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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com

Introduction

Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)
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Abstract

The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Background and Aims

Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.

References: [1] D. G. Brown, J. Boström, J. Med. Chem. 22001166, 59, 4443–4458, [2] Y. Kawamata et al, J. Am. Chem. Soc. 2019, 141, 6392–6402, [3] C. Fischer, B. Koenig, Beilstein J. Org. Chem. 
2011, 7, 59–74, [4] S. Hanessian et al, Bio. & Med. Chem. Lett. 2018, 28, 2627–2630, [5] S. Degorce et al. J. Med. Chem. 2018, 61, 8934–8943, [6] S. Degorce et al. ACS Med. Chem. Lett. 2019, 
10, 1198–1204, Image of the IKA ElectraSyn 2.0 Pro obtained from: https://www.ika.com/en/Products-Lab-Eq/Electrochemistry-Kit-csp-516/ElectraSyn-20-pro-Package-cpdt-40003261/ on 
21/02/2022
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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protection. This allows 
inclusion of synthetic 
handles for further 
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Possible to directly N-functionalise a pyrazole – a 
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com
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Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)
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The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean
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inclusion of synthetic
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 
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molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations
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Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.

Summary

References: [1] D. G. Brown, J. Boström, J. Med. Chem. 22001166, 59, 4443–4458, [2] Y. Kawamata et al, J. Am. Chem. Soc. 2019, 141, 6392–6402, [3] C. Fischer, B. Koenig, Beilstein J. Org. Chem.
2011, 7, 59–74, [4] S. Hanessian et al, Bio. & Med. Chem. Lett. 2018, 28, 2627–2630, [5] S. Degorce et al. J. Med. Chem. 2018, 61, 8934–8943, [6] S. Degorce et al. ACS Med. Chem. Lett. 2019,
10, 1198–1204, Image of the IKA ElectraSyn 2.0 Pro obtained from: https://www.ika.com/en/Products-Lab-Eq/Electrochemistry-Kit-csp-516/ElectraSyn-20-pro-Package-cpdt-40003261/ on
21/02/2022

1
2
3

1 2

4

4

5

5

3

There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Mechanism
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as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the 
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can 
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it 
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.  
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Abstract

The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Baran and co-workers proposed a mechanism for this transformation which is summarized

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Chemoselective for 
Br over Cl Mild conditions mean 

reactive functional groups 
can be tolerated without 
protection. This allows 
inclusion of synthetic 
handles for further 
functionalization

Possible to directly N-functionalise a pyrazole – a 
group that using alternative conditions would 
have to be introduced in 2 steps
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com

Introduction

Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)
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chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
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Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.
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55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 
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Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1. 
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine 
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.

Summary
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There are multiple common methodologies used to effect the 
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can 
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it 
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.  
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Baran and co-workers proposed a mechanism for this transformation which is summarized

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Chemoselective for 
Br over Cl Mild conditions mean 

reactive functional groups 
can be tolerated without 
protection. This allows 
inclusion of synthetic 
handles for further 
functionalization

Possible to directly N-functionalise a pyrazole – a 
group that using alternative conditions would 
have to be introduced in 2 steps
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Can be used to 
incorporate 
interesting spirocyclic 
and bridge aliphatic 
heterocycles[4,5,6]

Tolerant of electron withdrawing and 
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com

Introduction

Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps
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Can be used to
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps
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Can be used to
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A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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There are multiple common methodologies used to effect the 
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can 
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it 
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.  
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
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Baran and co-workers proposed a mechanism for this transformation which is summarized

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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handles for further 
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com

Introduction

Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
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Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean
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protection. This allows
inclusion of synthetic
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1. 
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Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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protection. This allows
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Possible to directly N-functionalise a pyrazole – a
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have to be introduced in 2 steps
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There are multiple common methodologies used to effect the 
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can 
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it 
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.  
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Baran and co-workers proposed a mechanism for this transformation which is summarized

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Chemoselective for 
Br over Cl Mild conditions mean 

reactive functional groups 
can be tolerated without 
protection. This allows 
inclusion of synthetic 
handles for further 
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Possible to directly N-functionalise a pyrazole – a 
group that using alternative conditions would 
have to be introduced in 2 steps
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Tolerant of electron withdrawing and 
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A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com

Introduction

Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)

cc

c

IKA ElectraSyn 2.0 Pro

Abstract

The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.

