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The Use of Continuous Processing in Organic Synthesis
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Continuous Processing — A Hot Topic in Both Industry and Academia

Particle The secret
hunters silos of

look for #ChemTwitter
greener P.24

gases

P.20

CHEMICAL & ENGINEERING NEWS

Switching

PROS AND CONS

Continuous processes have
advantages over batch methods, but
they have challenges as well.

Advantages

B | ow capital investment

B | ess space required

m Safer with hazardous reactions
m Shorter processing times

m Possible novel chemistries

® Straightforward scale-up
B Need for less inventory
m Potential cost savings

® Better product quality

channels

Drugmakers take to continuous
process manufacturing

P.28

-

® |mproved environmental impact

¥ Cor tiIWLJOLJS_'"-'r' B Challenges
1int e drugin P13~ ® Competes with existing investments
~
'

s ® Mind-set change needed to shift

g m Perception of higher risk

® New engineering/operating skills

® | ack of adequately trained people
B Equipment availability at all scales
® Up-front development demands

B |imitations with solids ;
B Mastery of start-up and shutdown
B Relatively untested regulatory path

o=

Thayer, A. M.
Chem. Eng. News
2014,92 (21), p- 13

Chem. Eng. News

- . |
: _J% 2019,97 (17), p. 28
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Continuous Processing has Arrived in Big Pharma

Novartis to give MIT $65m to find

new way to produce drugs
Focus on manufacturing

The BWoston Globe

By Todd Wallack, Globe Staff | September 28, 2007

Drug giant Movartis AG says it will give its Cambridge neighbor, MIT, $65
million over 10 years to create a research program, likely to be the biggest in
the world aimed at revolutionizing the way drugs are made.

The goal is to help companies move from making drugs in batches to using a
continuous high-tech process that will save time and money.

GSK commits to continuous processing
Witty says it could be used on up to half of the company's drugs

February 19, 2013 | By Eric Palmer

The Mainstreaming of Continuous Flow
API Synthesis

The pharma industry is moving toward commercial-scale
continuous processes for small-molecule APl manufacturing.
Jul 0z, 2014 By Cynthia A. Challener

Pharmaceutical Technology

Volume 38, lssue T

Vertex, J&J, GSK, Novartis all working on
continuous manufacturing facilities
FDA supports the move as a way to improve quality in manufacturing

February 9, 2015 | By Eric Palmer

Lilly takes to continuous
manufacturing with $40m Irish
investment

By Dan Stanton

= A 19 = = P - =_ - -
Apr-L41 D - LAST updated on Yo-Apr-LU0 10 at S il

GSK completes $95m investment for
continuous manufacturing in Singapore

By Ben Hargreaves
06-Aug-2019 - Last updated on 06-Aug-2019 at 16:18 GMT
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Literature on Flow Chemistry, Microreactors and Continuous Processing

WWILEY-VCH

Wolfgang Ehrfeld, Volker Hessel,
Holger Lowe

Microreactors

New Technology for Modern
Chemistry

Volker Hessel, Jaap C. Schouten, Albert ~ #/WILEY-VCH
Renken and Jun-Ichi Yoshida (Eds.)

Handbook of
Micro Reactors

Chemistry and Engineering

_ WA AES

Micro Reaction
Technology
in Organic

Synthesis

Charlotte Wiles and Pal Watts
P

Edited by Wladimir Reschetilowski

Microreactors in
Preparative Chemistry

Practical Aspects in Bioprocessing,
Nanotechnology, Catalysis and more

GRADUATE Edited by

Esther Alza
Flow and Microreactor
Technology in Medicinal
Chemistry

DE GRUYTER

FLOW CHEMISTRY

FUNDAMENTALS

lume 81
s Ediors:
R Mannhoid,

H. Buschmann, J. Holenz
Edited by Ferenc Darvas, Gydrgy Dormdn, Volker Hessel,
and Steven V. Ley

Methads and Principles in Medicinal Chemistry ol

GRADUATE

Ferenc Darvas, Gyérgy Dormn,
Volker Hessel (Eds.)

FLOW CHEMISTRY

FUNDAMENTALS

2 Volume Set, ca. 800 pages
October 2021

I

JP—
S o Science of
Synthesis

Flow Chemistry in
Organic Synthesis

Volume Editors
T.F. Jamison
G.Koch

» Volume 4 - Number 1 - March

JOURNAL OF
FLOW CHEMISTRY

Journal of the
Flow Chemistry Society

Editor-in-Chief - C. Oliver Kappe

AKADEMIAI KIADO www.jflowchemistry.com
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. . . The Hitchhiker’s Guide to Flow Chemistry,
General Flow Chemistry Principles Seeberger. P. H. ot al. Chom. Rev. 2017, 117, 11786
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Typical Flow Reactors (Lab Scale)

% THALESNano . ,,_..,-“‘ ‘:QCREAFLOW
H-Genie - HANU Reactor
Phoenix Pro ol. www.creaflow.be

www.thalesnano.com

=
vapourtec UN'Cle
E-Series Flow
System FlowSyn

www.vapourtec.com www.unigsis.com

| | . i
CORNING
Advanced Lab Protrix

Flow Reactor

www.corning.com

www.chemtrix.com

e
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}\-7 Anton Paar

3D Printed
Reactors

www.anton-paar.com

Syrris

Asia System  www.syrris.com

EHRFELD

Mikrotechnik

Lonza FlowPlate
Miprowa

www.ehrfeld.com
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Advantages of Microreactor/Continuous Flow Chemistry

Very efficient mixing of the reactants (micromixing)

Rapid heat transfer and temperature control (high surface-to-volume ratio)
Enhanced mass transfer for multi-phasic reactions (e.g. gas/liquid) Scale-Up by Smart
Control of residence/reaction times Dimensioning
Hazardous reagents/conditions

Multi step reactions in a continuous sequence

Continuous in-line purification possible by:

= liquid/liquid extraction _
Microreactor for

Flow Processing
2 >
(<

= membrane technology

= solvent evaporation/swap
Integrated real-time analytics (PAT)

Easy scale-up of a proven reaction by:
= increase of time

W e
<

= numbering up (internal, external)

= sizing up (geometry, length)
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Flow Chemistry in the Kappe Lab —
Scalability and Manufacturability (CoG/Sustainability)

Flash Chemistry High-T/p Gas-Liquid Hazardous Chemistry
Photochemistry Electrochemistry Multi-step/APls PAT/Process Control

L LT S))



APIs/IntermediateS (Clinical Studies and Marketed Drugs)

AstraZeneca

|
Z AstraZeneca&’"
| | LONZQ
Hous %; AstraZeneca&’" AstraZeneca d"atheon AstraZenecaé? Lonza
3

z N
N—-N
P PI3K inhibitors
AZDA573 OPRD 2015 1062
ol OPRD 2019 2445
11OMe

Abediterol 0 N/ N N S+ /)\
Lanabecestat OPRD 2021947 S N Y
JFC 2017 29, OPRD 2017 878, OPRD 2018 633

y; N Osimertinib
o]
Lonza )H Lonza Q\IN
<*%Allergan CK( A

_N
OPRD 2020 2217 \/\N
0
. 2} N N

I\j, />\\
@’ °N N NH
RN N /;’ \ N
H (o) \\\\‘G Q- Y N _ N /\
’ \O’ \
RG7774
HO BN AAT-076 F
Galeterone ~

