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Abstract

The carboxylic acid functional group can be an important constituent of a pharmacophore,

however, the presence of this moiety can also be responsible for significant drawbacks, including

metabolic instability, toxicity, as well as limited passive diffusion across biological membranes.

To avoid some of these shortcomings while retaining the desired attributes of the carboxylic acid

moiety, medicinal chemists often investigate the use of carboxylic acid (bio)isosteres. The same

type of strategy can also be effective for a variety other purposes, for example, to increase the

selectivity of a biologically active compound or to create new intellectual property. Several

carboxylic acid isosteres have been reported, however, the outcome of any isosteric replacement

cannot be readily predicted as this strategy is generally found to be dependent upon the particular

context (i.e., the characteristic properties of the drug and the drug–target). As a result, screening of

a panel of isosteres is typically required. In this context, the discovery and development of novel

carboxylic acid surrogates that could complement the existing palette of isosteres remains an

important area of research. The goal of this Minireview is to provide an overview of the most

commonly employed carboxylic acid (bio)isosteres and to present representative examples

demonstrating the use and utility of each isostere in drug design.
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Introduction

The carboxylic acid functional group plays a cardinal role in the biochemistry of living

systems as well as in drug design. A wide variety of endogenous substances, such as amino

acids, triglycerides and prostanoids, possess the carboxylic acid moiety. Furthermore, this

functional group is often part of the pharmacophore of diverse classes of therapeutic

agents.[1] Indeed, a large number (>450) of carboxylic acid-containing drugs have been

marketed worldwide, including widely used nonsteroidal anti-inflammatory drugs

(NSAIDs), antibiotics, anticoagulants, and cholesterol-lowering statins, among others. The

acidity, combined with the ability to establish relatively strong electrostatic interactions and

hydrogen bonds, is the reason this functional group is often a key determinant in drug-target

interactions. However, despite the success of carboxylic acid drugs, the presence of a

carboxylic acid residue in a drug or a drug candidate can represent a liability. For instance, a

diminished ability to passively diffuse across biological membranes can raise a significant

challenge, particularly in the context of central nervous system (CNS) drug discovery, where

the blood–brain barrier (BBB) can be relatively impermeable to negatively charged
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carboxylates.[2] Furthermore, idiosyncratic drug toxicities arising from the metabolism of

the carboxylic acid moiety (e.g., glucuronidation)[3] have been linked to withdrawals of

marketed drugs.[4] Thus, to avoid these and other possible shortcomings, the replacement of

the carboxylic acid functional group with a suitable surrogate, or (bio)isostere, can represent

an effective strategy.

The concept of bioisosterism is based on the notion that single atoms, groups or whole

molecules that exhibit similar volume, shape, and/or physicochemical properties can

produce broadly similar biological effects.[5] However, as occasionally observed, isosteric

replacements can result in derivatives that exhibit different or even opposite pharmacology

relative to the parent carboxylic acids. The outcome of any isosteric replacement cannot be

accurately predicted, however, the physicochemical properties of both the isostere and the

corresponding binding partner(s) in the biological system are often a key factor. In addition

to the acidity of the carboxylic acid surrogate, several other parameters, such as size, shape,

charge distribution and lipophilicity, play important roles. The relative importance of each

of these properties depends on the particular context considered. Thus, for instance, whereas

lipophilicity of the isostere might be one of the most important properties when designing

analogues for improved passive diffusion across biological membranes, geometry and

charge distribution of the acidic moiety can be critical aspects if the carboxylic acid isostere

is required to establish two-point interactions with an arginine side chain in the binding site.

Several carboxylic acid surrogates have been reported that display utility in drug design

(Figure 1). Herein, we summarize the key properties and provide representative examples

describing the use of each of the carboxylic acid (bio)isosteres in drug design.

