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I. INTRODUCTION

For the practice of medicinal chemistry, an understanding of the thermodynamics of molecular recognition
processes is essential. Noncovalent interactions between a ligand and a protein are mediated by several para-
meters. Ion—ion, dipole—dipole, and ion-dipole forces, hydrophobicity, hydrogen bonding, and shape comple-
mentarity play significant roles. The magnitude of the binding equilibrium is determined by the thermodynamic
contributions of each of these interactions. When two molecules bind, their binding energy must compensate for
their desolvation— in most cases the removal of all or part of their water shell. The probability that a ligand is
trapped in a receptor is dependent on the promotion of binding by favorable interactions of polar functional
groups and the formation of hydrophobic contacts. In addition to desolvation, adverse factors for binding are
mainly related to the restriction of translational and vibrational energies upon complex formation [1—4]. While
the ligand generally loses conformational freedom, the entropy of the solvent increases. In order to overcome
entropy penalties and improve the binding affinity of a ligand, a suitable strategy is to restrict its conformational
flexibility. Therefore, once a lead compound has been identified for a targeted biological receptor, the optimiza-
tion toward potency and/or selectivity usually involves the modification of its conformation. Depending on the
chemical structure of the identified lead, conformational restriction and/or steric hindrance can be introduced by
adding or removing key bonds and substituents. An optimization of the free energy released during the associa-
tion of a ligand with a receptor can be achieved by modifying the spatial disposition of functional groups
through steric strain, hybridization, or cyclization. The expected benefits are receptor selectivity, potency
increase, pharmacophore optimization, and metabolic stabilization. As a bonus, this strategy can be expected to
produce original compounds and innovative chemistry. Finally, there are also some risks: any structural change
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in a compound alters more than one property and can have unexpected consequences. Indeed, this approach is
valuable in cases where the lead compounds are exhibiting flexibility and where the low-energy conformations
are not representative for a good fit to the receptor. In this chapter, some theoretical points related to the thermo-
dynamic aspects of lead optimization will be addressed, and then several examples will be presented where the
modification of rigidity has had an impact in drug design.

A. Theoretical Aspects of Ligand Binding

Molecular recognition is a key factor in all biological processes. Accordingly, many of the important issues in
medicinal chemistry hinge on an understanding of the noncovalent interactions between a biomacromolecule
(receptor) and a small ligand (drug). Under equilibrium conditions, the binding affinity can be expressed in
terms of the difference in free energy (AG°®) of free and bound states or the equilibrium constant (K), which are
correlated by the Gibbs-van’t Hoff equation (Eq. 11.1):

AG°= —RTInK (11.1)
{with AG® = AH° — TAS°;R=8.13 ]/mol/K} '

The more negative AG®, the stronger is the binding of the ligand to the bioreceptor (the binding constant
is large). As a reminder, if a noncovalent association is expected, AG® must be negative and the Gibbs equation
usually contains a negative value for AH° and a positive value for TAS°. If AG® = —30kJ/mol, the association
constant is in the micromolar range. By using the Gibbs equation, we can distinguish between the effects of func-
tional group interactions within the complex (AH®) and changes in the entropy upon binding (TAS°). The values
of the standard free enthalpy AH® can serve as a quantitative indicator of the changes in intermolecular bond
energies (mainly hydrogen bonding and van der Waals interactions) occurring during the binding, while the
standard free entropy AS° is a good indicator of the reorganization in the solvation shell and the conformational
changes during the same process. Only a negative AG® favors the equilibrium of the association. While in the for-
mation of a covalent bond, AH° usually has the major contribution to AG°®, in the case of a noncovalent interac-
tion or equilibrium, the contributions by AH® and TAS® to the free energy are often comparable. Given the large
bond strengths of 300 to 500 kJ/mol for covalent bonds and the prevalence of the enthalpy term (AH® >>TAS?),
the much smaller energy of 1 to 60 k] /mol released in a reversible interaction is composed of roughly equivalent
enthalpy and entropy terms (AH® =~ TAS®) [5—8] (Figure 11.1).

The binding energy values for noncovalent associations are small and comparable to the solvation energies that
oppose them in the binding event in aqueous media. Binding constants have been estimated by taking advantage
of the Gibbs equation. Bohm used a set of interactions arising from experimentally determined binding constants
resulting from the association of small organic molecules with proteins [10]. Five types of AG® contributions were
identified (Table 11.1) and their values were extracted from a regression analysis. These values are generally used
for a semi-quantitative evaluation of binding constants and can be applied in ligand optimization.
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FIGURE 11.1 Noncovalent association between a ligand with two polar atoms (A and B) linked by a 3-carbon chain with a receptor con-
taining complementary functions (X and Y), with the dashed line indicating hydrogen bonding [9].
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TABLE 11.1 Average Values for AG® Contributions [9,10]

Physical process AG° (kJ/mol)
Energy cost of bimolecular association +5.4

Energy cost of restriction of an internal rotor +2.0 (per rotor)
Hydrophobic effect (per A of buried hydrocarbon) —0.17/A
Benefit of forming a neutral hydrogen bond of ideal geometry —4.7

Benefit of forming an ionic hydrogen bond of ideal geometry —8.3

1. Enthalpy—Entropy Compensation

A key factor that needs to be considered in the analysis of binding events is that a decrease in motion implies
a decrease in entropy, since it results in fewer accessible arrangements. Consider the formation of a specific non-
covalent bond (e.g., L " R for the transformation L + R — L'-'R). An increase in its strength (which corresponds to
an additional negative contribution to AH®, favorable to the binding process) will be accompanied by an increas-
ing restriction in the molecular motion of L and R in L *'R (which corresponds to a decrease in AS°, unfavorable
to the binding process). This opposing interplay between enthalpy and entropy is known as enthalpy—entropy
compensation and represents a fundamental property of noncovalent interactions [11,12]. It arises because bond-
ing opposes motion and, reciprocally, motion opposes bonding. The two effects can be compromised because the
strength of noncovalent bonds at room temperature is comparable to kT, the product of the Boltzmann constant
and the temperature. The thermodynamic parameters (AG°, AH°, AS°) for 136 ligands binding to ten biological
receptors (mainly membrane receptors) have been analyzed [12]. It appeared that AH® and TAS® values show a
linear correlation (Eq. 11.2). This relationship seems remarkable in view of its high correlation and statistical rele-
vance (n = 186). The observed enthalpy—entropy compensation seems to reflect general principles of the binding
processes, irrespective of the nature of ligands and of their macromolecular targets:[12]

