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A noticeable increase in molecular complexity of drug targets has created an unmet need in the therapeutic

agents that are larger than traditional small molecules. Macrocycles, which are cyclic compounds

comprising 12 atoms or more, are now recognized as molecules that “are up to the task” to interrogate

extended protein interfaces. However, because macrocycles (particularly the ones based on peptides)

are equipped with large polar surface areas, achieving cellular permeability and bioavailability is anything

but straightforward. While one might consider this to be the Achilles' heel of this class of compounds,

the synthetic community continues to develop creative approaches toward the synthesis of macrocycles

and their site-selective modification. This perspective provides an overview of both mechanistic and

structural issues that bear on macrocycles as a unique class of molecules. The reader is offered a

historical foray into some of the classic studies that have resulted in the current renaissance of

macrocycles. In addition, an attempt is made to overview the more recent developments that give hope

that macrocycles might indeed turn into a useful therapeutic modality.

1. Introduction

A macrocycle is a molecule that contains a cyclic framework of

at least twelve atoms. Although the size of naturally occurring

macrocycles can reach 50+ atoms in the largest ring, a recent

analysis of natural products suggested that 14-, 16-, and 18-

membered frameworks are the most common naturally occur-

ring macrocyclic scaffolds.1 Over the years, many different

classes of macrocyclic compounds have been synthesized and/

or isolated from natural sources.2 Fig. 1 depicts a selection of

just three molecules of this class of compounds. In the history

of organic chemistry, crown ethers emerged as the rst subclass

of synthetic macrocycles that offered a clear relationship

between structure and function. Shown in Fig. 1 is 18-crown-6,

which possesses micromolar affinity for potassium ions in

methanol (Fig. 1A).3 To date, crown ethers exemplify an intui-

tively clear consequence of molecular-level organization of

electron-donating oxygen atoms on a useful property – metal

ion recognition. Also included in Fig. 1 are octreotide, a cyclic

octapeptide that mimics the natural hormone somatostatin and

is used for the treatment of growth hormone producing tumors,

and erythromycin, a macrolide that is widely used as an anti-

biotic to treat bacterial infections. Similar to crown ethers,

octreotide and erythromycin benet from the organization of

their function-dening elements.

While macrocycles have found use in many different areas of

chemical science, it is the preorganization of binding elements

in the course of a biologically relevant protein/ligand interac-

tion that has been the topic of particularly intense efforts over

the past decade. The sustained interest in macrocycles has

coincided with a noticeable increase in molecular complexity of

therapeutic targets. A growing appreciation of complex protein–

protein interactions, which are not easily addressed using small

molecules, calls for the development of inhibitors that are more

sophisticated than traditional small molecules. In this regard,

one might contemplate a difference in how researchers intuit

about small molecules in comparison to macrocycles. The small

molecule “frame of mind” is about maximizing enthalpic

interactions such as hydrogen bonds and salt bridges. On the

other hand, bioactive macrocycles are commonly designed with

the goal of preorganizing an unstructured linear fragment into a

well-dened conformation. The underlying reasoning is to

diminish entropic penalties in the course of a protein/ligand

interaction. This is not to say that small molecules are somehow

exclusively geared to address the enthalpic term of the free

energy of binding, whereas macrocycles – its entropy compo-

nent. In reality, these two energy contributions are exquisitely

intertwined.

Among different classes of macrocycles, cyclic peptides and

peptidomimetics have received the major share of attention in

drug discovery, which is easily explained by the existence of

powerful synthetic and biological methods to rapidly put

together the amino acid building blocks these molecules

consist of. Chemical synthesis of cyclic peptides benets from

the availability of relatively inexpensive orthogonally protected
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amino acids. In the realm of biological synthesis, DNA and RNA-

templated approaches provide a mechanism for translation of

nucleotide codons into amino acid-containing oligomers.

Besides a straightforward relationship with amino acid building

blocks, there is another reason that peptide-based molecules

have received a disproportional amount of attention: cyclic

amino acid-containing molecules offer a measurable correla-

tion with the behavior of their linear counterparts. This rela-

tionship can serve as a validation tool to establish the merits of

converting a linear amino acid sequence into its cyclized form.

Beyond preorganization, there is a signicant practical conse-

quence of constraining a peptide sequence into a macrocycle,

namely an opportunity to address the central liability of linear

peptides – their propensity to undergo rapid proteolytic degra-

dation in cells. Indeed, the main reason cyclic peptides resist

proteolysis is that their structures do not t into endopeptidase

active sites. Endopeptidases (both intracellular and the ones in

the plasma compartment) are known for their propensity to

recognize b-sheets in segments that typically involve 4–5 amino

acid residues (Fig. 2).4 This is not easily achievable with

medium-sized macrocycles, which is why they are characterized

by reduced rates of proteolysis.

The aforementioned properties might paint an erroneous

picture that cyclic peptides and other macrocycles in and of

themselves belong to some “privileged” class of molecules for

therapeutic intervention, the kind that holds clear answers to

the challenges facing modern drug discovery, which is inun-

dated with complex protein targets. Unfortunately, this is far

from the truth because the large polar surface areas that

accompany high amide content come typically at the expense of

cellular permeability, which signicantly limits the bioavail-

ability of peptide macrocycles. Indeed, one can consider this to

be the Achilles' heel of all large therapeutics designed for

intracellular targets. P-glycoprotein (P-gp), a membrane protein,

whose job is to remove foreign molecules from cells, presents

an additional obstacle to macrocycles.5 As a result, the greatest

conceptual challenge that faces this area of inquiry is how to

devise effective synthetic tools that simultaneously bear on the

favorable drug-like properties of macrocycles and ensure their

target engagement. These two properties are not correlated in

drug discovery, which is less of an issue when it comes to small

molecules, but can turn into a major consideration in the case

of macrocycles. Fig. 3 illustrates this conundrum using the

example of cyclosporine A. This molecule is known for its

relatively good passive membrane permeability that arises from

the network of intramolecular hydrogen bonds that are

presumed to form while cyclosporine enters and passes through

the lipid bilayer.6 A molecular-level analysis of the interaction

between cyclosporine A and its cellular target cyclophilin paints

a different conformational picture, in which the amide groups

are involved in target recognition and thus relinquish the

intramolecular interactions that contributed to cyclosporine A’s

entry into the cell. Many researchers have been taking notes

from this “cyclosporine lesson” on cellular permeability of large

therapeutic agents. The goal of these endeavors has been to

design molecules with favorable drug-like properties, such as

enhanced cellular permeability, by minimizing their effective

polar surface areas. Unfortunately, this quest is not likely to

simultaneously deliver optimal target engagement that operates

on principles which are related, but seek to align hydrogen

Fig. 1 Representative macrocycles. (A): [18]-Crown-6; (B): octreotide; and (C): erythromycin.

