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In drug discovery “robust reactions” are reproducible chemical transformations with the fol-
lowing characteristics: 
• Provide structures relevant for drug discovery
• Technically straightforward (no special equipment needed)
• Moderately sensitive to reaction parameters
• Broad applicability (also with polar substrates)
• Broad availability of starting materials and reagents 
• Broad functional group tolerance including polar functionalities
• Time for delivery of the target compounds is reasonably short 
• Simple operational procedure (minimal training and support)
• Low-risk reagents to comply with often onerous local safety rules.

The eight most frequently used1 robust reactions2 are shown to the right. The relative abun-
dancies of each reaction are shown in numbers, accordingly (from the right  up to left down):
GVK bioactive products,3 2014 medicinal chemistry literature,1 pharma patents,4  array syn-
theses,5 lead optimization6 and process chemistry applications7

What are robust reactions?
Robust late stage functionalization (LSF) can be a very useful drug design strategy.  Although 
similar molecules often show similar properties, small changes can lead to profound influence 
on activity and properties.8,9  Strategic hydroxylation,10 fluorination,11 methylation12 and intro-
duction of “necessary nitrogens” 13,14  are examples where further synthetic innovation can 
be highly impactful.

Diversification strategies

Boxes are colored by the frequency of the reaction:  
<5% is red,  between 5-10% is yellow and larger than 10% is green. Patterns suggests discordance between drug discovery stages.

Hydroxylation can for example provide im-
proved activity, selectivity, solubility and li-
pophilicity. Reduction in lipophilicity can 
improve metabolic clearance, although in-
creased rates of Phase II metabolism (e.g. 
glucuronidation) can occur. Quite a few 
chemical and biochemical  hydroxylation 
methods are emerging.

Tactic 1: Hydroxylation
Strategic methylation can produce com-
pounds with pronounced improvements in 
activity, safety and DMPK properties. 
New late stage methylation methods with 
regio- or stereochemical control could have 
great utility for this purpose.

Tactic 2: Methylation
Aromatic fluorination is a common strategy 
to reduce metabolic liabilities and improve 
biological activity.  The fluorine can serve to  
blocks C-H “hot-spots” susceptible to P450 
oxidation. Aliphatic fluorines can reduce lipo-
philicity, modulate the pKa of ionisable cen-
ters and add conformational rigidity to struc-
tures.

Tactic 3: Fluorination
The ubiquity of nitrogen heterocycles in drug 
molecules reflects their importance in molec-
ular recognition and property modulation.5 
New methods compatible with the presence 
of aromatic nitrogens in intermediates, en-
ables the production of diverse and function-
alized hydrophilic compounds.

Tactic 4: Necessary nitrogens
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1. Medicinal

A small number of synthetic reactions comprise a large percentage of the reactions used in medicinal chemistry programs.1 Expanding the medicinal chemistry synthetic toolbox 
with new synthetic methodologies facilitates the production of structurally diverse and functionalized compounds, and encourages a mind-set change from ”what one can make” to 
efficiently making the right compound at the right time.It also improves scalability from milligrams to hundreds of kilograms for production purposes.

Cost, environmental impact and ready scalability can also influence a chemist’s choice of 
reactions.

The poster is available for download as part of the 
following publication: Boström, J, Brown, D. G, Young, 
R. J., Keseru, G. M. ”Expanding the medicinal 
chemistry synthetic toolbox”, Nature Reviews Drug 
Discovery, 2018. 
https://www.nature.com/articles/nrd.2018.116
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In drug discovery “robust reactions” are reproducible chemical transformations with the fol-
lowing characteristics: 
• Provide structures relevant for drug discovery
• Technically straightforward (no special equipment needed)
• Moderately sensitive to reaction parameters
• Broad applicability (also with polar substrates)
• Broad availability of starting materials and reagents 
• Broad functional group tolerance including polar functionalities
• Time for delivery of the target compounds is reasonably short 
• Simple operational procedure (minimal training and support)
• Low-risk reagents to comply with often onerous local safety rules.

