| SERAEEREMOERICEL 3 RitRERIEEORH |

E e EERMOFERICK D

R ERERBEEDRFE

L

3 TRTOAR
RECELE
—Mf'

Development of Next Generation Processes
for Drug Substance Manufacturing Utilizing
Continuous Manufacturing Technology
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Continuous manufacturing technology has been attracting increasing attention in the pharmaceutical

drug substances (DS), development field. While continuous techniques are being utilized in various unit

operations of DS manufacturing, application of continuous manufacturing technology to the chemical

synthesis step, also known as flow chemistry, can the potentially to enable the development of highly

productive manufacturing processes that were not possible with conventional batch-type reactors alone.

We herein, we introduce a case study in which continuous manufacturing technology was utilized to

develop a manufacturing process for EPI-589, a current drug candidates in our small molecule pipeline.
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Unit Operations in Conventional
Batch Manufacturing Process

1. Preparation

2. Reaction

3. Extraction

o

Crystallization

o

Filtration

7. Drying
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Unit Operations in Fully
Continuous Manufacturing Process

1. Preparation }

2. Flow Synthesis (Flow Chemistry)

{

{

(5. Goninuous Exactn
@
{
{
{
{

)
)
)
5. Continuous Crystallization }
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Continuous Concentration

6. Continuous Filtration

7. Continuous Drying

8. Milling

Continuous manufacturing applied to small molecules in the pharmaceutical industry
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IN—F 0 VIR EEEE IR EILAE (amyotrophic
lateral sclerosis, ALS) 7 & Oz M BITH L
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BIES  OBBEREIZL > THIMIZED STy
b0 ZOD & REEMERILEY D—DHEPI-589T
%o EPI589IZ. KEMEdison Pharmaceuticals, Inc.
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HO,_ .CHs

(R)-Troloxamide Quinone
EPI-589

B Chemical structure of EPI-589

(1S,2S)-pseudoephedrine
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INLOREIHIGT 5720, F12(18,29)-
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MALES TAC BT 5 70 AR BMEICETF L7,

CHj
o.M Ej/V HsC o CH?;O
COZH CHy HCl aq. 2H
CHy R a——
T aMeTHE | HiC 0:.C0, 2-MeTHF HO
CHs
40% HO
Trolox >97% de (R)-Trolox
CHs
CcH O Ho_ CH
T ? 5.CHs HaC 0 .€ Rk,
NHj3 aq. 3 ~«CONH; | FeCl; *6H,0  Crystallization Recrystallization EP1.589
- (¢} ) - "
2-MeTHF | HO 2-MeTHF  'PrOH / Heptane HsC CH3 PrOH / Heptane
o
CHj; 79% (¢} 90%
Complex and troublesome
4249.8 separations (> 9 times) Crude EPI-589 API

BEEN First generation process for EPI-589 synthesis
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EPI-58955 21 X EL&EE DS
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Fig. 58 X UFig. 605 LNIT %R - 72DlE. (R)-PEA
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{ Innovative Thiee-
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e 3OCH3 ©/\ e 3OQH3' 1. HCl aq. HeC 09H3
3 COH 3 :.C0, 2. CDI, NH; ag. | M3 :«CONH,
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HO NMP/Toluene HO Proac HO
CH, CH, CHs
40%
>99%de = _
Trolox (R)-Trolox » (R)-PEA-NMP 42498

o}
Fe(NO4);-9H,0 i€
'PrOAc - H,O H,C

79%
Crude API

.m Second generation process for EPI-589

NMP

2.6984

(R)-Trolox
2.607A

26764

.m X-ray crystal structure analysis of (R)-
Trolox revealed the association of NMP

and (R)-PEA
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HO, CH;
NH, Recrystallization
CH, 0 'PrOH / Heptane
(@]

EPI-589

90%
API

(R)-Trolox

2696 A

2.709 &
(S)-Trolox

B Xray crystal structure analysis of the
obtained racemate
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EPI-58958 31t A EIEEDFFE

(1) % gk (M) ol

Jek o X912, 2R E L IR BN H LS
SEEERBIETEZ DD, NMPASEBEA DK 5 &
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ETRARE I TRS L. NMPE 765
FNIIE - FHMEL D IR ICENTETHL L
o, HFSETARIIAEET, HERA 4+ ~ Lo
filt % W8S 2 K CREG R EED L E L L,
CTHEH L0, HIHEROREDLETH S, HIHEA
Tld. LA & LCHifbek () 2#MHL vz, &
OAL T vt ATiE, Bl TRICBW IR Eosg
MEVERDLEE 725 Z LIIEITBRE D TH 5 A5,
COFELZFERIZ, DTOM@E) TH 5,