Fig. 2 Peptidases prefer extended conformations: a substrate-derived

aminomethylene inhibitor (A) and its complex with the Rous sarcoma

virus (RSV) protease S9 (B) (pdb id: 1a94).

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 30–49 | 31
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bonds donors and acceptors in an “outward” orientation.

Without a doubt, this dichotomy of properties is the biggest

challenge in this vibrant research area, and successful mole-

cules are most likely going to be outliers, rather than a group

that obeys certain rules.

2. Synthesis of macrocycles

At its core, the challenge of macrocycle construction is about

solving the dreaded “ring/chain” equilibrium, well familiar to

polymer chemists. A reasonable strategy to minimize the

probability of oligomerization and improve cyclization effi-

ciency is to use high dilution or resort to solid-phase synthesis,

which affords pseudo-high dilution conditions.7 A clever solu-

tion that bypasses the need for slow-addition/high-dilution

involves phase separation of the macrocyclization catalyst from

its substrate.8 An exhaustive treatment of the knownmethods of

cyclization is not the goal of this perspective as it will be almost

impossible to deliver an adequate discussion of all available

methodologies. Most of these methods are merely performed

with the goal of inducing intramolecular reactivity and are not

conceptually different from linear molecule synthesis. However,

there are technologies that tackle the challenge of ring-chain

equilibrium, and bias reactions away from generating oligo-

mers and polymers without relying on high-dilution.

The differentiation between cyclization and polymerization

modes of reactivity is formally captured in the concept of

effective molarity, which allows one to parameterize the

entropic consequences of ring/chain equilibrium.9 A recent

paper by James and co-workers introduced another useful

parameter – the so-called Emac (Efficiency of macrocyclization),

which is derived from experimentally determined reaction yield

and concentration and is useful in comparing macrocyclization

technologies.10 Synthetic methods that provide good isolated

yields of cyclic products oen capitalize on the inherent

propensity of linear precursors to fold into conformations that

are conducive to cyclization. This section discusses the effects of

preorganization on reaction efficiency, with a focus on macro-

cycle modication as a means to produce analogs, and touches

upon ways to increase the accessible diversity of structures

through the use of biological methods.

2.1 Preorganization of linear precursors for cyclization

Effective preorganization of linear precursors is the function of

non-covalent interactions that may operate prior to or during

the cyclization. In this regard, peptide preorganization through

hydrogen bonding and ion pairing bears resemblance to

protein folding. It is well known that about one half of the single

domain proteins in the Protein Data Bank have their N- and C-

terminal residues in close proximity.11 This amount is signi-

cantly higher than expected on a random probability basis.

While the exact reasons for this phenomenon are still debated,

similar trends were observed in substantially shorter molecules.

In their study of end-to-end loop closure kinetics in polypeptide

chains, Daidone and Smith concluded that the loop-closure

kinetics in longer peptides are determined by the formation of

intra-peptide hydrogen bonds and transient b-sheet structure,

which accelerates the search for contacts among residues

distant in sequence.12 Signicantly, intramolecular hydrogen

bonds were found to lower the free energy of loop closure for

longer peptides. The observation of a rollover to slower kinetics

and the absence of intra-peptide hydrogen bonds for shorter

Fig. 3 Cyclosporine A: membrane conformation (A) and conforma-

tion during target engagement (B, pdb id: 2z6w).

Fig. 4 Zwitterionic control over conformation of linear peptide

precursors. (A): Zwitterion-driven formation of circular conformations

in solution; (B): zwitterionic control of multicomponent peptide

cyclization; and (C): zwitterion-driven formation of cyclic polymers.

32 | Chem. Sci., 2015, 6, 30–49 This journal is © The Royal Society of Chemistry 2015
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peptides provided evidence of intrinsic stiffness of the poly-

peptide chains. Ion-pair interactions, which are inversely

proportional to the square of the distance between the charges,

were shown by Daidone and Smith to be effective in bringing

the ends of linear chains together in fairly short sequences. A

kinetic study of this process in solvents of low dielectric

constants revealed that pre-cyclization architectures are main-

tained with two chain ends in close contact through Coulombic

interactions. Imaginative approaches to study this kind of

behavior are found in the work of Schmuck and co-workers.

These authors evaluated the effect of electrostatic attraction

between peptide chain termini on the formation of zwitterionic

peptide cyclodimers (Fig. 4A).13 This study further stresses the

signicance of hydrogen bond-enforced ion pair formation and

its effect on peptide conformation.

Our lab's work in the area of aziridine aldehyde-driven

macrocyclization of linear peptides14 has identied electrostatic

attraction between the chain termini as one of the decisive

factors responsible for the attainment of favorable pre-cycliza-

tion conformations and the absence of cyclodimerization and

oligomerization by-products at relatively high concentrations.

Aziridine aldehydes, which readily dimerize to a fused oxazoli-

dine-containing ring system in N-unprotected form, were

central to the success of this chemistry.15 These molecules show

solvent-dependent dissociation into an open dimer form that

controls the facial selectivity of isocyanide attack at the incip-

ient iminium ion (Fig. 4B). This process is believed to guide the

peptide chain toward formation of an intermediate mixed

anhydride. The resulting macrocycles are equipped with N-acyl

aziridine rings that allow for site-selective structural modica-

tion. Building on the idea of zwitterionic control over pre-

cyclization conformation, Londregan and colleagues at Pzer

have developed a pyridine N-oxide-driven macrocyclization.16

The electrostatic factors involved in this work also echo Way-

mouth's studies in the area of cyclic polymer synthesis, where

zwitterionic control assisted in attaining cyclic conformations

prior to ring closure (Fig. 4C).17 In another thought-provoking

study that benets from zwitterionic control over conformation,

Zheng and co-workers explored N-heterocyclic carbene-medi-

ated zwitterionic polymerization toward the synthesis of cyclic

peptoids.18

2.2 Post-cyclization reactions and side chain reactivity

A substantial proportion of effort expended in the area of

bioactive macrocycles is aimed at making structural analogs.