AH° = — 40 k] mol ! + 278 AS°(in k] K 'mol 1)

11.2
(n=186,R?>=0.981, P = 0.001) (11.2)

This linear correlation reflects another concept: any tightening of the intermolecular bonds (the enthalpic con-
tribution) is compensated by a loss of degrees of freedom (the entropic contribution). The binding association can
be enthalpy- or entropy-driven. The origin of the AH/AS compensation is probably related to an intrinsic prop-
erty of the hydrogen bond, which determines the association of the participants (water, drug, and binding site) in
the drug-receptor binding equilibrium [11,12]. Accordingly, the thermodynamic laws teach us that three factors
are involved in improving binding affinity: (1) improving ligand-protein interactions over those with the solvent
in order to obtain a favorable (negative) enthalpy change; (2) increasing the hydrophobicity of the ligand in order
to displace solvent molecules in the binding site and increase entropy; and (3) pre-shaping the ligand to comple-
ment the geometry of the binding site in order to minimize the loss of conformational entropy upon binding [13].

2. Enthalpy- Versus Entropy-Driven Binding

The following example is illustrative for the AH/AS compensation. The binding of a series of agonists and
antagonists of the J-adrenergic receptor displays thermodynamic differences between agonists and antagonists
(Table 11.2) [14,15]. B-Adrenergic agonists and/or partial agonists are found to bind with large negative enthal-
pies (AH® from —79 to —17 kJ/mol), indicating strong electrostatic interactions between the bound conformation
on the receptor, associated with a large loss of entropy (a tight complex is formed: TAS® from —45.8 to + 8.6 kJ/
mol). Antagonists, on the other hand, do not fulfill the requirements of a good complementarity as evidenced by
the criterion that their enthalpies of binding are small (AH® from —21.3 to + 16.4 k] /mol): The loss of entropy
through conformational restriction is therefore less than that of the agonists, and—in fact—the entropy change is
positive upon binding (TAS° from +16.9 to + 52.5 kJ/mol). Overall, agonists and antagonists have similar associ-
ation constants, supporting the AH°/AS° compensation paradigm (Table 11.2).

In order to improve our understanding of the AH°/AS° compensation, the data from Table 11.2 are repre-
sented with a plot of AH® versus TAS®. Indeed, in Figure 11.2, clusters clearly differentiate agonists from antago-
nists or partial agonists. An interesting explanation based on the dimerization of the membrane-bound receptors
(G-protein-coupled receptors) has been given by Williams:[8] the agonists (®; activating the receptor after
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TABLE 11.2 Thermodynamic Parameters of Ligand Binding to the 8-Adrenergic Receptor of Turkey Erythrocytes and Ratio
of Equilibrium Constants Kp at 0°C and 37°C [14]

AG° (kJ/mol) AH° (kJ/mol) AS° (J/mol deg) TAS° (kJ/mol) Kp (37°C)/ Kp (0 °C)
AGONISTS
(—)-isoproterenol —39.3 —56.0 —54.0 -16.7 23
(=)-norephedrine —33.1 - 789 —147.7 —4538 55
PARTIAL AGONISTS
soteronol —34.4 —32.8 +53 +1.6 53
fenoterol —32.7 —254 +23.6 +73 3.6
terbutaline —25.9 -17.3 +27.8 +8.6 2.4
ANTAGONISTS
(—=)-propranolol -52.3 —16.1 +116.7 +36.2 2.6
IPS-339 -51.5 +1.1 +169.5 +52.5 0.95
pindolol —49.6 -213 +91.2 +28.3 3.0
sotalol —34.4 -9.0 +81.6 +253 1.6
atenolol —-31.3 —145 +54.4 +16.9 2.1
practolol —-31.2 +16.4 +153.6 +47.6 0.45
40:00 FIGURE 11.2 Plot of AH® versus TAS® for the
binding of agonists (@), antagonists (A), and partial
agonists (M) to the $-adrenergic receptors. Data from
2000 Table 11.2 were used [14].
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binding) induce receptor aggregation, which is beneficial in bonding (negative contribution to AH®) but adverse
in entropy (negative contribution to TAS®). The antagonist (A ; without activation after binding) should therefore
be (in comparison to agonist binding) relatively disfavoring for dimerization and entropy. The consequences are
seen in Figure 11.2. The agonists (@) are binding to the B-receptors by an enthalpy-driven process, whereas the
antagonists (A) are binding with entropy and/or enthalpy—entropy-driven processes.

In contrast, if agonists induce dissociation of receptor oligomers (e.g., the adenosine Al or A2 receptors) [8,16],
antagonists may induce the formation of oligomers. Such antagonist binding should therefore be (in comparison
to agonist binding) relatively favorable in overall enthalpy and unfavorable in entropy, in contrast to the agonists
with adverse enthalpy and favorable entropy.
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Finally, an important point to stress is that hydrophobicity is a major source of binding in drug-receptor inter-
actions. Based on a study of over 415 oral drugs, it appeared that on average drugs contain only one to
two hydrogen donors and three to four acceptors, whereas the average number of hydrophobic atoms in a drug
is 16 [17]. The contributions of polar and hydrophobic interactions in molecular recognition are related to the bal-
ance of enthalpy and entropy.

B. Steric Constraints

Before a small ligand interacts with a biological receptor, the two entities have their separate translational and
rotational flexibility, which contribute to their respective entropy. Once the association occurs, some degrees of
motion as well as internal rotations around single bonds are lost, and the consequence is an entropy cost of about
—58 kJ/mol for a small ligand (MW < 1,000 Da) at room temperature [4,7,8]. As a general consequence of the
binding of a ligand to a receptor, entropy is decreased due to the loss of degrees of motion when two molecules
are rigidly constrained within a complex. The torsional contribution to the entropy (the free rotation of a bond) is
related to the number of rotatable bonds in the ligand, and freezing one of them has a cost of 2—3 kJ/mol at
room temperature [4,7,9]. Considering Equation 11.1, the entropy penalty will render AS negative, reducing the
binding energy. In order for AG® <0, the costs in reducing conformational flexibility must be offset by favorable
intermolecular interactions such as hydrogen bonds, van der Waals packing, hydrophobic interactions, and
Coulombic interactions. One consequence of this effect is that the binding optimization of a flexible ligand can be
accomplished by making AH° more negative, by making AS° more positive, or by an appropriate combination of
both. Theoretically, the highest value for a given binding constant is accessible to a flexible ligand if the receptor
recognizes the ligand in its low-energy conformation that presents an optimal orientation of the functional
groups. Therefore, all information gained about the active conformation of the ligand will serve the chemical
design of a better lead structure. Some illustrative examples can be obtained from the incorporation of con-
strained amino acids into bioactive compounds [18]. However, since the determination of the thermodynamic
parameters of ligand /receptor interactions is still in its infancy, optimizations in structure-based drug design rely
on semi-quantitative and empirical strategies and structure—activity relationships (SAR). Conformational con-
straints, steric hindrance, and rigidification are frequently used principles in medicinal chemistry to explore bind-
ing parameters. Phenylalanine, a lipophilic amino acid, has been a popular substrate for evaluating this concept
of rigidification. Nonnatural phenylalanine analogs have been synthesized by the introduction of bulky substitu-
ents, by the application of carbocyclic constraints, or by the incorporation of a functional group. Examples of con-
formationally constrained phenylalanine analogs are shown in Figure 11.3 [19-22].
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FIGURE 11.3 Conformational rigidification of phenylalanine analogs [19—22].