OPRD 2021 1206
CEJ 2022 202200741
ACIE 2014 11557 X-Ray Imaging

\
o

OH Fenebrutinib
5-HT agonist OPRD 2014 1360 OPRD 2021 1988
CEJ 2017 176 H,N
<N 0
OH
H y —
o q,t!'mem%n NH, "o N Remdesivir/Gilead ) %OAC)_NWNHOH
F s N)\N/ OPRD 20211015 NC,| ., | N
| H ) HO OPRD 2020 2362 . HO = &
N N 2 S=0 O, OH
N H ) cl o """OH L medicines
q—IO ~0 = o & Molnupiravir/Merck " for all
0 F Vilanterol/GSK o )\\ o EJOC 2020 6736
Vaborbactam 0% oH Verubecestat/Merck OPRD 2020 2208 O HNeg
CO 2020 24, T 2018 3133 ACIE 2017 13786 L Puoph
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APls/Intermediates (Generics) Patheon . S .
. Lonza LONnZa Lonza LONZa o " OW N /H)LNHZ

Y Y (0]
(0] £ H h
\ 0 \/\/}\co2 o 4 OH Prn
Y H oH HF,C Bupivacaine Levetiracetam
NH; Eflornithine Atazanav,, EJOC 2017 6511  OBC 2019 1552
Sartans Oseltamivir Etodolac OPRD 2018 1553 JFC 2016 211, OPRD 2019 1359
ACIE 2010 7101 CEJ 2011 13146

OPRD 2013 294 GC 2018 108, JFC 2017 46 JOC 2014 1555, OBC 2013 6806

@ NORAMCO e HO. G NORAMCOINC OMe

0 I
MeO H/Me- medicines ~ NH2 o) N N
pnssn w3 ooy
AAAAAAAAAAAAAAAAAAAAAAAAA N N
s % CL, TV A d
2 NMe

NMe HO—'S Daclatasvir (BMS)
H H Lonza k _j ACSSCE 2015 3445
(o) H Naloxone/Naltrexone (o)
Hydrocodone Oxymorphone/Oxycodone
OPRD 2016 376~ CEY/2016 10393, EJOC 2017 914 EJOC 2017 6505, JFC 2021 707 ACSCHS 2022 165 o N
ACSSCE 2022 8988 I/
o HN Flucanazole N » HO
; Y2 OL 201910094 N o
Canagliflozin H 0 ., N=\ -
CEJ 2015 12894 Adrenosterone O, “H HO b’l\//N o ’i‘{ Br
THL 2021 153351 CEJ 2021 6044
7 |/\N X = O: Linezolid Glycopyrronium Bromide
OH . " x_J F JOC 20134530  F F JFC 2018 109
Artemisinin O .
CE.J 2015 4368 (0] X = S: Sutezolid
F HO OH OPRD 2022 2532 Ciprofibrate ¢l
CO,H CO,H JFC 2019 27 !
Fulvestrant (AZ) /@‘“\ /@: /@);/ NH, /“/\)J\ /©/
OL 2019 5341
o MeO H,N
U Paroxetine Baclofen/Rolipram Nabumetone Mesalazine
S C,F
NN CS 2019 11141 OL 2020 8122; 2022 1066

OPRD 2011 858 ACIE 2021 8139
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Flash Chemistry - Synthesis of Epoxides via (Bromomethyl)lithium

lithiummethane to react with carbonyl compounds to give oxiranes more easily than
the corresponding chloroderivative.

B Br LiCH,Br however is very unstable and is practically impossible to prepare even at

r RLi - : AL

)‘\ > )V _ —110°. We tried therefore to prepare it in situ in the presence of the carbonyl com-

H " Br -RBr H™ } Li pound. For this purpose an equimolar solution of Sa-cholest-3-one and CH,Br, in
H THF were treated at — 78° with a mole of BuLi in hexane. Work up yielded 20%, of the

expected oxirane together with the carbinol derived from the direct addition of BuLi
to the carbonyl group.

Cainelli, G. et al. Tetrahedron, 1971, 27, 6109

Michnick, T. J.; Matteson, D. S. Synlett 1991, 631

[Li] —

Br., Br —
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Challenges — Map of Side-Reactions

—
\—\ —~ 3| polymers
B — Br
Br RLi B RLi " | cHBr
- <R R | CHaBrz
< | L  Br RH H LBr  RBr H™ L
o \L _ o
Iy > | Oy ~B| ——| Y
R1” “R2 R “R2 R1” "R?
RLi
RLi (if R2 contains) H*
-CH,- H*
OH O OH
HO Br O
1J§ 2 2 z
R"TR R1”\(\;R R1>(R\2 J:
R2 R1 R2
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Cooling
Fluid

Plate Reactors (Ehrfeld)

L onza FlowPlate

= Very fast reactions (flow rate >1.5 ml/min)
» Yield affected by heat exchange and mixing

= Plate-type heat exchanger
= Structured mixing channel

LL-Mixer 0.24 mL

Plouffe, P. et al. Org. Process Res. Dev. 2014, 18, 1286; Plouffe, P. et al. Chem. Eng. J. 2016, 300, 9 Ll D)
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Tubing vs Lonza FlowPlate

| | | |
W thermostats l/\l

o -20 °C 5 : 20 °C :
©)0J2\5 , |0:78 mL/min il
' 3 _@_l : : E
+ CH,Br, ® @ W ; : : o
0.28 M in THF - S(
—_— popmmmmees %‘H””l—-(;)n@ﬁiiiiib——»
MeLi-LiB . . = @ |
eOI.ZOI N|I- ’> @ !\/! 15's 1.0 min
in Et,O/THF 1.40 mL/min Lon:lztilow (i:gzltzl;y
80 - TG-Mixer 0.35 mL
Channel width 0.2-0.6 mm o e e s
X 60 - mLonza Channel depth 0.5 mm |O N T \O
) FlowPlate
S 40 2 |
A ®m Homemade ﬁ( o O
Q) 20 N Setup \:\ = = Ov @
0 - o - T1 ~ T4 - ls

-20 -10 0 .
Temp. [°C] TR D)



Tubing vs Lonza FlowPlate

(o]
0.75 mL/min
0.25 M ’\
+ CH,Br, 2

0.28 M in THF
—

in Et,O/THF 1.4

80

(®))
o
|

GC-Yield [%]
N B
o O

o
|

MelLi-LiBr —
0.20 M M _@_I 15s

-20 -10
Temp. [°C]

W ____t!'l_e::rmostats | I/\J

EEf

@ -~

Lonza Flow
Plate

0

1.0 min
Capillary
reactor

mLonza
FlowPlate

m Homemade
setup

Scope
saliScallvq
88% 90% 78%
O 0
S A >
O
81% 76% 73%

cis/trans ratio 19:81

68% 72% 84%
6 QAX ‘5“‘
63% 84% 91%
o]
MO\/
o N 87%
71% Bn

von Keutz, T. et al. Org. Lett. 2019, 21, 10094
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Manufacturing Route to Remdesivir (COVID-19)

NH, (
o i /) GILEAD
iPrMgCl-LiCl TMSCN, TfOH
0 v AP \_N._J|  Ttmsors BCly
BnO. 10BN \ N /) ¢ BnoO —_— —_—
? N T"'F;‘o';° n CH,Cl,, 0 °C CH,Cl,, -20 °C
OBn 1 ° ) “0Bn 85% 86%
BnO
MeO OMe
H,SO0, MgCl,, (Pr),NEt } 37% HCI
acetone, rt MeCN, 50 °C " THF, rt
90% 70% o 69% o
/\S\o HN—r:’ouoPh /j\o)\\
© o)
Warran, T. K. et al. Nature 2016, 531, 381 “ T

cf. organolithium method: Siegel, D. et al. J. Med. Chem. 2017, 60, 1648 (~20% yield)
cf. flow C-glycosylation (Mg): von Keutz, T. et al. Org. Process Res. Dev. 2020, 24, 2362

“The production of remdesivir is a long, linear chemical synthesis process that must be completed sequentially and includes
several specialized chemistry steps and novel substances with limited global availability. The process is both resource- and
time-intensive, with some individual manufacturing steps taking weeks to complete............ The typical timeline for
manufacturing a drug like remdesivir at scale is nine to 12 months; we have reduced that period to six to eight months.”

https://www.gilead.com/purpose/advancing-global-health/covid-19/working-to-supply-remdesivir-for-covid-19 (June 24, 2020)
cf. Jarvis, L. M. Scaling up remdesivir amid the coronavirus crisis, Chem. Eng. News 2020 (April 20)

Ty B e D)
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Key C-Glycosylation Step — Batch Process (0.2 M, -78 °C)

Xue, F. et al. Org. Process Res. Dev. 2020, 24, 1772

\/\/
—Si Si—
/ \
Cl Cl

[LDA]
n-BuLi
BnO

180 g scale
20 L vessel

NOoO Ok WN

o

10.
. gradually warmto 0 to 10 °C (?? 1 h ??)
12.