The eight most frequently used1 robust reactions2 are shown to the right. The relative abun-
dancies of each reaction are shown in numbers, accordingly (from the right  up to left down):
GVK bioactive products,3 2014 medicinal chemistry literature,1 pharma patents,4  array syn-
theses,5 lead optimization6 and process chemistry applications7

What are robust reactions?
Robust late stage functionalization (LSF) can be a very useful drug design strategy.  Although 
similar molecules often show similar properties, small changes can lead to profound influence 
on activity and properties.8,9  Strategic hydroxylation,10 fluorination,11 methylation12 and intro-
duction of “necessary nitrogens” 13,14  are examples where further synthetic innovation can 
be highly impactful.
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Boxes are colored by the frequency of the reaction:  
<5% is red,  between 5-10% is yellow and larger than 10% is green. Patterns suggests discordance between drug discovery stages.

Hydroxylation can for example provide im-
proved activity, selectivity, solubility and li-
pophilicity. Reduction in lipophilicity can 
improve metabolic clearance, although in-
creased rates of Phase II metabolism (e.g. 
glucuronidation) can occur. Quite a few 
chemical and biochemical  hydroxylation 
methods are emerging.

Tactic 1: Hydroxylation
Strategic methylation can produce com-
pounds with pronounced improvements in 
activity, safety and DMPK properties. 
New late stage methylation methods with 
regio- or stereochemical control could have 
great utility for this purpose.

Tactic 2: Methylation
Aromatic fluorination is a common strategy 
to reduce metabolic liabilities and improve 
biological activity.  The fluorine can serve to  
blocks C-H “hot-spots” susceptible to P450 
oxidation. Aliphatic fluorines can reduce lipo-
philicity, modulate the pKa of ionisable cen-
ters and add conformational rigidity to struc-
tures.

Tactic 3: Fluorination
The ubiquity of nitrogen heterocycles in drug 
molecules reflects their importance in molec-
ular recognition and property modulation.5 
New methods compatible with the presence 
of aromatic nitrogens in intermediates, en-
ables the production of diverse and function-
alized hydrophilic compounds.

Tactic 4: Necessary nitrogens

Amide	formation	
GVK	Bio	active	freq.	
	
													28.7%	

Literature	freq.	
	
								50.4%	

Patent	freq.	
	
						15.2%	

				Array	freq.	
	

17%	
together	with	sulfonamides	

		Lead	opt.	freq.	
	

16%	

			Process	freq.	
	

7.9%	

Suzuki-Miyaura	reaction	
GVK	Bio	active	freq.	
	

	8%	

Literature	freq.	
	
								22.4%	

Patent	freq.	
	
							9.1%	

					Array	freq.	
	

22%	

		Lead	opt.	freq.	
	

4.6%	

		Process	freq.	
	

1.2%	

Reductive	amination	
GVK	Bio	active	freq.	
	
													14.1%	

Literature	freq.	
	
							15.2%	

		Patent	freq.	
	
								7.5%	

				Array	freq.	
	

NA	

		Lead	opt.	freq.	
	

5.3%	

			Process	freq.	
	

2.1%	

Sulfonamide	formation	
GVK	Bio	active	freq.	
	
													0.5%	

Literature	freq.	
							
						12.8%	

			Patent	freq.	
	
								7.8%	

				Array	freq.	
	

17%	
together	with	amides	

		Lead	opt.	freq.	
	

2.2%	

			Process	freq.	
	

1.1%	

Williamson	ether	synthesis	
GVK	Bio	active	freq.	
	
															3.2%	

Literature	freq.	
							
							<12.8%	

Patent	freq.	
	
					10.4%	

Array	freq.	
	

<17%	

Lead	opt.	freq.	
	

4.3%	

Process	freq.	
	
								5.2%	

Wittig	reaction	
GVK	Bio	active	freq.	
	
													1.3%	

Literature	freq.	
	
								9.6%	

Patent	freq.	
	
								1.8%	

Array	freq.	
	

<1%	

Lead	opt.	freq.	
	

0.5%	

Process	freq.	
	
									NA	

Sonogashira	coupling	
GVK	Bio	active	freq.	
	
														0.4%	

Literature	freq.	
	
									9.6%	

				Patent	freq.	
	

7.8%	

Array	freq.	
	

<17%	

Lead	opt.	freq.	
	

2.1%	

Process	freq.	
	