AR TSR L 7z e #rh B 1R 4249. B & KA 8k
() ARV & Befil - 5 S & TS % 1T S &
BES, —EOERE IR TR, HALEk (D) K
B OV & 3 & 4R DL D B3 LB D 5o

5T, RUBOME LR (M)  BALRULE A
T oAb (0) BLOWEMR EZBRET L2012,
FRAI LR <2 S B B T 0D 72 8 0D 430K B A S48 Je I 2 B
L b,

B, ALY RS T U 2 & b R
WL AL TH B0, EH-BLOTNV—TTIEZ
NEFESOWREERH L EEZ. UTOX ) 2k
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(0] (0]
HO_ OH ® pe)
. fo) H N=0 0 N”
T A o L e S R . N
H H -H Ho CHj -H* HO e
nvBa s
Proposed route to NMBA from NMP
CHs - 1. FeCl; aq. (4.2 eq.) 0 HO, CH, HPLC area%
3 2. FeCly aq. (2.0 eq.) Entry | Timing of Analysis
HyC OZaCONHz 3 11t foncose) HyC NHz 42498 | EPL589
HO PrOAc HyC CHs 0 1 | After adding FeCl, 0.0 792
CH;, e} 2 After adding FeCl, 0.2 78.1
42498 EPI589 3 After adding HCI 264 574

Confirmation of Reduction after Oxidation
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Hs

CH;
4249.B

c
CHs
HsC O :~CONH,
+2FeCly + HO =—=
HO

O HO_ CH,
HsC < _NH,
& +2FeCl + 2HCI
HaC CH,

e}
EPI-589

The oxidation reaction of 4249.B as an equilibrium reaction

CHs

CHsy
HsC ONG CONH,
+2FeClz + 2 NaOH ——
HO

CHs
42498

HO, CHs
<__NH,

o +2FeCl; + 2NaCl + H,O

CHs

EPI-589

m Accelerating oxidation of 4249.B to EPI-589 by FeCl; & base

FeCl; + 3 NaOH

m Side reaction of FeCl; with Base (NaOH)

B A v 70 EOVIE P ISR L 724249 B% 31t 8k
(I1) TEfbL7& 2% (Entry 1) . F0HE LS
() 2T 2 &, DTHRDSEFERMD4249 B2
BARSNDHRPHERIN (BEntry 2) o $51C
BRZR N Z L 12, O RS B R = ORI 2 7 L
72 A WRISAEIT L. 4249B5326.4% (MR H
SE) A L7 (Entry 3) o AKFRIE. B3
5 23Scheme 1R ML TH 5 T & &5 < TR
L7z

COFROGICEH L. bivbiud, B ROG% 4
237 FEELFERZE LIS 5B TS &
52 ENDSTE, BUREA O JEME 72 73R ME O [l £
WML DT ENWRRICHR D EE T, BARBICIE. K
ISEAT ) B 2 e A§ 5 Z L CEMUSEFETHRAE
FTHEMBAMRL, FHESEAHICY 7 P TELDT
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OKBBALF M) 7 2KEH) #MZ 52 & TR
HICHEAT L, HiWE 3 H2EPL-5892%h3 X < R4 %
Z LAV L 72 (Scheme 2) .
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RTINS LD A7) —heE L, HEkEMR %5
A IV 7L 5 TIEFig. 9D L) %) T 7 ¥ —HNET
DFERE 25 S §
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Fe(OH); | +  3NaCl

AR EZWEE S22 82059 RIS RS
EEE D H B, D20, WEOTMS 4 3 ¥ 73k
DTEETHLEEZ, Hc ORISR 2L
720 B, KERALF N U AU DR LR L Tw
05, FOMOEHAEFH L 727 — A1TB VT b &R
HHEET DT LAV L T 5,

AR TR LS (D) ([CX 2SS EITT S
EERMICHERE ST ET DA%, Z O & L TR
THZETEHE I ZHIZY 7 NEES, LaLAD
L, WEEMZL54 IV 70 - T O F AN
T Tkl oA, RELOMELS (1) &KER
1EF ™V 7 ZKBEWAFIG L. Scheme 313/R$ &9 %
BB A T4 L. HIYE 3 AL RS 25T 89,
BBV S QAR OB ) L b WEEE %25,

ZofRErz bbb, [#YWes 43I0 7T
HWAbgk (M) &R, #@h gk s4307
TKREBALF P LAERAET S &) Tt ADOHE
HICERZEEIMFT LI EE LT BB BERIA