11

13.

charge heterocycle (0.845 mol) and anhydrous THF
(1.44 L) to oven-dried reactor under N, at 20 °C

stir for 10 min

charge BCDMS (1.1 equiv) in THF (360 mL)

stir for 15 min

charge diisopropylamine (1.1 equiv)

cool to -85 °Cto -78 °C (?? 1 h ??)

charge n-BuLi (2.5 M in hexane, 1.45 L, 4.3 equiv)
within 4 h (-78 °C)

react for 30 min (-85 °C to -78 °C)

charge lactone (2.0 equiv) in anhydrous THF (0.9 L)
within 3 h (-85 °C to -78 °C)

react for 2 h (-85 °C to -78 °C)

quench by addition of 1 M citric acid (3.6 L)
at <25 °C (10 min)
work-up (62% vyield by crystallization)

>12 h (full working day)

Ty B e ))))))



Key C-Glycosylation Step — Five Stream Flow Procedure (-30 °C)

von Keutz, T. et al.

Org. Process Res. Dev. 2021, 25, 1015 Process Modlflcatlons
00
B"O/\S—Zﬁ = Lonza FlowPlate (TG mixer, 350 uL)
LDA BnO  ©Bn
[1.0 M ;nogexaqesITHF} 1.0 M in THF = One temperature zone at -30 °C
. equiv 1.80 H
&JZ @ — = Pre-mixing of heterocycle (0.1 M)
____________________________________________________________________ and BCDMS (0.6 equiv)
: f:m“g:r':igre . : i = Addition of LDA (2.0 equiv) for deprotonation
ommmrra U @ @ E : : .
HE; I C/ Ty b Y o — = 5 = n-BulLi for Li-Br exchange (3.0 vs 4.3 equiv)
m O 7 AOO A 1 [ Niniala T”“ e i = 8soverall residence time (8.5 g h")
N ' A g R '

Br : , 4 81 il . J : = STY: 10.4 kg L™ h™"

0.1 Min THF o 101 p. 0 ps 79 '11214 uL \ ) .

1.00 equiv ‘@"_”L 14s | 08s ' : NH,
N/ N/ ) ¢ i 8 1 ! 460 pL X

>3] L SN L e ST

1.0MinTHF_©E__@*'\ztu:;'gzwgztue_yrvE' OHN
\__0.60 equiv_) 5 A 6 ; BnG® “oBn
16M',i;13I=|:;anes ' e O ’ O O : 60% isolated yield
’ 3.00 equiv E\ ) NH,CI . (chromatography) )

---------------------------------------------------------------------

Ty B e ))))))
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Scalability Concept (Smart Dimensioning) il
Research & Development Pilot scale Production Scale
0.05 - 10 mL/min 15 - 150 mL/min 150 - 600 mL/min
FlowPlate o .
Sizing-up Sizing-up
ﬁ ﬁ
LAB A6 Numbering up A5 (Ad)

Example of Channel structure

o

. >

Roberge, D. M. et al. Chim. Oggi/Chem. Today 2009, 27, 8
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Continuous Nitration Towards Osimertinib Intermediate (Lab Scale)

= 5.6 g/h throughput
(" NH, ™
OMe = 130 g/day
thermostat
_ 1< LL-Mixer (0.24 mL)
F 1 L /min ; Channel width 0.2 mm
Channel depth 0.5 mm

5
O Cl@ O

| inAcOH )—@—m o
g ;

5mL | OMe /
60 pL/min ' : N
e ; O,N \ Y
HNO; (100%) / 20°C 4 mL F \
H,S0, (15% SO;) 1l Z N

49 pL/min N J\NH
0
= reaction needs to be absolutely water free \)LH
= arene/Ac,0/H,SO,/HNO, = 1/1.2/1.15/1.15 (mol) /"\/\rl«
= residence time in plate mixer ~13 s Osimertinib
= 82% isolated yield (7.5 g) Astrazenecs®

Ty B e ))))))
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Continuous Nitration Towards Osimertinib Intermediate (Pilot Scale)

LohZa 045 vgh
— = 0.45 kg
1<
— g = ~11 kg/day
[ NH, A - LL-Mixer A5 (11 mL)
OMe Lo L Channel width 0.5 mm
IACO | oo o miumin T . Quench Channel depth 1.25 mm
' . 0
F 1 — ]
- / j @ . 1’""“"“' _59 )'LNH

N :
[ HNOH3 (3130%) O : : E OMe
2 4 E '

“ 3.4 mL/min

30°C O,N
Flow Plate A5 Rack F
Preheating Plate 30.46 mL
Mixing Plate 11.03 mL

= arene/Ac,0/H,SO,/HNO, = 1/1.2/1.1/1.1 (mol)
= residence time ~7 s (full mass transfer limited)
= 83% isolated yield (HPLC assay >99%)

larger structure of A5 LL-Mixers (~25 mL)
width 0.7 mm x depth 1.75 mm
(4 x A5 plates in series, ~100 mL)

Kockinger, M. et al. Org. Process Res. Dev. 2020, 24, 2217 T
L LR E)
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Process Intensification - Translating Microwave Batch to Flow

Methods and Principles in Medicinal Chemistry

C. Oliver Kappe, Alexander Stadler,
and Doris Dallinger

Second, Completely Revised and
Enlarged Edition

Microwaves in Organic
and Medicinal Chemistry

@WILEY-VCH

Volume 52

Series Editors:
R.Mannhold,
H.Kubinyi,
G.Folkers

transition metal catalyzed C-X bond formation
other metal-mediated processes

metathesis, CH-bond activation

cycloaddition reactions Ill
rearrangements A
enantioselective reactions S~ ~gp Anton Pasr
organocatalysis, biocatalysis immersion fube

radical reactions e

oxidations, reductions Ruby crystal

(FO probe)
heterocycle synthesis

total synthesis cmers | L
' y | - ¥ e
solid- /fluorous phase synthesis |

immobilized reagents, scavengers and catalysts
solid phase peptide synthesis

Kappe, C. O. Angew. Chem. Int. Ed. 2004, 43, 6250 (~3300 citations)
Kappe, C. O.; Stadler, A.; Dallinger, D. “Microwaves in Organic and Medicinal Chemistry” Wiley-VCH, 2005 (2" Ed 2012)
Kappe, C. O. Chem. Rec. 2019, 19, 15

whiy | L o)



Why High-T/p Processing? Speeding Up Chemistry (Arrhenius Law)

Batch Microwave 2-Methylbenzimidazol Synthesis

NH, o] neat (1 M) N — A a-EaRT
O Sy S Oy
NH, OH rt-270 °C N

(excess) H E, = 73.4 kJ mol
A=3.1x108

Batch Microwave Reactor (300 °C, 30 bar)
CONV 25 9 weeks e 17
CONV 60 5 days il
CONV 100 5h

MW 130 (2 bar) 30 min

MW 160 (4 bar) 10 min

MW 200 (9 bar) 3 min Damm, M. et al. Org. Process Res. Dev. 2010, 14, 215

MW 270 (29 bar) “q g“ cf. essay on microwave effects: Kappe, C. O. et al.

