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| P R D Summary
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= |ntroduction to flow reactors

= Lab-scale multi-phasic continuous flow fReactors and examples
= Meso-scale flow reactors

= Conclusions
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| P R D Commercially Available Flow Reactors
Institute of Proc

« Commercial flow reactors costly £10-50k
« Consist of pump(s), tube(s), detector, automation

Vapourtec E-Senes FutureChemistry FlowStart Evo

Advion NanoTek ThalesNano H-Cube Pro Sigma-Aldrich Microreactor Explorer

« Limited to homogenous reactions: need to dilute the reaction until all is soluble



| P R D Continuous Stirred Tank Reactor
] _ (CSTR)
Institute of Process Research and Development

Is there another way to carry out continuous multi-phase reactions with long residence times?

* Requires kg’s of SM’s
« Unsuitable for testing reactions
* Need for Lab-Scale CSTRs

Reagent inlets _

Miniature CSTR cascade

Slurry outlet

Y. Mo, K. Jensen
AMTech ACR Coflore React. Chem. Eng., 2016,1, 501-507



i P R D Freactor: Lab-scale

Cascade CSTR

Institute of Process h and Development

Simple and flexible design

-10-130 °C made of Delrin (solvent resistant)+Steel
Magnetic stirring @ 16rps

Glass observation window

Low cost

On-line blog : www.iprd.leeds.ac.uk
Commercialisation in collaboration with Asynt Ltd.
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| P R D Meso-Scale Reactors in iPRD
Institute of Process Research and Development

= Multi-phasic reactions (tubular, CSTR)
= Slow kinetics (CSTR)

High pressure

. . . trickle-bed

= Medium - fast kinetics (tubular, CSTR) reactor for
i

= Energy management (plate) ggﬁt;gﬁ:ng

) .. . Variable residence time static mixed reactor
= Defined mixing (Iamlnar, turbulent) For multi-phasic medium to fast reactions

= Potential for closed loop control
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AMTech Coflore Reactor
temperature-zoned cascade
CSTR with rocking-motion mixing

Heated ﬁxea-bed 2-stage high pressure cascade CSTR for
catalyst in HPLC tube multiphasic medium rate reactions

Alfa-Laval plate reactor for
multi-phasic fast reactions

Continuous multiphasic photochemical reactor  Stacked plate flow electrochemical reactor



L-L bi-phase
- emulsion

L-L bi-phase
- rapid cyclisation

L-L bi-phase
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Liquid-liquid (L-L) reactions

..not mixed
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Reactor Volumes
No. CSTRs Tres (Min) Conversion  Productivity
(n) (%)% (gL*h?)
Selectivity
(%)
Batch 20 53/20 51
5 30 83/84 173

M. Chapman, Nik Kapur, A.J. Blacker et al, Org. Proc. Res. Dev. 2017, 21(9), 1294-1301



| P R D Examples of Continuous G-S-L and S-L
S U Reactions with long residence times
n ute o rocess Research and Deve opment

« Pd/C Catalysed Hydrogenation of Nitrobenzene — 1, = 180 min

100
NO, |
©/ 500 mM
. | g - —+— Aniline
5% Pd/C (4 mgmL™) |
> 404
MeOH slurry Freactor directly heated :
to 60°C :
: : : : ;
0 1 2 3 :

Reactor Volumes

« Diastereomeric crystallisation — 1., = 20 min

100

20
(2 equiv.) ] e . . =
=TT '. v I 80
EtOAc/MeOH g P
71 ; ! .
: PN = 0 W) H = 1 3

- 60

50

Cumulative Yield (%)
3
(%) sseaxg ouswoaie)sel]

40

~54 mg of crystals per RV
93% d.e. Q 1 2 3 4 5 6 7 8 g9 10 11 12 13

Reactor Volumes

IIIIIIIIIIII 30

M. Chapman, Nik Kapur, A.J. Blacker et al, Org. Proc. Res. Dev. 2017, 21(9), 1294-1301
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Example: Continuous, Aerial (O,)
Cu-catalysed C-H activation at 120 °C

