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1. INTRODUCTION

The concept of isosterism between relatively simple chemical
entities was originally contemplated by James Moir in 1909, a
notion further refined by H. G. Grimm’s hydride displacement
law and captured more effectively in the ideas advanced by Irving
Langmuir based on experimental observations.1-3 Langmuir
coined the term “isostere” and, 18 years in advance of its actual
isolation and characterization, predicted that the physical prop-
erties of the then unknown ketene would resemble those of
diazomethane.3 The emergence of bioisosteres as structurally
distinct compounds recognized similarly by biological systems
has its origins in a series of studies published byHans Erlenmeyer
in the 1930s, who extended earlier work conducted by Karl
Landsteiner. Erlenmeyer showed that antibodies were unable to
discriminate between phenyl and thienyl rings or O, NH, and
CH2 in the context of artificial antigens derived by reacting
diazonium ions with proteins, a process that derivatized the ortho
position of tyrosine, as summarized in Figure 11,2,4,5 The term
“bioisostere” was introduced by Harris Friedman in 1950 who
defined it as compounds eliciting a similar biological effect while
recognizing that compounds may be isosteric but not necessarily
bioisosteric.6 This notion anticipates that the application of bio-
isosterism will depend on context, relying much less on physi-
cochemical properties as the underlying principle for biochem-
ical mimicry. Bioisosteres are typically less than exact structural
mimetics and are often more alike in biological rather than
physical properties. Thus, an effective bioisostere for one
biochemical application may not translate to another setting,
necessitating the careful selection and tailoring of an isostere for a
specific circumstance. Consequently, the design of bioisosteres
frequently introduces structural changes that can be beneficial or
deleterious depending on the context, with size, shape, electronic
distribution, polarizability, dipole, polarity, lipophilicity, and pKa

potentially playing key contributing roles in molecular recogni-
tion and mimicry. In the contemporary practice of medicinal
chemistry, the development and application of bioisosteres have
been adopted as a fundamental tactical approach useful to
address a number of aspects associated with the design and
development of drug candidates.1,2,7-13 The established utility of
bioisosteres is broad in nature, extending to improving potency,
enhancing selectivity, altering physical properties, reducing or
redirecting metabolism, eliminating or modifying toxicophores,
and acquiring novel intellectual property. In this Perspective,
some contemporary themes exploring the role of isosteres in
drug design are sampled, with an emphasis placed on tactical
applications designed to solve the kinds of problems that impinge
on compound optimization and the long-term success of drug

candidates. Interesting concepts that may have been poorly
effective in the context examined are captured, since the ideas
may have merit in alternative circumstances. A comprehensive
cataloging of bioisosteres is beyond the scope of what will be
provided, although a synopsis of relevant isosteres of a particular
functionality is summarized in a succinct fashion in several
sections. Isosterism has also found productive application in
the design and optimization of organocatalysts, and there are
several examples in which functional mimicry established ini-
tially in a medicinal chemistry setting has been adopted by this
community.14

2. CLASSICAL AND NONCLASSICAL BIOISOSTERES

Classical bioisosteres represent the results of an early
appreciation of the concept and encompass structurally sim-
ple, mono-, di-, and trivalent atoms or groups and ring equi-
valents that are summarized in the upper half of Table 1.2 In
contrast, nonclassical bioisosteres extend the concept to
structural elements that offer a more subtle and sophisticated
form of biochemical mimicry, relying upon functionality
that can differ quite substantially in electronic, physicochem-
ical, steric, and topological representation from that being
emulated.2

3. RECENT APPLICATIONS OF ISOSTERES IN DRUG
DESIGN

3.1. Isosteres of Hydrogen. 3.1.1. Deuterium as an Isostere of
Hydrogen. Substituting a H atom by D represents the most

Figure 1
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conservative example of bioisosterism given the similarities
between the two isotopes, but there are circumstances in drug
design where this change can offer a significant advantage.
The differences in physical chemical properties between H
and D are small but measurable: D is slightly less lipophilic than
H, Δ log Poct =-0.006;15 the molar volume of D is smaller than
H by 0.140 cm3/mol per atom; and C-D bonds are shorter than
C-H bonds by 0.005 Å. The progressive deuteration of alkanes
commensurately reduces lipophilicity, which can be measured by
reduced affinity for hydrophobic surfaces,16 an effect that has
been utilized to resolve enantiomers possessing chirality
engendered only by virtue of H/D isotopic substitution.17

Incorporation of a D atom slightly increases the basicity of
amines in a nonadditive fashion that shows dependence on
stereochemical disposition,18-20 while the acidity of phenols
and carboxylic acids is decreased by up to 0.031 pK units per
D atom.21 Representative data are captured numerically in
Table 2.18-21

3.1.2. Deuterium Substitution to Modulate Metabolism. In-
termolecular interactions between drug molecules and proteins
are also altered by D/H exchange, although the effect is usually
modest and dependent on the site of incorporation, particularly
with respect to heteroatoms.22 Nevertheless, measurable
effects have been observed, as exemplified by the deuteration
of the cGMP phosphodiesterase V inhibitor sildenafil which
affects enzyme inhibitory selectivity by 2- to 5-fold.23 The
primary use of D as an isostere of H in drug discovery has
historically focused on taking advantage of the kinetic isotope
effect (KIE) to assist in the elucidation of metabolic pathways
of drug molecules.24-26 However, an appreciation of the KIE
has led to a heightened awareness that deuteration can be a

useful strategy to improve the pharmacokinetic properties of
drug candidates when incorported at sites relevant to meta-
bolic modification and the first clinical studies with deuterated
analogues of known drugs have recently been initiated.27-29

The KIE for D typically ranges from 1- to 7-fold, depending on
the circumstance, although calculations suggest a 7- to 10-fold
effect and it can be as high as 16-fold.30 Consequently, the
strategic deployment of D at sites of metabolism where H
atom abstraction is the rate determining step can impede
metabolism and redirect metabolic pathways, the latter a
potentially useful approach to reducing toxicicty.25,26 SD-
254 (1) is a deuterated form of venlafaxine, the first dual
serotonin/norepinephrine reuptake inhibitor to be approved
for the treatment of depression, that incorporates deuterium
at the primary metabolic sites.31 Venlafaxine is subject to
O-demethylation as the major metabolic pathway, with N-de-
methylation playing a secondary role, and is a substrate of the
polymorphic enzymes CYP 2D6 and 2C19.31,32 Deuteration
reduces the rate of metabolism of 1 in vitro by 50%, and early
clinical studies indicate increased exposure of the parent drug,
reduced exposure of the O-demethyl metabolite, and less
variability in the ratio of the O-demethyl metabolite to parent
drug.33 CTP-347 (2), a deuterated version of the antidepres-
sant paroxetine,34,35 relieves the mechanism-based inhibition
of CYP 2D6 in vitro associated with the methylenedioxy
moiety36,37 and preserves enzyme function in normal healthy
volunteers following oral dosing.35

3.1.3. Deuterium Substitution To Modulate Metabolism and
Toxicity. Perdeuteration of the allylic methyl groups of pule-
gone (3) attenuated the hepatotoxicity seen in mice with
the protio analogue, attributed to a reduction in the extent
of CYP 450-mediated allylic oxidation to 4, a precursor to

Table 1. Classical and Nonclassical Bioisosteres

classical bioisosteres

monovalent bioisosteres

D and H
F and H
NH and OH
RSH and ROH
F, OH, NH2 and CH3

Cl, Br, SH and OH
C and Si

bivalent biososteres in which two single

bonds are affected
CdC, CdN, CdO, CdS
-CH2-, -NH-, -O-, -S-
RCOR0 , RCONHR0 , RCOOR0 , RCOSR0

trivalent bioisosteres in which three

bonds are affected
R3CH, R3N
R4C, R4Si, R4N

þ

alkene, imine
-CHdCH-, -S-
-CHd and -NdC

nonclassical bioisosteres

are structurally distinct, usually comprise different number of atoms and
exhibit different steric and electronic properties compared to the
functionality being emulated

have been divided into two subgroups:2

1. cyclic and noncyclic isosteres
2. exchangeable group isosterism in which the properties of discrete
functional elements are emulated

Table 2. Representative Examples of the Effect of
Deuteration on the Basicity of Amines and on the Acidity
of Carboxylic Acids
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the furan metabolite 6 that undergoes further metabolic
activation to the species that appears to be the ultimate source
of hepatotoxicity.25

The HIV-1 non-nucleside reverse transcriptase inhibitor
(NNRTI) efavirenz (7) is subject to a complex and unique
metabolic pathway in rats that ultimately affords the nephrotoxic
glutathione-derived conjugate 11. The introduction of deuter-
ium at the labile propargylic site reduced the formation of
cyclopropylcarbinol 9 in vivo, reflected in lowered excretion of
11 in urine and a reduction in both the incidence and severity of
nephrotoxicity.38

3.1.4. Deuterium to Slow Epimerization. An interesting
application of the deuterium isotope effect has been described
for the mechanism-based HCV NS3 protease inhibitor telapre-
vir (12).39 The (S)-R-ketoamide in 12 readily racemizes at
higher pH and, most notably, in human plasma to afford the(R)-
diastereomer, which exhibits 30-fold weaker biological activity
(Figure 2). The (R)-diastereomer of 12 is the primary metabo-
lite in vivo, accounting for 40% of the drug concentration after
oral dosing. Deuteration at the labile center affordedD-12which
exhibited aKi of 20 nM, comparable to that of H-12,Ki = 44 nM,
and showed increased stability toward racemization in rat, dog,
and human plasma compared to the protio form (Table 3). In
human plasma, the deuterated analogue of 12 produced only
10% of the epimer over 1 h compared to 35% for the protio
version of 12. In rat plasma, the increase in stability was more
modest but the effect translated into a 13% increase in the AUC
for the deuterated compound compared to 12 following oral
administration to rats and the clearance pathway was not
dominated by racemization.39

3.1.5. Fluorine as an Isostere of Hydrogen. The unique
properties of fluorine have led to its widespread application
in drug design as an isostere for hydrogen, since incorpora-
tion of this halogen can productively modulate a range of
properties of interest to medicinal chemists.40-46 A survey of
293 pairs of molecules in the Roche compound collection that
differed only by a F-for-H exchange revealed that the average
lipophilicity (logD) increased by 0.25 log units, reflecting the
π coefficient of 0.14 measured for F.41 Perhaps not surpris-
ingly, the histogram of the results exhibited a Gaussian
distribution; however, the tail of the plot extended below

zero, indicating that in some structural environments, sub-
stitution of H by F reduced the overall lipophilicity of a
molecule. A closer inspection of these compounds revealed
recurring structural themes, with the observation that in all cases
there was a low energy conformation in which the Fwas proximal to
an O atom, with an F to O distance of <3.1 Å. The most prominent
structural fragments are summarized in Figure 3. However, the
origin of the effect is not understood and has been attributed to
either an overall increase in polarity, leading to a gain in solvation
energy in polar compared to nonpolar medium, or the F-induced
polarization of the proximal O atom, leading to stronger H-bonds in
a polar solvent.41

3.1.6. Fluorine for Hydrogen Exchange To Modulate Meta-
bolism. Early applications of the exchange of H by F focused
on the regiospecific deployment of fluorine to interfere with
metabolic processes, a tactic that relies on the powerful electron
withdrawing properties of F and the strength of the C-F bond
which, at approximately 108 kcal/mol, is the strongest known
betweenC and any other atom.40-46 This renders the C-F bond
chemically inert under most biological conditions, although
metabolic activation of fluoroacetic acid47 and sorivudine (5-
fluorouracil)48 are notable exceptions. Fluorine also increases the
strength of adjacentC-F,C-O, andC-Cbonds but interestingly

Figure 2

Table 3. Stability of Deuterated 12 toward Racemization in
Vitro in Buffer and Plasma

kinetic isotope effect (kH/kD)

medium

initial relative rate
of epimerizaton of

H-12 1 μM 10 μM

buffer, pH 7.4 1 5 6

rat plasma 1.0-1.5 7 7

dog plasma 1.4-3.4 4 6

human plasma >8 >5 >5

Figure 3. Fluorine-containing fragments associated with increased
hydrophilicity compared to the hydrogen-substituted analogues.
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does not exert much influence on the strength of proximal C-H
bonds.
The introduction of two fluorine atoms into the cholesterol

absorption inhibitor 13 was a critical step toward increased
metabolic stability, ultimately optimized in the context of

ezetemibe (14), marketed as Zetia.41,49 In contrast, the fluori-
nated cyclooxygenase inhibitor 15 is the close analogue of a
compound that exhibited an undesirably long half life of 221 h in
vivo in the rat, precipitating examination of the CH3 moiety as a
replacement for the F atom as a means of introducing a
metabolic soft spot, a prelude to the identification of celecoxib
(16).41,50

A CF3 substituent introduced to replace a CH3 bound at the
5-position of a 1,2,4-oxadiazole ring provided a consistent
increase in global metabolic stability in a series of picornavirus
entry inhibitors that resulted in the identification of pleconaril
(17), a compound advanced into clinical evaluation.51 The origin
of this effect is not well understood but has been observed with
other molecules,52-54 although in the case of 17 the effect was
not unique to CF3, since cyclopropyl, CHF2, OEt, and CONH2

also increased metabolic stability in vitro while interestingly
CH2CHF2 and CH2CF3 did not.51

Substituting O-CH2-O with O-CF2-O in benzo[d]-
[1,3]dioxole derivatives interferes with cytochrome P-450-
mediated metabolic activation of this naturally prevalent
moiety to a carbene, a process associated with the formation
of problematic CYP 450 metabolic intermediate complexes
(MI complexes).36 A productive example is provided by the
favorable in vivo performance of the camptothecin derivative
18 following administration of the prodrug 19, with the
O-CF2-O moiety introduced to enhance metabolic stability.55

A similar tactic has been explored as an approach to reducing
metabolism of methylenedioxymethamphetamine (20,
MDMA), better known as ecstasy, a drug of abuse. The difluoro

analogue 21 was prepared as a tool to probe the role of
metabolism in the psychopharmacology and neurotoxicity asso-
ciated with the use of 20, although detailed biological studies that
would validate the concept have not been reported.56

3.1.7. Deploying Fluorine To Modulate Basicity in KSP
Inhibitors. The high electronegativity of F reduces the basicity
of proximal amines while increasing the acidity of acids (data
summarized quantitatively in Table 4).43 The strategic deploy-
ment of a fluorine atom to modulate basicity was probed in the
context of inhibitors of kinesin spindle protein (KSP), a family
of motor proteins that represents a novel mechanistic target for
the treatment of taxane-refractory solid tumors.57 Optimization
of a dihydropyrrole-based series of KSP inhibitors identified 22
as an advanced molecule in which the CH2OH moiety was
introduced to diminish hERG binding.57 Variation of the
piperidine N-substituent focused on those reducing basicity
to a pKa in the range 6.5-8.0, which had been determined
experimentally to reduce PgP efflux in a tumor cell line. The N-
cyclopropyl moiety found in 22 aligned basicity in the targeted
range but conferred time-dependent CYP P450 inhibition, a
phenomenon well-known with cyclopropylamines.58 A fluor-
oethyl substituent performed similarly, but 23 was dealkylated
in rat liver microsomes (RLM) as the major metabolic pathway
to afford 24 and fluoroacetaldehyde, which was oxidized to
fluoroacetic acid. The toxicological effects observed in vivo
were consistent with release of fluoroacetic acid, a highly toxic
substance that enters the tricarboxylic acid cycle and irrever-
sibly inhibits the enzyme aconitase.47,59 An effective solution
was found by deploying the F substituent in the piperidine ring
where the effect on pKa was dependent on stereochemical
disposition. In the trans analogue 26, the F adopts an equatorial
position that leads to a 2 log10 reduction in basicity from pKa =
8.8 to pKa = 6.6. In contrast, in the cis isomer 25 the F is
disposed axially, expected on the basis of the substituent A
values and confirmed by X-ray crystallography, producing a
more modest 1.2 log10 effect on basicity, pKa = 7.6. This
compound, MK-0731 (25), was subsequently advanced into
clinical trials.57

Table 4. Effect of Introduction of Proximal F Atoms on the
Basicity of Amines and the Acidity of Carboxylic Acids

amine pKa acid pKa

CH3CH2NH3
þ 10.7 CH3CO2H 4.76

CH2FCH2NH3
þ 9.0 CH2FCO2H 2.66

CHF2CH2NH3
þ 7.3 CHF2CO2H 1.24

CF3CH2NH3
þ 5.7 CF3CO2H 0.23
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3.1.8. Substitution of Hydrogen by Fluorine as a Strategy for
Influencing Conformation. As a consequence of the high elec-
tronegativity of F, the C-F bond is the most polarized in organic
chemistry, producing a large dipole (1.85 D for methyl fluoride)
that can influence conformational bias via intramolecular electro-
static interactions with other dipolar bonds, including CdO and
C-F moieties.46 For example, R-fluorinated carbonyl derivatives
favor a conformation in which the C-F and CdO bonds adopt a
trans orientation to align the dipoles in an antiperiplanar, 180�
topology, a preference that correlates with the strength of the
carbonyl dipole, as summarized in Table 5.46,59-62

The energetics of interaction of a wide range of substituents
common in drug design with the C-F moiety in 2-substituted
fluoroethane have been calculated using density functional theory
(DFT) in order to quantitatively assess the influence of this gauche
effect on conformational preferences.46,63-66 The data are summar-
ized in Table 6, which includes the authors’ comments attributing the
underlying source of the interaction, a function of either positive
electrostatic interactions between F and X, a productive hyperconju-
gationbetween theσ* of theC-ForC-Xbond and theC-Hbond
on the adjacent atom, or a repulsion between the electronegative F
andX substituents.63 ForNH3

þ, OCHO,NO2,NHCHO, F,N3, and
NdCdO, polarization leads to a productive σ(C-H)f σ*(C-X)
interaction that further stabilizes the gauche conformation.63

This preference of a fluorine atom to favor a gauche conformation
with an adjacent substituent has been exploited in drug design in a
striking example that illuminated aspects of biological recognition in
the context of the neurotransmitter γ-aminobutyric acid (27,
GABA).67 The two enantiomers of 3-fluoro-GABA, (R)-3-F-GABA
(28) and (S)-3-F-GABA (29), were synthesized, an isosteric sub-
stitution that reduced the basicity of the amine while increasing the
acidity of the acid, as would be anticipated (pKa’s of 28 and 29 = 8.95
and 3.30; pKa’s of27=10.35 and 4.05) (Figure 4).However,fluorine
substitution preserved the zwitterionic nature of the molecule at
neutral pHand an extended conformationwas found topredominate
in solution by 1H NMR analysis, favored by the gauche interaction

Table 5. Calculated Conformational Preferences for
R-Fluorocarbonyl Derivatives

Table 6. Calculated Energy Differences between the gauche and anti Conformers of F-CH2-CH2-X

X

Δ energy

gauche-anti

(kcal/mol) B3LYP

Δ energy

gauche-anti

(kcal/mol) M05-2X

preferred

conformer

difference in dipole

between the gauche and

anti conformers (D) underlying interaction

-NH3
þ -6.65 -7.37 strong gauche Not applicable electrostatic F δ- and NH3

þ δþ

-O-CdO.H -1.40 -2.18 strong gauche 4.94 electrostatic C-F δ- and CdO C δþ

-NO2 -1.22 -1.12 strong gauche 4.42 antiparallel δ-FC-H and N δþ-O δ-; F δ- and N

-NHCdO.H -1.00 -1.12 strong gauche 4.53 electrostatic C-F δ- and N δþ

-F -0.82 -0.66 strong gauche 3.02 σC(F)-H to σ*C-F

-N3 -0.76 -1.21 strong gauche 3.42 electrostatic C-F δ- and central N δþ

-NdCdO -0.74 -1.06 strong gauche 3.97 electrostatic C-F δ- and CdO C δþ

-CHNH -0.25 -0.65 strong gauche 3.62

-CHCCH2 -0.19 -0.34 weak gauche 2.00

-CH3 -0.18 -0.35 weak gauche 2.11

-CHCH2 -0.01 -0.17 weak gauche 1.95

-CtN 0.64 -0.64 strong anti 4.68 p orbital repulsion

-CHO 0.84 -1.20 strong anti 3.82 p orbital repulsion and antiparallel dipole:

CdOδ- 3 3 3δ
þHCF δ-

-CtCH 0.98 -1.03 strong anti 2.18 p orbital repulsion

Figure 4. Coformational preferences for 28 and 29.