Angew. Chem. Int. Ed. 2013, 52, 1088

Ty B e ))))))
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CCFLOW

Converting Batch Microwave to Continuous Flow Processing

Benzimidazole Synthesis

" _of)<— (-
NH2 70 bar

1M in AcOH
(8 mL/min)

Damm, M.; Glasnov, T, N.; Kappe, C. O. Org. Process Res. Dev. 2010, 14, 215

[,rl\'\ | !||'I|‘!i-\lllx

T. N Glasnov,*

C. O. Kappe*............ 11956-11968

The Microwave-to-Flow Paradigm:
Translating High-Temperature Batch
Microwave Chemistry to Scalable
Continuous-Flow Processes

270 °C

4 mL
30s

Microwave
Optimization

)

Microwaves not required! Convention-
ally heated flow reactors (coils or
chips) litted with back-pressure regula-
tors can mimic the high temperatures
and pressures attainable in a scaled-

ml scale

~50 g/hour

il

A EUROPEAM JOURNAL

Production Scale
Synthesis

Glasnov, T.; Kappe, C. O.
Chem. Eur. J. 2011, 17, 11956

“Translation” t " e
[ i f

Flow Protucol T3 ERAe
j U

tonsfyear scale

vessel microwave instrument. Such
devices can therefore be used to per-
form otherwise difficult to scale micro-
wave chemistry (see scheme).

Ty B e ))))))
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Accessing “Forbidden” (and “Forgotten™) Chemistries

Acid-Nitrile Exchange Reaction GC oven
350 °C

©/CO°H sc-MeCN, 25 min> C”’N BPR
350 °C, 65 bar ©/ o~ COOH —@—%}@ ><— N
0.5 M in MeCN 60 mL SS 65 bar
H,0 25 min

(o} cf. Becke, F.; Burger,

O O
Jl\ i NH Liebigs Ann. Chem. 1968, 716, 78
N — 2 + AcOH  (Ag-lined or Ta autoclave, 300 °C)

Scope
P CN CN s CN CN CN
5o Cr
o O O CL.
89% NO, 90% 82% 92% 90% OH 8%
CN o CN o _
@[ E/)_CN O/ )l\/\CN \/\/\CN Cantillo, D. et al.
o 85% 78% J. Org. Chem. 2013, 78, 10567
97% 86% 72%
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More High-T/p Flow Chemistry (Lab Scale)

Newman-Kwart Rearrangement

Me0\©\ s NMP or scDME MeO
- O
OJLT/ 300 °C, 80 bar, 4 min SJLN/
I

99%
Eur. J. Org Chem. 2009, 1321

Diels-Alder Reactions

I . "/°N toluene (2.2 M) _ CN

280 °C, 130 bar, 2 min
2 equiv. 92%

Org. Process Res. Dev. 2010, 14, 215

Claisen Rearrangement

=
o F toluene (0.1 M) OH

> =
240 °C, 100 bar, 4 min
95%

Chem. Eng. Technol. 2009, 32, 1702

Methylations Using Dimethylcarbonate

DMC (1 M)
0,
©\/\> Bu;N (2 mol%) > @
H 285 °C, 150 bar, 3 min N

98% ‘CHs
Green Chem. 2012, 14, 3071

Fischer Indole Synthesis

o)
©\ . é AcOH/2-propanol (0.5 M) Q—\Q
'
NHNH,

° ; N
200°C, 75 bar, 3 min 96 % H

Eur. J. Org Chem. 2009, 1321

"Flash Flow Pyrolysis"

(o)

o}
scMeCN (0.1 M)
en L Ao >
f;l 340°C,130 bar, 3s  pp~ N
Ph H >99% yield

J. Org. Chem. 2012, 77, 2463
L U ED)
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Tetrazole Synthesis in Flow under High-T/p Conditions

Sartans (Angiotensin Il Receptor Antagonists)

R! _R?
Y N
N, (azide) source

ri\ ‘NH Losartan

CN CN catalyst Valsartan
X l or > Irbesartan

e.g. NaN; NH,CI
DMF, 125°C, 7 h

Y = H, Br, NR'R?

Two-Feed Continuous Flow Approach (In Situ HN,)

R-CN (> HN; 220-260 °C
1 M NMP/AcOH

[ﬂﬂj”””lh 34 bar

O Candersartan
Olmersartan

Review: Herr, R. J. Bioorg. Med. Chem. 2002, 10, 3379

Ao LONZa

R
H
5.2 M aq NaN; —©— rt-150 °C 11 mL SS
. 14 examples
2.5-15 min aq NaNO, (68-98%)

Gutmann, B. et al. Angew. Chem. Int. Ed. 2010, 49, 7101; J. Flow Chem. 2012, 2, 8

Mechanism: Cantilo, D. et al. J. Org. Chem. 2012, 77, 10882; J. Am. Chem. Soc. 2011, 133, 4465 L ICRE )
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Tetrazole Synthesis in Flow under High-T/p Conditions
Cannabinoid Receptor 2 (CB2) Agonist (RG7774) NG2 \H<

N N
= Microwave batch to flow translation N, 1(\"‘
N Z

* Process analytics in real time (NMR/FT-IR)

_ _ Nettekoven, M. et al.
= Continuous flow synthesis and workup strategy <_Z

ChemMedChem 2016, 11, 179
(~80% yield after crystallization, 10 g/h productivity) “diabetic retinopathy” OH

) inline NIR
TMSN; ( >

neat A !

—— L

—_—— 3.2mL

‘WOLH’ —O )——=<

BPR
(_6.0 M MeCN 80-120 °C

( p .
5-15 min
POCI; @ N
neat Batch quench N—f‘{
- J

cl U N
N

2.5 M NaOH/
iPrOAc at 0 °C

Sagmeister, P. et al. Org. Process Res. Dev. 2021, 25, 1206

cf. microwave batch procedure: Chandgude, A. L.; Domling, A. Eur. J. Org. Chem. 2016, 2383 why | L auen)
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Tetrazole Synthesis in Flow under High-T/p Conditions
Cannabinoid Receptor 2 (CB2) Agonist (RG7774) NG2 \H<

N N
= Microwave batch to flow translation N, 1(\"‘
N Z

* Process analytics in real time (NMR/FT-IR)

_ _ Nettekoven, M. et al.
= Continuous flow synthesis and workup strategy <_Z

ChemMedChem 2016, 11, 179
(~80% yield after crystallization, 10 g/h productivity) “diabetic retinopathy” OH

) inline FTIR
TMSN; <>
neat A \
——

—— 85mL T

‘WOLH/ —O ) —

BPR
\_6.0 M MeCN ) 112.5 °C

) .
POC|3 _@7 12 min
neat

—

l iPrOAc l

\N—N

W
ci s N
N

\
N-N
CI\/Q\N:N

Receiver 1 Receiver 2

S I > aqueous
12>pH>8 E=—= > -

waste

) settler 1 mixer-settler 2
Sagmeister, P. et al. Org. Process Res. Dev. 2021, 25, 1206
cf. microwave batch procedure: Chandgude, A. L.; Domling, A. Eur. J. Org. Chem. 2016, 2383
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Scaling-up Gas-liquid Reactions in Batch —
Mass Transfer Limitations

Volume (mL) 5 25 50 100 250
Radius r (m) 0.014 0.021 0.025 0.033 0.043
Interfacial areaa (m?m=3) 107 71 60 46 35

Review: Mallia, C. J.; Baxendale, |. R. Org. Process Res. Dev. 2016, 20, 327 why [ )



m%‘ir EE
p=|

Mass Transport Intensification in Flow

“00© 090 0% 000 @ @ bubble flow

= interfacial area in coil reactors is 50 to 700 m?m=3 & & & & - -idiow
= interfacial area in micoreactors up to 18.000 m?m~3

Gas-Liquid Flow Regimes - Interfacial Areas

annular flow

Mallia, C. J.; Baxendale, I. R. Org. Process Res. Dev. 2016, 20, 327
Yue, J. et al. Chem. Eng. Sci. 2007, 62, 2096

