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The Minafin Group

Organization by division

Health Chemistry Green Chemistry Division Challenging Chemistry
Division Division
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Development steps for a drug candidate
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Sub-contracting in the pharma industry

. Preclinical
Drug discovery ctudies
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Research Manufacturing

Organization Organization
Outsourcing studies Outsourcing APl productio

pevelopment « ivianutacturing

Organization

Outsourcing development
and production A



Process development to enable large scale production

Qty Synthesis Location
10 mg-10 g Expeditious Lab
10 g-10 kg Practical Kilo-lab
10 kg-100 kg Efficient Pilot
m 100 kg ++ Optimal Plant




Process development

The chemical reaction is only part of the process...
and often not the most difficult!

The "theory":

Reagents
Catalyst
Solvent

Reaction
conditions

10



Process development

The chemical reaction is only part of the process...
and often not the most difficult!

In practice:
Reagents
Catalyst 2
Solvent °
A+B » C + excess of reagents + - Cpure
Reaction impurities + catalyst +
conditions unreacted A and/or B



Process development

Reagents
Catalyst ?
Solvent )
A+B -~ C + excess of reagents + - Cpure
Reaction impurities + catalyst +
conditions

unreacted A and/or B

* Choosing solvent and reagents

* Reaction conditions: parameters, operation (safety)

* Reaction workup: implementation, removal of impurities
* Obtaining the product: crystallization, telescoping steps



Process development

ORGANIC PHYSICO- -
CHEMISTRY CHEMISTRY
CHEMICAL
ANALYTICAL ENGINEERING PROJECT
CHEMISTRY MANAGEMENT
SOLID STATE
STUDIES

PROCESS SAFETY QUALITY ASSURANCE
REG AFFAIRS
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Process development - Case study

v ‘. H
. . NN
! |Tetrahydro-4H-| -
! pyran-4-one ] Me J;/\l[/)
: : o 0 N. 0.0 9 ©
[ : HN o Me g’
: (o) . HN \H
. 1 F HN__O Me
: flj : O O N e ON N ’ Me
: (o 5 n N’» HN K,N
- - F C
: THP : N, MeO OMe
: : Me nBu
i [Key building !
' block] ' (o)
' E Entrectinib Opiranserin.HCI Venetoclax Cl
! [Linchpin ] [anti-cancer] [non-opiod analgesic] [anti-cancer]
! molecule] !
r ———————————————————— =

Prewous approaches .

Ethylene
Lewis acid

CI/\)CJ)\/\CI — CI/\)CJ)\CI

Cyclization with H,O
Extraction ten times to get
acceptable yield

J. Chem. Soc.

Stoichiometric amounts
of Lewis acid for
ethylene insertion

C 1970, 17, 2401

eI

Oxygenated equivalent
of mustard gas

CN108912081

RO (o) OR H20 (o)
\n/\/ \/\n/ |:> Rko

o) o)

Use of acrylate: HSE issue
Poor atom efficiency

Bull. Soc. Chim. Fr. 1976, 995 / CN104496858
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Process development - Case study

A Reaction optimization using OFAT and DoE approaches:

oy A
(o) OH
(0.4 equw) N
HO” NV = + +
TfOH (0.04 equiv.) (o) (o) (o)
AcOH (4 vol.)
100°C, 8 1 80.3% 5.8% 7.1%

100% conversion

15



Process development - Case study

(0]
JL [concentration]

EtOH then . wash with

o Me ¢ TfOH [fractional OH ;)?ncd?ngo(: eeg:j::;; o I[\IaCI 20%] o
[concentration] A distillation] :
—»
Qrude g > —)—
mixture EtOAc (5 vol.) [fractional
- EtOAc > !

o o 20°C O distillation] (o)

65% yield
98.0% GC purity

59% yield
97.7% GC purity

A Performed on 50-100 g-scale
A Water-free acetate deprotection - Ethanol mediated transesterification catalyzed by the
remaining triflic acid

