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Advantages of Microreactor/Continuous Flow %E%
Chemistry

 Very efficient mixing of the reactants (micromixing)

* Rapid heat transfer and temperature control of the reaction system
*High temperature/high pressure capability (back pressure regulation)
 Control of residence/reaction times

» Automated reaction optimization — on the fly changes

* Immobilized catalysts/reagents

Chip Microreactor
! Fy

» Hazardous reagents/conditions

» Easy scale-up of a proven reaction by:

* increase of time _
« reactor volume change Tube/Capillary
» parallel processing (numbering up) Reactor

» Automated purification possible by:

* solid phase scavenging
» chromatographic separation
e liquid/liquid extraction

* Integrated screening (lab-on-a-chip)




Microreactors/Flow Chemistry in Organic % %

Synthesis — Recent Books ERAZ
R ]
Edited by Thomas Wirth HWILEY-VCH V. Hessel, A. Renken, |. C. Schouten, #WILEY-VCH Jun-ichi
E— and |. Yoshida (Eds.) EEE— ™ YOSHIDA
Microreactors Micro Process | .
in Organic Synthesis . .
and Catalysis Engineering

A Comprehensive Handbook

Volume 1: Fundamentals, Operations and Catalysts

FLASH
EREMISTRY

Fast Organic Synthesis in Microsystems

WWILEY

Reviews on Microreactor/Flow Chemistry by: Hessel, Jensen, Kirschning, Ley, Roberge, Ryu, Verboom,
Watts, Wirth, Seeberger......



Industrial-Scale Use of Microreactors to

Produce Pharmaceuticals

i

Numbering-Up Microreactors (DCM)

BY THE NUMBERS [#ils I
| Multiple parallel ! T
" microreactors

achieve pilot- :

scale production.

Naproxcinod (NicOx)

COX-Inhibiting Nitric Oxide-Donator (CINOD)
for Relief of Pain and Inflammation - Osteoarthritis
(under FDA review)

o OCH,
O ~~"0 Oe

o.

o==Z+

DCM - NicOx Collaboration

e nitration, neutralization and work-up in one flow step
» cleaner and higher yields as in batch process

* significantly lower waste generation

» >100 tons/year production scale

* FDA inspection of facility in due course

Thayer, A. Chem. Eng. News 2009, 87 (March 16 issue), 17
Braune, S. et al. (DSM) Chem. Today 2009, 27(1), 26



History: Flow Chemistry in Steel Capillary
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Reactors GRA
Reactor Combining HPLC and GC Parts
staipless steel . ] _
— capillary, 0.7 mm i.d. Chemistries
INJECTOR .
HPLC-PUMP Tai%PgSffﬁfi?E; ) Red_ox Cheml-stry
—HT > 3+ * Radical reactions
I =l——|5 « Ester pyrolysis
1 gt v » Degradation of cellulose
A R and chitin
L e - Supercritical conditions
CONTROL UNIT giliianiaiunl f \
GC-OVEN

Selected References (J. O. Metzger, 1978-1991)

Koll, K.; Metzger, J. Angew. Chem. 1978, 90, 802; Metzger, J.; Koll, K. Angew. Chem. 1979, 91, 74; Malwitz, D.; Metzger, J.O.
Angew. Chem. 1986, 98, 747; Metzger, J. Angew. Chem. 1983, 95, 914; Klenke, K.; Metzger, J. O.; Libben, S. Angew. Chem.
1988, 100, 1195; Giese, B.; Farshchi, H.; Hartmanns, J.; Metzger, J. O. Angew. Chem. 1991, 103, 619.