C. Conformational Analysis

Many computational methods are available to determine the low-energy conformations of a flexible ligand
[23—25]. During the binding process, flexible ligands are refolded. This refolding is a general phenomenon and is
presumably compensated by the search of a ligand for hydrogen bonds on the protein to replace the solute-
solvent hydrogen bonds that are lost as the molecule enters the binding site (as shown in Figure 11.1) or in the
unmasking of hydrophobic pockets on the receptor. A study has been performed on thirty-three ligands whose
X-ray structures as well as conformations obtained by co-crystallization with their receptors have been recorded
[26]. From this study, it appears that the degree of conformational change depends in part on the number of
rotatable bonds in the ligand. For ligands with five or more rotatable bonds, the conformation in the crystal
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structure does not represent the protein-bound conformation. Therefore, the solid-state structure of flexible
ligands remains often of limited use for SAR analyses. Of course, in the more favorable cases, when a crystal
structure of the complex-ligand—receptor can be obtained, the design of an improved ligand is facilitated because
the main interactions can be recognized and then further optimized via synthesis.

D. Steric Effects

Steric effects may arise in a number of ways. Primary steric effects result from repulsions between valence
electrons or nonbonded atoms. Such repulsions can only result in an increase in the energy of the system. In a
chemical reaction, the overall steric effect may be either favorable or unfavorable. For example, if steric effects in
the reactant are larger than in the product (or transition state), then the reaction is favored (steric augmentation);
if the reverse case is true, the reaction is disfavored (steric diminution). The same arguments can be used in bio-
logical systems for the formation of a receptor—ligand complex. Comparing the binding of a ligand to a biological
receptor with or without a subsequent chemical reaction—for example, an enzyme or a hormonal receptor—
reveals some obvious differences. The enzymatic reactions involve only substructures in proximity to those atoms
that are actually participating in bond making or breaking. Therefore, the enzyme tolerates structurally different
ligands, provided the position on the substrate where the reaction should take place is accessible. Even if the
direct affinity of a ligand for an enzyme is low, the subsequent chemical transformation can take place. In the for-
mation of a ligand—receptor complex, any group of atoms that is in van der Waals contact with the receptor
or the biomolecule can be or is involved in the binding event. If the receptor sits in a pocket that can adjust to
any bioactive substance no matter its size or shape, then no steric effect will be observed. If, however, the parent
biopolymer has limited conformational flexibility, and—as is likely—this flexibility is not equivalent in all
directions, then a steric effect will be observed. Furthermore, the steric effect will be dependent on conforma-
tional states, and the minimal steric interaction principle will probably be observed. This principle states that a
substituent whose steric effect is conformationally variable will prefer a conformation that minimizes steric repul-
sions and will give rise to the smallest steric strain. Finally, there are secondary steric effects on receptor binding
that are produced by a substituent: (1) lowering the accessibility to an important group due to steric hindrance;
(2) changing the population of a conformer due to steric effects; (3) shielding the active site from attack by
a bulky group; and (4) variation in the electronic resonance of a m-bonded substituent by an out-of-plane
repulsion.

E. Rigid Compounds and Bioavailability

Any effort toward improving bioavailability is of great importance in the drug discovery process. An intrigu-
ing correlation between the bioavailability of a compound and the number of its rotatable bounds was reported
by Veber and coworkers using an empirical approach based on a set of 1,100 drug candidates and metabolism
data collected from rats [27]. Remarkably, 10 or fewer rotatable bonds together with a polar surface area <140
A2 (or 12 or fewer H-bond donors and/or acceptors) irrespective of the molecular weight resulted in a high prob-
ability for good oral bioavailability in rats. This finding expanded the acceptable range of molecular weight
values for a drug candidate beyond the threshold of 500 g/mol set by the Lipinski rules [28]. Veber suggested
that by freezing some of the rotatable bounds, the molecular weight was no longer an essential parameter to be
considered. The extent to which the number of rotatable bonds, as compared to other physicochemical para-
meters, affects oral bioavailability was recently also analyzed by Varma and coworkers [29]. Oral bioavailability
(F) depends on the fraction of compound absorbed (F,) as well as first-pass elimination that is determined by the
fraction escaping gut-wall elimination (Fg) and the fraction escaping hepatic elimination (F,), as shown in
Equation 11.3. Each of the parameters evaluated (molecular weight, ionization state, lipophilicity, polar surface
area, and rotatable bonds) affected at least one aspect of oral bioavailability. For example, while increasing molec-
ular weight caused a decrease in F,, increasing lipophilicity caused a decrease in F; and F,. Most notably,
increasing the number of rotatable bonds had a negative effect on all three parameters and profoundly affected
oral bioavailability [29]. Therefore, the introduction of conformational constraints in a drug candidate also has to
be considered for resolving pharmacokinetic issues.