A Main drawbacks:

o Degradation of the distillation residue during the various distillations in the presence of
triflic acid

o Oxidation of 1 kg of alcohol would give a 3 L cake made of pyridine hydrochloride and
cyanuric acid

" Oxidation with TCCA/pyridine: Synth. Commun. 1992, 22, 1589 / Tetrahedron Lett. 2017, 58, 2720
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Process development - Case study

.
| Final route |

1. Neutralization with NaOH
2. AcOH concentration

Crude 3. Fractional distillation

mixture

'

Ca(ClO), (0.6 equiv.)
TEMPO (2 x 0.65 mol%)
NaHCOj3; (0.5 equiv.)
LiBr (0.13 equiv.)

A

Me

(0]

[isolated in
65-70% yield]

N828204 (02 equiv.)

'

o DCM/H,0

5°C

[quench]

1. MeONagyt.

MeOH, r.t.

[Zemplén

deacetylation]
_— Crude
2. HCI 34%

[neutralization]

[filtration through

Triphasic spin dryer]
- —_—
mixture then
[phase
separation]

A 16 kg of THP produced at pilot plant (99.6% GCAP)

[fractional OH
distillation]
—

O

[isolated in
89% yield]

[fractional 9
distillation]
Crude —_—

(0]

[95% yield before distillation]
[67% after distillation]

A First route: 38% overall yield, 98.0% GC purity, unscalable process
Final route: 42% overall yield, 99.6% GC purity, scalable process

Zahim, S.; Delacroix, K.; Carlier, A.; Berranger, T.; Bergraser, J.; Echeverria, P.-G.; Petit, L. Org. Process Res. Dev. 2022, 26, 199
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Process Enabling

W /4

Development Technologies
Safety Photochemistry
Robustness Electrochemistry
Sustainability Continuous
Cost processes [ :
Synergies: y 4 R

7/ . "I
Collaborations
Academia
> Technology platforms
i) | PSL*
Electrosynthesis (4 ParisTech

ParisFlowTech, France

(Szgrbllzgil CB:iraLr}S) Lancaster, NY, US

Serpier, F.,; Delbrayelle, D.; Petit, L.; Echeverria, P.-G. L’Actualité Chimique 2023, 482, 26-33



Modern chemistry - Cross-electrophile coupling

Prior synthetic approaches

H M
oocC = e
Me N N (0]
12 steps [ ! 11 steps
LLS: 12steps R2 R R R2 LLS: 11 steps
hydrogenation reductive amination
[asymmetric catalysis] [enzymatic, chiral amine or resolution]

OVCF3
H
s - L O
Me Me
N
Silodosin (Rapaflo™) N\

1
[Benign prostatic R? R
. (o) NH,
hyperplasia] OH

A Hydrogenation/Curtius pathway

A Reductive amination tactics (enzymatic,
diastereoselective, resolution)

A Routes proceed in a linear fashion

Tetrahedron Lett. 2013, 54, 1449 / Tetrahedron: Asymm. 2014, 25, 284 /
Eur. J. Org. Chem. 2015, 6011 / Tetrahedron 2013, 69, 2834

New disconnection approach

0._CF; e
T N NHPI
©: ~N 2 R Y\Ir
(o) : Me O
Me ! v = X
reductive _.‘
decarboxylative 0% “NH, N
OH

cross-coupling

A Radical retrosynthesis - Decarboxylative
cross-electrophile coupling

£ Convergent approach

£ Chiral pool strategy to introduce chiral amine

JACS 2016, 138, 5016 / Org. Lett. 2018, 20, 1338/
Org. Lett. 2019, 21, 816 / Chem. Eur. J. 2020, 26, 186

A



Modern chemistry - Cross-electrophile coupling

Synthesis of coupling partners Key DCC — Model substrate

A. Preparation of RAE intermediate

Optimization of the Reductive DCC

HCLH,N
CO,Me
O BF T Y\ i O coyme Nil, (20 mol%)  Boc
Me H 2 I |
(3.5 equiv) /\,N\‘) poc Ly (20 mol%) peN
. o o

