
Bioisosteres
Replacement of 1,4-Disubstituted 
Phenyl Rings
Ryan Nouch, James Hitchin and Jenny Stockwell

Charnwood Discovery, Charnwood Campus, Summerpool Road, Loughborough LE11 5RD

charnwooddiscovery.com

Bioisosteres
Replacement of 1,4-Disubstituted Phenyl Rings

A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of 
replacing apara-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane 
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted 
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these 
groups on the solubility and non-specific binding characteristics of the compounds into which they 
were incorporated as replacements for a phenyl ring were evaluated and compared. An 
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug 
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a 
range of structural analogues of 
Imatinib, in which thepara-substituted 
phenyl group was replaced with various 
non-aromatic structural motifs.[3] It was 
found that the cubane-containing 
derivative possessed the joint highest 
thermodynamic solubility as well as the 
highest potency against both cancer cell 
lines tested. 

Stepan and co-workers showed that 
replacement of the centralpara-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP 
moiety resulted in significant 
improvements in aqueous solubility 
and passive permeability, with little 
change in the potency.[2]

The most commonly used intermediate in the synthesis of 
BCP derivatives is [1.1.1]propellane 22.[4] The current, 
optimized method involves the treatment of compound 11  
with two equivalents of phenyl lithium. This is then followed 
by co-distillation of 22  with diethyl ether.[5]

The majority of cubane-
containing compounds are 
derived from compound 
33.[6] Falkiner and co-workers 
published a pilot-scale 
synthesis (560 g) of building 
block 88  in 2003.[7] Affording an
approximate yield of 22% 
over 8 process steps.

Caputo et al.8 used a 
‘triethylborane initiated 
atom transfer radical 
addition ring opening 
reaction’ of 22. The resultant 
iodo-BCP compounds were 
then further functionalized.[9]

Kokhan et al. reacted 22  with 
acetylacetone with irradiation 
from a mercury lamp. This 
affords 1,3-diacyl-BCP which 

 de-
symmetrized.[10]

Baran et al.  reacted 
a ‘turbo-amide’ with 
22, to generate a 
wide range of 
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between 22, 
di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide derivatives
affording BCP-hydrazides which could be converted to amino-BCP via
deprotection and hydrogenation.[12]

Compound 88  can be mono-functionalised by selective hydrolysis to give 99  followed by 
decarboxylation to 1100. The remaining ester can be further functionalised as 
summarised below:[13]

Compound 99  can also be used to synthesis a range of 1,4-disubstituted cubanes 
exploiting chemistry analogous to that shown above. 
Coupling between 99  and 1199  followed by reaction with aryl zinc reagents in the 
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99  can also be converted to Cl, Br or I through radical chemistry, 
providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility, 
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be incorporated 
into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] -ChemMedChem 22001166,11, 31-37, [4] - SynLett 2018, 29, A-K, [5]Chem. Sci. 22001188, 
9, 5295-5300, [6] -J. Med. Chem. 22001199,62, 1078-1095, [7] -Org. Process Res. Dev. 22001133,17 , 1503-1509, [8] -Eur. J. Org. Chem. 22000000, 1137-1155, [9] -Chem. Sci. 22001188,9, 
5295-5300, [10] -Eur. J. Org. Chem. 22001177, 6450-6456, [11] -Science , 22001166,351, 241-246, [12] - J. Am. Chem. Soc.22001177,139, 17791-17794, [13] -J. Med. Chem. 22001199,62, 1078-1095.
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Published by Messner et. al. in 2000  –   22  can
be reacted with a variety of Grignard s 
followed by subsequent quenching with an 
electrophile to give 1,3-unsymmetrically 
substituted BCP derivatives.[8]
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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.
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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.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of
replacing a para-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these
groups on the solubility and non-specific binding characteristics of the compounds into which they
were incorporated as replacements for a phenyl ring were evaluated and compared. An
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a
range of structural analogues of
Imatinib, in which the para-substituted
phenyl group was replaced with various
non-aromatic structural motifs.[3] It was
found that the cubane-containing
derivative possessed the joint highest
thermodynamic solubility as well as the
highest potency against both cancer cell
lines tested.