<1.3%	

Buchwald-Hartwig	reaction	
GVK	Bio	active	freq.	
	
													13.1%	

Literature	freq.	
	
								8.0%	

Patent	freq.	
									
								17.2%	

				Array	freq.	
	

<17%	

Lead	opt.	freq.	
	

11.6%	

Process	freq.	
	
								5.7%	

References:
1. Brown, D. G., Boström, J. J. Med. Chem. 59, 4443–4458 (2016). 2. Hartenfeller, M.; Eberle, M.; Meier, P.; Nieto-Oberhuber, C.; Altmann, K.-H.; Schneider, G.; Jacoby, E.; Renner, S. J. Chem. Inf. Model. 51, 3093–3098 (2011). 3. Hartenfeller, M., Eberle, M., Meier, P., Nieto-Oberhuber, C., Altmann, K.H., Schnei-
der, G., Jacoby, E., Renner, S. J. Chem. Inf. Model. 52, 1167–1178 (2012). 4. Schneider, N., Lowe, D. M., Sayle, R. A., Tarselli, M. A., Landrum, G. A. J. Med. Chem. 59, 4385−4402 (2016). 5. Cooper, T.W., Campbell, I.B., Macdonald, S.J .Angew. Chem. 49, 8082 – 8091 (2010). 6. Roughley, S.D. & Jordan, A. M. 
J. Med. Chem. 54, 3451−3479 (2011). 7. Carey, J.S., Laffan, D., Thomson, C., Williams, M.T. Org. Biomol. Chem. 4, 2337–2347 (2006). 8. Hann, M. M. & Keseru, G. M. Nat. Rev. Drug Discov. 11, 355-365 (2012). 9. Blakemore, D.C., Castro, L., Churcher, I., Rees, D.C., Thomas, A.E., Wilson, D.M., Wood, A. Nat. 
Chem. doi.org/10.1038/s41557-018-0021-z (2018). 10. 5. Cusack, K.P., Koolman, H.F., Lange, U.E., Peltier, H.M ., Piel, I., Vasudevan, A. Bioorg. Med. Chem. Lett. 23, 5471-5483 (2013). 11. Schonherr, H.; Cernak, T. Angew. Chem. Int. Ed. 52, 12256-12267 (2013). 12. Gillis, E. P., Eastman, K. J., Hill, MDonnelly, 
D. J. & Meanwell, N. A. J. Med. Chem. 58, 8315-8359 (2015). 13. Pennington, L. D. & Moustakas, D. T. J. Med. Chem. 60, 3552-3579, (2017). 14. Young, R. J. & Leeson, P. D. J. Med. Chem. in press, doi:10.1021/acs.jmedchem.8b00180 (2018) 

 and

1. Medicinal

A small number of synthetic reactions comprise a large percentage of the reactions used in medicinal chemistry programs.1 Expanding the medicinal chemistry synthetic toolbox 
with new synthetic methodologies facilitates the production of structurally diverse and functionalized compounds, and encourages a mind-set change from ”what one can make” to 
efficiently making the right compound at the right time.It also improves scalability from milligrams to hundreds of kilograms for production purposes.

Cost, environmental impact and ready scalability can also influence a chemist’s choice of 
reactions.

The poster is available for download as part of the 
following publication: Boström, J, Brown, D. G, Young, 
R. J., Keseru, G. M. ”Expanding the medicinal 
chemistry synthetic toolbox”, Nature Reviews Drug 
Discovery, 2018. 
https://www.nature.com/articles/nrd.2018.116

Expanding the medicinal chemistry
synthetic toolbox
Jonas Boström,1 Dean G. Brown,2 Robert J. Young3 and György M. Keserú4

Chemistry, CVRM IMED Biotech Unit, AstraZeneca, Gothenburg, Sweden, 2 Hit Discovery, Discovery Sciences, IMED Biotech Unit, Waltham, AstraZeneca, USA, 3 NCE-Medicinal Chemistry, GlaxoSmithKline R&D, Stevenage, 4 Medicinal
 Chemistry

 
Research Group, Research Center for Natural Sciences, Hungarian Academy of Sciences, Budapest, Hungary

In drug discovery “robust reactions” are reproducible chemical transformations with the fol-
lowing characteristics: 
• Provide structures relevant for drug discovery
• Technically straightforward (no special equipment needed)
• Moderately sensitive to reaction parameters
• Broad applicability (also with polar substrates)
• Broad availability of starting materials and reagents 
• Broad functional group tolerance including polar functionalities
• Time for delivery of the target compounds is reasonably short 
• Simple operational procedure (minimal training and support)
• Low-risk reagents to comply with often onerous local safety rules.

