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Bioisosteres in Drug Design – “Escape from Flatland”



 Isosteres – molecules (or ions) with same number of atoms and valence electrons (Langmuir, 1919)
 e.g. O2-, F-, Ne

 Grimm’s (1925) hydride displacement law: “atoms anywhere up to 4 places before an inert gas […] 
unite with one to four hydrogen atoms […] resulting combinations are similar…” 
 each column is a group of isosteres

 Erlenmeyer (1932) redefined isosteres as atoms/ions/molecules in which the “peripheral” electrons 
are equivalent

Thornber, C. W. Chem. Soc. Rev. 1979, 8, 563-580
Meanwell, N. A. J. Med. Chem. 2011, 54, 2529-2591

Isosteres – A Brief Introduction



 Bioisosterism – coined by Harris Friedman in 1950
 all atoms and molecules that were isosteres but also exhibited similar biological activity
 near-equal shapes/volumes, affect the same pharmacological target
 e.g. 

 Bioisosteres have been used to impart different size, electronic distribution, lipophilicity, molecular 
recognition, etc.

Thornber, C. W. Chem. Soc. Rev. 1979, 8, 563-580
Meanwell, N. A. J. Med. Chem. 2011, 54, 2529-2591

Bioisosteres



 Bioisosteres sorted into classical or non-classical bioisosteres

Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147-3176

Classification of Bioisosteres

 Classical bioisosteres – generally outlined by 
Grimm and Erlenmeyer’s definitions

I. monovalent atoms or groups
II. divalent atoms or groups
III. trivalent atoms or groups
IV. tetrasubstituted atoms
V. ring equivalents

 Non-classical bioisosteres – don’t obey steric 
and electronic definition of classical isosteres

I. rings vs noncyclic structures
II. exchangeable groups
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Gouverneur, G. et al. Chem. Soc. Rev. 2007, 37, 320-330

Classical Bioisosteres

I. monovalent atoms or groups
F vs. H

incorporating F has allowed a range of properties to be modulated

 perturbation of pKa – modifies binding affinity, impacts bioavailability

 modulates lipophilicity – monofluorination/trifluoromethylation decreases, aromatic 
fluorination, perfluorination, or fluorination adjacent to π bonds increases 

 improve metabolic stability by blocking oxidative processes (e.g. cytochrome P450), 
hydrolytic processes, or preventing racemization



Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147-3176

I. monovalent atoms or groups
F vs. H

just a single swap of H to F inhibits thymidylate synthase

Classical Bioisosteres



Hartman, G. D. et al. J. Med. Chem. 2008, 51, 4239-4252

I. monovalent atoms or groups
F vs. H

Classical Bioisosteres
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Merck’s initial hit of this kinesin spindle protein (KSP) inhibitor displayed high potency 
but high affinity for the hERG ion channel (linked to a fatal heart condition)

replacing one of the H with an axial F led to increased potency and poor affinity for 
hERG, also showed better activity towards some cancer cells than paclitaxel



I. monovalent atoms or groups
D vs. H

Classical Bioisosteres

 can exploit KIE to elucidate metabolic pathways

 strategic replacement of D at sites of H-atom abstraction can impede metabolism 
and/or reduce toxicity

O-demethylation and N-demethylation are the major metabolic pathways, deuteration 
reduces in vitro rate of metabolism by 50%! 

Meanwell, N. J. Med. Chem. 2011, 54, 2529-2591



I. monovalent atoms or groups
D vs. H

Classical Bioisosteres

 can exploit KIE to elucidate metabolic pathways

 strategic replacement of D at sites of H-atom abstraction can impede metabolism 
and/or reduce toxicity

Miwa, G. T. et al. Toxicol. Appl. Pharmacol. 2000, 169, 102-113



I. monovalent atoms or groups
D vs. H

Classical Bioisosteres

 can exploit KIE to elucidate metabolic pathways

 strategic replacement of D at sites of H-atom abstraction can impede metabolism 
and/or reduce toxicity

Miwa, G. T. et al. Toxicol. Appl. Pharmacol. 2000, 169, 102-113
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Dupont found replacing propargylic H with D reduced formation of cyclopropylcarbinol – reduced 
nephrotoxicity of efavirenz

slow



I. monovalent atoms or groups
hydroxyl vs. amino groups

similar in size, H-bonding capabilities (donor/acceptor), and spatial arrangement

differ in heterocyclic tautomeric forms

Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147-3176
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Classical Bioisosteres