F=F, X F; X Fy (11.3)
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II. CASE STUDIES

A. The Study of Receptor Structure

A classic example of exploring the structure and binding requirements of a target enzyme by conformational
restriction without the benefit of a co-crystal structure is presented by the p-opioid receptor antagonists. Drugs
that have been approved to target this receptor are used for pain management, and the name of the receptor fam-
ily is derived from the prototypical antagonist of this family, morphine. Activation of the p-opioid receptor fam-
ily by endogenous opioid peptides in the body also affects behavioral and homeostatic functions and could
therefore be used to treat indications in addition to pain. Zimmerman and coworkers first described the trans-3,4-
dimethyl-4-(3-hydroxyphenyl)piperidine pi-opioid receptor antagonists in 1978 [30] and later clarified the struc-
tural requirements that lead to higher affinity binding (Figure 11.4, A) [31]. Subsequent to the discovery of these
analogs, Le Bourdonnec and coworkers designed analogs of Zimmerman’s antagonists in which the rotation
about the N-substituent was constrained by the formation of a fused ring [32]. Because the stereochemical
requirements at C3 and C4 had been established, the 4-sterecisomers of each of the regioisomers of the con-
strained analogs were synthesized. Interestingly both a potent antagonist (Figure 11.4, B) and agonist
(Figure 11.4, C) were found among these analogs. An analysis of the lowest energy conformers of these three
molecules showed good overlap of A and B, with the hydroxyphenyl substituent in the equatorial position. The
lowest energy conformer of the agonist places the hydroxyphenyl substituent in the axial position. The crystal
structure of the p-receptor was not solved until 2012 [33], and the conformationally restricted analogs were useful
in gaining information about the binding pocket of the receptor prior this discovery, providing a successful com-
plement to the traditional bioactive structures based on morphine.

(A FIGURE 11.4  Structures of small mole-
cules that interact with the p-opioid recep-
tor: (A) initial scaffold discovered;[30,31]
(B) constrained, potent antagonist; (C)
constrained, potent agonist [32].

HO
OH
— N Ph =
N Ph
2 antagonist agonist
Ph K;=0.6 nM K;=0.9 nM

B. Atropisomers

Atropisomers are chiral due to restricted rotations of o-bonds with barriers exceeding 20 kcal/mol, which
results in a half-life of >1000s at room temperature [34]. Atropisomers often result from a hindered rotation of
bonds connecting two aromatic rings (as in Figure 11.5, A) or from a barrier in the ring flip of a medium-sized
ring (as in Figure 11.5, B). Depending on the overall structure of the molecule, atropisomers can form either enan-
tiomers or diastereomers. The first enantiomerically enriched atropisomers were isolated in 1922 [35], and since
then differences in their physical properties and bioactivities have been noted [36—38].

Atropisomers racemize by a bond rotation, and the activation energy for this process depends on the electron
distribution, solvent, temperature, and steric hindrance. Atropisomers that have a high barrier to racemization
are easily separable and should be stable under physiological conditions. Conversely, atropisomers that have a
low barrier to rotation will undergo interconversion under physiological conditions, and therefore it is unneces-
sary to separate them for biological activity differentiation and chemical characterization. Over the last two dec-
ades, the pharmaceutical industry has moved away from developing racemic mixtures as drug candidates; as a
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FIGURE 11.5 Generic atropisomers displaying (A) axial chirality due to hindered rotation of an aryl-aryl o-bond and (B) planar chirality
due to steric hindrance of the R groups and the dissymmetry of the bridging methylene and amine groups.
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result, several reviews focus on the merits of developing a preclinical candidate as a single atropisomer rather
than a mixture [36,37]. LaPlante and coworkers have established recommendations for the drug development of
atropisomers based on US FDA guidelines summarized in Figure 11.6. [36,39], In short, if the barrier to rotation
of an atropisomer is high (AE,,; = 30 kcal/mol, t;,, in years), then the atropisomers should be resolved and the
less active isomer should be treated as an impurity (Figure 11.6, Class 3). If the atropisomers rapidly equilibrate
(AEot <20 kcal/mol, t;/, of minutes, Class 1), they should be treated as a single compound, since separation and
individual bioactivity assessment would be challenging. The gray area of atropisomer development lies within
the AE, 20—30 kcal/mol range (t;,, of hours to days, Class 2). In this area, development is challenging due
to difficulties in isolation and stability, and the authors recommend increasing the AE,, by adjusting steric
hindrance, if possible, to move these compounds into Class 3.

1. Bombesin Receptor Subtype-3 (BRS-3) agonists

Obesity is a growing problem in our society and has been shown to cause a number of other diseases, includ-
ing type-2 diabetes, cardiovascular disease, cancer, and hypertension [40]. As the rate of obesity is increasing, so
too is the need for an effective anti-obesity drug. It was found that metabolic defects and obesity are present in
mice that lack functional bombesin receptor subtype-3 (BRS-3) [41,42], and a BRS-3 agonist caused a decrease in
food intake accompanied by an increase in metabolic rate in diet-induced obese mice [43]. In a BRS-3 HTS screen,
Merck chemists discovered the compound shown in Figure 11.7 (A) [44,45]. Follow-up chemistry led to the unex-
pected discovery that many members of this compound class existed as a mixture of two separable enantiomers
(Figure 11.7, B and C). Upon biological testing, it was determined that the R-enantiomer was much less potent
than the S-enantiomer, with ICs, values of 169 nM versus 1.4 nM, respectively.

To determine the extent of steric bulk necessary to allow a room temperature resolution of the atropisomers,
several analogs were analyzed [45]. It was found that when the C-7 substituent was either an H or F atom, no
atropisomerism was observed (Figure 11.8, A). Bulkier halogens, such as Cl, a hydroxyl group (Figure 11.8, A),
or a fused ring (Figure 11.8, B), led to atropisomerism. As expected, when a pyridine nitrogen atom lone pair
occupied the space at the 7-position, no atropisomerism was observed (Figure 11.8, C). The addition of a large
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(A) FIGURE 11.7 Structure of (A) an HTS hit from a
09 BRS-3 screen, (B) more potent compounds resulting
b \ﬁ from follow-up chemistry that were separable atropi-
N somers whose planar chirality was (C) confirmed by
X-ray crystallography. Adapted with permission from Liu P,
N 4 A Lanza TJ], Chioda M, Jones C, Chobanian HR, Guo Y, et al.
H N= Discovery of benzodiazepine sulfonamide-based bombesin
receptor subtype 3 agonists and their unusual chirality. ACS
(B) Med Chem Lett 2011;2:933—7. Copyright 2011 American
o\\C‘)\ ::: é 0\9‘8 ::: E Chemical Society.
z v
N Slow @ <50 °C N
7 N\ Complete 72\
N racemization N
H N= over4h @ 100 °C H N=

©

(A) (8) ©) (D) tOH
0 0 0 0 0

N N N N
CFs CFs CFg CFs
R = H, no atrop. atrop. no atrop. MK-7725, atrop.
R' =F, no atrop.
R! = Cl, atrop.
R = OH, atrop

FIGURE 11.8 SAR study of atropisomers in which various substituents at C-7 were tested (no atrop. =no atropisomerism was observed;
atrop. = atropisomerism was observed) [45].

heterocyclic substituent at C-7 led to the discovery of an inhibitor with comparable activity and greatly improved
pharmacokinetics, MK-7725 (Figure 11.8, D). [46]

2. Glycine transporter 1 (GlyT1) inhibitors

Atropisomerism in the form of axial chirality is a more commonly observed occurrence, and enantiomers of
this type were observed by Sugane and coworkers during their search for selective glycine transporter 1 (GlyT1)
inhibitors [47]. GlyT1 is a glycine transporter that is present in forebrain areas where it terminates glycine activity
by mediating its uptake [48,49]. It is believed that GlyT1 modulates NMDA receptor activity by regulating gly-
cine levels, and a decrease in NMDA is a contributing factor to schizophrenia [50].