Stepan and co-workers showed that
replacement of the central para-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP
moiety resulted in significant
improvements in aqueous solubility
and passive permeability, with little
change in the potency.[2]

The most commonly used intermediate in the synthesis
of BCP derivatives is [1.1.1]propellane 22.[4] The current,
optimized method involves the treatment of compound 11
with two equivalents of phenyl lithium. This is then
followed by co-distillation of 22 with diethyl ether.[5]

The majority of cubane-
containing compounds are
derived from compound
33.[6] Falkiner and co-workers
published a pilot-scale
synthesis (560 g) of building
block 88 in 2003.[7] Affording
an approximate yield of 22%
over 8 process steps.

Published by Messner et. al. in 2000 – 22
can be reacted with a variety of Grignards
followed by subsequent quenching with an
electrophile to give 1,3-unsymmetrically
substituted BCP derivatives.[8]

Caputo et al.8 used a
‘triethylborane initiated atom
transfer radical addition ring
opening reaction’ of 22. The
resultant iodo-BCP
compounds were then
further functionalized.[9]

Kokhan et al. reacted 22 with
acetylacetone with
irradiation from a mercury
lamp. This affords 1,3-
diacyl-BCP which was then
subsequently de-
symmetrised.[10]

Baran et al. reacted
a ‘turbo-amide’ with
22, to generate a
wide range of
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between
22, di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide
derivatives affording BCP-hydrazides which could be converted to amino-
BCP via deprotection and hydrogenation.[12]

Compound 88 can be mono-functionalised by selective hydrolysis to give 99 followed
by decarboxylation to 1100. The remaining ester can be further functionalised as
summarised below:[13]

Compound 99 can also be used to synthesis a range of 1,4-disubstituted cubanes
exploiting chemistry analogous to that shown above.
Coupling between 99 and 1199 followed by reaction with aryl zinc reagents in the
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99 can also be converted to Cl, Br or I through radical
chemistry, providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility,
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be
incorporated into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] - ChemMedChem 22001166, 11, 31-37, [4] - SynLett 2018, 29, A-K, [5] Chem.
Sci. 22001188,
9, 5295-5300, [6] - J. Med. Chem. 22001199, 62, 1078-1095, [7] - Org. Process Res. Dev. 22001133, 17, 1503-1509, [8] - Eur. J. Org. Chem. 22000000, 1137-1155, [9] - Chem. Sci. 22001188, 9, 5295-
5300, [10] - Eur. J. Org. Chem. 22001177, 6450-6456, [11] - Science, 22001166, 351, 241-246, [12] - J. Am. Chem. Soc.22001177, 139, 17791-17794, [13] - J. Med. Chem. 22001199, 62, 1078-1095.
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Ryan Nouch, James Hitchin and Jenny Stockwell
Charnwood Molecular, Building 42, Charnwood Campus, Summerpool Road, Loughborough LE11 5RD

Published by Messner et. al. in 2000  –   22  can
be reacted with a variety of Grignard s 
followed by subsequent quenching with an 
electrophile to give 1,3-unsymmetrically 
substituted BCP derivatives.[8]

D

Design of Experiments - DoE

Ravi Pathak and Andrew Jordan
Charnwood Molecular, Building 42, Charnwood Campus, Summerpool Road, Loughborough LE11 5RD

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.
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product as determined by UPLC-MS. Red = By-products and unreacted starting materials.
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Figure 2: Optimised reaction conditions for maximizing the amount product, according
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1) Chem Rev 2022, 122, 6, 6749–6794 2) Green Chem 2016, 18, 3879–3890 3) Sci Rep 2019, 9, 11370
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replacing apara-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane 
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted 
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these 
groups on the solubility and non-specific binding characteristics of the compounds into which they 
were incorporated as replacements for a phenyl ring were evaluated and compared. An 
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug 
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a 
range of structural analogues of 
Imatinib, in which thepara-substituted 
phenyl group was replaced with various 
non-aromatic structural motifs.[3] It was 
found that the cubane-containing 
derivative possessed the joint highest 
thermodynamic solubility as well as the 
highest potency against both cancer cell 
lines tested. 