MeN NHPI —_—

N  Zn (2 equiv.)
2$/gram Br MeCN, Et3N (3.5 equiv) Me , ) Me
rt, 72h, 60% [gram scale] Me O cn R uBr l(31,\/IePC\1UIV.) g
2. Boc,0 (3.7 equiv), NEt; (3.7 equi :
CF3 NHPI MTB"EZH (4h equiv), NEts (3.7 equiv) 2 equiv 1 equiv 60 °C, 18 h L
Boc o ] R = (CH,)30Bn 77%
o/\/N 3. NaOH 30% (6 equiv), MeOH/H,0 HN 5 NH;HCI
rt, 36h .
4. NHPI (1 equiv), DIC (1 equiv) ) om
34% over 3 steps - [gram scale] DMAP (10 mol%), DCM, rt, 6h Lo

B. Preparation of indoline intermediate 2. NaH (1.5 equiv)
1. NBS (1 1 equiv)

©f> Bcw,0 G tor 4n B Bf/(}eq/m?)OB" A ~ 50 ligands tested (HTE)
69% DMF, 0 °C to rt, 7h
[gram scale] 92%

$ [gram scale] A Best reductant: Zn / Best additive: LiBr
80 /gram
- meHn >~ NHMe o .
m * (40 mot%) Br £ No chirality erosion
u % uiv nO
\\) B |T§&g:%| /1)1c')\l aclz(szzﬂ ) N\\)
85% CN Weix/Pfizer ligand: Nat. Chem. 2016, 8, 1126

A



Modern chemistry - Cross-electrophile coupling

Formal synthesis of Silodosin

(o) CF
CF3 NHPI Nil, (20 mol%), Ly (20 mol%) @[ ~ %oc
Boc Zn (2 equiv), LiBr (1 equiv) N
A~N \©\/>B DMA, 60 °C, 12h o\
0 ' Me N
o \__/"0Bn

45%

2 equiv (0.08 mmol 1 equw 0 04 mmol)

Conclusions _
A Synthetic approach patented
Formal Synthesis of (R)-Silodosin via Decarboxylative Cross Coupling (W02021205023)

X
[7 steps LLS] . ﬁo m A First DCC for the synthesis of an active
N ':> N7 “Me F

reductive : | cN R compound
decarboxylative 07 NH k\\ R [10 steps]
cross-coupling 2 OH di g ti . .. .
S _ [new disconnection] A Main limitation: heterogeneous reductant
Rapaflo'"(Silodosin) [chiral pool] [convergent approach]
[Benign prostatic hyperplasia] [extensive reductive DCC optimization] (See OPRD 2020, 1141)

Chen, T.-G.; Mele, L.; Jentzer, O.; Delbrayelle, D.; Echeverria, P.-G.; Vantourout, J. C.; Baran, P. S. Tetrahedron Lett. 2021, 79, 153290
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Modern chemistry - Cross-electrophile coupling

NiCly-6H50 (10%) A Key role of AQNO; > Ag nanopatrticles

o RS 2,2-bpy (10%) 5 layer on the cathode
o . AgNO3 R
RLHLO,N TS > RH/I\l,R‘ A Lowers the overpotential = preventing
s (+)Mg/(-)RVC, 2.3 F/mol _ S
R2 ° R DMF, r.t. RZ R? catalyst overreduction & inhibition of the

Science 2022, 375, 745 formation of Ni(l)-alkenyl intermediates

Chemical Cross Electrophile Coupling

Boc Boc

N NHPI [Cu] Zn 0. __CF; @: N NHPI

o=y Nal NI @ > e oF Y
=g o *—0

r 4—%— r
trace PDT with ArBr Me N
N OBn 37% N
CN

Palkowitz, M. D.; Laudadio, G.; Echeverria, P.-G.; Biogen; Bristol Myers Squibb; Pfizer; Leo Pharma; Baran, P. S. JACS 2022, 144, 17709




Electrochemical desaturation

Limitations of the current methods

[Saegusa-Ito]
[Newhouse]

[Dong] Unscalable
OTMS [1Bxj (o} Scope limited

(o)
Harsh conditions
—_— .
X or XU X I Expensive
() oL Leo-

~ ~ ~

Carbonyl Desaturation: Where does Catalysis Stand?