An HTS hit (Figure 11.9, A) from a GlyT1 screen was found to be a low micromolar inhibitor of GlyT1 but
displayed no selectivity over the closely related GlyT2 [51]. It was noted that increasing the steric bulk at either the
3- or 4-position on the triazole ring increased the selectivity for GlyT1. Indeed, the R-enantiomer of the optimized
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FIGURE 11.9 (A) Structure of an HTS hit from a GlyT1 screen; (B) optimized lead that resulted from increasing the steric bulk to impede
axial rotation. [47].

lead (Figure 11.9, B) had an ICsy of 64 nM against GlyT1, while the S-enantiomer had an ICsy of 20 M. These
enantiomers were separable by chiral HPLC, and it was determined that the AE,; was 31.4 kcal/mol (resulting in a
ty /2 of >21 years at 37°C), indicating that these compounds are Class 3 atropisomers (as described in Figure 11.6).

C. Peptidomimetics

1. Gramicidin S Derivatives

Gramicidin S (Figure 11.10) is a cyclic decapeptide natural product whose history spans more than seventy
years. It displays antibiotic activity against both Gram-negative and Gram-positive bacteria by interacting with
the bacterial lipid bilayer [52]. This interaction is closely linked to the structure of gramicidin S—its amphipathic
properties are enhanced by its 3-dimensional scaffold. This enhancement is due to an antiparallel 3-sheet that
aligns hydrophilic and hydrophobic portions on opposite faces of the molecule. Two type II' 3-turns and four
intramolecular hydrogen bonds stabilize the extended secondary structure, which has been extensively studied

(A)
0 0
H H
O AANAO
N 2 (0] H 0 ):O

1

A A
O:& (o] Hl B le} N
N_
N N
N WHAI N
o o

Gramicidin S
(R = CHZCHZCHQNHz)

ZT .
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(R = CH,CH,CH,;NHBoc)

FIGURE 11.10 (A) Structure of gramicidin S showing the intramolecular hydrogen bonding that stabilizes the $-hairpin secondary struc-
ture; (B) X-ray structure of the Boc-derivative of gramicidin S [54].
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by NMR [53], X-ray crystallography [54], and circular dichroism (CD) [55]. Perturbations to this 3-dimensional
structure due to steric bulk or electronic variations that twist the molecule from its natural conformation cause a
decrease or complete loss in function [56].

Because peptides are often plagued by poor bioavailability and rapid hydrolysis in vivo, bioisosteric replace-
ments of the amide bond have been of great interest [57,58]. In order for such a rational design to be successful,
the bioisostere must allow for a close match of the geometry of the peptide bond while remaining stable to pepti-
dase cleavage. Among many isosteric substituents, the (E)-alkene peptide isosteres [58] have been quite success-
ful, since they have a rigid geometry that is locked in place by a nonrotatable double bond and therefore mimic
the sp” nature of the amide nitrogen particularly well. (E)-Alkene peptide isosteres are impervious to peptidase
cleavage, but depending on the substituents attached to the double bond, any H-bonding in which an amide
would participate can be lost. Furthermore, disubstituted alkenes are conformationally more flexible than the
parent amide and display smaller dipole moments and greater lipophilicity. In the case of gramicidin S, loss
of hydrogen bonds could be detrimental to the bioactivity, because they stabilize the molecule in its bioactive
conformation. As such, this cyclopeptide antibiotic represents a useful probe substrate for the tolerance for
bioisosteric group replacement and its effect on conformation and activity.

To explore the consequences of amide bond replacement on the properties of gramicidin S, more
stable functional groups that should allow for the bioactive geometry of gramicidin S to remain intact were intro-
duced into the backbone sequence. Specifically, (E)-alkene peptide isosteres with different substituents attached
to the alkene were synthesized via a hydrozirconation/transmetalation/imine addition sequence. This synthetic
sequence allowed for a stereoselective formation of the allylic amine portion of the isosteres from an alkyne and
enantiomerically pure sulfinamide (Figure 11.11).
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FIGURE 11.11 (A) Large-scale stereoselective synthesis of an allylic amine intermediate used in the synthesis of the (E)-alkene peptide iso-
stere portion of the bioactive peptide mimic JP4-039 [59] and (B) examples of differentially substituted (E)-alkene peptide isosteres used in the
gramicidin S analogs [60].

Trisubstituted alkenes with methyl, trifluoromethyl, and fluoro substituents as well as a disubstituted alkene
were used as replacements for the Leu-Phe peptide bond. While the tertiary (E)-alkene peptide isostere containing
the methyl substituent was of similar size as the corresponding trifluoromethyl analog, the methyl analog caused
a greater perturbation of the secondary structure of the molecule, resulting in a CD spectrum that was indicative
of a random coil secondary structure. The trifluoromethyl analog was a superior match of the parent compound
in both solution and solid-state structures [55]. Even though the plane of the alkene was twisted 70° away from
the interior of the 3-turn due to the bulkiness and hydrophobicity of the CF; substituent, the overall geometry of
the type II' 5-turn was highly preserved, and the G-hairpin structure of the cyclopeptide was unchanged.