Stepan and co-workers showed that 
replacement of the centralpara-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP 
moiety resulted in significant 
improvements in aqueous solubility 
and passive permeability, with little 
change in the potency.[2]

The most commonly used intermediate in the synthesis of 
BCP derivatives is [1.1.1]propellane 22.[4] The current, 
optimized method involves the treatment of compound 11  
with two equivalents of phenyl lithium. This is then followed 
by co-distillation of 22  with diethyl ether.[5]

The majority of cubane-
containing compounds are 
derived from compound 
33.[6] Falkiner and co-workers 
published a pilot-scale 
synthesis (560 g) of building 
block 88  in 2003.[7] Affording an
approximate yield of 22% 
over 8 process steps.

Caputo et al.8 used a 
‘triethylborane initiated 
atom transfer radical 
addition ring opening 
reaction’ of 22. The resultant 
iodo-BCP compounds were 
then further functionalized.[9]

Kokhan et al. reacted 22  with 
acetylacetone with irradiation 
from a mercury lamp. This 
affords 1,3-diacyl-BCP which 

 de-
symmetrized.[10]

Baran et al.  reacted 
a ‘turbo-amide’ with 
22, to generate a 
wide range of 
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between 22, 
di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide derivatives
affording BCP-hydrazides which could be converted to amino-BCP via
deprotection and hydrogenation.[12]

Compound 88  can be mono-functionalised by selective hydrolysis to give 99  followed by 
decarboxylation to 1100. The remaining ester can be further functionalised as 
summarised below:[13]

Compound 99  can also be used to synthesis a range of 1,4-disubstituted cubanes 
exploiting chemistry analogous to that shown above. 
Coupling between 99  and 1199  followed by reaction with aryl zinc reagents in the 
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99  can also be converted to Cl, Br or I through radical chemistry, 
providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility, 
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be incorporated 
into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] -ChemMedChem 22001166,11, 31-37, [4] - SynLett 2018, 29, A-K, [5]Chem. Sci. 22001188, 
9, 5295-5300, [6] -J. Med. Chem. 22001199,62, 1078-1095, [7] -Org. Process Res. Dev. 22001133,17 , 1503-1509, [8] -Eur. J. Org. Chem. 22000000, 1137-1155, [9] -Chem. Sci. 22001188,9, 
5295-5300, [10] -Eur. J. Org. Chem. 22001177, 6450-6456, [11] -Science , 22001166,351, 241-246, [12] - J. Am. Chem. Soc.22001177,139, 17791-17794, [13] -J. Med. Chem. 22001199,62, 1078-1095.
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Published by Messner et. al. in 2000  –   22  can
be reacted with a variety of Grignard s 
followed by subsequent quenching with an 
electrophile to give 1,3-unsymmetrically 
substituted BCP derivatives.[8]
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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.
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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.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of
replacing a para-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these
groups on the solubility and non-specific binding characteristics of the compounds into which they
were incorporated as replacements for a phenyl ring were evaluated and compared. An
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a
range of structural analogues of
Imatinib, in which the para-substituted
phenyl group was replaced with various
non-aromatic structural motifs.[3] It was
found that the cubane-containing
derivative possessed the joint highest
thermodynamic solubility as well as the
highest potency against both cancer cell
lines tested.

Stepan and co-workers showed that
replacement of the central para-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP
moiety resulted in significant
improvements in aqueous solubility
and passive permeability, with little
change in the potency.[2]

The most commonly used intermediate in the synthesis
of BCP derivatives is [1.1.1]propellane 22.[4] The current,
optimized method involves the treatment of compound 11
with two equivalents of phenyl lithium. This is then
followed by co-distillation of 22 with diethyl ether.[5]

The majority of cubane-
containing compounds are
derived from compound
33.[6] Falkiner and co-workers
published a pilot-scale
synthesis (560 g) of building
block 88 in 2003.[7] Affording
an approximate yield of 22%
over 8 process steps.

