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YOU ARE Expertise in organic chemistry & flow chemistry
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3 main research areas:

* APIs (small molecules & peptides) Z)Q

* Biomass and platform molecules g

* Unconventional conditions,
transient species




NS LIEGE Chemical manufacturing

API vs bulk chemical manufacturing

E Factor
Industry segment Product tonnage (kg waste/kg product)
Oil refining 10°-10° <0.1
Bulk chemicals 10°-10° <1-5
Fine chemicals 10%-10* 5-50

Pharmaceuticals 10-10° 25100




W HRSR Chemical manufacturing

API vs bulk chemical manufacturing

 Multiple steps * (usually) Single step
e Complex chemistry e “Basic” chemistry
* Purity is paramount e Purity is less critical

Variable scale (fine chemicals) * Very large scale (bulk, commodity)

* Macroscopic (batch) * Macroscopic reactors (flow)
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Macroscopic batch reactors




s Traditional manufacturing

Complex multistep processes on large scale
Traditional sequential batch approach

° + O > e workup + purification
e + O > o workup + purification
o > 0 workup + purification St

* Tedious process

o . ° * Large workforce lab: hours to days
e Stockpiling issues prod: weeks to years
* Stepwise process
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Multistep processes on large scale
Complex molecules, complex processes
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Multistep processes on large scale
Drug shortages

B Raw material
M Discontinued

250 - m Supply/Demand

210 B Manufacturing

200 - ® Unknown

150 -

211
166
149
129
120 Recent examples:
100 - 88 e 2010 diphenhydramine massive
73 o0 recall

58
50 - * lidocaine and diazepam flagged on

I 2015 FDA drug shortage list

0 - . — . — . . * http://www.accessdata.fda.gov/scri

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 ptS/drugShOFtageS/defau|t.Cfm
* http://www.ema.europa.eu/ema/

US national drug shortages (adapted from P&T, 2011, 36, 742-753).

J Med Chem 2012, 55, 4062



W LSk Traditional manufacturing

Multistep processes on large scale
Bad reputation — NIMBY syndrom

e 2000-2014: 85 (US) / 111 (EU) serious chemical incidents in organic
chemistry-related industry

e 2000-2013: 120 (US) serious incidents in organic chemistry-related
academic labs
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A new paradigm for chemical manufacturing
Cleaner, flexible, more efficient continuous manufacturing

“Right now, manufacturing experts from the 1950s would easily recognize the
pharmaceutical manufacturing processes of today. It is predicted that
manufacturing will change in the next 25 years as current manufacturing
practices are abandoned in favor of cleaner, flexible, more efficient continuous
manufacturing.”

Dr. Janet Woodcock (FDA), AAPS Annual meeting, October 2011

“Drug manufacturers typically produce drugs in batches in large factories. But a
new trend is developing in the pharmaceutical industry to reduce infrastructure
costs by using small continuous-flow systems to make drug doses on demand.”

Stu Borman, Chemical and Engineering News, February 2017
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A new paradigm for chemical manufacturing
Mobile, compact, reconfigurable, versatile, sustainable

il e
. s
e ——
i
-
'--_-..._.,_.__.l_ -
_-_ -
.
—--u\h_

http://corporate.evonik.com
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H B Massachusetts
I I Institute of
Technology

A new paradigm for chemical manufacturing
Technology breakthroughs

Compact (15 m?)
*Fully integrated (up /downstream+formulation)
*Modulable (output: 20 g h'Tand 100 g h1)

Org Proc Res Dev 2014, 18, 402 Ang Chem Int Ed 2013, 52, 12359
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Emerging manufacturing technology

H B Massachusetis
I I Institute of
Technology

A new paradigm for chemical manufacturing

Technology breakthroughs

oncentrates

Selections from the scientific literature
and news from the week

PROCESS CHEMISTRY

» Highlights

New insights Ints Zika's bialogy 5
Microneedle patch defivers skin cancer therapy 5
New epigenetic mark for mammals 6
EPA uncovers mysterious phosphorus pollution 6
Why whiskey doesn't have a fing o it 8
Naootkatona tested as a mosquita repellant 10
Therma Fisher wins contest for Affymetrix 10
Food firms push to phase out bisphenol A n
EPA targets hydrofluorccarbons 4