Figure 5. Preferred conformation of benzyl fluoride.
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between F and NH3
þ (Figure 4).67 Each enantiomer interacted

similarly with the GABAA receptor, but the (S)-isomer 29
exhibited higher affinity for GABA transaminase than the (R)-
isomer 28. This led to the conclusion that the extended
conformer B in Figure 4 is recognized by the GABAA receptor
but conformer A, in which the NH3

þ and acid are in a gauche
relationship and which is disfavored in the (R)-isomer 28, is
recognized by the transaminase.67

An additional consequence of the highly polarized C-F bond is a
low lying σ*C-F antibonding orbital that is available for hyperconju-
gative interactions and that can also influence conformational
preferences.46,63,68 This orbital is available to stereoelectronically
aligned donor orbitals, including C-H and π bonds as well as O
and N lone pairs, all of which have been shown to contribute to the
stabilization of select conformations.46,63 For example, the modestly
preferred (∼0.4 kcalmol-1) conformationof benzylfluoride projects
the C-F bond orthogonal to the aryl ring, stabilized by donation of
electron density from the aryl π-orbital into the σ*C-F antibonding
orbital, as depicted in Figure 5.69 The conformational preferences of
vicinal fluoroalkanes provides another interesting opportunity to
exploit the effects of replacing H by F, taking advantage of the
preference for fluorines on adjacent carbons to adopt a gauche
relationship. This approach to conformational bias is based on
stabilization by a combination of favorable dipole-dipole, electro-
static, steric, and hyperconjugative interactions (Table 6).46,63,70-72

The replacement of a hydrogen atom that is in proximity to an
amide NH with a fluorine has been shown to result in interesting
effects on biological properties in several systems. In these examples,
the preference for an antiperiplanar alignment of dipoles is augmen-
ted by a productive interaction between the NH and F atoms, a
relationship that has been described as electrostatic in nature rather
than a trueH-bond. An appreciation of this effect formed the basis of
an attempt to elucidate the conformational preferences of capsaicin
(30) when bound to the transient receptor potential vanilloid 1
(TRPV1) receptor.73 The enantiomers of R-fluorocapsaicin (31)
were synthesized in optically pure form, with the trans conformation
depicted in Figure 6 calculated to be favored by 6 kcalmol-1 over the
gauche conformation and by 8 kcal mol-1 over the cis conformation,
stabilized by the C-F/CdO dipole and an electrostatic interaction
between F(δ-) and NH (δþ). This preference would influence the
topographical projection of the alkylene side chain of the individual
enantiomers, providing a potential opportunity to assess any subtle-
ties with respect to the preferred conformation of 30 at the receptor,
as depicted in Figure 7. However, the study was not definitive, since
both enantiomers of 31 performed similarly as agonists at the
TRPV1 receptor, suggesting that the bound conformation is an
extended form readily accessible to both enantiomers.73

3.1.8. Fluorine/Hydrogen Exchange To Modulate Potency. It
is well-documented that the judicious substitution of H by F can exert
substantial effects on potency.40,74-76 In the quinolone series of
antibacterial gyrase inhibitors represented by 32, a F substituent at

C-6 improves potency by 2- to 7-fold, measured as binding to the
enzyme, increases cell penetrationup to70-fold, reducesplasmaprotein
binding, and improves the pharmacokinetic profile.40,74 In the oxazo-
lidinone antibacterial class, a strategically deployed F atom increases
potency and efficacy in vivo and is incorporated into the marketed
compound linezolid (33).40,75 For inhibitors of HIV-1 attachment,
compounds that interfere with the interaction between viral gp120 and
host cell CD4, the 4-fluoroindole 35 exhibits a more than 50-fold
increased potency compared to the unsubstituted 34, although in this
particular example Cl and Br also led to improved potency.76

3.1.9. Fluorine/Hydrogen Exchange To Influence Membrane
Permeability. In two structurally related series of anilide-based
factor Xa inhibitors, a F for H exchange ortho to the NH im-
proves Caco-2 cell permeability (data compiled in Table 7).77,78

This effect may be due to an electrostatic interaction between
the C-Fδ- and N-Hδþ that effectively masks the H-bond, a
contention supported by the inability of the linear nitrile to exert
a similar effect in the aminobenzisoxazole series.
A fluorine atom proximal to an amide N-H is a motif found in a

number of kinase inhibitors where a similar effect may be operative,
since oral exposure is often improved, although without the appro-
priate data it cannot be concluded that this is simply a function of
improved membrane penetration. Two examples culled from the
literature include the matched pair of F-associated kinase inhibitors
36 and 3779 and the multitargeted kinase inhibitors 38 and 39.80

In addition to the anilide motif presented in Table 7 and depicted
as motif A in Figure 8, a fluorine atom ortho to a benzamide
(Figure 8, motif B) is a commonly occurring structural element,
offering a potentially similar electrostatic interactive effect. Although
thismight be anticipated to be a somewhat weaker interaction, itmay
nevertheless be sufficient to mask the NH and improve membrane

Figure 7. Preferred conformation of 31 and the implication for side
chain projection in the two enantiomers.

Figure 6. Conformational preferences of 2-fluoro-N-methylpropanamide.
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permeability, and this constellation of functionality is represented in
several clinically advanced molecules. Prominent examples include
ZD-9331 (40), a fluorinated analogue of methotrexate that shows
activity toward ovarian cancer cells resistant to classical thymidylate
synthase inhibitors,81 and the antiandrogen MDV-3100 (41), cur-
rently in phase 3 clinical trials for the treatment of castration-resistant
prostate cancer.82,83 The latter exhibits excellent PK, with the
implication that the F has a positive impact, although there are no
specific data on the PK properties of the protio analogue presented
that would allow direct comparison.

3.2. Isosteres of Carbon and Alkyl Moieties. 3.2.1. CH2, O,
and S Isosterism. The comparative properties of the classical
bivalent isosteres CH2, O, and S are summarized in Table 8, which
reveals both notable similarities and some marked differences that
have the potential to be influential in exercises in drug design.

3.2.2. CH2/O Isosterism in PGI2 Mimetics. Prostacyclin (42,
PGI2) is a naturally occurring arachidonic acid metabolite that is
both a potent inhibitor of blood platelet aggregation and
vasodilator but that is chemically unstable as a result of the
hydrolytically sensitive enol ether moiety. Replacing the ether O
atom of 42 with CH2 resolved the hydrolytic lability while
modifying the β-side chain restored potency, affording iloprost
(43) as a PGI2 mimetic with a profile similar to that of the natural
compound.84 Compound 43 is orally bioavailable in humans but
has a biological T1/2 of only 20-30 min, with β-oxidation of the
carboxylic acid moiety identified as the primary metabolic path-
way. This process proceeds through the CoA ester which is
dehydrogenated prior to theMichael addition of water, a reaction
pathway that can be interrupted by several tactical struc-
tural modifications including R- and/or β-disubstitution or the
introduction of a heteroatom to replace the β-carbon.85 The
latter approach, in conjunction with further manipulation of
the β-side chain, was pursued to realize cicaprost (44), a molecule
that demonstrated hypotensive activity in rats lasting 2-3 times
longer than 43.84

3.2.3. CH2/O Isosterism in Non-Prostaonid PGI2 Mimetics.
An interesting effect of CH2/O isosterism was reported in a series of
lipophilic carboxylic acid derivatives that function as partial agonists
at the PGI2 receptor and that are effective inhibitors of blood platelet
aggregation in vitro in platelet-rich plasma.86,87 The series originated
with the discovery that octimibate (45) is a PGI2 receptor partial
agonist, a molecule optimized to afford BMY-45778 (48) via the

Table 7. Caco-2 Permeability for Two Related Series of
Factor Xa Inhibitors

Table 8. Comparison of the Physical Properties of O, CH2,
and S

Figure 8. Fluorinated acetanilide and benzamide motifs.
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intermediacy of the simpler diphenyloxazoles 46 and BMY-42393
(47), part of a progression leading to the elucidation of pharmaco-
phore topography.86 A systematic survey of the effects of inter-
changing CH2 and O in both two-atom linker elements of 47,
summarized in Table 9, revealed that a OCH2CO2H terminus was
>10-fold superior to the analogous CH2CH2CO2H (compare 47
with 49 and 51with 52), while the trans acrylic acid moiety found in
50 and 53 exhibited equivalent-fold to-10-fold inferior potency to the
OCH2CO2H analogues 47 and 51.87 Thus, the presence of atoms
able to interact with the π system improves potency over the simple
CH2CH2 linker element. This result may be understood in the
context of the preferred conformations adopted by these moieties,
summarized in Figure 9, that directs some cautionwhen contemplat-
ing the introduction of heteroatoms as CH2 isosteres when these are
directly attached to π systems.87-91

Both the OCH2CO2H (Figure 9A) and trans CHdCH-CO2H
(Figure 9B) moieties preferentially adopt a coplanar arrangementwith
the phenyl ring, a consequence of interaction between the lone pair on
oxygen and the π-system of the aromatic ring or the π-system of the
olefin and the phenyl ring, sufficient to surmount A1,3 strain in the
latter.88-93 In examples in theCambridge StructuralDatabase (CSD),
Ar-O-CH2 angles are distorted just 2-20� from the plane of the
aromatic ring and 30/32 anisole derivatives in the CSD exhibit a
dihedral angle of 6( 6� and a C-C-O angle of 124�, indicative of
significant rehybridization to accommodate the lone pair-π
interactions.89 In contrast, the CH2CH2CO2H moiety preferentially
adopts a projection orthogonal to the Ph ring in order to avoid A1,3

strain with the ortho hydrogen atoms (Figure 9C).93 Interestingly, in
this PGI2 mimetic series the effect of exchange of CH2 and O at the
oxazole-CH2-CH2-Ar juncture is muted, perhaps because this is
sufficiently remote from the carboxylic acid terminus and in a region
where structural variation may be more readily accommodated
(Table 9).87

An example inwhichCH2/Oexchange had an opposing effect on
potency occurred in the series of EP3 receptor antagonists 54-59
compiled in Table 10.94 PGE2 acts through several GPCRs, and the
EP3 receptor subtype is of importance in the regulation of ion
transport, GI smooth muscle contraction, acid secretion, uterine
contraction during fertilization and implantation, fever generation,
and PGE2-mediated hyperalgesia. In the selective EP3 receptor
antagonists 54-59, potency was highly sensitive to the identity of
the linker atom between the naphthalene and phenyl rings, with
CH2 (54) optimal and both S (56) and SO2 (58) acting as useful
surrogates. However, an oxygen atom linker (55) led to an
almost 150-fold erosion in potency, attributed to conforma-
tional effects that restrict the optimal topographical deploy-
ment of the naphthalene ring.94 Interestingly, the marked
serum effect noted was subsequently reduced by modification
of the substitution pattern of the thiophene ring.
3.2.4. Silicon as an Isostere of Carbon
A Comparison of the Properties of Silicon and Carbon.

Silicon has been probed as an isostere of carbon in the context of
a number of bioactive molecules, and several compounds have
been advanced into clinical studies, while the antifungal flusila-
zole (60) and pyrethroid insecticide silafluofen (61) are silicon-
containing molecules with broad commercial application in
agriculture.95-99 The use of silicon as an isostere of carbon
ranges from the simple, structurally benign replacement of an
alkyl moiety by trialkylsilyl to the more sophisticated design of
silanediol (Si(OH)2) as a transition state mimetic in protease
inhibitors and the application of Si-OH as a replacement for
C-OH in circumstances where this may offer a specific
advantage. The metabolism of silicon-containing molecules
appears to follow predictable pathways, with the suscept-
ibility of Si dealkylation similar to that of more conventional
heteroatoms, and no unusual Si-related toxicities have been
identified to date.

Table 9. Structure-Activity Relationships for Blood
Platelet Aggregation Inhibition in Platelet-Rich Plasma
by a Series of Non-Prostanoid PGI2 Mimetics

Figure 9. Preferred conformations of phenoxyacetic, cinnamic, and
β-phenylpropionic acid derivatives.

Table 10. Structure-Activity Relationships for a Series EP3
Receptor Antagonists
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The properties of Si and C are compared in Table 11 where the
most notable differences are the increased covalent radius of Si, 50%
larger than for C, the 20% longer C-Si bond length, and the higher
lipophilicity of Si derivatives. The two atoms also demonstrate some
complementarity in both physical properties and chemical stability
when bound to heteroatoms, properties that can be exploited in drug
design, as illustrated below with select examples from the literature.
3.2.5. Silicon in p38RMAP Kinase Inhibitors. The substitution

of a tert-butyl moiety in the p38Rmitogen-activated protein (MAP)
kinase inhibitor doramapimod (62, BIRB-796) by a trimethylsilane
is an effective example of a straightforward bioisosteric substitution
of a silicon for a carbon atom.99The Si-for-C switch slightly increased
the pKa of the morpholine N atom, atypically reduced overall
lipophilicity, and had no significant effect on metabolic stability
(data summarized in Table 12). In a mouse model of LPS-induced
TNFR release, sila-BIRB-796 (63) exhibited efficacy comparable to
that of the progenitor following an oral dose of 10 mpk.99

3.2.6. Silicon as a Carbon Isostere in Biogenic Amine Re-
uptake Inhibitors. The dual serotonin and noradrenaline reup-
take inhibitor venlafaxine (64), marketed as the racemic mixture
(Effexor) for the treatment of depression, provided an interesting
opportunity to deploy Si as a C isostere in a more strategic fashion
designed to influence biological and physical properties.100-102

The essential properties of racemic sila-venlafaxine (65) and the
resolved enantiomers are compared with the analogous carbon
compounds in Table 13, data that reveal somemarked differences.

Although log P, logD, and the pKa of 64 and 65 are similar,
racemic 64 is a potent inhibitor of SERT/NET, (S)-64 is 100-fold
selective for SERT over NET, whereas (R)-64 is a more balanced
SERT and NET inhibitor.100-102 Compound 65 retains NET and
DAT but sacrifices SERT, while (R)-65 is much less potent, with
no selectivity for SERT and DAT but 10-fold selective for NET.
Thus, the in vitro profiles of the individual forms of 65 are quite
different from the carbon analogues. (R)-65 expresses antiemetic
activity in rats following oral dosing of 5 mpk.

3.2.7. Silicon as a Carbon Isostere in Haloperidol. The
tertiary alcohol of the dopamine D2 antagonist haloperidol
(66, Table 14), a clinically useful antipsychotic agent, is
associated with a problematic metabolic pathway that was
recognized as an opportunity to demonstrate the potential of
the analogous silanol 67 to mitigate a potential toxicity
issue.103 Compound 67 is slightly more basic than 66 and
exhibits modest changes in receptor affinity that amplify the
dopamine D2 selectivity (data compiled in Table 14). The
other properties reported for the two molecules are very
similar with the exception that 67 is a 3-fold more potent
inhibitor of CYP 3A4 than 66.
Compound 66 is metabolized in part by dehydration of

the tertiary alcohol to afford 68 which is readily oxidized
to the pyridinium 69, a neurotoxin related to the pyridinium
derived from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) that is suspected as a source of parkinsonism in the
clinic (Figure 10).104 It was anticipated that 67 would not
be subject to an analogous metabolic pathway to produce 70
and 71 because CdSi bonds are inherently unstable.103 Indeed,
the metabolism of 67 in HLM, elucidated by MS, is quite
different from haloperidol, with no dehydration of the silanol
moiety observed, as predicted (Figure 11).103,105 The major
metabolic pathways for 67 involve hydroxylative ring-opening of
the sila-piperidine ring, a pathway not observed with 66, in
addition to N-dealkylation. Interestingly, the silanol moiety was
not subject to glucuronidation, a significant metabolic path-
way for 66, leading to the suggestion that the silanol functionality
may offer an opportunity to introduce a hydrophilic element
resistant to this phase II metabolic modification.105 More
recently, the sila analogue 79 of the related dopamine D2

Table 11. Comparison of Key Physical Parameters Associated with Carbon and Silicon

carbon silicon

covalent radius 77 pm 117 pm

bond length C-C is 1.54 Å Si-C is 1.87 Å

electronegativity 2.50 1.74, more electropositive than C, N, O

lipophilicity Ph-t-Bu: cLogP = 3.97 Ph-Si(CH3)3: cLogP = 4.72

bond stability C-H stable Si-H labile particularly under basic conditions

C-O-C stable Si-O-C hydrolytically sensitive

C-OH stable Si-OH stable but liable to condensation; usually more acidic than C-OH

C-N stable Si-N hydrolyses under acidic conditions

CdC and CtC stable SidSi and SitSi are unstable

Table 12. Comparative in Vitro Data for the p38R
Mitogen-Activated Protein (MAP) Kinase Inhibitor 62 and
the Silicon Analogue 63

62 63

pKa 1.9, 6.4 2.3, 6.3

log P 5.2 4.7

logD (pH 7.4) 5.1 4.7

IC50 (nM) 55 64

HLM (% turnover after 40 min) 79 62
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antagonist trifluperidol (78) has been profiled to show that the
silicon switch reduced affinity for D2 receptors by 10-fold with

minimal effect on D1 binding, reducing the D2/D1 selectivity of
79 to 3-fold.106

3.2.8. Silicon/Carbon Isosterism in Retinoids. The silicon
analogues of two retinoid X receptor (RXR) activators, SR-
11237 (80) and its indane-based homologue 81, were compared
with the corresponding disila derivatives 82 and 83, respec-
tively.107,108 In this study, the two ring sizes were probed based
on an appreciation of the increased C-Si bond lengths com-
pared to C-C.While the disilane 82 exhibited a slight advantage
over the carbon analogue 80, the disilaindane analogue 83 was
found to be a 10-fold more potent RXR activator than the carbon
analogue 81, providing the first demonstration of increased
potency for a silicon switch. An X-ray cocrystal structure revealed
additional interactions between 83 and helices 7 and 11 in the
RXR protein, providing a potential explanation for the observed
potency differences.107,108

3.2.9. Silicon/Carbon Exchange in Protease Inhibitors. Sie-
burth has pioneered the exploration and application of silane
diols as potentially chemically stable transition statemimetics of a
hydrated carbonyl moiety in protease inhibitor design.109 Car-
bonyl hydration is typically disfavored in the absence of activa-
tion by powerful electron withdrawing groups, whereas the
silanediol moiety offers diametrically complementary properties,
since it will dehydrate only under forcing conditions (Figure 12).
Synthetic access to target molecules had to be developed in order
to probe these transition state mimetics, and there was concern a
priori that the target molecules may be chemically unstable be-
cause the simple homologue MeSi(OH)2Me readily polymerizes
into siloxane, a process known to decrease in rate as the size of the
organic group increases.109

Table 13. Comparison of the Properties of Racemic 65 and the Resolved Enantiomers with the Analogous Carbon Compounds

rac-venlafaxine (64) (R)-venlafaxine (S)-venlafaxine rac-sila-venlafaxine (65) (R)-sila-venlafaxine (S)-sila-venlafaxine

SERT IC50 (μM) 0.020 0.030 0.007 1.063 3.168 0.791

NET IC50 (μM) 0.149 0.061 0.754 0.109 0.251 4.715

DAT IC50 (μM) 4.430 19.600 6.670 2.630 5.270 36.35

pKa 9.7 9.7

log P 3.13 3.21

logD (pH 7.4) 0.88 0.92

Table 14. Comparative in Vitro Data for 66 and 67

Figure 10. Metabolism of 66 compared with the analogous sila
analogue 67.

Figure 11. Metabolism of 67 in human liver microsomes (HLM).



2539 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

3.2.10. Silanediols as HIV-1 Protease Inhibitors. Inhibition of
HIV-1 protease was examined initially because it offered a well-
established class of enzyme inhibitor with extensive existing SAR
that would facilitate the appropriate comparisons. The silanediol
84 inhibited HIV-1 protease with Ki = 2.7 nM, which compared
favorably to the more conventional secondary alcohol 85, Ki =
0.37 nM, with the modest 7-fold reduction in potency attributed
to the increased size of Si and the attendant longer C-Si
bonds.109,110 In cell culture, the silanediol 84 exhibited antiviral
activity commensurate with enzyme inhibitory activity that was
not significantly affected by the presence of human serum.109,110

3.2.11. Silanediols in Angiotensin Converting Enzyme Inhi-
bitors. Angiotensin converting enzyme (ACE) is a Zn2þ-
dependent metalloprotease that is the biochemical target of
captopril, the first clinically effective inhibitor of ACE to be
marketed. The inhibitory activity of the silanediol-based 86 is
just 4-fold weaker than the carbon analogue, ketone 87.
However, inverting the two chiral centers adjacent to the
Zn2þ-binding element revealed significant differences in
potency between the silicon and carbon homologues, with
the Si-based 88 more effectively preserving activity than 89,
hypothesized to be a function of conformational differences
between the two molecules.109,111

3.2.12. Silicon in Thermolysin Inhibitors. Application of the
silane diol transition state mimetic was extended to the related
Zn2þ-dependent metalloprotease thermolysin for which potent
inhibitors are typically based on phosphinic acids. Silicon
and phosphorus are second row elements with similar atomic
radii, 1.10 and 1.05 Å, respectively, but they are very different
electronically. Moreover, their physical properties differ mark-
edly, with phosphinic acids anionic and acidic while silanediols
are neutral species at physiological pH. Nevertheless, the silane-
diol 90 inhibited thermolysin with potency similar to that of the
phosphinic acid prototype 91. Determination of the solid state
structure of a silanediol/thermolysin cocrystal revealed a similar

bound conformation to the analogous phosphinic acid, with a
single oxygen atom of the silanediol within bonding distance of
the active site zinc.109,112,113

3.2.13. Cyclopropyl Rings as Alkyl Isosteres. Cyclopropyl
moieties have been examined as isosteres of alkyl groups based
on their size similarity and typically improved metabolic stability.
However, prudence is advisible when strategically deploying
cyclopropyl moieties because the inherent ring strain can be a
source of metabolic activation, well documented in the context
of cyclopropyl amines.58 In the series of respiratory syncytial
virus (RSV) fusion inhibitors 92-96 compiled in Table 15, the
N-isopropenyl (92), N-isopropyl (93), N-tert-butyl (94), and
N-cyclobutyl (96) derivatives were characterized as potent
antiviral agents but each exhibited poor metabolic stability
in human liver microsomes (HLM).114,115 The N-cyclopropyl
analogue 95 provided a satisfactory solution, maintaining anti-
viral activity while uniquely improving metabolic stability. No-
tably, although the cyclopropyl moiety reduced cLogP by 0.5
compared to isopropyl, Caco-2 cell permeability was maintained
and this element was subsequenlty incorporated into a molecule
closely related to 95 that was identified with the potential for
clinical evaluation.114,115

3.2.14. Cyclopropyl in T-Type Ca2þ Channel Antagonists. In
a potent series of quinazoline-based T-type Ca2þ channel
antagonists, a cylopropyl moiety was introduced to replace the
N-ethyl substituent in lead 97 in an effort to reduce N-deal-
kylation and improve oral bioavailability (Table 16).116 Although
compound 98 successfully addressed the primary deficiency,
time-dependent CYP inhibition was introduced as an unaccep-
table liability, necessitating further optimization. In this setting,
the N-CH2CF3 analogues 99 and 100 provided the sought after
compromise in properties.
3.2.15. Cyclopropyl in CRF-1Antagonists. The pyrazolo[3,4-d]-

pyrimidine derivative 101 is a potent corticotropin releasing
factor-1 (CRF-1) receptor antagonist that demonstrates poor
metabolic stability in HLM, attributed to the high cLogP
(Table 17).117 In an effort to address this problem, the introduc-
tion of polarity in the N-1 and C-4 substituents and at other sites
of the molecule was examined. This exercise produced 102, a
compound that reflected a trend of improved metabolic stability
broadly correlating with reduced lipophilicity.117 However, since

Figure 12. Comparison of the hydration equilibrium for the carbonyl
and silanone moieties.