Hydroxamic Acids

Hydroxamic acids exhibit moderately acidic characteristics, with pKa values in the range of

~8–9,[6] and strong metal-chelating properties.[7] This functional group is found in a variety

of natural products[8] and in a number of biologically active compounds.[9] Although

hydroxamic acids are most commonly employed in drug design for their metal-chelating

properties,[7] this functional group has also been employed successfully as a carboxylic acid

bioisostere. Deprotonation of the hydroxamic acid moiety can lead either to the N or to O

anion (Scheme 1),[10] depending on the nature of the substituents and solvent.[6,11] In polar

solvents, and at physiological conditions, deprotonation of the hydroxamic acid yields both

the N and O anions. In vivo, hydroxamic acids can undergo relatively rapid hydrolysis[12] to

the corresponding carboxylic acids, although the stability of these compounds towards

hydrolysis can be significantly improved by introducing relatively large substituents at the

nitrogen atom of the hydroxylamine fragment.[13] Such modifications would also prevent

the formation of the N anion. In addition, like carboxylic acids, hydroxamic acids can be

metabolized via sulfation and glucuronidation, which ultimately could lead to the formation

of toxic chemically reactive metabolites.[14] Recent examples of hydroxamic acids and

esters employed as carboxylic acid bioisosteres include benzhydroxamic acids and esters as

MAP/ERK kinase (MEK) inhibitors[15] that exhibit favorable activity profiles in the

biochemical and cellular assays, as well as acceptable absorption, distribution, metabolism,

and excretion (ADME)/pharmacokinetic (PK) properties (e.g., 3 and 4; Table 1).

Phosphonic and Phosphinic Acids

The main characteristics of both phosphonic and phosphinic acids are the relatively high

acidity, pKa1 value of ~1–3, and their nonplanar geometries.[17] Compared with carboxylic

acids, these acidic moieties are more polar, thus these isosteres usually lead to a lowering of

the partition coefficient (logP).[17] The use of these acidic moieties as replacements of the

carboxylic acid functional group has been exploited successfully in the design of analogues
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of neurotransmitters γ-aminobutyric acid (GABA, 5) and glutamic acid (6) (Figure 2).[16,18]

In many cases, while the affinity of the isosteric analogue is generally equivalent to that of

the parent carboxylic acid compound, the instrinstic activity, however, is changed. One such

example includes phaclofen (7),[19] the phosphonate derivative of the GABA agonist

baclofen (8). In this case, while baclofen is a GABAB agonist, phaclofen (7) acts as an

antagonist. In the case of mono- or di-alkylphosphinic acid derivatives of GABA, however,

isosteric replacement of the carboxylic acid moiety resulted in highly potent agonists (e.g.,

9, and 10; Table 2) that, unlike the natural ligand (GABA), are selective for GABAB

receptors.[16] Similar outcome was observed for some glutamic acid derivatives, such as L-

AP4 (11; Figure 2), which selectively activate the group III metabotropic glutamate

receptors (mGluR).[18]

Sulfonic and Sulfinic Acids

Like phosphonic acids, sulfonic and sulfinic acids are nonplanar as well as both more polar

and acidic (pKa<1) than carboxylic acids. Amino acids analogues bearing either sulfonic or

sulfinic acids have been found to be relatively potent activators of the glutamate

receptors.[20] Moreover, sulfonate derivatives of baclofen (8), such as saclofen (12; Figure

2), have been reported that, like phaclofen (7), exhibit GABA receptor antagonist

properties.[21] Other notable examples of sulfonic acids being employed as carboxylic acid

isosters include derivatives of the cholecystokinin-B (CCK-B) receptor antagonist 13.

Whereas planar, heterocyclic carboxylic acid bioisosteres (e.g., 3-hydroxy-isoxazole 14)

exhibited similar activity to 13, sulfonic acid analogue 15 was the only derivative bearing a

nonplanar carboxylic acid isostere to produce low nanomolar IC50 values (cf., 15, 16, and

17; Table 3).[22]

