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‘For 60% of today's chemical reactions
the easiest approach is a batch based synthesis.’

French chemist Antoine Lavoisier (the "father of modern chemistry") started the chemical revolution in
We have now had over years to perfect batch based approaches.
So why adopt flow chemistry as an additional tool?
To overcome some of the current limitations in working practice.

A few example:

 Solvent boiling point as upper temperature limit (avoid DMSO/DMF)
— the problem of ‘reflux restriction’ (Microwave chemistry/scale-up)

» Use of large dilution, e.g. to control heat releases or to simply create a working volume.

* The direct scale up of a reaction is not always a linear progression or multiplication of
substrates/solvents and parameters.

» Achieve controlled reactivity rather than relying upon aggressive or labile reagents
— quick and dirty chemistry reliant on chromatography.

* In-line monitoring means problems can be rectified early - not all your eggs are in one basket.

Engineered Reactor

A4
Simple chemicals ——> -’ —> Purified advanced products

Smart Chemistry
100% efficient, 100% yielding and 100% reproducible!
We still have a ‘little’ bit of work to do.



Synthesis of Grossamide

THF

———

Second input stream

H,0,—urea complex
Acetone / H,O (10:1)

oMme Grossamide

Heater/Cooler module a reactor chip -40-150 °C

Two HPLC pumps 100-10,000 pL/min 35 bar system pressure
2 reagent loading channels from liquid handling unit

UV/diode array detection

Split stream real-time MS analysis for optimisation

In-line reverse phase preparative purification — Mass directed
Fully software controlled via UNIPOINT + DoE software

Synlett 2006, 427.
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Automated Sequential Reactions

Trifluoromethylation with Ruppert’s Reagent
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BDA tartrates —monitoring concentrations
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C)/\NH2 &NM%'W OMe
MeO,C—~0

IR flow cell OMe

: . 2 h = product
70 min, 90 °C 78% isolated yield

Batch:14 h reflux, bicarbonate work-up,
Et,O extraction - aqueous washing,
vac down, 2 x recyrst. 50-70%
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Unigsis FlowSyn Org. Biomol. Chem. 2009, 4594.



BDA Modified Building Blocks

OMe
MeOzC o)

MeO,C 6\%( T Q—soqH Qe 3
3 NMes| S,0
OMe | 3023 OMe

+ LDA Y
MeO,C o)
/J Meo}(#

—_— RT 65% OMe

OMe

1

KOtBu

60 min, 70 °C NMO
v’ Increased control over product ratios
Flow 24:1 Recycle 7 h ® ©
NMe, 10
Batch 15:1 to 5:1 C}+ 3104
x Aqueous work-up




MT React IR™ 45m flow cell

5 g scale

90 % conversion

5% Pd/C
o —
IR flow cell (j)\o/
N
Recycle B H
-~
EtOH/H,O
80 bar, 90 °C

5 mL/min flow rate

o
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H

o
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Cc=0
Xy o~ / 1719 cm™!
| .
N
c=C
1306 cm™"

Org. Proc. Res. Dev., 2010, 14, 393

rac-10
Cc=0

1661 cm™"

Body: ReactlR™ 45m, fitted with a Mercury Cadmium
Telluride (MCT) detector. Flow cell: Attenuated Total
Reflectance (ATR) diamond sensor

Full infrared spectral region from 650 to 1950 cm-' and
from 2250 to 4000 cm-"

Head can be heated and can stand pressures up
to 30 bar

HPLC connections to flow chemistry equipment

iC IR 4.0 software for system operation and
data analysis



10 min
60 °C

Azides: Preparation in Flow

Back
pressure
regulator

Saielow

86% 91% 92%

§©§@®©

85% 89%

Org. Biomol. Chem. 2011, 9, 1927

93%

86%

N ¢

95%

91%

peledons

94% 94%,

93% Br 87%

Q-sox



In-line monitoring for Azides

Mettler-Toledo ReactIR flow cell

N3

©

®
‘blind spot’ jamond sensor _N N
(2250-19§0 cm™ CF3 SgirN
~
|



Ferric chloride colourimetric test



10 min
60 °C

(}sosH

—
Back

pressure
regulator



MeOH

‘ \ Qltheg) BH,

F OQS%H
R/ N7 R

H
65-99% isolated yield, >95% purity

NH4/MeOH

Org. Biomol. Chem. 2011, 9, 1927
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Triazole Synthesis in Flow: Automation
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Triazole Svnthes

v

Cartridge recycled
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0-Opioid Receptor Agonist