Published by Messner et. al. in 2000 – 22
can be reacted with a variety of Grignards
followed by subsequent quenching with an
electrophile to give 1,3-unsymmetrically
substituted BCP derivatives.[8]

Caputo et al.8 used a
‘triethylborane initiated atom
transfer radical addition ring
opening reaction’ of 22. The
resultant iodo-BCP
compounds were then
further functionalized.[9]

Kokhan et al. reacted 22 with
acetylacetone with
irradiation from a mercury
lamp. This affords 1,3-
diacyl-BCP which was then
subsequently de-
symmetrised.[10]

Baran et al. reacted
a ‘turbo-amide’ with
22, to generate a
wide range of
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between
22, di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide
derivatives affording BCP-hydrazides which could be converted to amino-
BCP via deprotection and hydrogenation.[12]

Compound 88 can be mono-functionalised by selective hydrolysis to give 99 followed
by decarboxylation to 1100. The remaining ester can be further functionalised as
summarised below:[13]

Compound 99 can also be used to synthesis a range of 1,4-disubstituted cubanes
exploiting chemistry analogous to that shown above.
Coupling between 99 and 1199 followed by reaction with aryl zinc reagents in the
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99 can also be converted to Cl, Br or I through radical
chemistry, providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility,
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be
incorporated into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] - ChemMedChem 22001166, 11, 31-37, [4] - SynLett 2018, 29, A-K, [5] Chem.
Sci. 22001188,
9, 5295-5300, [6] - J. Med. Chem. 22001199, 62, 1078-1095, [7] - Org. Process Res. Dev. 22001133, 17, 1503-1509, [8] - Eur. J. Org. Chem. 22000000, 1137-1155, [9] - Chem. Sci. 22001188, 9, 5295-
5300, [10] - Eur. J. Org. Chem. 22001177, 6450-6456, [11] - Science, 22001166, 351, 241-246, [12] - J. Am. Chem. Soc.22001177, 139, 17791-17794, [13] - J. Med. Chem. 22001199, 62, 1078-1095.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of 
replacing apara-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane 
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted 
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these 
groups on the solubility and non-specific binding characteristics of the compounds into which they 
were incorporated as replacements for a phenyl ring were evaluated and compared. An 
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug 
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a 
range of structural analogues of 
Imatinib, in which thepara-substituted 
phenyl group was replaced with various 
non-aromatic structural motifs.[3] It was 
found that the cubane-containing 
derivative possessed the joint highest 
thermodynamic solubility as well as the 
highest potency against both cancer cell 
lines tested. 

Stepan and co-workers showed that 
replacement of the centralpara-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP 
moiety resulted in significant 
improvements in aqueous solubility 
and passive permeability, with little 
change in the potency.[2]

The most commonly used intermediate in the synthesis of 
BCP derivatives is [1.1.1]propellane 22.[4] The current, 
optimized method involves the treatment of compound 11  
with two equivalents of phenyl lithium. This is then followed 
by co-distillation of 22  with diethyl ether.[5]

The majority of cubane-
containing compounds are 
derived from compound 
33.[6] Falkiner and co-workers 
published a pilot-scale 
synthesis (560 g) of building 
block 88  in 2003.[7] Affording an
approximate yield of 22% 
over 8 process steps.

Caputo et al.8 used a 
‘triethylborane initiated 
atom transfer radical 
addition ring opening 
reaction’ of 22. The resultant 
iodo-BCP compounds were 
then further functionalized.[9]

Kokhan et al. reacted 22  with 
acetylacetone with irradiation 
from a mercury lamp. This 
affords 1,3-diacyl-BCP which 

 de-
symmetrized.[10]

Baran et al.  reacted 
a ‘turbo-amide’ with 
22, to generate a 
wide range of 
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between 22, 
di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide derivatives
affording BCP-hydrazides which could be converted to amino-BCP via
deprotection and hydrogenation.[12]

Compound 88  can be mono-functionalised by selective hydrolysis to give 99  followed by 
decarboxylation to 1100. The remaining ester can be further functionalised as 
summarised below:[13]