Commercially Available “Mesofluidict Reactors %E%
for Organic Synthesis

( @ AMTechnology
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Africa (FRX)
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Advion
NanoTek

www.advion.com




High-Temperature/Pressure Flow Reactor
(X-Cube Flash)

( . [ .. Stainless steel coil
| (SX316L, 1000 mm i.d.)
HPLC

Pump A

Reagent A Heat Exchanger |_®_qu_
or Solvent

Liquid System System
Mixer Pressure Pressure
HPLC Sensor Valve
Pume® . www.thalesnano.com
Product
Temperature 25-350 C
Reagent B Pressure 50-180 bar
Flow rates 0.5-10 mL/min
Changeable size of reaction zone 4,8,16 mL
dmud il femL
o - e - =
Res. time [min]: 0.4 10 8 0.8t0 16 1.6 to 32

Razzaq, T.; Glasnov, T, N.; Kappe, C. O. Eur. J. Org. Chem. 2009, 1321; Chem. Eng. Technol. 2009, 32, 1702



High-Temperature/Pressure Flow Chemistry

e

Diels-Alder Reaction

nls

toluene (2.0 M) Me CN
- T
250 °C, 60 bar, 0.8 mL min™* Me

(4 mL coil / 5 min res. time)

Reaction Optimization under Flow Conditions

Conversion (HPLC, %)

100

80 -

60 -

40 -

20 -

0

toluene
0.8 mL min -1, 60 bar
4 mL coll

130

150 170 190 210 230 250

Temperature, °C

>99%

MeCN (36 bar)
THF (42 bar)
DME (33 bar)

A

|
d



High-Temperature/Pressure Flow Chemistry

Newman-Kwart Rearrangement: Microwave Conditions

280 °C, 20min: 27% (HPLC)
330-340 °C, 40 min: 99% (HPLC)

Moseley, J. D. et al. Tetrahedron 2006, 62, 4685
Moseley, J. D.; Lenden, P. Tetrahedron 2007, 63, 4120

Continuous Flow Results (4 mL Coil)

NMP: 280 C, 60 bar, 1 mL min- >99% (HPLC)
|solation difficult (aqueous)

scDME: 300 C, 80 bar,1 mLmin!t >99% (HPLC)
(bp. 85 C, critical point: 263 C/38 bar)
Isolation by simple evaporation >99% vyield
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Continuous Flow Newman-Kwart Rearrangement AE

Kinetic Analysis (HPLC)

100 -
807 flow processing
< 100-330 C, 60-80 bar
< 1 mL min-! flow rate
g 60 - 4 mL coll
g residence time 4 min
3
@) 40 -
S)LT/
20 7 NMP
0 - ‘
100 150 200 250 300

Temperature (C)



General Flow Chemistry Example: A E;
Heck C-C Coupling W

Literature Background

Pd/C, Et;N, MeCN

NC Br NC X _CO,H
X_CO,H
\©/ VY2 MW, 180 °C, 15 min \©/\/
single- and multimode

microwave reactor 82%

Stadler, A. et al. Org. Process Res. Dev. 2003, 7, 707
Degussa Pd/C: Kohler, K. et al. Chem. Eur. J. 2002, 8, 622

Specific Flow Chemistry Examples

0.4 mol% Pd/C (0]
EtsN, MeCN N
// o) MW, 110-180 °C, 5-30 min //
R R
X=1,R=4-CN
X =Br, 3-CN

cf. Nikbin, N.; Ladlow, M.; Ley, S. Org. Process Res. Dev. 2007, 11, 458 (monolithic nanoparticles)
cf. K. Mennecke, W. Solodenko, A. Kirschning, Synthesis 2008, 1589 (immobilized palladacycles)



Heck Chemistry (MW / Flow) —
Homogeneous Catalysis with Pd(OAc)

2

Aryl lodide

Batch:
0.001-0.4 mol % Pd(OAc),
Et;N, MeCN

| - °C, 2- i
O/ . ¢\H/OBU MW, 150-190 °C, 2-25 mlrl> /©/§)LOBU +D + H
NC o

Flow: NC P

0.01 mol % Pd(OAc) , (94%)

EtsN, MeCN

170 C, 0.4 mL min -1

(10 min res. time =4 mL coil)