Table 15. Effect of N-Substituent Variation on the in Vitro
Properties of a Series of RSV Inhibitors



2540 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

CRF-1 receptor affinity wasmarkedly reduced by the introduction of
polar elements, the authors returned to anNCH(cPr)2moiety atC-4
that had been explored earlier but that had exhibited instability under
acidic conditions. However, in this circumstance 103 emerged as an
acid-stable CRF-1 antagonist with an acceptable combination of
biological properties.117

3.2.16. Oxetanes as Mimetics of Alkyl Moieties. The proper-
ties of oxetanes have recently been examined in a systematic
fashion and shown to productively influence several properties of
interest in drug design, including a role as isosteres of alkyl
substituents.118-120 The gem-dimethyl moiety is typically intro-
duced as a conformational constraint, taking advantage of the
Thorpe-Ingold effect, or as a strategy to block a site of meta-
bolism. However, a gem-dimethyl substituent typically increases
lipophilicity by∼1 log10 unit compared to themethylene precursor,
frequently leading to the adoption of the cyclopropyl element as an
isostere that more modestly alters lipophilicity. The oxetane moiety
offers an alternative that is essentially liponeutral, affording no net
increase in lipophilicity compared to a dihydrogen progenitor that,
more importantly, occupies almost the same van der Waals volume
as a gem-dimethyl group.118-121 A systematic analysis of the effect of
introducing an oxetane ring into a druglike molecule was explored
in the context of the phenylbutylamine 104, a prototypical amphi-
philic compound poorly soluble in water in the neutral form
(Table 18).118-120 The properties of 104 were such that it was a
significant inhibitor of the hERG ion channel, IC50 = 7.5 μM, and
expressed properties predictive of the potential to cause phospho-
lipidosis. In the homologous series of oxetane derivatives 105-111
summarized in Table 18, the basicity of the amine element was

reduced, dependent on proximity to the oxetane ring, while
solubility increased in a fashion independent of the site of deploy-
ment of the oxetane ring. Moreover, several of these molecules
demonstrated increased metabolic stability in human and mouse
liver microsomes while compound 110 exhibited diminished hERG
inhibition (hERG IC50 = 35 μM) compared to 104 and a reduced
theoretical potential to cause phospholipidosis.118,119

3.2.17. CF3 as a Substitute for Methyl in a tert-Butyl Moiety.
The CF3 moiety has been explored as a substitute for a CH3 in tert-
butyl-substituted antagonists of the neurokinin 1 (NK1) receptor
recognized by substance P, agents potentially useful in the treatment
of depression and for inducing analgesia, and in antagonists of the
TRPV1 receptor, a nonselective cation channel found on peripheral
sensory neurons.122 In both cases, the tert-butyl-substituted lead
compounds demonstrated poor metabolic stability in vitro with the
t-Bu group shown to be susceptible to oxidation. CF3-substituted
NK1 homologues retained intrinsic potency and showed reduced
clearance in HLM (Table 19) while in TRPV1 antagonists, a simple
CF3 substitution led to increased HLM stability but poor biological
activity, attributed to the electron withdrawing properties of
the CF3 moiety (Table 20).122

A key question with respect to the role of the CF3 moiety as an
alkyl isostere is its size relative to the groups that it is replacing.
The CF3 moiety is frequently considered to be isosteric with an
isopropyl group, but Taft’s Es values suggest that CF3 is larger than
i-Pr although smaller than t-Bu while the van der Waals volume
indicates that CF3 is similar in size to CH3CH2 and smaller than
i-Pr (Table 21). In an attempt to resolve this discrepancy, the
rotational barriers in ortho-substituted biphenyls have been de-
termined, with the result that in this setting the CF3 substituent is
bulkier than a CH3 moiety, comparable to isopropyl and actually
larger than (CH3)3Si.

42,123

However, the CF3 moiety clearly has a very different topo-
graphical shape to an isopropyl group and a recent investigation

Table 16. Effect of N-Substituent Variation on the Bio-
chemical Profile of a Series of T-Type Ca2þ Channel An-
tagonists

Table 17. Structure-Activity Relationships Associated with a
Series of Corticotropin Releasing Factor-1 (CRF-1) Receptor
Antagonists

Table 18. Physical Properties Associated with a Series of
Oxetane Derivatives Derived from the Phenylbutylamine 104

aHLM = human liver microsomes. bMLM = mouse liver microsomes.
c Logarithm of octanol/water distribution coefficient at pH 7.4. d Lipo-
philicity of the neutral base defined by logP= logDpHþ log(1þ 10(pKa-pH)).
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has explored the size of the CF3 group in the context of inhibitors
of matrix metalloprotease-9 (MMP-9).124 MMP-9 was consid-
ered a useful probe of this concept based on the shallow, tunnel-
like S10 pocket projecting into a well-defined lipophilic pocket
that was viewed as a sensitive probe with which to explore steric
effects associated with the side chain terminus of barbiturate-
based inhibitors. As summarized in Table 22, a methyl and ethyl
terminus afforded potent MMP-9 inhibitors but a terminal
isopropyl group reduced potency by 1000-fold while a CF3
moiety retained activity, leading to the conclusion that CF3
more closely resembled CH3CH2 rather than i-Pr.124

3.2.18. CF2 as an Isostere of C(CH3)2. An interesting example
of the potential of CF2 to function as an isostere of C(CH3)2 has
been described in a series of γ-secretase inhibitors that demon-
strated a potent Aβ-lowering effect in a cell-based assay.125 As
compiled in Table 23, the potency of the prototype 111 was
improved 10-fold by gem-dimethyl substitution of the azepi-
none ring (112), but metabolic stability in human and mouse

liver microsomal preparations was poor. The gem-difluoro
analogue 113 exhibited improved potency and metabolic
stability but was poorly active in a transgenic mouse model
of γ-secretase activity, attributed to the two amide function-
alities reducing CNS penetration. Optimization to address
this issue produced the anisole derivative 114 which retained
potency and metabolic stability in HLM and was active in the
mouse model at a dose of 20 mpk.125

3.3. N Substitution for CH in Benzene Rings. Several
examples in the recent literature demonstrate advantage with
this classical isosteric substitution.115,126-132 In the series of
potent RSV fusion inhibitors captured in Table 24, the introduc-
tion of a pyridine ring was probed systematically with the
objective of reducing the hydroxylation of the phenyl ring seen
with the parent benzimidazol-2-one 115.114,115 Antiviral activity

Table 19. Comparison of the Effects of Substituting a CH3 by
CF3 in NK1 Antagonists

Table 20. Comparison of the Effects of Introducing a CF3
Moiety in TRPV1 Antagonists

Table 21. Comparison of the Steric Size of Alkyl, CF3, and
Silyl Moieties Using Different Methods of Analysis

Table 22. Structure-Activity Relationships Associated with
Variation of the Alkyl Side Chain Terminus in a Series of
MMP-9 Inhibitors

Table 23. In Vitro Aβ-Reducing Potency and Metabolic Sta-
bility of a Series of 2-Oxoazepane-Based γ-Secretase Inhibitors
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was clearly sensitive to the topological location of the N atom,
and preferred compounds demonstrated improved metabolic
stability and increased solubility without introducing the bur-
den of CYP 450 inhibition, a potential problem with pyridine
derivatives. The 6-aza-benzimidazol-2-one discovered with 92
was ultimately incorporated into the clinical candidate that
emerged from these studies.114,115

In a series of HIV-1 attachment inhibitors, the 4,7-dimethoxy-
substituted indole 119 is a highly potent antiviral agent that is
metabolized in HLM by O-demethylation, leading to the poten-
tial for quinone formation (120), a known toxicophore.126 A
systematic survey that replaced CH with N at each of the
aromatic sites of the indole ring revealed that the 6-aza analogue
121 (BMS-488043) offered improved aqueous solubility and
abrogated the potential for reactive quinone formation should
demethylation occur, which in this series would afford the amide
122.126 Compound 121 was advanced into clinical trials where
it provided proof-of-concept for inhibition of HIV attachment
as an approach to reducing HIV-1 replication in infected
subjects.126

3.3.1. N for CH in Phenyl Rings in CRF-1 Antagonists. The
pyrazinone 123 is representative of a series of potent CRF-1
receptor antagonists, but 60% of the dose administered to rats
appeared as oxidized metabolites in bile, with 25% of the dose
excreted as GSH adducts.127-129 The phenyl ring was identified
as the site of metabolic activation, producing the GSH adduct
124, which led to a focus on pyridine analogues. An initial survey
indicated substantially reduced levels of bioactivation with the
pyridine heterocycle series, and this element was ultimately
incorporated into molecules selected for further development.
However, the isolated olefin of the pyrazinone heterocycle was

also subject to oxidative bioactivation, a problem resolved by
replacing the Cl atom with an electron withdrawing nitrile. In
addition, the introduction of an O-methyl ether in the side
chain successfully provided a metabolic soft spot to redirect
metabolism, realizing 125 as a compound with an acceptable
profile.127-129

3.3.2. N for CH in Phenyl Rings in Calcium Sensing Receptor
Antagonists. In a series of short-acting calcium sensing receptor
antagonists with potential for the treatment of osteoporosis, CYP
3A4-mediated oxidation of the phenol of 126 to the catechol 127
and then to the ortho quinone was identified as the source of
GSH adducts in human and rat liver microsomes.130,131 The
introduction of a nitrogen atom to the phenol ring (128) reduced
the metabolic activation rate and markedly diminished the
formation of GSH adducts by over 50-fold. This observation
was supported by quantum chemistry calculations which indi-
cated that oxidation of the aza-catechol derived from 128 to the
quinone is energetically less favorable than for the benzene
analogue 127.

A similarly successful tactic has been described for the
partially disclosed phenol ether chemotype 129 presented in
Table 25 where tritiated derivatives were used to assess protein
covalent binding (PCB) to human and rat liver microsomal
proteins in the absence and presence of GSH.132 Iterative
design optimization focused on the simple pyridine analogue
130, since 3,4-difluoro substitution of the phenyl ring of 129

Table 25. In Vitro Protein Covalent Binding for the Phenol
Ether 129 and Two Pyridine Analogues

Table 24. Structure-Activity Relationships Associated with a
Series of RSV Fusion Inhibitors
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reduced PCB by only 2-fold. Pyridine 130 exhibited 2- to 4-fold
reduced PCB that was further refined by the introduction of a
CF3 substituent to the heterocyclic ring to afford 131,
which diminished microsomal protein binding to acceptable
levels.

In the example described above, the nitrogen atom replaces
a carbon atom adjacent to the oxygen of an aryl ether to
afford a 2-alkoxypyridine, an isosteric conversion that intro-
duces implications with respect to conformational bias and
which extends to other heterocyclic ring systems. As a
consequence of the preferred orientation of in-plane lone
pairs, the anti relationship between the lone pairs of the
hetero atoms is strongly preferred based on calculated
energies.91,133 This orientation is commonly observed in
X-ray crystal structures, leading to an influence on substituent
topology, an effect that extends to a range of nitrogen-
containing heterocyles.91,133 Figure 13 illustrates the calcu-
lated energetic preferences for 2-methoxypyridine and 3-methoxy-
pyridazine.133

The design of a series of factor Xa inhibitors based on the
2,7-dibenzylidenecycloheptanone 132 took advantage of this
phenomenon to productively influence conformation.134-136

The substituted phenoxy moiety in 133 was anticipated to act as
a partial olefin isostere, presenting the aryl rings in a topology
controlled by nonbonded interactions between the ether oxygen
atom and pyridine nitrogen lone pairs. This concept is captured
schematically in Figure 14, where syn and anti refer to the
relationship between the lone pairs on the heteroatoms.134-136

These insights were incorporated into the design of ZK-807834
(134) in which the predicted topology of the amidine-substituted
phenoxy moiety was observed in the X-ray of this compound
complexed with factor Xa.136 Interestingly, however, the other
phenoxy moiety adopted the alternative conformation reflected
in the topology depicted in 134.

3.3.3. N for C Substitution in Dihydropyridine Derivatives. In
a strategy seeking to interfere with metabolic deactivation of an
active drug, a nitrogen-for-carbon switch was examined in a series
of dihydropyridine (DHP)-based Ca2þ-channel blockers.137-140

Nifedipine (135) is a potent Ca2þ-channel blocker used as a
coronary vasodilator that is subject to a facile first-pass oxidation
in vivo to the inactive pyridine 136. The dihydropyrimidinone
heterocycle was established as an effective isosteric pharmaco-
phore that preserves the critical DHP NH as a H-bond donor
based on the presence of either a carbonyl or thiocarbonyl at
C-2. Acylation of the C-3 nitrogen (137) improved mimicry of
the DHP ring system with ureido compounds 138 found to be
more stable toward deacylation in vivo while favoring a topology
analogous to that expressed in the DHPs based on dipole-dipole
interactions and intramolecular H-bonding.137-140 Most impor-
tantly, the dihydropyrimidinone ring is resistant to oxidation,
and this tactical application of bioisosterism was subsequently
adopted to optimize a series of R1a-adrenergic antagonists based
on a DHP core.141,142

3.4. Biphenyl and PhenylMimetics. 3.4.1. BiphenylMimetics
in Factor Xa Inhibitors. In a series of potent factor Xa inhibitors
related to razaxaban (139), the methoxyphenyl ring of 140
occupies the S1 pocket while the biphenyl moiety projects
into the S4 pocket.143 Phenylcyclopropanes were explored

Figure 13. Calculated energies of syn and anti 2-methoxypyridine and
3-methoxypyridazine conformers.

Figure 14. Conformational preference in 2-phenoxypyridines.



2544 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

as mimetics of the imidazole-phenyl and biphenyl elements of
139 and 140, respectively, in an effort to identify compounds
with reduced molecular weight and a lower cLogP. With no
benzylic (R-) substituent, the cyclopropane moiety of cyclopro-
pylbenzene preferentially adopts a bisected conformation in
which the C-H bond is coplanar with the phenyl ring, since
this allows overlap of the cyclopropane orbitals with the π
system.143 However, the introduction of a substituent at the R-
position favors the perpendicular conformation, preferred by 0.7
kcal/mol when the substituent is CH3. These insights led to the
design of 141 in which the Me2N moiety is preferentially projected
with a similar vector to that of the biphenyl, confirmed by an X-ray
cocrystal of pyrrolidine 142 with factor Xa.143 Compounds 141 and
142 demonstrated markedly improved potency, a general phenom-
enon observed across several paired analogues that appears to
be a function of optimized hydrophobic interactions with
S4 and slightly reduced strain in the bound geometry. The
cyclopropylmethyl moiety exhibits lower lipophilicity compared to
the biphenyl 140, with both log P and clog P reduced by ∼1
log10.

143

3.4.2. Phenyl Mimetics in Glutamate Analogues. S-4CPG
(143) is a mGluR1 receptor antagonist in which activity is
sensitive to both the distance between the CO2H and R-amino
acid moieties and the linear topological relationship. The
propellane 144 was explored as an isostere of the benzene ring
in 143 and exhibited antagonist activity at mGluR1a.144-146

However, it was recognized that the distance between the CO2H
functionalities in 144 is shorter than in 143, leading to
the synthesis of the tetrazole 145 as a compound designed to
address this deficiency. Although a logical design concept, this
compound failed to demonstrate the anticipated improved
antagonist potency at mGlur1a.146 The cubane analogue 146
was also prepared and found to be amodestly active antagonist of
mGluR1b.145

3.4.3. Phenyl Mimetics in Oxytocin Antagonists. The poor
aqueous solubility associated with a series of oxytocin antagonists
represented by 147 precipitated a strategy designed to explore
modification of the biaryl moiety, with a focus on saturated
compounds that typically exhibit enhanced solubility.147,148

The azetidine (148), pyrrolidine (149), and piperidine (150)
ethers were evaluated computationally and shown to exhibit
good structural overlap with acceptable potency achieved experi-
mentally with the azetidine 148. Optimization led to the
identification of 151 in which the favorable cLogP of the
prototype wasmaintained while aqueous solubility was improved
by 10-fold.147

3.5. Phenol, Alcohol, and Thiol Isosteres. 3.5.1. Phenol and
Catechol Isosteres. There has been a considerable investment in the
identification of phenol and catechol isosteres in the medicinal
chemistry literature, catalyzed largely by the development of agonists
and antagonists of the biogenic amines adrenaline, dopamine, and
serotonin, with the result that a range of useful surrogates are well-
established, captured synoptically in Figure 15. The structural
diversity, electronic properties, lipophilicity, and size of these func-
tionalities varies widely, providing ample flexibility to customize for a
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specific application. These isosteres were typically designed to over-
come pharmacokinetic and toxicological limitations associated with
phenols, which can be glucuronidated as a prelude to excretion, while
catechols are substrates for catecholO-methyl transferase (COMT).
Phenols can also be hydroxylated at the ortho- or para-positions,
affording catechols and 1,4-dihydroxybenzenes which can be
further oxidized by CYP 450 enzymes to ortho- and para-
quinones, chemically reactive metabolites with the potential
to bind irreversibly to proteins, a possible source of toxicity.
3.5.2. Phenol Isosteres in Dopamine D1/D5 Antagonists. An

interesting recent example that probed a series of phenol-containing
dopamine dual D1/D5 antagonists highlights the need for
careful analysis and consideration in the design and deployment
of phenol isosteres.149 The phenol 152 (D1 Ki = 1.2 nM, D5Ki =
2.0 nM) was advanced into clinical trials where it exhibited poor
oral bioavailability due to first-passmetabolism (Figure 16). This
prompted an examination of heterocycle mimetics designed to
address the poor pharmacokinetic properties, with the recogni-
tion that this initiative also offered an opportunity to precisely
map the topological vector associated with the phenolic H-bond
donor based on the localization afforded by the complemen-
tary fused heterocyclic rings in 153 and 154 (Figure 16).
Initial positive results with the indole 155 compared to the
benzotriazole 156 indicated that the preferred topology of the
H-bond donor is that in which the vector is projected parallel
to the adjacent C-Cl bond, as depicted by 154 in Figure 16,
rather than the alternative projection represented by 153.149

However, the benzimidazole 157 and benzotriazole 158 were
found to be surprisingly poor mimetics despite projecting the
H-bond along the appropriate vector. A closer analysis provided
an explanation, with two observations germane to understanding
the observed phenomenon: first, the azole heterocycles of both
157 and 158 can exist in two tautomeric forms, and second,
the phenyl element of the tetrahydronaphthalene ring adopts
a conformation in which it is orthogonal to the plane of the
chlorophenyl ring. In the tautomeric form depicted by 158-A in
Figure 17, the nitrogen lone pair and phenyl π cloud experience a
repulsive interaction while in tautomer 158-B, the N-H and aryl
π interact productively, engaging in π facial H-bonding. As a
consequence, tautomer 158-B is more stable, providing a basis
for the lower activity since the H atom is not available for
interaction with the receptor. The relevance of tautomer 158-B
wasconfirmedbyanalysisof the1HNMRspectrumof thebenzimidazole
derivative where the NH was observed to resonate at δ 6.88,

shielded by the π cloud, which compares with a δ 8.2 for the NH
of benzimidazole. These insights predicted that the benzimida-
zol-2-one 159 and its thione analogue 160 with two H-bond
donors should be active, a hypothesis confirmed experimentally.
In the 1H NMR spectra of 159 and 160, the chemical shift of the
NHs indicated that one was shielded by the aryl ring. The
benzimidazol-2-one 159 is a highly potent D1/D5 dual ligand,
and activity was preserved by the benzothiazolone analogue 161,
with both chemotypes demonstrating improved PK properties in
rats compared to the phenol progenitor 152.149

3.5.3. Alcohol and Thiol Mimetics
3.5.3.1. Sulfoximine Moiety As an Alcohol Isostere. Sulfox-

imines are the aza analogues of sulfones, and the introduction
of the mildly basic nitrogen atom (pKa of the protonated form
is 2.7) creates asymmetry at sulfur, with the enantiomers

Figure 15. Synopsis of phenol and catechol isosteres.

Figure 16. Considerations in the design of phenol mimetics in dual
dopamine D1/D5 antagonists.