Compound 99  can also be used to synthesis a range of 1,4-disubstituted cubanes 
exploiting chemistry analogous to that shown above. 
Coupling between 99  and 1199  followed by reaction with aryl zinc reagents in the 
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99  can also be converted to Cl, Br or I through radical chemistry, 
providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility, 
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be incorporated 
into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] -ChemMedChem 22001166,11, 31-37, [4] - SynLett 2018, 29, A-K, [5]Chem. Sci. 22001188, 
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be reacted with a variety of Grignard s 
followed by subsequent quenching with an 
electrophile to give 1,3-unsymmetrically 
substituted BCP derivatives.[8]
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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.
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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.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of
replacing a para-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these
groups on the solubility and non-specific binding characteristics of the compounds into which they
were incorporated as replacements for a phenyl ring were evaluated and compared. An
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a
range of structural analogues of
Imatinib, in which the para-substituted
phenyl group was replaced with various
non-aromatic structural motifs.[3] It was
found that the cubane-containing
derivative possessed the joint highest
thermodynamic solubility as well as the
highest potency against both cancer cell
lines tested.

Stepan and co-workers showed that
replacement of the central para-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP
moiety resulted in significant
improvements in aqueous solubility
and passive permeability, with little
change in the potency.[2]

The most commonly used intermediate in the synthesis
of BCP derivatives is [1.1.1]propellane 22.[4] The current,
optimized method involves the treatment of compound 11
with two equivalents of phenyl lithium. This is then
followed by co-distillation of 22 with diethyl ether.[5]

The majority of cubane-
containing compounds are
derived from compound
33.[6] Falkiner and co-workers
published a pilot-scale
synthesis (560 g) of building
block 88 in 2003.[7] Affording
an approximate yield of 22%
over 8 process steps.

Published by Messner et. al. in 2000 – 22
can be reacted with a variety of Grignards
followed by subsequent quenching with an
electrophile to give 1,3-unsymmetrically
substituted BCP derivatives.[8]

Caputo et al.8 used a
‘triethylborane initiated atom
transfer radical addition ring
opening reaction’ of 22. The
resultant iodo-BCP
compounds were then
further functionalized.[9]

Kokhan et al. reacted 22 with
acetylacetone with
irradiation from a mercury
lamp. This affords 1,3-
diacyl-BCP which was then
subsequently de-
symmetrised.[10]

Baran et al. reacted
a ‘turbo-amide’ with
22, to generate a
wide range of
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between
22, di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide
derivatives affording BCP-hydrazides which could be converted to amino-
BCP via deprotection and hydrogenation.[12]

Compound 88 can be mono-functionalised by selective hydrolysis to give 99 followed
by decarboxylation to 1100. The remaining ester can be further functionalised as
summarised below:[13]

Compound 99 can also be used to synthesis a range of 1,4-disubstituted cubanes
exploiting chemistry analogous to that shown above.
Coupling between 99 and 1199 followed by reaction with aryl zinc reagents in the
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99 can also be converted to Cl, Br or I through radical
chemistry, providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility,
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be
incorporated into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] - ChemMedChem 22001166, 11, 31-37, [4] - SynLett 2018, 29, A-K, [5] Chem.
Sci. 22001188,
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Bioisosteres
Replacement of 1,4-Disubstituted Phenyl Rings

A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of 
replacing apara-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane 
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted 
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these 
groups on the solubility and non-specific binding characteristics of the compounds into which they 
were incorporated as replacements for a phenyl ring were evaluated and compared. An 
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug 
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a 
range of structural analogues of 
Imatinib, in which thepara-substituted 
phenyl group was replaced with various 
non-aromatic structural motifs.[3] It was 
found that the cubane-containing 
derivative possessed the joint highest 
thermodynamic solubility as well as the 
highest potency against both cancer cell 
lines tested. 

Stepan and co-workers showed that 
replacement of the centralpara-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP 
moiety resulted in significant 
improvements in aqueous solubility 
and passive permeability, with little 
change in the potency.[2]

The most commonly used intermediate in the synthesis of 
BCP derivatives is [1.1.1]propellane 22.[4] The current, 
optimized method involves the treatment of compound 11  
with two equivalents of phenyl lithium. This is then followed 
by co-distillation of 22  with diethyl ether.[5]

The majority of cubane-
containing compounds are 
derived from compound 
33.[6] Falkiner and co-workers 
published a pilot-scale 
synthesis (560 g) of building 
block 88  in 2003.[7] Affording an
approximate yield of 22% 
over 8 process steps.