Sulfonamides, Acylsulfonamides, and Sulfonylureas

Sulfonamides were among the first examples of carboxylic acid isosteres to show utility in

drug design. Classical examples of this type of carboxylic acid surrogate include the

sulfonamide class of antibacterial agents developed in the 1930s and 40s, such as

sulfadiazine (18) and sulfanilamide (19), the active form of prontosil (20).[23] Compounds of

this class work by inhibiting tetrahydropteroate synthetase. The similarities between the

sulfanilamide anion in 19 and the carboxylate of the natural substrate, para-aminobenzoic

acid (PABA; 21) were found to be critical to the bacteriostatic properties of the

sulfanilamides.[24] Although nonplanar and generally only weakly

acidic (pKa= ~10)[17] compared with PABA (pKa= ~6.5), the sulfonamide moiety can in fact

establish a similar geometry of hydrogen bonds compared with carboxylic acids as the

distance between the two oxygen atoms is similar to that found between the two oxygen

atoms of a carboxylate. Furthermore, incorporation of appropriate substituents can lower the
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pKa value of the sulfonamide moiety to a value essentially equal to that of PABA, for

example, sulfadiazine (18) that exhibits a pKa value of approximately 6.5.

In addition to sulfonamides, acylsulfonamides (also known as sulfonimides) and

sulfonylureas have been used extensively as carboxylic acid surrogates. The pKa values of

acysulfonamides and sulfonylureas fall within the range of carboxylic acids (4–5).[25]

Notable examples include several cysteinyl leukotriene (LTE4) receptor antagonists, such as

compounds 22 and 23 (Table 4), which exhibit improved activity compared with the parent

carboxylic acid (24) and other derivatives bearing commonly used carboxylic acid

bioisosteres, such as tetrazole (25).[26] Other interesting examples were reported by

scientists at GlaxoSmithKline where replacement of the carboxylic acid moiety of β3-

adrenergic receptor agonist 26 (Table 5) led to derivatives (27–29) with higher potency and

greater functional selectivity for the β3-adrenergic receptor.[27]

2,2,2-Trifluoroethan-1-ol and Trifluoromethylketones

Highly fluorinated alcohols and ketones comprise viable carboxylic acid bioisosteres. For

example, 2,2,2-trifluoroethan-1-ol is a weakly acidic (pKa= ~12), nonplanar carboxylic acid

bioisostere (Scheme 2). The most interesting feature of this carboxylic acid surrogate is the

relatively high lipophilicity, which makes this moiety potentially attractive for CNS drug

discovery programs, where the presence of a carboxylic acid moiety in a drug candidate can

result in a limited rate of passive diffusion across the BBB.[2] Similar overall properties can

be ascribed to the trifluoromethylketone moiety. Under aqueous physiological conditions,

this functional group is in equilibrium with the hydrate form, with the latter being

bioisosteric with the carboxylic acid moiety (Scheme 2).

An interesting case study comparing these two carboxylic acid surrogates was reported by

scientists at Merck in the design of brain-penetrant prostaglandin E receptor 1 (EP1)

antagonists. Whereas carboxylic acid 30 (Table 6) was potent in the functional assay, this

and other related carboxylic acid-containing analogues exhibited limited brain penetration as

well as short half-lives in plasma.[28] Replacement of the carboxylic acid moiety with either

the 2,2,2-trifluoroethan-1-ol or the trifluormethylketone moiety led to derivatives 31 and 32,

respectively (Table 6) that retain excellent binding affinity for the EP1 receptor, but exhibit

favorable ADME/PK properties including oral bioavailability and brain penetration.[28]

Tetrazoles

Tetrazoles are amongst the most commonly employed carboxylic acid isosteres; for recent

Review articles, see Herr et al.[29] and Myznikov et al.[30] The 5-substituted tetrazoles exist

in equilibrium between the 1H and the 2H tautomers (Scheme 3). The most important

features of the tetrazolic acids are the planarity and acidity, which closely resemble those of

carboxylic acids (pKa = ~4.5–4.9).[17,31] However, relative to carboxylic acids, tetrazoles

are slightly larger.[32,33] Moreover, analysis of crystal structures and computational studies

indicate that the hydrogen-bond environment surrounding the tetrazolates extends further

than in the case of carboxylates.[33] In addition, tetrazolate anions are more lipophilic than

the corresponding carboxylates,[34] and compared with the latter, they exhibit slightly

different electrostatic potential[35] and charge distribution due to the delocalization of the

negative charge over the five-membered ring system. Interestingly, experimental evidence

suggests that tetrazoles, like carboxylic acids, are capable of forming two-point interactions

with amidines.[36] However, the stability of the tetrazolate–amidine complex is found to be

lower than the corresponding carboxylate–amidine salt.[36] Metabolically, tetrazoles can also

undergo N-glucuronidation,[3] however, these adducts are not as chemically reactive as the
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O-glucuronides derived from carboxylic acids and hydroxamic acids and, therefore, have not

been linked to toxic effects in humans.