" Temp[ C]/ Conversion Selectivity
0
Entry  Conditions  Pd(OAC) , [mol%)] Time [min] [%, GC-FID]  P/DIH [%, GC-FID]

1 Batch/MW 0.4 150/ 2 >99 89/5/6
2 Batch/MW 0.1 150/ 2 >909 93/2/5
3 Batch/MW 0.05 150/5 >99 98/1/1
4 Batch/MW 0.01 150 /25 >99 99/<1/0
5 Batch/MW 0.01 170/10 >99 99/<1/0
6 Batch/MW 0.001/ 10 mol% TBAB 190/ 15 >99 99/<1/0
7 Batch/OB 0.01 150/ 25 >99 99/<11/0
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Boscalid (Nicobifen) — A Modern Fungicide

¢)
o
>

Boscalid Crystals
On a Plant Leaf

The Chemical Company

* first launched in 2003/2004
» expected sales up to €150 Million
» 1000 ton/year production

O Production Plant =
Guaratingueta

. Sao Paulo, Brazil
Boscalid

W. Kramer, U. Schrimer Modern Crop Protection Compounds, Wiley-VCH, Weinheim, 2007
A. M. Rouhi, Chem. Eng. News 2004, 82(36), 49

“
Cl cl ~ _N Cl

PdCl,, PPh, O o ¢ O
NaOH, THFIH20 Et;N, THF H =
—_—
R ° N N
66 o 18 h O 0 C, 20 h O

selective R=NO,
nitro-reduction R = NH,

BASF Patents:

B(OH),

K. Eicken, (BASF AG, Ludwigshafen) EO05450992A2 1992; K. Eicken, N. Goetz, A. Harreus, E. Ammermann, G. Lorenz, H.
Rang, (BASF AG, Ludwigshafen) EP0545099, 1993; K. Eicken, H. Rang, A. Harreus, N. Goetz, E. Ammermann, G. Lorenz, S.
Strathmann (BASF AG, Ludwigshafen), DE19531813, 1997; K. Eicken, M. Rack, F. Wetterich, E. Ammermann, G. Lorenz, S.
Strathmann (BASF AG, Ludwigshafen), DE 19735224, 1999; K. Eicken, M. Rack, F. Wetterich, E. Ammermann, G. Hardt, M.
Rack, P. Schafer (BASF AG, Ludwigshafen), WO Patent 97/33846 1997; S. Engel, T. Oberding (BASF AG, Ludwigshafen), WO
Patent 2006/092429 2006



Suzuki C-C Coupling — MW & Flow Optimization %E%

Cl

Cl base, catalyst O
solvent
T °C, t min NO,
B(OH), O

KOt-Bu, Pd(PPh,),, t-BuOH:H,O = 4:1, 160 C, 15 min Isolated Yield -

~89%

Isolated Yield after SP1-Chromatography
~91%

MW Optimization Flow Optimization
(Biotage Initiator/Optimizer) | (X-Flash)
Bases tested : Solvents tested :  Catalysts tested : 1
DBU, DABCO, Et,N MeOH, EtOH Pd/C | Best Conditions_:
K,CO,, Cs,CO, n-BuOH, tert-BuOH Pd(OAc), |
NaOMe, NaOEt, Kot-Bu THF, DMF, DME Pd(PPhy), ! Kot-Bu,Pd(PPh),
and water mixtures ! t-BuOH:H,O = 4:1
Best Conditions _: : 1 ?n7l?/m(|:n ﬁgwmrlgte
NaOH, TBAB, Pd(PPh,),, THF:H,0 =1:1, 160 C, 15 min : :
: 16 mL caoill
!
|
|
|
|




Selective Nitro Group Reduction %E% UNI

0
0

| )\ H,-source

.
W,

Best Conditions :