]
I stratified flow

Other Factors

= higher solubility of gases in pressurized reactors (Henry’s law)
= exact dosing using mass flow controllers, use of large stoichiometric excess (headspace) avoided

= safety aspects

Gavriilidis, A. et al. React. Chem. Eng. 2016, 1, 595; Pieber, B.; Kappe, C. O. Top. Organomet. Chem. 2016, 57, 97

Hone, C. A.; Kappe, C. O. Top. Curr. Chem. 2019, 377, 2; Kockmann, N. et al. React. Chem. Eng. 2017, 2, 258 - s
o N ReseARCH )



Ozone Chemistry in Microreactors

Switching Quench Inlets

Na28205
0.20 M aq.
in 10% MeOH
0.94 mL/min

exhaust gas
N>

" [|
[ 1 1
70 mL/min + 02s 0.3s

10bar 10.5% 0, 93pL - 149l
~1 equiv : on A :
:.--(. -0...C.. W ------ -

thermostat

= Very fast reaction (0.2 s)at 0 °C
= Intensive gas-liquid mixing
Polterauer, D. et. al. React. Chem. Eng. 2021, 6, 2253

:

Os
~g”

>

cf. flow ozonolysis in tubing (22 s): Irfan, M. et al. Org. Lett. 2011, 14, 984

LONZA

LL Mixer (0.24 mL)

C3 (94.2%) C5 (98.8%)

A C4 (98.6%) P

Ty B e ))))))
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Continuous Flow Approaches to the Abediterol Side Chain

Original Batch Procedure (Almirall)

F
oet 1-3 equiv L|AIH4
o} THF

66%
5 mmol scale

sapol

overall yield: 14%

Duran Puig, C. et al. (Almirall) WO2006/122788

5.2 equiv B~} Br
,
TBAB (2 mol%) F F

NaOH - o\HBr
THF 6
78%

o)

© @ | acetone
K
@E:N 49%

1.2 equiv O

R F

15 eqUIV N2H2 H20 (o} NHPhth
AV A
EtOH

54%

&

AstraZeneca

o
A
OH
HN N
(o
F F

(Abediterol, AZD0548)

very high potency
B2-adrenoceptor agonist
(kg demand)

Ty B e ))))))
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Continuous Flow Approaches to the Abediterol Side Chain

Alternative Batch Procedure (AstraZeneca)

1.2 equiv Br’\(ﬁ?
F F
\  oEt _LintH,
THF
(0]
93%

TBAB FF
75 mmol scale

NaOH
N
THF, 70°C 3
80%

Rh(acac)CO, (1 mol%)
Xantphos (1.2 mol%)
Cl CO/H, (3 bar)

PhMe, 80°C

HN

F F F 9
o PPh3 DIAD oh NaBH o \HJJ\
4
::j - THF ‘H; . H
H,N MeOH

40 equiv NH,CH3 69% (two-steps)
DMF
62% (two-steps)

overall yield: 26%

Munday, R. H. et al. (AstraZeneca) Tetrahedron Lett. 2019, 60, 606

&

AstraZeneca

AN
OH H
HN N
o

(Abediterol, AZD0548)

very high potency
B2-adrenoceptor agonist
(kg demand)
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Continuous Flow Approaches to the Abediterol Side Chain

“Telescoped” Flow Procedure
&
RUMACHO +05 oo B AstraZeneca &
RF (0.065 mol%) F F NaOH (407 Iz) FE 3
OEt 0.2 equiv NaOM OH a % wiw o)
©)S( ::Itlz“(; b:r) ° ©)§/ TBAB (5 mol%) [ :]‘ Y N OH
(0] o - > HN N
MeOH (60 °C) anisole
91% HO
Rh(acac)(CO); (1 mol%) anisole o

Xantphos (6 mol%) (120 °C)
H,/CO (10 bar)

(Abediterol, AZD0548)
. RuC|2$|P?I3I)3 é?_l ;nol%)
) e o) very high potency
— dcaas ©)§/ \(%LH B2-adrenocept ist
MeOH (150°C) - ptor agonis

H,N ;
78% HPLC yield o . kg demand
overall yield: 34% (50% after extraction) 75% (two-steps) ( 9 )

Prieschl, M. et al. Green Chem. 2020, 22, 5762 (step 1)
Garcia-Lacuna, J. et al. Org. Process Res. Dev. 2021, 25, 947 (steps 2-4) - )
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Continuous Flow Photochemistry 100 | hove-based HPLC  microwave
- (002 cm) vial vial
) ) —_ (1em) (1.3 cm)
Advantages of Light-Induced Reactions = % oymer
= clean and safe method of activation :% 60 ||| tubing
E 4(0.08 cm)
= economical S 40 g
= generates complexity otherwise difficult to obtain ~ §
= 20 larger scale
= but: difficult to scale (Beer-Lambert Law) oo | | T applications
0 ................. >

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Flow Photochemistry Path length [cm]

Lamp

= uniform irradiation

= accurately controlled exposure time (flow rate)

= small amounts of solvent near to lamp (safe)

= scalable

Reviews: Politano, F.; Oksdath-Mansilla, G. Org. Process Res. Dev. 2018, 22, 1045
Cambie, D. et al. Chem. Rev. 2016, 116, 10276; Buglioni, L. et al. Chem. Rev. 2022, 122, 2752
Elliott, L. D. et al. Chem. Eur. J. 2014, 20, 15226; Bonfield, H. E. et al. Nat. Comm. 2020,71, 804
Booker-Milburn, K. I. et al. Beilstein J. Org. Chem. 2012, 8, 2025 w2



Building Capability: 10 Years of Flow Photochemistry in the Kappe Group

Corning Advanced-Flow
Home-Built Reactors Vapourtec UV150 Lab Photo Reactor

L LI =

since 2013 since 2015 since 2018
= large selection of light sources = tubing-based reactor = plate-based reactor
(CFL, LEDs, blacklight) = LEDs and medium = LED arrays with a choice
= simple and versatile pressure Hg lamp of 12 wavelengths

Combined capability to cover the whole spectrum of UV and visible photochemical transformations

Ty B e ))))))



Corning® Advanced-Flow™ Photo Reactor — Lab Scale

outlet a) Huber thermostat (reactor plate temp. control)

b) Control module
LEDs = HPLC pumps

flow chip
LEDs = mass flow controller (gases)

= thermostat control

= system parameter monitor

- c) Reactor (2.8 mL) and LED housing
. - x

@ ’ d) Thermostat (LED plate temp. control)

® CORNING ]

- o (c) @

== e) Lamp control module

NBS Benzylic Bromination Chen, Y. et al. ChemPhotoChem 2018, 2, 906
Ethylene [2+2] Williams, J. D. et al. Org. Process Res. Dev. 2019, 23, 78

Small channel depth for effective irradiation

" Mixing structure for multiphasic reactions Nitrosyl Chloride Lebl, R. et al. React. Chem. Eng. 2019, 4, 738
Catalyst-free ATRA Rosso, C. et al. Org. Lett. 2019, 21, 5341 /
= Improved temperature control Reduction of Ar-X Steiner, A. et al. Eur. J. Org. Chem. 2019, 5807

ATRA Steiner, A. et al. React. Chem. Eng. 2021, 6, 2434

Tuneable wavelength and intensity

Ty B e ))))))
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lodoperfluoroalkylation of Alkenes (ATRA)

e N

PDI (0.05 mol%)
i

o oretug C%

: i —QW N N

g e ) Dg Ve S
PDI

YT
MeCN/MeOH (0.1 M) S min
- o

Wavelength Yield [%

365 nm 95
385 nm 97
405 nm 97
422 nm 95
450 nm 95
540 nm 88
610 nm 0

cf. batch reference: Rosso, C.; Prato, M. et al. ChemPhotoChem 2019, 3, 193 (4 h reaction time) iy re)
o e ResearcH )]



lodoperfluoroalkylation of Alkenes (ATRA)