40

NHo N Sorge )Nl\jfL nMe « Freactors enable multi-phase mixing
o N N0 ovso o PN N/J%o « Filter at in-let to retain product and enable Cu recycle
Ho e 120 °C Me
Recirculating batch
« SM=0.1Min DMSO @ 120°C (above Fpt) s [ il
* 0.58 mL/min 1, = 14 min A =
* Product poorly soluble - accumulates in reservoir g o =
« Cul (50 mol%) recirculated 20 times equivalent to 2.5 mol% Cul § 4 " o
+ Safety - O, saturated DMSO at 80°C in reservoir (below Fpt) ) 2
0 mmm® > o
Recirculating batch set-up 0 2 4 6
Peristaltic mmI’m Time (hours)
I Continuous SM feed
100.
90 Syringe pump
80 —.—l—. u — - stopped
" 2
£ 60 | . |
g . ¢ # Added Substrate (%)
]

J McManus, C. Cope, B. Maes, K. Wheelhouse, unpublished work

20 WSM (%)

20
10 *
0e
0 1 2 3 4 5 6 7

Time (hours)

= Universitei ¢
S Antwerpen @




Example G-L Reaction: Continuous Oxidase
Biotransformation of Alcohol to Aldehyde

h and Development
« Oxidase enzymes are O, mass transfer limited Aryl Alcohols
* Use H,0, / catalase to generate high [O,] soluble Oﬁ O)i O)ﬂ
. . .. . MeO NC O.N
oo Multi-point injection reactor 2b: 94% 20: 88% 24 98%
Hz0; 0, H20; H o . o
H H
Ej’ “OH @0
Bu
1a cu?* (i':l.l+ 2a 2f: 90% 29: 99%
L. < HRP- ;_ o o
o- O-[E]
Actgsl 2 |Inactive /©)L H I\©)LH
Br
2i: 93% 2j: 89%
Freactor set-up .., o o
GOase M5 (6.5 mg/mL f Meo H O2N
commmiinogny | v J R
21: 84% 2m: 95%

CuS0, (0.1 mg/mL)
0.1 mL/min @ ==

Heteroaryl Alcohols

% o}
7\ o o I \ e}
tres 23.5 min
©/\OH 2 bar _» ©)LH Q\ﬁ \/Q\-g
H,0,
(5 or 10 equiv.) 20: 84% 2p: 86%
30 mM 0.1 mL/min HPLC 96% conv.
GOase H,0, CSTRs T, Conv. (%)
CFE equiv. (# (n) (min) ]
(mgmLY)a  feeds)m [Substrate]/mM T (min) H,0, Conv
(equiv.) (%)
U A : - 2 30 12 10 >99
6.5 4(1) 1 11 40
30 8.7 10 >99
6.5 4(2) 2 11 64
65 0@ 3 138 s [ 30 87 3 o]
6.5 10(4) 4 26 95 90 12 10 95*

ACS
(5 w4 13 @ | &Y Creen chemistry

6.5 0(0) 4 26 18 Chapman et al Angew. Chem. 2018, DOI: 10.1002/anie.201803675R1 Institute’



Cyanuric chloride: Cost Effective

Reagent for Aromatc Deoxygenation

stitute of Process Research and Development
PH (1) NaOH (3 equiv) @OTNYO®‘R 10%wt Pd/C, Hy, EtsN
3 equiv. H20 N N N 1 atmos, 40°C . HO\rN\\rOH
R \Or — > 3equiv. @ + Nl N T HNCO
Cl N._ClI
) ) \Nﬁ /\\l\ll/ acetone @R R \OrH

T o 3h

Cl R Yield (%) Yield (%)
H 89 benzene 10
2-OMe 94 anisole 86
3-OMe 92 anisole 68
4-OMe 92 anisole 68
4-CHO 85 benzyl alcohol 30
2-OMe, 4-CHO 62 3-methylanisole 14
2-CO2Me 22 methyl benzoate 10
2-OMe, 4-CO2Me 10 methyl 3-methoxybenzoate 12
2-CO2H 76 benzoic acid 21
2-OMe, 4-CO2H 71 3-methoxybenzoic acid 58

The bond length of
central C-O is
1.361 A.

The bond length of
aromatic C-0O is
1.453 A.