Caputo et al.8 used a 
‘triethylborane initiated 
atom transfer radical 
addition ring opening 
reaction’ of 22. The resultant 
iodo-BCP compounds were 
then further functionalized.[9]

Kokhan et al. reacted 22  with 
acetylacetone with irradiation 
from a mercury lamp. This 
affords 1,3-diacyl-BCP which 

 de-
symmetrized.[10]

Baran et al.  reacted 
a ‘turbo-amide’ with 
22, to generate a 
wide range of 
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between 22, 
di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide derivatives
affording BCP-hydrazides which could be converted to amino-BCP via
deprotection and hydrogenation.[12]

Compound 88  can be mono-functionalised by selective hydrolysis to give 99  followed by 
decarboxylation to 1100. The remaining ester can be further functionalised as 
summarised below:[13]

Compound 99  can also be used to synthesis a range of 1,4-disubstituted cubanes 
exploiting chemistry analogous to that shown above. 
Coupling between 99  and 1199  followed by reaction with aryl zinc reagents in the 
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99  can also be converted to Cl, Br or I through radical chemistry, 
providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility, 
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be incorporated 
into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] -ChemMedChem 22001166,11, 31-37, [4] - SynLett 2018, 29, A-K, [5]Chem. Sci. 22001188, 
9, 5295-5300, [6] -J. Med. Chem. 22001199,62, 1078-1095, [7] -Org. Process Res. Dev. 22001133,17 , 1503-1509, [8] -Eur. J. Org. Chem. 22000000, 1137-1155, [9] -Chem. Sci. 22001188,9, 
5295-5300, [10] -Eur. J. Org. Chem. 22001177, 6450-6456, [11] -Science , 22001166,351, 241-246, [12] - J. Am. Chem. Soc.22001177,139, 17791-17794, [13] -J. Med. Chem. 22001199,62, 1078-1095.
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Published by Messner et. al. in 2000  –   22  can
be reacted with a variety of Grignard s 
followed by subsequent quenching with an 
electrophile to give 1,3-unsymmetrically 
substituted BCP derivatives.[8]
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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.
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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.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of
replacing a para-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these
groups on the solubility and non-specific binding characteristics of the compounds into which they
were incorporated as replacements for a phenyl ring were evaluated and compared. An
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a
range of structural analogues of
Imatinib, in which the para-substituted
phenyl group was replaced with various
non-aromatic structural motifs.[3] It was
found that the cubane-containing
derivative possessed the joint highest
thermodynamic solubility as well as the
highest potency against both cancer cell
lines tested.

Stepan and co-workers showed that
replacement of the central para-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP
moiety resulted in significant
improvements in aqueous solubility
and passive permeability, with little
change in the potency.[2]

The most commonly used intermediate in the synthesis
of BCP derivatives is [1.1.1]propellane 22.[4] The current,
optimized method involves the treatment of compound 11
with two equivalents of phenyl lithium. This is then
followed by co-distillation of 22 with diethyl ether.[5]

The majority of cubane-
containing compounds are
derived from compound
33.[6] Falkiner and co-workers
published a pilot-scale
synthesis (560 g) of building
block 88 in 2003.[7] Affording
an approximate yield of 22%
over 8 process steps.

Published by Messner et. al. in 2000 – 22
can be reacted with a variety of Grignards
followed by subsequent quenching with an
electrophile to give 1,3-unsymmetrically
substituted BCP derivatives.[8]

Caputo et al.8 used a
‘triethylborane initiated atom
transfer radical addition ring
opening reaction’ of 22. The
resultant iodo-BCP
compounds were then
further functionalized.[9]

Kokhan et al. reacted 22 with
acetylacetone with
irradiation from a mercury
lamp. This affords 1,3-
diacyl-BCP which was then
subsequently de-
symmetrised.[10]

Baran et al. reacted
a ‘turbo-amide’ with
22, to generate a
wide range of
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between
22, di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide
derivatives affording BCP-hydrazides which could be converted to amino-
BCP via deprotection and hydrogenation.[12]

Compound 88 can be mono-functionalised by selective hydrolysis to give 99 followed
by decarboxylation to 1100. The remaining ester can be further functionalised as
summarised below:[13]