/\M; CGF13,I * ” 4#\ |
2 equiv _QW CeﬂaN
5

Et;N (0.2 equiv) e .
B MeCN/MeOH (0.1 M)J # * * ;?mg
CORNING
365 nm 95 365 nm 94 ST N TR R M| M
385 nm 97 385 nm 94 THET
405 nm 97 405 nm 94
422 nm 95 ‘ 422 nm 34
450 nm 95 450 nm 0
540 nm 88 540 nm 0
610 nm 0 610 nm 0

L U ED)
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lodoperfluoroalkylation of Alkenes (ATRA)

- 405 nm
F CeFis!
i Yy
1.2 equiv |
MeCN (0.25 M) | * * * 20 °C 5 /\/OH C2F5\/\/OBZ
5 min 73% (3 steps)
OA7% CoFs—1 | Et,N (0.2 eq), gram scal; ol
405 nm | MeCN (0.25 M) P; ’
H-Cube Batch
= C-Il bond activated by halogen bonding with Et;N l H, PtO,, Et;N
y 9 9 3 CoFs N _oH = CoF 5 _~_OH
= substrate scope explored in alkenes and perfluoroalkyl iodides %50 bar
= applied in synthesis of Fulvestrant fluorinated side chain
VY
?
S~ CaFs

Fulvestrant (anticancer)

Ty B e ))))))

Rosso, C. et al. Org. Lett. 2019, 21, 5341



Continuous Benzylic Bromination —
Lab Scale with Quench in Flow

2,6-Dichlorobenzylbromide (API Intermediate)

e L
Cl Cl N325203*5H20
\é/ —3 2.64 M
L p 2.83 mL/min
_____________________________ . 405 nm 2.00 mL/min
e ™ i
Her (47%)  HO) : # * * Br
\ J 2.74 mL/min’ /]
. — cl cl
NaBrog22M H O— | L 60°C 60 °C
- ~ 3.67 mL/min| ‘ * # 18 sec V=2mL
________________________________ 97% yield
Br, Generator (1.1 eq) 2.8 mL reactor 300 g h"!
108 kg L h"!
mp. 55 °C

cf. BrCN/Br, generator: Glotz, G. et al. Angew. Chem. Int. Ed. 2017, 56, 13786

Steiner, A. et al. Green Chem. 2020, 22, 448

CCFLOW

=]

1 x “low flow” plate
(2.8 mL)
9.24 mL/min

1.17 kg product
(95% vyield)
collected in <4 h!




Continuous Benzylic Bromination —
Production Scale

2,6-Dichlorobenzylbromide (API Intermediate)

4 ) 1 x G3 plate
cl cl O Nazszzts):*;Hzo (50 mL)
41.6 mL/min : 136 mL/min
- 405 nm 67.2 mL/min
e ~ '
; Her @7%) KO : * * * Br
i A / 40.9 mL/min’ /
E ~ 7 cl ci
| NaBrogzam {(O— | . e5°C 65 °C
L\ - 53.8 mL/min! ‘ # * 22 sec V=50 mL EHE T Throughput:
-------------------------------- _ 88% yield i
Br, Generator (1.1 eq) V=50mL 4.1 kg h" 27 kg/h
82 kg L' h" 3 ~750 kg/day
Reactants Product J '
Heat exchange layer ~ ------- ﬁ_I- ! 14 e T
Reaction layer ----------------- [} L | e @ 1 5xG3plate
Heat exchange layer ~ ------- [ — l i‘/é‘ (250 mL)
Steiner, A. et al. Org. Process Res. Dev. 2020, 24, 2208 680 mL/min
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HANU Reactor — Handling Solids in Flo

9
Pilot Scale Reactor (150 mL) <. % %) N ' %Y CREAFLOW
_ - R __ 2 A ] www.creaflow.be
= T L i ——— &
0 , g P N X : o S '

¢¢¢¢
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Dual Nickel/Photocatalytic C-N Cross-couplings

Iridium Complexes as Photocatalysts (Buchwald, MacMillan)

Ir photocatalyst (0.02 mol%) Y.

Y. H NiBr,-glyme (5 mol%) ~ AR
X ! DABCO or MTBD (1.8 equiv.)  R" . A\
| R N, N
Br 7 R R DMAc, rt or 55 °C ok
= ; c, rtor55° 27 examples
Y=CN  15equiv. blue LEDs, 2-72h 60~ 96

Corcoran, E. B. et al. Science 2016, 353, 279

Iridium photocatalyst
Ir[dF(CF3)ppy](dtbbpy)PFg
800 €/g Sigma-Aldrich

Carbon Nitrides as Photocatalysts (Antonietti, Kénig, Pieber)

o)

Q H mpg-CN (12 mg/mL)
/©)J\05t LN) NiBr,-glyme (5 mol%) /©)(0Et
+
Br DABCO (2.2 equiv) N
DMAc (0.2 M)
0.2M

1.8 equiv 455 nm, 25 °C
23 h, batch 92% isolated yield

Gosh, |. et al. Science 2019, 365, 360

-CN
cf. Pieber, B. et al. Nature Catal. 2020, 3, 611; Angew. Chem. Int. Ed. 2019, 58, 9575 inexpensive. solid, recycable
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Semi-heterogeneous Photoredox Catalysis in the HANU Reactor

-
CO,Et
JOARE
Br

CN-OA-m (3.33 mg/mL)
NiBr,-3H,0 (2.5 mol%)

OAOACACACACACALACAL AL AL ACACACACAO,
O A e
meennd pulsator 460 nm LEDs, 50 °C
pump  (oscillatory pump) ’
N !
3 equiv.

DMAc (0.2 M)

-

J

75

= Yield (%)

25

99 99 98 99

U R T

99 99 98 98 9% 95

94

© © A 9 0 &
Recycle # &

100

£
<
7503
Zz<
O >
[ ]
0 22
W O
59
£
2% 3
™

Rosso, C. et al. React. Chem. Eng. 2020, 5, 597

(2.7 g/h) aryl amine

1.4 No pulsation
- —0.04mL
<] 5 0.5 —0.12mL
3 bar g —0.16 mL
Y = —0.24mL
4 ) 0
CO,Et § 0.4 —0.32mL
0
o :
\ 0.1
- 4ty 10 20 30 40 50 60 70
quantitative
assay yield Time (min)
. >90% isolated ) . . . .
= Pulsation characteristics optimized for narrow RTD
99 99 99 99 99 99 99 99 99
= Heterogeneous carbon 100
nitride catalyst recycled .
10 times with no loss of
activity o 50
L
= Stable operation for >5 25
hours, producing >12 g .
50 80 110 140 170 200 230 260 290

Collected time (min)

Ty B e ))))))
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Electroorganic Synthesis — A Renaissance
Book

= Hammerich, O.; Speiser B. Organic Electrochemistry: Fifth Edition;

CRC Press: Boca Raton, 2016

c&en MOVEMEBER 4, 2019 | APPEARED IN VOLUME 97, ISSUE 43

CHEMICAL & ENGINEERING NEWS

Amping up the pharma lab: Drug
companies explorethe potential of
electrochemistry

@“
ORGANIC
ELECTROCHEMISTRY

RE\HSED AN[] EXPANDED
U

ED-HED BY -
OletHammerich
Bernd Spe|ser

~ CHEMICAL
REVIEWS

ELECTROCHEMISTRY: TECHNOLOGY,
SYNTHESIS, ENERGY, Al
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Electroorganic Synthesis — Advantages and Opportunities

Sustainable and Cost-Efficient

VS
N '/
KMnO, 1-2 €/mol 1 mol e—
LiAIH, 8 €/mol (2 V cell) = <0.01 €/mol

mCPBA 7 €/mol

Enabling

radicals
& » carbocations
N

carbanions

SR
R OR AR

Ar/‘§’R
LiAIH, x Ry RAr aeX x=cLBr
|
NaBH, RNy g A R'KMNnO, O
-3V 2V -1V oV +1V +22V +3V
| | ] | | | ]
<| 4] ol | | | |>
Ar)LR ArJLH o o A
Rtx X= CI. Br, | RJ\OJLR Het NtR"
AN r-S0C! R : R
R o Ar-X X=cl,Br,I r-C00 i
| R’
R*R‘ RAOR' R z’.