B Solidification of the reaction mixture
during the oxidation step
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CHj
CHg
HsC O G CONH,
HO
CHs B O aE e e e e e R TR LR e
42498 T{';hafgds"r:’r‘:r fa = 1.0 mm 4o =10mm
08 Min DMSO T Residence fime = 0.77 sec | Residenc;‘evtime =ca. 1.3 sec
10 mL/min L=25cm L=50cm
T-shaped mixer
=1.0mm
FeCly aq. he.
40M

5.25 mL/min

(4.2eq.) 0 HO, CHs

__, HsC _NH,
NaOH (aq.) - (¢]
50M <75+ 5°C> H;C CHs
4 mL/min - [¢]
(4eq) —
<25 + 5°C> EPI-589

M Flow system of the oxidation step

To surge tank

= Tomperatrs sensor |

M

<
/‘J

SEMANY Flow reactor for the oxidation step

IV TREICRA T A2HNE, 7u—GEEM R
BETHLIATHDL, 20720, 7u—GHOFH%
TR 2 MGET 2 L RFEIIIZ L TIOR3 4
T BALGZ EBIC P OB EMICETS LT L
WHFETHAHZ R RWAEL: (Fig. 10 BXU 1) o
HARMIZIX, 4249.B%0.5 M®Dimethyl sulfoxide

(DMSO) & LCHBE L, #3584 mol/LoKiftsk

(II) KRIBWEZRHET L, TNODRHE K2
10 mL/minB X U5.25 mL/min®HETHEE L, —2
Ho I 4 — (F205 mm) TRET 5. BELLE
Wik, AL mmE E25 cm® F 2 — 7 % W R 0.77
Fcild S E721%. 5.0 mol/LOKEELT b w7 AK
BRE22oHO I ¥ — (W10 mm) TRAEL, K
B E 7 AT TZFTHINS 50 ZOFEMETIE, 7
T— 77 &= LPEH SN BRI EETRER LA
NVTHORFY) —IREEE 2D, RUSDH-ETARE L THE
AENTz, RIS ERZESROBERICE L TiE, S
& LTRRAEOMRZ AT % TR % 4 CTE R
S, AR EPL-589 D il D A S i CHEE &
NTWLIRBICHEET L2 LAWEETH D, EmElE
DHTEPI-589% BIRMIZ/rBE - WHFTE BTt R
Elrolz, TORMEEEZEIMMARELE L, B

(Original process) 75 g3 HACH & F TR
BT 2EUTOLHIIC%S (Fig. 12) o 480139
VD EDDOIEFICE K OB T L S N7 5o B

Original process

2nd generation process

Reaction with FeCl; by batch
(Solvent: 2-MeTHF, Separation 4 times)

Reaction with Fe(NO;), by batch
(Solvent: AcOPr, Separation 1 time)

Purification
Washing with Citric acid aq.: 3 times
Washing with NaHCO, aq.: 1 time
Washing with H,0: 1 time

Purification
Washing with Citric acid aq.: 1 times
Washing with NaHCO, aq.: 1 time
Washing with H,0: 1 time

Solvent swap to IPA
(Concentration)

Crystallization
(AcOPr only)

Filtration
Crystallization ‘ [
IPA - Heptane )
( | ptane) ‘ Drying
‘ Filtration L
I \ 80% of crude EPI-589
‘ Drying

3rd generation proecss

Reaction with FeCl; by flow
(Solvent: DMSO, No Separation)

Crystallization
(DMSO - H,0)

\ Filtration

[

‘ Drying

!

\ 85% of crude EPI-589

\ 79% of crude EPI-589

a4y Comparison of the oxidation step in the original, 2nd & 3rd Processes
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PED BARMNII BT A2 e TE, 70— USEN
B OWN BN TRARIEE G OIS X OKZ W
H72F CRIF R MEDOEPIS89% S TE 5 2 & 9%
Lk hol, £/ ZOREBRICL-T=bay 7T
I~ (NMBA) 238G ERAL 2T 0 A2 M-S
BT ENTET,

INSDOTRAr —IVTOMKE % ILE Lzmulti-kgT
DFEFFFEER % 5 TICGMPELEND B 2 RIZIHRR 5,

(3) FIMRMELEDOAr — VT v T
RITECHALER () 2BALFNIH 7 v — &k
2 X BEPI-589M LA FH A Y L7z, 22 FTO
MEHIETr I LA —N UNAF—NH A4 X)) TO
T CTH o7z €2 TAREEEZHVAGMPRE %
FEHi$ % HilZnon-GMP Tmulti-kg A 7 — )V CHLE % 47
W, R BN O FEREE B EMiT A 2 L & L,
AREEREIRA ) —DPHAETLIRIETH L &
5. BWEHELLT70—Y 72 ¥ —ONEZ10 mm
WKL, MEEZ SRRy — VOB ER—&
L. %4 OFR s 2 1008512 L THERi L 72 (Fig.
13, 14, 15, 16) . COFEFEFERTIZ, 7u—-I 77~