References: [1] D. G. Brown, J. Boström, J. Med. Chem. 22001166, 59, 4443–4458, [2] Y. Kawamata et al, J. Am. Chem. Soc. 2019, 141, 6392–6402, [3] C. Fischer, B. Koenig, Beilstein J. Org. Chem. 
2011, 7, 59–74, [4] S. Hanessian et al, Bio. & Med. Chem. Lett. 2018, 28, 2627–2630, [5] S. Degorce et al. J. Med. Chem. 2018, 61, 8934–8943, [6] S. Degorce et al. ACS Med. Chem. Lett. 2019, 
10, 1198–1204, Image of the IKA ElectraSyn 2.0 Pro obtained from: https://www.ika.com/en/Products-Lab-Eq/Electrochemistry-Kit-csp-516/ElectraSyn-20-pro-Package-cpdt-40003261/ on 
21/02/2022

1
2
3

1 2

4

4

5

5

3

There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Abstract

The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Background and Aims

Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1. 
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(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps
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Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the 
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can 
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it 
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.  
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Baran and co-workers proposed a mechanism for this transformation which is summarized

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Chemoselective for 
Br over Cl Mild conditions mean 

reactive functional groups 
can be tolerated without 
protection. This allows 
inclusion of synthetic 
handles for further 
functionalization

Possible to directly N-functionalise a pyrazole – a 
group that using alternative conditions would 
have to be introduced in 2 steps
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Can be used to 
incorporate 
interesting spirocyclic 
and bridge aliphatic 
heterocycles[4,5,6]

Tolerant of electron withdrawing and 
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Finally, the reaction was subjected to further optimization using DoE software
from Design Expert. This work focused on several key rection parameters,
including catalyst loading, equivalents of base, temperature and
concentration. The results of these experiments were used to build a surface
response plot (Figure 1), as well as a statistical model of the Buchwald–
Hartwig reaction, leading to further improvements in the yield of the reaction
(98% yield), as well as avoiding the potential for a “false optimum”,3 which can
be encountered when changing just one factor at a time.

The rapid identification of Buchwald–Hartwig amination conditions was required for the synthesis of building block 3. We initially conducted a literature review of
potential reaction conditions and prepared a shortlist of different options. This shortlist of conditions was subsequently screened on a Radleys Mya 4 Reaction Station
using minimum quantities of material, leading to the identification of a set of “hit” conditions. We also screened several greener reaction solvents as alternatives to
1,4-dioxane, leading to the identification of tBuOH as an effective replacement.

Finally, this new process was optimised using “Design of Experiments” (DoE) software, allowing us to fully explore multiple reaction parameters and variables in as
few experiments as possible. In this way, we avoided the fallacy of a “false optimum”, which is often encountered when changing one factor at a time. The desired
product was isolated in high yield from our highly optimised process.

As a known carcinogen,1 the use of 1,4-dioxane as a reaction solvent raises
significant environmental, health and safety (EHS) concerns, highlighting the
need for more benign alternatives. With this in mind, a set of greener,
sustainable solvents was screened against the best conditions identified
from the catalyst-base screening exercise. The solvents used in this
experiment were chosen based on well-documented solvent selection guides
for greener, more sustainable solvents.1,2 Pleasingly, tBuOH gave
comparable results to 1,4-dioxane and was selected for further optimization
work (Table 2).

Dioxane Solvent Swap - Safety and Sustainability
The high throughput screening capabilities of the Radleys Mya 4 Reaction
Station allowed for the rapid screening of all sixteen of our shortlisted catalyst-
base combinations for this reaction. In this way, a full suite of reaction data was
generated, including the UPLC-MS analysis of all 16 reactions, within 2 hours.
The results of this screening process revealed that the use of K3PO4 with Xphos
Pd G3 gave the highest conversion to product (Table 1). Notably, the use of
KOtBu led to bis-addition impurities.

Catalyst/Base Screening

D

In summary, the rapid optimization of a Buchwald–Hartwig amination
reaction was achieved using the Radleys Mya 4 Reaction Station together
with DoE software from Design Expert. Further improvements to the reaction
were made by replacing 1,4-dioxane with tBuOH, which represents a much
safer and sustainable reaction solvent.

The use DoE allowed for the generation of a statistical model of the reaction
based on multiple factors, as well as the identification of important two-
factor interactions. In this way, the model allowed the prediction of optimum
conditions for maximising yield, resulting in 98% conversion to product 3.

Find out about our integrated approach to drug discovery and how we can 
help you achieve the best outcomes for your project.

www.charnwood-molecular.com
info@charnwood-molecular.com

Introduction

Conclusion

Solvent % Product Conversion
1,4-Dioxane - Control 88

Toluene 84
2-MeTHF 87
TBME 80
tBuOH 90
CPME 80

TPGS-750-M 62
DMC 73

Table 2: Alternative solvents screened as potential replacements for 1,4-dioxane
*CPME: Cyclopentyl methyl ether, TPGS: DL-α-Tocopherol methoxypolyethylene glycol
succinate, DMC: Dimethyl carbonate. Reactions conducted in a sealed tube.

