134 mL

4a in toluene (0.23 M)
_ + triethylamine (0.1 equiv.) )

React Chem Eng, 2023, 8, 1565



uLn!\EgE Predicting feasibility in flow @

Neutralization of chemical warfare agents with ozone

Selectivity and feasibility under flow conditions

e Can we achieve fast and selective reactions for mobile neutralization setups?
Overoxidation — avoid

P 2 2 at all costs!
9
Chemical neutralization ‘/;\f/J\*';\J ‘/‘?)\*/’\f/‘\‘
J 9

less toxic TSox.1 TSox.2
sulfoxides AGt = 3.2 kcal mol-! AGt = 9.2 kcal mol-!
[C] 0
c1I N N ,"\/\ Fast reactions (<1 s)
HD R” woo ¢
Overoxidation — avoid l [O] e e \/
at all costs! o Q0 N e NN
sulfones R/ \/ Al CEES
CEVSO;, military clearance ~"¢
OPCW ban CEPS

Green Chem 2020, 22, 4105; Green Chem 2021, 23, 2336; Green Chem 2024, 26, 1281
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Neutralization of chemical warfare agents with ozone

Selectivity and feasibility under flow conditions
* Transposition in flow with suitable simulants

Thermoregulated zone

FM 2 - quench

—— collection

‘quench| &R + analysis
SN 10 bar

Neutralization of CEES

>99% conv.

5 ~ e >99% sel.

=<1s ) g
tag >1 Ns AGH (kcal mo|1) I—_‘ — FM 1 - oxidation
a - """’.m‘ 4
N . . ]
3 F &§ & i’
Ny
o8 - Preo SN A
1b 21 0.7 (3.8) >99 96
Ll (substrate ——
S :
ad P =
CEES 19 |[1.6(6.3) >99 >99 0
/ !.

1.8 2.3 (5.8) >99 >99

w‘ L C|/\/S\/\C|
‘ﬂ }ﬁ Ph/s\/\CI

CEPS 1.6 4.4 (8.1)
| A4

1.8 3.2 (9.2)

9 81

CEESO

>99% neutralized

No additives/catalysts

Simple and scalable setup

Feeds only on O,

Commercial ozone generator

Green Chem 2020, 22, 4105; Green Chem 2021, 23, 2336; Green Chem 2024, 26, 1281
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Electrophilic aminations toward librairies of aminoketones
Toward non-generic, tailored conditions
* Can we speed up the prediction process?

wd
TS analysis and 2, 3’. " Me.Si a priori kinetic data
activation barrier S g ? S0 O and feasibility under
calculation . R O)LOSIM% ‘ » NS N N g2 flow conditions
O/ 1/[2a) = 1/2a), T &
1in MeCN 2ain MeCN second order 3
(1 M) (1 M)
Timeframe? Guidelines for Improved control and
continuous flow safety
ckpT Act -AGH utstanding
k = h RT 3 EEOO
& Medium
Entry T(°C) tygocon, @t 0.5 M (min) E"’f’i:s
1 25 589 No flow
2 50 168 ] Potential for flow
3 100 22
4 150 4
In (PZ) — —AHyqp " (i _ l) Activation ' I : ~
Py R TZ T, barrier to Quick predictions Efficiency and

kinetics and SreARs reproductibility

Angew Chem Int Ed, 2024, 63, 202311526 MAE: 0.3 keal ol
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Electrophilic aminations toward librairies of aminoketones

Toward non-generic, tailored conditions

log(k/ko)

cat. 5

slow
Potential for flow

-2.0
298.15 318.15 338.15 358.15 378.15 398.15 418.15

T (K)

Angew Chem Int Ed, 2024, 63, e202311526

Category 1 = outstanding (log(k/k,)>1.5): no
thermal activation for completion within 15 min or
short residence times (<1 min) if thermal activation

Category 2 = high (1.5>log(k/k,)>0.0): thermal
activation and residence times of 1-5 min at 150 °C
depending on concentration and target conversion

Category 3 = medium (0.0>log(k/k,)>-1.0): thermal
activation and longer residence times (5-15 min at
150 °C) to achieve high conversions

Category 4 = low (-1.0>log(k/k,)>-2.0): extremely
high temperatures (>150 °C) or lower conversions
in a flow system within 15 min

Category 5 = NOGO (log(k/k,)<-2.0): too slow to be
performed in flow even with high temperatures
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Electrophilic aminations toward librairies of aminoketones

Toward non-generic, tailored conditions

A OSiMe,

=
2a in MeCN

(1or0.5M)

2
R

9

R1IL
O

1in MeCN
(10r0.5M)

SnapPy

&
.
EHELOW

Conversion set point: 85 or 95%

Me,Si

S .

in-line
IR

=

150 °C, £15 min

V=0.5mL (ID =508 um)

