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Abstract

In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’
projects.

Background and Aims

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.

Summary

References: [1] Patricia Zhang, Chi “Chip” Le, and David W. C. MacMillan, J. Am. Chem. Soc. 22001166, 138, 8084−8087, [2] https://macmillan.princeton.edu/photoredox/, 
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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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an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..
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hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
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solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2] 
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.

Summary
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3

Ni0 complex
would readily 
undergo oxidative
addition to the aryl
bromide

Oxidative 
capture of alkyl
radical by the NiII
catalyst would
then furnish the
corresponding 
alkyl−NiIII species

Halogen-atom abstraction
from alkyl bromide provides the
corresponding nucleophilic radical
species

The electrophilic bromine
radicals can rapidly abstract 
hydrogen atoms from Si−H 
bonds (e.g. from (TMS)3SiH). 
Thus, lead to the formation of
the stabilized silyl radical

Reductive
elimination from the
alkyl−NiIII would afford 
the requisite
Csp3−Csp2 bond and
deliver the
corresponding NiI
catalyst

Single-electron
transfer from the
available IrII species
to NiII complex can 
reduce the metal
catalyst back to Ni0, 
while
simultaneously 
regenerating the 
ground-state
photocatalyst

A bromide 
ligand from the Ni
complex
undergoes a
single-electron
oxidation by the
photoexcited
catalyst, leading
to the formation
of the bromine 
radical

Scan to find this 
poster and more.

Photochemistry
Csp3−Csp2 Cross-Coupling via Metallaphotoredox

Aurélie Chabrun, Chloe Donnart and Jenny Stockwell
Charnwood Molecular, Building 42, Charnwood Campus, Summerpool Road, Loughborough LE11 5RD

Abstract

In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’
projects.

Background and Aims

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:

The photocatalyst 
readily absorbs photons 
from the blue LED light 

1 The photocatalyst 
undergoes excitation to the
strongly oxidizing IrIII complex

2

9

8

4

5

7

6

• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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(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
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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.
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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.
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an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2] 

We designed a library of fragment-like compounds incorporating a 
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’
projects.

Background and Aims

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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abstraction to activate an alkyl halide as a nucleophilic cross-coupling
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At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’
projects.

Background and Aims

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
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• Our results show that this transformation tolerates a broad range of 
functional groups, as well as a number of suitably protected reactive 
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these 
groups can be further manipulated (e.g. reduction, hydrolysis) to 
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
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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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In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling 
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing 
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’ 
projects.

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2] 

We designed a library of fragment-like compounds incorporating a 
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.

Summary
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Abstract

In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’
projects.

Background and Aims

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
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projects.

Background and Aims

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
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• Our results show that this transformation tolerates a broad range of 
functional groups, as well as a number of suitably protected reactive 
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these 
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an electron-withdrawing group at the 4 position of their phenyl ring,
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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
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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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In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling 
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing 
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’ 
projects.

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2] 

We designed a library of fragment-like compounds incorporating a 
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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Abstract

In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’
projects.

Background and Aims

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
chemistry .
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing
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capabilities available to our chemists in support of our clients’
projects.

Background and Aims

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..
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desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
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Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2]

We designed a library of fragment-like compounds incorporating a
range of different functionalities, to develop our understanding of this 
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• Our results show that this transformation tolerates a broad range of 
functional groups, as well as a number of suitably protected reactive 
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these 
groups can be further manipulated (e.g. reduction, hydrolysis) to 
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures
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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
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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.
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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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In 2016, MacMillan and co-workers reported that a photocatalytically-
generated silyl radical species could perform a halogen-atom 
abstraction to activate an alkyl halide as a nucleophilic cross-coupling 
partner.[1]

At Charnwood Molecular, we investigated the application of 
MacMillian’s chemistry in the synthesis of drug-like molecules, allowing 
us to expand both the repertoire and reach of the synthetic 
capabilities available to our chemists in support of our clients’ 
projects.

Scope

• In the majority of cases evaluated as part of this study, we
observed moderate yields.

• Notably, we observed better conversions for aryl bromides bearing
an electron-withdrawing group at the 4 position of their phenyl ring,
as exemplified by compounds 11--66..

• Generally ortho-substituted isomers failed to afford any of the
desired products (results no shown), most likely because of steric
hinderance.

aaYield over 2 steps (i.e., following the cleavage of the N-Boc group); all
yields have been adjusted according to purity.

Our aim was to exploit the versatility and broad substrate scope of 
MacMillan’s work to provide facile access to a range of traditional 
solubilising functional groups (e.g., morpholine, piperazine), which 
would be otherwise difficult to introduce via ‘classical’ conditions. 

To transfer this technology to Charnwood Molecular, we constructed a 
blue LED reactor using MacMillan’s photoreactor as a model system.[2] 

We designed a library of fragment-like compounds incorporating a 
range of different functionalities, to develop our understanding of this 
chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:

The photocatalyst 
readily absorbs photons 
from the blue LED light 

1 The photocatalyst 
undergoes excitation to the
strongly oxidizing IrIII complex

2
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• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.

Summary

References: [1] Patricia Zhang, Chi “Chip” Le, and David W. C. MacMillan, J. Am. Chem. Soc. 22001166, 138, 8084−8087, [2] https://macmillan.princeton.edu/photoredox/, 
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To transfer this technology to Charnwood Molecular, we constructed a 
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chemistry .

Mechanism

Proposed mechanism for MacMillan’s[1] photoredox coupling reaction:

The photocatalyst 
readily absorbs photons 
from the blue LED light 

1 The photocatalyst 
undergoes excitation to the
strongly oxidizing IrIII complex

2

9

8

4

5

7

6

• Our results show that this transformation tolerates a broad range of
functional groups, as well as a number of suitably protected reactive
handles that could be readily unmasked for further derivatisation.

• The tolerance of groups such as esters is potentially useful as these
groups can be further manipulated (e.g. reduction, hydrolysis) to
afford access to increasingly complex structures

Access to metallaphotocatalysis has given Charnwood Molecular the capability to synthesise a diverse set of compounds. The versatility of functional groups permitted by this technique, 
and accessibility of the in-house blue LED reactor, means that we will now have access to a new range of reactions and products for drug discovery.
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