In drug design, the most important examples showcasing the utility of tetrazoles as

carboxylic acid isosteres include several nonpeptidic angiotensin II type 1 (AT1) receptor

antagonists.[37] The AT1 receptor is a member of the G protein-coupled receptor (GPCR)

superfamily that plays an important role in vasoconstriction.[38] In a series of N-

(biphenylylmethyl)imidazole AT1 receptor antagonists, where both carboxylic acid 33 and

several bioisosteres (34–37) exhibited potent biological activity in vitro, only the tetrazole

derivative, losartan (Cozaar, 38), was found to be effective after oral administration (Table

7).[39] Interestingly, site-directed mutagenesis and modeling studies indicated that the

tetrazole moiety of losartan (38) and related antagonists occupy the same space within the

AT1 receptor as the carboxylic acid terminus of the natural ligand, angiotensin, although the

tetrazole ring appears to be involved in more complex sets of interactions with the

surrounding amino acid residues, namely Lys119 and His256.[40] Notably, five out of six of

the AT1 receptor antagonists used clinically for the treatment of high blood pressure contain

a tetrazole moiety.[39,41]

5-Oxo-1,2,4-oxadiazole and 5-Oxo-1,2,4-thiadiazole

The 5-oxo-1,2,4-oxadiazole and related thiadiazole systems (Figure 1) are planar acidic

heterocycles (pKa= ~6–7),[42] which, like tetrazoles, have been successfully employed in the

synthesis of AT1 receptor antagonists (Table 8).[43] Interestingly, these heterocycles are

reported to be comparatively more lipophilic than the tetrazole; this property led to increased

oral bioavailability of potent AT1 receptor antagonists (cf., 39, 40, and 41; Table 8).[43]

Thiazolidinedione, Oxazolidinedione, and Oxadiazolidine-dione

The thiazolidinedione heterocycle (Figure 1) comprises a planar, moderately acidic (pKa=

~6–7), and relatively lipophilic carboxylic acid isostere.[44] This heterocycle is found in

several potent agonists of the peroxisome proliferator activated receptor γ (PPARγ) that are

used for the treatment of noninsulin-dependent type 2 diabetes mellitus (e.g., pioglitazone

(42); Figure 3).[45] Since several endogenous compounds, as well as drug candidates that are

known to activate PPARg, are carboxylic acids,[46] it seems likely that the thiazolidinedione

moiety of the “glitazone” drugs are likely acting as carboxylic acid surrogate.

Thiazolidinediones and related heterocycles have also been employed as carboxylic acid

bioisosteres in the design of GPR40 agonists (e.g., 43–46; Figure 3).[47] GPR40 is a GPCR

that enhances insulin secretion when activated by naturally occurring, medium- to long-

chain fatty acids (FFA),[48] or by synthetic carboxylic acid compounds, such as several aryl

propionic acids derivatives.[49]

Metabolically, the thiazolidinedione ring is hypothesized to undergo oxidative cytochrome

P450 (CYP450)-mediated ring opening (Scheme 4),[3] which could in turn lead to the

formation of electrophilic metabolites thereby causing idiosyncratic adverse reactions.[50]

Indeed, the first marketed thiazolidinedione drug, troglitazone, was withdrawn from the

market because of numerous reports of liver failure that might have been caused, at least in

part, by bioactivation of the thiazolidinedione ring. Similar problems, however, have not

been observed with other glitazones.