1 mL/min flow rate
5 eq Cyclohexene, Pt/C, 150 C, 30 min

Isolated Yield after Flash-Chromatography Crude Yield :
~81% 93%

S
| \ catalyst, solvent |
= > :i + NH,
T °C, t mi
I/Noz , tmin \/NHz 0
| |
A A
(Biotalg\;/gl\l/ nciigtlcrjr]rllchlgtci)rrr]\izer) ,  Flow Optimization
! (H-Cube)
Hydrogen Source : Solvents tested : Catalysts tested : 1 . _
MeOH., EtOH Pd/C | Best Conditions _:
O THF:H,O = 1:1 Pt/C ! 30 C. atm H
t-BuOH:H,0 = 4:1 ! 100/’0 Pt/C 2
| t-BUOH/H,O
:
|
|
|
|
|



Amide Bond Formation

Amide Bond Formation with PCI ,

®
H,N
2 HO,C PCl;, CH;CN Z
y H
" clI” N MW, 150 °C, 10 min N
/

Amide Bond Formation with Commercial Acid Chloride

Cl
H-N
2 ClOoC X DIPEA, CH,CI, O 2
> H |
Y+ A Tamemem Lt
cl N r.t., 10 min
o Cli

89%

“
X UN
87%

o (i




X-Flash & H-Cube — One-Pot - Two Steps
Suzuki C-C Coupling Followed by Hydrogenation

170°C, 75 har
1 mL/min

90 °C, 90 bar H,
1mL/min

* Due to the presence of Pd ~ 17% (GC-MS) of dehlogenated side-product are observed
» At the currently used conditions for the H-Cube (0.1 M solution) 12% of the Suzuki
product are not being reduced — further optimization needed (going down with the
concentration).

* Isolated yield at the specified conditions after chromatography — 48%



X-Flash, X-Cube & H-Cube — One-Pot - Two Steps
Suzuki C-C Coupling Followed by Hydrogenation

* Pd scavenged out from the reaction mixture by QP-TU Resin
* No over-reduced product observed.
* Isolated yield at the specified conditions after chromatography — 77%

Glasnov, T, N.; Kappe, C. O. Adv Synth. Cat. 2010, accepted



Scale-Up Comparing Microwave Batch
and Flow Reactors

Single-Mode Microwave

Optimization

<20 mL

> Batch Scale-Up

~1L

Multimode Microwave X-Cube Flash

» Continuous Flow Processing

4.8, 16 mL coils



Case Study: 2-Methylbenzimidazole Formation

Conversion [%]

CC
NH,

O

Kinetic Study

© Ao

(excess)

neat (1 M)

rt-200 °C

10

15

20

25

30

Time [min]

35

40

45

50

55

60

T[C]

25

60

100
130 (2 bar)
160 (4 bar)
200 (9 bar)
270 (29 bar)

>99 % conv.
after

9 weeks
5 days
5h
30 min
10 min
3 min

Hl S"



Batch Microwave Scale-Up:
2-Methylbenzimidazole (200 C, 5 min, 5 M)

MW instrument Reaction volume Yieldin g Ramp/hold/c_oollng Overe_lll processing
(mL) (%) time (min) time (min)
Monowave 300 20 9.44 (95) 1/5/6 12
Synthos 3000 (HF 100) 16~ 60 = 960 465.7 (98) 15/5/30 50
Heating Profiles
200 —— Monowave

— Synthos, HF 100

Temperature [C]
=
o
o

0 5 10 15 20 25 30 35 40 45 50
Time [min]




Converting Batch Microwave to Continuous
Flow Processing (X-Cube Flash)

Benzimidazole Synthesis

NH, AcOH (1 M) N
o - O

270 °C, 70 bar, 8.0 mL min-! flow rate N

NH, H

(4 mL coil, 30 s residence time)

~50 g/hour
Pyrazole Synthesis
EtOH (3 M), HCI (cat)
O O
* H';l'NHz > A
Ph 180 °C, 130 bar, 8.0 mL min™! flow rate N’
11 . (4 mL coil, 30 s residence time) I'Dh
1 equiv
; ~225 g/hour