Late stage modication of macrocycles is a promising area of

research because, once a scaffold with favorable properties has

been identied, its folding pattern is likely to be retained in

close analogs. Kessler and co-workers found that the presenta-

tion of pharmacophoric groups in sterically restricted peptides

is predominantly controlled by the amino acid chirality and is

less related to the cycle size. The c1 angle, which denes the

conformation about the C(a)–C(b) bond, is the main determi-

nant of the side chain presentation. Kessler's “spatial

screening” method allows for systematic interrogation of the

geometric parameters of cyclic peptides.19

Due to the decisive role of backbone chirality on the mac-

rocycle conformation, methods that allow one to site-selectively

modify a macrocyclic compound are expected to be particularly

useful in efforts to generate analogs. In their classic work,

Seebach and colleagues demonstrated that C-alkylation of sar-

cosine residues in cyclic tetrapeptides occurs with remarkably

high levels of site-selectivity (Fig. 5).20 Curiously, even a mole-

cule as complex as cyclosporine A could be selectively modied

by deprotonation/electrophile trapping. The nucleophilic

substitution reaction with alkyl halides at low temperature was

shown to result in the introduction of side chains at the sar-

cosine’s methylene moiety of cyclosporine A, whereas N-alkyl-

ation became a competing process only at elevated

temperature.21

Fig. 5 Seebach's C-selective alkylation of cyclic peptides.

Fig. 6 (A): Cyclol-driven formation of the GFP chromophore; and (B):

transannular collapse in cyclic peptides.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 30–49 | 33
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While some macrocycles demonstrate substantial rigidity of

structure, many of them are rather exible, inviting a possibility

for transannular interactions. These interactions can play an

important organizational role. However, unwanted and irre-

versible transannular reactivity can also take place, particularly

in smaller rings. The origins of this effect in cyclic peptides can

be traced back to the environment-sensitive amide nucleophi-

licity. In this regard, an interesting historical analogy to cyclol

hypothesis of protein folding might be drawn. A misguided

foray into explaining protein folding by D. Winch was based on

cyclol formation between adjacent amides. While Pauling

quickly showed this proposal to be fundamentally incorrect as

the driving force in protein folding,22 cyclol formation is a well-

recognized process that is behind green uorescent protein

(GFP)'s chromophore maturation (Fig. 6A).23 Due to the prox-

imity of functional groups, similar types of reactions can be

expected to operate within the structures of cyclic peptides.

Intramolecular collapse has indeed been observed even in

relatively simple cyclic amide-containing molecules.24 This

process is also responsible for the formation of cyclols in the

course of spontaneous cyclization of tripeptide sequences.25

Cyclol-mediated transannular ring closure and condensation in

cyclic peptides was also documented by Heimgartner and

colleagues (Fig. 6B).26

An interesting case showing intramolecular collapse in

medium-sized rings served as the key step in Baran's pal-

au'amine synthesis (Fig. 7A).27 In this example, the desired

transannular cyclization proceeded through the guanidine

tautomer, delivering the hallmark trans-5,5 ring system of the

natural product. Impressive levels of control over transannular

reactivity can be exercised through the use of enantioselective

catalysis, which can be seen in Jacobsen's asymmetric trans-

annular Diels–Alder reactions (Fig. 7B).28 Interesting trans-

annular reactions in peptide macrocycles have been

documented by Porco and colleagues (Fig. 7C).29 In this work,

base-mediated transannular cyclizations of macrocyclic bis-

lactams driven by olen isomerization/intramolecular conju-

gate addition have allowed the authors to access both bicyclic

and tricyclic frameworks. While these cases exemplify targeted

transannular reactions, they also suggest that caution needs to

be exercised when macrocyclic molecules are being synthesized

and stored for prolonged periods of time. It is particularly

signicant in the library mode of synthesis, where LC/MS is

routinely used as the main element of quality control, making it

difficult to elucidate any rearranged products that may have the

same mass as the target molecule.

While amide collapse in large rings is rather rare, the

formation of disulde bonds is not only well-documented, but

also serves a signicant organizational role in a number of

functionally important molecules, including natural products

such as romidepsin (Fig. 8A). Romidepsin is a histone deace-

tylase (HDAC) inhibitor, whose three-dimensional structure is

maintained through a single disulde unit. Defensins consti-

tute much larger ring macrocycles whose structures are

“stitched together” by way of a network of disulde bonds.

Molecules such as q-defensin (Fig. 8B) form the basis of human

innate immunity. They are believed to disable susceptible

organisms through disruption of the target cell membrane's

structural elements.30 Disulde bonds in macrocycles serve

other important functional roles. Alewood and colleagues

Fig. 7 (A): Transannular attack during palau'amine synthesis; (B):

asymmetric control over transannular Diels–Alder cycloaddition; and

(C): transannular collapse driven by olefin isomerization-conjugate

addition.

Fig. 8 (A): Romidepsin – disulfide-containing natural product; and (B):

q-defensin and its network of disulfide bonds (shown in yellow).

34 | Chem. Sci., 2015, 6, 30–49 This journal is © The Royal Society of Chemistry 2015
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demonstrated the pivotal role of vicinal disuldes in affording

rigidication of cyclized amino acid sequences.31 Some peptide

macrocycles contain knotted arrangements of multiple disul-

de linkages. Given the reversibility of disulde formation,

disulde scrambling might present an intractable refolding

problem. However, complex disulde-rich molecules oen

display remarkable delity with regard to “returning” to the

original state under redox cycling.32

The idea of using side chain-to-side chain reactivity to

enhance the desired presentation of a particular secondary

structure has been around for some time. Early efforts by

Schultz and co-workers centered around the use of intra-

molecular disulde bonds between cysteines in order to

increase the helical character of small peptides.33 Grubbs later

employed ring-closing metathesis (RCM) to address this chal-

lenge.34 However, it was not until Schafmeister and Verdine's

insight that a-aminoisobutyric acid increases the relative

amount of the a-helical form in peptides, that signicant

improvement in the relative proportion of a-helicity became

possible (Fig. 9).35 The combination of alpha, alpha-disubsti-

tuted amino acids and RCM furnished “stapled” peptides that

have since been applied in a variety of disciplines.36 Interest-

ingly, alkane-based linkers that hold these molecules in their a-

helical forms are not innocent by-standers: crystallographic

evidence suggests that they can engage in stabilizing hydro-

phobic interactions at the stapled peptide/MCL-1 binding

interface.37

The proximity of functional groups in the molecules of

macrocycles can give rise to interesting structural rearrange-

ments. Building on their earlier studies, Takeya and co-workers

discovered a thioamide-driven, site-selective epimerization that

takes place in the structures of certain bicyclic peptide natural

products.38 In a similar vein, researchers at Novartis showed

that site-selective epimerization of the unmethylated leucine

residue of a fungal cyclodepsipeptide is possible by way of O-

alkylation followed by oxazole formation and hydrolysis

(Fig. 10A).39 This example further teaches that local environ-

ments can exert profound inuence over site-selective reactivity

in macrocycles. Interestingly, the crystal structure reported for

this molecule explains why the non-methylated leucine residue

is the most nucleophilic one. This nding also echoes earlier

teachings of Seebach and co-workers, who developed condi-

tions for site-selective deprotonation of macrocycles.20 Yet

another intriguing manifestation of intramolecular reactivity

comes courtesy of Smythe and Meutermans, who demonstrated

that challenging macrocycles can be accessed through the use

of a benzylamine-derived auxiliary via a ring-contraction

strategy (shown in red in Fig. 10B).40 In this example, the

intramolecular collapse is driven by the relative strength of the

product amide bond.