A deprotected derivative of a trisubstituted (E)-alkene peptide isostere was also a successful structural mimic of
the D-Phe-Pro moiety. Not only did this molecule have the desired 3-dimensional structure in solution (as indicated
by the CD spectrum), but it also demonstrated equipotent biological activity to GS against Bacillus subtilis (20 and
15 ng/mL, respectively) [60]. The fluoro- and disubstituted (E)-alkene peptide isosteres also formed [-sheets,
successfully mimicking the natural peptide. Therefore, these molecules demonstrate that peptide bond isostere
replacements can preserve both the 3-dimensional structure as well as the biological profile of the parent structure.
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2. XJB-5-131 and JP4-039 as GS-Mimics Targeting Mitochondria

Based on the properties of GS to interact with bacterial membranes and the knowledge that mitochondria
evolved from bacteria, smaller and more drug-like G5-mimics were designed with the intent of using them to tar-
get the mitochondrial membrane. For the design of such a mimic, the ornithine side chains remained protected
as the carbamate derivatives to decrease a potential hemolytic activity upon enrichment in erythrocytes.
Furthermore, a segment of GS was used to decrease molecular weight, but the alkene peptide isostere and the
D-Phe-Pro sequence were conserved to stabilize the type II' -turn structure, decrease the potential for proteolytic
degradation, and diminish the number of hydrogen bond donors and acceptors. The (E)-alkene isostere XJB-5-131
was found to match a type II' S-turn by CD analysis, and X]JB-5-131 was enriched ca. 600-fold in mitochondria
over the cytosol (Figure 11.12, A). The nitroxide “warhead” was introduced to react with reactive oxygen species
(ROS) that are formed in the organelle, and the ROS scavenger XJB-5-131 proved to be effective in a number of
disease and injury models involving cellular damage by reactive oxygen species. Such diseases include many
acute and chronic degenerative disorders (e.g., hemorrhagic shock [61], hyperoxic acute lung injury [62], trau-
matic brain injury [63], microdialysis injury [64], and Huntington’s disease [65]).

Following the success of the GS-nitroxide X]JB-5-131 as a mitochondrial-targeted ROS scavenging agent,
attempts to generate a lower molecular weight analog led to the discovery of JP4-039 (Figure 11.12, B). The struc-
ture of JP4-039 contains a nitroxide directly attached to the dipeptide isostere, and it also adopts a type II' 5-turn,
as evidenced by its crystal structure [59]. A fluorescent derivative of JP4-039 was used to visualize the enrichment
of this compound in mitochondria [66].

(A) (B) FIGURE 11.12 Structures of mitochondrial-
Ph targeted (A) XJB-5-131 and (B) JP4-039 (with the
[ dipeptide mimetic in blue and the nitroxide in red).
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D. Methyl Group Effects on Conformation

The seemingly innocuous methyl group is often added to small molecules to sterically block sites of metabolic
activity and increase t;;,. In some cases, its addition to a molecule also has a profound effect on biological
potency [67,68]. Because the methyl group is a hydrophobic substituent, it can cause a slight increase in potency
by reducing the desolvation energy that is required to remove the solvation by water molecules when the mole-
cule enters a hydrophobic protein cavity from an aqueous environment [69,70]. This decrease in desolvation
energy can increase the potency of a molecule by approximately 3.5-fold; any dramatic increase in potency
beyond what is attributed to the increase in hydrophobicity is colloquially called the “magic methyl effect” [71]
by medicinal chemists. Such “magic” effects have increased potency by over 1,000-fold [72] and even converted
an agonist to an antagonist [73], but the addition of a methyl group is just as likely to decrease potency as it is to
increase it [68].

1. Phospholipase D (PLD1/2) Inhibitors

Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine into choline and phosphatidic acid,
and suboptimal PLD function has been implicated in cancer [74] and CNS disorders [75,76]. By simply adding a
methyl group to the ethylene diamine linker, Lindsley and coworkers were able to increase the activity of their
PLD1 inhibitors from an ICsq of 11,800 nM to 20 nM (Figure 11.13) [77]. This dramatic increase in activity is likely
due to a similar phenomenon observed in the factor Xa inhibitors [78]. The rotamer distribution of the dihedral
angle around the amide backbone was analyzed, and it was found that when the methyl group was incorporated,
fewer rotamers were formed and the rotational barriers increased. The more distinct conformational preferences
favored the bioactive conformation [79].
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F
PLD1 |C50 = 11,800 nM PLD1 IC5O =20 nM

FIGURE 11.13 Dramatic effect on potency of PLD1 inhibitors by the addition of a methyl substituent, with the pertinent bonds shown in
red [77].

2. Phosphatidylinositol-3-Kinase (PI3K) Inhibitors

While the PLD1 inhibitors experienced a dramatic increase in potency with the addition of a single methyl group,
an analogous structural modification in Pfizer’s phosphatidylinositol-3-kinase (PI3K) inhibitors had a much more
variable effect on activity. The PI3K/mTOR (mammalian target of rapamycin) signaling pathway has been impli-
cated in a number of disease pathologies including cancer [80] and aging [81]. Quinazolines, such as those shown in
Figure 11.14 (A), were synthesized based on previously determined SAR [82]. It had been found that the C-2 methyl
group was necessary for selectivity and was therefore incorporated into all new analogs. However, when a methyl
group was added to the C-7 position (Figure 11.14, B), activity decreased substantially. Conversely, the addition of a
methyl group at C-6 caused an almost 5-fold increase in potency over the 6-H derivative. These significant differ-
ences in potency with such seemingly small structural changes demonstrate the subtleties of relatively minor struc-
tural perturbations in medicinal chemistry. Computational studies of the 7-methyl and the 6-methyl derivatives
showed that a planar orientation of the amide side-chain that was locked in place by the hydrogen bonding of
the N-H to the quinazoline N-1 was optimal for the molecule to fit into the binding pocket [82]. The presence of the
7-methyl disrupts the planarity and introduces a twist to the N-C-C8-C9 dihedral angle calculated as > 20°.
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FIGURE 11.14 Structures of putative PI3K/mTOR inhibitors. The methyl group placement proved to be important for activity. (A)
Absence of a methyl group at C-7 led to a fairly potent inhibitor with an ICs, of 54 nM, while (B) with a 7-methyl was inactive and (C) with a
6-methyl was the most potent inhibitor with an ICs, value of 12 nM [82].