Compound 99 can also be used to synthesis a range of 1,4-disubstituted cubanes
exploiting chemistry analogous to that shown above.
Coupling between 99 and 1199 followed by reaction with aryl zinc reagents in the
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99 can also be converted to Cl, Br or I through radical
chemistry, providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility,
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be
incorporated into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] - ChemMedChem 22001166, 11, 31-37, [4] - SynLett 2018, 29, A-K, [5] Chem.
Sci. 22001188,
9, 5295-5300, [6] - J. Med. Chem. 22001199, 62, 1078-1095, [7] - Org. Process Res. Dev. 22001133, 17, 1503-1509, [8] - Eur. J. Org. Chem. 22000000, 1137-1155, [9] - Chem. Sci. 22001188, 9, 5295-
5300, [10] - Eur. J. Org. Chem. 22001177, 6450-6456, [11] - Science, 22001166, 351, 241-246, [12] - J. Am. Chem. Soc.22001177, 139, 17791-17794, [13] - J. Med. Chem. 22001199, 62, 1078-1095.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of 
replacing apara-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane 
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted 
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these 
groups on the solubility and non-specific binding characteristics of the compounds into which they 
were incorporated as replacements for a phenyl ring were evaluated and compared. An 
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug 
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a 
range of structural analogues of 
Imatinib, in which thepara-substituted 
phenyl group was replaced with various 
non-aromatic structural motifs.[3] It was 
found that the cubane-containing 
derivative possessed the joint highest 
thermodynamic solubility as well as the 
highest potency against both cancer cell 
lines tested. 

Stepan and co-workers showed that 
replacement of the centralpara-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP 
moiety resulted in significant 
improvements in aqueous solubility 
and passive permeability, with little 
change in the potency.[2]

The most commonly used intermediate in the synthesis of 
BCP derivatives is [1.1.1]propellane 22.[4] The current, 
optimized method involves the treatment of compound 11  
with two equivalents of phenyl lithium. This is then followed 
by co-distillation of 22  with diethyl ether.[5]

The majority of cubane-
containing compounds are 
derived from compound 
33.[6] Falkiner and co-workers 
published a pilot-scale 
synthesis (560 g) of building 
block 88  in 2003.[7] Affording an
approximate yield of 22% 
over 8 process steps.

Caputo et al.8 used a 
‘triethylborane initiated 
atom transfer radical 
addition ring opening 
reaction’ of 22. The resultant 
iodo-BCP compounds were 
then further functionalized.[9]

Kokhan et al. reacted 22  with 
acetylacetone with irradiation 
from a mercury lamp. This 
affords 1,3-diacyl-BCP which 

 de-
symmetrized.[10]

Baran et al.  reacted 
a ‘turbo-amide’ with 
22, to generate a 
wide range of 
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between 22, 
di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide derivatives
affording BCP-hydrazides which could be converted to amino-BCP via
deprotection and hydrogenation.[12]

Compound 88  can be mono-functionalised by selective hydrolysis to give 99  followed by 
decarboxylation to 1100. The remaining ester can be further functionalised as 
summarised below:[13]