While the cases discussed above illustrate rearrangements of

cyclic peptides or their side chain reactivity, until recently there

have been no examples wherein site-selective ring scission of

macrocycles was shown to be synthetically useful. By focusing

on the relative weakness of aziridine amides compared to the

regular amides, our lab has advanced the concept of site-

specic integration of amino acid fragments into the structures

of cyclic peptides using a synthetic sequence of hydrolysis/

ligation/re-cyclization (Fig. 10C).41

Reagent- and catalyst-controlledmodication of macrocycles

is another vibrant area of research. Miller and co-workers

reported on their use of peptide-based catalysts toward site-

selective modication of erythromycin A (shown in Fig. 1C).42

Burke and colleagues resorted to fundamental principles of

physical organic chemistry in order to electronically tune

reagents toward useful site-selective functionalization reactions

and applied this method to the chemoselective functionaliza-

tion of the complex natural product amphotericin B.43

It is appropriate to mention the way in which many cyclic

peptides and other macrocycles are biosynthesized because the

logic of this chemistry is mirrored in some solid-phase

synthesis approaches. A number of naturally occurring macro-

cyclic peptides are the products of non-ribosomal biosynthesis,

during which synthetases tether activated linear intermediates

through thioester linkages. Interestingly, isolated thioesterases

were shown to promote macrocyclization of linear peptides

immobilized on synthetic solid supports.44 This reaction

involves transacylation to the active-site serine followed by

deacylation upon intramolecular attack by the amino-terminal

nucleophile. A practical example that cleverly emulates the

Fig. 9 (A): Stapled peptide synthesis; (B and C): two views of the

stapled peptide bound to MDM2 (side chains are omitted for clarity,

pdb id: 3v3b).

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 30–49 | 35
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biosynthetic assembly of cyclic peptides has emerged from

Tranzyme. Over the years, this company amassed a large library

of macrocycles using a solid-phase procedure in which the

linear precursor had been connected to the solid support

through a thioester linkage.45 In this chemistry, the macro-

cyclization event coincides with the N-terminus of the linear

chain attacking the thioester group, resulting in traceless

product release. Cyclative cleavage to generate macrocycles was

also cleverly employed by Rademann and co-workers in their

triazole ligation studies.46

2.3 Molecular diversity via biosynthetic approaches

One of the long-standing goals of drug discovery is to increase

the diversity of accessible structures to allow for broader

sampling of the structural space. Combinatorial biochemical

methods such as phage display, aptamer SELEX, and mRNA

display discussed in this section have shown tremendous

Fig. 10 (A): Site-selective epimerization of a cyclic peptide; (B): ring contraction strategy for macrocycle synthesis; and (C): integrative approach

to macrocycles.
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promise for the discovery of biopolymer-derived ligands to

biological targets. These methods utilize large populations of

species such as bacteriophage, and then apply environmental

pressure in order to focus the populations by selection. Binding

to a biological target of interest is the most commonly used

selection pressure. In phage display, each species carries an

oligonucleotide tag that not only serves to encode chemical

structure, but also provides a template for amplication.

Libraries of up to 1013 members have been successfully gener-

ated and used in efforts to discover disulde-based macrocyclic

ligands to protein targets. Incidentally, the RGD (arginine–

glycine–aspartic acid) sequence, widely used in cell adhesion

studies, emerged from this effort.47

Several innovative approaches at the intersection of biology

and synthetic chemistry have appeared in recent years. The

presence of nucleophilic thiol functional groups in peptides has

been explored in imaginative methods that target constrained

macrocyclic scaffolds. Fast and quantitative cyclization of linear

peptides with unprotected side chains and multiple free cyste-

ines is possible through the use of simple bromomethyl-func-

tionalized aromatic scaffolds. This chemistry, developed by

Timmerman and colleagues, runs fast and clean with linear

peptides that are 2–30 amino acids long and provides a means

to immobilize multiple peptide loops onto a synthetic scaf-

fold.48 Using mesitylene scaffolds reported by Timmerman,

Heinis and colleagues developed a phage display strategy for the

selection of bicyclic peptides (Fig. 11). The linear precursors

were designed as repertoires with three reactive cysteines that

were separated in sequence by several random amino acid

residues. The resulting constructs were then fused to the phage

gene-3-protein. Subsequent conjugation with tris-(bromo-

methyl)benzene generated phage-based peptide conjugates and

affinity selections led to the discovery of a specic human

plasma kallikrein inhibitor, among other applications.49

Liu and colleagues used multistep DNA-templated organic

synthesis to translate libraries of DNA sequences into libraries

of sequence-programmed macrocycles and subjected the

resulting DNA-macrocycle conjugates to in vitro selections for

protein target affinity. The sequence of the amplied DNA

template allowed the authors to de-convolute the results of their

binding experiments.50 Meanwhile, using wPURE and ex-

izyme-mediated in vitro translation systems, Suga and co-

workers genetically reprogrammed the initiation event during

translation. It was shown that the translation apparatus toler-

ated not only proteinogenic amino acids, but also accepted N-

acyl groups equipped with various functionalities. This list

included electrophilic chloromethyl group on the N-terminus or

a lysine side chain, which led to the ribosomal synthesis of

cyclic peptides containing thioether bonds.51 This genetic

reprogramming approach, in conjunction with mRNA display,

has resulted in the discovery of high affinity binders for a

number of relevant targets.

Szostak and colleagues have developed cysteine-mediated

approaches for macrocyclization via lanthionine bridge forma-

tion or alkylation with dibromo xylene linkers. These

approaches have been combined with mRNA display to rapidly

prepare and screen macrocyclic peptide libraries.52 In another

approach, Fasan and co-workers explored a clever chemo-

biosynthetic strategy toward the generation of macrocyclic

organo-peptide hybrids (MOrPHs). This feat was accomplished

using a catalyst-free dual oxime-/intein-mediated ligation

between ribosomally synthetized precursor proteins containing

two orthogonal ligation points and a panel of bifunctional small

molecules.53

Most of the biological methods of synthesis mentioned

above enable the preparation of astounding numbers of diverse

macrocycles that are accessible for biological screens. In addi-

tion, a direct link between genotype and phenotype allows for

the rapid screening and deconvolution of these large and

diverse libraries. However, the disadvantage of these methods is

that they deliver relatively high molecular weight compounds

with large polar surface areas, which are unlikely to be cell-

permeable. A certain analogy with the state of the art in

combinatorial chemistry of the 1990's might be appropriate.