Diels-Alder Cycloaddition

+ l/ CN toluene (2.2 M) CN
| >

_ 280 °C, 130 bar, 8.0 mL min! flowrate
2 equiv. (16 mL coil, 2 min residence time) ~80.4 g/h

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



Continuous Flow Cu-Catalyzed Azide-Alkyne
Cycloaddition (CUAAC, “Click Chemistry”)

Heterogeneously Catalyzed “Click” Cycloaddition

Cu/C, 1,4-dioxane or acetone

=
N, “ ‘Batch (dioxane): > E‘I:N
+ MW, 150 °C, 3 min N_7%

Flow (acetone) >99 %
170 °C, 1.5 mL/min, 20 bar
(12 s residence time)

cf. Cu/C: Lipshutz, B. H. et al. Angew. Chem. Int. Ed. 2006, 45, 8235
cf. flow click chemistry: Smith, C. D. et al. Org. Biomol. Chem. 2007, 5, 1559
Bogdan, A. R.; Sach, N. W. Adv. Synth. Catal. 2009, 351, 849

Fuchs, M.; Goessler, W.; Pilger, C.; Kappe, C. O., Adv. Synth. Catal. 2010, 352, 323

Homogeneously Catalyzed “Click” Cycloaddition

// conditions N=N
N3 » 7 —/
+ 5-10 min residence time N

>99 %
/lkr /lkr
ANPeuPINS
|
I
Dioxane MeQO DMF .
N/ 130 C, 4 mL mint MeO-:P-Cu—I 160 C, 1.6 mL mln'l
Ar= ~QF 75% isolated yield MeO 86% isolated yield




Synthesis of Dibenzoazocines and Dibenzoazepines
via Intramolecular A 3-Coupling Reaction

O~ ©
W Z n
N-R?
N N
O/atN Dt \
MeO Rz, - \
4
MeO R
Buflavine Apogalanthamine n=1,2
Boophane flava analogues

Suzuki C-C and A 3-Coupling Sequential Synthetic Strategy

Bariwal J. B. et al. Org. Lett. 2010, 13, 2774



Synthesis of Dibenzoazocines and Dibenzoazepines
via Intramolecular A 3-Coupling Reaction

Microwave Approach

— - MeO
OMe
oM
MeO ° MeO Weo O OMe
O DCM/TFA (3:1) O culC \/©/
N —_— N o N
./\©\ 0°C,1h H/\©\ MW, 25 min, 100 °C O
ot o Qe o \
L ) _
— 88% g
_—©—Me Me
Continuous Flow Approach
— o - MeO
Me
oM
MeO ° MeO MeO O OMe
O DCM/TFA (3:1) O Cu/C/toluene
N > N/\©\ N
./\©\ 0°C,1h H 160 °C, 1.5 mL/min O
Q™ o e o \
L . _
— 67%
= Hwe OMe

Bariwal J. B. et al. Org. Lett. 2010, 13, 2774



Summary: A Novel Process Windows -
High-Temperature/Pressure Flow Chemistry

Translating microwave to flow chemistry: In a high-temperature/pressure
microtubular flow device, many of the benefits inherent to microwave chemistry such
as rapid heating/cooling and sealed vessel processing can be mimicked, including
the generation of solvents in their supercritical state.

Razzaq, T.; Glasnov, T, N.; Kappe, C. O. Eur. J. Org. Chem. 2009, 1321
Razzaq, T.; Kappe, C. O. Chem. Asian J. 2010, 5, 1274
Damm, M.; Glasnov, T, N.; Kappe, C. O. Org. Process Res. Develop. 2010, 14, 215



Ozonolysis
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Q) C
efficient processing



Chair: C. Oliver Kappe (University of Graz)
WWwW.maos.net

Wwww.maos.net