Compound 99  can also be used to synthesis a range of 1,4-disubstituted cubanes 
exploiting chemistry analogous to that shown above. 
Coupling between 99  and 1199  followed by reaction with aryl zinc reagents in the 
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99  can also be converted to Cl, Br or I through radical chemistry, 
providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility, 
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be incorporated 
into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] -ChemMedChem 22001166,11, 31-37, [4] - SynLett 2018, 29, A-K, [5]Chem. Sci. 22001188, 
9, 5295-5300, [6] -J. Med. Chem. 22001199,62, 1078-1095, [7] -Org. Process Res. Dev. 22001133,17 , 1503-1509, [8] -Eur. J. Org. Chem. 22000000, 1137-1155, [9] -Chem. Sci. 22001188,9, 
5295-5300, [10] -Eur. J. Org. Chem. 22001177, 6450-6456, [11] -Science , 22001166,351, 241-246, [12] - J. Am. Chem. Soc.22001177,139, 17791-17794, [13] -J. Med. Chem. 22001199,62, 1078-1095.
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Published by Messner et. al. in 2000  –   22  can
be reacted with a variety of Grignard s 
followed by subsequent quenching with an 
electrophile to give 1,3-unsymmetrically 
substituted BCP derivatives.[8]
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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.
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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.
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A 2017 paper by Auberson and co-workers reported a comprehensive comparison of the effects of
replacing a para-substituted benzene with a bicyclo[1.1.1]pentane (BCP), a bicyclo[2.2.2]octane
(BCO) and a cubane.[1] All three of these groups share similar spatial features to a 1,4-disubstituted
phenyl ring, with identical dihedral angles making them interesting bioisoters. The effects of these
groups on the solubility and non-specific binding characteristics of the compounds into which they
were incorporated as replacements for a phenyl ring were evaluated and compared. An
improvement in both parameters was observed for BCP and cubane but not for the BCO-
containing derivative. Incorporation of these moieties can provide potential benefits in drug
discovery programs and form part of the toolbox for medicinal chemists.
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Nicolaou and co-workers synthesized a
range of structural analogues of
Imatinib, in which the para-substituted
phenyl group was replaced with various
non-aromatic structural motifs.[3] It was
found that the cubane-containing
derivative possessed the joint highest
thermodynamic solubility as well as the
highest potency against both cancer cell
lines tested.

Stepan and co-workers showed that
replacement of the central para-
substituted fluorophenyl ring in a γ-
secretase inhibitor with the BCP
moiety resulted in significant
improvements in aqueous solubility
and passive permeability, with little
change in the potency.[2]

The most commonly used intermediate in the synthesis
of BCP derivatives is [1.1.1]propellane 22.[4] The current,
optimized method involves the treatment of compound 11
with two equivalents of phenyl lithium. This is then
followed by co-distillation of 22 with diethyl ether.[5]

The majority of cubane-
containing compounds are
derived from compound
33.[6] Falkiner and co-workers
published a pilot-scale
synthesis (560 g) of building
block 88 in 2003.[7] Affording
an approximate yield of 22%
over 8 process steps.

Published by Messner et. al. in 2000 – 22
can be reacted with a variety of Grignards
followed by subsequent quenching with an
electrophile to give 1,3-unsymmetrically
substituted BCP derivatives.[8]

Caputo et al.8 used a
‘triethylborane initiated atom
transfer radical addition ring
opening reaction’ of 22. The
resultant iodo-BCP
compounds were then
further functionalized.[9]

Kokhan et al. reacted 22 with
acetylacetone with
irradiation from a mercury
lamp. This affords 1,3-
diacyl-BCP which was then
subsequently de-
symmetrised.[10]

Baran et al. reacted
a ‘turbo-amide’ with
22, to generate a
wide range of
tertiary amines.[11]

Kanazawa et al. demonstrated that the multi-component reaction between
22, di-tert-butyl-diazodicarboxylate and a variety of acyl-hydrazide
derivatives affording BCP-hydrazides which could be converted to amino-
BCP via deprotection and hydrogenation.[12]

Compound 88 can be mono-functionalised by selective hydrolysis to give 99 followed
by decarboxylation to 1100. The remaining ester can be further functionalised as
summarised below:[13]

Compound 99 can also be used to synthesis a range of 1,4-disubstituted cubanes
exploiting chemistry analogous to that shown above.
Coupling between 99 and 1199 followed by reaction with aryl zinc reagents in the
presence of a nickel catalyst gave aryl substituted cubanes.
The acid of compound 99 can also be converted to Cl, Br or I through radical
chemistry, providing another useful handle for further functionalisation

BCP and cubane can be used as replacements for 1,4-disubstituted phenyl rings. These structures offer improvements in properties such as enhancements in solubility,
permeability and stability. Multiple reaction have been investigated to derivatise BCP and cubane cores to provide a set of building blocks to allow these moieties to be
incorporated into molecules.
References: [1] - ChemMedChem 2017, 12, 590-598, [2] - J. Med. Chem. 2012, 55, 3414-3424, [3] - ChemMedChem 22001166, 11, 31-37, [4] - SynLett 2018, 29, A-K, [5] Chem.
Sci. 22001188,
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