Figure 17. Benztriazole tautomerism in dual dopamine D1/D5
antagonists.
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readily resolved and configurationally stable, fundamental
properties summarized in Figure 18.150 Although isosteric with
sulfones, sulfoximines offer an additional substituent vector
capable of projecting a range of functionality. N-Unsubstituted
sulfoximines are also capable of being phosphorylated in vivo,
biochemical pharmacology that was instrumental in the origi-
nal discovery of the sulfoximine functionality in methionine
sulfoximine, a proconvulsant produced in a chemical process
used to bleach flour.151 Phosphorylation of methionine sulfox-
imine afforded a mimetic of glutamate that inhibited both
glutamine and γ-glutamylcysteine synthetases, the former leading
to increased levels of glutamate in the brain, the ultimate cause of
the observed convulsions.151

The unique properties of sulfoximines periodically attract
the attention of medicinal chemists, and applications of this
functionality have been examined in a variety of settings.150,152

On the basis of its tetrahedral topography, H-bond accepting
properties, and the acidity of the NH, pKa = 24, which
compares favorably with that of an alcohol (pKa of MeOH is
29; pKa of i-PrOH is 30.2; pKa of t-BuOH is 33; all measured in
DMSO), the sulfoximine moiety has been explored with some
success as an alcohol isostere in inhibitors of HIV-1
protease.153-155

The racemic sulfoximine analogue 163 of the potent HIV-1
protease inhibitor L-700417 (162) was synthesized and shown
to be only 4-fold less potent than the progenitor in vitro and
active as an antiviral in cell culture, EC50 = 408 nM, without
overt cytotoxicity, CC50 > 10 μM.153,154 The sulfoxide 164 also
demonstrated biological activity, IC50 = 21.1 nM, but the sulfone
165was poorly active, suggestive of a role for the sulfoximine NH
in alcohol mimicry.

However, an attempt to extend the sulfoximine-alcohol bio-
isosterism to the HIV-1 protease inhibitor indinavir (166) by
preparing the sulfoximine analogue 167 revealed surprisingly
poor inhibitory activity with an IC50 that was determined to be
250000-fold higher than that of the alcohol 166.155 Although no
structural data were obtained, docking studies suggested that the
result may be a function of the limited conformational flexibility
associated with this particular peptidic template that interferes
with the ability of 167 to adopt an optimal binding orientation.
3.5.3.2. RCHF2 as an Isostere of ROH. The difluoromethyl

ethers CF3OCHF2 and CHF2OCHF2 have been shown to donate
a H-bond to a variety of bases, while the CHF2 moiety engages in
intramolecular H-bonding with a proximal carbonyl moiety, stu-
died in the context of the pyrazole fungicide 168 for which the CF3
analogue exhibitedweaker biological activity.156Both the IRand 1H
NMR spectral data for 168 were consistent with an intramolecular
H-bond estimated to be about 1.0 kcal/mol, a weak H-bond donor
compared to more traditional interactions which typically range
from 2 to 15 kcal/mol. However, the CF2H is a more lipophilic
H-bond donor than either OH or NH, offering the potential for
improved membrane permeability.157

3.5.3.3. RCHF2 as a Thiol Mimetic in HCV NS3 Protease
Inhibitors. Although the CF2H moiety has not been widely
exploited by medicinal chemists, it is beginning to attract atten-
tion and several interesting applications have recently been
examined. In one of the most successful demonstrations of
utility, the RCHF2 moiety was recognized as a potential isostere
of a thiol in the context of inhibitors of HCV NS3 protease, an
important antiviral target that cleaves substrates at the carboxy
terminal of cysteine. Difluoro-Abu was designed as a potential
isostere of the cysteine CH2SH P1 element in peptide-based
inhibitors following a careful analysis of properties that indicated
substantial structural similarity.158 The van der Waals surfaces
of the two elements are similar (HCF2CH3, 46.7 Å; HSCH3,
47.1 Å), while electrostatic potential maps indicated surface
similarities between the negative potential around the sulfur
lone pairs and the two fluorine atoms and the positive potential
around the CF2H and SH hydrogen atoms, captured in a
simplistic fashion in Figure 19.
The difluoro-Abu analogue 171 of the hexapeptide NS3

inhibitor 169 proved to be equipotent and 20-fold more potent
than the simple Abu derivative 170. An X-ray cocrystal of a
related inhibitor revealed the key ligand-protein interactions,

Figure 18. Physical properties of the sulfoximine moiety.
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with the CF2H moiety donating a H bond to the CdO of Lys136
and one fluorine close to the C-4-hydrogen atom of Phe154,
suggestive of a weak C-H to F hydrogen-bond.158

3.5.3.4. Application of RCHF2 as an Alcohol Isostere
in Lysophosphatidic Acid. Lysophosphatidic acid (172, LPA)
interacts with G-protein-coupled receptors (GPCRs) that have
been classified into four subtypes, designated LPA1-4, and also
acts as an agonist for the nuclear hormone receptor PPARγ. Acting
on its cognate GPCRs, compound 172mediates cell proliferation,
migration, and survival, providing an opportunity for antagonists to
exhibit potential utility in oncological applications. The CF2H-
containing analogues diF-LPA (173) and its homologue 174, were
designed as isosteres of 172 in which troublesome migration of the
acyl moiety is prevented.159,160 Compound 173 was found to
stimulate luciferase production in CV-1 cells transfected with
luciferase under control of a PPARγ-responsive element. However,
neither 173 nor 174 interacted appreciably with LPA receptors
1-3, either as agonists or antagonists, providing an interesting
example of an isostere enhancing specificity.159

3.6. Hydroxamic Acid Isosteres. 3.6.1. Application of RCHF2
to Hydroxamic Acid Isosteres. Hydroxamic acids are excellent
ligands for metals, particularly zinc, and are a key pharmacopho-
ric element for both matrix metalloprotease and histone deace-
tylase (HDAC) inhibitors.161 However, hydroxamic acids can
express toxicity based on metabolic activation, which manifests
either as a Lossen rearrangement to the corresponding isocya-
nate or as hydrolytic degradation to release a carboxylic acid and
hydroxylamine, with the latter a cause of methemoglobinemia,

reaction pathways summarized in Figure 20.162 Metabolism and
toxicity are dependent on structure, and several hydroxamic acid-
containing drugs have successfully reached the market, the most
recent being the HDAC inhibitor vorinostat (175) launched in
2006 as a treatment for cutaneous T-cell lymphoma (CTCL).163

The potential of a CHF2 moiety to act as an isostere of the
hydroxyl of hydroxamic acids has been evaluated in a series of
dual inhibitors of cycloxygenase-2 (COX-2) and 5-lipoxygenase
(5-LOX), molecules designed to prevent arachidonic acid
metabolism being directed to the alternative pathway by single
enzyme inhibition as a means of reducing the potential for side
effects.164 Hydroxamic acids are well-established inhibitors of
5-LOX, binding to the active site iron, and substitution of the
toluene ring of 16 with a cyclic hydroxamic acid affords the dual
inhibitor 176 (Table 26). The NCHF2 analogue 177 was
explored as a non-hydroxamic acid isostere and appeared to be
an effective mimetic, although the mechanism of action of this
compound has not been fully clarified. Nevertheless, 177 shows
protective activity in the rat carrageenan foot paw edema model
following oral administration.164

In the alternative series of alkyne-based cyclooxygenase inhibitors
178-180 where the cyclic hydroxamic acid effectively introduced
5-LOX inhibition (Table 27), a difluoromethylpyridone isostere
provided consistent 5-LOX inhibition across the series of analogues
181-184 (Table 28).165 These compounds appear to offer
improved activity in the carrageenan-induced rat paw edemamodel
of inflammation following oral dosing, with activity in vivo attrib-
uted to 5-LOX rather thanCOX inhibition because of the weaker in
vitro COX-1 and COX-2 inhibitory activity associated with these
compounds.165 This hydroxamic acid isostere has subsequently
been explored as a means of introducing LOX inhibition to a range
of cyclooxygenase-inhibiting chemotypes.166-170

Figure 19. Similarity of the electronic and steric properties of cysteine
and difluoro-Abu.

Figure 20. Metabolic pathways associated with hydroxamic acids.

Table 26. Cyclooxygenase and Lipoxygenase Inhibition As-
sociated with a Series of Pyrazole-Based Inhibitors

Table 27. 5-Lipoxygenase Inhibition by a Series
of Alkyne-Based Hydroxamic Acid Derivatives
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3.6.2. Hydroxamic Acids in Carbonic Anhydrase II Inhibitors.
In a somewhat unusual example of intrinsic bioisosterism that relies
upon the potential for ambidentate binding modes, the hydroxamic
acid derivatives 185 and 186were found to bind in an unanticipated
fashion to carbonic anhydrase II, a 260 amino acid enzyme inwhich a
Zn2þ atomcatalyzes the additionofH2O toCO2(Figure 21A).

171 In
this enzyme, Thr199 accepts a H-bond from Zn2þ-bound hydroxide
and donates to Glu106 as part of the catalytic mechanism and simple
hydroxamic acids were probed as inhibitors based on the known
propensity of this functionality to bind to Zn2þ via a five-membered
chelate involving the two oxygen atoms. Both compounds inhibit
enzyme function with IC50s in the micromolar range, but an X-ray
cocrystal revealed that both inhibitors bound in a similarly unusual
mode in which the nitrogen atom is ionized and coordinates to the
Zn2þ, a binding orientation stabilized by a H-bond donated from
Thr199 to the hydroxamate carbonyl (Figure 21B). In the case of186,
an additional, weakly polar C-FfZn2þ appears to add to the
stability of the complex.171

3.6.3. Hydroxamic Acid Mimetics in TNFR-Converting
Enzyme (TACE) Inhibitors. The bidentate interaction of
hydroxamic acids with the metal of Zn2þ metalloproteases offers
increased potency compared to monodentate ligands like the thiol
found in captopril or the carboxylic acid of lisinopril, both potent
ACE inhibitors. However, hydroxamic acids typically bind more
tightly to Fe(III) and often exhibit poor pharmacokinetic properties
due, in part, to hydrolytic cleavage of the hydroxamate and release of

NH2OH, although the alternative hydroxamic acid structures pre-
sented in Figure 22 may abrogate this pathway. These limitations
have stimulated the identification of useful hydroxamic acid surro-
gates with improved properties, with the more common isosteres
probed in the context of tumor necrosis factor-R-converting enzyme
(TACE) inhibitors summarized in Figure 23.
Unlike hydroxamic acids, which bind as depicted in Figure 24A,

many of these isosteres are thought to coordinate Zn2þ in a mono-
dentate fashion that requires additional enzyme-inhibitor interac-
tions for optimal potency and selectivity (Figure 24, B and C).161,172

Imides were proposed to enolize and displace the nucleophilic H2O
that is activated by Glu406, providing an explanation for the pKa of
7-9 that is required for these chemotypes to be effective inhib-
itors.161,172 An X-ray cocrystallographic analysis of a structurally
simple hydantoin-based TACE inhibitor has recently elucidated
the binding mode in the enzyme active site, confirming the mono-
dentate interaction with Zn2þ in the S1 subsite but also revealing
the presence of a second molecule in the S10 subsite.173
3.7. Carboxylic Acid Isosteres. Isosteres of carboxylic acid

have been studied extensively, driven in part by interest in inhibitors
of the arachidonic acid pathway and excitatory amino acids receptors
and by the development of angiontensin II receptor antagonists.
These studies have typically focused on enhancing potency, redu-
cing polarity, and increasing lipophilicity in order to improve
membrane permeability, enhancing pharmacokinetic properties in
vivo and reducing the potential for toxicity. The latter is based on the
potentially problematic rearrangement of acyl glucuronides formed
in vivo that can lead to chemically reactive species, while CoA esters,
another potential metabolite, are electrophilic and have been
implicated as a source of toxicity.174 A synopsis of themore common
carboxylic acid isosteres is presented in Figure 25.
The use of heterocycles, either those with intrinsic acidity or

those in which substituents are used to modulate pKa, not only
broadens the palette of carboxylic acid isosteres but offers
considerable additional structural variation with which to en-
hance complementarity to a target protein or nucleic acid. A
synopsis of acidic heterocycles that have been explored as acid
isosteres is provided in Figure 26 where patterns of substitution
and the potential for charge delocalization by enolization offer
additional flexibility to modulate vectorial projection and reach
while providing for a wide-ranging structural diversity.
3.7.1. Carboxylic Acid Isosteres in Angiotensin II Receptor

Antagonists. Angiotensin II receptor antagonists provide

Table 28. Cyclooxygenase and 5-Lipoxygenase Inhibition by a
Series of Alkyne-Based N-Difluoromethylpyridone Derivatives

Figure 21. Binding of substrate (A) and the inhibitor 186 (B) to
carbonic anhydrase II.

Figure 22. Hydroxamic acid motifs explored as the key Zn2þ-binding
pharmacophore in metalloprotease inhibitors.

Figure 23. Isosteres of the hydroxamic acidmoiety explored in the context
of tumor necrosis factor-R-converting enzyme (TACE) inhibitors.
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instructive insight into carboxylic acid isostere design, since
binding affinity to the receptor in a series of biphenyl acids is
quite sensitive to the identity of the acidic element.175,176 The
tetrazole moiety in losartan (188) confers a 10-fold increase in
potency compared to the carboxylic acid analogue 187, a result
explored through geometrical analysis that indicated that the
tetrazole projects the acidic NH 1.5 Å further from the aryl ring
than a CO2H (data summarized in Figure 27). The CON-

HSO2Ph moiety incorporated into 189 exhibits a similar geome-
trical topology to CO2H and offers comparable potency.
However, the reverse acylsulfonamide, SO2NHCOPh, found in
190 with its longer aryl ring-S bond length projects the charge
further away from the biphenyl core, more effectively approx-
imating the Ar to distal NH distance in the more potent tetrazole,
particularly if the negative charge resides on the carbonyl oxygen,
as might be anticipated.175,176

Figure 24. Proposed binding mode of hydroxamic acid and nonhydroxamic acid tumor necrosis factor-R-converting enzyme (TACE) inhibitors.

Figure 25. Synopsis of the more common carboxylic acid isosteres.

Figure 26. Synopsis of heterocycle-based carboxylic acid isosteres.
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In a second example from the angiotensin antagonist field,
L-158809 (191) was identified as a potent and selective AT1

antagonist, IC50 = 0.3 nM, that shows prolonged antihypertensive
activity in rats that lasted for more than 6 h after iv or po dosing.177

However, the duration was shorter in dog and rhesus monkey
following iv dosing, attributed to rapid clearance by glucuronidation
of the tetrazole moiety. Replacing the tetrazole of 191 with an
acylsulfonamide, as exemplified by 192, preserved potency (IC50 =
0.2 nM) and extended the hypotensive effect in rats to over 6 h
following po dosing. A similarly long duration of action was observed
in the dog and rhesus monkey, results attributed to the resistance of
the acylsulfonamide toward glucuronidation.177

3.7.2. Acylsulfonamide in HCV NS3 Protease Inhibitors. The
potency of the tripeptidic acid-based inhibitor of HCVNS3 protease
193 can be improved by occupying thewell-definedP10 pocket that is
ignored by the carboxylate.178 The P10 pocket is readily and uniquely
accessed by an acylsulfonamide moiety that preserves acidity while
establishing H-bonding interactions between the protease active site
and both oxygen atoms of the sulfone (Table 29).178 A cyclopropy-
lacylsulfonamide (194) is optimal based on comparison with the
homologues 195-197 and typically confers a significant potency
advantage to the extent that this moiety has been widely adopted by
the industry.179

3.7.3. Acylsulfonamide in EP3 Antagonists. The potent car-
boxylic acid-based EP3 antagonist 198 shows modest functional
activity in blocking PGE2-induced Ca

2þ release in cells in culture,
but modification to theN-phenylacylsulfonamide 200 afforded a
compound with 40-fold increased binding affinity, attributed to
the contribution of productive interactions between the larger
inhibitor and the receptor (Table 30).180 However, functional
activity remained poor, considered to be due to high compound
binding to the 1% BSA protein present in the medium. Substitution
of the phenyl ring improved potency and efficacy, with the 3,4-
difluoro analogue 201 being 256- and 480-fold more potent in
the binding and functional assays, respectively.180

3.7.4. Acylsulfonamides in Bcl-2 Inhibitors. An acylsulfona-
midemoiety proved to be a critical element in a series of inhibitors of

the antiapoptotic protein Bcl-2 that have application in oncology
therapy. NMR screening (SAR by NMR) identified two structural
fragments, the biphenylcarboxylic acid 203 and the phenol 204, that
bound weakly to Bcl-2, confirmed using a fluorescence polarization
assay (FPA) (Figure 28).181,182 However, attempts to link the 2 frag-
ments via the ortho position of the benzoic acid fragment, as depicted
by 205, failed to identify molecules with increased binding affinity.
The acylsulfonamide 206 provided a more effective vector to access
the Ile85 pocket occupiedby thephenol204while preserving the acidic
functionality that interactswithArg139 of theBcl-2 protein.

181,182 ABT-
263 (207) ultimately emerged from this work as a clinical candidate
that is orally bioavailable despite a molecular weight of 974.
Acylsulfonamides and several other carboxylic acid isosteres devel-

opedoriginally formedicinal chemistry applicationshave foundutility in
proline-based organocatalyst design as a means of modulating physical
properties to overcome limitations associated with proline.183,184

3.7.5. 2,6-Difluorophenol as a CO2H Mimetic. The introduc-
tion of fluorine atoms at the 2- and 6-positions of phenol increases
the acidity from a pKa of 9.81 for phenol to a pKa of 7.12 for 2,6-
difluorophenol, prompting the hypothesis that this functionalitymay
function as a lipophilic carboxylic acidmimetic.185 The concept of an
isosteric relationshipwas based on a combination of the acidity of the

Figure 27. Geometrical arrangements associated with the carboxylic acid
moiety and tetrazole and acysulfonamide isosteres in angiotensin II antagonists.

Table 29. Structure-Activity Relationships Associated
with the Acylsulfonamide Moiety of a Series of Tripeptidic
Inhibitors of HCV NS3 Protease

Table 30. Structure-Activity Relationships Associated with a
Series of EP3 Antagonists
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OHand the potential for fluorine tomimic the carboxylic acid CdO
by acting as a H-bond acceptor. With a view to improving the
poor CNS penetration of 25, the more lipophilic186 2,6-difluoro-
phenol derivatives 208 and 209 were synthesized and found to be
competitive inhibitors of GABA amino transferase, although
neither acted as a substrate.185 The 2,6-difluorophenol moiety
was also examined as an isostere of the carboxylic acid in the
aldose reductase inhibitor 210 with the result that 211 offered
6-fold increased potency.187

3.7.6. Squaric Acid Derivatives as CO2H Mimetics. Cyclobu-
tenediones, more commonly referred to as squaric acids, are

useful isosteres of carboxylic acids and tetrazoles in the context of
angiotensin II antagonists based on their high intrinsic acidity;
the pKa of 3-hydroxy-4-phenylcyclobut-3-ene-1,2-dione (212),
for example, is 0.37.188

The affinity of the squaric acid derivative 213 for the angio-
tensin II receptor was within 10-fold of that measured for the
tetrazole 214 and superior to both the carboxylic acid 215 and
sulfonamide 216.175,188 This was attributed to the increased
size of the cyclobutenedione moiety and its ability to project
acidic functionality an optimal distance from the biphenyl core
(Table 31).175,188 Squarate 213 reduced blood pressure in
Goldblatt hypertensive rats following oral administration with
a long lasting effect, although efficacy was lower than the
analogous tetrazole.188

3.7.7. Aminosquarate Derivatives as Amino Acid Mimetics.
In an elegant example of isostere design, diaminosquaric acid
derivatives 218were conceived as achiralmimetics of glutamic acid
(217) based on structural homology, the inherent strong dipole,
and electron density residing on the oxygen atoms that is
supported by the NH moieties, depicted by the tautomers in
Figure 29.189 Several of thesemolecules, in which the amine is non-
nucleophilic and neither basic nor acidic at neutral pH, exhibited
modest affinity for the N-methy-D-aspartate (NMDA) glutamate
receptor but showed no activity at R-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) or kainate receptors (data
summarized in Table 32). The phosphonate derivative
was a somewhat more potent NMDA ligand, although
all showed markedly lower affinity than glutamic acid, IC50 =
70 nM.189

3.7.8. Heterocycles as Amino Acid Mimetics. Amino acid
isosterism that exhibits some analogy to the amino squarate
chemotype has been recognized in the series of heterocycles
summarized in Figure 30, explored as antagonists of the AMPA
receptor subtype that recognizes glutamate and the glycine site
associated with the NMDA receptor. For the quinoxaline diones,
effective mimicry of glycine is thought to rely on the tautomeric
isomerism highlighted in the bolded enol form depicted in
Figure 30 that overlays the corresponding elements of glycine
with good toplogical similarity.190 Isosterism with AMPA was

Figure 28. Fragments binding to Bcl-2 identified by NMR studies.

Table 31. Structure-Activity Relationships Associated with
Isosteres of a Carboxylic Acid in a Series of Angiotensin II
Receptor Antagonists
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established by incorporating an additional acidic moiety,
although the enol form of the quinoxaoline dione appears to
be of lesser importance in this context.190 Potency and selectivity
can be further modulated by varying the nature and pattern of
substitution of the heterocycle N atom and the fused benzene
ring that allows control of vector presentation.
3.8. Isosteres ofHeterocycles. 3.8.1. AvoidingQuinonediimine

Formation in Bradykinin B1 Antagonists. The 2,3-diaminopyridine
219 is a potent bradykinin B1 antagonist, Ki = 11.8 nM, that
was being evaluated as a potential treatment for the relief of pain
(Figure 31).191 However, the diaminopyridine moiety is sus-
ceptible to metabolic activation by both rat and human liver
microsomes, forming glutathione (GSH) adducts 221 that were
observed in rat bile following oral administration of 219.191,192

The metabolic activation pathway was considered to be via
formation of either the diiminoquinone 220 or the generation
of a pyridine epoxide 222, both of which are anticipated to be
electrophilic toward GSH, with the latter specifically producing
224, as summarized in Figure 31. Oxidation of 219 to the N-
oxide 225 was also observed, although GSH addition to this
metabolite appeared to be a minor pathway.191,192

The design strategy to identify a suitable replacement for the
2,3-diaminopyridine scaffold of 219 relied upon the premise that
both NHs were important, allowing simplification to an ethylene
diamine 226 as the fundamental linker element, as depicted in
Figure 32.193 An acyl moiety was introduced in a fashion that
allowed the CdO element to mimic the pyridine nitrogen atom
while simultaneously acidifying the pendentNH, therebymodifying
the linker to that of an R-amino acid 227. In order to favor the
topology of the substituents presented by the pyridine scaffold, the
final design consideration sought to exploit the Thorpe-Ingold
effect194 represented generically by 228. However, the dimethylgly-
cine analogue 229 exhibited only modest affinity for the B1 receptor
but potency was improved substantially by optimization to the
cyclopropyl analogue 230. This result was attributed to the effect of
π-π hyperconjugation between the cyclopropyl C-C bonds and
the amide CdO exerting a conformational bias based on the in-

creasedπ character of cyclopropyl C-Cbondswhich can optimally
interact with the amide CdOmoiety at 0� and 180� (summarized
in Figure 33). Moreover, the 116� bond angle enforced by the
cyclopropyl ring is closer to the 120� vector inherent to the pyridine

Figure 29. Structures of glutamic acid, a diaminosquaric acid derivative,
and its tautomers.