Optimum conditions identified when changing one factor at a time: Xphos Pd G3
(5 mol%), K3PO4 (3 eq.), tBuOH (0.4 M conc.), reflux, 2 h – 90% ProductTable 1: Catalyst/Base screening results for the formation of 3. Green = conversion to 

product as determined by UPLC-MS. Red = By-products and unreacted starting materials.

Figure 1: Left: 3D surface response with respect to catalyst loading and equivalency of
base. Right: Radleys Mya 4 Reaction Station

Rapid Optimisation of a Buchwald–Hartwig
Amination using Design of Experiments (DoE)

Figure 2: Optimised reaction conditions for maximizing the amount product, according
to the statistical model

1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370

DoE-optimised Conditions : Xphos Pd G3 (0.5 mol%), K3PO4 (3 eq.), tBuOH
(0.36 M conc.), reflux, 1 h – 98% Product.

a) b)
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.

c

Background and Aims

Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps
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There are multiple common methodologies used to effect the
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.
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Abstract

The amination of aryl-halides is one of the most widespread and commonplace transformations in modern medicinal 
chemistry.[1] Attracted by the mild conditions and potential substrate scope, we investigated the electrochemical nickel-
catalysed aryl-halide amination conditions developed by Baran’s group.[2] Using our IKA ElectraSyn 2.0 Pro system, we 
applied the conditions to a diverse range of compounds relevant to small molecule drug discovery programs.
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Scope
We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
molecules possessing reactive handles for further derivatization. The diverse set of compounds synthesized by 
our chemists using our IKA ElectroSyn 2.0 system are summarized in Table 1.
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Background and Aims

Table 1: Synthesized compounds showing their conversion (isolated yield). aUsing the alternative conditions: amine
(3.0 eq.), Ar-Br (1.0 eq.), LiBr (4.0 eq.), NiBr2·glyme (0.2 eq.), bipy (0.8 eq.), DMA, rt, 3 h

Mechanism

Baran and co-workers proposed a mechanism for this transformation which is summarized 

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.

Key Observations

Chemoselective for 
Br over Cl Mild conditions mean

reactive functional groups 
can be tolerated without
protection. This allows
inclusion of synthetic
handles for further
functionalisation

Possible to directly N-functionalise a pyrazole – a
group that using alternative conditions would
have to be introduced in 2 steps

c

Can be used to
incorporate 
interesting spirocyclic
and bridge aliphatic
heterocycles[4,5,6]

Tolerant of electron withdrawing and
electron donating functional groups

A facile alternative to traditional methods of aryl halide amination is now available at Charnwood Molecular. The versatility and functional group tolerance permitted by this technique, as well 
as open access to IKA’s ElectraSyn 2.0 Pro system, means that we now have access to a new range of reactions and products for our clients drug discovery projects.

Summary
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There are multiple common methodologies used to effect the 
amination of aryl halides[3] including: 
• Palladium-catalysed cross coupling (e.g. Buchwald–Hartwig

amination)
• Copper–catalysed cross-coupling (e.g. Ullmann amination)
• Sequential borylation and cross-coupling (Miyaura borylation

followed by a Chan-Lam coupling)
• SNAr reactions.

These reactions can often be selective and high-yielding, but can 
possess some drawbacks such as:
• Require high temperatures
• Require strong bases

Extremely substrate specific/need a large amount of
optimization.

Recently, Phil Baran and co-workers developed an 
electrochemical protocol to achieve this transformation using a 
nickel catalyst. The advantage of this approach is it 
does not require high temperatures or strong bases.

Our plan was to replicate the conditions with 
our own IKA ElectraSyn 2.0 Pro to synthesis a 
diverse range of compounds relevant to 
small molecule drug discovery programs in 
order to explore the scope, utility and in-house 
reproducibility of this transformation.  
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We endeavoured to demonstrate the utility of this chemistry in two ways.

Firstly, we aimed to show that this chemistry could be applied to an electronically diverse set of aryl halides. 

Secondly, we wanted to demonstrate the potential of this chemistry in synthesizing ‘drug-like’ moieties as well as 
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Baran and co-workers proposed a mechanism for this transformation which is summarized

below.[2]

1. Oxidative addition of the aryl-halide into NiI species 1177 affords NiIII complex 1188.

22.. 1188 is electrochemically reduced to NiII species 1199

33.. 1199 undergoes a ligand exchange to form amido-NiII complex 2200.

44.. 2200 is electrochemically oxidized to NiIII complex 2211

55.. 2211 undergoes a reductive elimination to release the coupled product and reform NiI
species 1177.
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