CHj3

CHs
H;C (O CONH,
HO

CHj3 [TTTTTTTTTTTTommmoommmmmomommes

4249.B —,_ T-shaped mixer

=10 mm
0.5 M in DMSO ha

=137 v EZRBIROEMTHBPFADTF 2 —7 L 3
FH—2 R LTEBLTVS, ZOERE, 2K O
HREEER IS L, s D 2 B E T S
LI ENTET
COREREZIIT, ER 7= T 7 ¥ —0HARE:
DI E SRR — VT v TEENTIETH S
EHBIL, GMPEEZE T 52 L & L7z,

(4) HS3MACEE PN X 5 GMPRLE

AL OGMPEE L, Mtk & JRESE R T3
PRt 5 NI E O BE A TH 5 IEHPFSTHEA
St OWHETERT A L E LI, Eildnon-GMP
BRI MM RMTHEEL, 7 - T2 ¥ —EALIE
PFA TGN L7225, GMPEIEIZH 725 TidpkaX a4t
LA TR ERT O 1 2 15 T &1 - ko &4
TMEHET L7 (Fig. 17) o

7o, WMELZRERHHEERTLICIHZDKRCT
iInon-GMP#EE DR & W Utk &ty 7 I FDPL
YY) —=ARy7 (PLFYD2-1-TTXX-FWX-A32, Fig.
14) 2, HEFHIIZZ Y FL AN F =T v o8y
&t 2y o+ ) A &5 Proline Promass A 300

#q =10 mm i $a. =10 mm

; L=70cm ! L=3m
| ; : = ! i i =7.
1500 MU ﬂdence time = 2.2 sec| @ence time = 7.3 sec

T-shaped mixer
FeCls aq. g =10 mm (e}
: id HO_ CHs
40M —_— = H.C N
525 mL/min ¥ 3 7]
(4.2eq.) 0
‘ HsC CHs
NaOH (aq.) ——————— .. __ Sme ergedm hOt water i ©
50M <75+ 5°C> EPI-589
400 mL/min 13.2kg (83%)
(4eq)

SRR Multi-kg Scale Manufacturing using a PFA Flow Reactor (Operation Time: 2 hours)

SEES TACMINA, PL series pump
(PLFYD2-1-TTXX-FWX-A32)

FRItF 2025

SN Inside the installation bath for the flow
reactor
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(Fig. 18) ZHwClEd sz & L7

GMP# & %2 FEhE§ 512 H 72 - TIRICHIHF A A 5
4 v OFEHEEB L OEA O#ER AR ICH Q13. HEEX
Fv 7)) BBEIIOY FOERLREZBBRET LT
HoLb, RELEBICHKAL, 70—-UT 25 —h5

P SN BB D ZEE D) T 7 ¥ — D% (A
) A& D, 18y MY A RIXKE A 5 13RI FEEE D
A e s T AL B B TR - R DIRCERE 2 MR IK
L. 3y Mg T L7

BRI, Fig. 191" 3 £ 912, 580 kg, 74.2 kg,

Blueprint of flow reactor for EPI-589 non-GMP manufacturing

SENAY corrosion-resistant and heat-resistant
alloy flow reactor (inner diameter 10 mm)

CH;
CHy
HsC O .CONH,
HO T-shaped mixer
CHy 3 #q.= 10 mm
1000 mL/min

(1.100 kg/min)

Endresst+Hauser, Proline Promass A 300,

coriolis flow meter

¢4 =10 mm

T-shaped mixer
¢iq. = 10 mm

FeCl; aq.
Oxidant (aq.)
525 mbL/min

(0.775 ka/min)

NaOH (agq)—— |
Additive(aq.)

