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Basic Principles – Flow vs. Batch

When should a reaction be run in continuous flow vs. batch?

Continuous Flow Batch

Reaction is not safe in batch.
Reaction is optimized in batch to reasonable:

 Yield, Scale, and Reaction Time.

Optimization of discrete variables.

Use of gaseous reagents.

Precipitation of a product to drive an equilibrium.

SolidsHeterogeneous catalysis. Insoluble stoichiometric reagents

EmulsionsProblematic scalability of emulsions. Emulsion scalability is not an issue.

Fast chemical reactions (<1 min).

Electrochemical or photochemical reactions.

Thermally selective reactions.

Plutschack, M. B. et al. Chem. Rev. 2017, 117, 11796-11893. 



Basic Principles – Reactions in Flow

Flow In Flow OutGeneration

In − Out + Generation = Accumulation

Continuous Stirred Tank Reactor (CSTR) Packed Bed Reactors

𝐹𝑖𝑛 − 𝐹𝑜𝑢𝑡 + න 𝑟 𝑑𝑉 =
𝑑𝑁

𝑑𝑡

F – Molar Flow Rate (mol/time)

r – Reaction Rate (M/time)

N – Number of moles in system

V – Volume

t – time

Steady State: No accumulation inside of system

Fogler, H. S. Elements of Chemical Reaction Engineering, 5th ed; Pearson Education, 2016. 

𝐹𝑖𝑛 − 𝐹𝑜𝑢𝑡 + ׬ 𝑟 𝑑𝑉 = 0

𝑉 = 𝐹𝑖𝑛 න
0

𝑋 𝑑𝑋

−𝑟

Reactions in flow are often controlled by:

Reactor Volume

Residence Time

X – Conversion

Flow In

Flow Out

𝑉 =
𝐹𝑖𝑛𝑋

−𝑟

Flow In Flow Out

𝑊 = 𝐹𝑖𝑛 න
0

𝑋 𝑑𝑋

−𝑟
W – Catalyst Weight



Basic Principles – Hardware & Diagrams

Reactor T-Mixer

Reagent 1

Solvent

Reagent 2

Solvent

Temp.

Length

Time

Y-Mixer

Pump
Back-Pressure

Regulators
Mass Flow

Controllers

Arriaga, D. K.; Thomas, A. A. Nat. Chem. 2023, 15, 1262-1266. 



Basic Principles – Flow Regimes

Homogeneous Gas-Liquid

Liquid-Liquid (Immiscible) Solid-Fluid (Packed Bed)

Laminar

Turbulent

𝑅𝑒 =
𝑢𝐿

𝜈

L – Length (m)

u – Flow Velocity (m/s)

ν – Viscosity (m2/s)

Bubble

Slug

Annular

Taylor Flow

ROH ROH

NBu4
+

RO−NaOH Na+

Phase-Transfer Catalysis

In-Situ Aqueous Workup
Catalyst supported

on Solid

Fluidized Beds



Gas-Liquid Flow –Carbon Monoxide 

Fukuyama, T.; Totoki, T.; Ryu, I. Org. Lett. 2014, 16, 5632-5635. 

1) n-BuLi, TMEDA, THF, 0 ºC, 2 h

2) CO (1 atm), 15 ºC

3) TMSCl

n-BuLi

CO

SiMe3, 89%, 1 h

SiPh2Me, 75%, 10 h

n-BuLi

Hexanes

65 µL/min

Slug Flow

Substrate Scope

93%

93:7 (E:Z)

5 min

TMEDA, THF

200 µL/min

6 bar

7.5 mL/min

TMSCl

625 µL/min

88%

91:9 (E:Z)

5 min

88%

5 min

88%

97:3 (E:Z)

5 min

77%

5 min

81%

5 min
n-BuLi CO

TMSCl

80% NMR Yield

E only

TMSCl



Gas-Liquid Flow –Carbon Dioxide

Kozak, J. A. et. al. J. Am. Chem. Soc. 2013, 135, 18497-18501. 