E. Dihedral Angle Optimization

A thorough understanding of the receptor structure was used in the case of the detailed design of inhibitors of the
hepatitis C virus (HCV). HCV is an infectious disease that primarily affects the liver with a chronic infection that
eventually manifests itself by cirrhosis and possibly liver cancer or failure. The receptor structure of the virus was
determined by a combination of X-ray crystallography of inhibitors bound to HCV NS5B, NMR spectroscopy, and
docking [83]. This allowed for the detailed study of the bioactive conformation and specifically the requisite bond
angles as shown in Figure 11.15 (A). Early in their studies, LaPlante and coworkers found that the bioactive con-
formation around dihedral angle o placed C-18 into the vicinity of NH-1. Several attempts to modulate this angle by
adding a methyl group to C-16 or introducing a hydrogen-bonding pyridine N atom into the aromatic ring failed to
improve potency, despite the bioactive conformation being supported by ROESY NMR correlations. Competing
unfavorable forces such as electrostatic repulsion likely led to the undesirable potency. A more favorable outcome
was obtained after modulating the rotation about the dihedral angles 3 and 6. Correlation of the cellular ECs, values
with the substituents at C-2 showed that transitioning from the unsubstituted to a single methyl, a gem-dimethyl,
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and finally a spiro-cyclobutyl group improved the cellular potency from 41pM to 0.57 pM (Figure 11.15, B).
Molecular mechanics was used to analyze the angle distributions of the unsubstituted C-2 compared to the spiro-
cyclobutyl derivative, and the bioactive dihedral angle was more prevalent in the substituted analog.

The progression of molecular structure can be seen in Figure 11.16. The HTS hit (A) was active in vitro but had
no cellular activity. Initial modification of the pertinent dihedral angle o led to the tryptophan series of com-
pounds B. Unfortunately, this series had high micromolar cellular efficacy, which led to a transition to the
diamide series (C). This series had the optimal dihedral angles for o, 8, and §, but still showed micromolar
potency. Finally, dihedral angle € was further restricted by the incorporation of the benzimidazole amide bond
isostere as shown in D. This compound, with its fully optimized 3-dimensional structure, led to a dramatic
improvement in cellular potency and served as the clinical candidate for the treatment of HCV infection.
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FIGURE 11.16 Structures of the (A) HTS hit, and (B) the lead structure initially used to determine bond angles, (C) the diamide series,

and finally (D) the clinical candidate for HCV inhibition.

E. Diversity-Oriented Synthesis

Diversity-oriented synthesis (DOS) “involves the deliberate, simultaneous and efficient synthesis of more than
one target compound in a diversity-driven approach to answer a complex problem.” [84] It is a strategy that
allows for the use of an efficient synthetic design to explore chemical space. This is an important as well as chal-
lenging undertaking, since chemical space is vast and significantly underexplored [85]. Estimates for the total
number of synthetically tractable organic molecules containing carbon, hydrogen, nitrogen, oxygen, sulfur, and
halogens limited to molecular weights below 500 g/mol vary between 10*° and 10°° molecules [86].
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Two common approaches are used when applying DOS in medicinal chemistry. The first involves the expan-
sion of a screening library so that a thorough study of functional groups, configurations, and conformations can
be achieved during the primary HTS screening stage, as in the case of the 8-cell apoptosis inhibitors [89]. This
method offers an advanced starting point for the medicinal chemistry stage of a project, because the compounds
included are so diverse yet methodical in stereochemistry and scaffold evaluation. The second approach involves
the application of DOS to hit-to-lead development. Once a hit from a screen is identified, DOS can be used to
synthesize a variety of structures in a targeted library rapidly to map out SAR information in a short amount of
time, as demonstrated in the case of the Hsp70 inhibitors [95].

1. Inhibitors of Cytokine-Induced (3-cell Apoptosis Discovered Via HTS

Type-1 diabetes is an autoimmune disease in which pancreatic insulin-producing g-cells undergo an increased
rate of apoptosis due to an overproduction of cytokines such as IL-15, IFN-vy, and TNF-« [87]. These cytokines
activate transcription factors such as NFxB and STAT1, triggering the apoptotic pathway. An HTS screening cam-
paign measuring cellular ATP levels as an indication of cell viability in a rat (-cell line treated with pro-
inflammatory cytokines was used to find suppressors of this pathway [88]. The libraries tested in this HTS screen
included several DOS libraries, among which one library was found to be particularly active. This library of
fused medium-sized bicycles contained 6,488 compounds that were synthesized from stereochemically pure start-
ing material (Figure 11.17) [89]. Starting with a chiral pool of desired amino alcohols and y-amino acids, peptide
coupling and reduction of the resulting amide were used to combine the building blocks. Acylation of the sec-
ondary amine followed by SyAr cyclization provided the 8-membered lactam core. This synthesis utilized
SynPhase solid support lanterns attached to a primary alcohol for ease of purification and handling. Capping of
the aniline nitrogen by reaction with twenty-seven different building blocks, including sulfonyl chlorides, isocya-
nates, acyl chlorides, and aldehydes, provided a diverse set of intermediates (Figure 11.17, blue RY. Subsequent
deprotection of the secondary amine and conversion to sulfonamides, ureas, or tertiary amines yielded a diverse
collection of analogs as a set of eight stereoisomers (Figure 11.17, red R?).
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FIGURE 11.17 DOS library synthesis of 6-8 fused rings that were found to be hits in a (-cell apoptosis inhibitors screen. Only the S,R,R
enantiomer is shown but each possible stereoisomer was synthesized. This figure was adapted from Ref. [89].
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FIGURE 11.18 Structures of (A) an HTS hit and analogs with the incorporation of (B) a fused 1,4-dioxane, (C) a methyl urea, and (D) a
quinoline, and their effects on potency and solubility [88,89].

The HTS screening hit is shown in Figure 11.18A. These data can be summarized in a heat map format with red
boxes indicating the most active analogs and each 2 X 4 box showing all of the possible stereoisomers of a given
analog. This heat map allows for a visualization of the activity and a graphical overview the SAR (structure-activity
relationship) as well as SSAR (stereochemical structure-activity relationship) for all 6,488 analogs. The most potent
compound in the original screen was the 25,5R,6R-derivative with a naphthyl urea at R' and a p-methoxy phenyl
sulfonamide at R* (Figure 11.18, A), exhibiting an ECs of 4.89 uM. A comparison to other hits showed that the con-
figuration within the 8-membered ring (C5 and C6) had a significant contribution to the activity, while the exocy-
clic stereocenter (C2) was inconsequential. For example, the (25,55,6R)-diastereomer of the most potent hit
displayed an activity of <15% in the inhibition of apoptosis (Figure 11.18). Additionally, the bulky naphthyl urea
was necessary for activity, as several analogs with smaller phenyl rings were found to be less potent.