Kelley, J.; et al. J. Med. Chem. 1989, 32, 1020-1024

I. monovalent atoms or groups
hydroxyl vs. amino groups

similar in size, H-bonding capabilities (donor/acceptor), and spatial arrangement

IC50 (μM)                       0.9                                                  1.2  

benzodiazepine binding affinity increased only slightly – sometimes bioisosteric
replacement retains pharmacological activity  

Classical Bioisosteres



I. monovalent atoms or groups
hydroxyl vs. thiol groups 

similar in H-bonding capabilities (donor/acceptor), but differs in size and electronegativity

calcium channel blocking activity of 1,4-dihydropyrimidines

Atwal, K. S. et al. J. Med. Chem. 1990, 33, 2629-2635

IC50 (nM)van der Waal’s
radius (Å)

X

1401.40OH

1601.50NH2

171.85SH

Classical Bioisosteres



Bonnet, P. A.; Robins, R. K.  J. Med. Chem. 1993, 36, 635-653

II.     divalent atoms or groups
replacements involving double bonds

% total 
survivors

X

83S

67O

58Se

specifically for molecules unable to tautomerize

purine nucleoside analogues against Semliki forest virus in mice

Classical Bioisosteres



Walsh, D. A. et al. J. Med. Chem. 1989, 32, 105-118.

II.     divalent atoms or groups
replacements involving two single bonds

bond angle and/or conformation play a bigger role for these bioisosteres

A.H. Robins (now part of Pfizer) found O analogue had a boost to anti-allergy activity – attributed to EN

Passive foot 
anaphylaxis assay 

10 mg/kg

Bond 
angle 
(deg)

Electro-
negativity

X

+++108.03.51O

+112.02.32S

+111.52.27CH2

+111.02.61NH

Classical Bioisosteres



Counsell, R. E. et al. J. Med. Chem. 1962, 5, 720-729

III.     trivalent atoms or groups

 substituting 20,25-C for N turns cholesterol into a potent inhibitor of cholesterol biosynthesis

 favorable interaction of cationic 25-N and anionic site on HMG-CoA receptor
 20-N competes with cholesterol for cytochrome C P450

 two-fold reduction of cholesterol synthesis! 

Classical Bioisosteres



Shudo, K. et al. J. Med. Chem. 1990, 33, 1430-1437

IV.     tetrasubstituted atoms 

tetraubstituted Si and Ge atoms have similar hydrophobicity but have different electronic/sterics than C

substituting C for Si/Ge in these retinobenzoic acid led to similar differentiation of leukemia (HL-60) cells

ED50 (M)R2R1

3.6 × 10-8tButBu

3.0 × 10-8trimethylsilyltrimethylsilyl

4.2 × 10-8trimethylgermanyltrimethylgermanyl

Classical Bioisosteres



Bioorg. Med. Chem. Lett. 1995, 5, 941-944
Rapoport, H. et al. J. Med. Chem. 1989, 32, 1322-1326

V. ring equivalents
divalent rings

trivalent rings

these indane derivatives exhibit similar inhibitory activity for dopamine β-hydroxylase (important for adrenaline 
biosynthesis)

carbamate analogue of pilocarpine is equipotent
prevents epimerization (which deactivates pilocarpine), less susceptible to hydrolysis 

Ki (mM)X
1.12CH2

0.65O

0.4NH

Classical Bioisosteres
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Non-Classical Bioisosteres

Macchia, B. et al. J. Med. Chem. 1990, 33, 1423-1430

I.      rings vs. noncyclic structures

methyleneaminoxy methyl as bioisostere of aryl / other aromatic groups

substituting the aryl acetic acid for this bioisostere gave the same anti-inflammatory activity!



I.      rings vs. noncyclic structures

medicinal agents with esters can be rendered labile due to the esterases in our bodies

replacing the ester in acreoline with heterocycles have produced potent muscarinic agonists

can conformationally restrict molecules to probe pharmacological activity, cyclic bioisosteres can be used

Krogsgaard-Larsen, P. et al. J. Neurochem. 1978, 32, 1717-1724

Non-Classical Bioisosteres

bioisosteres of 4-aminobutanoic acid (GABA) allowed for its 
receptors to be characterized – helpful to develop further agonists for 

the GABA receptors!



Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147-3176

Non-Classical Bioisosteres

DuPont and Merck found that substituting carboxylic acid with the tetrazole led to a 10-fold increase in potency as an 
angiotensin II receptor antagonist, leading to the discovery of losartan
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IC50 = 200 nM IC50 = 19 nM
losartan

I.      rings vs. noncyclic structures



Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147-3176

examples include:

sulfonates and phosphates are more hydrophilic than carboxylate and 100% ionized at physiological pH

thiourea bioisosteres

cimetidine found to be twice as active as metiamide as inhibitor of gastric acid secretion!

Non-Classical Bioisosteres

II.      exchangeable groups 



II.      exchangeable groups
CF2 as a C=O bioisostere

Dubowchik, G. M. Org. Lett. 2001, 3, 3987-3990

Non-Classical Bioisosteres

ketones and aldehydes low prevalence in drugs due to chemical reactivity (oxidation/reduction in vivo)

BMS found substituting the ketone for CF2 gave similar potency as FKBP12 inhibitor (can cause immunosuppression)

V-10367



II.      exchangeable groups
CF2 as a C=O bioisostere

Non-Classical Bioisosteres

 X-ray of the CF2 analogue found one C-F has an electrostatic interaction with the Tyr26 residue in FKBP12

 the other C-F interacts with a hydrogen of the aryl ring of a Phe36 residue

Dubowchik, G. M. Org. Lett. 2001, 3, 3987-3990



II.      exchangeable groups
amide bond bioisosteres

Trippier, P. C. et al. J. Med. Chem. 2020, 63, 12290-12358

Non-Classical Bioisosteres

the amide bond can be enzymatically very labile in vivo – bioisosteres to improve metabolic stability are of great interest

one example is the triazole

 1,4-disubstituted has been much more widespread than the 1,5-disubstituted

 easily made via Cu-catalyzed azide-alkyne cycloaddition click chemistry!

 triazole is resistant to cleavage by proteases, oxidation, or hydrolysis

H-bond acceptor

H-bond donor



II.      exchangeable groups
amide bond bioisosteres

Non-Classical Bioisosteres

vismodegib was approved in 2012 by the FDA to treat basal-cell sarcoma, but patients developed bad side effects and 
resistance 

a library of triazole derivatives were tested and some very potent analogues were found

HMEC-1 IC50 (μM):               41                                           9.6                                          0.62

Passerella, D. et al. ChemPlusChem. 2015, 80, 938-943



Lovering, F. L.; Bikker, J.; Humblet, C.. J. Med. Chem. 2009, 52, 6752-6756

Turn Towards Modern Bioisosteres – Escape from Flatland

 Lovering (2009) posited saturation could be a factor to predict a drug’s success
 saturation allows more chemical space to be accessed without increasing molecular weight significantly

 increased sp3 character could increase receptor/ligand affinity, improve potency/selectivity

 reducing aromatic moieties could improve solubility 

 to measure a drug’s saturation:

𝐹𝑠𝑝 =
# 𝑜𝑓 𝑠𝑝  𝑐𝑎𝑟𝑏𝑜𝑛𝑠

𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑢𝑛𝑡



Lovering, F. L.; Bikker, J.; Humblet, C.. J. Med. Chem. 2009, 52, 6752-6756

Saturation – Helpful or Not?

 they found a 31% increase of Fsp3 (0.36 => 0.47) between discovery and drugs
 steady increase across the phases as well!

 also found that solubility correlated positively with Fsp3, while melting point correlated negatively
 high melting point compounds have worse oral bioavailability



Subbaiah, M. A. M.; Meanwell, N. A. J. Med. Chem. 2021, 64, 14046-14128
Gunyadin, H.; Bartberger, M. D. J. Med. Chem. 2016, 7, 341-344

Saturated Bioisosteres

Phenyl ring – a ubiquitous component in drugs (~45% of small molecule drugs) 

 diverse range of interactions with biological targets

 π-π face-to-face or edge-to-face stacking, π-amide stacking, association with sulfide of methionine, etc.

 mutually interdependent electronic effects of the ring and its substituents – can better optimize drug-

target interactions, physicochemical parameters, etc.

 ease of synthetic introduction of aromatic rings

However, Gunyadin and Bartberger found from matched molecular pair (MMP) analysis that cyclohexyl 

and phenyl rings can interact similarly with side chain/aromatic residues of proteins

Additionally, toxicological issues can arise with phenyl rings



Subbaiah, M. A. M.; Meanwell, N. A. J. Med. Chem. 2021, 64, 14046-14128

Saturated Bioisosteres

all the red intermediates can be covalently intercepted by biological nucleophiles (i.e. DNA) and could thus 

block biological function! 