)\ 0.125 ml/min
MgClI.LiCl 20 min, RT O_@SO3H
THF \
F /
Q™
MeO 40 min, RT H
0O 0.125 ml/min 0.25 ml/min
Et,NH DMPU 0 Sio,
B /'\(:/I/
oc React IR
Flow cell
® 0 ;
Et3N\S/p )k 0.5 ml/min
% \g OMe

Burgess Reagent

10 min, 60 °C

0]
~0)_[0)
F<. ........... ?

60 °C
: SOzH
To waste : RT

35% overall yield NH,/MeOH
Catch and release

Iz

Chem. Eur. J., 2010, 16, 12342.



Potent SHT 18 Antagonist veo @f?jY
|

0.5 ml/min N i o N\©\
_ C)/\NH2 (N) N()D

10% Pd/C
—)->—> H-Cube 70 °C

EtOH
H Full H, mode
() 10 min, 135°C
N 0.5 ml/min
/ S MeO
; Q. O

MeO

H
N (\
@)
0
O N/\ /N\/> 99%,

Q b

N

18%, 95% purit 0.4 ml/min
o, 907 purity 07 0.24 M in DMF 0.20 M in Ph 8.4214ml\l/|/min
Catch and release purification K/N 0.1 ml/min ' n e '
NH,/MeOH release. \©\
A NH,
250 °C
250 psi 10 min, 130 °C

@ 14 min
e
O_@SOSH y NMe; RCO, QM

rt, 50 min

N ©
React IR ©:NN @ N BF4
Flow cell N 1 \® 1:1 mixture; 0.5 M
\

\(/ N— 0.1 ml/min, DMF
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<
~

K,COs,

OH
HOBt TBTU

SynLett 2010, 505-508




Synthesis of Gleevec

i O

T
N
) rd
N O
Gleevec

Aim:

e Devise a flow-based synthesis of Gleevec that reduces the need for manual work-
up/purification.

e Use the generic reactor to demonstrate library production from commercially
available building blocks.

e Create a route that allowed for increased points of diversity in analogues
construction.

e Demonstrate production and in-line screening of drug candidates using a known
pharmaceutical.



Synthesis of Gleevec

N, in
Cl 71%, 99+% purity after C&R

—»  Exhaust
DCM
cl . RT O/\NMez O—@SO3H

o) + DIPEA
1
1
_— 1
Br 25 min | , Q/\NCO Catch & release
DeM O_@S%H i 2 equiv [ j purification
1 v .
I N
i H
1
1
1
1

WASTE

DMF

NH,

I I

*Use UV triggered fraction collector to collect product into heated vial

* N, gas bubbled through the solution removes the DCM

*All product can be collected from the previous step —increased overall yield
* 80% isolated yield

Chem. Commun., 2010, 46, 2450.



DCM

+ DIPEA

DCM

NH,

Convergent synthesis
Prepared from Ynone

@]

N cl
l/ NH,

K NHO;

HoN™ NH,

Chem. Commun., 2010, 46, 2450.

Synthesis of Gleevec

N, in

—p Exhaust

OMe
L) P
PId-NHz iPr iPr
L
10 mol%
iPr

tBuONa (4.0 equiv), 2:1 Dioxane/tBuOH |

32% isolated yield
After chromatography

0.15 mL/min DBU
2:1 Dioxane/tBuOH

150 °C
30 min

H,O 0.1 mL/min

Gleevec



Analogues of Glee

Route provides access to analogues not achievable via process route

|
N H
PUROIS UEN®
N.__N
S N T N
/N N _N
HN N7 HN
/
0 @N ©
Gleevec 32% 33% 29%
|
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N
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Org. Biomol. Chem., 2013, 11, 1822.