Y. Zhao, G. King, M. Kwan, A. J. Blacker, Org. Proc. Res. Dev. 2016, 20 (11), 2012-2018; F. J. Allan, G. G. Allan, T. Mattila, P. Mauranen, Acta Chem.
Scand. 1969, 23(6), 1903-1910; C.P. Forbes, G.H. van der Klashorst, K. Psotta, Holzforschung, 1984, 38(1), 43—46; A. W. Van Muijlwijk, A. P. G. Kieboom,;
H. Van Bekkum, Recl. Trav. Chim. Pays-Bas 1974, 93, 204 11



Example: Continuous Flow
Deoxygenation of Guiaicol to Anisole
Continuous stage 1

Steady-state
Tres 8 min; 10 \Q

H, (5 atmos) 20°C,16% conv. } * ¢ ¢
0 * 4 * ! ! '
0

OMe
C
Pd/C b b

arch and Development

Productivity
(g/L/h)
(2]

1 2 3 4 5
2-stage i _gerived Reactor Volumes (8 mL fractions)
anisole
. Steady-state
Continuous stage 2 \Q
50
10% Pd/C; 1, 8 min; Z . e« & o o
Pump () 5bar H,; 50°C, § i
>95% conv. z 30
£ 20
3 10
0 T T T T )
0 0.2 0.4 0.6 0.8 1
Batch stage 2 comparison Reaction time (h)
z .
» Decreasing = o
.. S =
productivity due 5- ’ °
to catalyst o .
deactivation by - ° .
cyanic acid !
0e
0 2 4 6

time/h




: P R D Cp* - Fixed bed
| racemisation catalyst
Institute of Process Research and Development

» n-5 ligand-metal coordination — stable, no leaching (<1ppm over extended use)
» Cost effective - achieved TON of >1,500

 Applicable to Rh, Ru and other Cp-coordinated metals
* Design enables ligand variation

 Deactivation mechanism understood

Electrically heat_edibl mn

Syringe pume;, i

- = Fixed-bed reactor with solid-supported catalyst

Day 10

+Homogenous ‘“““‘““’"""’E:393295998&&ﬁﬁﬂ?&ﬂ%%;ﬁﬁ%ﬂﬁ'«:%%%i
/al (5 mL sample, 200 mL total) =

« 10 days continuous
racemisation.

» Deactivation rate = 6.5% / day

S « Deactivation by methylamine (via

tme imine hydrolysis)

(\ NHZ - MeNH,
A. J. Blacker et al Org. Proc. Res. Dev. 2009, 13, 1370-1378; : @

A. J. Blacker, K. Treacher WO09093059, 2008; S. J. Lucas et al, Chemical Commun., 2013, 49, 5562-5564

¢ Heterogenous




Resolution-Racemisation-Recycle (R3)

Heating unit
Thermocouples ‘ ‘
80 000 ¢ S o
+ % Amine which
60 A formed crystals
Temperature x A % imi
control box e o IMmine
Heating element 3 40 A A
A‘ W% Isoquinoline
20 | AA .
Aluminium HPLC pump A A% d.e. of crystals
ok 0 I = =
Packed column CSTR for 0 250 500 750 1000 1250 1500

crystallisation

Recirculation time (tRes % no. of cycles)/ min

m Yield (R3) md.e. (R3)

System Amine Chiral acid
H Yield (Resolution only) m d.e. (Resolution only) y

MeO (:)H
100 S1 Ij? @ﬂ GO
MeO
80
“NH \@\W CO.H O
60 S2 0
40
2 o
S3 ©)\ I: j’ "COH
0
s1 S2 s3 sa4

QH
Diasteromeric Salt S4 (Nj\ @ACOZH
H

14

M. Kwan et al — manuscript submitted



. . | P R D R3 Process to Make Sertraline
Institute of Process earch and Development

« Active Pharma Ingredient appx $110/kg,

« Sertralone is $12/kg so recycle needs to be <$12/kg !