M&l}ﬂr
p=|

Important Opioid APls

Analgesic Drugs

Opiates HO™
R=H: hydromorphone R=H: dihydromorphine R=H: oxymorphone
\R=Me: hydrocodone R=Me: dihydrocodeine R=Me: oxycodoneJ
(w0 R

(Ho

o — ixed o
Agonist—Antagonists

HO™ o, .
R=H: morphine . . ]
R=Me: codeine Semisynthetic o™ o™

RO Op/OIdS K nalorphine nalbuphine J

MeO
R=H: oripavine

\ R=Me: thebaineJ

Pure Antagonists

naloxone naltrexone

\ (WHO essential medicine)
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Common Opioid N-Demethylation Methods

RO

1. C-14 hydroxylation N-demethylation
o (HCOOH, H,0,) —_—
g NMe > NMe - 'MeX'
2. Hydrogenation
MeO (Hz, Pd)
R=H: oripavine J. Flow Chem. 2021, 11, 707 R=H: oxymorphone R=H: noroxymorphone
R=Me: oxycodone R=Me: noroxycodone

R=Me: thebaine

von Braun Reaction (1918) Chloroformates

I" I' ’ 0 CI I" I"
)\ _BroN )\ NaOH )\ )\ C|)Lo)\ /k AcOH )\
! —_— : — :
? CH20|2 ? "N-CN H,0 ? NH D NMe CHCI, ? N_/< H,0 \ i NH
10h,40°C 10h.120°C R 2h, reflux 0. § h "

12h, rt 93% yield —<
oY (>80% purity)

(~98 purity) o
Johnson Matthey (W02013050748A2) _
_ _ Mallinckrodt (US20090156818A1)
Polonovski Type Reactions
)\ )\ = Stoichiometric amounts of reagents
)\ mCPBiA ;' o Burgestef'I(:L;;nt, etc ;'/ (tOXiC and COITOSiVG)
? SNwe CH,Cly ? :N\;n 5 ? "NH = Stoichiometric quantities of waste
\ 1h,4° | e .

e.g. Brock University (WO2012149633A1) L ICRE )
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Continuous Manufacturing of Opioid Derived APIs
Pd-Catalyzed Aerobic N-Demethylation

, H
. \
)\ /o
“ Pd-0

HO
Pd(OAc),
DMA, AcOH, O,
— > o) —_—
NMe 120 °C, 25 min “ NH
7 bar OH
o 4
14-hydroxymorphinone "oxazolidine" noroxymorphone naloxone

(WHO essential medicine)

WO 2017184979, WO 2017185004
Gutmann, B. et al. Chem. Eur. J. 2016, 22, 10393; ACS Sust. Chem. Eng. 2016, 4, 6048; Eur. J. Org. Chem. 2017, 914
Eur. J. Org. Chem. 2017, 6505

_-l .- " L] W H

& nowoico janssen J v LONZG

Ty B e ))))))




Electrochemical N-Demethylation of Oxycodone

(+)C/Fe(-), undivided cell
5 mA, 2.4 F/mol

y

MeCN/MeOH 4:1,
Et,NBF, (0.1 M), rt

oxycodone

Glotz, G. et al. Org. Lett. 2020, 22, 6891

Al stainless
collector graphite separator/flow steel fluidic
channel

current electrode

Flow Set-Up

anode / (cathode) connections
/,«- ,,,«"'J
= ;/ g o |
-
T

i, _7 DC power '
1. supply
—H F—
' HL""
] ) [ -
e o~ ' “
-~ ’ »” } '
) ) * -
solution flow cell C \ /
reservoir -..:6 B
A it alignment aluminum end (polyamide)
gasket plate

Jud, W. et al. Chem. Methods 2021, 1, 36
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Electrochemical N-Demethylation of Oxycodone

PHARMA AG
650 wmeo
550 - .. .
Original Electrolysis Improved Process
450 - —OAc /ffAr
320 1 N-Me i
T 0 0.05 M in MeCN/MeOH O ZVRInIELO
= 0.1 M KOAc
150 | 0.1 M Et,NBF, o _
50 98% vyield
| of i
<0 89% yield dimerization suppressed
'150 T T T T 1
0 0,5 1 1,5 2 2,5
E (V vs SCE)
MeO HO
(+)CIFe(-), undivided cell
5 mA, 3.0 F/mol o HBr (aq) g
> % N> % NH
EtOH, KOAc o— 100°C,8h OH
"t o) o)
oxycodone 98% 98% assay yield
(74% isolated)
Sommer, F. et al. ACS Sustain. Chem. Eng. 2022, 10, 8988 L LR )
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Comparison of Conventional and Electrochemical Procedures

—
s T I
=

o w
ponceom o [
o D

LT TR D)
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Immobilized Organocatalysts for Chiral APl Synthesis Peaod

5
Asymmetric Conjugate Addition lC.IQ

In collaboration with catala

M. A. Pericas at ICIQ, Spain  guimiea
10 bar

D
=N Ph J-
NAo P

h
60 °C_ COOMe , o o)
20 min >
COOMe E o o

(1 equiv.) cHo COOMe W ) ? 7 h collection time Paroxetine (SSRI)
| AcOH N 17.26 g (84% yield)
COOMe * (0.6 equiv) N 247 g b
. 0.07 mL min
F (2 equiv.) 97% ee
neat (E-factor: 0.7)

= Flow organocatalysis under solvent-free conditions
= 7-h long experiment under optimum flow conditions
= [solation of analytically pure product by evaporation

Otvéds, S. et al. Chem. Sci. 2019, 10, 11141
Review: Otvos, S.; Kappe, C. O. Green Chem. 2021, 23, 6117 L U ED)
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Telescoped Reductive Amination—Lactamization—Amide/Ester Reduction

Nl
VI 3 bar 4 AMS /P\:; 3 bar
15 mL min™' @ D><F—
0.2 mL mint
_ _ 90 °C 100 min collection time
Ph 9.3 mL ( Ph\
0, -
2 mol L in 2MeTHF %fb I:gc . ) 30 min
@ 10 bar N
0.1 mL min~ ! o ! @m > o
COOMe sepgaarztor # /© COOMe /@
| | F substrate / F OH
F

COOMe BH,-DMS ratio \ y
1:5.5 4.95 g (83% yield)
P4 -
= g
3 o 1 mL min™ . 0.11 mL min™
2 mol L' in 2MeTHF neat (10 mol L) ¢

» Both steps in 2-MeTHF — no solvent switch necessary

NH
w 0]
» Sufficiently pure lactam formed — no in line purification ; /© % /©:o>

= Water removal by 4 A MS column to prevent BH;-DMS decomposition Paroxetine

Otvbs, S. etal. Chem. Sci. 2019, 10, 11141; ChemSusChem 2020, 13, 1800; Org. Lett. 2022, 24, 1066 I
Ty, B e D))



Telescoped Synthesis of Agrochemical Intermediate
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H,;N NH,