This comparison suggests that emphasis on the numbers is not

related to the real bottleneck of drug discovery. History has

shown that it is the molecular properties such as microsomal

stability and cellular permeability, rather than target engage-

ment, that are the most challenging steps in drug discovery. A

synergistic relationship between biology and chemical

synthesis undoubtedly needs to be nurtured if macrocycles are

to become a useful modality in drug discovery.

Fig. 11 (A): Integration of tris(bromomethyl)xylene into the phage

display workflow; and (B): a pose of a crystallographically character-

ized xylene-constrained inhibitor of human urokinase-type plasmin-

ogen activator (pdb id: 3qn7).
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3. Properties of macrocycles

When compared to small molecules, a macrocycle/protein

interaction is inherently more complex. In some cases, the

induced t model was shown to adequately describe this

interaction.54 Akin to the structural biologists' regard for

induced t, synthetic chemists view the Curtin–Hammett

principle as one of the pillars of not only chemical reactivity,

but many other molecular properties. By stressing the

importance of kinetics, the Curtin–Hammett principle

reveals an interesting analogy to macrocycle/protein target

interaction. This principle states that the ground state

conformation is not necessarily the reactive (or relevant) one.

Signicantly, this dictum applies only to systems in which a

rapid inter-conversion between two or more accessible

conformations can be established. The possibility shown in

Fig. 12A describes two accessible macrocycle conformations

that can interconvert. If the barrier to interconversion is low

and the active conformation is readily sampled, it is imma-

terial to be concerned about conformational analysis of

macrocycles because the system is unlikely to “miss” the

desired state. On the other hand, if the barrier is high, the

free energy of binding may not be sufficient to induce the

desired conformation. This is analogous to the so-called

“non-Curtin–Hammett” scenario that exists in chemical

reactivity. While this is a rare phenomenon, some macro-

cycles with complex conformational energy landscapes are

likely to undergo slow conformational interconversion,

which is expected to inuence their properties. For instance,

the crystallographically characterized binding conformation

of an SH2 domain inhibitor shown in Fig. 12B was readily

attained aer incubating the macrocycle in the presence of

the SH2 protein at 50 �C for 10 minutes before allowing the

system to crystallize at room temperature.55 The results of

crystallization experiments at room temperature alone were

inferior to those obtained by heating at 50 �C rst, followed

by crystallization. The challenges inherent to understanding

macrocycle conformations are further mirrored in the diffi-

culties that exist during computational docking of macro-

cycle ligands.56

It follows that, while the induced t is a well-recognized

phenomenon, attentionmust be paid to the inherent capacity of

a givenmacrocycle scaffold to be amenable to the reorganization

that is needed in such a process. Given the established corre-

lation between cellular permeability and intramolecular

hydrogen bonds (vide infra), one can easily appreciate the

challenge: either target engagement or cellular permeability

may correspond to a conformation that is not readily accessible.

One of the main challenges that faces the eld of macrocycles

lies in having to simultaneously address these two disparate

goals.

To further complicate matters, there are some thought-

provoking studies that challenge the dogma that constrained

molecule/target interactions are primarily entropy-driven. In

a series of elegant experiments, Martin and co-workers

questioned the prevailing view that preorganization must

have a favorable entropic component (Fig. 13A).57 The

authors demonstrated that entropies of binding of preor-

ganized ligands to their targets could be disfavored when

compared to the less potent, yet exible, controls. It was

shown that the enhanced enthalpy of binding could arise

from an unexpected involvement of protein/ligand polar

contacts. Using PDZ domains as model biological receptors,

Spaller and co-workers came up with similar conclusions

during their evaluation of macrocycles and stressed the

signicance of proper linear controls when analyzing a series

of macrocycle binders (Fig. 13B).58

Fig. 12 (A): A hypothetical potential energy diagram linking two

macrocycle conformations; and (B): co-crystallization with macro-

cycles may require energy to overcome the conformational barrier

between different states (pdb id: 3aob).
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3.1 Conformational analysis

The discussion above leads to the conclusion that it is impor-

tant to study and understand the conformational preferences in

a given macrocycle series. Fig. 14 presents a condensed version

of some powerful methods that are now routinely available to

chemists interested in studying cyclic peptides and other types

of macrocycles. For instance, recording the 1H NMR chemical

shi changes of NH groups as a function of temperature helps

identify the slowly exchanging protons that are likely to be tied

up in intramolecular hydrogen bonds. In the course of their

study of cyclophane macrocycles, which represent a particularly

under-populated region of chemical space, James and co-

workers resorted to EXSY spectroscopy in order to elucidate

chemical exchange between conformations sampled by the

macrocycles under scrutiny.59 The presence of cross-peaks in

the EXSY spectra suggested an exchange between different

conformations, which were found to slowly interconvert. The

exchange rates for the transformation of detected conforma-

tions can be established from the experimentally determined

parameters during EXSY experiments. X-ray crystallography is

another valuable tool in the conformational analysis of mac-

rocycles, although caution is advised with regard to the rele-

vance of this analysis as solvent-dependent behavior in solution

can lead to completely different conclusions.60 Circular

dichroism can be indispensable in the studies of protein

secondary structure fragments embedded in macrocycles. Here

too, one has to be aware of the danger to over-interpret the data.

Fig. 13 (A): Constrained small molecules do not always result in more favorable entropy of binding; and (B): macrocycles can show unfavorable

binding entropy compared to linear controls.
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For instance, in an intriguing case, Fairlie demonstrated how a

macrocycle with a-helical sub-structure displays b-sheet-like

spectrum.61 The computational prediction of macrocyclic

conformations in both free and bound states is signicantly

more challenging compared to small molecules.56 In contrast to

small molecules, the degrees of freedom in macrocycles are not

mutually exclusive and perturbations are “coupled” in such a

way that changing one dihedral angle in the backbone affects

other dihedral angles, which causes computational conversion

to take signicantly longer.