CO2

NBS (5 mol%), BPO (5 mol%)

DMF, 120 ºC

Activated Epoxide Nucleophilic CO2

NBS (5 mol%)

BPO (5 mol%)

DMF

20 µL/min

Mechanistic Analysis

7 bar
Slug Flow

Batch: 75%, 6 h

Flow: 87%, 2 h
86% 90% 81% 83%

78% 72% 52% 58% 51%

Substrate Scope

+ ++Br2

2 equiv.

Br2

−Br−

CO2

+
−DMF



FeCl2 (10 mol%), O2 (7 bar)

NEt3

MeOH, 90 ºC

Gas-Liquid Flow –Oxygen & Ozone 

Brzozowski, M.; Forni, J. A.; Savage, G. P.; Polyzos, A. Chem. Commun. 2015, 51, 334-337. Skrotzki, E. A.; Vandavasi, J. K.; Newman, S. G. J. Org. Chem. 2021, 86, 14169-14176. 

O3, SiO2

−60 ºC, 15 min

FeCl2 (10 mol%), NEt3, MeOH 5 bar

17 bar

O2 Gas

+

65% 77% 39%

67% 71% 48%

Packed Bed Approach

Reproducible Reactor Cycling

SiO2

O2

O2

O3

O3

SiO2

SiO2

SiO2

Solvent

Solvent

62% 80% 80% 85%

51% 66% 85% 39%



Catalysis – Palladium Leaching in Packed Beds

Greco, R.; Goessler, W.; Cantillo, D.; Kappe, C. O. ACS Catal. 2015, 5, 1303-1312. 

+ +
Pd Catalyst

Solvent

Pd Catalyst

Solvent

Reagents

Base

Solvent

0.2 mL/min

GC Analysis

Solid-Supported

Pd Catalysts

Pd Tetrakis FiberCat 1001 EnCat TPP30 SiliaCat

SiliaCat

THF, EtOH, H2O, K2CO3

SiliaCat

Pd Tetrakis

FiberCat 1001



Cu

DIEA (4 mol%)

AcOH (4 mol%)

DCM

Catalysis – Copper & Organocatalysis

Ötvös, S. B. Beilstein J. Org. Chem. 2013, 9, 1508-1516. 

+

1.5 min

r.t.

DIEA (4 mol%)

AcOH (4 mol%)

DCM, 0.5 mL/min

96% 89%97% 97%

+
PS-TRIP (5 mol %)

Toluene, −30 ºC, 6 h

Clot-Alemenara, L. et. al. ACS Catal. 2016, 6, 7647-7651. 

1) Br2, DCM, −78 ºC

2) Pd(PPh3)4, K2CO3, A

3) Styrene, DVB

4) POCl3, Pyridine

5) H2O

= Polystyrene

PS-TRIP

PS-TRIP

0.1 mL/min

0.1 mL/min

NaHSO3

0.4 mL/min

92% yield over 28 h

91% ee

18 examples in batch, 70-98% yield

Up to 98% ee

All examples prepared from 

same batch of PS-TRIP

Flow reaction performed

at room temp.



Reactive Intermediates – Negishi Cross-Coupling

Zhang, H.; Buchwald, S. L. J. Am. Chem. Soc. 2017, 139, 11590-11594. 

1) n-BuLi (1.1 equiv.)

    THF, −50 ºC

2) ZnCl2 (0.6 equiv.)

Aryl-X, P2 (3 mol %)

THF/Toluene, 40 ºC

P2

CPhos

Aryl-X, P2

THF/Toluene

40 ºC

100 s

170 cm

20 s

69 cm

−50 ºC
n-BuLi

Hexanes

0.30 mL/min

THF

0.73 mL/min

ZnCl2
THF/2-MeTHF

0.10 mL/min

90%

93%

87%

58%

80%

79%

95%

77%

EtOH 70 ºC, 3 h

1) TsNH2, K2CO3 (cat.)

      BnEt3NCl (cat.)

      Dioxane 90 ºC, 6 h

2) PPh3, DIAD, Et3N

      THF r.t., 6 h

75%, 99% ee

95%, 99% ee



Reactive Intermediates – Reactions in Sequence

Nagaki, A. et. al. Angew. Chem., Int. Ed. 2012, 51, 3245-3248. 