Table 32. Binding Affinity for a Series of Diaminosquaric
Acid-Based NMDA Antagonists

Figure 30. Synopsis of heterocycle-based isosteres of glycine and
R-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA).

Figure 31. Metabolic pathways associated with the bradykinin B1
receptor antagonist 219.

Figure 32. Principles underlying the design of a 2,3-diaminopyridine
isostere in the context of the bradykinin B1 receptor antagonist 219.
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core (Figure 33). This isosterewas also appliedwith some success to
the factor Xa inhibitor 231, with 232 showing only a 4-fold loss in
potency.193

3.8.2. Isosterism between Heterocycles in Drug Design.
Five- and six-membered heterocycles play a prominent role in
drug design, ubiquitous in their application as drug scaffolds or
important structural elements. The versatility of heterocycles is
based on their size and shape, which allows substituent projec-
tion along a range of vectors, while inherent electronic and
physical properties are of importance in mediating drug-target
interactions. By judicious selection and deployment of substit-
uents, electronic and physical properties and acidity and
basicity can readily be modulated in an incrementally graded
fashion, particularly for unsaturated heterocycles. The most
important properties in drug design and biofunctional mimi-
cry are H-bond donor (N-H, O-H, C-H) or acceptor
properties, electron withdrawing or donating effects, and the
potential to engage in π-π interactions. In addition, tauto-
merism offers additional opportunities to optimize both the
topographical presentation of substituents and drug-target
interactions while heterocycles incorporating a bivalent sulfur
atom provide unique opportunities for inter- and intramole-
cular interactions that have demonstrated relevance in drug
design. Although the silhouettes of unsaturated heterocyclic
rings within a homologous five- or six-membered series are
similar, their inherent physical and electronic properties
frequently lead to significant discrimination of their capacity
to function as isosteres of each other in biological systems.
There are many situations where the careful selection of a
heterocycle has been a critical element in successfully addres-
sing a specific problem encountered in drug design or intro-
ducing targeted activity. Consequently, a detailed understand-
ing of the fundamental properties of individual heterocycles is

of paramount importance if they are to be deployed effectively
in a fashion that takes advantage of properties that can be
uniquely dependent on context.
3.8.3. Heterocycles as Hydrogen Bond Acceptors: pKBHX Scale

of H-Bonding Basicity. The pKBHX (previously pKBH) scale of
hydrogen bond basicity has been developed based on the formation
of a complex between the acceptor and 4-FC6H4OH in CCl4 at
298 K, monitored by Fourier transform infrared techniques as a
shift in the frequency of the OH stretching vibration.195-198 In this
experiment, a strong H-bond acceptor forms a complex with 4-FC6-
H4OH that exhibits a large association constant (K) and low disso-
ciation constant (1/K), the position of equilibrium defining
the strength of the H-bond (Figure 34). Thus, a strong
acceptor has a higher pKBHX. H-Bonding strength has been
found to depend on multiple factors including the position of
the acceptor atom in the periodic table, polarizability, field/
inductive and resonance effects of substituents around the
acceptor atom, proximity effects, steric hindrance surrounding

Figure 33. Conformation and topology of cyclopropyl amino acid
amides as 2,3-diaminopyridine mimetics.

Figure 34. Equilibrium of complex formation used to establish hydro-
gen bonding potential pKBHX of acceptors.

Table 33. pKBHX Values for Common Functional Groups
Arranged in Order of Descending Hydrogen-Bond Basicity

functionality pKBHX

Me3PdO 3.53

pyrrolidine 2.59

MeSO.Me 2.54

(Me)2NCON(Me)2 2.44

N-Me-pyrrolidone 2.38

n-PrCO.N(Me)2 2.36

Et2NH 2.25

N-Me-pyrrolidine 2.19

EtNH2 2.17

Me2NCHO 2.10

Et3N 1.98

morpholine 1.78

c-C3H5NH2 1.72

δ-valerolactone 1.57

cyclohexanone 1.39

oxetane 1.36

MeSO2N(Me)2 1.30

THF 1.28

acetone 1.18

MeSO2Me 1.10

EtOAc 1.07

EtOH 1.02

EtOEt 1.01

CH3CN 0.91
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the acceptor site, the potential for intramolecular H-bonding,
and lone pair-lone pair interactions.195-198

3.8.4. H-Bonding Capacity of Common Functional Groups.
The pKBHX scale provides an excellent index of H-bonding
basicity, and experimentally determined data are available for
many of the functional groups commonly encountered in
medicinal chemistry. As summarized in Table 33, the H-bond-
ing capacity of esters, ethers, and ketones falls in the range of
pKBHX = 1.00-1.50 while amides, carbamates, and ureas act
as stronger acceptors, pKBHX ≈ 2.00-2.55.196 Sulfoxides are
good H-bond acceptors, pKBHX = 1.70-2.50, with sulfones
and sulfonamides somewhat weaker, with pKBHX values ran-
ging from 1.10 to 1.40. Although these functional groups
present a good dynamic range and are commonly deployed
in drug design, they frequently offer only limited potential for
subtle and graded optimization of electronic properties or
modulation of vector projection topology that is frequently
of importance in the optimization of drug-target interactions.
In addition, many of these functional groups can present
problems based on pharmacokinetic or toxicological consid-
erations. Heterocycles offer several advantages in this context,
providing a broad range of H-bond acceptor properties and
often improved metabolic stability compared to, for example,
esters, amides, ketones, and aldehydes.196-198

3.8.5. Heterocycles and H-Bonds: Filling the Gaps. The
H-bond-accepting capacity of a series of simple five- and six-
membered heterocycles that are widely used in drug design is
compiled in Table 34 along with proton basicity measurements
pKBHþ. These data demonstrate the potential of heterocycles to
offer graded variation in H-bonding capacity, and this property
can be refined further in a subtly graded fashion by the careful
selection and deployment of substituents. Moreover, selection
between heterocycles facilitates optimization of shape, size, and
vector presentation to effectively complement a specific drug
target.196-198

3.8.6. H-Bonding and Brønsted Basicity Differences. It is im-
portant to recognize that the Brønsted proton basicity (pKBHþ)
and H-bonding basicity, as determined by pKBHX measurement
for acceptors, shows a poor quantitative correlation across
functional groups, although correlations do typically exist within
homologous series (Table 34).196 As an illustrative example, the
pyrrolidine N atoms of nicotine (233) and nornicotine (234) are
the first sites of protonation in water but 90% of the H-bonding

interaction between 4-fluorophenol and 233 occurs at the
pyridine nitrogen while for 234 the figure is 80%.199 This
observation has been attributed to the electron withdrawing
and steric effects associated with the pyridine ring interfering with
access to the pyrrolidiine nitrogen atom. Cotinine (235) is also
a bifunctional H-bond acceptor, and in this case the amide
carbonyl has been determined to be themajor site of H-bonding
in all solvents.199-205 The H-bond basicity of the amide
moiety of 235 is 1.6 units higher than that of the pyridine
nitrogen atom despite the fact that pyridine, with pKBHþ =
5.20, is more basic than the amide carbonyl, pKBHþ = -0.71.
Similarly, N,N-diethylnicotinamide (236) protonates on the
pyridine nitrogen atom but the amide is a markedly stronger
H-bond acceptor.199-205

Within the homologous series of six-membered heterocycles,
pyridazine is an outlier from the correlation between Brønsted
basicity (pKBHþ) and pKBHX, providing an interesting exception
that can be exploited in drug design (Table 34). The H-bond
acceptor properties of pyridazine approaches those of pyridine,
but it is much less basic while it is both a better H-bond acceptor
and more basic than pyrazine and pyrimidine.196,197,206 The
higher than expected H-bond accepting strength of pyridazine
has been attributed to the R-effect which reflects unfavorable
electrostatic lone pair-lone pair interactions that are relieved by
accepting a H-bond from a donor (Figure 35). Interestingly,
pyridazines do not appear to be overtly associated with CYP
P450 inhibition, suggesting that this ring system may be a useful
isostere in situations where H-bonding is important but pyridine
may cause problems. As an illustrative example, the mechanism-
based fatty acid amide hydrolase (FAAH) inhibitor 237 inhibited
CYP 2D6 with an IC50 of 1.4 μM and CYP 3A4 with an IC50 of
0.8-4.3 μM depending on the substrate.207 However, the
pyridazine analogue 238 exhibited a 2-fold improvement in
FAAH inactivation kinetics that was associated with a 10-fold
reduction in CYP 2D6 inhibiton while CYP 3A4 was weakly
inhibited, IC50 of 30 μM, regardless of the substrate used.207

3.8.7. Pyridazine H-Bonding in p38R MAP Kinase Inhibitors.
A series of p38R mitogen-activated protein (MAP) kinase
inhibitors that bind to the ATP site of the enzyme provides an
interesting illustration of the unique H-bond accepting proper-
ties of the pyridazine heterocycle.208 The phthalazine 239
resulted from careful optimization as a potent p38 MAP kinase

Table 34. Comparison of pKBHX and pKBHþ (pKa) Values
for Common Five- and Six-Membered Ring Heterocycles

heterocycle pKBHX pKBHþ (pKa)

1-methylimidazole 2.72 7.12

imidazole 2.42 6.95

1-methylpyrazole 1.84 2.06

thiazole 1.37 2.52

oxazole 1.30 0.8

isoxazole 0.81 1.3

furan -0.40

pyridazine 1.65 2.00

pyridine 1.86 5.20

pyrimidine 1.07 0.93

pyrazine 0.92 0.37

triazine 0.88

Figure 35. H-bonding associated with the pyridazine heterocycle.
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inhibitor, IC50 = 0.8 nM, with excellent selectivity over the
related enzymes Kdr, Lck, CKit, JNK1, JNK2, and JNK3. An
X-ray cocrystal of 239 with p38R kinase revealed that the
pyridazine element established H-bonds with the NHs of both
Met109 and Gly110, with the latter flipping to project its amide
hydrogen into the ATP bonding pocket, a conformational change
that accounted for the high enzyme specificity (Figure 36).208

This phthalazine chemotype formed the basis for further opti-
mization focused on improving pharmacokinetic properties with
the pyrido[2,3-d]pyridazine derivative 240, a refined compound
that reduced paw swelling in a rat collagen-induced model of
arthritis.209,210

3.8.8. Heterocycle Substituents and H-Bonding. 2-Dimethyl-
aminopyridine (241) exhibits reduced H-bond basicity com-
pared to 2-methylaminopyridine (242) and 2-aminopyridine
(243) (data compiled in Table 35).211 This effect is not
considered to be steric in origin based on analogy to 2-picoline
and 2-isopropylpyridine where there is only a 0.27 difference in
pKBHX. Rather, this observation has been attributed to an artifact
of the method of measuring H-bonding potential. In this case, an
additional H-bond forms between the NH and the oxygen atom
of the phenol used to assess H-bonding in 242 and 243 that is
unavailable to 241, as summarized in Figure 37.211

3.8.9. Heterocycle Isosteres in p38R MAP Kinase Inhibitors.
The H-bond between the NH of Met109 in the hinge region of
p38R MAP kinase and inhibitors is a critical drug-target
interaction in a series of 4,5-disubstituted imidazole deriva-
tives that were established as effective inhibitors, exemplified
by SB-203580 (244) (Figure 38).212,213 In smaller inhibitors,
the benzimidazol-2-one 246 was established as an effective
isostere for the pyridine, a source of CYP 450 inhibition, in
245 since both compounds inhibited p38R MAP kinase
with similar potencies. However, an attempt to replace the
pyridine of 244 with a benzimidazol-2-one was not successful,
attributed to the larger heterocycle altering the bound con-
formation such that the introduction of an aryl substituent
at C-2 of the imidazole ring projected this moiety beyond
the boundaries of the ATP binding site. As a consequence,
potency was decreased by over 40-fold and smaller H-bond
acceptors to replace the benzimidazol-2-one moiety were
sought.
Compound design focused on benzo-fused, diheteroatomic

systems, since saturated single heteroatom systems would
possess hydrogen atoms or lone pairs projecting orthogonally

Figure 38. Interactions between the imidazole-based p38RMAP kinase
inhibitor 244 and the enzyme and the structure of two analogous
inhibitors 245 and 246.

Figure 39. Electrostatic potential of heterocycles designed to interact
with Met109 in the hinge region of p38R MAP kinase.

Figure 36. Key binding interactions between the p38R MAP kinase
inhibitor 239 and the enzyme and the structure of an optimized ana-
logue 240.

Figure 37. Topology of H-bonding interactions between 2-methyla-
minopyridine and a phenol.

Table 35. H-Bonding Basicity (pKBHX) Associated with
Derivatives of 2-Aminopyridine
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to the ring plane. Molecular electrostatic potential maps were
generated for the series of truncated heterocycles captured in
Figure 39 which revealed that the benzimidazol-2-one moiety
was closest to pyridine, but hydrophobicity, π-π stacking
interactions, and dipoles were also considered in the ana-
lysis.212,213 However, the predictions were associated with suffi-
cient ambiguity to necessitate experimental evaluation and an
X-ray cocrystal of the triazolopyridine 250 revealed two H-bond-
ing interactions between the kinase and the inhibitor, one from
Met109 NH toN3 and a second fromGly110 NH toN2. However,
the benzo-1,2,3-triazole derivative 248was 5-fold more potent in
the context of 251, an observation attributed to hydrophobic and
π-π interactions in addition to desolvation effects. The free
energy of binding divided by the number of heavy atoms, a
measure of ligand efficiency, indicated that the benzimidazol-2-
one moiety was the least efficient of these ligands.212,213

3.8.10. Heteroatoms as H-Bond Acceptors. Two approaches
have been taken to address the question of which atom, O or N,
engages a H-bond donor in a competitive situation where both
are available as acceptors as in, for example, alkoxypyridines,
alkoximes, oxazoles, and isoxazoles (Figure 40). An ab initio
study of functional groups complexed with water provided
theoretical insight, while an analysis of H-bonding interactions
in molecules presenting both opportunities in the CSD catalo-
gued practical examples.214

The ab initio studies calculated H-bond lengths and interac-
tion energies (kJ/mol), with the data indicating that N is a much
stronger H-bond acceptor than Owhen integral to or conjugated
with an sp2 π-system (Figure 41). For oxazole and methoxypyr-
idine, the difference in energy between N and O acting as
acceptors is more than 10 kJ/mol, supported by the prevalence
of N acting as the H-bond acceptor in the CSD, summarized by
the frequencies presented in Table 36.214

3.8.11. Oxygen Atoms and H-Bonding. These results were
reinforced by calculated H-bond lengths and interaction ener-
gies (kJ/mol) between an oxygen atom bound to sp2 sites of
unsaturation and H2O that showed reduced potential for O to
function as an acceptor (summarized in Figure 42). For
example, in esters the carbonyl oxygen always acts as the
acceptor with the lone pair syn to the OR moiety, a slightly
stronger acceptor.214

3.8.12. Isosterism between Heterocycles in Non-Prostanoid
PGI2 Mimetics. A practical example of the effect of the difference
in H-bonding associated with oxazole rings is provided by the
series non-prostanoid PGI2 mimetics 48, 252, and 253 that
inhibit ADP- and collagen-induced blood platelet aggregation
in platelet-rich plasma in vitro.86,87,215,216 Potency is sensitive
to the topology of the central oxazole ring with a 5-fold
difference in the EC50 between the isomers 48 and 252. The
weaker inhibitor 252 is comparable to the simple cis-olefin
253, suggesting that in this orientation the oxazole acts simply
as a scaffolding element providing the optimal geometry to
complement the PGI2 receptor. Data from a related series had
formulated the hypothesis that the PGI2 receptor projects a

Figure 40. Examples of functionality with two potential H-bond
acceptors.

Figure 41. Comparison of the calculated energetics (kJ/mol) of the inter-
action of H2Owith N andO atoms inmolecules incorporating both elements.

Figure 42. Energetics (kJ/mol) of the interaction of H2Owith O atoms
in common functional groups.

Table 36. Statistics Associated with the Presence and
Number of H-Bonds to N and O in Functional Groups in the
Cambridge Structural Database214

no. of fragments no. H bonds to N no. H bonds to O

oxazole 36 17 1

isoxazole 75 25 0

3-MeO-pyridine 12 7 0

oxime ether 136 4 0
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H-bond donor in the vicinity of the central oxazole ring.
Consequently, the oxazole nitrogen atom was deduced to be
acting as the acceptor in 48, a concept reflected in the
intermolecular interactions observed in the single crystal
X-ray structures of the oxazoles 48 and 252.215,216 In the
solid state, the N atom of the central oxazole ring in both
compounds engages in an intermolecular H-bond interaction
with the carboxylic acid hydrogen of another molecule,
leading to markedly different packing in the unit cell. How-
ever, the shape adopted by each individual molecule is
essentially identical, providing an interesting example of exact
isosterism, defined as “two molecules with close atom-for-
atom correspondence with regard to both internal coordi-
nates and van der Waals radii”.217

3.8.13. Isosterism between Heterocycles in Estradiol 17β-
Dehydrogenase Inhibitors. Another example where the subtle
effect of H-bonding topology appears to affect potency is in a
series of human estradiol 17β-dehydrogenase inhibitors where
H-bonds between estradiol or estrone and the catalytically active
histidines His198 and His201 were hypothesized to stabilize
substrate complexes, as depicted in Figure 43A.218

In order to explore this concept, pyrazoles 256 and 257 and
isoxazoles 258 and 259 were prepared as analogues of the
ketones 254 and 255 and shown to be competitive inhibitors
of estradiol 17β-dehydrogenase, with potency consistent with
the postulated H-bond acceptor and donor patterns at both
the A and D rings. For the A ring, the 2.5- to 6-fold difference
in potency in favor of the OH compared to the OCH3

substituent supported the importance of a substrate H-bond
donor interaction to the enzyme. For the D ring interactions, a
potency difference of 1.9- to 7.3-fold was viewed as being
consistent with the D ring functionality accepting a H-bond
from the enzyme that could be reinforced by a D ring
H-bond donor, realized only by the pyrazoles 256 and 257.218

The latter was interpreted as the pyrazole N-H donating a
H-bond to His198, with His201 adopting a tautomeric config-

uration in order to donate a H-bond to the pyrazole nitrogen
atom. These SAR data are consistent with the C3-OH func-
tioning as a H-bond donor to His209 and a C17 H-bond
acceptor from His201 to either the ketone CdO of estrone
or the pyrazole or isoxazole sp2 N atoms of the inhibitors,
depicted in Figure 43B.218 Unfortunately, the isoxazoles iso-
meric with 258 and 259, which would have been an excellent
test of the concept, were not synthesized. The potency
difference between estrone and the pyrazole analogue was
attributed to an additional H-bond donor interaction to His198
by the pyrazole N-H.