3-Hydroxyisoxazole and 3-Hydroxyisothiazole

The 3-hydroxy derivative of isoxazole and the corresponding isothiazole (Figure 1) are

planar carboxylic acid isosteres that exhibit pKa values of ~4–5. The 3-hydroxyisoxazole

heterocycle is found in naturally occurring amino acids, such as ibotenic acid (47; Figure 4),

Ballatore et al. Page 5

ChemMedChem. Author manuscript; available in PMC 2014 March 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



which is an agonist of the N-methyl-d-aspartic acid (NMDA) receptor.[51] This type of

carboxylic acid bioisostere has been employed extensively in the development of several

potent derivatives of GABA and glutamate[51] neurotransmitters.

As summarized in Figure 4, a number of agonists of GABA receptors, such as muscimol

(48),[52] and 4,5,6,7-tetrahydroisoxa-zolo[5,4-c]pyridin-3-ol (THIP, 49),[53] as well as

antagonists (e.g., 50) have been developed.[54] In addition, among 3-hydroxyisoxazole-

containing glutamate analogues are agonists and antagonists of the ionotropic glutamate

AMPA receptor, such as compounds 51–53 (Figure 4),[51] while examples of 3-

hydroxyisothiazole-containing glutamate derivatives include NMDA receptor agonist 54

(Figure 4), an isothiazole derivative of the naturally occurring ibotenic acid.[55]

Substituted Phenols

Although unsubstituted phenols are weakly acidic (pKa= ~9.9), the appropriate choice of

electron-withdrawing substituents can lower the pKa values to within or even below the

range of aliphatic carboxylic acids.[56] Representative examples include 2,6-difluorophenols

(pKa = ~7.1),[57] which have been employed as lipophilic bioisosteres of the carboxylic acid

in the design of competitive inhibitors of GABA aminotransferase (e.g., 55 and 56; Figure 5)

that exhibit comparable binding affinity for the enzyme as the natural substrate (GABA).[58]

The same bioisostere has been employed to obtain potent noncarboxylate aldose reductase

inhibitors (cf., 57 and 58; Table 9).[59]

Squaric Acid

Squaric acid (59), a planar, diprotic four-membered ring oxocarbon, exhibits remarkable

acidity (i.e., pKa1=0.5, pKa2=3.5).[56] Although the acidity of squaric acid, like that of other

cyclic polyones, such as tetronic acid or the cyclopentane-1,3-diones (see below), can be

explained at least in part by the principle of vinylogy;[60,61] in the case of the squaric acid

and related oxocarbons, the 2π-pseudoaromaticity of the ring system is believed to

contribute to the stabilization of the doubly deprotonated form (Scheme 5).[62] Derivatives

of squaric acids, particularly squaramides (e.g., 60), have been exploited as bioisosteres of

the carboxylic acid and phosphate[63] moieties. An interesting application of this bioisostere

was reported by Kinney and co-workers, who developed NMDA receptor antagonists, such

as 61[64] and 62[65] (Table 10), in which the squaramide moiety was used to mimic the a-

amino acid moiety of phosphonate 63 and glutamic acid.[64]

3- and 4-Hydroxyquinolin-2-ones

Notable examples of bioisosterism with the carboxylic acid moiety have been reported for

series of 3- and 4-hydroxyquinolin-2-ones.[66-68] Although considerably less acidic than

carboxylic acids (pKa=8.7), scientists at Pfizer discovered that 3-hydroxyquinolin-2-one-

containing d-amino acid oxidase inhibitors can in fact establish hydrogen-bonding

interactions within the enzyme active site, in a very similar fashion as carboxylic acid-

containing inhibitors (cf., 64 and 65; Figure 6).[68] Examples of 4-hydroxyquinolin-2-ones

as carboxylic acid isosteres have been reported by scientists at Merck with a series of potent

NMDA antagonists with improved brain penetration.[66,67] Although effective in vitro, 5-

iodo-7-chlorokynurenic acid (66) and related analogue 67 exhibit limited brain penetration,
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and thus could not be considered as potential candidates for the treatment of CNS diseases.