NMR can be a useful tool for the rational design of con-

formationally rigidied macrocyclic scaffolds. Fairlie and

colleagues were able to show that the 13-membered rings

obtained by homologation of a cyclic tetrapeptide are charac-

terized by amarked improvement in the conformational rigidity

of the ring.62 Due to their rigidity, the resulting a3b architec-

tures of cyclic tetrapeptides are especially well-suited for the

interrogation of HDAC enzymes.63 While main-chain chirality is

believed to be the major factor inuencing macrocycle confor-

mation, a recent report by Hunter and colleagues provides a rare

and exciting possibility that diastereotopically-dependent

structural modication of the cyclic peptide core with uorine

atoms can play an important role in structural rigidication

(Fig. 15A).64

The solution conformation deduced by NMR can also afford

insights needed for the rational design of therapeutic lead

structures. In an earlier study, Dinsmore and colleagues at

Merck showed how the solution structure of a conformationally

exible inhibitor of FTase suggested a macrocyclic analogue

with a substantially improved inhibition prole.65 Recently, a

hybrid sequential molecular mechanics/quantum mechanical

approach to modeling cyclic peptides has resulted in an effec-

tive method for predicting their 1H and 13C NMR chemical shi

values. The utility of this method was tested in a blind fashion

and excellent agreement with the experimental NMR chemical

shis was observed.66

a-Helix, b-sheet, and b-turn are the most common types of

protein secondary structure. These structural types are preva-

lent in both solution- and solid-phase structures of proteins and

are known to mediate the vast majority of protein–protein

interactions. Unfortunately, these secondary structures are

rarely observed in small linear peptides. Cyclization provides an

opportunity to “freeze” these motifs, making them amenable to

conformational analysis and structure/function studies. An

interesting consequence of constraining amino acid motifs was

noted by Wishart and co-workers, who observed size-dependent

periodicity of b-sheet content in cyclic peptides (Fig. 15B).67 This

study proved the long-standing hypothesis that cyclic peptides

containing 6, 10, and 14 a-amino acid residues in length exhibit

high b-sheet content, whereas macrocycles of 8, 12, and 16

residues exist as random coils. Robinson and colleagues further

established (D)-Pro–(L)-Pro linker as an effective means of

creating turn structures with high b-sheet content,68 while

Fig. 14 From measurement to computation: assessing the properties of macrocycles.

Fig. 15 (A): Control over macrocycle conformation using fluorination;

and (B): periodicity of b-sheet formation in cyclic peptides.
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Nowick introduced ornithine-derived turn elements as a means

to generate and stabilize modular b-sheet motifs.69

a-Helices are known to dominate protein–protein inter-

faces,70 which is why stapled peptides (macrocyclic peptides

covalently constrained with hydrocarbon linkers that stabilize

a-helices), have found a range of applications in chemical

biology and drug discovery.36 Recently, Pentelute and co-

workers resorted to cysteine-mediated SNAr reactions between

peptides and peruorinated aromatics in order to force linear

peptides into stapled versions with constrained presentation of

a-helical motifs.71 Unnatural amino acid turn elements can

induce unusual turn structures in the molecules of well-known

natural products. Thus, Overhand and co-workers resorted to

rigid furanoid sugar amino acids to interrogate the b-hairpin

structural elements of gramicidin S.72 Our lab recently resorted

to strategically placed exocyclic amides to ensure conforma-

tional homogeneity of macrocycles.60 Ulrich and Komarov

employed UV light to control the conformation of cyclic

peptides equipped with photochemically sensitive groups

(Fig. 16A).73

Various additives can exert a profound inuence on the

solution conformation of macrocycles. In their classic study,

Rich and co-workers demonstrated that the addition of lithium

chloride to the solution of cyclosporine A in THF inuences the

geometry of the Leu–Leu bond. It was established that if the

Leu–Leu amide linkage in cyclosporine A is in its cis state, the

molecule is biologically inactive against its cyclophilin target.

Rich and co-workers further demonstrated that the addition of

LiCl to cyclosporine A in THF shis the cis/trans equilibrium

toward the bioactive trans form (Fig. 16B). Remarkably, the

Fig. 16 (A): Light-induced control of gramicidin S; and (B): inducing conformational changes in cyclosporine A.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 30–49 | 41
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authors were able to show that the LiCl perturbation method

works to alter even the biological properties of cyclosporine A. It

was found that a signicantly more potent inhibition of cyclo-

philin takes place in the presence of LiCl.74

The conformational properties of macrocycles can have a

direct inuence on their chemical reactivity. Our lab recently

demonstrated macrocycle-dependent regioselectivity during

site-selective modication of macrocyclic electrophiles con-

taining N-acyl aziridines. In this chemistry, the peptide struc-

ture dictated the adoption of different reactive conformations of

the N-acyl aziridine embedded in the ring (Fig. 17). When the

aziridine amide adopts a cis conformation, azide anion attacks

the a-carbon of Azy (aziridine carboxylic acid) exclusively,

leading to the formation of a trans amide-like transition state,

wherein allylic strain is minimized. Alternatively, attack at the b-

carbon of the Azy residue leads to the development of a less

favorable cis-like amide bond.41 The fact that this regiochem-

istry is different from that observed in the case of linear Azy-

containing peptides attests to the inuence of macrocycle

conformation over chemical reactivity. This idea is substanti-

ated by the fact that attack at the a-carbon of the Azy residue is

preferred in linear peptides.

The knowledge of the three-dimensional properties of con-

strained amino acid sequences can lead to impressive levels of

control over macrocycle self-assembly in solution. Hydrogen

bond-driven formation of peptide nanotubes is perhaps the

best-known example of this sort of control. Ghadiri and co-

workers demonstrated that, when constrained in macrocycles,

alternating D- and L-amino acid sequences give rise to the

formation of well-dened nanotubes that have found applica-

tion as antibacterial agents.75 This example demonstrates the

possibility of controlling aggregation of cyclic peptides in

solution using relative stereochemistry of amino acid residues

(Fig. 18).

Lastly, the possibility of attaining well-dened conforma-

tions in cyclic peptides can have a direct link to their perfor-

mance in catalysis. Herrmann and co-workers recently

introduced a metallopeptide design based on a stable cyclic

peptide scaffold that was maintained by an intramolecular

disulde linkage. The authors applied an alanine scanning

technique to optimize the catalytic performance of their cyclic

peptide catalyst system in Friedel–Cras and Diels–Alder

reactions.76

3.2 Structural biology of macrocycles

Due to their relatively large size, macrocycles display unique

features upon interaction with their protein targets. Topology of

the protein surface may dictate if a macrocycle adopts an “edge-

on” or a “face-on” binding mode.77 This analysis by Whitty and

Fig. 17 Kinetic control over cis- and trans- like transition states in macrocycles (amino acid side chains are omitted for clarity).

Fig. 18 Formation of nanotubes from cyclic peptides (alternating

stereochemistry not included for clarity).
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co-workers further suggests that a preferred collection of mac-

rocycles aimed at general-purpose drug discovery would benet

from molecules equipped with large and small substituents

distributed around the ring. This is expected to increase the

chances of nding useful compounds that can interrogate a

wide range of protein binding site topologies. Whitty's analysis

also suggests that at least ve strong binding energy “hot spots”

need to be present in a macrocycle, which is more than what is

required for the binding a conventional small molecule drug.