( New methods developed since 2015 for the simple removal of H, )

Metal-catalyzed approaches
|AHyﬁ denvatwesl | TEMPO | | 0, |

- A O
ngt k (Ir‘)(N‘) | Peroxides || Benzoquinone |

Metal-free approaches
| Dess-Martin periodinane | | TEMPO | | Electrons e:l

Gnaim, S.; Vantourout, J. C.; Serpier, F.; Echeverria, P.-G.; Baran, P. S.
ACS Catal. 2021, 11, 883

Few precedents

Anodic o o
/@)\ OXIdatlon R
‘ 2/ or ‘ Z/
90%
R'

[limited to substituted ketones]

Shono: JACS 1974, 96, 3532/ JACS 1975, 97, 6144

Anodic
OXIdatlon |
/1 > ¥ /3
OTMS © (o] (o] (o] (o)

61% 5%

[traces]

Moeller: Tetrahedron 2001, 57, 5183 / Chin. J. Chem. 2019, 37, 672
Wright: JOC 2004, 69, 3726
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Electrochemical desaturation

(+) Cgr (-) Cor
Undivided cell
NaSbFg (0.15M)

H OR OR MeCN/2,4,6-collidine (7:3)
| 10 mA
or X°N
R =TMS, P(O)(OPh)z
n n X=CH, O,N

A Non-nucleophilic salts with Na counter cation proved optimal = NaSbE,

Key features:

A Theuse of a graphite anode was found to be essential whereas several materials were suitable for the
cathode

£ MeCN, acetone, DMA, and DMF could be employed but MeCN gave the highest vield

A Heteroaromatic amines proving most promising as base -2 2,4, 6-collidine emerged as optimum

A Excess of base was necessary to get high yield

A Reaction tolerates exogenous air and moisture




Electrochemical desaturation

Ph

[e-desaturation]: 78%
[Saegusa-Ito]: n.d.
[Newhouse]: n/a
[Dong]: n/a
[IBX]: 9%

[e-desaturation]: 46%
[Saegusa-Ito]: 56%
[Newhouse]: n/a
[Dong]: n.d.
[IBX]: 34%

Ph

[e-desaturation]: 72%
[Saegusa-Ito]: 45%
[Newhouse]: 71%
[Dong]: 52%
[IBX]: 19%

TsN

[e-desaturation]: 81%
[Saegusa-Ito]: n/a
[Newhouse]: 42%

[Dong]: n.d.
[IBX]: n/a

Ph

[e-desaturation]: 62%
[Saegusa-Ito]: 85%
[Newhouse]: 71%
[Dong]: n/a
[IBX]: 70%

X CHO
BocN

[e-desaturation]: 50%
[Saegusa-Ito]: 55%
[Newhouse]: n/a
[Dong]: n/a
[IBX]: n.d.

Me Me

[e-desaturation]: 81%
[Saegusa-Ito]: 46%
[Newhouse]: 75%
[Dong]: traces
[IBX]: n.d.

O O
NJ\OtBu

[e-desaturation]: 69%
[Saegusa-Ito]: n/a
[Newhouse]: n/a

[Dong]: 32%
[IBX]: n/a

[low reactivity] OR [by-products: dimer,
[high oxidation hydrolysis,...]
potential] XX H [low oxidation
TH NMR potential]
——————————— =
|
Mechanlsm .

step 3 C'!;:]TI'#IS
oTmS OoTMS

il eel e

S‘EP mrkup*

40

\ @
collidine [collidine-H]

1/2 H,
A 5
cathode

Gnaim, S.; Takahira, Y.; Wilke, H. R.; Yao, Z.; Li, J.; Delbrayelle, D.; Echeverria, P.-G.; Vantourout, J. C.; Baran, P. S. Nat. Chem. 2021, 13, 367