Ynone Synthesis — numbering out

OH
O/\N OH
H OH

Pd(OAc), (1 mol%) | OR H,N-NHR’
(iPr),NEt (1.2 equiv.) o

DCM HNO3;

o) HoN”~ NH,
RI

NaOH (1.1 equiv.)
1:1 EtOH/H,O

30 min, 100-130 °C

Liquid/Liquid Extractor Aqueous
(FLLEX) output

MgSO,

NH, in
MeOH/DCM

Catch and
Release O_@S%H

Chem. Eur. J., 2010, 16, 89-94



Stream Splitting in Flow

Ph

PN

-
Input 1 OMe N |N

Input 2 Ph

Pd(OAc), (1 mol%)
(iPr),NEt (1.2 equiv.)

-5 & O . m@f\

Input 4 MeO O~ "Ph 100°C

60% vyield
20 min
100 °C

NzN

803H /@[K)\

87% yield
30 min
100 °C

Ph

(o]

20 min
120 °C

Chem. Eur. J., 2010, 16, 89-94



Mixing and Dispersion

Dispersion Model accounts for diffusion

diffusion molecular

diffusion convective
Aris-Taylor dispersion in laminar flow or turbulent dispersion from eddies

Solvent flow ——>

Concentration of material

t

» S5> o> 5 S

Addition into
flow stream

t, t, t, ts ts

Flow path length ——>
(increasing time)



The third stream issue

Substrate C

Substrate A —m8M — Reactor 1 Reactor 2
\. \\
W j
Substrate B ———— Reaction 1 Reaction 2
Turn on feed C ‘
\\ B Excess of substrate C being added.
SN Wasteful and needs removal.

Turn off feed C

X = stoichiometry between the two components
F = flow rate of output process

[D] = conc. of third stream component

A = peak height value measured by IR

grersensane k = conversion factor
: Substrate C X .E -k
D]

Substrate A ——— Reactor 1 Reactor 2 FIOW rate =

-

Substrate B ——— Reaction 1 IR flow cell Reaction 2




O
1
Cl

Flow 0.125 mL/min

®7

®7

Flow 0.125 mL/min
DCM

The third stream issue

Packed column

IR flow cell

NO,
Me

2

B
A -

IR flow cell

—

P

Collected

Chem. Sci., 2011, 2, 765
OPRD 2010, 14, 393



TBSO/\‘)J\OMe

1™

1M DIBAL-H

The third stream issue

1.5 M in PhMe
o]
= - .
OH r\?) - CO,iPr
HO OH CO,iPr Third stream addition a
0.15 mL/min A ¢ valuable chiral substrate
O/\N OH i
IRC-743 IR flow cell
0.15 mL/min -78°C
g
- -78 °C
OH
OH
HO
Q@ o
| OH
OH
TBSOT YT YT
Me - IR flow cell
78% dr 8:1
4 hrs

Chem. Euro. J., 2011, 17, 3398
OPRD 2010, 14, 393



Synthesis of an IRE-1 binding probe

Guff Reaction
VN
S N LNT
15-22%
HO o~ o HO oo coH
H” ~O
@ N
» Cheap starting materials/reagents @1 Cﬁ o
o)
» Scaleable via the same route
« Highly reproducible ‘ Route A
+ Automated synthesis OH
X
» Avoid work-up/purification ”
OH HO o O
HO
O/

I Route B

o, — —
O
Selective inhibition of unconventional v

mRNA splicing by an IRE1-binding small molecule
PNAS, 2012, doi:10.1073/pnas.1115623109



Route A: N-oxide Derived Synthesis

H o)
N
SN

1.5 eq. 1.5eq.
DCM/EtOH
o O 83 pl/min .
M ‘ 83 ul/min
OEt
3 eq. COzH
DCM/EtOH —> o @\
OH 2:1 HO o X0
93% 1.5 eq.
— 1h, 125°C 91% 1 h, 120 °C )
OH p/min .
+ 83 ul/min 83 wl/min
HCI 37% DCM
0.3 eq.
1h,0°C

166 ul/min

> rt
AN
H
— 1h
o] 66%

1 M HCI
overall yield 46%

Isolated by filtration .
83 ul/min

DCM

%ﬁl#

N’ 82%
o° ° Nl\/le2

O O
3C)J\OJ\CF

2 eq.