Interestingly, the hot spots can be set further apart from what is

acceptable for conventional binding sites that are considered

druggable. A recent report on the comprehensive analysis of

protein surface loops suggests a mechanism by which “hot

loops” can be identied and turned into constrained peptide

inhibitors.78

In cyclic peptides, the correct conformational recapitulation

of the amino acid sequence involved in a biological interaction

is required for effective agonism or antagonism of a protein

target. Incorrect positioning of the binding determinants can

easily lead to the wrong conformation. Even a fairly small

deviation from the optimal geometry can bring about dramatic

consequences. For example, the RGD sequence of amino acids

is known to mediate interactions between cell surface integrin

receptors and matrix proteins such as vitronectin, laminin,

brinogen, and bronectin. That this tripeptide sequence

mediates multiple protein-dependent pathways implies distinct

conformations of the RGD sequence in different matrix

proteins. Kessler and colleagues showed that, when placed into

the framework of a 15-membered ring, RGD correctly represents

the binding epitope of bronectin.79 This study illuminates the

importance of choosing the geometrically correct turn motif.

Even a minor deviation from the optimal arrangement of

dihedral angles was found to result in a signicant decline of

potency. A constrained RGD/integrin complex was later crys-

tallographically characterized, revealing that the RGD motif

inserts into the crevice between the propeller and bA domains

and makes contacts with both (Fig. 19A).80

Macrocycles are also capable of covalent inhibition of their

protein targets, which is notable given how much attention has

been devoted to the development of covalent inhibitors. It is

quite possible that combining the benets that accrue as a

result of increasing an inhibitor's polar surface with covalent

bond formation can result in signicant gains in potency. Given

the possibility of rapid target ID, synthetic cyclic peptide elec-

trophiles are likely to emerge as important tool compounds,

particularly in phenotypic screens. In this regard, cyclic peptide

natural products such as microcystin provide an inspiration.

Thus, microcystin forms a covalent bond with the surface-

exposed nucleophilic Cys-273 residue of PP1 phosphatase

through Michael addition to the dehydroalanine moiety

(Fig. 19B).81 Synthetic macrocycles that interact with oxygen-

based active site residues include boron-containing molecules

that were designed at Anacor.82 In this study, a new series of

HCV NS3 serine protease inhibitors equipped with a cyclic

boronate moiety at the P1 position of an HCV inhibitor scaffold,

were developed and characterized by X-ray crystallography

(Fig. 19C).

Fig. 19 Selected crystal structures of macrocycles and their targets.

(A): An RGD-based macrocycle complexed with the extracellular

segment of integrin a5b3 (pdb id: 1lfg); (B): microcystin – a covalent

phosphatase inhibitor (pdb id: 1fjm); and (C): Anacor's boron-con-

taining macrocyclic HCV inhibitor (pdb id: 2xni).

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 30–49 | 43
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3.3 Cellular permeability and oral bioavailability

While the aforementioned structural features of macrocycles

are signicant from the standpoint of target engagement, they

are unfortunately not related to properties that ensure

bioavailability and other therapeutically relevant characteris-

tics. Large polar surface area is the biggest obstacle preventing

cyclic peptides and other macrocycles from being taken up by

cells. The lion's share of current efforts goes into identifying

macrocycles with drug-like properties.

There are two main ways in which chemicals are thought to

permeate cellular membranes: passive and active transport. The

passive type of cellular entry is characterized by molecular

diffusion driven by a concentration gradient, whereas the active

entry type is energy-driven and involves molecular transporters.

The most common assays that are used in comparative studies

of a macrocycle's capacity to traverse cells are PAMPA (Parallel

Articial Membrane Permeability Assay) and Caco-2 cellular

permeability assays.83 In this regard, it is exciting to note some

surprisingly simple permeability surrogates that have appeared

in the literature. One of them is based on supercritical uid

chromatography, which has enabled improved permeability

design.84

The correlation between three-dimensional structure and

cellular permeability is a fascinating area of contemporary

research. Fernandez introduced the concept of under-wrapped

hydrogen bonds (under-wrap¼ expose to solvent) and applied a

variety of metrics to rank peptide ligands in terms of their

cellular permeability, arguing that manipulation of intramo-

lecularly under-wrapped electrostatic interactions in proteins

can be exploited as a strategy to create molecules with enhanced

ability to penetrate biological membranes.85 Lokey's group

carried out a detailed study aimed at further examining the

hypothesis that intramolecular hydrogen bonds improve

passive membrane permeability of cyclic peptides. This inves-

tigation conrmed that membrane permeability of cyclic

peptides is likely governed by a combination of intramolecular

Fig. 20 Subtle structure/properties effects in macrocycles. (A): Excessive N-methylation can be a detriment to cellular permeability; and (B): a

dramatic effect of serine for threonine substitution on intrinsic clearance in rat liver microsome.

Fig. 21 Macrocycles complexed with transporters. (A): P-gp com-

plexed with a selenium-containing cyclic peptide (pdb id: 3g61); and

(B): multidrug and toxic compound extrusion transporter complexed

with a cyclic peptide (pdb id:3vvr).
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hydrogen bonding along with the protection of amide NH

groups from solvation.86 Subtle differences in structure can play

a decisive role in this process. For example, diastereomeric

macrocycles can display notable differences in their ability to

penetrate cells, which speaks to the adoption of different

patterns of hydrogen bonds in structurally similar

compounds.87 In the case of cyclic peptides, many efforts are

aimed at improving cellular permeability by selective N-meth-

ylation of backbone amides. This strategy brings about a

reduction of the polar surface area of a given cyclic peptide and

increases the probability of intramolecular hydrogen bonds

between the remaining NH amides and carbonyl oxygens. Using

a library of 54 cyclic peptides with different N-methylation

patterns, Kessler's lab designed structures that represent highly

Caco-2 permeable templates amenable for graing applica-

tions. This has become possible due to the dening role of the

macrocycle core elements, and not the side chains, on the

overall conformation.88 Interestingly, complete N-methylation

can be detrimental to cellular permeability, highlighting a

delicate balance that exists between a given molecule's perme-

ability and lipophilicity. Thus, Lokey and co-workers showed

that a partially N-methylated derivative shown in Fig. 20A was

signicantly more permeable in PAMPA assays than the corre-

sponding per-methylated version.89 This was attributed to the

more solvent-exposed nature of amide carbonyl oxygens in the

per-methylated molecule's conformation, hinting at its higher

effective polar surface area and, hence, diminished lip-

ophilicity. Such ndings are not intuitively clear by a visual

examination of structures alone. Thankfully, computational

tools can be effective in efforts to rationalize and predict the

pattern of hydrogen bonds that is optimal for cellular

permeability.90

It should be noted that one important factor that needs to be

taken into account when considering N-methylation is the

potential for chemical instability, which has been reported for

excessively N-methylated peptides.91 In this regard, it is

encouraging to see studies which suggest that macrocycles

without N-methylation can be orally bioavailable. At present,

this comes at the expense of relying on excessively hydrophobic

side chains to shield polar amide groups from solvent expo-

sure.92 It will be important to see follow-up cases where a greater

variety of side chains can be accommodated in this approach.