By, replacement of the carboxylic acid with vinylogous-type acids of noncarboxylated 4-

hydroxyquinolin-2-ones (66–68), a series of NMDA antagonists with potent binding affinity

as well as improved brain penetration resulted (Table 11).[66]

Tetronic and Tetramic Acids

Tetronic (71) and tetramic (72) acids are naturally occurring acidic heterocycles.[70] Despite

the similar structure, the two heterocycles exhibit markedly different acidity. Whereas 71 is

considerably acidic with a pKa value of ~3.8, the corresponding pyrrolidine-2,4-dione (i.e.,

tetramic acid) exhibits a pKa value of ~6.4.[71] This difference has been explained by the

fact that tetronic acid exists predominantly in the enol tautomeric form (71B; Scheme 6)

and, as such, behaves more as an oxoacid, whereas the tautomeric equilibrium of tetramic

acid is believed to be shifted more towards the di-oxo tautomer (72A; Scheme 6), leading

this heterocycle to exhibit pKa values of a carbon acid.[56]

Although tetronic and tetramic acids are found in numerous biologically active compounds,

their use as carboxylic acid isosteres is not particularly common. Examples include a series

of tetramic acid-containing NMDA antagonists (e.g., 73; Table 12) that were designed based

on the same pharmacophore model used in the design of 3′-substituted-4-hydroxy-2-

quinolones described above (Table 11). Other studies also reported tetronic and tetramic

acid-containing derivatives of known NSAIDs as γ-secretase modulators with in vitro

activities comparable to the parent carboxylic acid compound.[72]

Cyclopentane-1,3-diones

Related to tetronic and tetramic acids, cyclopentane-1,3-diones (e.g., 74; Scheme 7) exist as

rapidly exchanging enol–ketone tautomers.[73] As such, consistent with the principle of

vinylogy,[61] 1,3-diones exhibit pKa values that fall within the range of carboxylic acids.[73]

The characterization of the cyclopentane-1,3-diones as potential bioisosteres of the

carboxylic acid moiety was recently demonstrated for the first time in our laboratory.[74]

Evaluation of physicochemical properties revealed that, in addition to the intrinsic acidity,

the cyclopentane-1,3-dione unit, like carboxylic acids, can form relatively stable 1:1 salt

complexes with amidines.[74] Furthermore, a series of derivatives of the known

thromboxane A2 (TP) receptor antagonist, 75,[75] in which the carboxylic acid moiety is

replaced by a mono or di-substituted cyclopentabe-1,3-dione unit, resulted in TP receptor

antagonists with IC50 values in the nanomolar range against human and mouse TP receptors

(e.g., compounds 76, 78, and 79; Table 13).[74] A unique aspect of the cyclopentane-1,3-

dione unit is that it presents multiple points of attachment, which can be exploited to impart

alternative orientations of the bioisostere (cf., 76 and 77; Table 13) and/or to diversify the

structure of the acidic moiety.
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Other Potential Bioisosteres

In addition to the isosteres discussed above, several other cyclic and acyclic structures,

including boronic acids, mercaptoazoles, and sulfonimidamides, might be useful bioisosteres

of the carboxylic acid moiety. The boronic acid moiety, for example, which is found in a

number of biologically active compounds,[76] is likely to establish hydrogen bonds of

similar geometries as carboxylic acids despite the limited acidity of this functional group

(pKa= ~9–10). Likewise, mercaptoazoles (e.g., 80–91; Table 14),[77] which, depending on

the oxidation state of the sulfur atom, can exhibit relatively wide ranges of acidity, might

also be useful in drug design. Finally, cyclic sufonimidamides (e.g., 92; Scheme 8) have

recently been proposed by scientists at AstraZeneca as potential bioisosteres of the

carboxylic acid moiety.[78] The sufonimidamide heterocycle exhibits pKa values of 5–6, and

although they can exist in four possible tautomers (Scheme 8), computational studies and X-

ray crystal structure data suggest that the most stable tautomer has the acidic proton on the

nitrogen in position 2 (92A). The most distinctive feature of this heterocycle is the presence

of a stereogenic tetrahedral sulfur atom, as well as an sp3 carbon that can permit structural

differentiation of the acidic moiety. Although there have been no reports of this particular

heterocycle being applied successfully to the synthesis of biologically active compounds, the

structural and physicochemical properties of this class of heterocycles make them potentially

promising carboxylic acid bioisosteres.

