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What is a biocatalytic cascade?
A reaction comprising of two or more transformations in the same pot where one step includes a biocatalyst

Linear Orthogonal

Cyclic

Classifications:

Chem. Rev.2018, 118, 270-348.

Parallel
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The First in vitro, Artificial Biocatalytic Cascade

Ann. N. Y. Acad. Sci. 1979, 326, 87−95. Ann. N. Y. Acad. Sci. 1984, 434, 91−94. 4



Outline
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Enzyme classifications

Biocatalytic cascades for the 
synthesis of nitrogen 

heterocycles

Pharmaceuticals prepared by biocatalytic cascades



Enzyme Classification
Class

Oxidoreductase

Transferase

Hydrolase

Lyase

Isomerase

Ligase

Reaction Type

Redox Chemistry

FG Addition or transfer

Hydrolytic reactions

Eliminations

Isomerizations

Coupling reactions
often macromolecules

Enzyme Examples

Ketoreductases, Iminoreductases, Oxidases

Aminotrasferases, Kinases

Nitrilase, Lipase, Amidase

Aldolases, Decarboxylases

Epimerases

C-C, C-N, C-O, C-S Ligases

IUPAC’s Classification of Enzymes

What’s in a Biocatalytic reaction?
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Cofactors: “reagents”
Co-enzyme: Regenerate cofactors or remove byproducts
Buffers: Aqueous. Mixture of salts, system specific
Co-solvent: DMSO, IPA, THF, etc.
Temperatures: room temp or slightly elevated (35 °C)
A significant number of these reactions are reversible!
For the purpose of this talk, specific enzymes are
not named, just listed as a general transform



Oxidoreductases

Adv. Synth. Catal. 2019, 361, 2421-2432.

Cofactor regeneration:
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Hydrolysis

OH

Glucose Gluconolactone

NADP+

While not as mature, ketoreductases and iminoreductases are starting to see use 7

Generalized schemes:



Examples of KREDs

J. Org. Chem. 2009, 74, 1685-1662. ACIE 2016, 55, 8691-8695.
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Synthesis of β-hydroxy acids

Synthesis of benzylic alcohols

The two listed times represent a 
sequential protocol

(i.e. ketoreductase then nitrilase)



Examples of ADHs

J. Am. Chem. Soc. 2008, 130, 13969-13972.; Science 2015, 349, 1525-1529.
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Deracemization with two ADHs

Another deracemization



Hydrolases

Adv. Synth. Catal. 2019, 361, 2421-2432.; Org Lett. 2016, 18, 3366-3369.
10

Generalized schemes:

Synthesis of cyclic acids



Group Problem #1

Chem. Rev.2018, 118, 270-348.

O

O

Me

Using a biocatalytic cascade, prepare the following compound
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Oxidases

ChemSusChem 2019, 12, 2859-2881.; ChemCatChem 2013, 5, 2512-2516.

- Often very substrate specific.
- Normally paired with one or two co-enzymes

- Catalase for breakdown of H2O2
- A peroxidase to maintain Cu oxidation state
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Generalized schemes:

α-hydroxy ketone synthesis:



Transaminases

Adv. Synth. Catal. 2011, 353, 2239-2262. ACS Catal. 2014, 4, 129-143.

Common Amine donors

Regeneration of amine donor

OH

O

O

OH

O

NH2

Alanine Dehydrogenase
NH3

H OH

O
CO2

Formate Dehydrogenase

NADHNAD+

Removal of keto-acid byproduct

While a powerful reaction, equilibrium is favored for starting material.

Strategies to Shift Equilibrium:
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Generalized scheme:



Transaminases

Adv. Synth. Catal. 2008, 350, 2761-2766.

R1

O

R1

NH2-Transaminase

R2 R2

Me CO2H

NH2

Me CO2H

O

Me CO2H

OHLDH

NAD+NADH

Glucose
GDH

gluconolactone

Me

NH2

OMe
Me

NH2

Me MeO
NH2

Me

MeO

NH2

97% Conv.
>99% ee

97% Conv.
>99% ee

94% Conv.
>99% ee

99% Conv.
>99% ee

Me

NH2

OMe

99% Conv.
>99% ee

MeO O

NH2

99% Conv.
>99% ee

HO
99% Conv.
>99% ee

NH2
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Asymmetric reductive amination



Aldolases

Adv. Synth. Catal. 2011, 353, 2239-2262. Adv. Synth. Calal. 2019, 361, 2421-2432.

- Range of acceptors is typical broad
- Donors are typically limited to dihydroxyacetone phosphate (DHAP) derivatives

In Situ Preparation of DHAP: 
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Generalized schemes:



Outline

16

Enzyme classifications

Biocatalytic cascades for the 
synthesis of nitrogen 

heterocycles

Pharmaceuticals prepared by biocatalytic cascades



Preparation of Disubstituted Pyrrolidines

ACIE 2014, 53, 2447-2450.; J. Am. Chem. Soc. 2006, 128, 2224-2225.

Cyclization with transaminases:

Reduction of imine
results in poor

stereoselectivity
How to fix?

Strategy used previously
to prepare monosubstituted 

pyrrolidines

Substrates prepared in one-pot:

Prof. Nicholas Turner, U Manchester

Cyclization with transaminases:
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Synthesis of Substituted Piperidines

ACS Catal. 2016, 6, 3753-3759.