Cat1l

Cat2

Cat3

Cat4

utstanding
+1.5

High

—g+0.0
Medium
—-1.0

Low
—-2.0

No flow
Potential for flow

log (ki)

|
75 psi N
X X
—N—> R1 _:()/ \*@RZ
S S
3

1 set of experimental conditions
(non generic) per substrate

Angew Chem Int Ed, 2024, 63, e202311526
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Predicting feasibility in flow

16

MesSi~g

spae

3a (0.5 M, 4 min)
[90%] 93%, (89%)

MesSi-g

e pas

3£ (0.25 M, 15 min)
[95%], 96%, (86%)

MesSi-g

o0,

3k (0.5 M, 4 min)
[90%] 90% (79%)

Me3S|

> oo oh, oo

3p (0.5 M, 2 min)
[90%], 91%, (89%)

Angew Chem Int Ed, 2024, 63, e202311526

M838i~0 0
OO
Ac
3d (0.25 M, 1 min)
[90%], 92%, (90%)

Me;Si 0 o Megsl

oo oo

3¢ (0.5 M, 15 min)
3 equiv. 2b
[85%], 83%, (70%)

3b (0.5 M, 15 min)
[90%), 82%, (71%)

Me3Si~0 o Me3Si-.o o MesSi-o
T O 00

Q 2.0 /@ 1.5 ol

SOzMe N02

3i (0.5 M, 13 min)

3h (0.25 M, 15 sec)
[95%], 95%, (60%)

3g (0.25 M, 10 sec)
[95%], 94%, (90%)

[90%], 90%, (89%)

MesSi - 0 o

@ JK@NBQ

3n (0.5 M, 1 min)
[95%] 92%, (89%)

MesSi-g MesSi-g

O ot
Me Me
31 (0.5 M, 5 min) 3m (0.5 M, 15 min)
[90%], 91%, (61%) [85%), 93%, (23%)

MesSi~g

SO0

3e (0.5 M, 6 min)
[95%], 98%, (96%)

MesSig o

o pas

3j (0.25 M, 8 min)
[95%], 93%, (91%)

MesSi-g

S &

30 (0.5 M, 5 min)
[90%)], 93% (86%)

M338| Me3S|

2.0
F,C

3r (0.5 M, 6 min)

3q (0.5 M, 2 min)
[90%], 96%, (42%)

[90%], 89%, (65%)

MesSi-g

o

CF,
3s (0.25 M, 3 min)
[95%)], 96%, (60%)

CF;

[conv.t], conv.&*®,, (yield) —

cat. 1, cat. 2,

,cat. 4
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U LIEGE Conclusion

On the synergy between in silico approaches and flow
A multifaceted synergy

gl =

» Safer process conditions

e Rationalizing mechanisms and foreseeing corrective actions

* Predicting feasibility under flow conditions

e Accelerating the transposition toward flow with a priori intelligence

* Hybrid experimental/in silico models




;; uLn!\EgE Technology platform @

Flow4all platform
Since 2023 — integrates the Corning Qualified Laboratory F L@ I |®

flow4all@uliege.be

Flow tech resource center in Wallonia
Applied (industrial) aspects of manufacturing valued-added chemicals

Corning® Advanced-Flow™ Reactors Sur strengths;. 2 equi ) %
CORNING nique expertise & equipmen
g QUALIFIED LAB Lab to pilot

Scalable processes

(including un-/less conventional)
Multistep complex flow processes
Our services

The future flows through consulting, flow process development,
Corning® Advanced-Flow" Reactors training, demos

SERVIER lebsa %  MINAKEM MIChra

Dr. D. Silva moved by you ADAMED Women’s Health

N , ,
Scientific Manager op!vl GSK ¢ FINCHIMICA WI@M

Precision Medicine



mailto:flow4all@uliege.be

. Dr. E. Abedelnour

. Dr.Y. Chen

. Dr. H. Hellwig

. Dr. D. Silva

0 Dr. A. Tsai

. M. Schmitz

U G. Petit

. P. Bianchi

. C. Muzyka

. M. Boddaert

0 M. Desiante

© S. Renson

. F. Barbaz

. J. Cheng

. R. Gradelet

. S. Bianchi

© E. Macors

. 0. Clemente

© M. Montemurro
. C. Desmons Research
. N. Leclrg Institute
. A. Coudijzer

. E. Mhana

Euregio Meuse-Rhine  curopes wacy
European Regional Development Fund

M 5 ﬂ & lnterreg fN'S «Wallonie w21 e CORNING

wew@NMieuxs



:v’ LIEGE BOSS XVIII — Liege 2024

Submlssmn deadline: .Aprllﬁ30th 2024
ET'{““'E”T eymposium with 18 plenary lact ‘”"m
nternational symposium wi p enary ectures &M

2024 Tetrahedron Chair & | P f C tiv
ﬁ D24 etrahedron air & Janssen Prize for Creativ

Organlc Synthe5|s

F'Ig.'ujtm ﬁ-|...-pt



	On the synergy between in silico approaches �and flow
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18
	Diapositive numéro 19
	Diapositive numéro 20