Chem. Euro. J. 2012, 32, 9901-9910



Route B: Claisen Rearrangement

OH Pechmann '
reaction AN Allylation SN
—_— —_—
HO 0”0 Step1 O (o e]
OH
-

ROUTE B Step 5 Claisen

rearrangement

N isomerisation X
HO oo ~ HO 0o
Step 3
= P XN

Step 4 | ozonolysis

X
HO o” "0
o7




Route B: Claisen Rearrangement

Loading Stream Washing Stream
1 .25 mL min™’! 1 mL min™
C> O nwe
dual 10
0.65M port wEle Data acquisition
and control

NMP solvent

NMP

ashing stream

dual 10
port valve
WASTE L0050
W; VA

Loading stream Wash stream

Detection at 330 nm

10 cartridges loaded sequentially
in a fully automated procedure

Breakthrough ~ 2 M of substrate




Route B: Claisen Rearrangement

Loading Stream Washing Stream

1.25 mL min! 1 mL min”’
O O nwe
O O dual 10

0.65M [FEERD) Data acquisition
NMP |>‘<] and control
i el fmm S

WASTE
Washing stream

1)|—> Loading Stream

UV-Vis
detector
3 ghz ® ©
§ o< SIr(H)(THF), PF Q
HO o~ ~O h2 e (o XNe)

015 M O—4jmmml—" 1

THF 9 125 mL min™

Chem. Euro. J. 2012, 32, 9901-9910

gﬁs eq.

port valve

267 uL min"’'
10 port valve Data acquisition
and control

UV-Vis

235°C
75 min

6 port 100 psi
2 position ¥ BPR

Wash
THF

Release
@ (then TFA
1.5% sol.THF)
or

Mel in THF
1.1 eq.

Silica gel chromatography
(ratio 11/1.5)

A X A
+
MeO o” "0 MeO o” "0
A




Route B: Claisen Rearrangement

0.02 mm id
tubing

T-piece connector

4 mm id
Liquid substrate feed Gas flow —>
|

tubing

Taken using UV light profiling

Gas feed

A 1.0 mL/min
1.0 mL min™!
; S
HO o Yo C>— wide bore @ /\k

THF residence tube O/\N NH, N

o 92%

500 mL/min 2
0.5 bar 51% overall yieldj

.
e g
9
N &
O g

o




Tube-In-Tube Gas-Liquid Flow Reactor

Gastropod Teflon AF-2400 / PTFE
available from Unigsis (Tu be-in-tube)

—>

Substrate In  Substrate (Out)
(In) + gas
* reactor volume 0.28-0.56 mL (1-2 m Teflon AF-2400)

* gas pressure 10-35 bar
« flow rates 0.1-10 mL/min

/

Substrate
flow \/J (\

Gas flow

Angew. Chem. Int. Ed., 2011, 49, 1190.



Carbonylations of Grignard Reagents

CO,
R
2mL
- _ >:0
RMgX O‘@‘ Abar | 3 Qo o/\
0.2 mL/min ? SO,H NH3
! 75 PSI —+ F— 75 PSI —o—+ F—mo PSI —3»
; OH
6 equiv : 4 equiv
THE O 100 PSI + CO,
0.2 mL/min :

O

Vapourtec R2+

0.5 mL/min
1.9
formic acid/ THF
Knauer
M M
eO MgCl Me e MgBr
/©:MgBr @/MgBr /@/\/
MeO
OMe Me Me MeO ©
93% 100% 98% 86%
MgBr
F MgBr
“/!!MQC| ©/\/MQC| :©/ g 4
Me
86% 87% 100% 75%
MgBr
MgCl MgB ;
@MgBr O 9 < ger 55-65 g of resin

; ®

95% 100% 91% 98%

5-8 g resin



Hydrogenations using a Tube-in-Tube reactor

100 -

] o
L= o
L 1

.,
s,
'~
5

-
=1
.

Conversion (%)
\\

-
¢¢¢¢¢

20 25 30
HydrogenPressure (bar)

i 4§ i i
XX pZ
N0kt WOH X x C/\/\ij N"oMe
O HO
F
N MeO Pz o X
HO 070  Ho O O _ MeO

(Sudan red 7B in DCM)



Proof of Concept Design

optimisation
control loop

|

.-— Reagent .