When it comes to active membrane transport, the situation

is substantially more complicated.93 Although parsing out the

involvement of protein transporters at an early stage of lead

generation could be extremely challenging, it is advisable to

understand whether or not a given macrocycle series is subject

to P-gp efflux. Structural data, pointing at the mechanisms by

which P-gp can interact with macrocycles, has appeared in

recent years. For instance, in an intriguing paper, Chang and

colleagues showcased how the “dreaded” P-gp protein accom-

modated both enantiomers of a cyclic peptide molecule in its

cavity (Fig. 21A).5 Nureki and co-workers reported on their

structural characterization of a key multidrug and toxic

compound extrusion (MATE) family transporter in complex

with an in vitro selected thioether-based macrocyclic peptide

(Fig. 21B).94 These studies suggest yet another parameter that

awaits understanding in this area of research: how to modulate

transporter-mediated removal of macrocycles from cells. This

relates to both diminishing efflux in order to ensure adequate

target engagement and enhancing efflux to avoid cytotoxicity

due to accumulation.

Oral bioavailability adds another layer of complexity to

evaluating the potential of macrocycles as promising drug

candidates. Orally active and/or bioavailable peptide macro-

cycles that are currently on the market include cyclosporine A,

linaclotide, and some somatostatin analogs, such as octreotide.

Clearly, all of these compounds violate the “rule of 5”, further

reinforcing the signicance of understanding oral bioavail-

ability of molecules that belong to the “Beyond the rule of 5”

(Bro5) class.

Microsomal stability is typically evaluated by subjecting a

compound to rat liver microsomes (RLM). This kind of study

can be exceptionally useful as concrete steps aimed at

improving molecular proles can be identied.95 Unfortunately,

full metabolite identication (MetID) proles of macrocycles

can be very expensive and are not performed routinely, at least

in the academic setting. Streamlining of these assays is expected

to be enabling and will result in innovative chemical

approaches to site-selective macrocycle modication. The

poorly-understood balance between the three-dimensional

structure and microsomal stability of macrocycles is further

illuminated by comparing the dramatic difference observed

when structurally similar molecules are exposed to RLM analysis

(Fig. 20B).96 The serine derivative was shown to have 96 mL

min�1 kg�1 RLM clearance, whereas the threonine-containing

congener was substantially less stable (44 mL min�1 kg�1 RLM

clearance). Oddly enough, the serine-containing peptide actu-

ally had an oral bioavailability of only 2% compared to the

threonine-containing peptide which was 23.8% orally bioavail-

able. This example underscores the highly empirical nature of

efforts to identify orally bioavailable macrocycles and suggests

Fig. 22 Peptide macrocycles and the challenge of conformational control in all areas of accessible space.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 30–49 | 45
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that nding a correlation between oral bioavailability and

scaffold design is likely to be challenging. Yet, the discovery of

orally bioavailable peptides continues to be the subject of

intense investigations97 and oral bioavailability can be estab-

lished even for fairly large molecules.98 It should also be

acknowledged that, while striving for oral bioavailability is a

worthy goal, peptides provide an opportunity to develop

exquisitely potent compounds, which can offset their poor drug-

like properties. Ultimately, reaching the desired therapeutic

prole can be realized using special additives. A case in point is

octreotide: in a well-known study, its oral bioavailability was

reported to be only 0.3%, yet it could be dramatically improved

by formulation.99 In this regard, the advent of nanotechnology

and new drug delivery modalities is expected to play a pivotal

role in ensuring that macrocycles reach their therapeutic targets

and remain reasonably bioavailable.

4. Conclusions

Macrocycles constitute an exciting class of molecules with a

tremendous upside in drug discovery and other elds of

inquiry. Their complex structures invite the development of

novel cyclization technologies with improved efficiency. It is

equally important to have the modern tools of synthesis bear on

site-selective structural modication of existing macrocycle

cores. In efforts to come up with new synthetic tools aimed at

macrocycles, chemists need to be aware of the propensity of

macrocycles to be susceptible to transannular interactions.

These interactions can deliver dividends in areas that require

conformational constraint, but attention must be paid to the

potentially detrimental consequences of particularly strong

transannular interactions that can lead to unanticipated intra-

molecular reactivity and “collapse”. The availability of broadly

applicable methods that address these long-standing goals will

further facilitate synthesis-driven improvement of macrocyclic

lead molecules in drug discovery. At the same time, detailed

knowledge of the three-dimensional preferences of macro-

cycles, complicated by the presence of partially rotatable bonds,

will serve areas in which functional outcomes are rooted in

one's ability to modulate intermolecular interactions. Control

over the so-called c-space,100 that denes conformational

movement of side chains, is one of the most difficult areas to

address. In this regard, there is a certain irony in over-

emphasizing the signicance of new ways to form macrocyclic

ring structures: these studies offer constraints over f and j

dihedral angles, but they provide little towards control in the “c-

space” which denes the side chain orientation (Fig. 22).

When it comes to cyclic peptides, it would be useful to see a

greater variability with regard to accessible synthetic building

blocks. Indeed, approaches to macrocycles based on improving

compound proles using amino acid modications tend to

underemphasize the relative signicance of non-amino acid

building blocks – the ones that do not suffer from the limita-

tions of peptide linkages. Chemists need to keep in mind that,

just because amino acids are readily available in their protected

forms and are suited for streamlined synthesis of linear

precursors to cyclization, it does not mean that there is anything

inherently special to them (an exception is when the goal is to

rationally constrain a particular protein secondary structure

motif). As a result, overemphasizing the attempts to render

amino acid-derived materials “more palatable” might result in

approaches that detract from rapid optimization of the func-

tion-dening characteristics of molecules. In this regard,

structure-driven efforts aimed at peptidomimetic macrocycles

should be encouraged.

The most difficult questions in the area of biologically active

macrocycles will likely relate to reconciling the synthetic and

biological approaches to synthesis. The domain of chemical

synthesis is fertile with methods that enable the development of

molecules with optimal pharmacological proles. Unfortu-

nately, the accessible molecular diversity is still a challenging

proposition. In contrast, biological synthesis appears to readily

provide enormous molecular diversity, albeit at the expense of

offering only a limited palette of useful building blocks. In

addition, the molecules that are accessible with biological

methods are rarely attractive drug candidates, particularly when

it comes to intracellular targets. The inherent friction between

the synthetic and biological domains of synthesis is likely to

result in exciting innovations in the years to come.
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