3.8.14. Role of Pyrimidine Nitrogen Atoms in Cathepsin S
Inhibitors. An interesting example of the importance of the
correct topology of a heteroatom for biological activity that
illustrates the limits of the potential for isosterism between
heterocycles is provided by a series of nonpeptidic heteroaryl
nitriles that have been developed as inhibitors of cathepsins K
and S.219 In these compounds, the nitrile moiety acts as an
electrophile toward the catalytic cysteine thiol of the enzyme,
reversibly forming a stable, covalent complex. Incorporation of
the nitrile moiety at the 2-postion of a pyrimidine provided the
potent and effective inhibitor 260 (Table 37). However, this
arrangement results in an overactivation of the electrophilicity of
the nitrile, leading to indiscriminate reactions with microsomal
proteins. As part of the optimization process, a series of pyridines
were examined in a systematic fashion with the anticipation of
moderating nitrile electrophilicity, an exercise that provided
fundamental insights into parameters associated with biological
activity. Concordant with the underlying hypothesis, replacing
the pyrimidine N-1 atomwith a CH afforded the pyridine 261, a
compound that exhibited 44-fold reduced potency toward

Figure 43. Interactions between estradiol 17β-dehydrogenase and its substrate (A) and the inhibitor 256 (B).
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cathepsin S and 127-fold lower inhibition of cathepsin K.
However, the isomeric pyridine 262 was inactive toward
both cysteine proteases, leading to the conclusion that the
pyrimidine N-3 interacts with the H of the cysteine thiol,
facilitating addition to the nitrile moiety as depicted in Fig-
ure 44. When the pyrimidine N-3 atom is replaced with a C-H
to afford the pyridine 262, not only is this function lost but a
negative steric interaction between the ring CH and the SH is
introduced.219

3.8.15. Heterocycles andMetal Coordination. An assessment
of isosterism within a series of azoles designed to function as
amide surrogates has been explored in the context of inhibitors of
HIV-1 integrase in which biological activity is a function of the
ability of the heterocycle to coordinate with one of the twoMg2þ

atoms involved in catalysis.220-224 Azoles were selected over six-
membered heterocycles based on their ability to more readily
adopt a coplanar arrangement with the additional metal chelating
elements presented by a series of pyrido[1,2-a]pyrimidine and
1,6-naphthyridine-based integrase inhibitors. The selection of
azoles introduced topological asymmetry that facilitated a
precise analysis of the capacity of heteroatoms to engage Mg2þ

based on the distinct topological preference for the presentation
of the fluorobenzyl moiety relative to the pyrimidine ring
(Figure 45). Enzyme inhibitory data for representatives of the
pyrido[1,2-a]pyrimidine series are summarized in Table 38
which reveals the importance of presenting an azole nitrogen atom
for coordinationwithMg2þ,most evident in the comparisonbetween
the 1,2,4-oxadiazoles 267 and 268, an observation mirrored by the
1,6-naphthyridine series.221,223 In the pyrido[1,2-a]pyrimidine series,
the thiazole series represented by 264 was selected for further
optimization222 while the 1,3,4-oxadiazole ring (266) that performs
modestly in this series was themost effective amide surrogate studied
in the 1,6-naphthyridine series, reflecting subtle differences between
the two chemotypes.223,224

3.8.16. Heterocycles and C-H Bonding. Hydrogen atoms
bound to the sp2 carbon atoms of aromatic and heterocyclic rings
have been established as weak C-H bond donors in small
molecule X-ray crystallographic studies, an observation beginning to
attract attention as direct and indirect mediators of ligand-target
interactions in drug design.225,226 The observation of both inter- and
intramolecular variants of this kindofH-bonding interaction inprotein
kinase inhibitors prompted ab initio calculations to evaluate the
strength of C-H to water bonds, performed in conjunction with
an analysis of the protein data bank (PDB), in order to understand the
scope of the effect.226 The latter provided broader evidence for the
existence of C-HH-bond interactions between ligands and proteins.

The results of the ab initio studies for a series of ring systems prevalent
in drug design are compiled in Table 39, with the energy of the C-H
H-bonddonor activity indexed toH2OandCH4 as the twobookends.
Not surprisingly, these hydrogen atoms are weaker H-bond donors
thanH2Obut stronger thanCH4, and heterocycles offer advantage
over a phenyl ring, with strength dependent on the regiochem-
ical relationship of the C-H to the heteroatoms.While unlikely
to dominate a small molecule-protein interaction, these weak
interactions would be anticipated to play an augmenting role
and examples are beginning to be documented.
3.8.17. Heterocycle C-H Bond Donors in GSK3 Inhibitors.

The serine/threonine kinase glycogen synthase kinase 3 (GSK3) is
known to be involved in several cellular signaling pathways and
represents a potential molecular target for type 2 diabetes and
Alzheimer’s disease, where GSK3 levels have been shown to be
elevated. GSK3 also has proapoptotic activity and may be involved in
neuronal cell death, while inhibitors may mimic the action of mood
stabilizers such as lithium and valproic acid, suggesting potential for

Table 37. SAR Associated with a Series of Inhibitors
Cathepsins S and K

Figure 44. Interaction between pyrimidine-based cathepsin inhibitors
and the catalytic cysteine thiol that facilitates addition of the thiol to the
activated nitrile.

Figure 45. Interactions between azole-substituted pyrido[1,2-a]pyr-
imidines and 1,6-naphthyridines and the catalytic Mg2þ atoms of HIV-1
integrase.

Table 38. Structure-Activity Relationships for a Series of
Azole-Substituted Pyrido[1,2-a]pyrimidine-Based Inhibitors
of HIV-1 Integrase
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the treatment of bipolarmood disorders. AnX-ray crystal structure of
the enzymewas solved in 2001, facilitating structure-based design and

leading to the development of a seam of biological activity associated
with structurally diverse inhibitors. The 4-aminoquinazoline deriva-
tive 271was a potent early lead,Ki = 24 nM, that exhibited inhibition
kinetics consistent with the compound acting as a competitive
inhibitor of ATP binding (Table 40).227 An X-ray cocrystal structure
confirmed the mode of inhibition and revealed three H-bonding
interactions between the enzyme and 271, which adopted an overall
planar topography in the active site, as depicted in Figure 46.
However, much of the fundamental SAR associated with 271

appeared to be cryptic in nature. The poor activity of the isoxazole
272 was explained by the loss of a H-bond donor moiety, while the
4-fold reduced activity of pyrazole273was attributed to the loss of an
important hydrophobic interaction associated with the CH3 moiety

Table 40. SAR Associated with a Series of Glycogen Synthase
Kinase 3 Inhibitors

Figure 46. Key H-bonding interactions between 271 and glycogen
synthase kinase 3.

Table 39. Calculated H-Bond Donor Interaction Energies
between a C-H and H2O Compared to H2O and CH4

226
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of 271 (data summarized in Table 40).227 However, replacing the
pyrazole ring of 271 by a triazole (274), which preserves the
H-bond donor capability, resulted in 1000-fold reduction in
potency while removing the CH3 group, to afford 275, restored
potency by 100-fold, a result that contrastsmarkedlywith the data for
the related pyrazoles 271 and 273. Adding to the enigma, the
quinoline 276was found to be 100-fold less active than 271, with aKi

of 2.5 μM.227

A careful analysis of this series based on an assessment of
the preferred conformations of the azole moieties in relation
to the quinazoline or quinoline heterocycle and an appreciation
of H-bonding patterns, including C-H H-bond donors, pro-
vided a coherent explanation for the data that are summarized in
Table 41.
3.8.18. Evolution of GSK3 Inhibitors. Taking advantage of these

observations and seeking new active inhibitors of GSK3, the thiazole
277 was designed based on modeling that revealed a planar
conformation preferred by 9 kcal/mol, attributed to a productive
N to S σ* stabilizing interaction that is a function of a partial positive
charge on S (þ0.35) and a partial negative charge on N (-0.65)
(Figure 47).227 A heteroaryl C-H H-bond donor interaction to an
enzyme backbone carbonyl oxygen atom was also invoked, optimal
when the H-bond donor is bound to a carbon adjacent to a
heteroatom(Figure 47). This compoundwas synthesized and tested,
displaying a Ki of 150 nM, just 6-fold weaker than the pyrazole
271, an observation attributed to the weaker C-HH-bond donor in
277 compared to the pyrazole NH. An X-ray cocrystal structure
confirmed the predicted interactions, providing the first example
where CH 3 3 3X H bonds play an important role in drug-target
binding.227

3.8.19. Janus Kinase 2 (JAK2) Inhibitors. AZ-960 (278) is a
potent JAK2 inhibitor, IC50 e 3 nM, that acts as a competitive
inhibitor of ATP, with the orientation in the binding site depicted in

Figure 48.228,229 In this series, a pyrazine was shown to be an
effective isostere of the pyridine while a thiazole was examined as a
pyrazole replacement, pursuing a hypothesis based on the
proposed binding mode and concepts developed from the earlier
observations described above for GSK3 inhibitors. In the event,
pyrazole 279 and thiazole 280 showed comparable potency attrib-
uted to a productive N-S interaction to replace the C-H H-bond
donor interaction between the pyrazole and pyrazine in 278 and
279.228,229

The unique properties of sulfur in heterocyclic ring systems have
been appreciated more broadly as a means of influencing conforma-
tional preferences. A recent example took advantage of establishing a
no f σ* interaction between a pyrimidine nitrogen and a thiazole
sulfur atom tobias conformational constraint in a series of p38RMAP
kinase inhibitors.230,231 In a successful attempt to optimize the
thiazole 281, for which the X-ray cocrystal with the enzyme
suggested an interaction between the thiazole S atom and the
proximal amide carbonyl lone pair,231 the pyrimidine 282
emerged as a potent p38RMAP kinase inhibitor, IC50 = 7 nM.
An X-ray cocrystal of 282 bound to the enzyme revealed
coplanarity between the thiazole and pyrimidine rings, con-
sistent with the proposed no f σ* interaction. Confirmation
was obtained from single crystal X-ray structures of 283 and
284 in which the more potent 283 (IC50 = 46 nM) adopted a
conformation with a short (2.90 Å) contact distance while the
less potent 284 (IC50 = 223 nM) crystallized with the
topology shown, also stabilized by a no f σ* interaction that
favors the alternative conformation that is not complemen-
tary to the topology of the enzyme active site.231

This kind of n f σ* donation to sulfur that creates close
contacts between the atoms has been analyzed theoretically for
S 3 3 3O interactions232 and recognized as contributing to con-
formational preorganization and, hence, biological activity in the
factor Xa inhibitor 285,233 the Aurora A and B kinase inhibitor
286,234 the nucleoside analogue tiazofurin (287) and related
compounds,235-238 the angiotensin II receptor antagonist 288,239

and the proton pump inhibitor rabeprazole (289).240 In the case of
286, 287, and 288, the corresponding oxygen analogues have been
shown to be markedly less potent, demonstrating the importance of
selecting the correct azole moiety and defining the limits of isosteric
replacement between heterocycles.

Figure 47. Drug-target interactions between the thiazole 277 and
glycogen synthase kinase 3.

Figure 48. Binding interactions between Janus kinase 2 and the
inhibitor 278 and the structure of two analogues 279 and 280.
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3.8.20. Electron Demand of Heterocycles and Applications.
The electron withdrawing properties of heterocycles, which are
dependent on the identity of the heterocycle, the site of attachment,
and the nature and position of substituents, have been exploited
extensively in drug design. Two of the most prominent applications
include the activation of carbonyl moieties to electrophilic species
that readily react with the catalytic serine of serine proteases and
related serine hydrolases to afford mechanism-based inhibi-
tors and the acidification of amine or amide moieties to
improve H-bond donor properties, culminating in carboxylic
acid isosterism in the case of sulfonamide-based antibacterial
agents. In an effort to quantify electron withdrawal, the
concept of charge demand has been formulated, defined as
the fraction of π-charge transferred from a negatively charged
trigonal carbon atom to the adjacent X group, as depicted in

Figure 49.241-244 A ranking of resonance electron withdrawing
capacity of a range of functional groups and heterocycles
of interest to medicinal chemists, measured by 13C NMR chemical
shifts of trigonal benzylic carbanions, is compiled in Table 42.
3.8.21. Heterocycles and Activation of a CdO in Serine

Protease Inhibitors. One aspect of the design of serine protease
inhibitors has focused on presenting the enzyme with a
substrate mimetic in which the scissile amide bond is replaced
with an electrophilic carbonyl element to which the catalytic
serine hydroxyl reacts to form a stable but unproductive
tetrahedral intermediate. The equilibrium in favor of the
adduct is a function of the electrophilicity of the CdOmoiety,
and peptidic aldehydes were adopted as the vehicle for the
initial examination of this concept.245 Subsequent refine-
ment probed trifluoromethyl ketones and pyruvate deriva-
tives, the latter providing an opportunity for the incorporation
of structural elements designed to interact more extensively
and productively with the S0 pockets. Further evolution
along this path of inquiry focused on a series of tripep-
tidic, mechanism-based inhibitors of human neutrophil elas-
tase (HNE) that incorporated heterocycles as the carbonyl
activating element.246-252 R-Ketoamides were included in

Table 41. Factors Underlying the Conformational Preferences of a Family of Glycogen Synthase Kinase 3 Inhibitors

Figure 49. Charge demand is defined as the fraction of π-charge
transferred from a negatively charged trigonal carbon atom to the
adjacent X group.
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this study as comparators, and inhibitory potency was found to
correlate with the electrophilicity of the carbonyl moiety
(results summarized in Table 43).247 These heterocyclic
carbonyl-activating moieties were considered to offer several
advantageous opportunities for drug design, including the
potential for unique interactions with enzyme and the ability
to probe interactions with S0 sites, while the size of the
heterocycle was considered to offer potential to sterically
interfere with metabolism of the carbonyl moiety.246-248,252

Subsequent studies examining an oxadiazole activating element
found that activity was quite sensitive to the identity of the
heterocycle with the 1,3,4-oxadiazole 290, a highly potent inhibitor
of HNE, Ki = 0.025 nM, but the isomeric 1,2,4-oxadiazole 291 was
20-fold weaker, Ki = 0.49 nM.249 The 1,3,4-oxadiazole was subse-
quently incorporated intoONO-6818 (292), an orally bioavailable,
nonpeptidic inhibitor of HNE advanced into clinical trials.250

An X-ray cocrystal structure of a benzoxazole derivative bound
to HNE revealed the key enzyme-inhibitor interactions,
confirming the addition of the catalytic serine hydroxyl to
the activated carbonyl moiety and revealing the development
of a productive H-bonding interaction between the benzox-
azole N atom and the NH of the imidazole of the catalytic
histidine (Figure 50).246

Fatty acid amide hydrolase (FAAH) is a serine hydrolase
responsible for degrading endogenous lipid amides, including
anandamide and related fatty acid amides that have been
identified as neuronal modulators. Heterocycles have been
productively examined as activators of carbonyl moieties in
mechanism-based inhibitor design252 with the focus directed
toward a series of 2-ketooxazole derivatives.253,254 In these
studies, the electronic properties of the oxazole moiety were
modulated by the introduction of substituents capable of
indirectly influencing carbonyl electrophilicity, with the
structure-activity relationships captured in Table 44 demon-
strating the effects on potency. FAAH inhibitory activity
correlated nicely with the Hammett σ constant for sub-
stituents, a fundamental structure-activity relationship that
allowed both deduction and prediction of the physicochemical
nature of the oxazole subsituent. For example, the 5-CO2Hderivative
was deduced to bind as CO2

- under the assay conditions based on
the σp of 0.11 for the charged species versus a σp of 0.44 for
CO2H.

253,254 Similarly, it was concluded that the 5-CHO and
5-COCF3 analogues bind as the hydrates, observed as the species
in solution by 1H and 13C NMR, providing the first estimates of
σp for these substituents (0.26 for CH(OH)2 and 0.33 for
C(OH)2CF3).

253,254

3.9. Isosteres of the Nitro Group. The nitro moiety is a small,
moderately polar substituent255 capable of H-bonding, with several
such contacts observed in structures in the CSD, as summarized in
Figure 51.256 Most typically, the nitro group is encountered as
a substituent on aryl or heteroaryl rings where it polarizes the

Table 42. Charge Demand Associated with Functional
Groups and Heterocycles Arranged in Order of Increasing
Electron Withdrawal

Figure 50. Key interactions between a tripeptidic ketobenzoxazole
derivative and HNE.

Figure 51. Contact interactions between nitro and functional groups
abstracted from the Cambridge Structural Database.256



2563 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

π-system, and anumberof protein-ligand interactions involve theπ-
system of aromatic rings. However, nitro-substituted benzene deri-
vatives are associated with toxicity as a function of partial reduction to
the hydroxylamine which can undergo metabolic activation to an
electrophilic nitroso species. Identifying suitable replacements for
nitro-substituted aryl or heteroaryl rings has proven to be challenging,
with pyridine the most common isostere, although a carboxylate has
been shown to function as a nitro isostere in an inhibitor of
ribonucleotide carboxylase.257

In an early study of nitro isosteres, pyridine was probed as a
replacement for a nitrophenyl in the context of the β-adrenergic
antagonist 293 with the 4-pyridyl analogue 294 10-fold more
potent.258

A successful and more recent example of the replacement
of a nitrophenyl moiety by a pyridine is provided by a series
of human epidermal growth factor receptor kinase inhibitors
for which the lead molecule 295 contained a nitrophenyl
moiety.259 In these inhibitors, SAR suggested a role for the
nitro group as a H-bond acceptor that was nicely mimicked by
the pyridine 296 while attempts to replace the NO2 group
with alternative substituents were much less successful (data
summarized in Table 45).259

Nimesulide (297) is a COX-2-inhibiting NSAID first pre-
pared in 1974 but never marketed in the U.K., U.S., and
Canada because of a poor safety profile (Table 46).260 The
drug was subsequently withdrawn in Spain and Finland in
2002-2003 because of idiosyncratic cases of hepatotoxi-
city which occurred at the rate of 9.4 cases per million patients
treated, and marketing authorization was suspended in
Ireland in 2007 because of six cases of liver transplant
following the use of nimesulide-containing products. Both
nimesulide and its amine metabolite cause mitochondrial
toxicity to isolated rat hepatocytes, attributed to oxidation
of the 1,4-diaminobenzene metabolite to an electrophilic
diiminouinone.260 In an attempt to identify safer analogues,

Table 43. Structure-Activity Relationships Associated with a
Series of Tripeptidic Mechanism-Based Inhibitors of HNE

Table 44. Structure-Activity Relationships Associated with a
Series of Ketooxazole-Based Inhibitors of Fatty Acid Amide
Hydrolase (FAAH)

Table 45. SAR Associated with a Series of Human Epidermal
Growth Factor Receptor Kinase Inhibitors



2564 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

the pyridine 298 was synthesized and found to retain intrinsic
potency while preventing metabolic activation, and this
compound was active in an animal model of inflammation
(Table 46).261,262 Further optimization explored substitution
of the ether oxygen atom by NH and adding a Br substituent
to the phenyl ring to afford 299. However, it is noted that this
molecule contains an embedded 1,2-phenylenediamine ele-
ment that has the potential to undergo oxidation to the
alternative ortho diiminoquinone to that observed with the
metabolite of 297.
3.9.1. Nitro Isosteres in R1a Adrenoreceptor Antagonists.

Isosteres of a nitro substituent were sought in a series of selective
R1a adrenoreceptor antagonists targeted for the treatment of benign
prostatic hyperplasia, a urological disorder, based on the observation
that the R1R adrenoreceptor mediates contraction of lower urinary
tract and prostate smooth muscle.141,142,263,264 Although the lead
dihydropyridines, represented by 300, were related to niguldipine,
they showed no Ca2þ-channel blockade but exhibited poor oral
bioavailability due to oxidation to the pyridine, leading to the adoption
of adihydropyrimidin-2-oneas thecore scaffold.Nitrophenylmimetics
were sought in he context of 301 in order to remove an additional
metabolic liability, an exercise that identified the 3,4-diflluorophenyl
moiety found in 302 as a suitable and effective surrogate.141,142,263,264

3.10. Isosteres of Carbonyl Moieties. 3.10.1. Ketone Isosteres.
Simple ketones and aldehydes typically have a low prevalence in drugs
and candidates because of their potential chemical reactivity and
susceptibility to engaging in a reduction/oxidation pathway in vivo.
Some of the more prominent ketone isosteres are captured in
Figure 52, including substituted ethylenes in which the electronegative
substituents aredesigned to replace theoxygen atom lonepairs. BothF
andCNpreserve the geometry and electronics of a CdOmoiety, but
both motifs present potential issues associated with inherent chemical
reactivity, exemplified by the TDP-L-rhamnose synthase-mediated
reduction of a difluoroethylenemoiety, as summarized in Figure 53.265

Sulfoxide, sulfone, sulfoximine, and oxetane moieties have been
probed as ketone isosteres, with the tetrahedral geometry of the
former three of potential advantage dependent upon context. The
sulfone moiety functioned as an effective ketone isostere in a series
of HCVNS5B polymerase inhibitors that bind near the interface of
the palm and thumb subdomains of the enzyme and proximal to the
nucleotide binding site, referred to as the primer grip.266 An X-ray
cocrystal revealed that the CdOmoiety of 303 engaged the NH of
Tyr448, leading to an examination of the effect of probing a sulfone as
an isostere, with recognition a priori of the potential of thismoiety to
establish a second H-bond with the NH of Gly449. In the event, the
sulfone analogue 304 demonstrated improved binding affinity for
the enzymewith a 19-fold shift in theKD and a 14-fold improvement
in potency in a cell-based replicon assay.266

3.10.2. Oxetane as a CdO Isostere. A series of oxetane deri-
vatives were prepared as part of a broader effort to explore their
inherent physical and conformational properties, with a focus on
establishing isosterism with the carbonyl moiety based on the
nonpuckered shape of the oxetane ring (Figure 54).118-120,267

All of the compounds examined were stable over the pH range
1-10, including the azetidines. In addition, the oxetane
oxygen atom expresses a similar capacity to the CdO moiety
to accept a H-bond: the pKHB for oxetane is 1.36 which is
comparable to a pKHB for cyclopentanone of 1.27.268,269

However, oxetanes are more lipophilic than their analogous
CdO derivatives and differentially affect electronic proper-
ties, exemplified by the 2-oxa-6-azaspiro[3.3]heptane ring

Table 46. Structure-Activity Relationships Associated with
297 and Analogues

Figure 52. Synopsis of carbonyl isosteres.