Warm sea teperatures blesch reef off of Australia 15

Mini drug factory up and running

Continuous-flow system efficiently
produces four approved drugs

toinvent many newtools tobe able topull
off the multistep chemistry they showin this
paper. Five years ugo, most process chemists
would not have believed this was possible.”

i y system ontt Iy izes and The s i initial “upstream”
dicines in barches. They carry our dis- stothousandsofdoses  unit 2 ‘
Crele reaction, separat dysis,and for-  perday. Although the syst y section with ipi filtration, dis-

mulation steps in large factories, sometimes
in multiple locations, and then begin each
processall over again to make more doses of
the same drug.

drugatatime, an operator can
switch the system ta makea new
drug in less than two hours,
The continuaus-flow drug
system is much smaller and less
nventional

Seekinga berter way, researchers have
ne arelfi ized flow

4 caew | cenagsoRa | PR 2016

WO 2016/025803 & Science, 2016, 352, 61

batch-processing facility. It
could beu: for “on demand”
manufacture of drugs witha
short shelflife ordrugs needed
fnrsmuu patient populations, for public

Diazepam

solution, crystallization, and
formulation units. it alsoin-
cludes chemical analysis and
computationg] units for process
evaluation and cont
Therescarchers design tach
reactiononamicroliterscale
hefore translatingit to the con-
tinuous-flow system, Theyuse
elevated temperaturésand pres-
sures 1 make reactons go more quickly and

y. In addition, it might

reagen
with batch

reduce the need for drug transport, distribu
tion, and storage,

‘Timothy F. Jamison, Klavs F. Jensen, and
Allans. Myerson of MITand

pracessing

The MIT team demenstrared the system’s
abmuesbvpmdu..mg liquid oral Ami topical
f en-

port themini-factory ina new paper (Science
2016, DOE1c 126 s¢ience.aaf1337). The
Food f Drug Administration has been rec-

h}mmmemdmcmamc {Renadr) Ty;the
local ancsthetic lidocaine hydrochioride;
the depressant diazepam (Valium);and the

antidepressant oride

onewayto modernize drug manufacturing,
and the new system helps advance that goal.

(Prozac or Sarafem). The researchers hope
todevelop the abilityto produce solid pill

continuous-flow drugsyntheses, but “this
s thefirst modular,

‘Tiea < the s(mLtumlmmplc)clwor

P
and play system that an produce il
drugsin final dosage forms,” comments
flow chemistry expert C. Oliver Kappe of the
University afGraz. “Clearly, the authars had

"Kappe
says. Cuntmmusﬂuw may not be practical
for more-complexstructures, “and batch
reactors will continue to be inuse fora long
time. Butthis paper demonstrates inan
impressivewaywhit is possible” by pushing

is the reactor

side of the new continuous-flow drug
manufacturing system, which the
researchers used to make diazepam

Jensen says a next version of the system
will be 40% smaller and able tosynthesize
mare wmp!uxphﬁmacmmmls There-

and other drugs. The other side houses T plantocor
d controls. ializ STU BORMAN

On-Demand Drug Production Is on the

Horizon
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The Drug-Making Process Is Slow and

Wasteful — This Machine Could Fix That

==

Science.

Journals

Topics

Immun

RESEARCH ARTICLE

P On-demand continuous-flow production of
pharmaceuticals in a compact, reconfigurable

o system

Andrea Adamo’, Rachel L. Beingessner’, Mohsen Behnam'', Jie Chen', Timothy F. Jamison®', Klavs F.
e Jensen', Jean-Christophe M. Monbaliu', Allan S. Myerson!, Eve M. Revalor'¥, David R. Snead”!l,
Torsten Stelzer'Y, Nopphon Weeranoppanant', Shin Yee Wong'", Ping Zhang®""

) M|‘*\5“1-Jl|u{-‘dum F_J). myerson@mit edu (A S M)

Nowartis Institute of 8 tesearch, 250 Massachusetts Avenue, Caml
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Continuous-flow manufacturing