Based on the SAR and SSAR that could be gained from the HTS, analog BRD0476 (Figure 11.18, B) was found
to be the most potent suppressor of 3-cell apoptosis with an ICsy of 1.66 M, and it restored (-cell activity to 71
percent function. Mechanism of action studies of the optimized hit were challenging, due to the low aqueous sol-
ubility of the compound. Analogs, including a derivative with a methyl group on the urea (Figure 11.18, C), were
synthesized to modify the dihedral angle between the urea and naphthyl groups. While the methyl urea analog
was more soluble, its activity was only 15 percent, implying that the bulky naphthyl group was in the desired
position for activity when the unsubstituted urea was used. The incorporation of a quinoline in place of the
naphthyl group solved this problem, in that it allowed for the necessary steric bulk but also added a H-bonding
group to increase solubility (Figure 11.18, D). Mechanism of action studies of this compound demonstrated
potent inhibition of the STAT1 signal transduction induced by IFN-v [90].

The utility of DOS in HTS screening is clearly demonstrated by this example. The information that could be
gained by having so many different analogs of a core structure with all stereoisomers included allowed for the
rapid determination of functional groups that were important for activity. Follow-up chemistry could focus on a
single diastereomer to allow for an advanced probe in a short period of time.
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2. Molecular Probes of Heat Shock Protein 70 (Hsp70) Derived from a Focused Library

The heat shock protein 70 (Hsp70) family forms a group of molecular chaperones that assist in the folding of
nascent proteins. It also targets misfolded proteins for degradation and transport across biological membranes
[91]. Hsp70s are antiapoptotic chaperones and are therefore implicated in cancer by acting at multiple points
along the apoptotic pathway. Small molecules that modulate Hsp70 activity could find therapeutic applications
as antitumor and antiviral agents as well as antibiotics, since viruses and bacteria also rely on the chaperones for
survival. MAL3-101 [92] is an Hsp70 inhibitor that was prepared in the University of Pittsburgh Center for
Chemical Methodologies and Library Development (UPCMLD) as part of a focused library based on the known
Hsp70 modulator NSC 630668-R/1 [93] (Figure 11.19). MAL3-101 has fewer rotatable bonds than NSC 630668-R/1,
but when the minimum energy conformations of the two compounds were superimposed via molecular model-
ing, the two structures overlaid well. More importantly, MAL3-101 selectively inhibited J-chaperone-stimulated
Hsp70 ATPase activity in a concentration-dependent manner [92].

0 ( o
N

NSC 630668-R/1

0 ~
o0 O

MAL3-101

FIGURE 11.19 Superimposed structures of NSC 630668-R/1 and MAL3-101 after lowest energy conformer minimization. This research was
originally published in the Journal of Biological Chemistry: Fewell SW, Smith CM, Lyon MA, Dumitrescu TP, Wipf P, Day BW, et al. Small molecule
modulators of endogenous and co-chaperone-stimulated Hsp70 ATPase activity. ] Biol Chem 2004;279:51131—40. Copyright the American Society for
Biochemistry and Molecular Biology.

This library design relied on the use of two sequential multi-component reactions to synthesize efficiently ana-
logs with seven points of diversification for screening purposes. The dihydropyrimidinones were synthesized in
a one pot Biginelli reaction from the desired aldehyde, urea, and (-ketoester (Figure 11.20A), providing four
points of diversification. An Ugi multi-component reaction then incorporated the appropriate amine, aldehyde,
and alkyl cyanide building blocks, and contributed three additional points of diversification (Figure 11.20B).

II. PRIMARY EXPLORATION OF STRUCTURE-ACTIVITY RELATIONSHIPS



296 11. CONFORMATIONAL RESTRICTION AND STERIC HINDRANCE IN MEDICINAL CHEMISTRY

(A) Biginelli Reaction (B) Ugi Reaction
R1
OA\H R H,NR# R
R20,C RSCHO  Reg,C
R20,C_  + cat. HCI 2 ]\ANH CNRS® 2 [ NH
ety . R o
Lo 1 oo MRS ary o
HN" 0 i
In Nin B O
6
Lt COLH N H’R
HO,C O RS

FIGURE 11.20 Diversity-oriented synthesis of the MAL3 library of Hsp70 probe molecules [94].

Following the successful discovery of MAL3-101, a second-generation library was synthesized using the same
tandem Biginelli-Ugi reaction sequence [94]. In the first-generation library, it had been determined that a
5-carbon linker was optimal for Hsp70 inhibition (Figure 11.20, n =2), and the importance of the biphenyl group
in the R" position, the n-hexyl chain in the R* position, and the 5-formyl-2-methoxycarbonylmethoxybenzoic acid
methyl ester at R> (Figure 11.20) were studied. This second-generation library led to the discovery of additional
modulators of Hsp70 activity with diverging effects (Figure 11.21). Specifically, while MAL3-101 was an effective
antimalarial, antiproliferative, and antitrypanosome agent, it had no effect on SV40. DMT3088 demonstrated
improved antiproliferative activity over the first-generation analogs, and MAL2-11B showed SV40 activity
(Figure 11.21), acting by inhibiting viral DNA synthesis. Interestingly, MAL2-213 had antimalarial activity but no
antiproliferative activity [95]. The rapid access to conformationally more restricted NSC630668-R/1 analogs via
a DOS strategy therefore allowed for the discovery of useful probes of Hsp70 with differing activities in cell
proliferation, viral, and malaria assays.
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FIGURE 11.21 Differing activities of members of a focused Hsp70 library [95].
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III. SUMMARY AND OUTLOOK

In biological processes, noncovalent interactions are orchestrated by complex thermodynamic principles. If a
lead compound has been identified, one strategy for further optimization is to introduce structural elements that
reduce the conformational flexibility, and, if possible, pre-organize the ligand in a conformation complementary
to the bioreceptor. As a consequence, the energy penalty (entropic factor) associated with the binding can be
diminished with respect to the flexible parent compound. This thermodynamic advantage can be leveraged into
an improved value of the affinity constant. This valuable medicinal chemistry strategy based on thermodynamic
considerations remains rather empirical in nature but has been successful, mainly for the optimization of prelimi-
nary pharmacophore models and the test of pharmacophore working hypotheses. Furthermore, selected struc-
tural modifications of the ligand scaffold may improve both potency and selectivity. However, the rigidification
of flexible ligands without loss of potency is challenging, and sophisticated chemistry is needed to achieve the
syntheses of constrained compounds with complex architectures. In this respect, the use of chemistry tools such
as annulation of substituents and DOS will continue to have an important impact.
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