Outlook

As highlighted in this Minireview, a diverse set of carboxylic acid bioisosteres have been

identified, which exhibit various degrees of similarities with the carboxylic acid moiety in

terms of size, geometry, charge distribution, acidity, and lipophilicity. However, as the

outcome of any isosteric replacement is typically dependent upon the particular context

defined by the physicochemical properties of the isostere and the corresponding binding

counterpart(s) in the biological target(s), the availability of an increasingly larger set of

potential carboxylic acid surrogates is ultimately critical to the success of the isosteric

replacement strategy. Thus, the investigation of new and alternative structures that could

complement the existing palette of carboxylic acid surrogates remains an important area of

research.
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Figure 1.

Representative examples of a) acyclic and b) cyclic carboxylic acid bioisosteres and their

corresponding predicted logD values as determined using Pipeline Pilot version 8.0

(Accelrys, Inc., San Diego, USA).
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Figure 2.

The structures of GABA, glutamic acid and selected analogues.
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Figure 3.

Biologically active thiazolidinedione-containing compounds.
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Figure 4.

Examples of 3-hydroxyisoxazoles.
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Figure 5.

2,6-Difluorophenol-containing GABA aminotransferase inhibitors.
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Figure 6.

Schematic representation of hydrogen-bonding interactions of carboxylic acid 64 and

hydroxyquinolin-2-one 65 within the binding site of d-amino acid oxidase.
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Scheme 1.

Deprotonation equilibrium of hydroxamic acid, and the tautomerisation between the N and

O anion.
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Scheme 2.

Structure of carboxylic acid bioisosteres based on fluorinated alcohol and ketones. In the

latter case, it is the hydrate form, which is present under physiological conditions, that is

bioisosteric with the carboxylic acid moiety.
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Scheme 3.

Tautomers of 5-substituted tetrazoles.
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Scheme 4.

Cytochrome P450-mediated oxidation and ring opening of the thiazolidinedione heterocycle.
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Scheme 5.

Squaric acid (59), squaramide (60), and the general structures of related compounds.
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Scheme 6.

The keto-enol tautomerisation of tetronic (71) and tetramic (72) acids.
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Scheme 7.

Enol-ketone tautomers of cyclopentane-1,3-dione 74.
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Scheme 8.

The four possible tautomers (A–D) of sulfonimidamide 92.
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Table 1

Comparison of hydroxamate and carboxylate MAP/ERK kinase inhibitors in a cell-free kinase cascade

assay.[15]

Compd X R IC50 [nM]

1 OH H 15

2 OH F 5.8

3 NHOH H 7.9

4 NHOCH2
cPr F 7.0
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Table 2

Inhibition of binding of [3H]baclofen to GABAB receptors (cat cerebellum) and [3H]muscimol to GABAA

receptors (rat cortex).[16]

Compd R IC50 [μM]

GABAB GABAA

GABA (5) – 0.025 0.128

9 H 0.0024 1.7

10 Me 0.0066 inactive
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Table 3

Comparison of sulfonic and carboxylic acid CCK-B receptor antagonists.[22]

Compd X IC50 [nM] pKa

CCKB CCKA

13 CH2COOH 1.7 4500 5.6

15 CH2SO3Na 1.3 1010 <1

14 2.6 1700 6.5

16 CH2P(O)(OH)2 23 2700 3.4, 7.8

17 CH2P(O)(OH)Me 23 4400 3.7
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Table 4

Antagonists of the cysteinyl leukotriene (LTE4) receptor.[26]

Compd X Concn
[μM]

Inhibition
[a]

[%]
pKd

[b]

24 COOH 3.3 100 6.6

25 1 50 6.6

22 CONHSO2Ph 0.1 100 8.6

23 CONHSO2nBu 1.0 100 –

[a]
Inhibition of LTE4.