0“ >N NH,
H
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CCFLOW

a D

SO
Ao

\ "Trifludimoxazin" (BASF) /

Steinbrenner, U. et al.
WO 2015071087 A1, 2015

F

Batch Process (Patent)
86% (90% purity)
overall ~67%

Continuous Process
overall >80%

water
0 F (quench) — dinitro intermediate diamino, intermediate
MezN (exp'osive) (a|rII|ght sensitive)
neat 60 °C, 20 min aq waste ﬁ
H,
P . 18 bar
liquid/liquid| . N
separator [T i
2 min ' LN
glass ' !
100% HNO;  static : ; AF2400 80 °C
in 20% oleum  mixer toluene + Hy ; 5 min
25equiv. e
methanol H-Cube Pro
(co-solvent)
37% HCI
1.2 equiv
Nitration LiQ::ied?I(i: hu-i d Phase Hydrogenation Gas  Cyclization
q q separation release
extraction

EP 15201920.4
Cantillo, D. et al. Org. Process Res. Dev. 2017, 21, 125

O - BASF

The Chemical Company
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Lab of the Future Integratlon of Multiple Types of PAT Tools to a Slngle Platform
e & 1

Thermostat

Wy | e
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Mass Flow
Control

Reactant 2

Cascade Mixer

Reactant 1

WARNING
e, v s

\ . - : ! \ Outlet

%

A

- BNE
. ReactIR
Capillary Probe

Reactor

Heat
Exchanger

Lonza FlowPlate
LAB

V

Pressure Probes

Temperature
Probes

Reactant 3

https://ehrfeld.com/en/products/mmrs.html

Reactant 1 Reactant 2

thermostat

.......

Reactant 3
EHRFELD

Mikrotechnik
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Laboratory of the Future: A Modular Flow Platform with Multiple
Integrated PAT Tools for Multistep Reactions

thermostat

e e e e e mmememe—m———aan ST — T 7 waste
. ! I reactor base plate

...........................
............

...............

o .
pump 1 ' @ ' ' :
Aon, | "G ML gy | e :
1 . 10 8 : I . P2 O'Bu
. . E ] eal ' : H’"‘l’"’l : @ i . . - HO 70%, 4.2 g h-1
L : ' . 7 Y é F
ol T | pump 4y A peme e l 5

(Quench) !
; . UPLC
Tl EEEEERREPPPTPIRS HiTec Zang LabManager |---- (__ Dilution }—( 3~
o pump 5 l

i

LabVision Software

0.48 M in THF

Sagmeister, P. et al. React. Chem. Eng. 2019, 3, 1571 i s
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Model-based Strategies for Real-time Control of APl Synthesis

thermostat 1

________ a0 PAT Tools .
=] 4 thermostats = NMR (Magritek)

UV/Vis (Avantes)

pump 4

thermostat 2 | | 8 pumps

-]
c
3

-]
]

®
e
®

2
3
w
® !
HE)
=1
e @ 8
e o e _ _
o b b
@ ® e mi BB S
e e o .
e a._a. ..o
- I]."J.
0]
LU0
L4 A @, B
® @ ¢ Qn
] ® © & i
Q

®
®
@
L 2

:

® e @ 8
=
e..g ® . -

O— 1o = 2 liquid/liquid separations = IR (Mettler Toledo)
R - e Soi” = 14 p/T sensors = UPLC (Shimadzu)
HNO;3 ot

in H2304

s | ;
oa P | O-(Cho)
=~ T3 5 :  L/L separator 1 s |
R <|> S \  BN-2CIBA ! : CO?HOH-
.............. / Y H :
‘ ag. NaOH ! :
\N : /©/ ! thermostat 3

aqueous HPLC pump 1 10N

' : 4---
waste : 5NSA | 1 40- 1
+ | L/L separator 2 o . 60°C
' inline UVIVis & ...
) @ : ! Excess H,
organic *‘suwsaacmc@nwu
waste HPLC ;‘*'ﬂCSMS“"”“ % e a A
pump 2 20 bar %‘ I : :
!‘ < . - G/L separation

inline NMR

>180°C e e s e e e s de e e e e
buffer 5-15 min didieoele s Wale %88 n J
vessel j h -
E Inline FT-IR v Online

balance UHPLC

inN
Sagmeister, P. et al. i 5ASA

Angew. Chem. Int. Ed. 2021, 60, 8139 L TR D)
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Autonomous Continuous Flow Chemistry Platform

Self-Optimization Integration

@\

Control and Processed data

Sagmeister, P. et al.

Sagmeister, P. et al.
React. Chem. Eng. 2019, 4, 1571

Adv. Sci. 2022, 9, 2105547 Algorithm  database

o results
Dynamic 30 <—_ .
Experiments conditions

Sagmeister, P. et al.
manuscript in preparation

Data

analysis 7=]\\ Partial Least

e/ Squares (PLS)
Sagmeister, P. et al.
React. Chem. Eng. 2020, 5, 677

Indirect Hard
Modeling (IHM)

Sagmeister, P. et al.
Angew. Chem. Int. Ed. 2021, 60, 8139

@: Artificial Neural
Control (MPC) Network (ANN)
Sacher, S. et al. Chem. Eng. Sagmeister, P. et al.

Res. Des. 2022, 177, 493 / Digital Discov. 2022, 1, 405
\ L )

Iterative Model
Building Process

parameters

o
>
-

Knoll, S. et al.
React. Chem. Eng. 2022, 7, XXXX

Model Predictive
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GSK Continuous APl Manufacturing (Singapore)

Allford, G.; Hagger, B. 71" Symposium on Continuous Flow Reactor Technology for Industrial Applications, Delft, Netherlands, Sept 29-Oct 1, 2015
See also: Roberts, K. Chemistry and Industry Magazine 2016 (6), p. 31-33
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End-to-End Continuous Manufacturing (MIT)

Novart/s CI\/I Fa(:/l/ty (Basel) Pharmacy on Demand (DARPA)
: %W <4 II l@ I . \

h

" "3‘1’3&‘5& v \ \4~ LA

Milligat pumps

p——_ = |
B —

"« solvents

Mullin, R. Chem. Eng. News 2019, 97 (17), p. 28 Adamo, A. et al. Science 2016, 352, 61
Zhang, P. et al. Chem. Eur. J. 2018, 24, 2776
cf. Coley, C. et al. Science 2019, 365, Issue 6453, eaax1566
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Conclusions — Continuous Processing and Flow Chemistry

Safer, more robust (in-line PAT) and scalable processes

New chemistries (“designer reagents”) and processing windows in fit-for-purpose reactors

Allows redesigning of APIs syntheses utilizing “forbidden” chemistries

Cheaper and more sustainable access to APls and essential medicines (on-site, on-demand)




Flow Chemistry Projects/Publications with Industry 2010-2022

Pharma 7 BN
A 45 3
. | ™ Boehringer JdNSSEN
.. ‘... A”er an A t Z @ E ||| lh o PHARMACEUTICAL COMPANIES OF
oiie gan. AstraZeneca ASKAT XAkt - iV Ingelheim fohmonaohmaon
CEJ 2017 176 OPRD 2015 1062....  CEJ 2022 202200741 ACSSCE 2022 xxxx OPRD 2014 1360 AS 2022 2105547 CEJ 2016 10393....
CST 2022 1799 (11) CC 2020 14621 (6)
@ p @ SaNa@HeEMIA
Kte, MRRUTK & NORAMCOne fizer
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RCE 2021 2434 (10) ‘ ’ MSD EJOC 2017 914 (4) OPRD 2021 1988 J \\I "O\\
e A 4
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llrex 2 . © g
alinex CLARIANT = umicore  syngenta
' The Coating Resins Company mm(ﬂ(%“ﬁrﬂ wa {fjﬂﬂ
ACSSCE 2021 8980 ASC 2010 323 GPS 2012 281
OPRD 2021 2367 OPRD 2017 125
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Lonza |[We Patheon seazns
Co m i n n ex part of Thermo Fisher Scientific
EJOC 2020 7051 ACIE 2010 7101.... OPRD 2011 858. ... JFC 2016 211....

GC 2021 5626 RCE 2021 2253 (19) OPRD 2020 2208 (3) CEJ 2022 202200741 (5)
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