The eight most frequently used1 robust reactions2 are shown to the right. The relative abun-
dancies of each reaction are shown in numbers, accordingly (from the right  up to left down):
GVK bioactive products,3 2014 medicinal chemistry literature,1 pharma patents,4  array syn-
theses,5 lead optimization6 and process chemistry applications7

What are robust reactions?
Robust late stage functionalization (LSF) can be a very useful drug design strategy.  Although 
similar molecules often show similar properties, small changes can lead to profound influence 
on activity and properties.8,9  Strategic hydroxylation,10 fluorination,11 methylation12 and intro-
duction of “necessary nitrogens” 13,14  are examples where further synthetic innovation can 
be highly impactful.

Diversification strategies

Boxes are colored by the frequency of the reaction:  
<5% is red,  between 5-10% is yellow and larger than 10% is green. Patterns suggests discordance between drug discovery stages.

Hydroxylation can for example provide im-
proved activity, selectivity, solubility and li-
pophilicity. Reduction in lipophilicity can 
improve metabolic clearance, although in-
creased rates of Phase II metabolism (e.g. 
glucuronidation) can occur. Quite a few 
chemical and biochemical  hydroxylation 
methods are emerging.

Tactic 1: Hydroxylation
Strategic methylation can produce com-
pounds with pronounced improvements in 
activity, safety and DMPK properties. 
New late stage methylation methods with 
regio- or stereochemical control could have 
great utility for this purpose.

Tactic 2: Methylation
Aromatic fluorination is a common strategy 
to reduce metabolic liabilities and improve 
biological activity.  The fluorine can serve to  
blocks C-H “hot-spots” susceptible to P450 
oxidation. Aliphatic fluorines can reduce lipo-
philicity, modulate the pKa of ionisable cen-
ters and add conformational rigidity to struc-
tures.

Tactic 3: Fluorination
The ubiquity of nitrogen heterocycles in drug 
molecules reflects their importance in molec-
ular recognition and property modulation.5 
New methods compatible with the presence 
of aromatic nitrogens in intermediates, en-
ables the production of diverse and function-
alized hydrophilic compounds.

Tactic 4: Necessary nitrogens

Amide	formation	
GVK	Bio	active	freq.	
	
													28.7%	

Literature	freq.	
	
								50.4%	

Patent	freq.	
	
						15.2%	

				Array	freq.	
	

17%	
together	with	sulfonamides	

		Lead	opt.	freq.	
	

16%	

			Process	freq.	
	

7.9%	

Suzuki-Miyaura	reaction	
GVK	Bio	active	freq.	
	

	8%	

Literature	freq.	
	
								22.4%	

Patent	freq.	
	
							9.1%	

					Array	freq.	
	

22%	

		Lead	opt.	freq.	
	

4.6%	

		Process	freq.	
	

1.2%	

Reductive	amination	
GVK	Bio	active	freq.	
	
													14.1%	

Literature	freq.	
	
							15.2%	

		Patent	freq.	
	
								7.5%	

				Array	freq.	
	

NA	

		Lead	opt.	freq.	
	

5.3%	

			Process	freq.	
	

2.1%	

Sulfonamide	formation	
GVK	Bio	active	freq.	
	
													0.5%	

Literature	freq.	
							
						12.8%	

			Patent	freq.	
	
								7.8%	

				Array	freq.	
	

17%	
together	with	amides	

		Lead	opt.	freq.	
	

2.2%	

			Process	freq.	
	

1.1%	

Williamson	ether	synthesis	
GVK	Bio	active	freq.	
	
															3.2%	

Literature	freq.	
							
							<12.8%	

Patent	freq.	
	
					10.4%	

Array	freq.	
	

<17%	

Lead	opt.	freq.	
	

4.3%	

Process	freq.	
	
								5.2%	

Wittig	reaction	
GVK	Bio	active	freq.	
	