Figure 53. TDP-L-rhamnose synthase-mediated reduction of a ketone
and a structurally analogous difluoroethylene derivative.
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system, a potential morpholine isostere, which is physically
more slender and more basic, pKa = 8, than morpholine,
pKa = 7.118-120,267

3.10.3. Fluorine as a CdO Isostere in Factor VIIa and
Thrombin Inhibitors. A C-F moiety has been examined as a
potential CdO isostere in the context of the pyridinone-based
factor VIIa inhibitors 305 and 306 in which the amide CdO and
proximal NH engage in complementary H-bonding interactions
with Gly216 of the enzyme, as summarized in Figure 55.270,271

Although replacement of the pyridone with a fluorobenzene
ring modestly compromised potency, an X-ray cocrystal struc-
ture of 307 bound to factor VIIa at 3.4 Å resolution revealed a
close contact between the F atom and the NH of Gly216,
interpreted as a H-bond that was anticipated during the design
phase.270,271

This motif performed with similar effectiveness in a series of
thrombin inhibitors with 308, Ki = 1.2 nM, a potent analogue
derived from the pyridone 309, Ki = 4 nM, that demonstrated

good oral bioavailability in the dog, an advance on 309which was
poorly bioavailable.272,273

3.10.4. Fluorine as a CdO Isostere in FKBP12 Mimetics. V-
10367 (310) and related compounds mimic the FKBP12-binding
portion of FK506 and were examined as potential neurotrophins,
an activity observed for FK506 in vitro and in vivo. Replacement of
the keto carbonyl with a gem-difluoro moiety afforded 311 which
displayed Ki = 19 nM as an inhibitor of FKBP12 rotamase activity,
with potency comparable to that of 310.274 Analysis of an X-ray
cocrystal structure revealed that one fluorine atom is close (3.18Å) to
the phenolic OH of Tyr26 of FKBP12 that forms a H-bond with the
ketone CdO of 310 while the second fluorine interacts with a
hydrogen atom of the aryl ring of Phe36, 3.02 Å away.274

3.10.5. Amide and Ester Isosteres. Amide and ester isosteres
have been extensively studied, with a focus on amides in the context
of peptidomimetics, while seminal studies of ester isosteres examined
with the benzodiazepines 312 and 313 were subsequently extended
into muscarinic agonists based on arecoline (314), probed as
potential agents for the treatment of Alzheimer’s disease.275,276

Amide isosteres have typically been of interest as a means of
modulating polarity and bioavailability, while ester isosteres have
frequently been developed to address metabolism issues since esters
can be rapidly cleaved in vivo.

A synopsis of the amide and esters isosteres is presented in
Figure 56 which exemplifies azole heterocycles among the most
common and prominent replacements, although more recent
design efforts have focused on mimetics that offer greater
conformational flexibility.
3.10.6. Trifluoroethylamines as Amide Isosteres. The trifluor-

oethylamine moiety, CF3CH(R)NHR0, was studied initially as an
amide isostere in the context of peptide-based enzyme inhibitors

Figure 54. Isosteric relationships between carbonyl-containing func-
tionality and oxetanes.

Figure 55. Binding interactions between factor VIIa and inhibitors
305 and 306 and the structure of a fluorobenzene-based analogue
307.
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(Figure 57A) where it can be incorporated in register (Figure 57B) or
with partial retroinversion of the reading frame (Figure 57C).277-283

In this context, the trifluoroethylamine can be considered to be
structurally similar to the tetrahedral intermediate associated with
peptide proteolysis. More recently, the trifluoroethylamine element
has been adopted as an effective amide isostere in drug discovery cam-
paigns, with compounds incorporating this functionality nowentering
clinical trials.284,285 Functionalmimicry is basedon the trifluoromethyl
moiety reducing the basicity of the amine without compromising the
ability of the NH to function as a H-bond donor. In addition, the
CF3CH(R)NHR0 bond is close to the 120� observed with an amide,
and the C-CF3 bond is isopolar with a CdO.277-283 Of potential

advantage depending on context, the trifluoromethylethylamine
moiety confers conformational flexibility that may improve comple-
mentarity with a target protein although at the expense of introducing
a stereogenic center. The pentafluoroethylamine moiety, CF3CF2
CH(R)NHCHR0, performs in a functionally similar fashion.284,285

3.10.7. Trifluoroethylamines as Amide Isosteres in Cathepsin
K Inhibitors. Cathepsin K is a lysosomal cysteine protease in
osteoclasts responsible for bone degradation during remodel-
ing, with inhibitors preventing bone resorption and offering
potential in the treatment of osteoporosis.284,285 The cathe-
psin K inhibitor L-006235 (315) presents a nitrile function-
ality to the enzyme that reacts reversibly with the catalytic

Figure 56. Synopsis of amide and ester isosteres.

Figure 57. Comparison of two potential motifs by which the trifluoroethylamine moiety can act as an isostere of an amide moiety in peptide-based
molecules. In part B the trifluoroethylamine is introduced in register directly mimicking the amide moiety in part A, while in part C the
trifluoroethylamine is incorporatred with partial retroinversion of the reading frame.

Figure 58. Binding interactions between HIV-1 protease and inhibitors.
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cysteine that, although exhibiting good pharmacokinetic
properties, was poorly selective for cathepsin K compared to
the related enzymes cathepsins B, L, and S. This profile was
attributed to the lysosomotropic nature of 315 which is both
basic and lipophilic. Optimization led to the identification of
L-873724 (316), a compound in which the amide moiety of
315 was replaced by a trifluoroethylamine element, resulting
in improved selectivity but poorer pharmacokinetic proper-
ties. Odanacatib (317) was the product of further refinement
that solved both problems, with the fluorinated valine block-
ing hydroxylation and the quaternary cyclopropyl moiety at
P1 reducing the propensity for amide hydrolysis.284,285 Com-
pound 317 is currently in phase 3 clinical trials.

3.10.8. Trifluoroethylamine as an Amide Replacement in the
HCV NS3 Inhibitor Telaprevir. An interesting example where
examination of the trifluoroethylamine moiety as an amide isostere
markedly affected target specificity and selectivity is provided by the
tetrapeptidic, mechanism-based inhibitor of HCV NS3 protease,
12.286 Compound 12 inhibits HCV NS3 with an IC50 of 70 nM
and is an effective antiviral agent, EC50 = 210 nM in the replicon.39

However, telaprevir also inhibits cysteine proteases, including cathe-
psinBwith an IC50 of∼210nM.Although cathepsin S inhibitiondata
have not been reported for 12, replacing the P4 amide with a
trifluoroethylamine moiety produced the potent cathepsin S inhibi-
tors 318 (IC50 = 2 nM) and 319 (IC50 = 0.6 nM) in which activity is
largely insensitive to the absolute configuration.286 Most interestingly
given that the structural changes are remote from the active site of
HCV NS3, both compounds are much less active in the HCV
repliconwith only 34%and29% inhibitionobserved at 25μMfor318
and 319, respectively. Cathepsin S activity has been implicated as an
underlying cause of aspects of allergic disorders and both Alzheimer’s
and autoimmune diseases.

3.10.9. Amide Isosteres in Adenosine2B Antagonists. The
amide 320 is a potent adenosine2B antagonist, Ki = 4 nM,
explored for its potential to prevent adenosine-mediated
inflammation in asthma.287 However, simple amides were cleaved

in liver microsomes in vitro by a nonoxidative pathway releasing, in
the case of 320, the 2-aminopyridine 321 and cyclopropanecar-
boxylic acid 317, a simple molecule associated with toxicity in
vivo.288 A range of effective isosteres were developed that offered
improved metabolic stability in vitro, as summarized in Table 47.287

3.11. Ether/Sulfone and Glyoxamide/Sulfone Isosterism.
3.11.1. Ether/Sulfone Isosterism in HIV-1 Protease Inhibitors.
Saquinavir was the first HIV-1 protease inhibitor to be approved,
but this compound, although highly potent with IC50 = 0.23 nM, is
poorly bioavailable, attributed to the peptidic nature of the molecule
and the number ofNHbonds (Figure 58A). Replacing the asparagine
moiety embedded within saquinavir with a 3(R)-tetrahydrofuranyl-
glycine moiety improved potency several-fold, IC50 = 0.05 nM
(Figure 58B), while removal of the quinoline moiety decreased
potency markedly, IC50 = 160 nM (Figure 58C).289,290 Taking a
cue from these data, Ghosh replaced the (R)-3-THFmoiety found in
amprenavir (323), Ki = 0.6 nM, with a cyclic sulfone to afford 324, a
compound that maintained inhibitory potency, Ki = 1.4 nM. In
models of 324 bound to HIV-1 protease, the cyclic sulfone oxygen
atoms were proposed to accept H-bonds from both the Asp29 and
Asp30 NHs, as depicted in Figure 59A. Further optimization took
advantage of this observation and led to the design of a bicyclic ether
ring systemas an effective andmore lipophilic sulfone isostere, initially
explored in 325 as a prelude to identifying the highly potent HIV-1
protease inhibitor darunavir (326), licensed in the United States in
June 2006. The design emphasis in arriving at 326 focused on
optimizing essential interactions between the inhibitor and the back-
bone of HIV-1 protease, captured in Figure 59B, with a view to
minimizing the potential for resistance.289,290

3.11.2. Sulfone/Glyoxamide Isosterism in HIV Attachment
Inhibitors. The indole glyoxamides 327 and 328 are potent inhibi-
tors of HIV-1 replication in cell culture, EC50 = 7 nM and EC50 < 5
nM, respectively, that act by interferingwith the binding of viral gp120
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to the host cell CD4 receptor.291,292 The glyoxamide moiety typically
adopts an orthogonal arrangement of the two carbonyl groups in
order to minimize nonbonded interactions while deploying the
dipoles in the most stable orientation. A sulfone moiety was
postulated as an effective mimetic based on 3D structural analysis,
and although apotent antiviral, EC50=7nM,329was less impresssive
than the structurally analogous glyoxamide 328, EC50 < 5 nM.292 An
attempt to compensate for the topological differences between the
two chemotypes examined a series of biaryl derivatives represented

generically by 330with only limited success, since this series generally
exhibited poor antiviral activity.293

3.12. Urea Isosteres. 3.12.1. Urea Isosteres in Histamine
Antagonists. The development of histamine H2 antagonists
fostered a considerable understanding of the design of isosteres of
ureas and thioureas, with classic studies representing an early
application of the careful and detailed analysis of physical chemistry
properties to drug design.294 Metiamide (331) was used as the lead
compound to design cimetidine (332) in which the thiourea was
replaced by a cyanoguanidine.294 A 2,2-diamino-1-nitroethene
functioned as an effective urea isostere in ranitidine (333), while
later studies focused on 1,2,5-thiadiazole oxides related to 334 as
potent H2 antagonists.

295,296

3.12.2. Urea-Type Isosteres in KATP Openers. Pinacidil (335),
a KATP opener studied clinically for the treatment of hyperten-
sion, attracted the attention of a group focused on optimizing its
bladder smooth muscle relaxant properties as a potential

Table 47. Structure-Activity Relationships Associated with a
Series of Adenosine 2B Antagonists

Figure 59. Proposed binding interactions between HIV-1 protease and the sulfone-based inhibitor 324 (A) and key binding interactions observed
between HIV-1 protease and 326 in the X-ray cocrystal structure (B).



2569 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

therapy for urge urinary incontinence. A series of diaminosquarate
derivatives 336 was developed based on the recognition of an
isosteric relationship with the cyanoguanidine moiety of 335.297 It
was found that a 2-ethyl substituent on the aryl ring of diaminos-
quarate derivatives enhanced bladder potency by 6-fold, leading to
the emergence of WAY-133537 (337) as a lead candidate.297 The
squaramide 337 exhibits 70%oral bioavailability in the rat, is clean in
an AMES test, and revealed no significant drug-related toxicities in
rats at doses up to 200 mpk. In vivo, the compound inhibited
spontaneous bladder contractions at doses lower than that at which
hypotensive effects were manifest.297 An alternative urea/cyanogua-
nidine isostere is found inZD-6169 (338), another bladder-selective
KATP opener evaluated clinically for urge urinary incontinence.

298

3.12.3. Urea Isosteres in CXCR2 Antagonists. 3,4-Diamino-
cyclobut-3-ene-1,2-diones were also probed as ureamimetics in the
context of the CXCR2 ligand 339, leading to the identification of
the potent CXCR2 antagonists 340-342.299 These compounds
demonstrated good activity in a chemotaxis assay in vitro with the
phenyl derivative 342 identified as the most potent agent. Caco-2
permeability and aqueous solubility were better for the alkylamine
analogues 340 and 341 compared to the phenyl derivative 342,
while all demonstrated good metabolic stability in HLM.299

The diaminocyclobut-3-ene-1,2-dione SCH-527123 (343) is a
dual CXCR2/CXCR1 antagonist (CXCR2 IC50 = 2.6 nM; CXCR1
IC50 = 36 nM) that inhibits human neutrophil chemotaxis in vitro
induced by CXCL1 or CXCL8 and was viewed as possessing
potential for the treatment of inflammatory diseases.300 Phase IIa
trials of 343 for COPD and asthma have been completed, and two
500-patient phase IIb trials were recently initiated.

3.12.4. Additional Squaric Acid Urea Isosteres. Squaric acid
derivatives are well represented in drug design and include
the mitogen-activated protein kinase-activated protein kinase
2 inhibitors 344 and 345,301 the marketed histamine H2

antagonist pibutidine (347), an isostere of lafutidine (346),
and 349, a very late antigen-4 (VLA-4) integrin antagonist
designed after 348.302 By use of similar fundamental design
principles, the chiral squaric diamide 350 is an effective
organic catalyst whose design is based after the analogous
urea.303

3.12.5. Urea/Thiourea Isosteres in Factor Xa Inhibitors. The
disubstituted lactam 351 is a potent inhibitor of the serine
protease factor Xa, IC50 = 110 nM, for which effective
replacements of the thiourea were sought in order to avoid
the potential for toxicity.304 A careful analysis of the con-
formational preferences of the four lowest energy nitroketene
aminals was conducted (summarized in Figure 60) and
compared to thiourea, both of which were found to favor
the anti-syn1 conformation and suggesting the potential for
effective isosterism. However, the nitroketene aminal 352
was a 60-fold weaker inhibitor of factor Xa, IC50 = 6400 nM,
necessitating further optimization of both the thiourea mimetic

Figure 60. Calculated energies associated with the four lowest energy
nitroketene aminal conformers.
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and the aniline moiety, an exercise that ultimately afforded
the potent factor Xa inhibitor 353, IC50 = 20 nM.304

3.13. Guanidine and Amidine Isosteres. Interest in identi-
fying isosteres of the amidine and guanidine functionality has
largely been driven by attempts to develop inhibitors of the serine
proteases that constitute the coagulation cascade and that
includes thrombin and factor Xa, both of which recognize an
arginine at P1 of substrates.305,306 Guanidines and amidines are
highly basic entities that are protonated at physiological pH,
which leads to poor membrane permeability, a significant
impediment to developing orally bioavailable compounds. Basi-
city can be reduced from a pKa of 13-14 by replacement of an
adjacent CH2 with either a carbonyl moiety to afford an acyl
guanidine, pKa ≈ 8, or an oxygen atom, pKa ≈ 7-7.5. These
modifications, which represent isosteric replacement of a CH2,
have the potential to significantly compromise potency depend-
ing on the application. However, acylguanidines have been
successful in developing a family of histamine H2 agonists

307,308

while oxyguanidines are useful P1 surrogates in thrombin
inhibitors, as demonstrated by RWJ-671818 (354), a compound
advanced into phase 1 clinical studies.272,273,309-311 Although
prodrugs have also been extensively explored and offered a
solution for some drug candidates, alternative structural elements
designed to mimic aspects of guanidine have been devised with
greater overall success. Typically, these inhibitors rely upon

optimized interactions at other subsites of the enzymes in order
to fully secure potency and selectivity, with clinically effective,
orally bioavailable inhibitors of the coagulation enzymes, parti-
cularly factor Xa, in late stage clinical development.312

3.13.1. Arginine Isosteres in Factor Xa Inhibitors. The wide
range of arginine mimetics compiled in Figure 61 were examined
in the context of P1 elements in factor Xa inhibitors and provide a
synopsis of the more prominently successful arginine
isosteres.313 Of particular interest are the neutral elements, with
the 3-chlorophenyl moiety offering potency, Ki = 37 nM,
comparable to that of the 3-aminophenyl, Ki = 63 nM, 10-fold
weaker than the 3-aminomethyl, Ki = 2.7 nM, although all are
markedly less potent than the 3-amidino prototype which
displayed Ki = 0.013 nM.313 The 4-methoxy analogue exhibited
good potency, Ki = 11 nM, and this P1 moiety is found in the
clinically relevant factor Xa inhibitor apixaban (355).312

More recently, chlorothiophenes have emerged as useful
P1 elements for factor Xa and thrombin inhibitors.314,315 Pyr-
idazinone 356, originally prepared as a phosphodiesterase-3
inhibitor with potential as a positive inotropic agent, was
identified by screening as a weak factor Xa inhibitor, IC50 = 1.1
μM (Figure 62).314 An X-ray cocrystal of 356 with the enzyme
established the binding mode with the chlorothiophene estab-
lishing a halogen bonding interaction with the π-cloud of Tyr228,

Figure 61. Synopsis of guanidine and amidine isosteres examined in the context of P1 elements in factor Xa inhibitors.313
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captured in Figure 62.314 Optimization afforded the more potent
inhibitor 357, IC50 = 5.9 nM, and several additional examples
have appeared in the literature.312,315

The diaminosquarate moiety has been explored successfully as
a guanidine mimetic in the context of the arginine-derived
peptidomimetic 358, an inhibitor of the interaction between
the HIV-1 transcription regulator Tat and the Tat-responsive
RNA element TAR.316 The guanidine 358 binds to HIV-1 TAR
RNA with Kd = 1.8 μM, while the squaric acid diamide analogue
359 is a 4-fold weaker ligand, Kd = 7.7 μM, providing the first
example of this moiety acting as a functional guanidine
isostere.316

3.14. Phosphate and Pyrophosphate Isosteres. One of the
most challenging functionalities to mimic in the design of drugs
for development has been the phosphate or pyrophosphate
functionality.317 For in vitro inhibitors, a phosphonate is a useful
and stable phosphate mimetic that can be improved by difluor-
ination of the R-C atom to increase the acidity to more closely
match that of the phosphate moiety.318 Phosphate isosteres have
been explored primarily in the context of nucleotide analogues
and phosphatase inhibitors, with a wide range of isosteres that
offer less severe acidic functionality explored in an effort to find
surrogates compatible with oral absorption. This initiative has
enjoyed only limited success, since a general solution has not
been identified and solutions to individual problems are rare.
Consequently, prodrugs have been the usual resort in situations
where phosphates or phosphonates are an absolute requirement

for drug-target interactions, and there are several examples of
clinically useful prodrugs either marketed or in development.
Nevertheless, there have been some productive advances, most
notably in the context of HIV-1 integrase strand transfer
inhibitors, where a wide range of successful mimetics of the
transition state in phosphate hydrolysis have been identified. Of
particular interest are a series of hydroxylated pyrimidinones that,
when appropriately configured, extend isosterism to that of the
pyrophosphate moiety.
3.14.1. Phosphate and Pyrophosphate Mimetics. The lower

acidity of phosphonates often leads to poor mimicry of phos-
phates, rectified by judicious substitution with electronegative
substituents, with mono- or difluorophosphonates more closely
mimicking the pKa of phosphate (data compiled in Tables 48
and 49).318-321 However, the highly acidic nature of fluoropho-
sphonates has limited their application and utility in drug design
largely to biochemical evaluation in vitro.
3.14.2. Phosphate Isosteres in PTP-1B. Protein tyrosine phos-

phatase-1B (PTP-1B) is a negative regulator of the insulin and
leptin signal transduction pathways, and inhibitor design has
focused on peptide-based recognition fragments that incorporate
mimetics of phosphotyrosine. Compounds presenting dicar-
boxylic acids, related polyacidic analogues, and polar function-
ality as well as PhCF2P(O)(OH)2 derivatives are represented
among isosteres that have been identified as effective, com-
petitive PTP1B inhibitors in vitro, moieties summarized in
Figure 63.322,323 In an interesting example of inhibitor design,
an analysis of the overlay of the two inhibitor motifs depicted in
Figure 64 led to the proposal of the novel isothiazolidinone-based
inhibitor 360.322-325 Interestingly, this chemotype was arrived at
independently based on X-ray data of the small ligand 361 in which
the ortho methoxy substituent increased potency by promoting
orthogonality of the heterocycle ring.326

Figure 62. Key interactions between factor Xa and the pyridazinone-
based inhibitor 356.

Table 48. Acidity of a Series of Diphosphonates Compared to
Diphosphate

Table 49. Acidity of Phenyl Phosphate and a Series of
Phosphonate Analogues

compd pKa2

PhOP(O)(OH)2 6.22

PhCH2P(O)(OH)2 7.72

PhCH(F)P(O)(OH)2 6.60

PhCF2P(O)(OH)2 5.71
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Incorporation of the isothiazolidinone moiety into a peptide
fragment providing enzyme recognition afforded 362, a PTP-1B
inhibitor almost 10-fold more potent than the corresponding
difluorophosponate 363.324,325 Chirality was found to be criti-
cally important, since the enantiomer 364 and the unsaturated
analogue 365 were found to be considerably weaker enzyme
inhibitors. However, this series of isothiazolidinone-based in-
hibitors failed to demonstrate activity in cell-based assays,
attributed to poor membrane permeability.322,324,325 Attempts
to address this problem by diminishing the peptidic nature of the
molecule focused on introducing a benzimidazole moiety as a
lipophilic amide isostere designed to maintain an important
H-bond with Asp48, a tactic exemplified by 366 and 367.324,325

The sulfonamide NH of both compounds similarly maintains a
H-bond to the other oxygen atom of Asp48, and the phenyl ring is
important for activity because the methyl analogue is 18-fold
less potent. The ortho-F atom in 367 promotes an orthog-
onal topography for the isothiazolidinone element designed to

optimize drug-target interactions.324,325 Although both 366 and
367 are highly potent PTP-1B inhibitors, they exhibit only weak
cell-based activity, reflective of the poor membrane permeability
measured in a Caco-2 assay.