Solution phase

Substrates

I Biology/Property Feedback Loop

Product What to make

+ SAR
+ ADME/Tox

reactant 1 @—

Buffer p

reactant 2 <>—

» Chemotype profiles
+ Validation

Compound reactant 3

1 mL sample loop
polymer polymer
ported

supported
scavenger,

apid and reliable
feedback

0.1 mL/min



Frontal Affinity Chromatography

Continuous infusion of analyte over immobilised target
Injection of several concentrations gives access to K
Compatible with existing Flow Chemistry platforms
Method to calculate B, directly: biocatalyst application

Immobilised protein

No affinity = No retention (V)

Affinity = Retention (V)

(V-V,) = Breakthrough volume a affinity

1/(V-Vy)

K,
Y

0.25

0.2

©
[
(%2

0.1

Concentration

0.05

== \/0id marker [ f

e compound

Volume

Amount bound give access to K, using:

[Ao] (V‘Vo) =

B, [A,]
[Ao] + Ky

[Ao]
1/(V-Vy) = (1/B,)[A,] +K, /B, [ Immobilised protein ]——9-

B, = amount of immobilised protein

Anal. Biochem. 2003, 1-12

N

///\\\N Void marker



COO

Biotin

Streptavidin

)/ Hexahistidine tagged protein
Weaker interaction, Cu strongest

Biotin-streptavidin k=10"1°

*MALDI-TOF was used for characterisation of biotinylated HSA *His-tag not strong enough, protein is washed out

0O
A

NH
d (e} SO3Na
" N 0 PBS

S ‘. N
A/z]/ \/\/\/[L ,I\T? + HZN’HSA —> Biotinylated Human Serum Albumin

© H=7.2
o pr=f.

BAC-Sulfo-NHS

Downsizing the column:

2.5-23 ulL 15 ulL 31l 175-353 pL



Obijective:

To assess the system using Human Serum Albumin (HSA)
HSA column

(1 mmx2cm)
volume of 15 ul

10 mM sodium phosphate
2.7 mM KClI
137 mM NaCl,pH=7.4

H
© N\NH2
N Bound in Estimated Kd
| 7 plasma (%) Volume (microM)
Isoniazid DMSO - 127 uL -V,

Zolpidem

Isoniazid 0 130 pL -
COOH

Jv\ { Zolpidem 92 414 nl 52
Diclofenac
Diclofenac 99.8 838 ul 1.2

*Diclofenac, zolpidem and DMSO were retained with the correct order and reproducibly
*The assay was used to evaluate the binding of a series of GABA, agonists to HSA




Toluene

Etoﬁo
(e}

0]

"0,

0.1 mL/min

1

120°C o R,

Automated F1 nthesis of GABAA Ligan

MeCN
0 0.1 mL/min

QP-SA QP-BZA

MgSO4
------------- € NHs in MeOH
Rs cat. HBF,.Et,0 MeCN
N NH, 0.1 mL/min
| 0000000
Ry N 0000000 QP-SA <
. 3
1.5 equiv. Unigsis Autosampler N NH,
............ R
Ry N
HN(R.), (5 equiv.) Biotage
DIPEA (10 equiv.)
Me,AICI (4 equiv.)
Ry 0.05 mL/min
N IRA-743 DCM
NP r, | OOOOO QO Ry
RN / 0909090000 OO AN
: OO000 0ol T 3
0 - . 40°C QO r
R, Unigsis Fraction Collector 14 mL @ O O o
O O OEt
Ol
Unigsis Autosampler
R3
AN OOOOQO
s N/ 02090090900
R2 00000 NaOH 2M
o 4 iv.
o Unigsis Fraction Collector 1940'_& (4 equiv.)
o 0.5 mL/min

EtOH



Synthesised GABA4 Ligands

R,

=N
R;
RN N~ : V (pL) Ky B,
| cOR, Ri Rz | Rs R  @8uM (um)

(nmoles)
DMSO - BN . 115.9 . .
CH, H CH, NMe, 430.1 20.5
-- _--_
CH, EC-H?, NPr, 520.2 32.8
c H NMe2 456.0 64 24.9
Kq (M) 52 8225 31.2
Y ----_--_
SN CH, 428.9 18.0
0= Zolpidem 8 CH3 H Cl NPT, 552.2 79 36.6
M 9 CH, H Cl NMe, 425 1 78 26.2
10 CH, H Cl OH 486.4 57 22.9
11 Cl H CH, NMe, 332.4 88 20.2
12 Cl  H CH, OH 494.3 40 175
13 CH, Br CH, OH 203.7 33 14.4

14 CH, Br CH, NMe, 378.4 84 241
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