Subbaiah, M. A. M.; Meanwell, N. A. J. Med. Chem. 2021, 64, 14046-14128
Gunyadin, H.; Bartberger, M. D. J. Med. Chem. 2016, 7, 341-344
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Subbaiah, M. A. M.; Meanwell, N. A. J. Med. Chem. 2021, 64, 14046-14128
Gunyadin, H.; Bartberger, M. D. J. Med. Chem. 2016, 7, 341-344

Saturated Bioisosteres

Phenyl ring – a ubiquitous component in drugs (~45% of small molecule drugs) 

 diverse range of interactions with biological targets

 π-π face-to-face or edge-to-face stacking, π-amide stacking, association with sulfide of methionine, etc.

 mutually interdependent electronic effects of the ring and its substituents – can better optimize drug-

target interactions, physicochemical parameters, etc.

 ease of synthetic introduction of aromatic rings

However, Gunyadin and Bartberger found that from matched molecular pair (MMP) analysis found that 

cyclohexyl and phenyl rings can interact similarly with side chain/aromatic residues of proteins

Additionally, toxicological issues can arise with phenyl rings

Leads to the movement of “escaping from flatland” – develop more sp3-enriched systems



OPRD. 2013, 17, 1503-1509

Saturated Bioisosteres

thus, sp3-enriched bioisosteres of the phenyl rings have been developed such as cubane

Tsanaktsidis (2013) developed a kilogram-scale synthesis of cubane



Cubane Functionalization

J. Med. Chem. 2019, 62, 1078-1095



Cubane Functionalization

J. Med. Chem. 2019, 62, 1078-1095



J. Med. Chem. 2019, 62, 1078-1095

Cubanes in Drug Design

 Cubane as a terminal phenyl bioisostere

 Cubane as a 1,4-disubstituted benzene isostere

cubane analogue of vorinostat had similar inhibitory activity, but less toxicity against non-cancer cells

2-fold activity towards larval Tribolium castaneum (red flour beetle)



J. Med. Chem. 2012, 55, 7472-7479

Saturated Bioisosteres

 Cyclohexane can also serve as a saturated bioisostere

Novartis found an initial hit, NVP-ABE171, but it exhibited poor aqueous solubility and unreproducible pharmacokinetics 

cyclohexane analogue had better bioavailability and minimized negative side effects in human clinical trials



J. Med. Chem. 2020, 63, 12526-12541

Saturated Bioisosteres

 Other saturated heterocycles can work as well

Biogen identified the initial hit with promising Bruton’s tyrosine kinase (BTK) inhibition

tBu group increased potency but decreased ligand lipophilic efficiency (LLE)

optimization campaign with saturated heterocycles led to BIIB068, increased potency, LLE, and solubility



J. Med. Chem. 2020, 63, 12526-12541
Pellicciari, R. et al. J. Med. Chem. 1996, 39, 2874-2876

Saturated Bioisosteres

 Bicyclo[1.1.1]pentanes have been greatly explored as a phenyl bioisostere

 1,3-disubstituted BCPs are considered para substituted arene bioisosteres

 Pellicciari (1996) reported BCP analogues of carboxyphenylglycines, which serve as metabotropic 
glutamate receptor antagonists



1,3-Bicyclo[1.1.1]Pentane Synthesis

Pellicciari, R. et al. J. Med. Chem. 1996, 39, 2874-2876



1,3-Bicyclo[1.1.1]Pentane Synthesis
Selected Examples

Gleason, J. L. et al. Org. Lett. 2019, 21, 6800-6804
Aggarwal, V. K. et al. Angew. Chem. Int. Ed. 2020, 59, 3917-3921

 via aminoalkylation of [1.1.1]-propellane – Gleason (2019)

 via 1,2-metallate rearrangements of BCP-boronate complexes – Aggarwal (2020)