400 mL/min
(0.480 kg/min)

<75+ 25°C>

L=70cm 3 L=3m
ﬂdence time = 2.2 sec: @ence time = 7.3 sec

\ O Ho_ CHy
= HC <_RH
g 3 2
o
‘ HsC CHy
& 0
45 + 25°C > EPI-589

Lot 1: 58.0 kg (81%)
Lot 2: 74.2 kg (81%)
Lot 3: 88.3 kg (86%)

GMP Manufacturing of the API (EPI-589) using a Flow System
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88.3 kgDEPI-589DMEHAME S, Zh b & ifs L
B O(EESEE LA WFRLHED
BWIVE CHEE3E (Active Pharmaceutical Ingredient,
APD) ZPURT 5 LATE

FEIHREEERENE LD

PLEo X 91244 TIZEPI-589 D #E B IS I B W
Ty RO EEE OIS CH#bLSr#E %
T L720 €512, = br vy 73y (NMBA) 0%t
YR 7 BT 570, BAILH &2 IEbek () 1I28H
L. BUSEIED ) A 712663, ek Ny 71l
Rt % 7 0 — RS~ Ol 2 X ) | L pER;
MG L MEE A2 L2" B. AFHEICE
0200 kgZ B2 5 HIWOBE I L2 Z Eh b,
FAHAEENOFEELEDOELED Fd o 7225, BtoR— T
74 ) A EOMBICEVRERNORTT T T A
B HIE E 2572,

S5 BEE

EPI-589 #53#H A4 By 12D Wik, kkod X 912
PAH A R T U A R M T A 2 L ST X
725, BEFEWHIR OIS TE 5 7% 2 WER R ALET
Hotz (FASETIEEZRDHETORR) o AL TAIZICE
JBFHMOEHOMNREN B L 2L 25, KES

AP0 Anodic oxidation using an ElectraSyn 2.0
apparatus

A Feasibility study of the anodic oxidation of 4249.B

FRItF 2025

E OB TIRERLBI DL I WEMREERILDEZ H W
TG HTELDTE R EE 2T, FBE. B
mgAT — IV TlEH5A, FitlmT &9 ke BIFEE
(IKA#:# ElectraSyn 2.0) % H\T4249B% R1LX
AR L7z E 2 A, NI CEPL-S89ICFFE T &
52 L% L7 (Fig. 20, Scheme 4) o

BEALFI 2 Tk % F O 72 B8 B FE B L PR SR
ERTRFLIEFID VD, SHRORBSEGED
BMAMEEN LD, 25—V 7 v TORIZ., BERP
BIE OEIN, BHOL R CORIUGOILE & Jfl, 2
LCAT—=NVT v 7EWREE T 5k iikai A LB %
HELHIIEZTVDE, TD/D, —RNy FH
FIBECOAT =T v TR A7r—IV7 v 7B
FTHRFEH AT —NVT v T 777 5—) LA
T HEZEZONDH, FEFLIEZOFHEIIHLTD
70— G & BB A M AGDbEL I E TR
F=WVTy TWEB LD EEZ R

B, COBEMREBALE+ 70— &K OBE LB
H7zoTid, Ktk & Asymchem Laboratories & O1h3E
TET LI L E Lz, AR LR, DTIOR
FTEIBRVATLAEMEL, 1 kgDRAT— V7T v Tl
WKL T 5 (Fig. 21) o

C OEBER A+ 71— G BN T 5 N 72EPLI-589D
UGS BL 3 10 & [ Bk, S TRE D Tl S
T, BEORIEE L THIETE % (Scheme 5) -
JREHCdH 54249B% 1 kgfdifH L T L 7- 3% Tl

G848 Set-up of the flow electrochemical reaction
using a frame cell
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m Scale-up and quality confirmation of EPI-589 synthesized by electrochemical process

175 OEERMTOHET LI LR, 545
A —VT v T HUHEETH -7, Yt TILEE3 ML S
L CTEPI-S589% B L. LilisL»a &y 43I
T CRBRE R OB BE AR REH A EHE (—
ZHEE) CHEAEZ Y RIRTHLwEEZ Tw
7o5, WIEHTHEEEOE ) . EPI-589D B S k2 fk
W, IS BIFEA RS E W72 BEERSE b Pk L7,

RI&IC

Alnd R ] &) Biffr 7 — < 28 ) L2,
70— F B R 7 1 A B SE O 53 B TG A
S, B e L CEBTEFHM 2/ L7z,
BEEPELS & B T, ek /Ny FRIUGHEE T T
EHED B SN o 7R T & BB D
D Rk & LTI S BRALFTEE OB
AED EHWZ LIRS NTze TDXHIT, Hfe i -
7a—HREMN T o7 7a =71, EREmEED
A b S E ST RILAERDBINGIZ BT B AR
R EN EICETE WML D Do G, AFK
MG L7 b7 a e A5 b s, %4
DOWEIFEHE LTI TS 2 2o T b,

PROFILE

BER M Kazuki HasHimoro

fER7 7 —< &t R&DAH
R&D~ AT A ¥ M

CMCY ATV AV M N—F
TN—=TFh =T X —

Wt (GERR)
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