3.14.3. Squarates as Phosphate Isosteres. Squaric acid dia-
mides exist in four possible rotamers, and calculations indicate that
the E,Z isomer is favored to an extent of 93% at 25 �C (Figure 65),
although N,N0-diphenyl-N,N0-dimethyldisquaramide behaves differ-
ently, since the E,E isomer is more stable because of π-π stacking
between the phenyl rings (Figure 66).327 Squaric acid diamides
have been modeled as phosphate isosteres in DNA, with
electrostatic potential maps indicative of reasonable phos-
phate mimicry based on significant charge residing on the key
oxygen atoms. Squarate oxygen atoms carry charges of -0.47
and -0.51, compared to a charge of-0.84 on each phosphate
oxygen atom.328 This analysis provided confidence to prepare
a series of thymidine dimers based on the squaryldiamide 368
designed to mimic the natural dinucleotide 369 for incorpora-
tion into oligonucleotides.328 By use of thymidine as the base, the
squaryldiamide, designated TsqT, was shown to possess a similar
structure by CD and UV analysis to the natural analogue, desig-
nated TpT. TsqT was shown to bind Mg2þ by 1H NMR and
further examined in the context of the hybridization of the
oligonucleotide 50-d(CGCATsqTAGCC)-30 to its complementary
natural sequence 50-(DGGCTAATGCG)-30. The base pairing
ability of the TsqT-containing oligonucleotide was preserved, but
the DNA duplex was distorted by the TsqTmoiety, detected in the
melting temperature Tm of 30.4 �C compared to a Tm of 41.7 �C
for the unmodified duplex. Notably, 50-d(CGCATsqTAGCC)-30

Figure 63. Synopsis of protein tyrosine phosphatase-1B (PTP-1B) inhibitor motifs.
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was stable toward both snake venom phosphodiesterase and alka-
line phosphatase.328

The squaric acid monoamide moiety was evaluated as a
phosphate isostere in the context of nucleotides 370 and their
cyclic analogues 371 based on the acidity of this element, pKa =
2.3. The cyclic analogue 371 showed ribose puckering in the N
conformation similar to cGMP, and although derivatives were
probed as antiviral agents, the results were not disclosed.329

A recent attempt to refine phosphate isosterism by this
motif probed the introduction of an additional metal coordi-
nating element to a squaryldiamide, examined in a molecule
designed to mimic the sugar-nucleotide GDP-mannose (372),
a central mediator of prokaryotic and eukaryotic carbohydrate
and glycoconjugate biosynthesis, metabolism, and cell
signaling.330 The squaryldiamide 373 was designed as a
potential inhibitor of the GDP-mannose-dependent mannosyl
transferase dolichol phosphate mannose synthase (DPMS)
from Trypanosoma brucei, a validated antitrypansosomal tar-
get. It was anticipated that the squaryldiamide moiety would
coordinate to the catalytic metal in the active site of DPMS
while allowing the introduction of an additional proximal
polar element capable of coordinating to the metal, explored
with a nitro or carboxylic acid substituent, the latter exempli-
fied by 373. However, despite modeling studies supporting
the potential for these molecules to bind to the DPMS active

site and 1H NMR data indicative of association of the
squaryldiamide moiety with Mg2þ, 373 demonstrated only
modest inhibition, with residual enzyme activity measured as
64% at 1 mM drug concentration compared to 8.5% for the
natural feedback inhibitor GDP at the same concentration.
The poor activity was rationalized by considering the two
major rotamers associated with the squaryldiamide moiety,
both stabilized by intramolecular H-bonds, with one failing to
adequately represent the extended conformation frequently
adopted by sugar nucleotides.330

3.14.4. HIV-1 Integrase Inhibitors and Phosphate Isosterism.
HIV-1 integrase catalyzes the cleavage of the 50 terminal
GT dinucleotide from the newly reverse-transcribed viral DNA
following infection (Figure 67A) and, after translocating to the
cell nucleus, the integration of HIV-1 DNA into the host cell
chromosome, the so-called strand transfer step depicted in
Figure 67B.331

Successful inhibitors of integrase specifically target the
strand transfer step, binding to the active site Mg2þ ions in
conjunction with viral DNA and acting as mimics of the
transition state intermediate.332 A synopsis of some of the
more the successful motifs that have been designed as part of
the search for clinically useful HIV integrase inhibitors is
collected in Figure 68.
While a large family of HIV-1 integrase inhibitors have been

disclosed that are based on a wide range of scaffolds, the only

Figure 64. Design of isothiazolidinone-based inhibitors of protein
tyrosine phosphatase-1B (PTP-1B) based on topological overlay of
two structurally different chemotypes.

Figure 65. Conformational isomers of squaric acid diamides.

Figure 66. Preferred conformation of N,N0-diphenyl-N,N0-dimethyl-
disquaramide.
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clinically relevant compounds to emerge to date are the pyrimi-
dinedione raltegravir (374), licensed in the United States in
2007, the quinoline carboxylic acid elvitegravir (375), currently
in phase 3 clinical trials, and the pyrido[1,2-a]pyrazine S/GSK-
1349572 (376) which has recently completed phase 2 studies.
These three compounds represent interesting and distinct var-
iants on phosphate transition state mimicry. Most interestingly,
375 is being developed as part of the so-called “quad pill”
in which it is coformulated with the nucleoside analogue
emtricitabine, the nucleotide analogue tenofovir, and the cyto-
chrome P450 inhibitor cobicistat, the last included to inhibit
metabolism of the integrase inhibitor.

3.14.5. Phosphate Isosteres in HIV-1 RNase H and HCV NS5B
Inhibitors. The dihydroxypyrimidine 377 is an inhibitor of the
RNase H activity associated with HIV-1 reverse transcriptase, with
X-ray crystallographic analysis indicating that 377 chelates to the
active site metals, presumably acting as a mimic of elements of the
transition state during phosphate hydrolysis.333

The dihydroxypyrimidine 378 inhibits HCV NS5B RNA-
dependent RNA polymerase activity with IC50 = 0.73 μM by a
mechanism involving competition with nucleotide incor-
poration.334 In addition, 378 inhibits pyrophosphate-mediated
excision, which is the reverse reaction and is a mechanism by
which a nucleotide can be removed from an oligonucleotide.
The compound was thus concluded to act as a mimic of

Figure 67. Topology of the HIV-1 integrase enzyme-substrate complex during the cleavage (A) and strand transfer step (B).

Figure 68. Synopsis of HIV-1 integrase-inhibiting motifs.

Figure 69. Topological mimicry of the diphosphate moiety of farnesyl
pyrophosphate by the maleic acid element found in chaetomellic acids
A and B.
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pyrophosphate (379), a mechanism analogous to that attributed
to foscarnet (380), a simple pyrophosphate analogue marketed
for the treatment of several viral infections.

3.14.6. Pyrophosphate Isosteres in Ras Inhibitors. Ras pro-
teins are membrane-bound GTP-binding proteins involved in
signal transduction, and farnesylation of cysteine in a CAAX
motif in Ras initiates a sequence of post-translational modifica-
tions that ultimately leads to membrane association and activa-
tion of the mitotic signaling activity.335 Inhibitors of Ras
farnesylation have potential applications in oncology, and several
classes of inhibitor have been explored. Chaetomellic acids A
(382) and B (383) rely upon structural mimicry of farnesyl
pyrophosphate (381) to compete with the natural substrate.336

These compounds inhibit human FTPase with IC50S of 55 and
185 nM, respectively, with the maleic acid element hypothesized
to function as a pyrophosphate isostere based on the topological
mimicry captured in Figure 69.

Amolecular modeling exercise established good structural and
charge correspondence between a triphosphate moiety 384 and
the citrate derivative 385 when configured in the extended
conformation, suggesting the potential for isosterism.337,338

The concept was explored in the context of the HIV-1 nucleoside
inhibitor d4T with the ester 386 and amide 387 linkers used to
connect citrate to the sugar. Ester 386 demonstrated HIV-1
inhibition in cell culture with potency 10-fold weaker than that of
d4T and showed weaker activity in thymidine kinase-deficient
cells, while the amide 387 was inactive. However, neither
compound inhibited HIV-1 reverse transcriptase in a biochem-
ical assay, leading to the conclusion that the ester 386was cleaved
in cell culture to liberate d4T which was phosphorylated by
thymidine kinase.337,338

3.14.7. Phosphate Isosteres in HIV-1 Reverse Transcriptase
Substrates. The series of pyrophosphate isosteres summarized
in Table 50 has been examined in the context of modified
nucleotides probed as substrates of HIV-1 reverse transcriptase
(RT).339-347 Initial studies focused on phosphoramidates pre-
pared from adenine monophosphate and the natural amino acids
aspartate, glutamate, histidine, and proline.340,341 While the
glutamate and proline derivatives were found to be poor sub-
strates of HIV-1 RT, the L-Asp (388) and L-His (392) derivatives

Table 50. Pyrophosphate Mimics Explored in the Context of
a Series of Nucleoside Triphosphate Analogues Presented to
HIV-1 Reverse Transcriptase as Potential Substrates
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were processed by the enzyme with the Vmax for Asp just 3-fold
lower than that of the natural substrate (data compiled in
Table 51). However, the Km value for 388 is substantially higher
than that of the natural substrate, reflecting a scenario in which
this modified triphosphate is an efficient substrate for the enzyme
but possesses only low affinity for the substrate binding site.
Extending the Asp-based phosphoramidate concept to the bases
guanine, cytosine, and thymine produced substrates with Km

values 10- to 15-fold lower than those of the natural triphosphate
counterparts, quite remarkable given the significant structural
differences.341,342 These results prompted a broader probe of
modified substrates from which the cytidine-based malonate
derivative 394was found to be incorporated 1.5-fold more slowly
than L-Asp-dAMPwhile the iminodiacetic acid derivative 395 is a
superior substrate with a Vmax/Km just 15-fold lower than that of
dATP.343,345 Modification of the amino leaving group of the L-
His derivative 392 to an oxygen atom afforded ILA-dAMP (393)
for which the Vmax improved almost 10-fold, while the Km was
lowered by 2-fold.344 The phosphate 396, an analogue of 388, is
an improved substrate with a Km 78-fold higher than that of
dATP and a Vmax 1.3-fold slower, affording a Vmax/Km ratio that
differs by only 99-fold.346 The guanosine (397), thymine (398),
and cytosine (399) analogues of 396 were also probed as bases,
with 399 being a poorer substrate than either 397 or 398, while
the sulfonic acid analogue 400was also a poor substrate.346 More
radical structural changes to the amino acid moiety have been
examined recently, including the isophthalic acid 403, which is
incorporated to an extent that is 88% of L-Asp-dAMP, and the
aniline analogue 402, which is a poorer substrate.347 Demon-
strating the importance of the topological presentation of the two
carboxylic acid moieties to the enzyme within this series, the
phthalic acid derivative 404was not recognized byHIV-1 RT as a
substrate.347

3.14.8. Phosphate Isosterism in Balanol. Balanol (405) is a
fungal metabolite that inhibits both protein kinase C, IC50 = 4
nM, and cAMP-dependent protein kinase, IC50 = 4 nM.348-350

In both cases, 405 is competitive with ATP and an X-ray cocrystal
structure with cAMP-dependent protein kinase revealed that
balanol occupies the ATP binding site. The benzophenone
moiety occupies the triphosphate site, presenting a constellation
of polar elements that function as a triphosphate mimetic.
However, the benzophenone moiety of 405 is not a precise
triphosphate isostere, since the molecule binds in a distinct
fashion to the ATP site with the benzamide mimicking adenine
and the azepine ring mimicking the ribose moiety of ATP.348-350

3.14.9. Phosphate Shape Mimetics. Shape mimetics of phos-
phate have been probed for their potential to function as isosteres
in a nucleotide sequence where the phosphate moiety was
replaced with a less polar isostere.351-353 A simple acetal
linkage 407 was examined as a noncharged mimetic of the
natural phosphate 406 by incorporation of two of these
elements into a 15mer oligonucleotide, both as the 30,5-
linkage shown and as the 20,50-linked isomer.351 The melting
temperature, Tm, of hybrids with natural cDNA and RNA
sequences was found to vary, with the RNA hybrids more
stable than the DNA hybrids. For the 20,50-linked topology,
the Tm decreased approximately 0.5 �C per linkage for RNA.
The hexafluoroacetone ketal 408 was subsequently conceived
based on the notion of optimizing the steric similarity with
phosphate, and two of these dinucleotide elements were also
incorporated into a 15mer for hybrid stability analysis.352 In
this example, the Tm of the hybrid with both RNA and DNA
oligonucleotides decreased by 2-2.5 �C compared to the
natural oligonucleotides, with the modest level of bioisoster-
ism attributed to reduced hydration of the CF3 group when
compared to oxygen.352

Mimetics designed to recapitulate the shape of a nucleoside
triphosphate bound to Mg2þ observed in X-ray structures
have been probed based on the structural analogy summarized
in Figure 70. However, compounds based on this concept,
including the adenine triphosphate analogue 409, demon-
strated no significant biological activity and the modest

Figure 70. Shape mimetics of the Mg2þ-bound triphosphate moiety.

Table 51. Steady State Kinetics for Incorporation of a Series of
Natural andModifiedNucleotides byHIV-1ReverseTranscriptase

substrate

Vmax
(pmol/(min U)) Km (μM)

Vmax/Km

(�106 min-1)

dATP 8.39 0.46 18.1

Asp-dAMP (388) 2.63 185.3 0.014

dGTP 28.81 0.54 53.4

Asp-dGMP (389) 2.14 168.8 0.013

dTTP 30.82 0.53 58.2

Asp-dTMP (390) 2.33 288.2 0.008

dCTP 5.62 3.74 1.5

Asp-dCMP (391) 0.59 130.8 0.005

His-dAMP (392) 0.33 505.0 0.0007

ILA-dAMP (393) 2.75 204.7 0.013



2577 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

HIV-1 inhibition observed in cell culture with esters derived
from d4T and AZT was attributed to hydrolysis to the parent
nucleoside.354-356

3.15. Isosteres of Ligand-Water Complexes. Ligand-
protein complexes may contain water as a mediator of the
interface, and there is potential affinity gain based on an increase
in entropy by releasing a bound water molecule.357,358 The
strategy of introducing functionality to protein ligands in a
fashion designed to displace an interfacial water molecule, in
essence creating an isostere of the molecular combination, has
been successfully exploited as a means of increasing potency in
several drug-target interactions. However, this tactic has not
always been effective and the examples described to date suggest
that the success of this approach is dependent upon the context,
both of the ligand and the protein.
3.15.1. Displacing Water from the Binding Site of HIV-1

Protease. The synthesis of novel HIV-1 protease inhibitors
that relied upon replacing the water molecule mediating the
interfacial interactions between the flap Ile50/Ile500 NHs and
the P2/P20 carbonyl moieties of linear peptidomimetic inhibi-
tors related to 410 represented a pioneering approach to drug
design.359-361 A series of cyclic ureas, exemplified by 411, were
conceived based on the premise that the urea carbonyl oxygen
could effectively replace the water molecule, with additional
benefit afforded by conformational preorganization of the
inhibitor. Emerging from the early phase of this work, the urea
412 is a potent HIV protease inhibitor, Ki = 0.27 nM, that
demonstrates antiviral activity in cell culture, EC90 = 57 nM.359

Another class of HIV-1 protease inhibitor that displaces the
flap water is a series of lysine sulfonamide derivatives that are
based on classic peptidomimetic inhibitors but modified by the
introduction of an additional methylene between the classic
hydroxyl transition state mimetic and the alkylene back-
bone.362 Crystallization of the sulfonamide 413, a potent
antiviral in cell culture with an EC50 = 30 nM, with HIV-1
protease revealed that the CH2OHmoiety is within H-bonding
distance of both catalytic residues Asp25 and Asp250, but the

inclusion of the extra CH2 induces a distortion in the binding
mode compared to more conventional peptide-derived inhibi-
tors. As a consequence, the sulfonamide moiety is projected
toward the flap residues, displacing the water molecule with
both sulfone oxygen atoms accepting H-bonds from the flap
Ile50 and Ile500 NHs while the hydroxymethyl moiety is within
H-bonding distance of the catalytic aspartate residues.362

3.15.2. Displacing Water in Poly(ADP-ribose) Polymerase-1
(PARP) Inhibitors. Inhibitors of poly(ADP-ribose) polymer-
ase-1 are of potential utility in preventing DNA repair, thereby
prolonging the antitumor activity of certain anticancer ther-
apeutic agents.363-365 5-Phenyl-2,3,4,6-tetrahydro-1H-
azepino[5,4,3-cd]indol-1-one is a potent inhibitor of human
PARP-1, Ki = 6 nM, that was cocrystallized with chicken PARP
to reveal an interfacial water molecule, H2O-52, mediating an

Figure 71. Binding interactions between inhibitors of poly(ADP-ribose) polymerase-1 and the chicken PARP enzyme.



2578 dx.doi.org/10.1021/jm1013693 |J. Med. Chem. 2011, 54, 2529–2591

Journal of Medicinal Chemistry PERSPECTIVE

interaction between the indole NH and Glu988, as summarized
in Figure 71A.363 By inversion of the topology of the indole
moiety, a series of 3,4-dihydro[1,4]diazepino[6,7,1-hi]indol-
1(2H)-ones were designed that provided an opportunity to
functionalize C-3 with substituents with the potential to
engage Glu988 by displacing H2O-52 (Figure 71B).364 The
(E)-carboxaldeoxime 416 satisfied the design criteria and is a
potent human PARP-1 inhibitor, Ki = 9.4 nM, an order of
magnitude more potent than the unsubstituted parent 414 and
several-fold more potent than the hydroxymethyl derivative
415 (data compiled in Table 52). The structure-activity
relationships surrounding C- and O-methylation (417-419)
supported the design hypothesis that the oxime moiety dis-
placed H2O-52, confirmed by solving the cocrystal structure
with (E)-carboxaldeoxime 416 which revealed the oxime OH
engaging Glu988 (Figure 72B). However, in the C-6 aryl series
420-423, the effect of introducing the oxime moiety was less
visible.
3.15.3. Displacing Water in Scytalone Dehydratase. Scyta-

lone dehydratase is an enzyme in the plant fungal pathogen
Magnaporthe grisea that catalyzes two steps in the melanin

biosynthesis pathway.366 The quinazoline 424 and benzotria-
zine 427 are potent inhibitors of scytalone dehydratase that
were modeled in the enzyme active site as isosteres of a
salicylamide derivative cocrystallized with the enzyme
(Figure 72A). This exercise recognized the potential to displace
the water molecule interfacing between the inhibitor and Tyr50
by introducing a H-bond acceptor to the heterocyclic nucleus,
realized with the nitriles 426 and 429 (Table 53). Both
compounds were markedly more potent inhibitors of the
enzyme than the parent molecules and substantially more
potent than the C-H analogues 425 and 428, consistent with
the modeling hypothesis. An X-ray cocrystal of 429 with
scytalone dehydratase validated the predictions, revealing the
interactions depicted in Figure 72B.366

3.15.4. Displacing Water in p38R MAP Kinase Inhibitors.
The tactic of replacing the nitrogen atom of the triazine-based
p38RMAP kinase inhibitor 430, Ki = 3.7 nM, with C-CN in
order to displace a bound water molecule observed in an
X-ray structure led to the design of the cyanopyrimidine 431
which, with measured Ki = 0.057 nM, offered a 60-fold
enhancement of potency.367 X-ray crystallographic data ob-
tained with a closely analogous compound demonstrated that
the cyano moiety engaged the NH of Met109 in a H-bonding
interaction, displacing the water molecule interfacing Met109

Table 52. Inhibiton of Human Poly(ADP-ribose) Polymer-
ase-1 by Substituted 3,4-Dihydro[1,4]diazepino[6,7,1-hi]-
indol-1(2H)-ones

Table 53. Kinetic Constants for Inhibitors of Scytalone
Dehydratase

Figure 72. Binding interactions between scytalone dehydratase and inhibitors.
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with the triazine N of 430, as anticipated during the design
exercise.

3.15.5. Displacing Water in Epidermal Growth Factor Re-
ceptor Kinase Inhibitors. An attempt to devise inhibitors of the
epidermal growth factor receptor (EGFR) kinase inhibitor that
displaced an interfacial water molecule proposed to bridge the
prototype 432 to Thr766 in a homology model of the kinase was,
however, not successful.358,368 Somewhat surprisingly, the C-3 nitrile
433was found to be almost 3-foldweaker than432, and ester, amide,
carbinol, and carboxylic acid substituents at C-3 were even poorer
inhibitors. While this may be a function of inaccuracies associated
with the homology model, a detailed analysis of the energetics of the
interaction of a series of quinazolines, quinolines, and quinoline
nitriles related to 432 and 433 with the EGFR protein suggested an
alternative explanation.358 In these modeling studies, the water
remained strongly stabilized in the active site in the presence of
432 and the corresponding quinoline analogue, while the water
moleculewas displacedby thenitrile of433, as anticipated.Apossible
explanation recognized the potential for the quinoline analogue of
432 to bind in a fashion that retained the water molecule which was
suggested to reorient itself to donate a H-bond to the bromophenyl
ring, leading to a preservation of binding energy rather than the
anticipated loss in affinity when the H-bonding interaction is lost by
exchange of the quinazoline N by a C-H.358

4. SUMMARY

This Perspective highlighted a selection of recent approaches
to the design of bioisosteres that places an emphasis on practical
applications focused on problem solving. The design and
application of isosteres have inspired medicinal chemists for
almost 80 years, fostering creativity directed toward solving a
range of problems in drug design, including understanding
and optimizing drug-target interactions and specificity, im-
proving drug permeability, reducing or redirecting metabo-
lism, and avoiding toxicity. As an established and powerful
concept in medicinal chemistry, the application of bioisosteres
will continue to play an important role in drug discovery, with
the anticipation of increased sophistication in the recognition
and design of functional mimetics.
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