[b]
pKd determined in guinea pig tracheal spirals using LTE4 as an agonist.
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Table 5

Stimulation of cAMP accumulation in CHO cells expressing human β3, β2, and β1 adrenergic receptors by

acylsulfonamides and sulfonylureas.[27]

Compd R pEC50

β 3 β 2 β 1

26 7.8 7.3 7.1

27 8.3 7.7 7.0

28 9.1 7.5 6.1

29 7.8 6.6 6.4
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Table 6

Examples of EP1 receptor antagonists bearing a carboxylic acid or 2,2,2-trifluoroethan-1-ol or trifluoro-

methylketone hydrate isostere.[28]

Compd X
Ki

[a]
 [nM] B/P

[b]
t1/2

[c]
 [h]

30 COOH 3 – <1

31 3 – 1

32 4 1 2

[a]
EP1 inhibitory constant.

[b]
Brain/plasma (B/P) ratio.

[c]
Half-life (t1/2) in rat.
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Table 9

Aldose reductase inhibitory activity of a noncarboxylate derivative (58) compared with the carboxylic acid

(57).[58]

Compd Structure IC50 [μM]

57 1.9

58 0.4
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Table 10

NMDA affinity (IC50) and in vivo efficacy as determined by NMDA-induced lethality (ED50) of selected

phosphonoalkyl-3,4-diamino-3-cyclobutene-1,2-dione derivatives.[64, 65]

Compd Structure IC50 [μM] ED50 [mgkg−1]

63 0.39 38

61 0.47 29

62 0.03 2.1
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Table 11

NMDA receptor activities of 3′-substituted-4-hydroxy-2-quinolones.[65]

Compd R
IC50

[a]
 [nM] ED50

[b]
 [mgkg−1]

68 14 >250

69 4 >100

70 Ph 170 7.6

66 4.5 3.9

67 2.2 0.9

[a]
Inhibition of the binding of [3H]-4 to the strychnine-insensitive glycine site on rat brain membranes.

[b]
Protection from audiogenic seizure in DBA/2 mice (21–23 days old, weighing 5–9 g) after oral administration of test compounds.
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Table 12

NMDA antagonist activity of tetramic acid derivative 73.[69]

Structure
IC50

[a]
 [μM] Kd

[b]
 [μM]

0.7 6.15

[a]
Inhibition of the binding of [3H]-L-689,560 to the strychnine insensitive glycine site on rat brain membranes.

[b]
Inhibition of NMDA-induced depolarizations in rat cortical slices.
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Table 13

Thromboxane A2 (TP) receptor antagonist activity of cyclopentane-1,3-dione derivatives.[74]

Compd X
IC50

[a]
 [nM]

mouse human

75 CH2COOH 27 61

76 52 250

77 >10000 >10000

78 3.1 131

79 5.8 41

[a]
Results of an IP1 assay using mouse or human TP receptor.

ChemMedChem. Author manuscript; available in PMC 2014 March 01.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Ballatore et al. Page 46

T
a
b

le
 1

4

A
ci

d
it

y
 o

f 
a 

se
ri

es
 o

f 
m

er
ca

p
to

az
o
le

s.
[7

7
]

C
o

m
p

d
n

X
Y

Z
p

K
a

8
0

0
C

H
C

H
N

1
1
.6

8
1

1
C

H
C

H
N

9
.8

8
2

2
C

H
C

H
N

8
.6

7

8
3

0
N

C
H

N
9
.5

8
4

1
N

C
H

N
7
.3

8

8
5

2
N

C
H

N
6
.2

3

8
6

0
N

N
C

H
8
.2

8
7

1
N

N
C

H
6
.0

9

8
8

2
N

N
C

H
5
.1

5

8
9

0
C

O
N

H
N

7
.8

5

ChemMedChem. Author manuscript; available in PMC 2014 March 01.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Ballatore et al. Page 47

C
o
m

p
d

n
X

Y
Z

p
K

a

9
0

1
C

O
N

H
N

5
.2

9
1

2
C

O
N

H
N

4
.7

9

ChemMedChem. Author manuscript; available in PMC 2014 March 01.