J AN



Electrochemical desaturation

OTMS

- b

[Key intermediate in the synthesis
of (R)-muscone]

A Flow system with recirculation mode

A Numbering-up strategy (8 graphite plates)
(minimal amount of reoptimization)

A Increase current value -2 | = 3.6 A

A 61% yield (27% recovered SM)

A Efficient, scalable, predictable e-desaturation

A Broad scope including ketones, esters and lactams

A Simple and fast translation to continuous mode

26



Flow photochemistry

2-FBC as key starting material

: F o
' Cl: S
o SHeepe
: F o NH N
ST : NH, ©/\ 0 o Me OI\/\>_O
NH S Me
F N F N/'\n/ 2 - HCI 0>_
H Netoglitazone H o '
©/\0 [Hypoglycemic agent] (o] Prasugrel HCI

.HCI [Platelet inhibitor]

Priralfinamide
Vixotrigine HCI [Antalgic]
[Analgesic]

2-FBC as key starting material

Previous approaches Our work

SOCIl, 100%

® Expensive benzyl alcohol @(\“ remmAT, sonitzer
isible li
® Poor atom economy P < Ly CHiCN @Me
: ] Cl.
® Poor yield Ve tBuOCI/FeCl, 36% ! @(\ EI D F
@ Runaway I‘eaCtionS @[ NCSHPRCOo), E‘ F ’E [Continuous process]
& ] te-e-epyee--- [Photosensitizer]
F N [OFAT and DoE approaches]

[Large-scale experiment]




Flow photochemistry

Optimization with Vapourtec® photoreactor

£ OFAT and DoE methodologies

Me .
' ' iti NCS (1.05 equiv.
A Experiment without sensitizer: @[ (1.05 equiv)
F CH3CN (1M)
40 °C
tg = 15 min
A =365nm

NCS (1.05 equiv.)

[Single-pass]

Benzophenone
o Me  (0.05equiv.
A Addition of benzophenone:
F CH3CN (1M)
40 °C
tr =15 min

A =365 nm

NCS (1.05 equiv.)

[Single-pass]

. . . Me Benzophenone

A Significant reduction of the @ (0.05 equiv.)
residence time: F o oHoNOMW

tgr = 5 min

A =365 nm

- cl
d b cl
‘ — + Cl
F
— F

[Single-pass]

Conversion = 34%

Conversion = 88%
Mono/Di = 14/1

Conversion = 87%
Mono/Di = 11/1




|
- Scale-up using Corning® G1LF

NCS (1.05 equiv.)

Me Benzophenone Ci
(0.05 equiv.)
@[ Cl Conversion = 87%
F CH3CN (1M) . Mono/Di = 21/1
60 °C
tr = 5 min [Single-pass]
A =365nm 9

Similar performance Vapourtec® vs Corning®

Reaction performed on 55 g of 2-fluorotoluene

Azeotrope mixture between 2-fluorotoluene and acetonitrile

Close boiling points of mono- and di-chlorinated compounds

Pure product obtained after distillation = 61% yield / 100.0% GCAP

> > > > b b

Room for improvement to increase the yield

- Quench before distillation + Distillation improvements

A Next step: Corning G3 for our Phoenix platform at Minakem

Radjagobalou, R.; Imbratta, M.; Bergraser, J.; Gaudeau, M.; Lyvinec, G.; Delbrayelle, D.; Jentzer, O.; Roudin, J.; Laroche, B.; Ognier, S.; Tatoulian, M.;
Cossy, J.; Echeverria, P.-G. OPRD 2022, 26, 1496 A

32



Conclusions/Outlook

Challenges Technologies

SYNErgies

Innovation

Baran, P. S. et al. Acc. Chem. Res. 2015, 48, 712 / Schultz, D.; Campeau, L.-C. Nat. Chem. 2020, 12, 661 / Fier, P. et al. Nat. Rev. Chem. 2021, 5, 546 A

33
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