GCI/2007: continuous manufacturing is a research top priority

Emerging manufacturing technology

Rank Main Key Areas Sub-areas/aspects Votes
1 Continuous Processing Primary, Secondary, Semi-continuous, etc.
2 Bioprocesses Biotechnology, Fermentations, Biocatalysis, GMOs,
3 Separation and Reaction | Membranes, crystallizations, etc. .
Technologies i
4 Solvent Selection, Property modeling, volume optimization, recycling
Recycle and Optimization | technologies, in process recycle, regulatory aspects etc. 10
5 Process Intensification Technology, process, hybrid systems, etc
9
6 Integration of Life Cycle | Life cycle thinking, Total Cost Assessment, carbon /
Assessment (LCA) eco-footprinting, Social LCA, streamlined tools 4
7 Integration of Chemistry | Business strategy, links with education, etc.
and Engineering 4
8 Scale up aspects Mass and energy transfer, Kinetics, and others 3
9 Process Energy Intensity | Baseline for pharmaceuticals, estimation, energy
optimization 1
10 Mass and Energy Process integration, Process Synthesis, Combined Heat
Integration and Power, etc 0
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Org Proc Res Dev 2011, 15, 900; Green Chem 2012, 14, 38
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Flow chemistry
An overview of the two last decades
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Flow chemistry
Job market overview
Linked[T}].

“with strong expertise in flow chemistry,...
experience/expertise in photo-redox chemistry or
photo-redox reaction in flow is desirable”

“Working across skills sets such as flow
chemistry ...”

_— “A Ph.D. in chemistry with experience in flow
"’ MERCK chemistry is required, ...”

}/& “Applies applications for new technologies to
project objectives, e.g. flow chemistry”
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NS LEeE What is flow chemistry?

(a) (b) (c)

|
/ L
’. \
\& )
\ 4
N =
Batch reactors Continuous-Flow
KEY micro/mesoreactors
FEATURES | 3D internal structure >> 10* um 3D internal structures < 10® um
mL < internal volume < kL UL < internal volume < mL
Finite volume of chemicals Infinite volume (flow) of chemicals

Flow chemistry is a term widely used to describe the performance of a
reaction in a continuous manner, in a micro/mesofluidic reactor.
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N LIEGE What is flow chemistry?

Continuous micro/mesofluidic reactors

* Used in labs, R&D and production

e Continuous reactors with well defined micro or meso structures (< 1000 pum)
and internal volumes (pL to mL)

* Inflow = outflow while reaction is being carried

|
o

T3 Yo
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Channel @: 100 pm

V. .. 100+ pL V. .10+ mL

int®
int

MmICro Channel @: 100-800 pm
Vi up tomlL
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NS LEeE What is flow chemistry?

Continuous micro/mesofluidic reactors

Anatomy of a continuous-flow reactor
D

quench ')
] ’ \:ﬁ/ 5
A
E
B

r@_| Reactive path IR

] post-reaction
Heat exchange processing
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NS LEeE What is flow chemistry?

End-to-end continuous manufacturing

The telescoping of complex multistep continuous-flow sequences
from raw chemicals toward finalized product is often referred to as

end-to-end continuous manufacturing



ek Internal size matters

Continuous micro/mesofluidic reactors

Inherent differences between macroscopic batch and microreactors

The behavior of liquids at a microscopic scale is quite distinct from that for fluids at
a macroscopic level

(a)

* At a macroscopic scale, pressures well above or below atmospheric pressure and
gravity dominate fluid dynamics

» Surface tension, energy dissipation, and fluidic resistance start to dominate the
system, rather than gravitational forces at a microscopic scale
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¢ LIEGE Internal size matters

Continuous micro/mesofluidic reactors
Inherent differences between macroscopic batch and microreactors

X L
g X Bl L
iisl R _wh.- .,-'j




W%t Flow chemistry: what benefits?

Batch reactors
* Macroscopic reactors
* Scale dependent

Time-resolved

Mixing is poor (t_. >>t

mix reac)

Heat transfer is slow

Difficult control of reaction time

Low surface/volume ratio

Intensification = hazard

Chemical hazard!

Less for transient species
* Scale-up is time consuming

Flow (micro/meso)reactors
* 3D internal structures < 1000 um
* Scale independent

» Space-resolved

Mixing is fast (t_. <<t

mix reac)

Heat transfer is fast

Control of reaction time

High surface/volume ratio

Intensification = safe

Inherently safer

Suitable for transient species

Fast scaling-out or numbering-up
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WLESE  Flow chemistry: what benefits?