1) n-BuLi (1.05 equiv.), 0 ºC

2) Benzaldehyde (1.10 equiv.), 0 ºC

3) s-BuLi (1.16 equiv.), −78 ºC

4) Me3SiOTf (3.30 equiv.), −78 ºC

1) n-BuLi (1.05 equiv.), 0 ºC

2) Benzaldehyde (1.10 equiv.), 0 ºC

3) s-BuLi (2.30 equiv.), 0 ºC

4) Me3SiOTf (6.60 equiv.), 0 ºC

n-BuLi

Hexanes

Benzaldehyde

THF

s-BuLi

Hexanes

THF

n-BuLi

Hexanes

Benzaldehyde

THF

s-BuLi

Hexanes

THF

Me3SiOTF

THF

Me3SiOTF

THF

50.2 s

400 cm
10.3 s

100 cm

1.89 s

25 cm

0.055 s

3.5 cm

5.48 s

100 cm
2.74 s

1000 cm

0 ºC 0 ºC −78 ºC

66% 49% 78% 84% 88% 93% 72% 71%



Photochemistry –Aerobic & Anaerobic Oxidations

Mitchell, J. K. et. al. Org. Lett. 2023, 25, 6517-6521. Bayer, P.; Jacobi, A. Green Chem. 2020, 22, 2359-2364. 

hν, O2

Dye (cat.)

Alkene

Dye

12.8 m

Slug Flow

White LED

95% 95% 88% 95%

Rose Bengal

hν, Aryl-NO2, Base

DCM 

or MeCN/t-BuOH

Solvent

Base

Aryl-NO2

390 nm

3 m, 3-5 h

82%

427 nm

97% 75%

58% 82%

X = OH, NHR

R = Alkyl, Aryl



Active Pharmaceutical Ingredient Syntheses in Flow

Adamo, A. et. al. Science 2016, 352, 61-67. 

Neat, 1.0 equiv.

0.2 mL/min

Neat, 4.0 equiv.

0.46 mL/min

10 mL

15 min

180 ºC

3M NaOH

140 ºC

2.7 mL/min

Hexanes

DI Water

Glass Beads

Aqueous Waste

HCl/Et2O

82% Yield

4200 doses/24 h

Benadryl

In NMP

1.0 equiv.

0.75 mL/min

In NMP

1.2 equiv.

4.7 mL/min

10 mL

9.3 min

90 ºC

10 mL

3.9 min

130 ºC

20 wt% NaCl

H2O

EtOAc

Glass Beads

Aqueous Waste

Organic

Waste

HCl, H2O

94% Yield

3000 doses/24 h

Diazepam

NH3

MeOH/H2O



Scaling of Remdesivir Glycosylation

von Keutz, T. et. al. Org. Process Res. Dev. 2020, 24, 2362-2368. 

PhMgCl, THF

0.86 mL/min

TMSCl, THF

0.86 mL/min

THF

2.2 mL/min

0.15 mL

2.6 s

20 ºC

0.72 mL

9 s

Offline HPLC

Analysis

THF

2.2 mL/min

1) TMSCl (2.0 equiv.)

2) PhMgCl (1.8 equiv.)

1) i-PrMgCl/LiCl (1.4 equiv.)

2) A (1.0 equiv.)

A

A

i-PrMgCl

THF

0.61 mL/min

47% Yield

Up to 20 mmol scale



High-Throughput Screening

Liu, C. et. al. Nat. Chem. 2021, 13, 451-457. 

Et3N

DCM, r.t., 60 min

Cs2CO3

DMF, r.t., 120 min

LDA, MeCN

THF, −78 ºC, 30 min

NH2NH2/H2O

AcOH

EtOH/THF

110 ºC

360 min

N-Ethylmorpholine

DMSO, 85 ºC, 300 min

TFA

DCM, 10 min

57% Yield (Batch)

65% Yield After Crystallization (Flow)

32 h Continuous Operation

20 examples

Library of Derivatives

One Flow Setup



High-Throughput Screening

Liu, C. et. al. Nat. Chem. 2021, 13, 451-457. 
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