* To recover waste racemisation of both chiral centres required
* Iridium needs to be <10ppm in API

“NH,* (R)mandelate”

HCI
\I;IH \NH \NH ~NH 35% O‘ —— > | sertraline hydrochloride I
' : (R)-mandelic acid
+ L CO
: - TBME
= = 65% Cl
Q. Q o'
Cl Cl Cl Cl
Cl Cl Cl Cl

SNH “NH “NH
CO-CO-CC
1. 0.1mol% SCRAM catalyst, TMBE 110°C O
o 1009 scale 2. 30mol% NaO'Bu catalyst, TBME Cl cl cl
Cl
« 5 recycles - 359 / pass c “
» 1759 >95% purity product

* APl <10ppm Iridium, 99% catalyst recovery
» <1kg waste/ kg product

A. J. Blacker,S. Brown, B. Clique, B. Gourlay, C.E. Headley, S. Ingham, D. Ritson, T. Screen, M.J. Stirling, D. Taylor, G. Thompson,
Org. Proc. Res. Dev. 2009, 13, 1370-1378 15



Reactor design PRD ..

AND DEVELOPMENT

Automated
Powdeg\mspenser Silverson
Is h mixer
— -—
] -
S E— Temperature and
> pH probes A
Cooling coll
Homogenizer A
head
| Dip tube Pump ‘
— KOH aaq.
Collection| Pump A—’
vessel ‘
Amino acid and

| buffer solution



Reaction conditions

IPRD

INSTITUTE OF PROCESS RESEARCH
AND DEVELOPMENT

Mixer speed:
Me ﬂ KOH aqg. (6 M) o M o M 0
0,
O H2NoH 0-2°C, pH 10.2 o I )\‘} e 10% H,S04 aq. )\G[(HQL
Xﬁ) Sph 300 mL reactor volume 0 N Iz o pH 3 H2N I OH
L-alanine NCA L-Phenylalanine 0.2 M 7 min. residence time “Ph -CO, “Ph
1.05-1.2 eq. in 0.1 M Na,B40- ag. buffer L-alanyl-L-phenylalanine
80
~ 70 Q
g & A O 4
3
= 60 A
c
)
5 50
§ A E 1st Reactor volume
o 40
§e] A 2nd Reactor volume
>
5 =
= 30 ¢ 3rd reactor volume
o o
e
o 20
8
<
X 10
0
0 1000 2000 3000 4000 5000 6000

Mixer speed (rpm)



AND DEVELOPMENT

Automated pH control 'PRD .

____Feedbackloop . Simplify reaction process.
@ « Improved consistency and precision of pH value:
| : beneficial for less stable NCAs.

« Improve product yield.
Temperature and

Base Reactor  pH recorder * Reduce side product formation.
pH control — reactions with buffer: pH control - reactions without buffer:
10.6 10.6
10.4 10.4 A
10.2 = Automated 10.2 VA " = Automated
pH control \ | pH control
T 10 with buffer T 10 with no buffer
o
e Manual pH \ N = Manual pH
9.8 conrol with 9.8 control with
buffer no buffer
9.6 9.6
9.4 9.4
0O 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Reaction time (min.) Reaction time (min.)



Green reaction metrics

IPRD

STITUTE OF PROCE
AN[ DEVELOPMENT

SS RESEARCH

. . . Continuous Continuous flow
. Merrifield solid Merck solution . .
Metric hase svnthesis! | phase svnthesis? flow synthesis synthesis
b y P y with buffers without buffers
Yield (%) 54 70 90 80
Reaction mass
efficiency (%) 8.47 56.68 63.54 57.12
Atom economy (%) 24.89 84.3 82.1 85.7
Solvents DMF Water Water Water
Health and safety DMF Na,B,O; Na,B,0O; Pass
Total mass
intensity 850.35 268.64 48.24 31.3
Mass intensity:
reaction chemicals 290.2 23 el 258
Reactor Batch Batch Flow Flow

Improvement

1. J. Am. Chem. Soc. 1963, 85, 2146-2154.
2. J. Am. Chem. Soc. 1967, 89, 3415-3425.
3. Optimum reaction conditions from this project



| P R D Conclusions
1stitute of Process Research and Development

« Lab-scale cascade CSTRs are useful in a variety of multi-phase continuous flow reactions

 Examples of L, L-L, G-L, S-L, G-S-L in reaction and work-up

« Enable testing of reactions at lab-scale to determine whether larger scale is viable
» Their versatility makes useful alternative to the round-bottom flask

« Multi-phase flow reactions can give higher productivity and enable unsafe reactions

« Sequential reactions (phenol deoxygenation) and Recirculating reaction (R3 CIDT process)
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