Faster mixing & better heat exchange

” inlet A umletﬂ 0 0.5 1

0cm 3 cm nuﬂet"

| PR
laminar, transitional laminar, transitional
and turbulent and turbulent
Macro- and micromixing Micromixing (active & passive)

Flow chemistry enables faster, more selective and inherently safer
chemical transformations.
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WHESE  Flow chemistry: what benefits?

Faster mixing & better heat exchange

Surface/volume potential leads to formation of C
Reactor type (cm?/cm?) and creats losses of B
100 mL reaction bulb i e e = KO
1 m? reactor coe  batth | [ S —
uchannel 100 pum 200 _ T

&

M reaction coordinate

Flow chemistry enables faster, more selective and inherently safer
chemical transformations.
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WLESE  Flow chemistry: what benefits?

Fine tuning of reaction time

4 1 1 1 ] ] 1 1 600
| |
m ¢ ® 580
35 . B
T u {560 §
i:’ 3 i
o i {540 §
[(}] =
5 . m ¢ {520 % t _VIJ‘R
[m)] ue ®
e Js500 2
2 | e 3
gl m® 4480 7

1 1 1 1 1
2 3 4 5 6

Residence time (min)

o

Flow chemistry enables faster, more selective and inherently safer
chemical transformations.
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WLESE  Flow chemistry: what benefits?

Inherent safety — finite vs infinite volumes
Large amount of

processed material / unit of time
Small amount

of processed material / unit of time

Chemical hazard

Inherently safer ,,)N;f: transient, explosive, toxic
i i i 3 S ~c
transient, explosive, toxic /\, b o chemicals
: . }
chemicals —

Flow chemistry enables faster, more selective and inherently safer
chemical transformations.



WHESE  Flow chemistry: what benefits?

Unconventional conditions are easily accessible

HIGH
. PRESSURE
explosive/unstable toxic high high
intermediates intermediates temperature pressure

. flow
,,¢"“~
4
_ | lbateh.
\
\\~_—’/

¢

Flow chemistry enables the handling of unstable/hazardous species
and unusual conditions — expanding the horizon

N

CAUTIODN
BV LIGHT

\~_¢,

photochemistry electrochemistry

28
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WLESE  Flow chemistry: what benefits?

Seamless transition from lab-scale to production-scale

50-70 ml

0.5ml 5-9 ml
— G1

2-10 g/min 30-150 g/min  150-600 g/min 1000-3000 g/min 1000-4500 g/min

Same operating conditions

(Minimal) re-optimization

Flow chemistry enables fast transition from lab to pilot-scale
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[ Case studies—partl >

Pharmacy on demand

On-demand continuous-flow synthesis of 4 APIs (including formulation)

Specific requirements

* Compact (“mobile”)

* Single operator & user friendly

* Easy maintenance, adaptable, versatile,
reconfigurable

EorT It -~ igh yield, high purity of all APIs

Purification

Xylocaine® Valium®
10 mg Spray Diazepam
lidocaine 2mg

Topical anassthetic
imp spr
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Il e Case studies—part]  #>Q

Pharmacy on demand
Fluoxetine
e T T T NaC T T
MeNH, oq) Va=10mL | @@ 16 mPa
Upstream (15eq.) T.=135°C aqueous
t:=10 min waste R
Reactor III
AMHCI ) e SEP,lI 15:R = ClI
o 16: R = NHMe
o 4 M HCI () []4ZMS F3C—©—F
THF 1.3 eq. in DMSO
100 °C
(in toluene, 1 eq.) Reactor | Reactor Il BPR acxxaesc::s

(14) SEPn ! 1.6 MPa

DIBAL in toluene 1.6 MPa Vy=10 mL

aqueous KOtBu -
(1eq) V,=5mL ultrasound — ?Ivaste 18-crown-6 in Reactor IV Ta= 1400(_:
T, =rt transducer DMSO tg =2.6 min
tg =10 min V,=5mL H,0
T2 = rt
tg = 3.3 min 1.7 MPa
TBME
o 5 | SEP,
Downstream 8 : CF, aqueous
| waste
(0] |
HCVEL,0 | 0
NHMe !
100-200 doses/24 hours * HCl ; NHMe
! 17
fluoxetine hydrochloride (4) .
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Case studies — part |