1,3-Bicyclo[1.1.1]Pentane Synthesis
Selected Examples

MacMillan, D. W. C. et al. Nature. 2020, 580, 220-226
Anderson, E. A. et al. ACS Cat. 2019, 9, 9568-9574

 via metallaphotoredox conditions – MacMillan (2020)

 via photoredox conditions – Anderson (2019)



Bicyclo[1.1.1]Pentane Functionalization
Selected Examples

Davies, H. M. L. et al. Nat. Cat. 2020, 3, 351-357
Hartwig, J. F. et al. Nat. Chem. 2023, 

 C-H functionalization – Davies (2020)

 C-H borylation – Hartwig (2023)



[1.1.1]-BCPs in Drug Design

installing the [1.1.1]bicyclopentane (BCP) led to increased passive permeability and aqueous solubility

reservatrol not well studied due to poor bioavailability despite its excellent anticancer, antidiabetic, and other properties

installing the BCP improved solubility, enhanced metabolic stability, and improved in vivo PK profile

Adsool, V. A. ACS. Med. Chem. Lett. 2017, 8, 516-520



[1.1.1]-BCPs in Drug Design

indoleamine-2,3-dioxygenase (IDO1)  – enzyme that upregulates tumors and promotes immune evasion

Merck found an initial hit for IDO1 inhibition, but exhibited poor PK profile and metabolic stability

meta-chloro benzamide easily cleaved; aniline could potentially be toxic

circumvented by installing the BCP, which retained the potency

Pu, Q. ACS Med. Chem. Lett. 2020, 11, 1548-1554



Saturated Bioisosteres

 What about bioisosteres for ortho or meta substituted phenyl rings?
 ~100 drugs with ortho substitution and ~70 drugs with meta substitution

Mykhailiuk, P. K. Org. Biomol. Chem. 2019, 17, 2839-2850



Saturated Bioisosteres

 What about bioisosteres for ortho or meta substituted phenyl rings?
 ~100 drugs with ortho substitution and ~70 drugs with meta substitution

Mykhailiuk, P. K. Org. Biomol. Chem. 2019, 17, 2839-2850
Hartwig, J. F. et al. Nat. Chem. 2023
MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2023, 145, 3092-3100

 C-H borylation of (hetero)bicyclo[2.1.1]-hexanes 

– Hartwig (2023)
 C-H bromination – MacMillan (2023)



MacMillan, D. W. C. et al. Nature. 2023

Saturated Bioisosteres

 1,3-disubstituted cubanes



MacMillan, D. W. C. et al. Nature. 2023

Saturated Bioisosteres

 1,2-disubstituted cubanes



Anderson, E. A. et al. Nature. 2022, 611, 721-733

Saturated Bioisosteres

 functionalizing [3.1.1]-propellane to give [3.1.1]heptanes– Anderson (2022)



MacMillan, D. W. C. et al. Nature. 2023

Ortho/Meta Phenyl Bioisosteres in Drug Design

 limited examples (for cubane/BCP/BCH) medicinal chemistry as methods are only recently being 

developed for ortho/meta phenyl bioisosteres

Merck found the 1,2 BCP-derivative of telmisartan retained its potency and improved solubility



Ortho/Meta Phenyl Bioisosteres in Drug Design

 limited examples (for cubane/BCP/BCH) medicinal chemistry as methods are only recently being 

developed for ortho/meta phenyl bioisosteres

Abbvie found the BCH-sonidegib showed reduced clearance rates in mouse and human liver microsomes and better 

membrane permeability

Anderson, E. A. et al. Nature. 2022, 611, 721-733



Overall Takeaways

 A large multitude of bioisosteres exist that medicinal chemists can exploit to control a plethora of 

properties of drugs: lipophilicity, aqueous solubility, metabolic stability, in vivo PK profile, etc.
 utilizing bioisosteres can also help probe metabolic pathways and thus contribute to SAR studies

 Growing interest in the synthetic community (and the pharmaceutical industry) to expand the toolbox to 

easily test different analogues of initial hits with different bioisosteres

 As more methods to develop facile routes to bioisosteres (especially the saturated ones), drug 

discovery will be accelerated!

thanks for listening!