													1.3%	

Literature	freq.	
	
								9.6%	

Patent	freq.	
	
								1.8%	

Array	freq.	
	

<1%	

Lead	opt.	freq.	
	

0.5%	

Process	freq.	
	
									NA	

Sonogashira	coupling	
GVK	Bio	active	freq.	
	
														0.4%	

Literature	freq.	
	
									9.6%	

				Patent	freq.	
	

7.8%	

Array	freq.	
	

<17%	

Lead	opt.	freq.	
	

2.1%	

Process	freq.	
	

<1.3%	

Buchwald-Hartwig	reaction	
GVK	Bio	active	freq.	
	
													13.1%	

Literature	freq.	
	
								8.0%	

Patent	freq.	
									
								17.2%	

				Array	freq.	
	

<17%	

Lead	opt.	freq.	
	

11.6%	

Process	freq.	
	
								5.7%	

References:
1. Brown, D. G., Boström, J. J. Med. Chem. 59, 4443–4458 (2016). 2. Hartenfeller, M.; Eberle, M.; Meier, P.; Nieto-Oberhuber, C.; Altmann, K.-H.; Schneider, G.; Jacoby, E.; Renner, S. J. Chem. Inf. Model. 51, 3093–3098 (2011). 3. Hartenfeller, M., Eberle, M., Meier, P., Nieto-Oberhuber, C., Altmann, K.H., Schnei-
der, G., Jacoby, E., Renner, S. J. Chem. Inf. Model. 52, 1167–1178 (2012). 4. Schneider, N., Lowe, D. M., Sayle, R. A., Tarselli, M. A., Landrum, G. A. J. Med. Chem. 59, 4385−4402 (2016). 5. Cooper, T.W., Campbell, I.B., Macdonald, S.J .Angew. Chem. 49, 8082 – 8091 (2010). 6. Roughley, S.D. & Jordan, A. M. 
J. Med. Chem. 54, 3451−3479 (2011). 7. Carey, J.S., Laffan, D., Thomson, C., Williams, M.T. Org. Biomol. Chem. 4, 2337–2347 (2006). 8. Hann, M. M. & Keseru, G. M. Nat. Rev. Drug Discov. 11, 355-365 (2012). 9. Blakemore, D.C., Castro, L., Churcher, I., Rees, D.C., Thomas, A.E., Wilson, D.M., Wood, A. Nat. 
Chem. doi.org/10.1038/s41557-018-0021-z (2018). 10. 5. Cusack, K.P., Koolman, H.F., Lange, U.E., Peltier, H.M ., Piel, I., Vasudevan, A. Bioorg. Med. Chem. Lett. 23, 5471-5483 (2013). 11. Schonherr, H.; Cernak, T. Angew. Chem. Int. Ed. 52, 12256-12267 (2013). 12. Gillis, E. P., Eastman, K. J., Hill, MDonnelly, 
D. J. & Meanwell, N. A. J. Med. Chem. 58, 8315-8359 (2015). 13. Pennington, L. D. & Moustakas, D. T. J. Med. Chem. 60, 3552-3579, (2017). 14. Young, R. J. & Leeson, P. D. J. Med. Chem. in press, doi:10.1021/acs.jmedchem.8b00180 (2018) 

 and

1. Medicinal

A small number of synthetic reactions comprise a large percentage of the reactions used in medicinal chemistry programs.1 Expanding the medicinal chemistry synthetic toolbox 
with new synthetic methodologies facilitates the production of structurally diverse and functionalized compounds, and encourages a mind-set change from ”what one can make” to 
efficiently making the right compound at the right time.It also improves scalability from milligrams to hundreds of kilograms for production purposes.

Cost, environmental impact and ready scalability can also influence a chemist’s choice of 
reactions.

The poster is available for download as part of the 
following publication: Boström, J, Brown, D. G, Young, 
R. J., Keseru, G. M. ”Expanding the medicinal 
chemistry synthetic toolbox”, Nature Reviews Drug 
Discovery, 2018. 
https://www.nature.com/articles/nrd.2018.116

SUPPLEMENTARY INFORMATION

NATURE REVIEWS | DRUG DISCOVERY 	 www.nature.com/nrd