Pharmacy on demand

|

| modhles. —

= (“process
N\ control

(C)

reactor

membrane separator

32
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WO 2016/025803
Science, 2016, 352, 61
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Pharmacy on demand

Case studies — part |

V)
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(VI) (Downstream)

Me

I
N
0/\/ “Me

4500 doses d-'

Diphenhydramine

hydrochloride (1)

&
(B) @
[ 13> -0

o Et

{2
©
o

o=
>
@
o
<
=
L
©

=
o

b
c
o
S
)

=

=

L
o
o
=
o

2
o
S

°
o
=

o

(D)

HN)I\/N’Et
Me Me < HCI
n

810 doses d-1

Lidocaine hydrochloride (2)

Me~N)\\

Diazepam (3)

3000 doses d-!

WO 2016/025803
Science, 2016, 352, 61

Flow direction

| : f@j"" ©j\% N 200 doses d-1

HCI

Fluoxetine hydrochloride (4)
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Continuous-flow process toward methylphenidate hydrochloride
Reaction telescoping with unstable/explosive intermediates

»

© * most widely prescribed stimulant API

H 2 N 2o 2 H =
AN LNJ?C%MG o Scoge (NJQ'AC%MG for ADHD and narcolepsy
1a 1b 1c 1d
DR 25 2Y PRZS) L(25.2R) 2.3 billion doses year?
threo erythro

CONTROLLED DRUG
POSSESSION WITHOUT AUTHORTY
ILLEGAL

KEEP OUT OF REACH OF CHLDREN

Focalin® XR

Dexmethylphenidat.

Ritalin® 10
MI’:THYLPHENIDATE
HYDROCHLORIDE 10 mg

100 tablets

Work with R. Gérardy
React. Chem. Eng. 2017, 2, 149.
Patent application No. EP16189458.9
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Continuous-flow process toward methylphenidate hydrochloride
Reaction telescoping with unstable/explosive intermediates

2b 3b (X = N-NHTs) Sb
4b (X =N,)

Previous work: This work:

- multistep sequential batch - telescoped multistep continuous-flow
- inventories of hazardous chemicals - no inventories of hazardous chemicals
- reaction times up to 5.5 h (inter - E%aCt'iorZ'ti’[ne)s up to 20 min (inter) and

and intra) min (intra
- hazardous scale-up - scalable process with inherent safety

React. Chem. Eng. 2017, 2, 149.
Patent application No. EP16189458.9
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Reaction telescoping with unstable/explosive intermediates
Seamless scale-out: Corning® Advanced-Flow™ LF to G1™ reactors

TsNH

Y

A\ ) x4 V
|

I\
(e

H N

O

crude 9
conv. >99%

£ DBU threo/erythro 4:1
+ Aliquat 366°
in toluene
i ~ 2 min residence time BPR

)
[ \’
\/1 \\/ } 'fﬁ‘
J"\ ) &

Fluidic modules 1 to 4

36 mL internal volume
@ 180 °C

o [N SRR e on

BN ‘jﬁorgl‘ngpggpﬂetaﬁy; WAL e 3 A
el ‘ ,:.—\\*ﬁﬁy et )= e (’\r
| 2 v‘ “J '

} ) = f

: e TN !

Fluidic module 5
9 mL internal volume
@ 10°C

* PFA preactor: 21.7 g day (1400 doses)
* LowFlow: 86.9 g day*(5,800 doses)

 G1:4.25 kg day?! (280,000 doses)

Patent application No. EP16189458.9
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Expanding chemistry’s horizon

e Significant reduction of spatiotemporal requirements
* Expands the toolkit for chemical processing

e Compatible with unstable materials and unconventional
conditions

* |ntensification/seamless transition toward larger scales
» Safer, greener, faster processes

Inspiring reading: “Flow chemistry—Microreaction technology
comes of age” K. F. Jensen, AIChE J., 2017 doi:10.1002/aic.15642
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R ek Concluding remarks

New challenges

Tim Jamison, MIT
http://www.in-pharmatechnologist.com/Processing/Lack-of-talent-will-hamper-continuous-manufacturing-uptake-MIT-Prof

 Chemical challenges (new paradigm)
* Technology challenges (mechanical & chemical resistance)
* Increasing process/molecular complexity
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