Access to piperidines via IREDs and a carboxylic acid reductase:

Can start from the aldehyde
without the CAR as well

Selected Examples:
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Further Substitution

J. Am. Chem. Soc. 2019, 141, 19208-19213

Contiguous stereocenters:

Challenge:
rate of competing 

reductions

kIRED >>> kERED
Allylic amines are not 
acceptors for EREDS

Sequential Protocol:

N

R1
R3

R2

HN

R1
R3

R2

1. ERED, NADPH

2. (R)-IRED *

*

5 and 7 membered rings also reported,
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Synthesis of Substituted Prolines

J. Am. Chem. Soc. 2018, 140, 1165-1169.

Leucine-hydroxylases:
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Group Problem #3

J. Am. Chem. Soc. 2013, 135, 10863-10869.

Similarly prepared by deracemization:

How would you prepare this natural 
product using biocatalysis? 

Kopsia griffithii

Turner’s Synthesis of Harmicine: 
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Interlude: NP Synthesis

Nat. Chem. 2018, 10, 119-125.; ACIE 2017, 56, 12888-12891.;  ACIE 2018, 57, 14650-14653. J. Am. Chem. Soc. 2019, 141, 20269-20277.

Natural products formed by biocatalytic cascades (Oxidative dearomatization, OQ-methide):
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Outline
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Biocatalytic cascades for the 
synthesis of nitrogen 
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Pharmaceuticals prepared by biocatalytic cascades



Montelukast

OPRD 2010, 14, 193-198.

NCl

O CO2Me

NCl

OH CO2Me
(-)-DIP-Cl

-20 °C to 0 °C
85-90%

>99% after crys.

Me

B

Cl

Me
(-)-DIP-Cl

Original synthesis:

Biocatalysis approach:
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Sitagliptin

ORPD 2005,  9, 634-639. J. Am. Chem. Soc. 2009, 131, 8798-8804. 
25

First Generation Synthesis

Second Generation Synthesis

Is there a way to avoid TMs?



Sitagliptin-Optimization

Science 2010, 329, 305-309.

0.7% conversion/24h
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Sitagliptin —a “Formal” Cascade

Science 2010, 329, 305-309.

Effect of directed evolution on the binding site

Final Route:
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Boceprevir

J. Am. Chem. Soc. 2012, 134, 6467-6472.
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Boceprevir

J. Am. Chem. Soc. 2012, 134, 6467-6472.
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Islatravir

Org. Lett. 2017, 19, 926-929.

Disadvantages:
1. Multiple protecting group manipulations
2. Anomeric bond-forming step has poor yield
3. Long route—17 steps!
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First Generation:



Islatravir

Science 2019, 366, 1255-1259. For synthesis of the nucleoside: OPRD 2021, 25, 395-404. For synthesis of the triol: ChemRxiv 2021. 10.26434/chemrxiv.14502744.v1

The Bacterial Nucleoside Salvage Pathway—Applied to Islatravir:

- Enzymes had been shown to work individually with unnatural substrates, not in sequence
- Major equilibrium challenges were anticipated
- How to setup a process like this?

Retrosynthesis of the triol:
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Could this cascade work in reverse to give the product? Accept unnatural substrates?



Islatravir

Science 2019, 366, 1255-1259.

The Cascade:

51% Overall yield!
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Islatravir

Science 2019, 366, 1255-1259.

The Cascade:

51% Overall yield!
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Molnupiravir

Chem. Commun. 2020, 56, 13363-13364. Chem Rxiv. 2020, 10.26434/chemrxiv.13472373.v1.

Patent route:

Disadvantages of route:
- Relies on supply-chain-dependent uridine
- Maximum of 17% yield
- Multiple isolation steps
- Protecting groups
- Not supply chain friendly

Could a route be prepared from ribose?
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Molnupiravir

Chem Rxiv. 2020, 10.26434/chemrxiv.13472373.v1. 

Retrosynthetic Analysis:

Initial Route:

Development of a novel biocatalytic cascade:

Could further improvements be made by recycling the inorganic phosphate? 35



Molnupiravir

Chem Rxiv. 2020, 10.26434/chemrxiv.13472373.v1. 

A biocatalytic phosphate recycling system

- Can be run at >80g/L

OHO
OH

HO
OH

OO
OH

HO
OH

Novoenzyme (10 wt%)
CO2Me, 50 °C, 24 h

iPr O

O

iPr

O

iPr

O

OO
N

HO
OH

iPr

O

NH

O

O

[Biocatalytic cascade]

(NH2OH)2 ·H2SO4

NH4HSO4, imid.
HMDS, 80 °C

OO
N

NH

HO
OH

iPr

O
O

N

OH

3 Steps
Decagram Scale
69% overall yield

70% shorter; ~7x yield 
improvment

Final Route:
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Conclusions
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- Cascades with P450s
- Evolving or discovering aldolases to expand possible donors
- Preparation of artificial metallenzymes in cascades (few examples)
- Implementation of a directed evolution system for non-specialists
- Combining chemocatalysis and biocatalysis (beyond reductions)
- Designing systems that can be done on meaningful scale (beyond industry)

- Biocatalytic cascades are fantastic at:
- Performing protecting group free synthesis
- Performing exceptionally chemoselective and stereoselective transformations
- Obtaining high-value chemicals from cheap starting materials 

- Limitations
- Evolution of enzymes is often necessary for scaling-up
- Finding the “right” enzyme can be very tricky
- Biocatalysis is not non-specialist friendly

Future Directions:

Conclusions:



Further Reading
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